
THE ORIGIN AND REGULATION OF 

HAEMATOPOIETIC STEM CELLS DURING 

MAMMALIAN EMBRYOGENESIS

Caroline Jean Marshall

A thesis submitted for the degree of 

Doctor of Philosophy

2004

Molecular Immunology Unit 

Institute of Child Health 

University College 

University of London



ProQuest Number: U644319

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U644319

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Mammalian haematopoiesis is sustained by multipotent haematopoietic stem cells 

(HSCs) that have the capacity to self-renew and to effect long-term haematopoietic 

repopulation. These HSCs first appear during embryogenesis as intravascular clusters of 

cells associated with the floor of the dorsal aorta within a region of embryonic 

mesoderm termed the aorta-gonad-mesonephros (AGM) region. Their appearance 

within the AGM region is tightly regulated and precedes the onset of foetal liver 

haematopoiesis. Lineage tracing analysis in lower vertebrates and in vitro studies using 

murine embryonic stem cell lines suggest that HSCs are derived from haemangioblast 

cells that can also differentiate into cells of the endothelial lineage. However, the 

extracellular factors and downstream processes that regulate HSC emergence and 

development during mammalian embryogenesis are largely unknown.

This thesis examines the cellular origin of AGM-derived HSCs in human and murine 

embryos, the mode of HSC emergence in vivo and the role of the growth factor bone 

morphogenetic protein 4 (BMP4) in embryonic haematopoietic development. Gene 

expression and ultrastructural analysis within the AGM suggested a close relationship 

between the two lineages. In the human embryonic AGM, BMP4 and the extracellular 

matrix (ECM) molecule tenascin C were expressed in a distinctive pattern within a 

stroma-like region underlying the aortic floor and coincident with the appearance of 

HSCs. BMP4 increased the haematopoietic potential of cultured murine embryonic cells 

isolated from AGM tissue and appeared to extend the multipotency of AGM-derived 

cells in subsequent colony forming unit (CFU)-assay. These results implicate BMP4 in 

haematopoietic specification and/or maintenance within the earliest stages of adult HSC 

development in mammals.
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Chapter 1

Introduction

Within the adult animal all tissues and organs are made up of specialised cells originally 

derived from pluripotent stem cells during embryonic development. Stem cells are 

defined by their potential to give rise to a number of differentiated cell types and also by 

the ability to self-renew. For this reason, the use of stem cells in the treatment of genetic 

and degenerative diseases, either by ex vivo modification of defective genes or the 

regeneration of damaged tissues by transplantation, has enormous clinical potential. 

However, although stem cells have been shown to exist in many adult tissues, they are 

normally rare and largely quiescent.

In the haematopoietic system, all adult blood cell types are generated from multipotent 

haematopoietic stem cells (HSCs) that first arise during embryogenesis. The adult 

human bone marrow contains an accessible and recoverable source of multipotent HSCs 

capable of long-term reconstitution of all mature blood cell lineages in lethally 

irradiated (myeloablated) recipient mice, indicating that adult HSCs can be mobilized 

and are transplantable (Greiner et al, 1998). However, removal of these rare cells from 

their normal environment for expansion ex vivo results in a progressive loss of 

multipotency and self-renewal capacity limiting their clinical usefulness. Their 

effectiveness in the treatment of disease would be greatly increased if we could recreate 

in vitro the appropriate microenvironment and regulatory signals such as occur during 

embryogenesis to allow expansion of isolated HSCs whilst retaining their self-renewal 

capacity and multipotency. Unfortunately, our current understanding of the growth 

factors and cytokines that regulate stem cell generation and maintenance during 

development is very limited. The study of stem cells has therefore stimulated a 

considerable amount of interest and research in recent years.
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1.1 Properties of stem cells

The term ‘stem cell’ has been applied to various populations of cells at all stages of 

development from the fertilized ovum through to the adult animal. However, in order to 

be classified as such, a given cell must fulfil three fundamental criteria. Firstly, it must 

be able to self-renew, producing at least one daughter cell with similar properties to 

itself. Secondly, it must be capable of multilineage differentiation into all cell types 

within a given tissue, distinguishing it from a more committed progenitor cell and 

thirdly, consistent with this, it must have the ability to achieve functional reconstitution 

of a given tissue in vivo. Consequently, subpopulations of stem cells with varying 

differentiation potential occur throughout embryonic development and within 

postnatal/adult tissues. For example, embryonic stem cells isolated before gastrulation 

into the three germ layers (endoderm, mesoderm and ectoderm) are pluripotent and can 

differentiate to give all the cell types found in the adult animal. In contrast, stem cells in 

established adult tissues have comparatively limited differentiation potential, normally 

restricted to one or more tissue-specific cell types. However, a number of recent studies 

suggest that some adult stem cells possess a greater degree of plasticity than previously 

thought and that stem cells from one tissue type may be capable of differentiating into 

cells of a different tissue type, in some cases crossing developmental boundaries from 

mesoderm to endoderm or ectoderm. Although controversial and as yet unproven, this 

possibility and its therapeutic potential have aroused considerable excitement and 

discussion.

1.1.1 Reported plasticity of haematopoietic stem cells

During normal development, HSCs are derived from embryonic mesoderm, which also 

gives rise to a number of other cell types including muscle cells (myocytes) and the 

endothelial cells that form the vascular system. For many years HSCs obtained from 

adult human bone marrow and peripheral blood have been used for transplantation to 

reconstitute haematopoiesis in the clinical setting. However, based on in vivo 

transplantation of sex/species mismatched or genetically labelled cells, it has been 

suggested that adult HSCs may also generate cells of non-haematopoietic lineages as 

summarized in Figure 1.1 A. In a number of independent studies, murine bone marrow 

cells are reported to incorporate into skeletal and cardiac muscle at sites of injury.
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mesoderm ectoderm

nerve cells 
glial cells

blood

muscle

myocardium

epithelium

endoderm

Figure 1.1 Examples of reported plasticity of adult bone marrow-derived 
stem cells and possible mechanisms. (A) Transplanted marrow-derived stem 
cells are reported to engraft in a variety of non-haematopoietic adult tissues and 
to express characteristics of other mesodermal lineages as well as endoderm and 
ectoderm-derived cell types, thus crossing developmental germ layer boundaries. 
(B) The apparent plasticity of marrow-derived stem cells may be due to (a) the 
presence of residual pluripotent cells or multiple stem cells types within marrow 
(b) fusion of transplanted cells with host cells (e.g muscle cells) to form 
heterokaryon/multinucleated cells with the characteristics of both cell types or (c) 
the transdifferentiation and genetic reprogramming of transplanted cells in host 
tissue in response to tissue-specific signals, for example from marrow-derived 
HSC to neuronal cell in the brain.
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producing cells with the characteristics of myocytes, smooth muscle and endothelial 

cells and regenerating the damaged tissue (Ferrari et al, 1998, Orlic et al, 2001, 

LaBarge & Blau 2002, Corbel et al, 2003).

Adult HSCs are also reported to differentiate into cell types not normally derived from 

mesoderm, including cells with the morphologic or phenotypic characteristics of 

neuronal and hepatic cells of ectodermal and endodermal origin, respectively. In the 

nervous system, adult bone marrow cells injected into the vasculature or peritoneum of 

adult mice have been shown to migrate to the brain and to differentiate into cells 

expressing neuronal-specific antigens (Brazelton et al, 2000, Mezey et al, 2000). In a 

separate study, intracerebral transplantation of bone-marrow-derived HSCs yielded cells 

expressing markers of the oligodendroglial lineage, the myelinating cells of the central 

nervous system, within the brains of neonatal murine recipients (Bonilla et al, 2002). 

Transplanted human bone marrow-derived HSCs also generate hepatocyte-like cells 

within the livers of immune-deficient mice in response to liver injury (Wang et al, 

2003a). Other investigators claim the differentiation of marrow HSCs to other 

endoderm-derived tissues including lung and gastrointestinal epithelium (Verfaillie, 

2002, Herzog et al, 2003).

However, in these studies the incidence o f ‘lineage-switched’ marrow-derived cells in 

non-haematopoietic tissues is generally very rare, in some cases only one or two cells, 

and may occur as a consequence of irradiation or other experimentally-induced damage 

in the recipient animals possibly due to an invasion of inflammatory cells. The reported 

plasticity of HSCs may therefore be an experimental artefact rather than a real and 

normal physiological event. Other investigators do not find evidence of HSC plasticity. 

For example, in contradiction of the reported regeneration of infarcted cardiac tissue in 

response to direct injection of marrow-derived stem cells (Orlic et al, 2001), a recent 

study suggests that transplanted HSCs do not acquire a myocardial phenotype or 

produce extensive tissue regeneration (Murry et al, 2004). Following transplantation of 

genetically labelled murine HSCs into the hearts of normal mice and those in which a 

cardiac infarct had been induced, no labelled donor cells were found to contribute to the 

cardiomyocyte pool, suggesting that HSCs do not differentiate into cardiac cells in vivo. 

In agreement with this, a separate study reports that transplanted HSCs persist only 

transiently in injured myocardial tissue and express mature haematopoietic markers.
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implying that they develop into haematopoietic cells rather than cardiac cells in heart 

tissue (Balsam et al, 2004).

1.1.2 Possible mechanisms for the reported plasticity of HSCs

There are a number of ways in which the reported lineage-switching of stem cells might 

occur (Figure I.IB). Some of these support an ‘artefactual’ explanation for plasticity. 

Bone marrow may contain pluripotent or multiple stem cell types capable of 

multilineage differentiation when placed in a different tissue environment.

Alternatively, bone marrow stem cells may fuse with endogenous cells within a tissue to 

form a multinucleated/heterokaryon cell that contains the genetic components of both 

cells. Examples of cell fusion have been reported to occur in muscle and liver where 

transplanted marrow-derived cells were found to fuse spontaneously with existing 

differentiated cells to form multinucleated muscle fibres or hepatocytes with polyploid 

karyotypes (Alvarez-Dolado et al, 2003, Wang et al, 2003b, Vassilopoulos et al,

2003). Recently, the low frequency generation of bone marrow-derived cardiomyocytes 

in infarcted cardiac tissue has also been reported to occur through cell fusion (Nygren et 

al, 2004). However, it should be noted that cell fusion within these particular tissues is 

a normal developmental process and in other situations the karyotype of transplanted 

marrow-derived cells is normal, arguing against fusion events.

Analysis of the genetic programming of adult HSCs and more committed 

haematopoietic progenitors does provide some evidence that these cell populations may 

possess a degree of plasticity that would permit lineage-switching or transdifferentiation 

(genetic reprogramming). Purified HSCs isolated from murine bone marrow coexpress 

multiple genetic programmes for non-haematopoietic as well as haematopoietic 

differentiation pathways suggesting that they are multipotential and may therefore be 

capable of transdifferentiation into a variety of lineages under appropriate conditions 

(Akashi et al, 2003). Within the bone marrow expression of non-haematopoietic 

genetic programmes progressively declines as cells became restricted to a 

haematopoietic fate.
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1.1.3 The stem cell niche

One important factor to emerge from the various studies of stem cell plasticity is that the 

adoption of an alternative tissue-specific phenotype in vivo, or indeed the commitment 

of a pluripotent stem cell to a particular lineage, is dependent upon the stem cell being 

located within a specific tissue environment. In turn, this implies two things: firstly that 

self-renewing multilineage stem cells are maintained in adult tissues and, secondly, that 

the signals that determine differentiation along a particular lineage pathway are 

contained within the immediate environment and differ from tissue to tissue. These two 

apparently contrary requirements can be accommodated in the concept of the stem cell 

niche: a microenvironment in which a stem cell can reproduce to sustain the stem cell 

pool or can differentiate to expand or repair a tissue (Spradling et al, 2001). One way by 

which this duality could be achieved is for a single stem cell to autonomously undergo 

asymmetric division to generate daughter cells with different genetic programmes and 

fates. An alternative explanation is that stem cell niches contain accessory or stromal 

cells that interact directly with adjacent stem cells and produce extracellular signals that 

control the fate of dividing stem cells according to their location within the niche.

The components of the haematopoietic stem cell microenvironment in the embryo and 

subsequently in the adult bone marrow are largely unknown, however, one example of a 

stem cell niche that has been comparatively well studied is the ovariole of the fruitfly 

Drosophila melanogaster (Spradling et al, 2001). Anatomical analysis has shown that a 

small number of specialized cap cells located at the anterior tip of the ovariole directly 

contact germline stem cells (GSCs) via cell junctions. GSCs divide along the anterior- 

posterior axis so that the anterior daughter cell retains contact with the cap cells and 

remains a stem cell while the posterior progeny is drawn away from the ovariole tip and 

differentiates to form a cystoblast. When a single GSC is artificially induced to 

differentiate and move away from the tip, leaving a gap at the cap cell interface, an 

adjacent GSC divides symmetrically to produce two daughter GSCs to fill the gap. 

Furthermore, within the drosophila ovariole, the extracellular signalling molecule 

decapentaplegic (Dpp), homologue of the mammalian growth factor bone 

morphogenetic protein (BMP), is required for stem cell maintenance. Loss of Dpp 

causes GSCs to differentiate prematurely while excess Dpp signal blocks differentiation 

producing stem cell tumours.
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Figure 1.2 Schematic model of a stem cell niche. Specialized accessory cells 
(blue cells) form an interface at which they are in contact with stem cells (pink 
cells). Soluble factors secreted within the niche (green arrows) may regulate 
stem cell activity at this interface. Gaps at the interface are filled by the 
symmetric division of self-renewing stem cells (A) to produce two similar 
daughter stem cells. Alternatively, cell divisions may leave one daughter cell in 
contact with the interface as a stem cell while the other daughter cell loses 
contact (B) undergoes differentiation and moves away. Differentiating cells may 
retain plasticity and revert to stem cells at the niche interface.
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These observations support the model of a stem cell niche, represented in Figure 1.2, in 

which daughter stem cells that maintain contact at the interface with accessory cells 

remain undifferentiated, self-renewing stem cells while others that lose direct contact 

become exposed to other influences such as the withdrawal of maintenance signals or 

exposure to activation or differentiation factors, or a combination of both. This scenario 

also provides a possible explanation for the low level engraftment of marrow-derived 

stem cells in non-haematopoietic tissues observed in many studies. On arrival at the host 

tissue, incoming HSCs that fail to reach the interface with supportive accessory cells 

undergo differentiation without extensive proliferation. At the same time, differentiation 

signals specific to a given microenvironment determine the genetic reprogramming and 

lineage commitment of transplanted stem cells undergoing transdifferentiation.

The existence of specialized stem cell niches might also account for the loss of self

renewal and multipotency of mammalian HSCs removed from the microenvironment of 

the bone marrow and their tendency to differentiate in ex vivo culture. Understanding 

how haematopoietic stem cell niches are structured and what regulatory signals are 

involved in stem cell emergence and maintenance in the mammalian system might 

therefore provide critical information to improve current clinical techniques.

1.2 The haematopoietic hierarchy

During the lifetime of an individual two separate hematopoietic systems exist, both 

arising during embryonic development but only one persists into adult life. The initial 

‘primitive’ haematopoietic system is derived from the extraembryonic yolk sac and 

consists mainly of nucleated erythroid cells that supply oxygen and nutrients to the 

developing embryonic tissues. As the embryo develops, this early blood system is 

superseded by the more complex multilineage system that continues throughout adult 

life and includes all mature blood cell types including erythrocytes and cells of the 

myeloid and lymphoid lineages (Figure 1.3). All mature blood cells are derived from a 

population of multipotent HSCs through a succession of progenitors with progressively 

limited potential under the control of specific cytokines including stem cell factor 

(SCF/Kit Ligand), Flt3 Ligand, thrombopoietin (TPO) and interleukins 3 and 6. In most 

cases the cytokines that determine differentiation to a particular lineage are well

26



erythrocyte
mesodermal cell

common
myeloid

progenitor

multipotent 
HSC

CD34+/CD34- 
Sca1 +
C-Kit+
AA4+
KDR+
Thy1'°
HLA-DR'o
Lin-
(CD38-/CD33-)

common 
lymphoid I j

progenitor \. J

mast cell

megakaryocyte

neutrophil

monocyte

T-cell B-cell NK cell

Figure 1.3 The adult haematopoietic hierarchy. A Multipotent haematopoietic 
stem cells (HSC) are of mesodermal origin and are currently defined by specific 
expression patterns (described in Section 1.2.2). All mature blood cell types are 
derived from HSCs through a progression of increasingly restricted progenitor 
cells. During this process, progenitor cells B become dedicated either to the 
myeloid or to the lymphoid lineages. Common myeloid progenitors give rise to 
terminally differentiated blood cells including monocytes, granulocytes and 
erythrocytes. Common lymphoid progenitors generate B and T lymphocytes and 
natural killer (NK) cells.
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defined. However, the factors that regulate HSC generation, expansion and maintenance 

of multipotency remain largely unknown.

1.2.1 Measuring haematopoietic stem cell activity

Common methods used to detect the presence of HSCs in cell preparations and to 

measure stem cell self-renewal and multilineage potential are described in Table 1.1. 

Examples of immune-deficient mouse models widely used for the study of xenogeneic 

human stem cell engraftment are the Severe Combined Immunodeficient (SCfD) and 

nonobese diabetic (NOD)/SCID strains (Greiner et al, 1998). Mice homozygous for the 

scid mutation lack mature B and T lymphocytes due to the failure of recombination 

events that would normally produce a diverse repertoire of antigen receptors. SCID 

mice are therefore deficient in humoral and cell-mediated responses thus reducing the 

risk of donor human cell rejection. In addition to these deficiencies in adaptive 

immunity, NOD/SCID mice also lack a functional innate immune system, normally 

mediated by natural killer (NK) cells, myeloid cells and complement activity, enhancing 

the engraftment of transplanted xenogeneic stem cells.

1.2.2 Phenotypic markers for multipotent haematopoietic stem cells

In mammals, HSC populations with long-term repopulating capacity (LTR-HSCs) have 

been isolated fi*om adult haematopoietic tissues, including bone marrow, thymus and 

spleen, by fluorescence-activated cell sorting (FACS) or other cell separation techniques 

based on the expression of a panel of immunophenotypic cell surface markers.

Historically, the subset of mouse bone marrow cells enriched for self-renewing HSCs 

capable of multilineage reconstitution and production of splenic colonies (CFU-S) in 

irradiated recipients were identified by expression of stem cell antigen-1 (Seal, also 

known as Ly6A/E), low level expression of the thymic antigen Thyl and the absence of 

differentiation markers of the lymphoid (B220, CD4, CDS), monocytic (M ad), 

granulocytic (Grl) and erythroid (Terll9) lineages surface markers, defined as lineage 

negative (Lin") (Spangrude eta l, 1988, 1991). This Thyl^°/Lin"/Scal^ (Seal-positive) 

population constitutes around 0.05% of total adult murine bone marrow cells. In 

humans, bone marrow stem cells capable of initiating sustained multilineage
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Table 1.1 Common methods used for the analysis of mammalian HSC activity
(Adapted from: Hematopoietic stem cell protocols. Humana Press (2002) edited by CA Klug & CT Jordan)

Assay status Method Read-out
Competitive
repopulation/reconstitution

in vivo Test cells injected into sublethally-irradiated 
normal/immunodeficient recipient mice 
eg.NOD/SCID mice (Section 1.2.1)

LTR-HSC or SCID repopulating cell (SRC) 
activity measured by engraftment of transplanted 
cells in  a 11 haematopoietic 1 ineages in  host bone 
marrow/blood (using flow cytometry to detect 
fluorescence-conjugated lineage-specific 
antibodies).

Spleen colony forming assay 
(CFU-S)

in vivo Test cells injected into sublethally-irradiated 
normal mice

Single HSC generates a single multilineage 
colony (~ 10  ̂cells) in spleen of recipient. No. of 
colonies per spleen equates to no. of HSCs 
transplanted.

Haematopoietic colony forming
unit assay
(CFU-assay)

in vitro Test cells plated at low density into semisolid 
methylcellulose medium supplemented with a 
mixture of haematopoietic cytokines

Single colony forming cells (CFC) produce 
haematopoietic colonies. Degree of multipotency 
of CFC is measured by multilineage morphology 
of colony, eg. CFU-GEMM* less lineage 
restricted/more immature than CFU-GM 
(*containing a mixture of granulocytic, erythroid, 
myeloid and megakaryocytic cells).

Long term culture-initiating cell
assay
(LTC-IC)

in vitro Test cells plated onto irradiated stromal 
feeder cells that support the generation of 
haematopoietic cells. After 4-5 weeks all cells 
harvested and plated at different proportions 
into CFU-assay as above.

Frequency/type of LTC-IC can be determined. 
Most primitive type o f  LTC-IC produce CFC in  
culture that generate a greater number of 
multilineage colonies in CFU-assay.
More committed progenitors mature and 
disappear in LTC-IC culture.



haematopoiesis in vitro, termed long-term culture-initiating cells (LTC-ICs) were found 

to express low levels of human lymphocyte antigen (HLA-DR) and higher levels of the 

membrane glycoprotein CD34 compared to more mature lineage-restricted 

haematopoietic progenitors and constituted around 0.06% of total bone marrow cells 

(Sutherland et al., 1989). The CD34V HLA-DR^° bone marrow fraction enriched for 

multipotent HSCs with LTC-IC activity was further defined by the absence of 

differentiation markers such as CD33 and CD38, expressed on myeloid and lymphoid 

progenitors respectively (Terstappen et al., 1991, Beradi et al, 1995). Co-expression of 

CD34 with Thyl, Seal and/or the SCF receptor c-Kit can also be used to immunoselect 

multipotent HSCs from murine and human tissues.

CD34VThyl^ cells purified from human foetal bone marrow also generate long-term 

myeloerythroid/lymphoid cultures in vitro and are capable of multilineage engraftment 

in SCID mice (Baum et al, 1992). More recently, CD34^ cells isolated from first 

trimester human foetal blood have been shown to possess multilineage potential in 

CFU-assay, suggesting that CD34 expression is a consistent and reliable marker of 

multipotent HSCs during mammalian development (Campagnoli et al, 2000). Postnatal 

human cells capable of long-term multilineage (lymphoid and myeloid) repopulation in 

immune-deficient NOD/SCID mice, designated SCID repopulating cells (SRCs: Table

1.1), are found in the CD34^CD38~ lineage depleted cell fraction in cord blood and 

adult bone marrow (Bhatia et al, 1997). These human CD34^/Lin" SRCs are estimated 

to occur at a frequency of 1 in 617 CD34^CD38~ cells and have high proliferative 

potential in vivo, one SRC generating around 400,000 progeny at six weeks following 

intravenous transplantation.

The existence of cells with long-term repopulating ability that do not express CD34 has 

also been demonstrated. Repopulating CD34~/Lin~ SRCs are extremely rare cells (1 in 

125,000 CD34 /Lin cells) and their frequency decreases during development from 

foetal to adult haematopoietic tissues (Bhatia et al, 1998). Compared to CD34^/Lin 

cells, CD34~/Lin~ SRCs have low clonogenicity and haematopoietic activity in CFU 

and LTC-IC assays in vitro. However, whereas CD34 /Lin SRCs lose repopulating 

capacity when cultured in presence of serum, the frequency of repopulating CD34 

cells increases (1 in 38,000) following short-term ex vivo culture under the same 

conditions. A recent study using co-cultured and co-transplanted human male 

CD34 /Lin" and female CD34^/Lin", permitting their identification in recipient bone
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marrow, revealed that a proportion of the CD34-negative cells subsequently acquired 

CD34 expression (Hess et al, 2003). CD34-negative SRCs may therefore represent an 

earlier pre-CD34 stage in haematopoietic development.

RNA expression analysis of adult murine bone marrow reveals that the transmembrane 

protein AA4, a putative cell adhesion molecule (CAM), is detected both in CD34 /Lin 

and CD34^/Lin populations in adult bone marrow (Petrenko et al, 1999). These AA4^ 

populations co-express the stem cell markers Seal and c-Kit. AA4 is also expressed in 

some circulating foetal liver cells coincident with the period of haematopoietic activity. 

AA4 may therefore represent a potential marker for HSCs within the CD34-negative 

bone marrow subset.

The receptor tyrosine kinase for vascular endothelial growth factor (VEGF) KDR, the 

human homolog of murine Flkl, is expressed on 0.1-0.5% of postnatal CD34^ blood 

cells and reconstitution experiments in mice have demonstrated that all LTR-HSCs are 

contained within the CD34^/KDR^ blood fraction (Ziegler et al, 1999). The remaining 

CD34^/KDR population includes more mature lineage-committed haematopoietic 

progenitor cells, suggesting that KDR expression may be an early event in 

haematopoietic specification.

1.3 Haematopoietic development during embryogenesis

The adult haematopoietic tissues (bone marrow, thymus and spleen) are seeded by 

multilineage HSCs derived from the foetal liver. Previously, it was thought that the 

foetal liver itself was colonized by circulating stem cells initially derived from the 

extraembryonic yolk sac blood islands. However, evidence from the avian system 

strongly suggested that yolk sac-derived hematopoietic cells are largely a primitive, 

transient population that contributes only minimally to the adult blood system. Grafting 

of chick yolk sac to quail embryos has demonstrated that the thymus, bursa of fabrious 

and bone marrow are preferentially populated by intraembryonic HSCs. Only a few 

erythroid cells are yolk sac-derived and all later blood cell lineages originate within the 

embryo itself (Dieterlen-Lievre, 1975). The subsequent detection of a territory with 

haematopoietic potential in the floor of the chick dorsal aorta suggested that adult
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multipotent HSCs might therefore arise in this intraembryonic region (Cormier et al, 

1986).

1.3.1 An intraembryonic site of HSC emergence: The aorta-gonad- 

mesonephros region

In the mouse an analogous intraembryonic region termed the aorta-gonad-mesonephros 

(AGM) formed from the paraaortic splanchnopleural (PSp) mesoderm and containing 

the dorsal aorta, gonadal ridge and mesonephros has also been identified as a site of 

haematopoietic activity preceding the onset of foetal liver haematopoiesis at 11 days 

post coitum (dpc). At 7.5 dpc, before circulation is established between the embryo and 

yolk sac, multipotent haematopoietic cells capable of lymphoid and myeloid 

differentiation in culture are found in the PSp region surrounding the dorsal aorta but not 

in the yolk sac (Cumano et al, 1996). Cells with B-cell potential can be isolated from 

both AGM tissue and yolk sac between 8.5-9.5 dpc, after circulation is established at 8 

dpc, but this appears to be a new population in the yolk sac distinct from the existing 

primitive population (Godin et al, 1995).

In vivo studies based on the repopulating potential of embryonic cells transplanted into 

myeloablated recipients suggest that the murine AGM region is a rich source of HSCs 

capable of long-term multilineage haematopoietic repopulation in irradiated adult mice. 

At 7.5 dpc PSp/AGM-derived cells can achieve long-term (> 6 months) multilineage 

repopulation in myeloablated recipients. In contrast yolk sac-derived cells from the same 

stage only produce short-term (< 3 months) myeloid restricted progeny implying that 

only intraembryonic cells are capable of long-term multilineage haematopoiesis in adult 

recipients (Cumano et al, 2001). The PSp/AGM generates de novo HSCs between 8.5- 

12.5 dpc with maximum activity occurring between 10.5-11 dpc, corresponding to the 

period of foetal liver and thymus colonisation (Godin et al, 1999). Moreover, at day 10 

dpc LTR-HSCs are generated within the AGM independently of the yolk sac, which 

does not exhibit adult-repopulating HSC activity until 11 dpc (Medvinsky & Dzierzak,

1996). During this time, no lineage-restricted definitive haematopoietic cells can be 

identified in the AGM suggesting that this region does not support haematopoietic 

differentiation (Godin et al, 1999).
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At 10 dpc the AGM region contains spleen colony-forming units (CFU-S) at a frequency 

greater than yolk sac or foetal liver (Medvinsky et al, 1993). Analysis of spleen colonies 

indicates that those derived from yolk sac cells have a simple, erythroid phenotype 

whereas AGM cells generate a broader range of mixed and granulocytic colonies similar 

to those derived from 11 dpc liver cells (Medvinsky et al, 1996).

Detailed analysis of subdissected AGM tissue has assisted in identifying more precisely 

the site of HSC generation within this embryonic region. The AGM consists of the 

dorsal aorta surrounded by mesodermal tissue and flanked by the urogenital ridges 

(UGRs) that form the gonads and mesonephros (embryonic kidneys). Comparison of the 

repopulating ability of cells isolated from the aorta and the UGRs (11 dpc) separately 

suggests that the main sites of HSC emergence are the major vessels. HSCs first appear 

in the dorsal aorta area and the vitelline and umbilical arteries that connect with it. Only 

after explant culture are repopulating HSCs found in UGRs (de Bruijn et al, 2000a). 

Interestingly, similar experiments suggest that at 10 dpc both the aorta and UGRs 

contain CFU-S activity, preceding the appearance of HSCs and it has been suggested 

that these two stem cell types may be derived separately from different precursors (de 

Bruijn et al, 2000b).

1.3.2 Contribution of the yolk sac to mammalian haematopoiesis

Collectively these findings suggest that HSCs within the PSp-derived AGM are 

generated in-situ and not derived from circulating yolk sac progenitors, which appear to 

lack the potential to repopulate the adult haematopoietic system. However, yolk sac cells 

isolated at 9 dpc have been reported to provide long-term multilineage reconstitution (up 

to 11 months post transplant) in conditioned newborn mice where the liver, spleen and 

bone marrow concomitantly function as sites of blood cell formation (Yoder et al,

1997). Another study, using a population of cells referred to as HSC/long-term 

repopulating units (RUs) and defined as transplantable into the adult, has attempted to 

map the development of these definitive repopulating cells during the early colonisation 

of the liver. HSC/RU generation in the AGM is high at 11 dpc but reduced by 12 dpc. 

Conversely, yolk sac-derived HSC/RUs are absent at 11 dpc but appear at 12 dpc 

suggesting that the final steps in the development of HSC/RUs may occur both in the 

AGM region and the yolk sac (Kumaravelu et al, 2002). These observations suggest 

that the yolk sac does contain multipotent HSCs that are available and able to seed the
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foetal liver. The failure of yolk sac-derived cells to achieve efficient multilineage 

repopulation in myeloablated adult mice may therefore be due to incompatibility of the 

adult environment or an inability of yolk sac cells to home to active adult haematopoietic 

sites rather than a lack of multipotent stem cell potential. It is therefore still unclear what 

contribution extraembryonic yolk sac cells actually make to the mammalian definitive 

blood system during embryogenesis.

During human embryogenesis between 25 to 30 days gestation, the yolk sac appears to 

be the major source of erythroid progenitors in CFU-assay in vitro with haematopoietic 

cytokines (Huyhn et al, 1995). However, erythroid progenitors occur in both the 

extraembryonic yolk sac and the embryo proper at 30 to 35 days. Moreover, at this stage 

the embryo, independent of the yolk sac and liver, contains multipotent CD34+ cells 

with high proliferative potential that generate multilineage colonies containing a mixture 

of erythroid, granulocytic and macrophage cells. In the human, circulation between yolk 

sac and embryo commences around day 21 of development. In vitro studies indicate that 

as early as day 19, before circulation is established, intraembryonic tissues contain cells 

with haematopoietic potential suggesting that these cells arise intrinsically and not from 

yolk sac-derived cells (Tavian et al, 2001). At day 24, CD34+ haematopoietic 

progenitors can be isolated from the intraembryonic PSp/AGM region and the yolk sac 

but are not detected in the foetal liver until day 30 (Tavian et al, 1999). Furthermore 

from day 24 onwards, before the onset of foetal liver haematopoiesis, only cells isolated 

from the intraembryonic PSp region have the capacity to generate multilineage 

progenitors with lymphoid and myeloid potential. Yolk sac cells only display limited 

myeloid potential even at later stages (up to 34 days). As demonstrated in the murine 

system, haematopoietie potential within the human AGM appears to be localized to the 

aortic region (Tavian et al, 2001).

Based on these observations, it is now widely accepted that in both mouse and human 

the intraembryonic AGM region is a major source of multipotent LTR-HSCs that have 

the potential to seed the foetal liver and give rise to the adult multilineage 

haematopoietic system (Figure 1.4).
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Figure 1.4 Schematic model of the proposed sequence of haematopoietic 
development during murine and human embryogenesis. The extraembryonic 
yolk sac supplies the early embryo with a ‘primitive’ haematopoietic system, 
consisting mainly of nucleated erythroblasts, and is thought to contribute only 
minimally to the adult system. Adult-type HSCs with the potential to generate all 
mature blood cell lineages arise de novo in the intraembryonic aorta-gonad- 
mesonephros (AGM) region prior to the onset of foetal liver haematopoiesis. 
AGM-derived HSCs subsequently migrate to and seed the liver and later 
haematopoietic tissues, including the bone marrow.
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1.3.3 Distinct origins of embryonic and adult blood during Xenopus 

development

As in the mammalian system, establishment of the haematopoietic system during 

embryogenesis in the South African clawed toad Xenopus laevis consists of an early 

embryonic population that is superseded by an adult-type multilineage system. 

Primitive/embryonic blood cells are produced in anterior ventral blood islands (VBI), a 

mesoderm-derived tissue equivalent to the mammalian yolk sac, whereas multilineage 

blood cells are generated in the dorsal lateral plate (DLP), analogous to the PSp/AGM 

region. These similarities across species suggested that the origins of these two 

populations earlier in development might also be similar in amphibians and mammals.

Unlike placental mammals, Xenopus produce large numbers of embryos that develop 

outside the uterus permitting specific populations to be labelled and tracked during 

development thus providing an invaluable model in which to study the origins of blood 

cell formation in vivo. Injection of p-galactosidase mRNA into separate embryonic 

mesodermal regions at a very early stage of development (32-cell) to label specific 

populations has revealed that the anterior VBI and DLP compartments derive from 

distinct regions during embryogenesis (Ciau-Uitz et al, 2000). Cells that form the VBI 

originate in the dorsal marginal zone (DMZ) of the blastomere whereas the DLP is 

derived from ventral marginal zone (VMZ) cells. Within the DLP labelled cells are 

found in haematopoietic clusters associated with the ventral floor of the dorsal aorta, 

similar to those found in mammalian embryos. In Xenopus therefore, the precursors of 

embryonic and adult blood are separate populations.

1.4 Characterization of haematopoietic cells within the 

embryonic AGM region

Clusters of round cells associated with the ventral floor of the embryonic dorsal aorta 

cells were first reported in 1907 and have subsequently been described in a variety of 

species including sharks, amphibians, birds and mammals. In chick embryos, these 

clusters were found to contain cells with haematopoietic potential (Cormier et al, 1986).
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Similar clusters of cells have been found associated with the major vasculature within 

the AGM of human and mouse embryos coincident with the time of HSC emergence in 

this region (Tavian et ai, 1996, Wood et ai, 1997, Garcia-Porrero et al, 1998). The 

morphology of the clusters is strikingly similar across different species as shown in 

Figure 1.5.
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Figure 1.5 Examples of intraaortic cell clusters associated with the floor of the 
embryonic dorsal aorta in different species. Tissue sections through the truncal region 
of (A) an E3 quail embryo immunostained with the endothelial marker QHl also 
expressed by haematopoietic cluster cells. Reproduced from Jafffedo et a l, 1998. (B) A 
murine embryo at 10 dpc reproduced from Garcia-Porrero et al, 1998 and (C) a 5-week 
human embryo immunostained with the endothelium-specific lectin Ulex europaeus. 
Reproduced from Tavian et al, 1996. Blue arrows indicate intraaortic cell clusters.
Ao, dorsal aorta; Cv, cardinal vein; No, notochord; Ec, endothelial cell; He, 
haematopoietic cell.

1.4.1 Haematopoietic cell clusters associated with the human 

embryonic vasculature

In the human embryo, an accumulation of round cells is found adhering to the ventral 

floor of the preumbilical dorsal aorta below the level of the anterior limb bud beginning 

at day 27 (Tavian et al, 1996, Tavian et al, 1999). Cells within the clusters express the 

adult LTR-HSC marker CD34 in common with adjacent vascular endothelial cells lining 

the dorsal aorta. However, they can be distinguished from endothelium by expression of 

the panleukocyte transmembrane glycoprotein CD45, exclusive to haematopoietic cells.
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and absence of the endothelial lectin Ulex europaeus (Tavian et al, 1996). Extensive 

mapping of these intraluminal CD34^ cell clusters show that they first appear within the 

preumbilical aorta at day 27, increase in size to reach several hundreds of cells by day 39 

and then gradually decline to disappear by day 40 (Tavian et al, 1999). It has been 

estimated that there are around 800-900 such cells within the preumbilical aorta in the 

35-day embryo (Tavian et al, 1996). At day 30, CD34^ intraluminal clusters are also 

found associated with the ventral endothelium of the vitelline artery around the region of 

connection with the dorsal aorta. CD34^ haematopoietic cells do not appear in the foetal 

liver until day 30 of development (Tavian et al, 1999).

1.4.2 Intraaortic cell clusters In mld-gestatlon murine embryos

Similar clusters of CD34^ cells are also found adhering to the ventral wall of the dorsal 

aorta and in the proximal vitelline and umbilical arteries in day 10 murine embryos 

(Wood et al, 1997). Analysis of the repopulating capacity of AGM-derived c-Kit^ cells 

carrying a donor LacZ reporter transgene (encoding pgalactosidase) indicates that all 

multilineage repopulating haematopoietic cells are contained with the c-Kit  ̂

subpopulation and predominantly within the CD34^/c-Kit^ population (Sanchez et al, 

1996). In support of this, single CD34^/c-Kit^ cells isolated by FACS from the AGM 

region of day 11 murine embryos have been shown to give rise to multimyeloid- 

lymphoid colonies in colony assays in vitro suggesting that this intraembryonic 

population contains multipotent HSCs (Delassus et al, 1999).

Cells within the clusters also express AA4 around 10-11 dpc and assessment of the in 

vitro differentiation of AA4^ cells isolated from 10.5-1 l.Sdpc murine AGM tissue 

indicates that this population is highly enriched for multipotent haematopoietic 

progenitor cells (Petrenko et al, 1999, Godin et al, 1999). These observations suggest 

that the phenotypic identity of embryonic AGM-derived HSCs is very similar to that of 

adult LTR-HSCs in adult bone marrow.
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1.5 Transcriptional regulation of HSCs during

mammalian embryogenesis

Studies using transgenic mouse models in which specific genes have been deleted have 

shown that a number of transcription factors are essential for specification of the 

haematopoietic programme and for normal adult blood formation during embryogenesis 

while others play a later role in lineage specification or maintenance as summarised in 

Figure 1.6.

1.5.1 Transcription factors required for yolk sac and adult

haematopoiesis

The T-cell leukaemia oncoprotein stem cell leukaemia (SCL/tall) is required for yolk 

sac and adult blood formation. Disruption of the SCL gene in transgenic mice results in a 

complete lack of blood formation in SCL" ' embryos and is lethal at the commencement 

of circulation between embryonic day 8.5-10.5 (Shivdasani et al, 1995). Moreover, the 

failure of SCL" ' murine embryonic stem (ES) cells to give rise to precursor or mature 

haematopoietic cells of any lineage suggests that SCL may be involved in blood 

specification at a pre-haematopoietic cell stage (Porcher et al, 1996). During 

embryogenesis, SCL is expressed in progenitors of both the haematopoietic and vascular 

systems and at 7.5 dpc in both embryonic and extraembryonic mesoderm (Kallianpur et 

al, 1994). In the adult SCL expression is restricted to committed multipotential myeloid 

and erythroid precursor cells, megakaryocytes and mast cells but appears absent from 

more primitive CD34+ cells (Kallianpur et al, 1994, Mouthon et al, 1993). In the 

vascular system, SCL is not required for endothelial cell formation but does appear for 

subsequent vessel remodelling (Visvader et al, 1998).

The Lim-domain nuclear protein Lmo2/rbtn2 is expressed in haematopoietic tissues 

including foetal liver. The phenotype of transgenic mice lacking Lmo2 expression is 

similar to that caused by SCL-deficiency at a very early stage. Embryos die in utero 

prior to the commencement of foetal liver haematopoiesis and lack erythrocytes (Warren 

e ta l, 1994).
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Figure 1.6 Transcription factors involved at different stages in the 
development of the adult haematopoietic system. Solid red bars indicate 
stages at which specific transcription factors are essential. Disruption of the 
genes encoding these factors in transgenic ‘knock-out’ mice results in a failure of 
HSC, progenitor or lineage at the point indicated. Positioning is based on the 
earliest block in differentiation due to absence of the designated factor. Broken 
red lines indicate factors for which the exact position is unclear.
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1.5.2 Transcription factors required for adult haematopoiesis

1.5.2,1 The GATA family o f transcription factors

Other transcription factors are required for normal adult haematopoiesis or the 

development of specific lineages but not for yolk sac haematopoiesis. The GATA family 

of transcription factors are important regulators of gene expression in haematopoietic 

cells. GATAI is co-expressed with SCL in erythroid cells, mast cells and 

megakaryocytes but not in the most primitive pool of adult bone marrow-derived CD34^ 

cells (Mouthon et al, 1993). Disruption of the GATAI gene results in a block in 

erythroid differentiation but not in other haematopoietic lineages suggesting that it does 

not play an essential role in HSC development (Pevny et al, 1991). GATA2 is expressed 

in more primitive CD34^ adult populations and in endothelial cells and, in contrast to 

GATAI, GATA2-null embryos die with severe anaemia between 9.5-11.5 dpc at the 

onset of foetal liver haematopoiesis (Mouthon et al, 1993, Shivdasani et al, 1996). All 

adult haematopoietic lineages are affected although yolk sac haematopoiesis and 

endothelial cell development appears unaffected (Tsai et al, 1994). Stem cells are 

present but appear to be deficient in their self-renewal/proliferative capacities possibly 

due to a loss of responsiveness to growth factors. GAT A3 is expressed only at

extremely low levels in primitive adult CD34^ progenitors (Mouthon et al, 1993) and in 

a number of distinct tissues during development including the placenta, foetal liver, 

thymic rudiment and throughout T lymphocyte differentiation (George et al, 1994).

G AT A3-deficient embryos die slightly later at around 12 dpc with severely reduced 

foetal liver haematopoiesis and massive internal bleeding suggesting that it may play a 

role in committed progenitor development (Pandolfi et al, 1995).

In the chick embryo, pockets of cells expressing GAT A3 are detected within the ventral 

mesoderm underlying the dorsal aorta and have been proposed as putative sites of HSC 

generation (Manaia et al, 2000). Recently, a detailed analysis of GAT A3 and Lmo2 

RNA expression patterns in embryonic day 7-12 murine embryonic tissue has led to the 

suggestion that these two factors may interact within the murine AGM and be involved 

in the specification of intraembryonic hematopoietic precursors (Manaia et al, 2000).

G AT A3 mRNA is also found in cells scattered beneath the aortic floor in the human
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AGM at 5 weeks (Labastie et al, 1998). However, the precise relationship between 

GAT A3 expression and haematopoietic specification during embryogenesis is unclear.

1.5.2.2 The Runxl transcription factor

Like GATA2, the transcription factor core-binding factor Runxl/AML1/Cbfa2 is 

required for adult haematopoiesis at an early stage. Disruption of the Runxl gene in 

murine embryos results in a block in all adult lineages with failure of foetal liver 

haematopoiesis, haemorrhaging the central nervous system and embryonic death by 12.5 

dpc (Castilla et al, 1996, Okuda et al, 1996, Wang et al, 1996). Yolk sac 

haematopoiesis appears to be unaffected. The generation of a mouse model in which 

normal expression of the Runxl gene has been coupled to a pgalactosidase reporter gene 

reveals that it is expressed by a subset of endothelial cells restricted to sites of 

haematopoietic emergence in the yolk sac, vitelline and umbilical arteries and in the 

ventral floor of the dorsal aorta. Within the mid-gestation murine embryonic AGM, 

Runxl expression is restricted to cells within the intraaortic haematopoietic clusters and, 

immediately preceding cluster emergence (8.5 dpc), transiently to a subset of cells 

located within the ventral floor of the dorsal aorta. Moreover, while yolk sac-derived 

erythroid cells develop normally, adherent intraaortic HSC clusters fail to appear in 

Runxl-deficient embryos suggesting that it may play a role in cluster formation or, 

possibly, in the specification of HSCs from a pre-hematopoietic cell (North et al, 1999). 

Using this reporter gene model, comparison of the repopulating capacity of Runxl- 

positive and Runxl-negative cell fractions derived from embryonic AGM (10.5-11.5 

dpc) and foetal liver (12.5 dpc) suggests that all LTR-HSCs express Runxl (North et al, 

2002).

1.5.3 Transcription factors required at the haematopoietic 

progenitor stage

The oncoprotein c-myb is expressed in all immature haematopoietic cells of all lineages 

and levels decrease as cells differentiate (Kastan et al, 1989). Mice lacking c-myb 

protein have normal yolk sac haematopoiesis but numbers of adult haematopoietic cells 

of all lineages are greatly reduced except for megakaryocytes, which appear to be 

unaffected. C-myb'^' embryos die slightly later at 15 dpc with severely impaired foetal
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liver haematopoiesis suggesting that c-myb may act at the level of committed 

progenitors rather than HSCs (Mucenski et al, 1991). The ets transcription factor PU.l 

also appears to function later in haematopoiesis affecting progenitor rather than stem cell 

development. PU.l is normally expressed in myeloid/granulocytic cells and B- 

lymphocytes (Klemz et al, 1990) and disruption of expression in embryos results in an 

absence of these lineages resulting in death just before or after birth (Scott et al, 1994). 

Within the murine embryonic AGM region, the RNA expression of early haematopoietic 

and lineage-specific transcription factors has been determined in CD34^/c-kit^ AGM 

cells at 11 dpc using single-cell reverse transcriptase-polymerase chain reaction (RT- 

PCR) (Delassus et al, 1999). Many of these cells co-express early haematopoiesis- 

associated transcription factors Lmo2, GATA2, Runxl and PU.l confirming that this 

double-positive population is highly enriched for cells expressing a genetic programme 

permissive for haematopoietic development.

1.6 Evidence for a common haematopoietic-endothelial 

precursor: the haemangioblast

The mechanism by which haematopoietic precursors might arise within the AGM region 

during embryogenesis has been a subject of considerable interest and discussion. It has 

been suggested that haematopoietic precursors may migrate into the wall of the dorsal 

aorta from the underlying mesenchymal tissue. Alternatively, pre-existing bipotential 

haemangioblastic cells located within the floor of the aorta could preferentially commit 

to a haematopoietic fate in response to a localised and transitory signal. The dorsal aorta 

is formed by the process of vasculogenesis from the organisation of pre-existing cells 

into an endothelial-lined vessel, suggesting that the endothelium is established before 

intraaortic HSCs appear. However, it cannot be ruled out that cells with haematopoietic 

potential move from the subaortic mesoderm and insert into the endothelium at some 

point between vessel formation and the appearance of HSC clusters. A third possibility 

is that endothelial cells, under certain specific conditions, are capable of de

differentiation and can switch to a haematopoietic phenotype.

For sometime it has been proposed that during embryogenesis both haematopoietic and 

endothelial cells may derive directly from a common precursor, the haemangioblast.
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However, whilst the existence of such bipotential cells has been demonstrated using cell 

lines in vitro, the identification of the mammalian haemangioblast in vivo has proved 

difficult.

1.6.1 Evidence for the endothelial origin of haematopoietic cells in 

non-mammalian systems

1.6.1.1 Xen opus em bryogen esis

As previously stated, labelling of cells at the blastomere stage has allowed the fate of 

embryonic and adult blood-forming cell populations to be followed during Xenopus 

embryogenesis. This technique, in conjunction with gene expression analysis, has also 

been used to investigate the relationship between the haematopoietic and endothelial 

lineages.

Labelling of the VMZ with (3gal at the cleavage stage indicates that during embryonic 

development the progeny of these VMZ cells form the DLP, a region analogous to the 

mammalian PSp/AGM (Ciau-Uitz et al, 2000). As the embryo develops, some of these 

pgal-labelled (pgal^) cells remain in the DLP and form the endothelium of the cardinal 

veins while others migrate to the midline of the embryo where they form the dorsal 

aorta and associated haematopoietic clusters (Walmsley et al, 2002). Analysis of gene 

expression patterns in these Pgal^ cell populations has revealed temporal and positional 

differences in the expression of certain haematopoietic and endothelial genes (Walmsley 

et al, 2002) (summarized in Figure 1.7). Initially within the DLP, Pgal^ cells co-express 

the haematopoietic transcription factors SCL and GATA2 as well as the endothelial 

genes Xflil and XHex. As the embryo develops, Pgar cells that remain in the DLP 

continue to express all these genes, however, the subpopulation that migrates to the 

midline temporarily loses expression of SCL and GATA2. Upon reaching the midline, 

the pgalVXflilVXHex^ cells form the endothelial wall of the dorsal aorta. Some of 

these cells are subsequently found in the haematopoietic clusters that form at the ventral 

floor and, with the acquisition of a haematopoietic phenotype, expression of SCL and 

GATA2 is once again restored in this population. In addition, expression of Xaml, the 

Xenopus homolog of Runxl/AMLl, is transiently activated in pgaf^ cells within the 

ventral aortic floor in a similar pattern to that observed in the mammalian AGM 

(Section 1.5.2.2).
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Figure 1.7 Schematic representation of haemangioblast development and 
differential patterns of gene expression during Xenopus embryogenesis (based 
on Walmsley et ai, 2002). A Genetically labelled blastomere VMZ or DMZ pgal- 
positive cells can be traced at later stages of development (denoted by s). B Pgal+ 
DMZ-derived cells migrate to the posterior mesoderm and coexpress 
haematopoietic (SCL, GATA2, Xaml) and endothelial (Xflil, Xhex) markers. A 
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subset of cells then migrate to the midline to form the Xflil+/Xhex+ endothelium 
of the dorsal aorta and associated SCL+/GATA2+ HSC clusters. Xaml is 
transiently expressed in the aortic floor coincident with cluster formation.
Blue lines indicate Bgal expression; broken lines denote migration from DLP and 
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VMZiventral marginal zone, DMZ: dorsal marginal zone, EC:endothelial cell, 
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Injection of pgal RNA into the DMZ of the blastomere results in labelled cells in the 

anterior VBI, the region analogous to the mammalian yolk sac. During development, 

pgal^ DMZ-derived cells migrate to a region posterior mesoderm adjacent to the cement 

gland where they co-expression Xflil, XHex, SCL, GATA2 and Xaml consistent with a 

bipotential progenitor phenotype. At later stages of development, a subpopulation of 

Pgaf^ cells remain posterior and form the endothelium of the endocardium while others 

migrate to the anterior VBI and give rise to structures of X flilendothelial cells 

surrounding SCL^ embryonic blood cells, resembling the blood islands of the 

mammalian yolk sac (Walmsley et al, 2002).

It would therefore appear that progenitor populations in the posterior mesoderm and 

DLP can differentiate into endothelial cells in situ but commitment to haematopoiesis 

involves migration to other sites. These observations suggest that both embryonic and 

adult blood compartments are seeded by progenitors that co-express haematopoietic and 

endothelial genes during their ontogeny. These progenitors appear to contribute to both 

lineages and may therefore represent a transient haemangioblast population.

1.6.1.2 Avian embryogenesis

An alternative to direct cell labelling has been achieved in the avian system involving 

the generation of chimaeric chick-quail embryos. This has allowed the fate of 

transplanted quail cells in chick hosts to be traced based on expression of the quail- 

specific antigen QHl and suggests that two distinct lineages of endothelial cells occur 

during embryogenesis, only one of which possesses haematopoietic potential (Pardanaud 

et al, 1996). In these experiments, QHl^ endothelial precursors derived from the 

paraxial/somi tic mesoderm contribute to angiogenesis within the body wall and kidney 

but are not involved in vascularization of the visceral organs or occur within the ventral 

floor of the dorsal aorta, the site of haematopoietic activity. In contrast, QHl^ precursors 

derived from splanchnopleural (Sp) mesoderm, the region in which the AGM develops, 

form the visceral vascular network, integrate into the aortic floor and are found within 

the associated haematopoietic clusters.

The existence of mesodermal cells with both endothelial and haematopoietic potential 

has also been demonstrated in vitro (Eichmann et a l ,  1997). Avian endothelial cells 

express the receptor tyrosine kinase VBGFR2, equivalent to the KDR and Flkl receptors
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in human and mouse respectively. Isolated VEGFR2^ cells derived from pre-gastrulation 

chick mesoderm and cultured in clonal assays in the presence of VEGF ligand generate 

endothelial and haematopoietic colonies. However, in the absence of VEGF the same 

population produce exclusively haematopoietic colonies indicating that whilst 

endothelial development requires the presence of VEGF, haematopoietic specification is 

VEGF-independent.

In the chick AGM, subsets of cells located within the ventral floor of the dorsal aorta 

appear to undergo a phenotypic transition from VEGFR2 to CD45 expression during the 

period of haematopoietic activity in this region (Jaffredo et al, 1998). Prior to the onset 

of haematopoiesis, VEGFR2 is expressed uniformly in endothelial cells lining the aorta. 

Subsequently, while dorso-lateral cells retain VEGFR2 expression, patches of cells in 

the ventral floor appear to lose VEGFR2 and acquire expression of the haematopoietic 

marker CD45. An endothelial-specific lipoprotein-dye complex (LDL-Dil) introduced 

into the developing vascular tree is first detected in the CD45^ cells in the floor of the 

dorsal aorta and subsequently in the intraaortic haematopoietic clusters suggesting that 

they are derived from endothelium.

1.6.2 Endothelial-associated molecules in the murine embryo and

their role in haematopoietic development

Direct blastomere cell labelling is not yet possible in mammalian embryos and therefore 

much of the information regarding cell fate mapping has come from the study of 

transgenic mice in which specific genes have been ‘knocked-out’.

1.6.2.1 Vascular endothelial growth factor and receptor

Flkl, the murine VEGFR2/KDR, is expressed on endothelial cells and is essential for 

vessel formation during development. InyZU-deficient mouse embryos, blood islands 

fail to form in the yolk sac, organised vessels do not develop and haematopoietic 

progenitors occur only very rarely. Homozygous mutant embryos die in utero between 

8.5-9.5 dpc (Shalaby et al, 1995). In chimaeric ombryos, cells failed to contribute 

to yolk sac, foetal liver or adult haematopoiesis suggesting that Flkl expression is 

required for the generation of haematopoietic cells (Shalaby et al, 1997). In agreement
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with this, at 8.5 dpc normal embryos contain a small population of Flkl ̂  cells with in 

vitro haematopoietic potential (Kabrun et al, 1997).

1.6.2,2 The Tie receptors

Another class of receptor tyrosine kinases, Tiel and Tie2/TEK, are also expressed in 

vascular endothelial cells during development. Mice lacking Tiel expression develop a 

normal vascular network and haematopoietic system but die just before or after birth 

from haemorrhaging and oedema due to leakage of blood cells through the vascular 

endothelium suggesting that it is required for cell integrity and maintenance but not, 

seemingly, for early endothelial differentiation or vessel formation (Sato et al, 1995). 

Analysis of adult murine bone marrow indicates that around 23% of c-KitVScalVLin 

LTR-HSCs express Tiel and around a third express Tie2 (Yano et al, 1997). During 

embryogenesis, Tie2 is expressed on endothelial cells and associated haematopoietic 

cells in the vitelline artery at 9.5 dpc and on murine foetal liver HSCs of the phenotype 

AA4‘̂ /c-KitVScalVLin~ (Takakura et al, 1998, Hsu et al, 2000). In embryos lacking 

Tie2 expression, endothelial cells are generated but death occurs at 9.5-10.5 dpc due to 

defects in angiogenesis, vascular remodelling and vessel integrity (Sato et al, 1995). 

77e2-deficient embryos also have severely impaired adult-type haematopoiesis 

(Takakura et al, 1998). The precise role of Tie2 in haematopoietic development is 

unclear. However, addition of the Tie2 ligand Angiopoietinl to AGM-derived Tie2^ 

cells (9.5 dpc) promotes adhesion to fibronectin and induces haematopoietic 

proliferation while soluble Tie2 receptor inhibits haematopoietic development and 

angiogenesis in AGM tissue explants in culture (Takakura et al, 1998). The 

haematopoietic defects found in 27e2-deficient mice may therefore be due to a failure of 

stem cell aggregation and expansion within the dorsal aorta.

1.6.3 Summary of murine transgenic phenotypes

The relative phenotypic effects on endothelial and haematopoietic cell development 

revealed by murine transgenic knock-out models are summarized in Table 1.2.
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Table 1.2 Phenotypic effects in transgenic mice of gene knock-outs for 

molecules expressed by aorta-associated haematopoietic cells and endothelial cells 

within the mammalian embryonic AGM, arranged in order of severity.

Knock-out Cell type: Lethal

(gene) Endothelial Yolk sac Adult blood Embryonic
cells blood cells cells age (dpc)

Flkl X X X S.5-9.5
Tie2 X 9 X 9.5-10.5

SCL y X X 8.5-10.5
GATA2 y y X 11.5
Runxl (AML) y y X 12.5
Tiel y y y birth
Molecules above the bold line are essential for the development of the cell types 

indicated. denotes cell type is absent in transgenic mouse; ^denotes cell type is 

present/unaffected in transgenic mouse).

The endothelial-associated molecules Flkl and Tie2 therefore appear to be involved in 

both endothelial and haematopoietic cell development during embryogenesis consistent 

with the existence of a haemangioblast population of bipotential progenitors. However, 

it is possible that haematopoietic defects in the absence of Flkl and Tie2 expression 

could be a secondary effect resulting from the lack of a suitable vascular environment to 

support a circulatory system in the developing embryo rather than the absence of a 

common endothelial-haematopoietic progenitor cell. In an attempt to resolve this 

question, a number of research groups have used murine ES cell lines to study early 

haematopoietic development.

1.6.4 The generation of haematopoietic cells from murine 

embryonic stem cell lines

Embryonic stem cells derived from the inner cell mass of the mouse blastocyst have 

provided an invaluable in vitro model system in which to investigate early multilineage 

haematopoietic development. A number of studies have shown that the sequence of 

molecular events leading to the onset of haematopoiesis in ES cell lines is similar to that
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found during normal mouse embryogenesis (Wiles et al, 1991, Schmitt et al, 1991, 

Keller et al, 1993, Nakano et al, 1994, Keller, 1995, Palacios et al, 1995, Hole et al, 

1996, Weiss & Orkin, 1996).

Upon differentiation in suspension culture, ES cells proliferate and differentiate to form 

complex structures known as embryoid bodies (EBs) that contain multiple cell types 

including haematopoietic cells. At day 4 of differentiation around 50% of EB-derived 

cells express Flkl and all EB-derived haematopoietic precursors are within the Flkl^ 

fraction (Kabrun et al, 1997). In this study Flkl expression preceded the development of 

cells positive for the HSC-associated markers CD34, Seal and AA4. By day 12 of 

differentiation, only 5% of EB-derived cells express Flkl suggesting that Flkl^ cells are 

an early transient wave of cells with haematopoietic potential.

Analysis of lineage determination as defined by sequential expression of Flkl and the 

haematopoietic transcription factor SCL during EB differentiation has shown that an 

initial FlklVSCL population acquires SCL expression to generate cells that co-express 

both molecules (Flkl^/SCL"^) and can generate both haematopoietic and endothelial 

progeny (Chung et al, 2002). Interestingly, either Flkl or SCL is subsequently 

downregulated in the double-positive compartment to generate subpopulations that are 

either Flkl /SCL"  ̂hematopoietic cells or Flkl VSCL~ endothelial cells.

The generation of ES cells lacking expression of SCL has provided further insight into 

the route of early haematopoietic development. SCL-deficiency has no effect on the 

temporal expression pattern of Flkl during EB differentiation up to 12 days. Expression 

of other early markers CD34, GATA2 and c-Kit are similarly unaffected. However, 

expression of haematopoietic-restricted genes GATAI, PU.l and globin expression is 

restricted to wild-type EBs, not those derived from SCL null ES cells, suggesting that 

SCL is essential for commitment of the putative haemangioblast to the haematopoietic 

lineage (Elefanty et al, 1997).

When cells isolated from 3-day old EBs are plated into CFU-assays with VEGF and SCF 

(c-Kit ligand) they will generate colonies consisting of a transient population of blast

like undifferentiated cells termed blast cell colony-forming cells (BL-CFCs) (Kennedy et 

al, 1997). Cells within the developing blast colonies have been shown to express Flkl, 

SCL, CD34 and GATAI indicative of an immature haematopoietic phenotype and, on
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secondary plating with haematopoietic cytokines, to generate erythroid and multilineage 

myeloid colonies. In liquid culture, single BL-CFCs produce haematopoietic cells and 

also adherent cells that display endothelial characteristics including expression of Flkl, 

Tie2 and platelet endothelial cell adhesion molecule (PECAM1/CD31) suggesting that 

the BL-CFC represent a common haemangioblast precursor (Choi et al, 1998). 

Collectively these data support the existence of a common haemangioblast progenitor 

that has the potential to generate both haematopoietic and endothelial cells. They further 

suggest that Flkl is required for haemangioblast formation and subsequent endothelial 

differentiation whereas SCL is necessary for commitment to the haematopoietic lineage. 

Interestingly, neither Flkl" ' nor SCL ̂  ES cells are able to generate BL-CFCs in colony 

assays (Faloon et al, 2000). Moreover, ectopic expression of SCL under the control of 

the Flkl promoter has been shown to partially rescue BL-CFC production in Flkl'^' ES 

cells (Ema et al, 2003). SCL may therefore play a role in haemangioblast development 

as well as in subsequent haematopoietic specification.

In an attempt to define the phenotype of the putative haemangioblast, the sequential 

expression of surface markers during ES cell differentiation to blood cells has been 

mapped using a two-dimensional culture system (Nishikawa et al, 1998a). In this 

system the majority of Flkl ̂  cells generated from differentiating ES cells acquire 

expression of vascular endothelial (VE)-cadherin, a cell adhesion molecule expressed 

exclusively on endothelial cells and essential for maintaining the integrity of the 

endothelial layer. Flkl^/VE-cadherin^ and Flkl^/VE-cadherin" populations possess the 

potential to generate sheets of VE-cadherin^ cells with endothelial characteristics and, 

when cultured in the presence of haematopoietic growth factors, to generate CD45^ 

haematopoietic cells, suggesting that VE-cadherin expression might possibly mark a 

diverging point in the progression of haemangioblast to blood cell. Importantly, it also 

raises the possibility that post-haemangioblast cells already directed towards an 

endothelial fate, denoted by VE-cadherin expression, can be redirected to the 

haematopoietic lineage under appropriate growth conditions.

Based on FACS analysis of murine cells obtained from the caudal half of murine 

embryos and yolk sac, it has been proposed that the VE-cadherin'*’ and CD45^ 

populations are mutually exclusive up to 9.5 dpc of development (Nishikawa et al, 

1998b). VE-cadherin^ endothelial cells that co-express Flkl, PECAMl, CD34 and take 

up LDL-Dil, isolated from these embryonic tissues (9.5dpc) generate multilineage
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haematopoietic colonies in CFU-assay. However lymphoid potential is restricted to the 

embryo proper at this stage and does not appear in the yolk sac population until 10.5 

dpc. Although these observations appear to support the haematopoietic potential of 

lineage-committed endothelial cells, it is important to note that intraaortic 

haematopoietic cells are in close physical association with endothelial cells in the 

embryonic vasculature at these stages of development. Haematopoietic activity could 

therefore be due to the presence of contaminating HSCs.

1.7 Growth factors influencing HSC development

Throughout embryogenesis the formation of organs and tissues is controlled by a 

number of growth factors including transforming growth factors (TGFs), bone 

morphogenetic proteins (BMPs), hedgehogs (Hhs) and fibroblast growth factors (FGFs). 

These factors are produced, secreted and spread to form concentration gradients within 

specific embryonic regions in conjunction with competitive or cooperative factors. At 

distinct doses, they activate specific signalling pathways within target cells leading to 

the specification of different tissue types. The conservation of function of many of these 

factors from embryo to adult has led to the suggestion that they may also be important 

regulators of stem cells, including HSCs, during adult life.

1.7.1 Transforming growth factor p i

Transforming growth factor p i (TGFpl) is a potent negative regulator of blood cell 

proliferation in vitro. In culture, TGFpi directly inhibits the initial cell divisions of 

murine LTR-HSCs (Sitnicka et al, 1996). However, the effects of TGFpl in vivo are 

more difficult to interpret. Targeted mutations in the murine TGFpi or TGFp receptor 

type II genes that block TGFp 1 signalling frequently result in embryonic death at 

lO.Sdpc from severe anaemia due to reduced yolk sac vasculogenesis and 

haematopoiesis, not endothelial and haematopoietic cell hyperplasia as might be 

expected (Dickson et al, 1995, Oshima et al, 1996). During embryogenesis, therefore, 

TGFpl appears to positively regulate extraembryonic endothelial differentiation and 

primitive blood formation. However, its role in intraembryonic adult-type 

haematopoiesis has not been fully investigated.
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1.7.2 Bone morphogenetic proteins

Bone morphogenetic proteins (BMPs) are members of the superfamily of TGFp growth 

factors and are involved in the development of nearly all tissues and organs during 

vertebrate development, including the nervous system, skin, teeth, lungs, kidneys, 

gonads and limbs. They also play an essential role in establishing the basic embryonic 

body plan and have been reported to influence cell behaviour in a variety of ways 

stimulating cell proliferation, cell differentiation or inducing programmed cell death 

depending on the target cell type and the concentration of factor within the local 

microenvironment (Hogan 1996).

More than 20 members of the BMP family have been identified in vertebrates and at 

least two groups of /ra«5-membrane serine-threonine kinase receptors for BMP, Type I 

and Type II, are believed to form heterodimeric complexes for signal transduction 

(Hogan, 1996). However little is known about the downstream signalling pathways 

activated by BMPs.

1.7.2.1 Bone morphogenetic protein 4

One member of the BMP family of growth factors, bone morphogenetic protein 4 

(BMP4) acts as a ventralising factor and is required for mesoderm patterning and the 

formation of a variety of structures during embryogenesis. Murine embryos lacking 

BMP4 expression are normally arrested at the egg cylinder stage with little or no 

mesoderm differentiation (Winnier et al, 1995). Mutant embryos developing beyond 

this stage have deficient haematopoietic tissue and retarded, truncated and disorganised 

posterior structures revealing an essential role for BMP4 in dorso-ventral patterning. The 

downstream effects of BMP4 signalling are graded and can either inhibit or activate 

specific gene expression in responsive cells depending on concentration of factor. The 

establishment of these concentration gradients appears to be due to inhibition or 

inactivation of BMP4 signalling by antagonistic factors such as noggin and chordin 

rather than by extensive BMP4 diffusion (Jones & Smith, 1998).

During murine embryogenesis BMP4 is expressed in the splanchnopleuric mesoderm 

between 8.5-9.5 dpc corresponding to the onset of HSC emergence in this region. 

However, because of the major defects resulting from loss of BMP4 signalling in murine
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embryos, its precise role in mammalian embryonic haematopoiesis has been difficult to 

evaluate and much of the current information regarding downstream effects are based on 

studies in lower vertebrates.

1.7.2.2 BMP4 in Xenopus embryonic haematopoiesis

During Xenopus embryogenesis, animal cap cells that form skin and nervous tissue are 

derived from the ectodermal layer and do not normally express the haematopoietic 

transcription factor SCL or form blood tissue. However injection of BMP4 into embryos 

during gastrulation results in abundant SCL expression and globin production, an 

indicator of blood formation in animal cap explants (Zhang & Evans, 1996, Mead et al,

1998). Injection of BMP4 RNA mio Xenopus embryos at the 1-cell stage also induces 

expression of the haematopoietic transcription factor GATA2 and globin expression 

throughout the mesodermal layer (Meano et al, 1996). Likewise, normal GATA2 

expression in ventral mesoderm is inhibited by dominant-negative BMP receptor 

implying that, like SCL, GATA2 lies downstream in the BMP4 signalling pathway to 

haematopoietic specification. As previously stated, during Xenopus embryogenesis 

distinct populations of putative haemangioblast progenitors are derived from the DMZ 

and VMZ regions of the blastomere and migrate to generate the embryonic blood islands 

(anterior VBI) and the DLP(AGM)/aorta-associated haematopoietic clusters 

respectively. Differences in the temporal expression of a number of haematopoietic and 

endothelial genes within the anterior VBI and DLP progenitor populations suggests that 

they are regulated by specific signals within the local microenvironment (Section

1.6.1.1). In this experimental system, inhibition of BMP signalling by injection of RNA 

encoding a dominant negative truncated form of the BMP type 1 receptor (tBR) into the 

DMZ of 4-cell Xenopus embryos results in a loss of SCL expression in DMZ-derived 

progenitors within the posterior mesoderm but does not affect expression of the 

endothelial gene Xflil (Walmsley et al, 2002). BMP is therefore required to activate 

SCL but not Xflil in the progenitor population that will migrate to the anterior VBI to 

form primitive embryonic blood. However, following migration to the anterior VBI the 

same population of tBR-injected DMZ-derived progenitors do not express either SCL or 

Xflil suggesting that SCL expression is required for the development of normal 

progenitors of embryonic blood and endothelial cells at an early developmental stage. In 

contrast, injection of tBR into the VMZ results in a loss of both SCL and Xflil in the
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progenitor population within the DLP before migration to the site of adult blood 

formation.

It would therefore appear that during Xenopus embryogenesis the progenitors of adult 

blood, embryonic blood and endothelium are differentially programmed by BMP via 

induction of SCL at an early stage and that BMP is therefore required for normal 

haematopoietic specification.

1.7.2.3 BMP4 influences mammalian ES cell-derived and postnatal HSCs in vitro

BMP4, in the absence of other serum factors, has been shown to influence 

haematopoietic specification in cultured murine ES cells in a concentration-dependent 

manner (Johansson & Wiles, 1995). At concentrations between 2-8ng/ml BMP4 induces 

globin expression. However at lower concentrations (0.5ng/ml) BMP4 induces 

expression of mesodermal markers such as brachyury. Other factors including FGF and 

TGFpl do not increase haematopoietic activity in the absence of BMP4 supporting a 

role for BMP4 in haematopoiesis.

A graded response to BMP4 is also found in established haematopoiesis. Primitive 

human cord blood-derived CD34VCD38 /Lin stem cells tend to differentiate in culture 

Addition of BMP4 at 5ng/ml fails to prevent the differentiation of isolated primitive 

stem cells however, at higher concentrations (25ng/ml) the long term-repopulating 

capacity and stem cell phenotype is prolonged (Bhatia et al, 1999). Like murine ES 

cells, human ES cell lines (hESCs) will also differentiate in culture, via the formation of 

EBs, to generate multiple cell types including haematopoietic cells. Interestingly, the 

addition of BMP4 alone (5-50ng/ml range) to cultures of hESCs does not significantly 

increase the frequency of multipotent CD34VCD45^ haematopoietic progenitors in EBs 

(Chadwick et al, 2003). However, in conjunction with a combination of haematopoietic 

cytokines (SCF, Flt3 ligand, IL-3, IL-6, G-CSF) BMP4 does increase the CFU- 

generating capacity of hESCs. Furthermore, BMP4-treatment in the absence of cytokines 

significantly increases the capacity of primary CFU to generate secondary colonies 

suggesting that BMP4 allows the generation of haematopoietic progenitors that possess 

greater self-renewal capacity.
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Collectively these observations support a role for BMP4 in haematopoietic specification 

and also in the maintenance of HSCs in the mammalian system similar to that observed 

during Xenopus embryogenesis.

1.7.3 The Hedgehog family of growth factors

The hedgehog (Hh) family of signalling molecules, which includes Sonic hedgehog 

(Shh) and Indian hedgehog (Ihh), are involved in the organisation of early mesoderm 

during embryogenesis (Baron, 2001). Hh signal Iransduction is mediated by members 

of the Gli family of zinc-finger transcription factors via cell surface receptors including 

Patched (Ptch) and Smoothened (Smo), first identified in the fiuitfly Drosophila 

melanogaster.

During murine embryogenesis, Ihh is secreted by primitive endoderm and inhibition of 

Ihh signalling in this tissue blocks activation of haematopoiesis and vasculogenesis in 

adjacent mesoderm (Dyer et al, 2001). Exposure of exogenous Ihh can change the fate 

of embryonic ectoderm from a neural phenotype to generate haematopoietic and 

endothelial cells, similar to the re-specification induced in Xenopus ectodermal animal 

cap cells by BMP4. During this process, BMP4 and targets of the Hh-signalling pathway 

(Ptch, Smo and Gli) are upregulated in ectodermal cells. In addition, expression of genes 

associated with HSCs (CD34, Flkl) and mature endothelial cells (PECAM, von 

Willebrand Factor) is activated. Ihh may therefore play a role in the normal development 

of the haematopoietic and vascular systems during mammalian embryogenesis via 

regulation of BMP4.

The effects of Shh on human cord blood-derived cells also support a role for Hh proteins 

in established haematopoiesis via BMP regulation. Primitive CD34VCD38 /Lin cord 

blood cells express Shh and its candidate receptors Ptch and Smo (Bhardwaj et al,

2001). More mature lineage-restricted haematopoietic cells and bone marrow-derived 

stromal cells also express these molecules however, expression of downstream Gli 

factors is restricted to the primitive subset and to stromal cells suggesting that the 

postnatal haematopoietic microenvironment has the capacity for Hh signal transduction. 

Addition of Shh to cultures of CD34VCD38 cells increases the number of primitive 

cells with multi lineage potential in CFU-assays, an effect neutralised by Hh blocking 

antibodies. Shh-treatment also results in expansion of human repopulating stem cells
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capable of multilineage engraftment in NOD/SCID mice. BMP4 has also previously 

been shown to enhance the cytokine-induced proliferation of primitive cord blood cells 

and the frequency of cultured SCID repopulating cells (Bhatia et al, 1999).

Interestingly, addition of the BMP-inhibitor Noggin to CD34VCD38 primitive cell 

cultures has a similar effect to Hh-blocking antibodies, neutralising Shh-enhanced 

proliferation (Bhardwaj et al, 2001). However, anti-Shh antibodies are unable to block 

BMP-induced proliferation. These observations suggest that Shh functions upstream of 

the BMP4/Noggin pathway in established human haematopoiesis, possibly to establish a 

functional concentration of BMP signalling that will allow expansion of primitive 

haematopoietic stem cells or progenitors. In this way, Hh proteins may fine-tune the 

local concentration of BMP to regulate stem cell renewal versus differentiation.

1.7.4 Fibroblast growth factors

Fibroblast growth factors (FGFs) constitute a family of related proteins involved in the 

regulation of proliferation and differentiation of mesenchymal, epithelial and 

neuroectodermal cells during development.

As described above, BMP4 induces expression of the haematopoietic transcription factor 

SCL and production of globin in Xenopus embryonic animal cap cells that would 

normally form ectodermal structures. However, direct injection of SCL into animal cap 

cells in the absence of BMP4 is not sufficient to induce globin expression but can do so 

when explants are cultured with basic FGF (bFGF/FGF2) (Mead et al, 1998). The 

erythroid-speciflc transcription factor GATAI also induces erythroid output in animal 

caps treated with bFGF (Huber et al, 1998). However, this effect is neutralized by 

injection of BMP-receptor and is therefore BMP-dependent. In both these studies 

treatment of animal cap explants with bFGF alone, in the absence of BMP4, does not 

induce blood formation. Therefore, unlike BMP4, neither SCL nor FGF alone are 

sufficient to reprogramme non-haematopoietic ectodermal cells to form blood.

Moreover, while inhibition of BMP signalling blocks SCL expression and normal 

haematopoiesis in embryonic mesoderm, injection of dominant-negative FGF receptor 

does not, suggesting that FGF is not essential for embryonic haematopoiesis (Walmsley 

et al, 2002, Mead et al, 1998). Similarly, injection of embryonic FGF into ventral 

Xenopus tissue suppresses expression of the haematopoietic transcription factor GATA2

57



and embryonic blood island formation, effects induced by BMP4. FGF has been shown 

to regulate expression of PV.l, a transcription factor which inhibits blood development 

(Xu et al, 1999). FGF may therefore have an indirect effect on embryonic 

haematopoiesis by negatively regulating BMP4-induced transcription factors to allow 

expansion of the haemangioblast pool prior to haematopoietic differentiation.

This role for FGF is supported by studies in murine ES cells. As previously stated, ES 

cells can generate BL-CFCs which express Flkl and are thought to represent 

haemangioblasts. ES cells in which the FGF receptor 1 gQnQ^fgfrl'^', has been knocked 

out, blocking FGF signalling, differentiate poorly and produce fewer haematopoietic 

colonies compared to wild type (Faloon et al, 2000). EBs generated from cells 

express normal levels of BMP4 but have reduced SCL, Flkl, c-Kit and globin 

expression. Addition of bFGF during EB differentiation increases the number of BL- 

CFCs/haemangioblasts and Flkl^ cells produced. On the other hand, EBs derived from 

ES cells lacking SCL expression contain endothelial-type Flkl^ cells but do not produce 

BL-CFCs or haematopoietic cells. Since ES cell differentiation is analogous to early 

embryonic development, it would appear that FGF mediated signalling is required for 

the proliferation and possibly the development of haemangioblasts but SCL expression 

is subsequently required for the progression from haemangioblast to haematopoietic cell.

The role of FGFs in postnatal haematopoiesis is also unclear. FGFs have been variously 

reported to stimulate proliferation of human CD34^/CD33" peripheral blood cells and to 

increase the proliferation and differentiation of lineage-restricted haematopoietic 

progenitors in combination with cytokines (Gabbianelli et al, 1990; Gallicchio et al, 

1991). However, other studies report somewhat contradictory results. For example, 

expression of FGF receptors 1-4 is undetectable by PCR analysis in human CD34^ bone 

marrow-derived cells and addition of bFGF or acidic FGF (aFGF/FGF2) in the absence 

of other serum factors to short-term (7 day) cultures of this human HSC population has 

no effect on proliferation or on the number of haematopoietic colonies generated in 

CFU-assay (Ratajckak et al, 1997). In contrast, long-term culture (3 weeks) of 

unfractionated murine bone marrow cells with bFGF greatly increases the number of 

Seal Vc-Kit^ cells produced and animals transplanted with FGF-expanded cells show 

higher levels of multilineage engraftment compared to those transplanted with freshly 

isolated bone marrow cells (de Haan et al, 2003). However, purified murine HSCs do 

not show the same proliferative response to FGF.

58



FGFR expression is detected on a population of murine bone marrow cells using a fusion 

protein ligand that can be identified by flow cytometry with fluorescence-conjugated 

antibodies (de Haan et al, 2003). This method reveals considerable variation in the 

levels of FGFR expression across the entire cell population, ranging from very low to 

very high. FGFR-positive cells are detected in the Lin /ScalVc-Kit^ and CD34 /Lin 

fractions but not in the CD34^Lin~ population, normally representative of HSCs. 

Transplantation of the highly expressing FGF-R^^/Lin fraction in lethally irradiated 

mice confers long-term multilineage engraftment however, the majority of this FGF- 

R’̂ /L in ”  population fail to generate any colonies in in vitro assays suggesting that they 

are not haematopoietic.

Collectively, these results suggest that FGF signalling may play a role in the 

proliferation of early pre-haematopoietic cells and/or primitive HSCs but that this may 

be an indirect effect via FGFR^ accessory cells within the bone marrow or requires 

additional factors produced by accessory cells.

1.7.5 Other molecules implicated in HSC development: Notch 

ligands and Wnts

The Notch and Wnt signalling pathways have also been implicated in HSC regulation in 

experimental studies. Activation of the Notch pathway requires cell-cell interaction 

between a Notch receptor and a member of the membrane-bound families of ligands 

Delta and Jagged. Two forms of Notch receptors. Notch 1 and NotchZ, are expressed on 

the surface of primitive human CD34VCD38~/Lin'~ cord blood cells. Members of the 

Delta and Jagged ligand families are also expressed on this HSC population, on bone 

marrow stromal cells and have been shown to influence progenitor development in vitro 

(Karanu et al, 2000, Karanu et al, 2001). In culture, soluble or immobilized Delta 

ligands (Deltal and Delta4) increase the proliferative capacity of human cord blood- 

derived CD34VCD38 /Lin- cells in vitro (Karanu et al, 2001). Deltal also enhances 

the multipotency of this population when transplanted in immune-deficient NOD/SCID 

mice (Karanu et al, 2001, Ohishi et al, 2002). Jagged 1 also increases the survival and 

expansion of CD34VCD38 /Lin cells capable of multilineage haematopoietic 

repopulation in vivo, although its effect in vitro is minimal (Karanu et al, 2000).
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The Wnt family of secreted signalling factors are known to influence cell fate and 

behaviour during embryogenesis. A number of Wnts have been detected on foetal and 

adult bone marrow cells including CD34^ cells and stromal cells. Certain members of 

the Wnt family increase the multipotential of CD34^/Lin cells isolated from human 

foetal and adult bone marrow in CFU-assays (Van Der Berg et al, 1998). 

Overexpression of P-catenin, a downstream component of the Wnt signalling pathway, 

in adult murine bone marrow cells of the primitive c-KitVTby l.l'VLin Scal^ 

phenotype results in increased self-renewal in vitro and multilineage haematopoietic 

engraftment in vivo (Reya et al, 2003). bibibition of Wnt signalling in the same 

population of transplanted cells leads to reduced haematopoietic reconstitution. These 

observations suggest that the Notch and Wnt signalling pathways may be involved in the 

processes of self-renewal and/or proliferation and possibly the inhibition of 

differentiation of primitive adult haematopoietic progenitors.

1.7.6 Summary of growth factors

These observations suggest that haematopoietic development from the multipotent stem 

cell to the various components of the adult blood and immune systems are regulated by a 

complex array of interacting growth factors and cytokines. Specific factors, or groups of 

factors, act at different stages in the processes of HSC specification from a pre- 

haematopoietic cell/haemangioblast, self-renewal of HSCs and differentiation to 

establish and maintain the complete haematopoietic system (Figure 1.8). Within the 

Xenopus embryo, the conversion of a population of mesodermal cells to a 

haematopoietic fate, via the specification of a multipotent HSC, is dependent upon BMP 

signalling, which is in turn regulated by the activity of Hedgehog proteins. In mammals, 

self-renewal of lineage-negative multipotent HSCs in foetal and adult haematopoietic 

tissues appear to involve the Hedgehog/BMP, FGF, Notch and Wnt signalling pathways. 

Meanwhile a variety of factors mediate the cytokine-induced proliferation and 

differentiation of HSCs to mature blood cells via a progression of lineage-committed 

progenitors. However, the factors that regulate the critical stages of haematopoietic 

specification and regulation at the stem cell level during mammalian embryogenesis 

have yet to be identified.
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Figure 1.8 Model of regulatory factors involved in haematopoietic 
development based on studies in Xenopus embryos and adult mammals. (A) 
During embryogenesis FGFs increase the pre-HSC pool. In Xenopus, and possibly 
mammals, haematopoietic specification is mediated by BMP4. The concentration 
of BMP determines the decision between self renewal (yellow arrow) versus 
differentiation of HSCs and is regulated by hedgehog proteins. (B) In the bone 
marrow of adult mammals, self-renewal of HSCs is controlled by BMP4 and Shh. 
The processes of progenitor proliferation and differentiation are regulated by other 
signalling pathways including Notch, Wnts and haematopoietic cytokines to 
generate mature blood cell lineages. Accessory cells, supported by FGFs, within 
the bone marrow may produce other factors(AGM: aorta-gonad-mesonephros, 
HSC: haematopoietic stem cell, AC: accessory cell, Pr: haematopoietic progenitor, 
FGF: fibroblast growth factor, BMP: bone morphogenetic protein, Ihh: Indian 
hedgehog. Shh: sonic hedgehog). 61



1.8 AIMS

The differentiation pathways and cytokine requirements through which a haematopoietic 

progenitor cell achieves maturity in all blood cell lineages have been extensively studied 

and are well characterised. However, the processes by which the stem cells that seed the 

adult multilineage blood system are initially generated are less well understood.

The appearance of adult-type multipotent HSCs within the mammalian embryonic 

AGM region precedes haematopoietic activity in secondary blood-forming tissues, 

including the foetal liver and adult bone marrow. These secondary haematopoietic 

tissues are also sites of blood cell maturation and therefore contain a complex mixture 

of multipotent HSCs, committed progenitors and mature blood cells as well as the 

various cytokines and other factors required for cell differentiation, maintenance and 

function. Consequently, the embryonic AGM region may be the simplest and possibly 

the only environment in which to study HSC emergence in isolation from the processes 

of self-renewal and differentiation.

Based largely on studies in amphibians and murine ES cell lines cultured in vitro, it has 

been proposed that, during embryogenesis, HSCs are derived from haemangioblast stem 

cells that have the potential to commit to either the haematopoietic or endothelial lineage 

and that the transforming growth factor-related molecule BMP4 may play a critical role 

in HSC induction and development.

The aim of this thesis is to investigate the emergence of HSCs clusters within the dorsal 

aorta of human and murine embryos by comparing the expression profiles of key 

lineage-associated molecules and by ultrastructural analysis using electron microscopy. 

In addition, the expression patterns of candidate regulatory molecules, including TGF- 

family members, was analysed within the embryonic AGM region. Notably, BMP4 was 

expressed in a distinctive spatial and temporal pattern consistent with a role in HSC 

emergence. The effect of BMP-treatment on the growth and differentiation potential of 

isolated murine AGM-derived cells was therefore investigated in in vitro haematopoietic 

CFU-assays and in vivo reconstitution experiments.
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Chapter 2

Material and Methods

2.1 Reagents

2.1.1 Antibodies

Table 2.1 Antibodies against human proteins: source and type

Specificity Name/Cat# Source Raised in Type

AMLl 1600002 Geneka Biotechnology Rabbit Polyclonal

BMP4 3H2 Novacastra 
Laboratories (NCL)

Mouse Monoclonal

CD34 Anti-HPCA-1 Becton Dickinson Mouse Monoclonal

CD45 Anti-HLe-1 Becton Dickinson Mouse Monoclonal

c-Kit/CD117 C-19 Santa Cruz 
Biotechnology (SCB)

Rabbit Polyclonal

Fibronectin Ab-4(568) Neomarkers Mouse Monoclonal

Flt3 ligand 40406.111 R&D Systems Mouse Monoclonal

GATA2 CG2-96 SCB Mouse Monoclonal

HCAM/CD44 Ab-2(5F12CL4) Neomarkers Mouse Monoclonal

KDR/Flkl CH-11 Chemicon International Mouse Monoclonal

SCL/TALl 2TL242 OiQXiy et al, 1996 Mouse Monoclonal
supernatant

STKl C-20 SCB Rabbit Polyclonal

Tenascin C TN2 DAKO Corporation Mouse Monoclonal

TGFpi TGFB17 NCL Mouse Monoclonal

VCAMl BBA19 R&D Systems Goat Polyclonal

VE-cadherin BV6 Chemicon International Mouse Monoclonal

VEGF Ab-3(JH121) Neomarkers Mouse Monoclonal

WASp SK3 Banin <3/., 1996 Rabbit Serum
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Table 2.2 Antibodies against murine proteins: source and type

Specificity Name/Cat# Source Raised in Type

CDlGS/endoglin GP160 DAKO Corporation Mouse Monoclonal

CD45 Ly-5 (30-Fll) Pharmingen Rat Monoclonal

Collagen type 1 Col-1 Sigma Mouse Monoclonal

Flkl CH-11 Chemicon International Mouse Monoclonal

STROl Developmental Studies 
Hybridoma Bank 
IOWA

Mouse Monoclonal

Vimentin V9 DAKO Corporation Mouse Monoclonal

Table 2.3 Fluorescence-conjugated antibodies: source and type

Specificity Name/Cat# Source Raised in Fluorescent

conjugate

AA4* AA4.1 Pharmingen Rat FITC

B220/CD45R RA3-6B2 BD Biosciences Rat Biotin

C D llb Ml/70 eBioscience Rat PE

CD3 17A2 BD Biosciences Rat PE-Cy5

CD34* RAM34 Pharmingen Rat FITC

CD34 RAM34 BD Biosciences Rat PE

c-Kit/CD117* 2B8 eBioscience Rat PE

Flkl* Avas 12al Pharmingen Rat FITC

Flkl Avas 12al Pharmingen Rat PE

GR-1 (Ly-6G/C) RB6-8C5 BD Biosciences Rat Biotin

NK-1 (CD49b) DX5 BD Biosciences Rat Biotin

Seal (Ly6A/E) D7 eBioscience Rat PE

Ter-119 Ly-76 BD Biosciences Rat Biotin

Streptavidin-Cy-Chrome Pharmingen na Cy5

Isotype control eBioscience Rat FITC

Isotype control eBioscience Rat PE

Isotype control eBioscience Rat Cy5

* Antibodies used for fluorescence -activated cell sorting (FACS)
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2.1.2 Tissue culture reagents 

Table 2.4 Cytokines and factors

Name Cat# Source Species

Stem cell factor 250-03 Peprotech EC Ltd mouse

BMP4 314-BP R&D Systems human

BMPR-IB/Fc chimera 444-BR R&D Systems mouse

Noggin/Fc chimera 719-NG R&D Systems mouse

2.2 Methods 1: Immunohistochemical analysis of human
embryonic tissue

2.2.1 Collection and processing of human embryos

Human embryos were obtained from the joint MRCAVellcome Human Developmental 

Biology Resource (embryo bank) maintained at the Institute of Child Health, UK. All 

embryos were collected with full ethical permission, from social termination of 

pregnancies using either RU486 or surgical methods. The precise post-fertilisation stage 

of embryonic development was determined by assessment of external morphology 

(Larsen, 1993).

Human embryos were fixed immediately after collection in 4% paraformaldehyde 

(PFA) in phosphate buffered saline (PBS) for at least 24 hours at 4°C. They were then 

washed twice in PBS and once in 50% ethanol in PBS before storing in 70% ethanol at 

4°C until needed. Embryos were dehydrated through to 100% ethanol, cleared in 

HistoClear (National Diagnostics, UK) before embedding in paraffin wax (Raymond 

Lamb, UK) and allowed to set overnight at 4°C. Embedded embryos were sectioned 

transversely at 6mm using a Microm microtome and mounted on glass microscope 

slides coated with poly-L-lysine (Sigma, UK).

2.2.2 Antibody staining of human embryonic tissue sections

Tissue sections were immunostained using the antibodies listed in Table 2.1. Paraffin 

embedded sections were dewaxed twice in HistoClear for 10 minutes and rehydrated
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through an alcohol series to 50% ethanol. For all primary antibodies except anti- 

tenascin C, anti-fibronectin and anti-BMP4, sections were pre-treated by microwaving 

for 10 minutes in citric acid buffer pH6, followed by rapid cooling, to unmask antigen. 

Sections to be stained for tenascin-C and fibronectin were pre-treated with trypsin 

(Sigma, UK) at 1 mg/ml in PBS for 7 minutes at room temperature. Sections to be 

stained for BMP4 were untreated.

All sections were washed in distilled water before placing in 3% (w/v) hydrogen 

peroxide solution in phosphate buffered saline (PBS) for 15 minutes to block 

endogenous peroxidases, followed by washing in PBS. Non-specific antibody binding 

was blocked by 10% normal goat serum in PBS for 20 minutes. Sections were incubated 

with primary antibody, diluted with 1% bovine serum albumin (BSA; Sigma, UK) in 

PBS, overnight at 4°C, washed with 0.1% Triton X I00 in Tris buffered saline (TBS) 

and incubated with biotinylated goat anti-mouse/rabbit Ig antibody (ABC Duet kit; 

DAKO, UK) for 30 minutes followed by a streptavidin-biotinylated peroxidase complex 

for 30 minutes, both at room temperature. Peroxidase activity was visualized using 

SIGMA FAST DAB peroxidase substrate (3,3’-Diaminobenzidine; Sigma, UK).

Sections were counterstained with methyl green nuclear stain (Vector Laboratories, UK) 

for 10 minutes, dehydrated through a butanol series and equilibrated in HistoClear for 

10 minutes. Slides were mounted in DPX mountant (VWR International, UK) and 

viewed using an Olympus BH2 microscope with imaging software. Images were 

processed in Adobe Photoshop.

2.2.3 Histology of human tissue sections

Tissue sections were rehydrated as above, placed in Ehrlich’s haematoxylin (VWR 

International (Merck), UK) for 10 minutes, washed and dipped in acid alcohol (1% HCl 

in 70% ethanol). Sections were then stained in eosin (Raymond A. Lamb, UK) (1% in 

distilled water) for 10 minutes, washed, dehydrated through ethanols to 100% and 

equilibrated in HistoClear. Slides were mounted in DPX mountant.
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2.3 Methods II: Analysis of fixed murine embryonic tissue

2.3.1 Processing of murine embryos for X-gal staining

Murine embryos were obtained from timed matings of CDl Tiel/LacZ transgenic CDl 

wild-type (control) mice at 10.5 dpc. Embryos were staged by assessment of external 

morphology (Kaufrnan, 1995).

Embryos were fixed in 4% PFA for 20 minutes at room temperature and placed in X-gal 

solution (5mM KsFe(CN)6, 5mM K4Fe(CN)6.3H20, 2mM MgCl], 0.01% sodium 

deoxycholate, 0.025 NP40, 1 mg/ml 4-chloro-5-bromo-3-indolyl-P-D- 

galactopyranoside) at room temperature overnight in the dark. Embryos were washed in 

PBS, post-fixed in 4% PFA overnight at 4° and dehydrated through an alcohol series to 

100%. Stained embryos were embedded in paraffin wax and sectioned transversely as 

described (Section 2.2.1). Sections were counterstained with eosin and mounted in DPX 

mountant.

2.3.2 Processing of murine embryos for electron microscopy

Wild-type CDl murine embryos (10.5 dpc) were obtained as above. Whole embryos 

were fixed in 2.5% gluteraldehyde/2% paraformaldehyde in 0.05M cacodylate buffer, 

pH 7.6 at 4° for 90 minutes. Embryos were washed, infused with cacodylate buffer/8% 

sucrose at 4° for 18 hours and post-fixed in 1% osmium tetroxide in cacodylate buffer at 

4° for 90 minutes. Embryos were dehydrated in graded ethanol, embedded in Araldite 

epoxy resin and sectioned transversely through the truncal region using an 

ultramicrotome. Tissue sections were stained with uranyl acetate/lead citrate for 

microscopy using a transmission electron microscope. For orientation, semithin (1pm) 

sections were taken at intervals and counterstained with 1% toluidine blue in 1% 

sodium borate buffer.
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2.4 Methods III: Isolation and culture of murine
embryonic cells

2.4.1 AGM dissection and cell preparation

Timed matings of wild-type CDl mice generated embryos at embryonic days 9.5, 10.5 

and 11.5. From each embryo, the AGM region between the anterior limb bud and 

umbilical vessels, containing the dorsal aorta, was dissected in PBS. AGMs from single 

litters were pooled and dissociated in enzyme-free Cell Dissociation Buffer (Invitrogen 

Ltd., UK) for 15 minutes at 2>TC followed by gentle trituration through 21, 23 and 25G 

needles. Single cells were filtered through a 70pm cell strainer and washed with Hank’s 

balanced salt solution (HBSS) supplemented with 1% BSA.

2.4.2 Fluorescence activated cell sorting (FACS)

Dissociated AGM cells were incubated with fluorescence-conjugated antibodies for 30 

minutes at 4°C. Antibodies used were FITC-conjugated rat anti-mouse CD34 (RAM34) 

and PE-conjugated rat anti-mouse c-Kit/CDl 17, each at a concentration of Ipg antibody 

per million cells (see Table 2.3). Cells were washed with HBSS/1% BSA and sorted 

using an EPICS Altra fluorescence activated cell sorter (FACS) with Autoclone® 

sorting option (Beckman Coulter, UK).

2.4.3 Culture of murine SI7 stromal feeder cell line

The murine bone marrow S17 stromal cell line was maintained at low passage number 

in minimal essential medium (MEM) alpha medium with ribonucleosides and 

deoxyribonucleosides (MEM-a, Invitrogen Ltd., UK) supplemented with 10% foetal 

calf serum (FCS, Sigma UK). Cells were irradiated at 2,500 cGy using a ^^̂ Cs source 

and plated at 2,000 cells/well in 96-well tissue culture plates the day before required.

2.4.4 Culture of primary AGM-derived cells

Double-labelled CD34+/c-Kit+ cells were dispensed directly into 96-well tissue culture 

plates at 50 cells/well onto adherent irradiated S17 stromal cells. Cells for 

transplantation were plated at 500 cells/well into 12-well tissue culture plates containing 

irradiated S I7 stromal cells (25,000 cells/well). AGM cells were cultured in serum-free
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CellGro stem cell growth medium (CellGenix, Germany) supplemented with lO '̂ M 2- 

mercaptoethanol, 25ng/ml stem cell factor (SCF). Additional factors were added as 

appropriate on day 1, including recombinant BMP4 (lOng/ml), murine BMPR-IB/Fc 

chimera (200ng/ml) and murine Noggin/Fc chimera (200ng/ml) (see Table 2.4). Cells 

were incubated for up to 20 days at 37°C in 5% CO2. Colonies per well were scored 

after 7 days. Statistical analyses were performed using the Wilcoxon signed ranks test 

(same embryonic age).

2.4.5 Colony forming unit (CFU) assay

Primary colonies of AGM-derived cells were trypsinised, washed and resuspended to a 

single-cell suspension in Iscove’s Modified Dulbeccos medium (IMDM, Invitrogen 

Ltd., UK). Disrupted colonies were plated into 35mm bacterial petri dishes in Methocult 

GF complete methylcellulose medium containing recombinant cytokines (Epo, IL-3, IL- 

6, SCF) suitable for colony assays of murine cells (Stemcell Technologies Inc.,

Canada). Colonies were incubated at 37°C/5%C02 scored by morphology after 20 days.

2.4.6 Immunocytochemical analysis

Colonies were removed from methylcellulose cultures and washed in HBSS. Separated 

cells were resuspended in CellGro, plated onto glass chamber slides and allowed to 

adhere for 2-3 days. Slides were washed in PBS and fixed for 5 minutes with either ice- 

cold methanol for intracellular staining or 4% PFA for cell-surface molecules. Primary 

antibodies were used as listed in Table 2.2. Antibody binding was detected using the 

StreptABComplex/HRP Duet kit (DAKO, UK) and Vector red substrate (Vector 

Laboratories, UK).

2.5 Methods IV: Preparation of GFP-lentivirus

2.5.1 Description of lentiviral vector system

The modified pHR’SIN-SEW lentiviral vector system used in this thesis was developed 

in the Molecular Immunology Unit at ICH (Demaison et al, 2002). The vesicular 

stomatitis virus-G envelope protein (VS V-G)-pseudotyped HIV-1 lentiviral based 

vector incorporates a number of regulatory elements and the enhanced GFP (eGFP)
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transgene in a pHR’SESf-CE plasmid backbone. The vector is self-inactivating (SIN) 

due to deletion of the U3 region of the 3’ HIV long terminal repeat (LTR) to reduce the 

risk of viral vector mobilisation and recombination and contains the central polypurine 

tract (cPPT) sequence of HIV-1 shown to increase efficiency of transduction of HSCs. 

The eGFP transgene is flanked by the long terminal repeat (LTR) promoter sequences 

of the spleen focus forming virus (SFFV) at the 5’end and the Woodchuck hepatitis 

virus posttranscriptional regulatory element (WPRE) at the 3’ non-coding region which 

enhance transgene expression in engrafted cells in vivo.

2.5.2 Lentiviral vector production

Packaged virus particles were produced by transient transfection of the human 293T 

embryonic kidney cell line with three plasmids. These were the pHR’SIN-SEW 

containing the eGFP transgene, a packaging plasmid pCMVR8.91 and an envelope 

plasmid pMD.G (Demaison et al, 2002). For transfection, 10  ̂293T were plated per 

150cm^ tissue culture flask in Dulbecco’s modified Eagle medium (DMEM, Invitrogen 

Ltd. UK) supplemented with 10% FCS overnight to give 80-90% confluence. A total of 

lOOpg of plasmid DNA was used to transfect each flask of cells: 50pg pHR’SIN-SEW, 

32.7pg pCMVR8.91 and IT.Spg pMD.G. This amount of plasmid DNA was premixed 

with 0.25mM polyethylenimine (PEI, Sigma, UK) in 10ml Optimem medium 

(Invitrogen Ltd., UK) at room temperature for 20 minutes to form a complex and then 

added to each flask of adherent 293T cells. Cells were incubated with DNA-PEI 

complex for 4 hours at 37°C /5% CO2 for transfection. The medium was then replaced 

with DMEM/10% serum (25ml/flask) and incubation continued. The following day this 

medium was replaced with 15ml fresh medium for virus collection 24 hours later. This 

step was repeated twice to yield a total of 30 ml of dilute virus per flask. Harvested 

medium was cleared by low-speed centrifugation (2,500 rpm for 10 minutes) and 

filtered through a 0.45pm pore-size filter. Virus particles were concentrated by 

ultracentrifugation at 23,000 rpm at 4°C for 2 hours. Virus was resuspended in CellGro 

medium, aliquoted and stored at -80° until required.

2.5.3 Titration of GFP-Lentiviral vector on HeLa cells

Hela cells were seeded in DMEM/10% FCS at 50,000 cells/well in a 12-well tissue 

culture plate and left to adhere for 3 hours at 37°C /5% CO2 . The titre per pi of virus 

prepared in Section 2.5.2 was assessed on these cells by serial dilution ranging from 1 in
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50|il medium to 1 in 100,000. After 2 days the cells were harvested and analysed for % 

GFP expression by flow cytometric analysis using FACs. The titre of virus was 

calculated using the formula: [% GFP-positive cells] x [dilution factor] x [total number 

of cells] /100. The eGFP-lentiviral titre was estimated to be 3.8 x 10  ̂virus particles/ml.

2.5.4 Infection of murine AGM cells

The optimal amount of virus (multiplicity of infection (MOI)) required to infect primary 

murine AGM-derived cells was assessed by titration on test cultures set up as described 

in Section 2.4.4 in a 12-well plate. Virus was added to 7-day cultures of CD34^/c-Kit^ 

cells overnight at an estimated 5 and 50 particles per AGM cell (MOI 5 and MOI 50 

respectively). The medium was replaced the following day to remove unincorporated 

virus particles. After 2 days, plates were viewed using an Olympus 1X70 inverted 

microscope fitted with a GFP longpass filter (490/535nm emitter) to detect GFP- 

positive cells. AGM-derived cell cultures for transplantation were infected with eGFP- 

lentivirus using this protocol at MOI 50 (50 virus particles/AGM cell).

2.6 Methods V: Repopulation assay

2.6.1 Transplantation of eGFP-labelled AGM cells

AGM-derived cells were cultured for 14 days as described in Section 2.4.4 with or 

without added recombinant BMP4 protein. Cultures were transduced with eGFP- 

lentivirus at day 7. Control cultures of freshly isolated CD34+/c-Kit+ cells, transduced 

overnight with eGFP-lentivirus, and irradiated S17 stromal cells alone (cultured for 14 

days and transduced at day 7) were also prepared for transplantation. One day prior to 

transplantation, recipient CDl adult (6-8 week) mice were sublethally-irradiated 

(600cGy, ^^̂ Cs source) and irradiated again (400cGy) just prior to injection. All cells 

were collected separately for the different culture conditions and injected intravenously 

via the tail vein of recipients along with 2x10^ irradiated (2,500 cGy) murine splenic 

cells as carrier cells.
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2.6.2 Recovery of bone marrow from adult recipient mice

Mice were sacrificed by CO2 inhalation 2-3 months post transplantation. Bone marrow 

cells were flushed from the femur and tibia of the hind legs with RPMI medium 

(Invitrogen Ltd., UK), passed through a cell strainer and centrifuged (1200rpm for 5 

minutes). Erythrocytes were removed using hypotonic red cell lysis buffer (Sigma, UK) 

(ice, 2 minutes) followed by PBS/0.5%BSA.

2.6.3 Flow cytometric analysis of recipient bone marrow cells

Cells were seeded into a multiwell plate (1-5 x 10  ̂cells/well) and incubated with a 

panel of antibodies against murine cell surface antigens listed in Table 2.3 and diluted in 

PBS/0.5% BSA (50|i 1/well). Incubations were performed in the dark, on ice for 30 

minutes and fixed with 1% PFA. Primary antibodies were either directly conjugated to 

the fluorochrome phycoerythrin (PE), the tandem fluorochrome PE-Cy5 (Cy-Chrome) 

composed of PE coupled to the cyanine Cy5 or biotin. Biotin-conjugated antibodies 

were incubated with a secondary streptavidin-Cy-Chrome conjugate. A sample from 

each mouse was also tested with directly conjugated isotype-matched control antibodies 

(Table 2.3). Flow cytometric analysis to detect GFP-positive (donor) cells expressing 

HSC/lineage-restricted markers was performed on a Beckman Coulter Epics XL using 

the Expo 32 software package. Approximately 100,000 events were collected per 

sample. FACs parameters used were set to show a similar level of fluorescence for the 

eOFP-negative population in each sample.
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Chapter 3

Expression and ultrastructural analysis within 

the AGM region of human and murine embryos

3.1 Introduction

It is now widely accepted that the first definitive multipotent HSCs that seed the adult 

blood system are generated within the embryonic AGM and that these stem cells are 

contained within clusters associated with the ventral aortic wall. From here they are 

thought to migrate to and colonise the foetal liver. However, the origin of cells within 

the haematopoietic clusters is still unclear and the mechanism by which they might arise 

has been the subject of considerable interest.

Lineage tracing analysis in lower vertebrates suggests that adult HSCs are derived from 

a population of embryonic haemangioblasts that give rise to both haematopoietic and 

endothelial lineages during development (Section 1.6.1). Studies using cultured murine 

ES cell lines support the existence of bipotential precursors suggesting that these two 

lineages also share a common origin in mammals (Section 1.6.3). However, the 

existence of mammalian embryonic cells with haemangioblast potential has yet to be 

demonstrated in vivo. The aim of the experiments described here was to analyse the 

phenotypic association between nascent HSC and endothelial cell populations within 

the mammalian AGM region during embryogenesis and to investigate the mode of HSC 

emergence at the aortic floor.

To characterise and compare cells within the intraaortic clusters and endothelial wall of 

the dorsal aorta, the expression patterns of a range of haematopoietic and vascular 

associated markers as described in Table 3.1 were investigated within the human 

embryonic AGM region by immunohistochemical analysis. A number of molecules are
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Table 3.1 List of molecules tested by iinmunohistochemistry for expression in the 5-week old human embryonic AGM region
Markers associated  w ith  haem atopoietic c e lls  are h ighlighted  in red and endothelial ce lls  in blue

Molecule Expression in established tissues Type/Function References

C D 34 C irculating foetal and postnatal L T R -H SC s 
Endothelial ce lls

M em brane g lycoprotein C am pagnoli e t  a i ,  2000 , 
Baum et  al., 1992

C D 45
(com m on  leu co cy te  antigen)

All haem atopoietic progenitors and ce lls  (except 
erythrocytes)

Transm em brane g lycoprotein  -d ifferen t iso form s 
sp ec ific  to  cell type, m aturation/activation state

Jackson, 1990

W iskott A ldrich Syndrom e  
protein (W A S p )

H aem atopoietic progenitors, mature m yeloid  
/lym phoid  ce lls

Intracellular transduction o f  sign a ls to  actin  
cytoskeleton; cell m otility , hom ing, im m une response

Thrasher er a/., 1998

c -K it/C D 117 H aem atopoietic progenitors 
primordial germ ce lls , m elanoblasts

Stem  cell factor receptor
C ell m igration, proliferation, survival

B e m e x  e t  al., 1996

SC L/T al 1 Postnatal m yeloid/erythroid  precursors Transcription factor required for ‘p rim itive’ yolk  sac 
and adult haem atopoiesis

Shivdasani e /f l / . ,  1995, 
K allianpur er a/., 1994

G A T A 2 Postnatal C D 34  haem atopoietic ce lls  
Endothelial ce lls

Transcription factor required for adult haem atop oiesis Shivdasani e /f l / . ,  1996, 
Tsa\ e t  al., 1994

K D R /F lk l Endothelial c e lls
Postnatal b lood-derived  L T R -H SC s

Receptor for vascular endothelial growth factor (V E G F ) 
required for endothelial cell developm ent

Shalaby e /f l /. ,  1995, 
Z e\g]er  e t  al., 1999

V ascular endothelial grow th  
factor (V E G F )

V ascular structures Ligand for K D R /F lk l Shalaby e /a / . ,  1995, 
Z ieg ler e /a / . ,  1999

S T K l Endothelial ce lls , stromal ce lls , fibroblasts
som e postnatal progenitor and differentiated blood
ce lls

Receptor for Flt3 ligand
M ay synergise w ith c-K it/SC F  activ ity  to prom ote  
progenitor cell proliferation

Lyman & Jacobsen, 1998

FL (Flt3 ligand) W idespread U sed to extend the proliferative potential o f  bone  
m arrow -derived C D 34  H SC s in culture

Lym an & Jacobsen, 1998

V E -ead h erin /C D 144 Endothelial c e lls  (early) C ell-eell binding, a ssem b ly  o f  vascular structures Breier e t  al., 1996

V C A M l Endothelial c e lls
B one marrow stromal ce lls

Cell adhesion and recruitm ent, m ed iates b inding o f  
haem atopoietic progenitors to bone marrow strom a

Sim m on s e /a / . ,  1992

H C A M /C D 44 Mature haem atopoietic ce lls
T h ym ocytes, fibroblasts, ep ithelia l, m uscle ce lls

M ediates cell-m atrix interactions, adhesion , m igration, 
lym phocyte hom ing/activation

Picker e /f l / . ,  1989



reported to be specific for either the definitive haematopoietic or the endothelial cell 

lineage. For example, in the established blood system, expression of Wiskott Aldrich 

Syndrome protein (WASp) is restricted to haematopoietic progenitors and cells of the 

myeloid and lymphoid lineages (Thrasher, 2002). In contrast, the adhesion molecule 

vascular endothelial (VE)-cadherin is a constitutive marker specific for endothelial cells 

and is involved in the assembly of vascular structures. VE-cadherin expression occurs 

very early during embryonic development at the transition of mesoderm to endothelial 

cells but is not detected on blood cells or endothelial cells in the yolk sac blood islands 

(Breier et al, 1996). Other transcription and growth factors, including SCL and 

the VEGF receptor KDR/Flkl, are essential for the development of adult 

haematopoietic cells (Section 1.5, 1.6.2) and are therefore likely to be expressed at an 

early stage in haematopoietic specification. Other families of molecules play an 

important role in cell fate specification and tissue morphogenesis during embryonic 

development. For example, cell adhesion molecules (CAMs) are surface glycoproteins 

involved in cell-cell binding, communication and interactions in developing and adult 

tissues. Adhesion molecules may be therefore be involved in the generation of 

intraaortic haematopoietic cell clusters within the embryonic AGM or in maintaining 

the integrity of the clusters within the aortic lumen during their formation.

The formation of haematopoietic clusters associated with the dorsal aorta may result 

from the proliferation and specification of a population of existing precursors or cell 

with haemangioblast potential located within the ventral floor. Alternatively, based on 

apparent interruptions observed in the endothelial layer, it has been suggested that 

haematopoietic cells within the ventral mesoderm underneath the dorsal aorta migrate 

through the endothelial floor (Tavian et al, 1999). To investigate the ultrastructural 

integrity and morphology of the vessel wall at the site of HSC emergence and 

surrounding tissue, murine embryonic AGM tissue was examined in greater detail using 

electron microscopy.
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3.2 Immunohistochemical analysis within the human

AGM region

Human embryos aged between 30-35 days gestation, corresponding to the period of 

HSC emergence within the human embryonic AGM, were fixed and embedded in 

paraffin wax (Section 2.2.1). Transverse sections taken through the pre-umbilical 

region (Figure 3.1 A) of the embryos were subjected to immunohistochemical analysis 

using specific antibodies raised against human proteins (Section 2.2.2). Antibody 

binding was visualised using a streptavidin-biotinylated peroxidase system. For all 

antibodies tested, representative sections from a single 3 5-day (5-week) human embryo 

are shown.

3.2.1 Clusters of CD34^ cells associated with the ventral wall of the

dorsal aorta

The membrane glycoprotein CD34 is expressed on the surface of a population of cells 

with multilineage repopulating potential derived from human foetal tissues and adult 

bone marrow (Baum et al, 1992, Bhatia et al, 1997, Campagnoli et al, 2000). It is also 

expressed on embryonic and adult endothelial cells at some point during their 

development. To confirm the presence of aorta-associated cell clusters within specimen 

human embryos, transverse sections were incubated with a monoclonal antibody raised 

against the extracellular region of the human CD34 protein.

CD34 expression was detected on endothelial cells lining the walls of all vessels within 

the tissue sections analysed, including the dorsal aorta, paired cardinal veins and 

numerous smaller vessels (Figure 3.IB). In agreement with previous reports (Section

1.4), clusters of rounded CD34-positive cells were observed associated with the ventral 

wall of the endothelium lining the dorsal aorta in all three embryos examined (Figure 

3.1C). No similar clusters were ever observed at the dorsal or lateral aspects of the 

aorta.

During development the dorsal aorta is formed by the fusion of two separate aortae 

within the central trunk region of the embryo commencing around day 25. Fusion starts 

rostrally around the level of the anterior limb bud and proceeds caudally (towards the
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Figure 3.1 Immunohistochemical 
analysis of CD34 expression in the 
human embryonic AGM region at 5- 
weeks gestation (A) 5-week human 
embryo showing preumbilical region 
containing aorta-gonad-mesonephros 
(AGM) from which transverse sections 
were obtained for immunostaining 
(enclosed region), agm: aorta-gonad 
mesonephros region; h: heart; al:
anterior limb bud; li: liver. (B) Low 
magnification of transverse section 
through the AGM region showing 
expression of CD34. da: dorsal aorta; 
m: mesonephros; cv: cardinal vein; li: 
liver; nt: neural tube. (C) Higher 
magnification of boxed region in (B) 
showing CD34-positive endothelial 
cells (ec) lining the dorsal aorta and 
smaller vessels (v). A cluster of round 
CD34-positive cells (he) is associated 
with the ventral floor of the dorsal 
aorta. ’Primitive’ erythroid cells (pe) 
circulating in the lumen of the dorsal 
aorta are CD34-negative.
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tail) to the umbilical level where the aortae remain bifurcated and form the left and right 

umbilical arteries. Rostral to the anterior limb bud the paired aortae also remain separate 

and give rise to the aortic arches. It was noted that the appearance of intraaortic CD34^ 

cell clusters was mainly restricted to the fused section of the aorta within the truncal 

region. Small clusters were also occasionally observed associated with the inner walls 

of the bifurcated vessels at or very close to the points of bifurcation (Figure 3.2A). 

However, no intravascular clusters were observed in sections taken through more rostral 

or caudal sections in any of the embryos examined (Figure 3.2B).

CD34 expression was also detected on the layer of cells surrounding the yolk sac blood 

islands (Figure 3.2C). In contrast, primitive erythroblasts within the blood islands did 

not express CD34. Interestingly, non-adherent cells circulating in the vessel lumen 

within the dorsal aorta were similarly CD34-negative distinguishing them from the 

adherent cell clusters (Figure 3.1C).

3.2.2 Expression of haematopoietic markers

CD34 is expressed by early adult haematopoietic cells as well as by endothelial cells 

and does not therefore distinguish between these two populations within the embryonic 

AGM. To confirm the haematopoietic identity of cells within the intraaortic clusters 

distinct from adjacent endothelial cells lining the aortic wall, the expression of the 

haematopoietic-specific molecules CD45 and WASp, which are not normally expressed 

by endothelial cells, was investigated in parallel sections obtained from a 3 5-day 

embryo used in Section 3.2.1.

Within the 5-week human AGM region, CD45 and WASp expression was restricted to 

cells within the intraaortic clusters and not detected in underlying cells within the 

ventral wall of the aorta (Figure 3.3A,B). Endothelial cells lining the vessel walls away 

from sites of cluster formation and circulating primitive erythroblasts were also negative 

for both molecules.

The stem cell factor receptor Kit (c-Kit) is expressed on murine foetal and postnatal 

haematopoietic progenitors. In the present study c-Kit expression in the 5-week human 

embryo appeared to be restricted to round cells associated with the floor of the dorsal 

aorta and was absent from endothelial cells lining the aortic wall (Figure 3.3C).
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Figure 3.2 CD34 expression outside the AGM region and in the human 
yolk sac (A) Transverse section at the level of the anterior limb bud of a 5- 
week human embryo stained for CD34 expression. Paired dorsal aortae 
(da) are just fused at this level. A cluster of CD34-positive cells are 
associated with the ventral region between the two aortae (he). (B) Caudal 
section through the dorsal aorta from same embryo as (A). A single layer 
of CD34-positive endothelial cells line the vessel wall (ec) but no 
intravascular cluster of cells is visible associated with the vessel floor. (C) 
Section through the yolk sac of a 5-week human embryo. The blood 
islands (bi) are lined with CD34-positive cells. ‘Primitive’ erythroid cells 
within the blood islands are CD34-negative.
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Figure 3.3 Expression of 
haematopoietic markers in the 5-week 
human embryonic AGM region. (A)
The pan-leucocyte marker CD45 is 
expressed by cells within the intraaortic 
clusters associated with the ventral floor 
of the dorsal aorta consistent with a 
haematopoietic phenotype. Endothelial 
cells lining the vessel and primitive 
erythroblasts are do not express CD45. 
The haematopoietic-specific molecule 
WASp (B) and the stem cell factor 
receptor c-Kit (C) show similar 
expression patterns to CD45. Cells within 
the haematopoietic clusters express these 
markers while endothelial cells and yolk 
sac-derived ‘primitive’ erythroid cells are 
negative for these molecules, he: 
haematopoietic cluster; ec: endothelial 
cell; pe: ‘primitive’ erythroid cell.
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3.2.3 Expression of transcription factors required for adult 

haematopoiesis

In murine transgenic mice lacking any of the transcription factors SCL, GATA2 or 

Runxl, multilineage adult haematopoietic cells fail to develop suggesting that these 

factors are required at the level of HSCs (Section 1.5). If the intraaortic clusters within 

the AGM do indeed represent an accumulation of HSCs they would therefore be 

expected to express these transcription factors.

Embryo sections were incubated with antibodies to the intracellular molecules SCL, 

GATA2 and Runxl. In agreement with reported embryonic expression patterns (Section

1.5), both SCL and GATA2 were expressed in cluster cells and in endothelial cells 

lining the dorsal aorta at the pre-umbilical level of the embryos examined (Figure 

3.4A,B). Once again, circulating primitive yolk sac-derived erythroblasts were negative 

for both transcription factors.

Unfortunately the antibody to human Runxl (AML 1) failed to detect human protein 

within the aortic region in haematopoietic or endothelial cells (data not shown). This 

may be due to the level of protein being too low for detection or failure of antibody to 

react with native protein in fixed tissues.

3.2.4 Expression of growth factor receptors and associated ligands

Tissue sections were also tested for expression of the endothelial growth factor receptor 

KDR/Flkl and the stem cell tyrosine kinase receptor (STKl), human homolog of the 

murine Flt3/Flk2 receptor. Neighbouring sections were also analysed for expression of 

the ligands of these receptors, VEGF and Flt3 ligand (FL) respectively.

In the tissue sections examined, KDR was expressed on endothelial cells comprising the 

aortic wall and on cells within the associated CD34+ haematopoietic clusters (Figure 

3.5A). VEGF was expressed in a similar pattern to its receptor (Figure 3.5 B  ̂consistent 

with a role for VEGF signalling in the regulation of both endothelial and haematopoietic 

development.
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Figure 3.4 Expression of haematopoietic transcription factors in the 
human embryonic AGM region. (A) SCL is expressed by haematopoietic 
cells within the clusters and by endothelial cells lining the dorsal aorta except 
those immediately underlying the ventral cell cluster (e*). (B) GATA2 is 
expressed by haematopoietic cluster cells and endothelial cells. Neither 
transcription factor is expressed by ‘primitive’ erythroid cells within the vessel 
lumen.
he: haematopoietic cluster; ec: endothelial cell; pe: ‘primitive’ erythroid cell.
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Figure 3.5 Expression of growth factors and ligands within the 5-week 
human embryonic AGM region. (A) The receptor for vascular endothelial 
growth factor (VEGF) KDR (murine Flkl) is expressed on endothelial cells 
lining the dorsal aorta and on cells in the haematopoietic clusters associated 
with the aortic floor. (B) The KDR ligand VEGF is also expressed by cluster 
cells and endothelial cells. (C) STKl, human homolog of the murine Flk2 
receptor, is expressed on cells in the haematopoietic cluster and by 
endothelial cells except those in the aortic floor immediately underlying the 
ventral cluster (e*). (D) The ligand for STKl, FL (Flt3 ligand), is expressed 
in a similar pattern to its receptor. None of these receptors/ligands is 
expressed by circulating ‘primitive’ erythroid cells.
he: haematopoietic cluster; ec: endothelial cell; pe: ‘primitive’ erythroid 
cell.
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STKl and FL were also expressed on cells within the haematopoietic clusters and on 

endothelial cells around the dorsal and lateral aspects of the aorta (Figure 3.5C,D). 

However, endothelial cells immediately underlying the clusters appeared negative for 

both receptor and ligand (arrowheads in Figure 3.5C,D). In contrast, STKl and FL 

expression was continuous around the entire endothelium at more rostral and caudal 

levels of the same embryo, where there was no evidence of CD34^ cell clusters (data not 

shown).

3.2.5 Expression of cell adhesion molecules

Cell-cell/cell-substrate communication within tissues plays an important role in cell 

behaviour and fate determination. For example, interactions between HSCs and 

underlying stromal components regulate cell proliferation and differentiation within the 

adult bone marrow. Such interactions are frequently mediated by specific cell surface 

molecules including cadherins and cell adhesion molecules (CAMs).

The adhesion molecules VE-cadherin and VC AMI are associated with endothelial 

structures. The presence of these vascular-associated molecules was therefore 

investigated within the 5-week human embryonic AGM. Expression of both VE- 

cadherin and VC AMI was detected on and around vascular endothelial cells lining the 

aortic wall and the associated haematopoietic clusters (Figure 3.6A,B). Circulating 

primitive erythroblasts within the vessel lumen were negative for both molecules.

In contrast to VE-cadherin and VCAMl, within the 5-week human AGM expression of 

the haematopoietic associated HCAM was restricted to cells within the haematopoietic 

cluster and absent from neighbouring endothelial and primitive erythroblast populations 

(Figure 3.6C).
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Figure 3.6 Expression of vascular- 
associated adhesion molecules in 
the 5-week human embryonic 
AGM. (A) VE-cadherin and (B) 
VCAMl is detected on and around 
endothelial cells and the ventral 
haematopoietic clusters. Expression 
of the homing cell adhesion 
molecule HCAM (C) is restricted to 
haematopoietic cells associated with 
the aortic floor, he: haematopoietic 
cluster; ec: endothelial cell
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3.3 Expression of the endothelial marker Tiel in the 

murine embryonic AGM

Immunohistochemical analysis of haematopoietic and endothelial markers within the 

dorsal aorta and associated haematopoietic clusters of human embryos described above 

suggests that a number molecules thought to be associated with the development of one 

or other lineage are in fact expressed by both cell types at the time of HSC emergence 

within the AGM region. To further investigate the possible common origin of the two 

lineages, the expression of a molecule required for aspects of vascular development but 

not haematopoiesis was investigated.

As described in Section 1.6.2.2, the receptor tyrosine kinase Tiel is required later than 

the related KDR/Flkl receptor during embryogenesis for vessel integrity. In contrast to 

KDR/Flkl, the site of intraaortic haematopoietic development is intact in Tiel-deficient 

embryos. To investigate the expression pattern of Tiel within the embryonic AGM at 

the time of HSC emergence, a murine model in which a LacZ reporter gene has been 

inserted into the tie-lgQWQ permitting transcription of both genes from the Tiel 

promoter was used. This model permits cells expressing Tiel to be identified in tissues 

through the enzymatic activity of the LacZ gene product Pgalactosidase, which produces 

a colour change in the enzyme substrate X-Gal (Korhonen et al, 1995).

Murine embryos aged 10.5 dpc were obtained from timed matings of Tiel/LacZ 

transgenic or control wild-type mice and processed as described in Section 2.3.1. 

Following X-gal treatment of whole transgenic embryos. Tie 1 /pgalactosidase- 

expressing cells containing the Pgalactosidase reporter enzyme turned blue, labelling 

the entire embryonic vascular system (Figure 3.7A). In comparable wild-type embryos 

processed in the same way, no blue cells were visible indicating that there was no non

specific background resulting from the X-gal staining process (data not shovm). 

Transverse sections through the AGM region of embryos were subsequently prepared, 

counterstained and examined by microscopy for Tie 1 /pgalactosidase expression.

At 10.5 dpc outside the AGM region and in the absence of intraaortic haematopoietic 

clusters Tiel expression was detected in endothelial cells lining the dorsal aorta, 

cardinal veins and other vessels (Figure 3.7B). Within the AGM, similar staining of

86



A B

D

' •

m m #

n .  >  h V

Figure 3.7 Expression of the endothelial-specific receptor Tiel in the 
murine embryo at 10.5 dpc. (A) Whole transgenic Tiel/LacZ embryo 
treated with X-Gal to reveal Tiel expression in vascular system and dorsal 
aorta (arrows). Tiel is expressed in murine embryonic endothelial cells lining 
the dorsal aorta and other vessels caudally (B) and (C) within the AGM 
region, (D) Higher magnification of boxed area in (C) showing 
Tiel/pgalaetosidase(Lac)-positive cells in the haematopoietic clusters and in 
the endothelium lining the aorta. Primitive erythroid cells in the vessel lumen 
do not express Tiel. da: dorsal aorta; cv: cardinal vein; he: haematopoietic 
cluster; ec: endothelial cell; pe: primitive erythroid cell.
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vascular endothelial cells was observed and a cluster of cells was found associated with 

the ventral wall of the dorsal aorta (Figure 3.7C). At higher magnification, this cluster 

of cells also stained blue indicating pgalactosidase and Tiel expression (Figure 3.7D). It 

was noted that no cells in the mesodermal tissue immediately underlying the ventral 

wall of the dorsal aorta expressed Tiel. Primitive erythroblasts within the vessel lumen 

were also Tiel-negative.

3.4 Ultrastructural analysis of the murine AGM

Embryos aged 10.5 dpc were obtained from timed matings of wild type mice (CDl), 

fixed and embedded in Araldite as described in Section 2.3.2. Semithin transverse 

sections (Ipm) were cut through the pre-umbilical region and stained with 1% toluidine 

blue solution for histological analysis (Figure 3.8A,B). Upon identification of clusters 

of cells at the ventral wall of the dorsal aorta, subsequent sections were prepared for 

electron microscopy.

Ultrastructural analysis of electron micrographs revealed a number of features not 

visible by normal microscopy techniques. Firstly, the dorsal roof and sides of the aorta 

were lined with a monolayer of flattened endothelial cells connected to each other by 

tight junctions (Figure 3.8C). Outside this layer larger mesodermal cells were loosely 

arranged and separated from the endothelial cells by a basal lamina (Figure 3.8D insert). 

Interestingly, primitive erythroblasts circulating in the lumen of the aorta were highly 

electron dense compared to other cells due to a high concentration of haem and were 

therefore easily distinguishable from cluster cells (Figure 3.8&\

Examination of the clusters associated with the ventral wall revealed that they were 

composed accumulations of large, round cells held together by tight junctions between 

adjoining cells within the cluster and anchored to cells within the aortic wall by similar 

tight junction (Figure 3.8C;.

In striking contrast to flattened cells forming the dorsal aortic wall, within the ventral 

floor adjacent to the cluster, large rounded cells were frequently observed extending 

into the vessel lumen (Figure 3.9A). Many of these cells contained large cystic
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Figure 3.8 Ultrastructure of the dorsal aorta in the murine embryonic AGM region at 10.5 dpc. (A) Semithin 
transverse tissue section stained with toluidine blue (B) Higher magnification of boxed area (broken line) in (A) showing 
cluster of cells associated with the floor of the aorta. (C)-(E) Electron micrographs of sections adjacent to (A). (C) Clusters 
are composed of an accumulation of round haematopoietic cells interconnected by tight junctions. (D) Detail of dorsal roof 
of aorta. The endothelial layer is composed of a monolayer flattened cells surrounded by loosely-arranged mesenchymal 
cells. (E) Flattened endothelial cells are separated from mesenchyme by basal lamina. Large haem-packed, nucleated 
‘primitive’ erythroblasts, derived from the yolk sac, circulate in vessel lumen.
bl: basal lamina; eciendothelial cell; he : haematopo ieti c cell; me: mesenchymal cell; peiprimitive erythroblast; tj;tight junction
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Figure 3.9 Detail of ventral floor of dorsal aorta in the murine AGM 
region at 10.5 dpc. (A) Section of endothelium adjacent to cluster. Cells 
are rounded and appear to be ‘budding’ out from the endothelial layer 
above an intact basal lamina (red arrows). Budding cells contain large 
cystic formations or lacunae(*) and appear to be detaching from the aortic 
floor. (B) Ventral floor adjacent to haematopoietic cluster. Rounded cells 
within the endothelial layer (e) are connected via tight junctions (blue 
arrows) to each other but not to underlying mesenchymal cells (me). Insert 
detail (boxed) showing tight junction. Between the endothelial layer and 
mesenchyme, a basal lamina of extra cellular matrix is visible (red arrows).
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formations or lacunae close to where they were attached to the basal lamina and 

adjacent cells and appeared to bud out of the aortic wall (asterisks in Figure 3.9A,B)- 

Notably these ‘budding’ cells were connected to each other within a single layer by tight 

junctions (blue arrows in Figure 3.9A,B; insert in Figure 3.9B) They were also 

separated from underlying mesodermal cells by an apparently intact basal lamina 

similar to that observed at the dorsal wall (red arrows in Figure 3.9A,B). The budding 

cells therefore appeared to be continuous with and part of the ventral endothelial floor 

of the aorta.

3.5 Discussion

Discovering the mechanism by which the first definitive HSCs emerge within the 

mammalian AGM region would provide important clues as to the cellular origin and 

regulation of these cells during embryogenesis. It has been suggested that 

haemangioblast precursors migrate to the endothelial wall of the dorsal aorta from 

underlying tissues, only committing to one or other lineage on arrival. Alternatively, 

bipotential precursor cells already located within the floor of the aorta could 

preferentially commit to a haematopoietic fate in response to local signals. The dorsal 

aorta is formed by the process of vasculogenesis from the organisation of pre-existing 

cells into an endothelial-lined vessel, suggesting that the endothelium is established 

before the intraaortic haematopoietic cell clusters appear. It therefore seems likely that 

this bipotential cell is already located within the endothelial wall at the time of HSC 

emergence. A third possibility is that committed endothelial cells, under certain specific 

conditions, are capable of de-differentiation and can switch to a haematopoietic 

phenotype. Cell labelling experiments in lower vertebrates support the existence of a 

haemangioblast cell that gives rise both to haematopoietic and endothelial lineages 

(Walmsley et ai, 2002). However, such direct tracing methods are not possible in 

placental mammals.

Immunohistochemical analysis of the 5-week human embryonic AGM presented here 

revealed that, in addition to CD45, cells within the intraaortic clusters expressed a 

number of markers associated with haematopoiesis including the transcriptional 

regulators SCL and GATA2 that are required at the onset of definitive haematopoiesis.
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They also exclusively expressed WASp and HCAM, molecules associated with cell 

motility and homing which may be involved in subsequent migration to the foetal liver. 

The stem cell factor receptor c-Kit also appeared to be restricted to cells within the 

clusters consistent with a stem cell phenotype. Interestingly, in a previous study using 

mouse embryos in which a LacZ (Pgal) reporter gene is inserted into the c-Kit locus, 

pgal-positive cells are also detected within the ventral floor of the dorsal aorta at 10.5-

11.5 dpc (Bemex et al, 1996). The more restricted pattern of c-Kit expression in the 

human embryo, detected by antibody-protein reactivity, may reflect species-specific or 

temporal differences in gene expression or differences in the sensitivity of the detection 

systems and requires further investigation.

Of the molecules analysed, the majority were expressed by haematopoietic cells within 

the intraaortic clusters and also by endothelial cells lining the dorsal aorta as 

summarised in Figure 3.10. Many of these co-expressed markers, including KDR/Flkl, 

VE-cadherin and Tiel, are normally associated with the endothelial lineage. In 

particular, the expression of Tiel in both populations supports a common 

haemangioblast origin since it is not required for the development of either lineage at 

this stage. Expression of KDR/Flkl and VE-cadherin in aorta-associated haematopoietic 

cells and endothelial cells also supports a common derivation. Interestingly, the 

existence of a population of Flkl ̂ /VE-cadherin^ cells with haemangioblastic potential 

has been identified during murine ES cell line differentiation in culture (Nishikawa et 

al, 1998a). VE-cadherin expression is subsequently lost in the fraction that commit to 

blood placing VE-cadherin at the point of divergence of haematopoietic and endothelial 

lineages in this model system.

In contrast to the above endothelial markers, expression of haematopoietic-specific 

molecules (CD45, WASp, HCAM, c-Kit) was found to be restricted to cells within the 

intraaortic clusters (Figure 3.10) consistent with the up-regulation of these molecules in 

precursor cells following specification to a haematopoietic fate. It has been reported that 

during chick development cells within the floor of the dorsal aorta undergo a phenotypic 

transition in situ from VEGFR2VCD45 to VEGFR2 /CD45^ as they become 

haematopoietic (Jafffedo et al, 1998). No such transition was observed in the present 

study, where expression of the human VEGFR2^ homolog, KDR, was detected both in 

CD45 cells within the ventral wall immediately underlying the cluster and within the 

CD45^ cluster cells. This difference in expression patterns may reflect differences
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Figure 3.10 Summary of immunohistochemical analysis within the 
mammalian embryonic AGM. Haematopoietic cells (HC) within the 
intraaortic clusters express a number markers (black text) in common with 
endothelial cells (EC) lining the vessel wall, supporting the existence of a 
common hemangioblast precursor cell that gives rise to both lineages . 
Haematopoietic cells are identified by the restricted expression of a number 
of haematopoietic-specific molecules (red text).
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between the two species. Interestingly, although KDR expression appears continuous 

between the aortic floor and the cluster, STKl and its ligand Flt3/FL are undetectable in 

the endothelial cells directly beneath the cluster but are expressed by all other dorsal 

aorta endothelial cells at this axial level and, in the absence of clusters, by ventral 

endothelial cells at more rostral and caudal levels. It is possible that transitory down- 

regulation of STKl/FL signalling within this specific subset of cells may be related to 

the localised development of haematopoietic cells and acquisition of lineage restricted 

markers.

Importantly, primitive yolk sac-derived erythroblasts circulating within the lumen of the 

dorsal aorta were found to be negative for all the markers tested and did not share a 

common phenotype with the adherent haematopoietic clusters in respect of these 

molecules. This supports the argument that these two haematopoietic populations are 

distinct and derived separately during embryogenesis.

Electron microscopic analysis of the wall of the dorsal aorta at sites where adherent 

clusters of round cells were present revealed that cells within the ventral floor of the 

aortic endothelium differed morphologically from the flattened cells lining the roof and 

sides of the aorta. These rounded ventral cells frequently contained lacunae that may 

represent areas of detachment or budding from the main endothelial layer. Cells within 

the overlying cluster were connected to each other and to cells within the continuous 

endothelial floor by tight junctions and separated from the underlying mesenchymal 

tissue by an intact basal lamina such as was observed surrounding the walls and roof of 

the aorta.

Together these observations suggest that the clusters of haematopoietic cells associated 

with the floor of the aorta are formed by a local accummulation of pre-existing cells that 

bud out from the aortic floor rather than by migration of cells through the endothelial 

wall. However, it cannot be ruled out that precursor cells with haematopoietic potential 

move from the subaortic mesoderm and insert into the endothelium at some point 

between vessel formation and the appearance of the haematopoietic clusters.

Based on the shared expression patterns of key haematopoietic and endothelial markers, 

these findings support the existence of a common precursor with the potential to give 

rise to both lineages. That these precursor cells are located within the ventral floor of the
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dorsal aorta and integral with the existing endothelium at the time of HSC emergence is 

further supported by the continuity and cell-cell contact observed between adjacent cells 

in the aortic floor and by the integrity of the basal lamina revealed by electron 

microscopy.

95



Chapter 4

Analysis of the subaortic region within the 

human embryonic AGM

4.1 Introduction

The emergence of haematopoietic cells within the AGM region is tightly regulated both 

spatially and temporally during embryonic development. In Chapter 3, evidence was 

presented that cells within the floor of the dorsal aorta undergo morphological changes 

and genetic reprogramming indicated by the acquisition of haematopoietic markers 

including CD45 and WASp. This suggests that precursor cells with haemangioblastic 

potential are located within the endothelial layer lining the vessel and that the 

development of these precursors is regulated by signals within the local environment.

Extracellular matrix (ECM) proteoglycans play an important role in the mediation of 

cell-cell, cell-growth factor interactions during embryonic organogenesis. Tenascin is a 

large hexameric proteoglycan and is expressed in a distinct spatiotemporal pattern 

during development. In the embryonic nervous system it is thought to regulate neuronal 

migration (Chuong et al, 1987) and is expressed in cells undergoing epithelial- 

mesenchymal transformations in the tooth, lung and kidney (Crossin et al, 1986, Prieto 

et al, 1990). In the adult tenascin is upregulated during wound healing (Mackie et al, 

1988) and in certain tumours including astrocytomas and mammary tumours (Mackie et 

al, 1987, Zagzag et al, 1996). Fibronectin, another ECM proteoglycan, is also widely 

expressed during embryogenesis, wound healing and tumorigenesis. Mice lacking 

fibronectin have extensive abnormalities in neural, mesodermal and vascular tissues 

resulting in embryonic lethality (George et al, 1993). Both tenascin and fibronectin are 

expressed in murine bone marrow stromal cells in culture and tenascin C has been 

shown to have a strong mitogenic effect on bone marrow-derived mononuclear cells 

(Seiffert et al, 1998).
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The subaortic region underlying the ventral floor of the dorsal aorta in the human 

embryo was therefore examined for the presence of these ECM molecules and for 

members of the TGFp family of growth factors, BMP4 and TGFpl, which have been 

implicated in haematopoietic specification and development (Section 1.7).

4.2 Identification of a stromal-like region beneath the 

floor of the aorta

Transverse tissue sections through the pre-umbilical region of a 5-week human embryo 

were prepared as described (Section 2.2.1). Sections were stained for histology using 

Erlich’s haematoxylin, which localises to cell nuclei. Sections were subsequently 

counterstained with eosin to show intracellular cytoplasm and ECM elements (Section 

2.2.3)

Histological staining revealed a region of densely packed cells located beneath the 

ventral floor of the dorsal aorta compared to the arrangement of cells around the lateral 

and dorsal aspects (Figure 4.1 A). Moreover, the intensity of eosin staining was greater 

in this ventral region than in surrounding tissues, suggesting a local concentration of 

ECM. At the ventral floor, the site of haematopoietic cell cluster formation, the depth of 

this eosin-stained region was estimated at between five to seven cell layers thick (Figure 

4. IB). However, it was not restricted to the preumbilical AGM level and appeared to 

extend the entire length of the fused aorta (data not shown). A similar dense region, 3-4 

cell-layers thick, was observed underlying the ventral floor of the dorsal aorta in 

sections from mid-gestation murine embryos (data not shown).

This discreet subaortic region revealed a morphological polarity across the dorso-ventral 

axis of the aorta and suggested that this ECM/cell-dense region might constitute a 

stromal layer supporting the emergence of haematopoietic cells at the ventral floor.
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Figure 4.1 Histological analysis reveals polarity across the 
dorso-ventral axis of the dorsal aorta within the human 
embryonic AGM (A) Transverse section through 5-week 
human embryonic AGM stained with eosin (pink) and 
haematoxylin (blue). (B) Higher magnification of boxed area 
in (A) showing cell-dense region of intense eosin staining 
underlying the ventral floor of the dorsal aorta resembling a 
stromal layer. D: dorsal; V: ventral.
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4.3 Expression of ECM molecules in the human 

embryonic AGM

In the light of the observed polarity across the dorso-ventral axis, the expression of 

ECM molecules in the tissue surrounding the dorsal aorta was investigated. Transverse 

tissue sections through the AGM of 5-week human embryos were prepared for 

immunohistochemistry (Section 2.2.2) and treated with antibodies against human 

tenascin C and fibronectin.

In the 5-week human embryo fibronectin was expressed around the entire dorsal aorta in 

a relatively uniform distribution pattern with no obvious polarity across the dorso- 

ventral axis (Figure 4.2A). Similar staining was observed at the preumbilical level of the 

haematopoietic clusters and at more rostral and caudal levels (Figure 4.2B). In striking 

contrast, tenascin C exhibited a very distinctive and highly polarised pattern of 

expression. At the preumbilical level of the aorta, tenascin C was expressed at high 

levels specifically within the stroma-like region underlying the ventral floor compared 

to the surrounding tissue and rest of the aorta which showed minimal or no tenascin C 

expression (Figure 4.3A). In serial sections, this ‘knot’ of tenascin C expression was 

found always to immediately underlie the cluster of cells and was restricted to the cell- 

dense region (Figure 4.3B,C). Interestingly, at more caudal levels within the same 

embryo in the absence of intraaortic clusters, this pattern was reversed with lower 

expression in the stroma-like region than in the surrounding tissue (Figure 4.4A,B). 

Tenascin C expression therefore was polarised both across the dorso-ventral axis and 

along the anterior-posterior axis of the dorsal aorta in the 5-week human embryo 

specifically associated with sites of haematopoietic cell emergence.

99



t e a i

W  ' :

ï ; - : <  ,r fv

Figure 4.2 Expression of the extracellular matrix molecule fibronectin 
within the 5-week human embryonic AGM. (A) Fibronectin expression is 
relatively uniform around the entire dorsal aorta with no obvious polarity across 
the dorso-ventral axis. (B) Fibronectin expression around the aorta in more 
caudal levels of the same embryo is similar to that within the AGM. 
he, haematopoietic cells; ec: endothelial cells.
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Figure 4.3 Expression of the ECM 
molecule tenascin C in the 5-week 
human embryonic AGM region. (A)
Tenascin expression is polarised across 
the dorso-ventral axis of the dorsal aorta 
at this level and is at higher levels ventral 
to the aorta than in surrounding tissue. 
(B) Detail of boxed area in (A) showing 
high concentration of tenascin C 
localized to stromal-like cell dense 
region at the ventral floor. (C) The 
concentration of tenascin expression is 
always associated with and underlies the 
intraaortic haematopoietic cluster even 
when it is skewed to one side, 
he: haematopoietic cells.
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Figure 4.4 Expression of tenascin C caudal to the AGM region in the 5-week 
human embryo. (A) In a caudal section of the same embryo as in Figure 4.3, tenascin 
is expressed in ventral mesenchyme tissue but at very low levels in the stroma-like 
region immediately beneath the floor of the dorsal aorta. (B) Higher magnification of 
(A). No cluster of cells is visible associated with the ventral floor of the aorta at this 
axial level, eciendothelial cell

102



4.4 Expression of TGFP family growth factors within the 

human AGM

Members of the TGF family of morphogens play essential roles in embryonic patterning 

and the specification of tissues during embryogenesis. Two members of this 

superfamily in particular, BMP4 and TGFpi, have further been implicated in the 

development of the haematopoietic system (Section 1.7). An immunohistochemical 

analysis of BMP4 and TGFpi expression was therefore performed on transverse human 

embryonic tissue sections using antibodies raised against human BMP4 and TGFpi.

4.4.1 BMP4 expression in the 5-week human embryo and yolk sac

In the human embryonic AGM region at 5-weeks gestation, BMP4 was expressed in a 

distinct gradient across the dorso-ventral axis of the embryo (Figure 4.5A). In 

agreement with its reported role in ventral patterning, levels of BMP4 expression were 

generally higher in ventral tissues including the region containing the dorsal aorta and 

mesonephros and lower in the region between the dorsal roof of the aorta and the neural 

tube. At higher magnification, it was apparent that BMP4 expression within the tissue 

around the aorta was also graded with a higher concentration in the stromal-like region 

underlying the ventral floor and haematopoietic cell clusters than in adjacent tissues 

(Figure 4.5B). BMP4 was also detected associated with cells within the haematopoietic 

cluster itself.

To compare the expression of BMP4 outside the AGM region, transverse sections 

through the aorta at more rostral and caudal levels were obtained fi*om the same embryo 

and treated at the same time as those shown in Figure 4.5. Rostral to the AGM the 

dorsal aorta is bifurcated. No haematopoietic clusters were observed associated with the 

ventral floor of the aorta and the level of BMP4 expression was apparently reduced at 

this axial level (Figure 4.6A). Although some BMP4 expression was detected in the 

region underlying the aortic floor, this was comparatively low compared to levels within 

this region in the AGM (Figure 4.6B). A similarly reduced pattern was observed in 

tissues caudal to the AGM (Figure 4.6C).
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Figure 4.5 Expression of BMP4 in the 5-week human embryonic AGM region.
(A) A gradient of BMP4 exists across the dorso-ventral axis at the preumbilical 
level of AGM region. BMP4 is expressed in the ventral mesoderm (below arrows), 
which includes the dorsal aorta (da), mesonephros (m) and gonadal ridge (gr). In 
contrast, the dorsal mesoderm (above thin arrows) between the dorsal aorta and 
neural tube (nt) is predominantly negative. (B) Higher magnification of ventral 
dorsal aorta (boxed area). BMP4 expression is higher in the stromal-like region 
underlying the aortic floor compared to surrounding mesenchyme. A BMP4- 
positive cluster of haematopoietic cells is associated with the endothelium lining the 
dorsal aorta, he: haematopoietic cells; ec: endothelial cell
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Figure 4.6 Expression of BMP4 at different levels within the 5-week human 
embryo and in the embryonic yolk sac. (A) Rostral to the AGM region, the 
dorsal aorta (da) is bifurcated and smaller than the adjacent cardinal vein (cv). 
BMP4 expression is lower than at the level of the AGM shown in (B). (C) At 
more caudal levels within the same embryo, no cell clusters are visible associated 
with the aortic floor and BMP4 expression is markedly lower than in the AGM. 
(D) Cells expressing BMP4 (arrows) are associated with blood islands (bi) in the 
embryonic yolk sac. Primitive blood cells within the islands appear to be BMP- 
negative.
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BMP4 expression was also investigated in yolk sac fragments recovered from the same 

5-week human embryo and was detected at high levels in cells surrounding the blood 

islands (Figure 4.6D).

4.4.2 Temporal expression of BMP4 within the human embryonic 

AGM

Since BMP4 expression was graded in the 5-week human AGM and at higher levels 

within the ventral subaortic region at the site of haematopoietic cluster emergence, a 

temporal analysis was performed using sections obtained from the equivalent region in 

younger and older embryos. At 28 days gestation, HSCs are just beginning to emerge 

within the AGM and are reported to have disappeared by day 37 (Tavian et al, 1999). 

Immunostaining of tissue sections through the preumbilical region of a 28 day human 

embryo showed no distinct dorso-ventral gradient at this stage and BMP4 expression 

within the ventral mesoderm was generally very low with few strongly positive cells 

compared to that at 35-days (Figure 4.7A). However, at this earlier developmental stage, 

emerging clusters of cells were also found associated with the ventral floor of the aorta 

and BMP4 expression was strikingly restricted to the stromal-like layer, which 

consisted of only 2-3 layers of cells at this age, underlying the clusters (Figure 4.7C). 

Similarly, in older 38-day embryos, after the clusters have disappeared from the aorta, 

BMP4 expression was comparatively uniform around the vessel (Figure 4.7B.D). 

Temporal and spatial differences in BMP4 expression were therefore detected and 

appeared to coincide with the time and site of ESC emergence within the AGM.

4.4.3 Expression of TGFpi in the 5-week human embryonic AGM

Analysis of TGFpi expression was performed on adjacent sections to those shown in 

Figure 4.4 taken from the same 5-week human embryo. In contrast to BMP4, the 

expression of TGFpi did not show significant polarity across the dorso-ventral axis at 

the pre-umbilical level (Figure 4.8A). At higher magnification no significant 

concentration of TGFpi was detected in the region underlying the aortic floor compared 

to the surrounding tissue. However, expression was clearly visible within the intraaortic 

haematopoietic cell cluster itself (Figure 4.8B).
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Figure 4.7 Expression of BMP4 within the human embryonic AGM is 
temporally regulated. (A) At 28 days gestation BMP4 is expressed at low 
levels in both ventral and dorsal mesoderm with few highly positive cells 
visible (B) Higher magnification of dorsal aorta in (A). BMP4 expression is 
restricted to the thin stromal-like region underlying the ventral floor of the 
dorsal aorta (red arrows) from which a small cluster of haematopoietic cells 
can be seen emerging. (C) At 38 days, BMP4 expression remains graded 
across the dorso-ventral axis, with a higher level of expression ventrally. (D) 
Higher magnification of (C) showing dorsal aorta. BMP4 expression is
relatively uniform around all sides of the aorta and no cluster of cells
associated with the vessel floor is visible, 
da: dorsal aorta; nt: neural tube; he: haematopoietic cells.
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Figure 4.8 Expression of TGFpi in the 5-week human embryonic AGM 
region. (A) TGFpi expression across the dorso-ventral axis is relatively uniform 
and does not appear polarised to the ventral mesoderm containing the dorsal aorta 
(da) and mesonephros (m). (nt) neural tube. (B) Higher magnification of dorsal 
aorta. TGFpi expression within the stromal-like region underlying the aortic 
floor (red arrows) is at a similar level to the surrounding mesenchyme. TGFpi is 
also detected within the haematopoietic cell cluster (he) associated with the 
vessel floor.
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4.5 Discussion

The clusters of haematopoietic cells observed in the dorsal aorta are always associated 

with the ventral wall suggesting an asymmetry across the dorso-ventral axis. A close 

examination of the surrounding mesenchymal tissue in fixed tissue sections did indeed 

reveal morphological polarity. A discreet region of densely-packed cells, between 5-7 

layers thick in the human and 3-4 layers in the mouse, underlies the ventral aortic wall. 

The suggestion that this dense ventral region could represent a stromal layer facilitating 

haematopoietic activity in the AGM is supported by the restricted expression patterns of 

certain molecules within this region.

A strikingly polarised pattern of expression was exhibited by the ECM molecule 

tenascin C around the human embryonic dorsal aorta. High-level expression of tenascin 

C was concentrated in the ventral stromal region immediately underneath the endothelial 

wall and specifically associated with the presence of intraaortic haematopoietic clusters. 

During development, tenascins, also known as cytotactin, mediates cell transformations 

by influencing cell shape and motility at the epithelial-mesenchymal interface in the 

morphogenesis of a number of tissues including tooth, lung and kidney (Crossin et al, 

1986, Prieto et al, 1990). Tenascin C is also expressed in murine bone marrow-derived 

stromal cells (Seiffert et al, 1998) and although tenascin-deficient mice appear to have 

normal postnatal haematopoiesis, the capacity of bone marrow stromal cells derived 

from these mice to support haematopoiesis is significantly reduced (Ohta et al, 1998).

Interestingly, in cultured fibroblast systems, fibronectin is expressed at focal contacts 

(adhesion plaques) where it promotes the adhesion of cells to substratum (Yagamata et 

al, 1993). In contrast, tenascin appears to compete against cell-substratum adhesion and 

localises with the homing cell adhesion molecule HCAM in the subcellular space. As 

reported in Chapter 3 (Section 3.2.5), HCAM expression is restricted to cells forming the 

intraaortic haematopoietic clusters within the human AGM. The highly localised 

expression of these two molecules suggest that tenascin, possibly in association with 

HCAM, may be involved in destabilising cell adhesion within the floor of the aorta 

leading to the budding activity observed by EM (Section 3.4). In contrast, the adhesive 

properties and uniform distribution of fibronectin around the aorta are compatible with a 

mechanical role in maintaining the structural integrity of the vessel wall. The distinctive
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and specific expression pattern of tenascin C within the stromal-like region underlying 

the ventral floor of the aorta also suggests that it may be involved in the recruitment of 

haematopoiesis-inducing factors and/or the mediation of cell-growth factor interactions, 

leading to haematopoietic specification within the endothelium.

The TGF-related growth factor BMP4 has been shown to specify blood formation, via 

the induction of hematopoietic transcription factors, mXenopus embryos (Section 1.7.1). 

In this study, immunohistochemical analysis of the 5-week human embryo revealed a 

distinct gradient of BMP4 expression across the dorso-ventral axis within the AGM 

region. Around the dorsal aorta, expression was polarised to the ventral floor within the 

stroma-like layer underlying the intraaortic haematopoietic clusters. At 28 days, when 

clusters are just beginning to appear, this polarisation to the aortic floor was more 

striking since the dorso-ventral gradient has not yet been established. By 38 days, after 

haematopoietic clusters have disappeared, BMP4 expression is uniform around the entire 

aorta. This temporally regulated expression pattern supports a role for BMP4 in the 

induction of haematopoiesis within the embryonic AGM. If BMP4 does indeed influence 

haematopoietic development in a concentration-dependent manner, as is suggested by 

ES cell studies (Johannson & Wiles, 1995), a higher concentration of BMP4 in the 

ventral floor of the aorta could explain why haematopoietic activity is restricted to this 

region and not detected around the roof and sides. BMP4 is also expressed in cells 

surrounding blood islands in the human yolk sac and may also be involved in the 

generation of primitive blood cells.

In contrast to BMP4, TGppi is expressed predominantly by hematopoietic cells within 

the clusters and is scarcely detectable in subaortic tissue. These contrasting patterns 

suggest that both BMP4 and TGFpi maybe involved in hematopoietic development in 

the AGM but at different stages. The ventral polarisation of BMP4 expression suggests 

an early role in the specification of hematopoietic cells from hemangioblast precursors 

or mesodermal cells located within the ventral wall of the dorsal aorta. TGFpi, on the 

other hand, may act at a later stage in the development of emerging hematopoietic cells, 

possibly to inhibit proliferation and/or differentiation of nascent HSC prior to their 

migration to the fetal liver.
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Chapter 5

The effect of BMP4 on the haematopoietic 

development of murine embryonic 

AGM-derived cells in culture

5.1 Introduction

As described in Chapter 1, BMPs influence haematopoietic development during normal 

Xenopus embryogenesis. In the mammalian system, exogenous BMP4 affects the 

proliferative potential of human cord blood-derived HSCs ex vivo and increases the 

haematopoietic output of murine ES cells in culture. However, its role in mammalian 

blood formation in vivo has yet to be defined.

Analysis of BMP4 expression within the AGM region of the 5-week human embryo 

revealed a temporally and spatially regulated pattern associated with the appearance of 

HSC clusters at the ventral floor of the dorsal aorta (Section 4.4) suggesting that BMP4 

may be involved in haematopoietic specification and/or HSC development during 

mammalian embryogenesis. Analogous HSC clusters are present in the dorsal aorta of 

mouse embryos aged between 9.5-11.5 dpc (Wood et al, 1997, Garcia-Porrero et ai, 

1998). During murine embryogenesis, HSCs are generated within the AGM region 

between 8.5-12.5 dpc with maximum activity occurring between 10.5-11 dpc (Godin et 

al, 1999).

It has previously been reported that the subpopulation of 10.5 dpc murine AGM cells 

co-expressing the membrane glycoprotein CD34 and the stem cell factor receptor c-Kit 

has the potential to generate cells of all hematopoietic lineages in culture indicating that 

it contains multipotent HSCs (Delassus et al, 1999). In order to investigate the role of 

BMP4 in embryonic haematopoiesis, the double-positive CD34Vc-Kit^ HSC population 

was isolated from embryos at different embryonic ages spanning the period of HSC
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emergence in vivo. Cells were cultured in serum-free conditions in an attempt to exclude 

extraneous growth factors and cytokines from the growth medium. Recombinant BMP4 

and/or BMP4 inhibitors were added to the cultures of AGM-derived cells and changes 

in cell growth and cloning efficiency assessed. Changes in haematopoietic output 

following BMP4 treatment was measured in CFU-assay.

5.2 Primary culture of murine embryonic AGM cells with

BMP4

5.2.1 Isolation of AGM- derived CD34+/c-Kit+ cells from murine 

embryos

Timed matings of wild-type CDl mice generated litters of embryos at 9.5, 10.5 and 11.5 

dpc. To prepare cultures of embryonic cells, AGM tissue was dissected from embryos 

and the aortas removed excluding as much of the surrounding tissue as possible (Figure

5.1 A). Pooled AGM tissue was dissociated to single cells as described in Section 2.4.1 

The total number of viable cells before sorting ranged from 12.5 x 10"̂  to 23.5 x 10"̂  per 

embryo equivalent (ee) over a number of experiments (Table 5.1).

Dissociated cells were incubated simultaneously with fluorocbrome-conjugated 

antibodies against murine CD34 and c-Kit (Section 2.4.2). The double-positive 

CD34Vc-kit^ population was then isolated by fluorescence-activated cell sorting 

(FACS) (Figure 5.1 B). Sort gates were set to include the viable double-positive 

population and the number of cells recovered ranged from 0.1 to 0.4 % of the pre-sort 

population. The total number of viable cells per embryo equivalent before and after 

FACS isolation varied depending on embryonic age as shown in Table 5.1. The 

numbers given in Table 5.1 are therefore based on representative experiments.
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Figure 5.1 Schematic protocol for ex vivo culture of murine embryonic 
AGM cells. (A) AGM tissue dissected from murine embryos 9.5, 10.5 and
11.5 dpc dissociated to single cells. (B) Isolation of CD34Vc-Kit^ population 
by FACS yielded 0.1-0.4% of total AGM cells depending on embryonic age. 
Cells were cultured with or without added BMP4 for 12-20 days. (C) Primary 
colonies were dissociated to single cells and plated into colony forming unit 
(CPU) assays with haematopoietic cytokines (Section 5.4).
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Table 5.1 Comparison of pre-sort and CD34/c-Kit^ cell numbers at 

different embryonic ages based on a sample of 

representative experiments at each age (numbers given as 

range per embryo equivalent (ee)).

Embryonic age Total number of Total number of Percentage of

(dpc) viable cells (xlO"̂ ) CD34Vc-Kit^ cells CD34"^/c-Kit^ cells

(per ee) (per ee) (per ee)

9.5 12.5 - 20.0 450 - 650 0.3 - 0.4%

10.5 8.4-23.5 140 - 470 0.2 - 0.3%

11.5 15.4-19.2 150- 380 0 .1-0 .2%

5.2.2 Culture of FACS sorted AGM cells

Double-positive CD34^/c-Kit^ cells were plated at a density of 50 cells per well directly 

into tissue culture-treated 96-well plates containing serum-ffee CellGro stem cell 

growth medium supplemented with SCF (25ng/ml) onto an adherent low-density 

monolayer of irradiated SI 7 stromal cells reported to augment the initial survival of 

AGM-derived cells in culture (Sections 2.4.3 and 2.4.4) (Delassus et al, 1999). In each 

experiment, equal numbers of plates were set up containing recombinant BMP4 protein 

or with no added factor. Cultures were maintained for up to 20 days and the total 

number of surviving AGM-derived colonies was scored at the end of the culture period. 

Control plates of irradiated S17 stromal cells without AGM-derived cells did not 

contain any living cells at the end of the culture period.

5.2.3 Titration of recombinant BMP4 protein

Based on previous studies using murine ES cells and postnatal human HSCs, different 

concentrations of recombinant BMP4 of 10, 15 or 25 ng/ml were tested on CD34^/c- 

Kit^ cells isolated from 10.5 dpc embryos in duplicate for comparison (Table 5.2). 

Although the plating efficiency varied considerably between separate experiments, a 

final concentration of lOng/ml BMP4 was found to have the greatest effect compared to 

controls. This concentration was therefore used subsequently throughout the study.
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Table 5.2 Effect of BMP4 concentration on colony formation by 10.5 dpc 
murine CD34/c-Kit^ AGM-derived cells. The total number of primary colonies 
formed varied between experiments independent of BMP concentration. However, 
the greatest difference in plating efficiency of cells cultured with BMP4 compared 
to controls (- BMP4) was observed at a concentration of lOng/ml.

Concentration of 
BMP4 
(ng/ml)

Number of primary colonies produced Total number of 
wells seeded 

(50 cells/well)

- BMP4 +BMP4

10 0 16 132

10 4 19 96

15 26 43 96

15 0 0 48

25 9 12 48

25 26 33 96

J»

»

■ flr

Figure 5.2 Primary colony generated 
by CD34/c-Kit^ cell isolated from 
embryonic AGM tissue (10.5 dpc) in 
liquid culture. Typically colonies 
consisted of a mixture of small round 
phase-bright cells (arrowhead) and 
larger round cells (arrow). Elongated 
cells are likely to be residual irradiated 
S I7 stromal feeder cells.
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5.2 .4  BMP4 increases the plating efficiency of CD34/c-Kit^ cells 

derived from 10.5 dpc AGM tissue

3-4 days after plating, a few of the wells contained small adherent colonies of cells. 

Generally, only a single colony developed per well although rarely 2 or 3 colonies 

formed in the same well. It was not possible to accurately count the number of cells per 

colony at this stage but it was estimated at varying between 10-50 cells. However, 

colonies formed in plates treated with BMP4 were generally larger consisting of a 

greater number of cells than in control plates. The colonies increased in size over the 

culture period and were frequently found to contain a mixture of cells with different 

morphology. These consisted of small round phase bright cells and larger round cells 

(Figure 5.2).

This procedure was repeated a number of times for each embryonic age point (9.5, 10.5 

and 11.5 dpc). However, the plating efficiency of cells isolated fi*om 9.5 dpc and 11.5 

dpc tissues was generally poor compared to cells obtained from 10.5 dpc AGM tissue 

suggesting that the ex vivo survival or growth capacity of CD34Vc-kit’̂ cells in the 

culture conditions used differed with embryonic age.

Addition of BMP4 to cultures of CD34^/c-kit'^ cells isolated from AGM tissue at 9.5 

dpc resulted in an 2-10 fold increase in the total number of colonies produced in 

approximately half of the experiments performed (Figure 5.3 A). However, in the 

remaining experiments no difference in primary colony formation was observed 

between BMP4-treated and untreated cells and the total number of colonies produced 

was low (0 -1 0 ).

In contrast, the number of primary colonies formed by BMP4-treated CD34^/c-kit^ cells 

isolated at embryonic age 10.5 dpc increased compared to untreated controls (Figure 

5.3B). This effect was consistent with between a 2-fold and 16-fold increase in colony 

formation in BMP4-treated cultures in 12 out of 19 comparable experiments. It was also 

observed that, in general, the plating efficiency of 10.5 dpc-derived cells was higher 

than for 9.5 dpc cells as reflected in the total number of colonies produced ranging from 

2 to 56 for BMP4-treated cells and 0 to 30 for untreated cells.
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Figure 5.3 Effect of BMP4 on plating efficiency of CD34/c-Kit^ cells 
isolated from murine AGM tissue at different embryonic ages.
(A) 9.5 dpc (B) 10.5 dpc (C) 11.5dpc.
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Figure 5.4 Comparison of the effect of BMP4-treatment on 
primary colony formation of CD34/c-Kit^ AGM-derived cells at 
embryonic ages 9.5,10.5 and 11.5 dpc. Cells were cultured for up to 
12 days in the presence (solid blocks) or absence (open blocks) of 
recombinant BMP4. Statistical analysis was performed using 
Wilcoxon signed ranks tests (non-parametric) for each embryonic 
age.
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As with 9.5 dpc-derived cells, the plating efficiency of older 11.5 dpc cells was poor 

generating fewer than 10 primary colonies under either condition in 7 out of 8 separate 

experiments. BMP4-treatment had no significant effect on the number of colonies 

generated fi-om older 11.5dpc cells (Figure 5.3C).

Statistical analyses were performed using the non-parametric Wilcoxon signed rank test 

to compare the collective results for a given embryonic age with and without addition of 

BMP4 protein. Comparison of the effect of BMP4-treatment on primary colony 

formation for the three embryonic ages is presented in Figure 5.4. Results were found to 

be significant at 10.5 dpc (p<0.001) but not significant at 9.5 dpc or 11.5 dpc (p=0.068 

and p=0.595 respectively). In all cases, the CD34~/c-Kit~ double-negative population 

isolated from the same tissue and grown in parallel under similar conditions failed to 

produce any colonies in culture.

5.3 The effects of BMP4 are neutralized by soluble 

BMP4-receptor and Noggin

To test whether the observed increase in 10.5 dpc AGM-derived primary colony 

formation was specifically due to inclusion of BMP4 in the culture medium, soluble 

BMP4-receptor and the BMP antagonist Noggin were used to block BMP signalling. 

During development Noggin and other antagonistic agents regulate the level of BMP 

signalling by sequestering BMP molecules in the extracellular space. Soluble BMP4- 

receptor acts in a similar way in vitro.

Cultures of CD34Vc-kit^ cells sorted from 10.5dpc AGM tissue were set up as 

described above with no added factors, with BMP4 alone (lOng/ml) or with BMP4 in 

conjunction with either BMP-receptor at 200ng/ml or Noggin at 200ng/ml. After 10-12 

days the number of primary colonies formed was scored. The number of primary 

colonies increased in cultures containing BMP4 compared to untreated controls. 

However, in parallel cultures containing both BMP4 and soluble BMP-receptor the 

number of primary colonies fell to control levels or less (Figure 5.5 A). A similar effect 

was observed in cultures containing Noggin (Figure 5.5B).
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Figure 5.5 BMP inhibitors neutralise the increased plating 
efficiency of CD34/c-Kit^ AGM cells derived from 10.5 dpc 
murine embryos in BMP4-treated cultures. (A) Soluble BMP- 
receptor 200ng/ml (B) Noggin 200ng/ml. BMP4 was used at 
lOng/ml throughout.
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BMP-receptor and Noggin were therefore able to neutralize the effect of BMP4 

suggesting that BMP4 was specifically involved in increasing the growth and/or 

survival potential of AGM-derived HSCs in extended culture.

5.4 BMP4-treated AGM cells have multilineage capacity

in CFU-assays

HSCs undergo progressive lineage commitment in vivo to produce erythroid, lymphoid 

and granulocytic-myeloid cells via a series of lineage-restricted progenitors. The 

multipotency of HSCs can be measured in vitro by their ability to generate 

hematopoietic colonies in colony forming unit (CFU)-assays in which single cells are 

plated at low density in semi-solid methylcellulose medium containing a cocktail of 

cytokines to produce hematopoietic colonies. This technique was therefore used to 

assess whether BMP4 was able to prolong the multipotency of AGM-derived HSCs 

during extended primary culture in the absence of other serum factors.

5.4.1 BMP4 maintains CFU-activity in primary cultures of lO.Sdpc

CD34" /̂c-kit  ̂cells

Primary colonies derived from CD34*/c-kiri cells isolated from 9.5,10.5 and 11.5dpc 

AGM tissue and cultured with or without the addition of BMP4 for up to 20 days. 

Individual primary colonies were then dissociated to single cells and all cells from a 

single colony plated together in semisolid methylcellulose-based medium containing a 

cocktail of hematopoietic cytokines (Section 2.4.5). Due to the small number of cells 

within each primary colony, the plating density was very low, permitting single cell 

distribution. After 14 days, hematopoietic colonies (CPUs) per dish were counted and 

scored by morphology. Since it was not possible to accurately count the number of cells 

plated per primary colony, no quantitative comparison was attempted.

As previously stated (Section 5.2.4) the plating efficiencies of 9.5 and 11.5 dpc cells in 

primary culture were lower than for 10.5 dpc cells and therefore fewer tests could be
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performed for these stages. However, differences in the potential of cells pre-cultured in 

the absence or presence of BMP4 did emerge in CFU assay.

Primary colonies derived from 9.5, 10.5 and 11.5 dpc AGM cells and cultured for up to 

12 days in the absence of exogenous BMP4 (control) were able to generate 

hematopoietic colonies in CFU-assay. However, the percentage of control primary 

colonies containing hematopoietic CFUs differed with embryonic age. All 9.5 dpc 

control 12-day primary colonies plated yielded hematopoietic CFUs compared to 50% 

for 10.5 dpc and 70% for 11.5 dpc-derived primary colonies suggesting that 

hematopoietic output was decreasing over time in primary culture (Table 5.3). However, 

pre-treatment of 10.5 dpc cells with BMP4 cultured for the same period increased the 

number of primary colonies retaining haematopoietic CFU-activity from 50% to 83%.

In contrast, BMP4 had no effect on the haematopoietic CFU-output (64%) of 11.5 dpc 

cells cultured for the same period.

Haematopoietic potential persisted in untreated control 10.5 dpc-derived primary 

colonies maintained in extended cultured for as long as 20 days with 63% of colonies 

producing CFUs. BMP4-treatment increased this number to 81%. Moreover, inclusion 

of BMP4 in 20-day primary cultures of 11.5dpc-sorted cells also maintained some 

hematopoietic CFU activity (30%) otherwise lost from control cultures (0%).

5.4.2 BMP4 extends the multilineage potential of cultured C D34/c- 

kit  ̂cells in CFU-assay

In addition to maintaining the haematopoietic CFU activity in primary cultures of 10.5 

dpc CD34Vc-kit^ cells isolated from murine embryonic AGM tissue, BMP4-treatment 

also had an effect on the morphology of haematopoietic CFUs produced. Untreated 

cultures generated lineage-restricted CFU-GM containing only granulocytic/myeloid 

cells over all embryonic ages (Figure 5.6A). In contrast, BMP4-treated colonies were 

able to produce CFU-GM and CFU-GEMM containing erythroid cells, suggestive of a 

more immature phenotype (Figure 5.6B).
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Table 5.3 Number of AGM-derived haematopoietic colonies formed in CFU- 
assay. Colonies derived from CD34Vc-Kit^ AGM cells at different embryonic ages 
and cultured with or without BMP4 for 10-20 days were plated at low density in 
methylcellulose medium containing a mixture of haematopoietic cytokines. The 
number of haematopoietic colonies formed from each primary colony was counted.

Age Time in 
culture

Hematopoietic colonies 
% (CFU)

Number o f  primary colonies 
plated

Untreated + BMP4 Untreated +BM P4

9.5dpc <12d 100 88 7 17

lO.Sdpc <12d 50 83 22 30

20d 63 81 11 11

11.5dpc <12d 70 64 10 11

20d 0 30 1 10

Figure 5.6 Haematopoietic colony forming units (CFU) generated by 
murine embryonic AGM-derived cells in methylcellulose assay. (A) Cells 
pre-cultured in the absence of exogenous BMP4 produce haematopoietic 
colonies composed of granulocytic/myeloid cells (CFU-GM). (B) BMP4-treated 
cells generate haematopoietic colonies which also contain erythroid cells (CFU- 
GEMM).
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Strikingly, 12-day primary colonies derived from 9.5 and 10.5 dpc CD34^/c-kit^ cells 

cultured with BMP4 were also able to generate morphologically-distinct colonies 

containing a mixture of adherent spindle-shaped and large round cells intermixed with 

each other and overlaid by clusters of smaller round cells (Figure 5.7A). When left to 

develop, these polymorphic colonies frequently formed extensive networks (Figure 

5.7B-D). The adherent colonies were easily distinguishable from non-adherent CFU- 

GM/GEMM and occurred at similar frequencies (70% for 9.5 dpc and 66% for 10.5 dpc 

cells) (Table 5.4). Generally, polymorphic colonies and normal hematopoietic colonies 

occurred together within the same culture but occasionally exclusively polymorphic 

colonies were produced. Similar adherent colonies did not occur in assay plates 

containing cells derived from untreated primary colonies i.e. in the absence of 

exogenous BMP4, although these cells could produce haematopoietic CFUs (Table 5.4).

Polymorphic colonies were also produced by BMP4-treated 10.5 dpc-derived primary 

colonies that had been maintained in culture for 20 days. 11.5 dpc-derived AGM cells 

cultured with BMP4 also produced polymorphic colonies in CFU-assay but at a lower 

frequency (36%) and after 20 days in primary culture failed to produce any polymorphic 

colonies (Table 5.4).
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Figure 5.7 (A-D) Examples of adherent multilineage colonies generated 
in CFU-assay by BMP4-treated CD34/c-Kit embryonic AGM-derived 
cells. Colonies consisted of a mixture of three morphologically distinct cell 
types: spindle-shaped cells (thick arrow), large round cells (arrowhead) and 
small round cells (thin arrow) shown in (A).
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Table 5.4 Number of polymorphic colonies formed in CFU-assay.

Colonies derived from CD34^/c-Kit^ AGM cells at different embryonic ages and cultured with or without BMP4 for 10-20 days were 

plated at low density in methylcellulose medium containing a mixture of haematopoietic cytokines. The number of haematopoietic 

colonies formed from each primary colony was counted.

Age Time in culture Hematopoietic colonies

% (CPU)

Untreated + BMP4

Polymorphic colonies

%

Untreated + BMP4

Number of primary colonies 

plated

Untreated +BMP 4

9.5dpc <12d 100 88 0 70 7 17

lO.Sdpc <12d 50 83 0 66 22 30

20d 63 81 0 81 11 11

ll.Sdpc <12d 70 64 0 36 10 11

20d 0 30 0 0 1 10



5.4.3 BMP4-treatment identifies a population of AGM-derived cells 

with hemangioblast potential

To investigate the effect of BMP4-treatment on the haematopoietic potential of 

CD34Vc-Kit^ AGM-derived cells maintained in culture and to identify the different cell 

types generated in CFU-assay, immunocytochemical analysis was performed on the 

polymorphic colonies obtained in Section 5.4.2. Individual colonies were disrupted to 

single cells and prepared plated onto glass slides for antibody staining for 

haematopoietic, stromal and endothelial markers (Section 2.4.6).

Immunohistochemical analysis revealed the presence of at least three types of 

morphologically distinct cells within the multilineage colonies formed in CFU-assay by 

CD34Vc-Kit"^-derived cells cultured in the presence of BMP4. Large round cells within 

the colonies expressed the stromal cell marker STROl and the endothelial markers 

Flkl, endoglin and vimentin (Figure5.8A-D). These cells also showed expression of 

type-1 collagen, which is normally synthesized by fibroblast and osteoblasts (Figure 

5.8E). Spindle-shaped cells also expressed FlklA^EGFRZand endoglin (CD 105) but 

were negative for the other markers tested (Figure 5.8B,C). In contrast, expression of 

the hematopoietic-specific marker CD45 was restricted to small round cells (Figure 

5.8F). A small percentage of these small cells in some of the colonies were also positive 

for the endothelial marker Flkl but did not express STROl, collagen or the other 

endothelial markers tested (Figure 5.8A-E). The results of immunocytochemical 

analysis are summarised in Table 5.5.
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Figure 5.8 (A-F) Immunohistochemical analysis of multilineage 
colonies generated in CFU-assay from BMP4-treated CD34/c-Kit^ 
murine embryonic AGM cells. Three morphologically distinct cell types 
were identified: spindle-shaped cells (black arrows), large round cells (red 
arrows) and small round cells (blue arrows). The reactivity of each cell 
type with antibodies against lineage-associated molecules is shown in 
Table 5.5 below.

A
STR01

B
Flkl

Endoglin

D
^ Vimentin

Type-1 collagen

»

Table 5.5 Summary of immunocytochemical reactivity of cells within 
polymorphic colonies derived from AGM cells maintained in culture 
with BMP4.

Antibody Spindle
cells

Large 
round cells

Small 
round cells

STROl no yes no

Flkl yes yes some

Endoglin yes yes no

Vimentin no yes no

collagen no yes no

CD45 no no yes
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5.5 The effect of BMP4 on the multilineage potential of 

cultured CD34^/c-kit^ cells in CFU-assay is 

neutralised by BMP-inhibitors

As previously shown in Section 5.2, BMP4-treatment appears to increase the 

growth/survival of CD34^/c-Kit^ cells derived from 10.5 dpc AGM tissue and this effect 

is neutralised by inhibitors of BMP including noggin and soluble BMP-receptor. To 

investigate the effect of these inhibitors on the potential of cells cultured with BMP4 to 

produce polymorphic multilineage colonies in CFU-assay, primary colonies from 

noggin and BMPR-treated cultures were plated in methylcellulose as described (Section 

2.4.4). In this assay, noggin was able to prevent multilineage colony formation although 

some hematopoietic colonies did develop (Table 5.6). In contrast, BMPR treatment 

completely blocked both multilineage and haematopoietic colony formation.

Table 5.6 Effect of BMP inhibitors on colony formation (embryonic 

age 10.5 dpc)

Haematopoietic 
colonies (%)

Polymorphic/ 
Multilineage 
colonies (%)

No.of primary 
colonies plated

Untreated 64 0 11

+BMP4 68 27 22

+BMP4 + Noggin 50 0 6

+BMP4 + BMPR 0 0 5
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5.6 Other markers of adult human LTR-HSCs also 

identify haematopoietic cells within the murine 

embryonic AGM

CD34 is expressed on cells within the intraaortic haematopoietic clusters both in the 5- 

week human embryo and in mid-gestation murine embryos (Section 3.2.1, Wood et al, 

1997). Other markers of LTR-HSCs have also been identified including the VEGF 

receptor KDR (Flkl in mouse) and the transmembrane molecule AA4 (Ziegler et al, 

1999, Petrenko et al, 1999). In Chapter 3, immunohistochemical analysis revealed 

KDR expression on the intraaortic cell clusters and aortic endothelium in the 5-week 

human embryo. Analysis within the developing mouse embryo at 10.5 dpc also suggests 

that vascular endothelial cells and intraaortic haematopoietic clusters cells are weakly 

AA4-positive (Petrenko et al, 1999).

To compare the ability of these markers to identify embryonic AGM-derived cells with 

haematopoietic potential with CD34Vc-Kit^ cells, the Flkl^/c-Kit^ and AA4^/c-Kit^ 

double-positive populations were isolated by FACS from 10.5 dpc embryonic AGM 

tissue (Section 2.4.2). Comparison of these populations revealed differences in the 

overall distribution patterns of the three molecules (Figure 5.9). Firstly, dissociated 

AGM/aorta tissue contained large populations of single-positive Flkl and single

positive CD34 cells (Figure 5.9A,C). Since both these molecules are expressed on 

vascular endothelial cells, it seemed likely that these single-positive populations 

represented endothelial cells lining the walls of the dorsal aorta. Interestingly, the 

equivalent pre-sort AGM population contained proportionally fewer single-positive 

AA4 cells suggesting that AA4 expression is more restricted within the embryonic 

AGM at this stage of development (Figure 5.98). The distribution of double-positive 

populations co-expressing c-Kit also varied slightly and appeared to be slightly larger 

for AA4.

130



0.4%

FLK-l FITC

c
10 ’ -

10 ' -

loS

lo"^

B

I I I  I— .................i|— i—rr
10 '

I I 1 1 1  i i i j  I  ..........

10̂ 10' 10

CD34 FITC

AA4.1 FITC

1Q3D

102

lol

0 .0%

II  I I I I I M i l  I I . . . . . . . . . . . . . . I I I I I I M l

IiqO liol llo2 103

IgGl FITC

Figure 5.9 Fluorescence Activated Cell Sort (FACS) profiles of murine 
embryonic AGM tissue (10.5 dpc). Representative plots based on co-expression 
of the stem cell factor receptor c-Kit with (A) the VEGF receptor Flkl, (B) the 
membrane glycoproteins AA4 and (C) CD34. (D) Isotype control. Boxed area and 
percentage in each plot shows population of double-positive cells used in culture 
experiments (Section 5.6).

131



Flkl"^/c-Kir and AA4Vc-Kir cells were cultured with or without added BMP4 protein under 

similar conditions as for CD347cKit^ cells (Section 2.4.4). Culture of Flkl7c-Kit' AGM- 

derived cells with BMP4 resulted in a 2 to 3-fold increase in the number of primary colonies 

formed compared to untreated controls (Figure 5.10A). BMP4-treatment also increased the 

number of colonies generated from AA4^/c-Kit^ cells (Figure 5.1 OB).
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Figure 5.10 Effect of BMP4-treatment on the plating efficiency of different 
populations of cells isolated by FACS from lO.Sdpc murine embryonic tissue.
Populations were isolated on the basis of (A) coexpression of the VEGF receptor Flkl 
with c-Kit and (B) the transmembrane molecule AA4 with c-Kit.
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5.7 Discussion

During maturation of the haematopoietic system, multipotent stem cells progress 

through a series of lineage-restricted progenitor stages to generate terminally 

differentiated blood cells. The relative multipotency of haematopoietic stem cells or 

progenitors can be measured in vivo by their ability to achieve multilineage repopulation 

in myeloablated adult mice. In vitro multipotency can be assessed by the type of colony 

a single cell will produce on exposure to a cocktail of haematopoietic cytokines in CFU- 

assays. The more lineage-restricted a progenitor cell, the fewer mature haematopoietic 

cell types it can produce. For example, a cell that will generate erythroid, granulocytic 

and myeloid cells within the same colony has a less restricted phenotype than a cell that 

will produce only granulocytic and/or myeloid colonies.

To investigate the effect of BMP4 on multipotency during embryonic haematopoiesis, 

the CD34Vc-Kit^ cell population, previously shown to contain multipotent HSCs 

(Delassus et al, 1999), isolated from the AGM region of mid-gestation murine embryos 

was cultured under specific conditions and assayed for multilineage differentiation 

potential in vitro. The effect of BMP4 in this experimental system was found to be two 

fold. Firstly, BMP4-treatment appeared to promote the survival and/or expansion of 

AGM-derived CD34Vc-Kit^ cells resulting in a consistent increase in the number of 

primary colonies formed. This increase in plating efficiency was most noticeable with 

cells isolated at embryonic age 10.5 dpc, a stage corresponding to the period of 

maximum haematopoietic activity in vivo and the appearance of haematopoietic clusters 

associated with the floor of the dorsal aorta.

The specificity of this effect was supported by the ability of Noggin and soluble BMP- 

receptor, inhibitors of BMP signalling, to neutralise the observed increase in cell 

survival/growth to control (untreated) levels. The failure of AGM cells obtained from 

older embryos (1 l.Sdpc) to respond to BMP4 in culture coincides with the decline in 

HSC activity in vivo and may reflect a saturation of BMP signalling within the AGM 

prior to tissue dissection. The low plating efficiency of 9.5 dpc AGM cells in all culture 

conditions suggests that BMP4 alone is insufficient to support the survival and growth 

of isolated cells at this earlier stage of development. AGM cell populations isolated 

using alternative markers of HSCs (FlklVc-Kit^, AA4Vc-Kit^) showed a similar
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response to CD34^/c-Kit^ cells in primary culture suggesting that one or more 

subpopulations of AGM cells, identified by all these markers, responds to BMP4 in 

vitro.

The most striking effect of BMP4-treatment emerged in subsequent colony forming 

assays. AGM-derived cells cultured in the absence of exogenous BMP4 generated 

lineage-restricted colonies containing only granulocytic/myeloid cells (CFU-GM) over 

all embryonic ages tested. In contrast, cells that bad been cultured with BMP4 were able 

to produce multilineage haematopoietic colonies containing granulocytic, myeloid and 

erythroid cells suggesting that the cells plated had a more immature phenotype.

In addition to affecting haematopoietic colony morphology, BMP4-treatment also 

appeared to increase the number of colonies produced by AGM cells isolated at 10.5 

dpc even after an extended period in culture. This could be a product of the increased 

survival/growth of BMP4-treated cells during the initial culture period described above. 

Alternatively, the progressive loss of multipotency, which occurs in cultured 

stem/progenitor cells, may be delayed by BMP4 to maintain a greater proportion of 

cells in a more immature state. Unfortunately, since it was not possible to accurately 

count the number of cells plated into CFU-assay, a quantitative comparison was not 

possible. However, the latter possibility is supported by the lineage-restricted 

haematopoietic potential of untreated AGM cells compared to those cultured with added 

BMP4 and by the retention of colony forming capacity in cells obtained from older 

embryos (11.5 dpc).

Most strikingly, in addition to haematopoietic colonies, BMP-treated AGM cells were 

able to generate distinctive adherent colonies consisting of a mixture of multiple cells 

types. Immunohistochemical and morphological analysis revealed the co-existence of 

three populations of cells within these adherent colonies. For the panel of markers 

tested, large round cells within the colonies showed the broadest range of expression 

including molecules associated with endothelial, osteoblast and stromal cells. The other 

morphologically distinct cell types present in the colonies showed a more restricted 

pattern of expression. Spindle-shaped cells expressed only endothelial markers and 

small round cells expressed the haematopoietic-specific glycoprotein CD45 and, in rare 

cases, the VEGF receptor Flkl. Importantly, only AGM-derived cells that had been 

cultured in the presence of exogenous BMP4 had the potential to produce these
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multilineage adherent colonies in CFU-assay and inhibitors of BMP signalling were 

able to completely remove this potential.

It is important to note that CFU-assay plates were monitored throughout the culture 

period to confirm that each colony was formed from the proliferation of a single cell. 

The development of individual colonies containing multiple cell types was therefore 

unlikely to result from the presence of more than one founder cell. Moreover, the large 

numbers of multilineage colonies within a single culture dish and the frequency of 

cultures producing such colonies suggests that they are unlikely to arise from the fusion 

of two cells or the merging of adjacent, morphologically different colonies.

Furthermore, the multilineage colonies always contained a mixture of all three cell types 

suggesting that their co-existence is related. The presence of a population of CD45^ 

hematopoietic cells within multilineage colonies derived from a single embryonic 

founder cell suggests that BMP may maintain the existence of a pre-hematopoietic cell 

in culture. The presence of cells expressing markers associated with the endothelial 

lineage in the colonies suggests that this pre-hematopoietic cell may have 

hemangioblast potential. The large round cells expressing both stromal and endothelial 

markers could therefore represent a pre-haematopoietic, transitional or hemangioblast 

population.

A previous report using embryonic cells sorted for expression of Tie2/TEK, the tyrosine 

kinase receptor expressed on murine embryonic endothelial cells and associated 

intraaortic haematopoietic clusters (Section 1.6.2.2), also supports the existence of cells 

with haemangioblast potential in the murine AGM (Hamaguchi et al.,\999). A high 

proportion (>70%) of Tie2^ cells coexpress CD34 and c-Kit and all CD34^ cells are 

found in the Tie2^ fraction. Tie2^ cells freshly isolated from 10.5 dpc AGM tissue and 

cultured for 7 days in the presence of foetal calf serum on an 0P9 stromal layer 

(deficient in macrophage-colony stimulating factor) produced primary colonies 

containing haematopoietic cells and, at very low frequency (1 in 135 plated cells), a 

mixture of haematopoietic and PECAMl^ endothelial cells. However, this bipotential 

capacity was lost in Tie2^ AGM cells over time in culture, which failed to generate 

endothelial cells upon replating suggesting that the initial haemangioblast population 

was undergoing differentiation. In contrast, in the present study, 10.5 dpc CD34^/c-Kit^ 

AGM cells cultured with BMP4 in the absence of serum were able to generate 

multilineage colonies containing haematopoietic and endothelial cells on replating at a
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much higher frequency (66-81%) even after 20 days in primary culture. Therefore, 

whilst whole serum is unable to maintain AGM cells with haemangioblast potential ex 

vivo, purified BMP4 does appear to do so. Foetal calf serum contains a complex mixture 

of proteins, possibly including BMP antagonists and differentiation-promoting factors, 

which may impede BMP signalling and cause premature differentiation of 

haemangioblasts.

Collectively, these observations suggest that BMP4 prolongs the multipotency of 

embryonic haematopoietic stem cells in ex vivo culture and permits the development or 

survival of stem cells with multilineage potential (Figure 5.11). Alternatively, BMP4 

may support the persistence of a multipotential hemangioblast population that continues 

to generate new HSCs accounting for the presence of less restricted haematopoietic 

precursors in CFU assay.
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Figure 5.11 Morphology of colonies formed in methylcellulose by murine 
embryonic AGM-derived cells. (A) Cells cultured ex vivo with BMP4 generate 
adherent polymorphic/multilineage colonies containing three different cells types 
expressing stromal, endothelial and haematopoietic markers. They will also generate 
haematopoietic CFU-GEMM colonies containing erythroid cells (B) and more 
lineage-restricted CFU-GM (C). In contrast, cells cultured in the same conditions but 
in the absence of added BMP4 will generate only myeloid lineage-restricted CFU-GM 
(C).
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Chapter 6

The effect of BMP4 on the repopulating potential 

of murine embryonic AGM-derived cells

6.1 Introduction

In Chapter 5, exogenous BMP4 was able to maintain the multilineage and 

haematopoietic potential of embryonic CD34Vc-Kit^ derived from mid-gestation 

murine AGM tissue in ex vivo culture. BMP4 has also been reported to maintain the 

multilineage repopulating potential of postnatal human cord blood-derived 

CD34VCD38 /Lin HSCs transplanted in immunodeficient NOD/SCID mice (Bhatia et 

al, 1999). The aim of the experiments described here was to investigate whether BMP4 

could similarly increase the repopulating potential of embryonic HSCs. CD34+/c-Kit+ 

cells were therefore isolated from the AGM region of 10.5 dpc murine embryos and 

cultured, as described in the previous chapter, with or without the addition of 

recombinant BMP4 protein prior to transplantation.

Engraftment of unsorted murine embryonic AGM cells in irradiated wild-type, non- 

immunodeficient recipients of the same murine strain has previously been demonstrated 

(Medvinsky et al, 1996). For consistency in the present study, donor cells were 

obtained from murine CDl embryos, the same strain used for in vitro experiments, and 

injected into syngeneic (CDl) adult recipients to minimise the initial risk of graft 

rejection by the host immune system. CDl females produce comparatively large litters, 

generating a greater number of CD34Vc-Kit^ AGM cells per pooled litter for fewer 

adult animals used.
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Engrafted human cells can be distinguished fi'om host blood cells in murine recipients 

by expression of human specific markers including lymphoid CD45 and myeloid CD33. 

When donor and recipient are of the same species, transplantation of adult male cells 

into adult females permits detection of engrafted donor cells by the presence of a Y 

chromosome. However, the present study involved transplantation of embryonic murine 

cells into adult murine hosts and since it was not possible to ascertain the sex of 

embryos at this stage of development, an alternative method of donor cell identification 

was required. The introduction of reporter transgenes, such as green fluorescent protein 

(GFP) or pgalactosidase, into the genome of a cell in vitro is a method commonly used 

for lineage-tracing or migration analysis in vivo. Transduced ‘labelled’ cells can 

subsequently be detected in transplanted animals via reporter gene expression, under the 

control of a constitutive promoter.

High level transduction and reporter gene expression has been achieved in human 

haematopoietic repopulating cells using a modified human immunodeficiency virus 

type-1 (HIV-1)- based lentiviral vector pHR’SINcPPT-SEW containing an enhanced 

GFP (eGFP) transgene (Demaison et al, 2002). On transplantation of this GFP- 

lentiviral vector in sublethally-irradiated SCED mice, significant transgene expression 

(>80%) hab been reported in engrafted human lymphoid, myeloid and haematopoietic 

progenitor cells after a single exposure of human CD34^ HSCs to virus. This system 

was therefore used to label donor AGM-derived cells for subsequent haematopoietic 

lineage analysis of engrafted cells transplanted in irradiated adult mice.

6.2 In vitro culture and GFP-lentiviral transduction of 

murine AGM- derived CD34/c-Kit^ cells

The protocol for the isolation of CD34Vc-Kit^ cells from embryonic murine AGM 

tissue, GFP-lentiviral vector transduction, in vivo transplantation and analysis is 

represented in Figure 6.1.
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Figure 6.1 Schematic protocol for the isolation and treatment of murine 
embryonic AGM cells. (A) AGM tissue was dissected fromlO.Sdpc embryos 
and dissociated to single cells. (B) The CD34Vc-Kit^ population was isolated 
by FACS using fluorochrome-conjugated antibodies to CD34 and c-Kit Cells 
were transduced overnight with GFP-lentiviral vector (MOI50) and cultured 
+/- BMP4 for 14 days. (C) GFP-labelled AGM cells were injected into the tail 
vein of irradiated adult mice and the level of engraftment analysed by flow 
cytometry after 6-8 weeks. j



6.2.1 Isolation and culture of AGM- derived CD34/c-Kit^ cells 

from lO.Sdpc murine embryos

Double-positive CD34Vc-Kit^ cells were isolated from 10.5 dpc murine AGM tissue as 

described and plated onto tissue culture-treated 24-well plates containing serum-free 

CellGro stem cell growth medium supplemented with SCF (25ng/ml) (Section 2.4). 

Plates were set up containing recombinant BMP4 protein (10 ng/ml) or with no added 

factor. AGM cells were seeded at 2x10^ cells/well onto a layer of irradiated SI 7 stromal 

cells plated at low density. Control plates containing only irradiated S17 stromal cells 

were also set up. To increase the number of embryonic AGM cells for transplantation, 

the aortas from two 10.5 dpc litters were pooled for each reconstitution experiment.

6.2.2 Lentiviral transduction of CD34/c-Kit^ AGM cells

Virus was harvested and titrated by infecting HeLa cells and analyzing for GFP 

expression (Section 2.5.3). To determine the concentration of lentiviral vector required 

to achieve maximum transduction of embryonic cells with lowest toxicity, a test culture 

of AGM-derived CD34^/c-Kit^ cells was infected overnight with virus at a multiplicity 

of infection (MOI) (Section 2.5.4) range of 5 to 50, equating to the number of virus 

particles required for transduction per target cell. Fourteen days after plating, colonies 

of adherent cells were visible within the plates. These colonies were assessed by 

fluorescence microscopy for transduction efficiency via expression of GFP. At an MOI 

of 5 only a few cells were GFP-positive (Figure 6.2A,B). Transduction efficiency 

increased to around 80% at MOI of 50 and this concentration of lentiviral vector was 

used in subsequent cultures for transplantation (Figure 6.2C,D).
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Figure 6.2 Titration of GFP lentiviral vector on colonies of AGM-derived 
cells in culture. (A) Using multiplicity of infection (MOI) 5, only a few AGM- 
derived cells are green GFP-positive (red arrow). Large, fibroblast cells are 
irradiated S I7 feeder cells. (B) A 10-fold higher concentration of lentivirus (MOI 
of 50) resulted in around 80% of cells expressing GFP. (C) and (D) Bright-field 
images of (A) and (B) for reference.
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One day after plating, GFP-lentiviral vector was added to cultures of AGM-derived and 

irradiated S17 cells at an MOI of 50. Culture medium was changed the day following 

infection to remove unincorporated viral particles and BMP4 protein was re-added to 

appropriate plates. Gene transfer efficiency was assessed after 4 days by microscopy of 

GFP staining and estimated to be around 70-80 %.

After 14 days in culture, cells were collected for each condition and prepared for 

injection into adult recipient CDl mice. Cell viability was assessed by incorporation of 

the dye trypan blue, which is actively secreted by living cells but retained in dead cells. 

No viable cells were recovered from plates containing only irradiated S17 cells 

indicating that no contaminating stromal cells remained in the cultures.

6.3 Transplantation of CD34/c-Kit^ AGM cells and 

engraftment analysis

6.3.1 Transplantation of GFP-labelled donor cells

Six to seven week old adult CDl mice were subletbally irradiated with 325cGy (’^^Cs 

source) to ablate the host immune cells (Section 2.6.1). BMP4-treated and untreated 

cells that bad been infected with virus and maintained in culture for 14 days were 

injected intravenously via the tail vein into 3 recipient mice for each condition. Around 

5x10"^ AGM-derived cells were injected per recipient plus 2x10^ murine spleen cells 

as carrier cells. All cells recovered fi*om irradiated S17 were also transplanted into 

recipients in this way (2 mice). In addition, two mice were transplanted with 5x10"^ 

CD34Vc-Kit^ 10.5 dpc AGM-derived cells isolated the day before injection and 

transduced overnight with GFP-lentiviral vector as an additional control for the effects 

of extended ex vivo culture. This experiment was repeated with four mice in each set 

receiving BMP4-treated or untreated cultured AGM cells and two mice receiving 

untreated cells maintained overnight.
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6.3.2 Analysis of recipient mice for engraftment of GFP-labelled 

donor cells

The number of surviving transplanted recipients for each experiment is shown in Table 

6.1. However, since mice were subletbally irradiated, survival was not necessarily an 

indication of successful reconstitution by engrafted donor cells.

Table 6.1 Number of irradiated recipients surviving 6-8 weeks post

transplantation

Treatment of cells transplanted Experiment 1 Experiment 2

Cultured 14 days: + BMP4 1/3 1/4

Cultured 14 days: No BMP4 1/3 2/4

Cultured overnight (no BMP4) 1/2 2/2

S17 stromal cells only 0/2 nd

Surviving transplanted mice were sacrificed 6-8 weeks after injection and bone marrow 

cells were harvested for flow cytometric analysis (Section 2.6.2). Cells were analysed 

for co-expression of GFP and a panel of murine erythroid, myeloid and lymphoid 

lineage-specific markers. In addition, bone marrow obtained from an uninjected CDl 

mouse of similar age was analysed to establish the level of background auto fluorescence 

(Section 2.6.3).

The distribution of haematopoietic cell populations, based on characteristics of size and 

granularity (forward/side scatter), and GFP-positive populations for control (uninjected) 

and transplanted mice are shown in Figure 6.3. Representative flow cytometric density 

plots for expression of fluorescence-conjugated lineage markers/GFP expression under 

the different experimental conditions are shown in Figure 6.4.

No significant population of GFP-positive donor cells could be identified in the bone 

marrow of any of the transplanted recipients above background (Figure 6.3, Column 2 

A-D). With the freshly-isolated AGM-cells, the small population of cells fluorescing 

above control levels (Figure 6.3D: Column 2) appeared to be due to an artefactual shift 

in the entire population and with subsequent backgating analysis did not correspond to 

any lineage-specific population (Figure 6.4C). Likewise, no discernable cells derived
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Figure 6.3 Flow cytometric analysis of adult recipient bone marrow to 
investigate engraftment of transplanted GFP-labelled AGM-derived 
(CD34/c-Kit ) cells isolated at embryonic age 10.5 dpc. Representative 
flow cytometric plots for recipients transplanted with (A) no AGM-derived 
cells (control); (B) cells cultured with BMP4 (14 days); (C) cells cultured 
without BMP4 (14 days); (D) cells cultured overnight. Column 1: Forward 
angled light scatter and side scatter plots were constructed to identify three 
haematopoietic populations based on characteristics of cell size and 
granularity: granulocytes (G) (red circle), monocytes (M) (blue circle) and 
lymphoid cells (L) (yellow circle). Column 2: Density plots were constructed 
to show either unstained or IgG isotype control staining with GFP transgene 
expression levels.
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with BMP4 (B) cultured 14 days without BMP4 (C) cultured overnight. 
Phycoerythrin/Cy5-conjugated antibodies against lineage markers: B220 for B- 
cells; CD3 for T-cells; NK-1 for NK cells; GR-1 for granulocytes; CDl lb for 
myeloid cells; Ter-119 for erythroid cells. Boxed areas show percentage of 
potentially GFP-labelled cells co-expressing lineage markers which should be 
considered ‘less than’ values. 146



from transplanted GFP-positive AGM cells precultured with or without BMP4 were 

detected in the erythroid (Ter-119+), myeloid (GR-1+, CDl lb+) or lymphoid (B220+, 

CD3+, NK-1+) subpopulations of the recipient bone marrow (Figure 6.4A,B). It was 

therefore concluded that embryonic AGM-derived cells had failed to survive or engraft 

adult bone marrow.

6.4 Discussion

Based on the findings reported in the previous chapter, where BMP4 increased the 

growth/survival and multipotency of murine embryonic AGM-derived cells in vitro, the 

effect of BMP4-treatment on the in vivo repopulating potential of the same population 

was investigated. To permit the detection of transplanted donor cells in recipient bone 

marrow, AGM-derived CD34Vc-Kit^ cells were infected with a modified eGFP- 

lentiviral vector based system developed within the Molecular Immunology Unit at 

ICH. High-level gene transfer and expression were achieved in this embryonic 

population, comparable to levels reported for human CD34^ cord blood HSCs 

(Demaison et al, 2002), offering a potentially useful technique for the further genetic 

manipulation of primary embryonic cells including gene disruption and overexpression 

studies.

Flow cytometric lineage analysis of the hone marrow of recipient mice following 

transplantation of transduced CD34^/c-Kit^ AGM cells detected no significant level of 

engraftment by GFP-positive AGM-derived cells. It therefore appeared that in this study 

embryonic AGM cells did not achieve significant multilineage haematopoietic 

repopulation in any of the adult recipient mice analysed and it was not possible to 

accurately assess the effect of BMP4 on the repopulating capacity of AGM-derived 

cells.

The paucity of reconstitution in the present study may be due to a number of factors. 

Embryonic cells may have a selective disadvantage in the presence of adult 

haematopoietic progenitors. In addition, the total number of CD34^/c-Kit^ cells 

transplanted was very low compared to numbers used in other studies and, within this 

population, the proportion of HSCs with repopulating capacity may have been
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insufficient to compete with adult host cells. Low-level in vivo reconstitution by 

unsorted mid-gestation murine embryonic cells has been reported previously 

(Medvinsky et al, 1996). However, the number of donor cells in all lineages was only 

0.1-10% at 2 months post transplantation of 5x10^ cells, 10-fold more than the number 

used in this study. This compares to 31-45% multilineage reconstitution by human 

CD34^ cord blood cells (2x10^ cells) in immune-deficient NOD/SCID mice (Demaison 

et al, 2002). Moreover, transplantation of ex vivo cultured 10.5 dpc murine AGM cells 

into immune-deficient {Rag2'^'/Rag2f'^') mice has achieved only <0.5-2% myeloid 

reconstitution after 6-8 months (Cumano et al, 2001). Interestingly, in Rag2'^’ mice 

transplanted with 10.5 dpc AGM cells short-term reconstitution (1-3 months) was only 

detected in the myeloid lineage, not in B or T cells. Since the purpose of this study was 

to investigate the effect of BMP4 specifically, it was not possible to use total unsorted 

AGM cells in order to increase cell numbers since this would contain other cell types 

including stromal/accessory cells which secrete a variety of factors.

Multilineage reconstitution by murine embryonic cells therefore appears to be more 

difficult to achieve than with human postnatal cells. It may be possible to overcome 

some of thee problems by increasing the number of CD34Vc-Kit^ AGM cells 

transplanted, although this would involve greatly increasing the number of embryos 

used. It may also be necessary to use an immune-deficient recipient strain such as the 

NOD/SCID murine model to achieve statistically significant levels of engraftment.

148



Chapter 7

Discussion and Conclnsions

This thesis examines two aspects of mammalian stem cell development within the 

environment of the embryonic AGM region, the first site of adult-type multipotent HSC 

emergence. Firstly, it investigates the origin and formation of HSC clusters associated 

with the floor of the dorsal aorta to discover from which cellular source they derive and 

secondly, how stem cell specification and maintenance is regulated in this tissue. In 

terms of stem cell development and regulation, the ‘niche’ model discussed in Section 

1.2 describes the existence of discrete microenvironments within tissues in which the 

processes of stem cell lineage-commitment, self-renewal and differentiation can be 

separately regulated by a combination of positional and chemical signals.

The experimental approach in this study was to perform a comparative 

immunophenotypic and morphologic analysis of nascent HSCs and other cellular 

components within the mammalian embryonic AGM, to investigate the existence of a 

potential stem cell niche at the site of HSC emergence and to analyse the effects of 

BMP4 on the development of isolated murine AGM cells previously shown to have 

multilineage haematopoietic potential (Delassus et al, 1999).

Comparative analysis of protein expression patterns and morphology within the AGM 

region of human and murine embryos support a common cellular origin for 

haematopoietic and endothelial cells in vivo and provide evidence for the in situ 

generation of HSCs from a subset of pre-existing cells with haemangioblastic or 

haemogenic potential located within the floor of the dorsal aorta. At the time of HSC 

emergence cells within the aortic floor are undergoing considerable morphological 

changes and appear to be budding out from the vessel wall and aggregating into 

clusters. Interestingly, within the yolk sac blood islands of Runxl/AML 1-deficient 

murine embryos, the budding of haematopoietic cells from endothelium is impaired 

(North et al, 1999). The transient expression of Runxl in a subset of cells within the
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aortic floor immediately preceding the appearance of HSC clusters may therefore be 

involved in the localised budding activity observed in the present study.

A close examination of the mesenchymal tissue surrounding the dorsal aorta reveals 

morphological polarity across the dorso-ventral axis of the embryo and defines a ventral 

region that could potentially represent a stem cell niche supporting HSC emergence and 

proliferation. The possibility that this cell-dense ventral region represents a regulatory 

niche is further supported by the strikingly polarised expression patterns of the ECM 

molecule tenascin C and the growth factor BMP4 within the AGM region. Both 

molecules are expressed at high levels within the stromal-like region underlying the 

aortic floor and associated haematopoietic clusters suggesting that they may be involved 

in regulating haematopoietic activity within the mammalian embryonic AGM.

Consistent with such a role, BMP4 increases the survival and maintains the multipotency 

of AGM-derived cells in ex vivo culture to generate immature haematopoietic colonies 

and multilineage colonies consisting of three morphologically and phenotypically 

distinct cell types with endothelial, stromal or hematopoietic (CD45) characteristics. 

BMP4 therefore appears to identify a population of murine embryonic cells with 

haematopoietic and endothelial potential. It is not clear whether, in the absence of 

BMP4, this population fails to survive in culture or becomes lineage-restricted.

Similarly, the presence of more immature hematopoietic CPU in BMP-treated cultures 

could be due either to the generation of nascent HSCs from multilineage cells or 

alternatively to extending the multipotency of existing HSCs within the original sorted 

population.

7.1 Haemangioblast versus haemogenic endothelium

Collectively these observations support a model of HSC generation from pre-existing 

cells located within the ventral floor of the dorsal aorta in response to transient, local 

events involving BMP4. This could involve a relatively small subset of haemangioblasts 

restricted to the aortic floor or a more widely distributed population (summarised in 

Figure 7.1). Possibly the entire aorta could be composed of haemogenic cells with the 

potential to generate HSCs but the ventral polarisation of inductive signals prevents this 

from occurring in vivo.
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Figure 7.1 Possible arrangements of cells lining the dorsal aorta in the 
mammalian embryonic AGM. (A) a discrete subset of haemangioblasts 
(pink cells) are located within the floor of the aorta and regulated by signals 
from niche cells (blue cells) give rise to clusters of HSCs (red cells). The 
roof and sides of the aorta are composed of committed endothelial cells 
(purple cells). (B) the entire endothelial lining is composed of cells with 
haemangioblast/haemogenic potential but only ventral cells are exposed to 
haematopoiesis-inducing niche signals. (C) differentiated endothelial cells 
within the aortic floor undergo dedifferentiation and are reprogrammed to a 
haematopoietic fate in response to localised niche signals.
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Some insight into the distribution of haemangiopoietic potential within the dorsal aorta 

comes from studies in the avian system. Transplantation experiments involving the 

grafting of quail mesoderm onto chick hosts have shown that the roof and sides of the 

dorsal aorta are derived from the somatopleuroJl mesoderm and contain endothelial cells 

which lack haematopoietic potential whereas the ventral floor consists of 

splanchnopleural mesoderm-derived cells with haemangioblastic bipotential (Pardanaud 

et al, 1996). Haemangioblastic potential can be conferred on somatopleur«-' mesoderm 

on transient contact with endoderm or treatment with either VEGF, bFGF, or TGFpl 

(Pardanaud & Dieterlen-Lievre, 1999). Conversely, transient contact with ectoderm 

abolishes haemangiopoietic potential in splanchnopleurol mesoderm suggesting that a 

positive and a negative gradient modulates the haemangioblastic and endothelial 

potential of mesodermal cells prior to vessel formation. If this mode of vascular 

assembly is conserved in mammals, haematopoietic potential would be restricted to 

cells within the ventral floor.

A third possibility is that differentiated endothelial cells within the aortic floor undergo 

de/transdifferentiation in response to specific, local signals. In this scenario, the entire 

endothelium could potentially be reprogrammed to a haematopoietic fate but only cells 

within the aortic floor are exposed to the required signals in vivo. However, although 

some stem cell populations may be capable of a degree of plasticity when transplanted 

into a permissive environment as described in Chapter 1 (Section 1.2), the 

dedifferentiation of a lineage-restricted, differentiated cell into a stem cell of a different 

lineage has yet to be demonstrated in vivo in the mammalian system. In contrast, the 

existence of haemangioblasts is supported by lineage-tracing analysis mXenopus 

embryos, by in vitro studies using mammalian ES cell lines and in the present study by 

the multilineage capacity of AGM-derived cells cultured in BMP4.

Postnatal human bone marrow has also been reported to contain rare populations of 

cells with haemangioblast potential in vitro (Pelosi et al, 2002). Isolated adult BM- 

derived cells co-expressing CD34 and KDR cultured with VEGF generate multilineage 

colonies similar in morphology to the multilineage colonies generated from embryonic 

CD34^/c-Kit^ cells by BMP4 described in Chapter 5. These adult bone marrow-derived 

colonies contain cells expressing hematopoietic (CD45) and/or endothelial markers 

including von Willebrand factor (vWF), PECAM/CD31, VE-cadherin and VCAMl.
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Ihh-induced BMP4 signalling is also implicated in activation of vWF and PECAM 

expression as well as haematopoietic genes in Xenopus animal cap cells (Dyer et al.,

2001). Furthermore, while VEGF and its receptor KDR are expressed in endothelial 

cells and intraaortic HSC clusters within the human embryonic AGM region, in contrast 

to BMP4, there is no significant VEGF signal associated with the ventral stromal-like 

region underlying the aortic floor at the site of HSC emergence (Chapter 3). The role of 

VEGF in hematopoietic specification, beyond the putative hemangioblast stage, has not 

been investigated and it is possible that the adult CD34^/KDR^ population contains a 

residual hemangioblast pool with different growth factor requirements to embryonic 

CD34^/c-Kit^ population.

7.2 The role of BMP in the stem cell niche

Based on these observations, a possible model for HSC emergence within the AGM 

stem cell niche regulated by BMP is represented in Figure 7.2. A local concentration of 

BMP4 at the ventral interface between the aorta and underlying mesenchyme induces 

activation and proliferation of haemangioblasts/haemogenic precursors within the aortic 

floor, possibly via Runxl induction. This expansion of cell numbers in the endothelial 

monolayer causes overcrowding and localised ‘invagination’ of the aortic floor as cells 

are forced outwards, producing the budding activity revealed by electron microscopy in 

Chapter 3. Cells that lose direct contact with the interface undergo differentiation to a 

haematopoietic fate, similar to events in the drosophila ovariole described in Figure 1.2, 

and accumulate to form the HSC clusters. Signals at the interface may act to maintain a 

haemangioblast phenotype or activate haematopoietic specification. Alternatively, loss 

of contact with the interface may expose cells to external factors, such as TGFp, within 

the vessel lumen.

This model of stem cell regulation is consistent with a recent report that self-renewing 

germline stem cells (GSCs) within the drosophila ovariole are maintained by BMP 

signals produced from niche (cap) cells (Song et al, 2004). Short-range BMP signalling 

induces elevated levels of the downstream proteins Mad and Med in GSCs adjacent to 

cap cells at the niche interface. These proteins bind to the silencer element of a 

differentiation-promoting gene bag o f marbles (bam) repressing its transcription and
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migration

BMP4
BMP4

Figure 7.2 Schematic model of the establishment of the adult 
haematopoietic system. During mammalian embryogenesis, clusters of 
HSCs are generated by the BMP4-induced proliferation and budding of 
haemangioblasts located within the floor of the dorsal aorta. HSCs 
subsequently migrate to the foetal liver and the adult bone marrow where 
they undergo differentiation.
agm: aorta-gonad-mesonephros, ha: haemangioblast, ec: endothelial cell, 
hsc: haematopoietic stem cell, fl: foetal liver, bm: bone marrow, cmp: 
common myeloid progenitor, clp: common lymphoid progenitor.
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blocking differentiation to the next stage of germ cell development. As daughter GSCs 

move away from the cap cells and beyond BMP signalling range, bam is expressed and 

the cells differentiate. In this system, therefore, BMP maintains GSC self-renewal and 

blocks differentiation via repression of bam gene expression.

In the haematopoietic system, BMP appears to have a broader spectrum of effects on 

stem cell development, summarised in Table 7.1, ranging from induction of specific 

gene expression patterns in Xenopus cells to maintenance of a primitive phenotype in 

postnatal human HSCs. In murine embryos, as reported here, BMP4 supports the 

generation of, or maintains, the primitive phenotype of AGM-derived cells with 

multilineage potential that may represent a mammalian haemangioblast population.

BMP signals may also regulate gene expression patterns and haemangioblast fate 

specification in the AGM. Recently, BMP signalling has been implicated in adult murine 

bone marrow homeostasis (Zhang et al, 2003). In this study, transgenic mice lacking 

BMP type 1A receptor activity were found to have regional deformities of the long 

bones. Within these abnormal regions, an increased number of long term HSCs (ScalVc- 

kit'^/Lin~) in the bone marrow correlate with increased numbers of osteoblastic (SNO) 

cells lining the inner bone surface, compared to normal mice. The investigators 

concluded that this increase in HSCs was due to changes in the marrow 

microenvironment rather than a block in differentiation or programmed cell death and 

therefore postulated that SNO cells within the bone marrow niche support HSC 

proliferation. BMP indirectly regulates the number of HSCs by controlling niche size 

and therefore the number of HSCs.

Interestingly, in normal mice BMP receptor expression was not detected on the ScalVc- 

kit^/Lin HSC population implying that adult bone marrow HSCs cannot respond to 

BMP signals (Zhang et al, 2003). However, as previously stated, primitive LTR-HSCs 

(CD34VCD38 /Lin") derived from human cord blood do proliferate in ex vivo culture 

specifically in response to BMP4 suggesting that they do express receptors (Bhatia et 

al, 1999). This may reflect subtle molecular differences in the postnatal HSC 

subpopulations selected in these two studies. An extensive immunophenotypic or PCR- 

based analysis of embryonic, early postnatal and adult haematopoietic populations, 

isolated on the basis of the various antigenic profiles used in different studies, may 

clarify the expression patterns and relevance of BMP receptors during HSC 

development.
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Table 7.1 Reported functions of BMP signalling during embryonic and adult haematopoiesis

Cell/tissue type Species Function Reference

Animal cap cells (embryonic 
ectoderm)

Xenopus Induction of haematopoiesis Zhang & Evans et al, 1996 
Meadeffl/., 1998

Embryonic mesoderm Xenopus Activation of SCL in haemangioblasts prior to migration 
to dorsal aorta

Walmsley et al, 2002

Embryonic stem (ES) cells murine
human

Induction of haematopoiesis (globin expression) 
Self-renewal of primitive HSCs

Johansson & Wiles, 1995 
Chadwick et al, 2003

Embryonic AGM region murine Maintenance of haemangioblasts 
Induction of haematopoiesis

Chapter 3 of this thesis

Cord blood HSCs human Maintenance of LTR-HSC phenotype Bhatia e/ a/., 1999

Adult bone marrow HSCs murine Control of HSC number and bone marrow niche size via 
osteoblastic cells

Zhang et al, 2003



7.3 Morphogens and transcription factors: possible 

mechanisms for HSC ontogenesis

Morphogenesis generally can be divided into three main stages: epithelial-mesenchymal 

interactions which determine sites of activity; condensation (aggregation of similar cells) 

involving the determination and proliferation of precursors and their commitment to a 

particular lineage and, finally, terminal differentiation. These processes involve cell- 

ECM-growth factor interactions leading to the induction of specific transcription factors 

and activation of specific gene programmes.

For example, BMP4 and FGF8 combine to regulate the correct positioning of teeth in the 

developing mandibular arch (Neubuser et al, 1997). Ectodermal FGF signalling induces 

expression of the transcription factor Pax9, which marks the sites of tooth formation and 

may play a role in specifying primitive odontoblasts. FGF-induction of Pax9 is inhibited 

by BMP2 and BMP4, restricting the domains of Pax9 expression and tooth development. 

Interestingly, after these initial steps, BMP4 has an opposite, inductive effect on 

odontogenesis, mediating tissue interactions in the developing tooth. During tooth 

formation, condensed cells express the cell surface proteoglycan receptor syndecan 

which binds the ECM molecule tenascin with high avidity and, in so doing, modulates 

the transition of cells fi*om proliferation to differentiation (Hall & Miyake, 1995). 

Tenascin is upregulated during this process and it may function by immobilising growth 

factors, such as BMP and TGFp, favouring receptor-binding (Ruch et al, 1995).

Members of the FGF and BMP families also interact in the developing murine lung 

where FGF 10 expression in splanchnic mesodermal mesenchyme marks prospective 

sites of lung bud formation and induces proliferation and chemotaxis of the overlying 

endodermal epithelium (Weaver et al, 2000). FGF 10 induces a gradient of BMP4 

expression in the endoderm, which becomes localised to the tip of the extending lung 

bud, and inhibits FGF-induced proliferation. In this way, FGF and BMP4 regulate lung 

bud branching in a localised and specific way to attain the correct pattern.
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These examples illustrate how BMPs, FGFs and accessory factors including ECM 

molecules combine to mediate mesenchymal/epithelial interactions and to regulate cell 

specification across gradients, resulting in local and specific effects. BMPs and tenascin 

are also linked during chondrogenesis (cartilage formation). BMP2 expression in 

combination with low-level tenascin is associated with epithelial-mesenchymal 

interactions whereas higher concentrations of tenascin and BMP4 expression during the 

condensation phase initiate chondroblast differentiation (Hall & Miyake, 1995).

During Xenopus embryogenesis, BMP induces haematopoiesis via induction of 

transcription factors including SCL and GATA2 (Section 1.5). Members of the 

Runx/AML family of transcription factors have also been linked to the BMP pathway. 

For example, addition of a BMP4/7 heterodimer increases expression of AML3 in both 

osteoblastic and non-osteoblastic cell lines (Tsuji et al, 1998). Conversely, 

overexpression of a dominant negative truncated BMP receptor (type IB) blocks AML3 

expression and BMP-induced osteoblast differentiation in cultured murine calvariae cells 

(Chen et al, 1998). Exogenous BMP2 can also induce novel and transient expression of 

AML3 in myoblastic cells, which would normally differentiate to muscle, and 

concomitant expression of early osteo-related genes suggesting that BMP-induced 

AML3 expression may divert a committed myoblast to an osteogenic fate (Lee et al,

1999). Runx factors have also been shown to fimction together with Smad proteins, 

downstream effectors of BMP-signalling, to regulate specific gene expression patterns 

(Zaidi et al, 2002). In an in vitro mammalian cell-based system, BMP signalling 

activates Smad proteins, which translocate to the nucleus and colocalize with Runx 

factors at transcriptionally active sites. In this way, BMP-activated Smad-Runx 

complexes may regulate expression of target genes involved in lineage commitment. In 

the light of these observations, the transient expression of Runxl/AML 1 in the floor of 

the dorsal aorta in conjunction with the polarisation of BMP4 expression to this region is 

highly suggestive of a connection between BMP4 and Runxl/AML 1 in haematopoietic 

specification and budding in the embryonic AGM.

Recently, it has been shown that endothelial cells and HSCs within the dorsal aorta of 

9.5-11.5 dpc murine embryos express the growth factor receptor Notch 1 (Kumano et al, 

2003). The effects of Notchl-deficiency in transgenic embryos suggest that it may be 

involved in the development of both lineages. AGM (PSp) cells isolated from 9.5 dpc 

Notchr^' embryos, coincident with HSC cluster emergence, have impaired vascular
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network formation and haematopoietic CFU activity in culture and reduced 

reconstitution capacity in vivo. The expression of haematopoietic transcription factors 

(SCL, GATAI & 2, Runxl, Lmo2) measured by RT-PCR is also reduced in Notchl'^' P- 

Sp-derived cells. However, endothelial-associated genes (Flkl, Tiel, Tie2) and the 

markers CD34, c-Kit and VE-cadherin, described as indicators of haemangioblast cells, 

are expressed normally. Based on these observations, the investigators suggest that 

Notchl signalling is not essential for the formation of haemangioblasts but is 

subsequently required for induction of a haematopoietic programme, although 

haematopoietic development within the AGM region of Notchl'^' embryos in vivo was 

not investigated.

Importantly, PGR analysis did reveal that although expression of BMP type lA  receptor, 

BMP2, Hedgehog proteins (Shh, Dih) and other TGFs was unaffected in Notchl'^' PSp- 

derived cells, expression of BMP4 was significantly reduced implying that Notchl 

regulates BMP4 (Kumano et al, 2003). In agreement with this, overexpression of the 

Notch ligand Deltal in avian embryonic ectoderm induces or maintains BMP4 

expression to regulate neural crest formation (Endo et al, 2002). Moreover, Notchl 

itself is upregulated by Wnt signalling in adult murine bone marrow HSCs implying a 

sequential pathway of HSC development (Reya et al, 2003). The effects of the Wnt and 

Notch signalling pathways on HSC regulation (Section 1.7.5) may therefore be 

dependent upon and mediated by BMP4, which acts downstream of other morphogens in 

a similar way to that reported for Hedgehog proteins.

Based on expression patterns in the AGM and the observations described above, I have 

proposed a model for growth factor signalling in the progression from mesoderm, 

through haemangioblast to committed haematopoietic stem cell in the mammalian 

intraembryonic AGM region (Figure 7.3). BMP4 is involved early in the specification 

of mesoderm and may subsequently interact with FGF to convert PSp mesodermal cells 

to Flkl^ haemangioblasts and to expand the haemangioblast pool prior to lineage 

commitment. Mesodermal Flkl^ cells previously exposed to BMP signals express SCL 

and GATA2 and coalesce in the midline to form the dorsal aorta. A local concentration 

of BMP4, regulated or maintained by other factors (Wnt, Notchl, Hedgehogs), then 

activates or regulates a restricted programme of haematopoietic gene expression, via 

Smad proteins and Runxl, in haemangioblasts or hemogenic endothelial cells located in 

the floor of the dorsal aorta. BMP4 also stimulates proliferation or self-renewal of
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FlklVSCL^ haemangioblasts in the aortic floor. Endothelial cells in the roof and sides 

of the dorsal aorta may be derived from non-haematopoietic mesoderm, receive 

different developmental signals or are not exposed to a sufficiently high BMP4 signal to 

induce haematopoiesis. The increase in haematopoietic potential in AGM-derived cells 

reported in Chapter 5 of this thesis may therefore reflect the novel exposure of 

unstimulated aortic haemangioblasts to BMP ex vivo. Measuring changes in gene 

expression patterns, such as Runxl, in response to BMP in this population may help to 

confirm this.

The acquisition or loss of receptors and transcriptional regulators may define each stage. 

For example, changes in the relative levels of Flkl and SCL appear to mark the 

transition from bipotential precursor to lineage-committed stem cell in ES cells (Section 

1.6.3). In the 5-week human embryonic dorsal aorta, KDR (human Flkl) appears to be 

downregulated at the transcriptional level in the outermost cell layers of the HSC 

clusters (Labastie et al, 1998). Although it should be noted that, KDR expression at the 

protein level is maintained in the same embryonic population (Chapter 3) and is present 

on all blood-derived LTR-HSCs in mice (Ziegler et al, 1999).
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Figure 7.3 Proposed model of growth factor regulation of HSC generation and development in the mammalian 
embryonic AGM region. (A) Formation and expansion of Flkl ̂ haemangioblasts from mesodermal cells is controlled by BMP 
and FGF. BMP induces SCL expression in haemangioblasts that form the ventral dorsal aorta. Wnt-Notch signals induce or 
increase BMP4 expression ventral to the dorsal aorta. Hedgehog (Shh/lhh) may regulate BMP4 expression to create a local 
concentration in the stromal region underlying the aortic floor. BMP signalling, mediated by the ECM molecule tenascin C 
induces the generation of HSCs (characterized by expression of CD45, WASp, HCAM). Away from the BMP signal, 
haemangioblasts commit to an endothelial fate, possibly in response to VEGF signalling. Boxed areas show changes in antigenic 
profiles of (A) haemangioblasts, (B) endothelial cells and (C) HSCs identified in Chapter 3 (Runx 1 : North et al, 1999).
(B) BMP-activated Smad proteins in haemangioblasts within the aortic floor form a complex with Runxl to activate 
transcription of haematopoietic genes.
PSp: paraaortic splanchnopleuric mesoderm, me: mesodermal cell, ha: haemangioblast, ec: endothelial cell, hsc: haematopoietic 
stem cell, Tn-C: tenascin-C, Shh: Sonic hedgehog, Ihh: Indian hedgehog.



7.4 Future prospects

The role of intraembryonic haematopoiesis in the establishment of a definitive blood 

system has become progressively more apparent and appears to be a common 

developmental process across many species. However, the precise microenvironmental 

determinants of haematopoietic specification from haemangioblastic/hemogenic 

precursors are still not fully understood. Fate determination ultimately depends on the 

induction and maintenance of a programme of gene expression within a cell. In 

individual cells the response may be graded, dependent on the concentration levels of 

specific molecules, the level of sensitivity to the intensity of a particular signal and the 

coactivation of different receptors. Too little or too much of a particular signal may 

inhibit one programme of genes and permit or induce activation of an alternative 

programme. The successful generation of intraembryonic HSCs is therefore likely to be 

a balancing act involving the interplay of a number of factors on responding precursor 

cells. Likewise, extracellular cues influencing the decision of lineage-restricted stem 

cells to survive or die, proliferate or become quiescent, self-renew or differentiate may 

involve separate or overlapping signalling pathways.

Throughout the literature, HSC subpopulations have been isolated from a variety of 

haematopoietic tissues using a range of immunophenotypic criteria, making a direct 

comparison of the various recorded growth factor responses difficult. Standardisation of 

the selection criteria would therefore be extremely useful in deciphering the roles and 

interactions of growth factors in mammalian HSC generation and maintenance. To this 

end, the identification of novel surface markers expressed at the onset of haematopoiesis 

within the embryonic AGM region will greatly assist in identifying the most primitive 

HSC population in postnatal tissues for future analysis.

In the various haematopoietic populations investigated, a number of factors appear to 

influence haematopoietic development. The data presented in this thesis suggests that 

BMP4 plays a key role in embryonic HSC generation and maintenance. Placing BMP 

signalling in the direct line of the Wnt-Notch pathways and subsequent induction or 

regulation of critical haematopoietic transcription factors such as Runxl will help to 

decipher the complex molecular pathway involved in adult-type HSC development. One 

way to achieve this would be to block BMP signalling in Wnt/Notch treated cells or
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tissue expiants and measure subsequent changes in haematopoietic output and 

haematopoietic transcription factor expression. Production of stimulatory or inhibitory 

factors direct from lentiviral vectors transfected into target cells provides a direct, 

continuous and stable concentration compared to diffusible recombinent proteins. In 

Chapter 6 transduction levels of 70-80% were achieved in AGM-derived cells using this 

system suggesting that it may prove an effective method for manipulating signalling 

pathways.

Recently, specific inhibition of CD45 RNA transcripts and gene expression in murine 

bone marrow stem cells was demonstrated using short interfering RNAs (siRNAs) 

(Oliveira & Goodell, 2003). In this technique, short double-stranded RNAs encoded by 

lentiviral vectors bind to and degrade specific RNA sequences to silence specific gene 

expression at the posttranscriptional rather than the protein level (Abbas-Terki et al,

2002). This method has clear advantages over the use of antagonists or inhibitory 

factors, which may interfere in a number of signalling pathways. The development of 

inducible lentiviral siRNA systems that can be activated at different stages of 

development, for example in ES cells, will allow BMP-signalling to be specifically 

blocked in target cells and overcome the severe difficulties encountered in generating 

BMP knock-out transgenic mice.

There is some evidence to suggest that embryonic/early postnatal and adult HSCs are 

regulated differently. Although embryonic HSCs may not represent a viable source of 

stem cells for transplantation, other foetal tissues do contain potential reservoirs of 

HSCs for clinical use that may be regulated in a similar way. In humans, first trimester 

foetal blood contains significant numbers of multipotent HSCs capable of generating all 

mature haematopoietic lineages that could potentially be used for corrective gene 

therapy of immunodeficiencies (Campagnoli et al, 2000). Recently, murine placenta 

has also been shown to contain large numbers of multipotent foetus-derived HSCs from 

early pregnancy onwards (Alvarez-Silva et al, 2003). Human placental tissue may also 

prove to be a important source of primitive HSCs for transplantation.

Many of the growth factors described in this thesis have been studied with a view to 

their usefulness in therapeutic applications. However, they are clearly powerful 

molecules with a broad spectrum of effects, some of which may be undesirable and 

dangerous in a clinical context resulting in deregulated growth. Possibly, the further
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downstream a given factor occurs in the signalling hierarchy, the more specific its 

actions, reducing the risk of non-specific deleterious effects. An understanding of the 

precise mechanisms by which growth factors fimction and how stem cell niches work is 

therefore fimdamental to the development of safe and effective techniques and protocols 

for ex vivo expansion of human HSCs for transplantation and gene therapies.
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ABSTRA C T  The definitive long-term repopu
lating hum an hem atopoietic stem  cell, w hich  
seeds th e  adult blood system , w as previously  
th ou ght to d erive from the extra em bryonic yolk  
sac. H owever, there is now considerable evidence  
that in  both avian  and m urine system s, yolk  sac 
hem atopoietic ce lls are largely a transient, em bry
onic popu lation  and the definitive stem  cell, in 
fact, derives from a distinct region within the embry
onic mesoderm, the aorta gonad mesonephros re
gion. In the human embiyo, an analogous region has 
been found to contain a cluster o f cells distinct from, 
but closely dissociated with, the ventral endothelium  
of the dorsal aorta, the appearance o f which is 
restricted both spatially and temporally. We have 
used antibodies recognising hematopoietic regula
tory factors to further characterise this region in 
the human embryo. These studies indicate that all 
factors examined, including vascular endothelial 
growth factor and its receptor FLK-1, Fit 3 ligand  
and its receptor STK-1, and stem cell leukemia tran
scription factor, are expressed by both hematopoi
etic cells in the cluster and endothelial cells. How
ever, there is som e discontinuity in cells directly 
underlying the cluster. Furthermore, w e have iden
tified a morphologically distinct region o f densely- 
packed, rounded cells in the mesenchyme directly 
beneath the ventral wall o f the dorsal aorta, and 
running along its entire length. In the preumbilical 
AGM region, directly underlying the hematopoietic 
cluster, but not at more rostral and caudal levels, 
this region o f mesenchyme expresses tenascin C, an 
extracellular matrix glycoprotein known to facili
tate cell-cell interactions and migration. This re
gion o f cells may therefore provide the microenviron
mental support for the intraembiyonic development 
o f defin itive hem atopoietic stem  cells, a process 
in  w h ich  tenascin  C may play a pivotal role. D ev  
D yn 1999;215:139-147. © 1999 W iley-Liss, Inc.

Key words: hum an embryo; hem atopoiesis; hem a
topoietic stem  cell; aorta gonad m eso
nephros; tenascin-C

INTRODUCTION
The mammalian embryonic circulation is first sup

plied with blood cells derived from the extraembryonic 
mesoderm of the yolk sac (YS). As the embryo develops, 
hematopoiesis switches to the liver and then to the bone 
marrow, which supplies the adult multilineage blood 
system (Moore and Metcalf, 1970; Zon, 1995). Previ
ously, it was thought that these hematopoietic organs 
were seeded by YS-derived hematopoietic stem cells 
(HSC). However, evidence from both avian and mouse 
models strongly suggests that these YS-derived hemato
poietic cells are largely a primitive, transient popula
tion, which contribute only minimally to the definitive 
blood system (Dzierzak et al., 1998). Grafting of chick 
YS to quail embryos has demonstrated th a t the thy
mus, bursa of fabricus, and bone marrow are preferen
tially populated by intraembryonic HSC. Only a few 
erythroid cells are YS-derived, and all later definitive 
blood cells originate within the embryo itself (Dieterlen- 
Lievre, 1975; M artin et al., 1978). A region of the 
m urine embryonic splanchnopleuric mesoderm, 
bounded by the dorsal aorta, gonadal ridge, and pro/ 
mesonephros, and named the aorta-gonad-mesoneph- 
ros (AGM) region, has also been identified as a potent 
source of multipotent HSC a t 8.5-10.5 days post coi- 
tum, preceding their appearance in foetal liver (Medvin- 
sky et al., 1993; Godin et al., 1995; Medvinsky and 
Dzierzak, 1996; Cumano et al., 1996; Nishikawa et al., 
1998). Comparison of the reconstituting ability of YS 
and embryonic tissue in irradiated mice has recently 
supported the suggestion th a t the major source of 
pluripotent long-term repopulating (LTR)-HSC is in
deed intraembryonic (Muller et al., 1994; Sanchez et 
al., 1996). Taken together, these observations suggest 
that the AGM region is the primary generator of 
LTR-HSC, which then colonize the foetal liver.
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Fig. 1. A: 34-day human embryo showing preumbilical region contain
ing aorta-gonad-mesonephros, from which transverse sections were 
obtained for immunostaining (enclosed region), h, heart; I, liver; al, 
anterior limb bud; AGM, aorta-gonad-mesonephros. B: Low magnification 
of transverse section showing CD34 expression, da, dorsal aorta; m, 
mesonephros; nt, neural tube. Original magnification (CM) x15. C:

%

Higher magnification of the same section, showing CD34+ endothelial 
cells (e) lining the dorsal aorta and other vessels (v). A cluster of round 
CD34* cells (c) is associated with the ventral aspect of the dorsal aorta. 
DM x78. D: The hematopoietic-specific marker CD45 is expressed by the 
ventral cell cluster (c) but not by endothelial cells lining the dorsal aorta 
(e). CM X78.

In the chick embryo, it has long been thought that 
clusters of cells appearing on the inside wall of the 
dorsal aorta represent the first sign of intraembryonic 
hematopoiesis. In culture, cells within the wall of the 
aorta at 3-4  days have hematopoietic potential (Cormier 
et al., 1986). More recently, sim ilar clusters of round 
cells have been found in mouse and human embryos 
(Wood et al., 1997; Tavian et al., 1996). These cells 
express CD34, a membrane glycoprotein which marks a 
population of cells that includes the majority of defini
tive HSC. In the human embryos analyzed, CD34 + 
clusters were found only along the ventral aspect of the 
dorsal aorta in the preumbilical AGM region around the 
level of the anterior limb bud, and only between 30-37

days gestation. These clusters also expressed the hem a
topoietic-specific pan-leukocyte marker CD45, and when 
cultured with bone marrow stromal cells, this region of 
the AGM was found to have hematopoietic potential 
(Tavian et al., 1996).

In all cases, these intra-aortic clusters are closely 
associated with the endothelial cells lining the dorsal 
aorta, which also express CD34. However, despite a 
considerable amount of suggestive evidence, it is un
clear whether they are derived in situ from a common 
hemangioblast precursor or arise from a separate popu
lation and migrate to the aorta. Recent experim ents 
have demonstrated the production of both endothelial 
and hematopoietic cells from murine embryonic stem
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Fig. 2. Expression of hematopoietic growth factor receptors and 

ligands in the AGM region of a 34-day human embryo. A: The Flk-1 
(VEGF) receptor is expressed by endothelial cells (e) and by cells in the 
CD34+ cluster (c) associated with the ventral wall of the dorsal aorta. B: 
VEGF is also expressed by cells in the C D 34- cluster (c) and endothelial 
cells (e). C: STK-1, the human homolog of the murine Flt-3/Flk-2 receptor, 
is expressed on cells in the CD34* cluster (c) and by endothelial cells 
lining the aorta (e) but not by endothelial cells immediately underlying the

ventral cluster (e'). D: Similarly, FL, the STK-1 ligand, is expressed by 
cells in the CD 34- cluster (c) and endothelial cells (e), except those 
underlying the cluster (e’). E: The transcription factor SCL is also 
expressed by cells in the cluster (c) and by endothelial cells lining the 
aorta (e), except those immediately underlying the ventral cell cluster (e'). 
F: Where the CD34-*- cell cluster is detached from the wall of the aorta, 
the endothelial lining of the aorta remains intact and contains CD 34- 
cells. CM x78 for all sections.
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cells via a blast cell th a t expresses CD34, SCL, and 
Flk-1, and which proliferates in response to VEGF and 
SCF (Kennedy et al., 1997; Choi et al., 1998), suggest
ing th a t these two lineages may derive from a common 
precursor. The developmental signals regulating their 
appearance are as yet unknown.

To further characterise the CD34 -f cell clusters in the 
AGM region and to explore their possible hemangioblas- 
tic origin, we analysed three human embryos, aged 
33-34 days of gestation, by immunostaining with anti
bodies to a number of early regulatory hematopoietic 
markers. These markers were stem cell leukemia (SCL/ 
7a7-7), FLK-1/KDR, and STK-1. In mouse, the transcrip
tion factor SCL is essential for the development of the 
definitive hematopoietic system. Disruption of the gene 
severely affects both primitive and definitive lineages 
(Kallianpur etal., 1994; Shivdasani et al., 1995; Porcher 
et al., 1996; Elefanty et al., 1997). FLK-1 is the receptor 
for vascular endothelial growth factor (VEGF) and 
Flk-1-deficient mice die in utero with severe reduction 
in hematopoietic progenitors and failure of organised 
vessel formation (Shalaby et al., 1995, 1997; Kabrun et 
al., 1997). STK-1, the human homolog of the murine 
Flt-3/Flk-2 receptor, and its ligand, FL (Flt-3 ligand), are 
thought to synergise with other factors, such as c-KTT/SCF, 
in promoting the proliferation of early progenitor cells 
(Lyman and Jacobsen, 1998; Small at al., 1994).

In addition, to better understand the spatially and 
temporally restricted appearance of the CD34-f- clus
ters, we examined their relationship with the aortic 
endothelium and underlying mesenchymal tissue by 
analysing the expression of the extracellular matrix 
(ECM) molecules fibronectin and tenascin-C. Tenascin 
is a large hexameric glycoprotein th a t is expressed in a 
distinct spatiotemporal pattern during development. In 
the embryonic nervous system, it is thought to regulate 
neuronal migration (Chuong et al., 1987) and is ex
pressed in cells undergoing epithelial-mesenchymal 
transformations in the tooth, lung, and kidney (Crossin 
et al., 1986; Prieto et al., 1990). In the adult, it is 
upregulated during wound healing (Mackie et al., 1988) 
and in certain tumours, including astrocytomas and 
mammary tumours (Mackie et al., 1987; Zagzag et al.,
1996). Tenascins can act either as adhesive or counter
adhesive molecules influencing cell shape, physiology, and 
motility. Fibronectin, another ECM glycoprotein, is also 
expressed during embryogenesis, wound healing, and tu- 
morigenesis. Both tenascin and fibronectin are expressed 
in murine bone marrow (BM) stromal cells in culture and 
tenascin-C has been shown to have a strong mitogenic 
effect on BM mononuclear cells (Seiffert et al., 1998).

Mice lacking fibronectin have extensive abnormali
ties in neural, mesodermal, and vascular tissues, result
ing in embryonic lethality. Hematopoiesis is also se
verely reduced (George et al., 1993). In contrast, 
tenascin-C-deficient mice appear to develop normally, 
are fertile, and have no identifiable abnormalities in 
any tissues examined (Saga et al., 1992; Erickson,
1997). Regulation of embryonic hematopoietic develop

ment in these m utant mice in vivo has yet to be fully 
investigated. However, in culture, the ability of bone 
marrow cells derived from tenascin-C-deficient mice to 
support hematopoietic activity is greatly reduced when 
compared with normal bone marrow (Ohta et al., 1998), 
suggesting a role for tehascin-C in hematopoietic devel
opment. In the day 3 chick embryo, tenascin-C is found 
associated with intra-aortic HSC and adjacent ventral 
mesoderm (Anstrom and Tucker, 1996).

This association of tenascin-C and fibronectin with 
proliferating, migrating, and transforming cells, and 
the possible role of tenascin-C in stromal support of 
HSC, prompted us to investigate their expression in the 
human AGM when intra-aortic HSC clusters are pre
sent. We report the presence of a morphologically 
distinct region of tissue underlying the ventral wall of 
the dorsal aorta in which tenascin-C is expressed a t the 
level of the CD344- cell clusters, but not a t more rostral 
and caudal levels. These data suggest that there may be 
a stromal layer beneath the ventral wall of the dorsal 
aorta, which could support the emergence of hematopoi
etic stem cells.

RESULTS 
Clusters o f CD34+ Cells in the Human 
AGM Region

The membrane glycoprotein CD34 is thought to be 
expressed by the majority of pluripotent hematopoietic 
stem cells. It is also expressed on both embryonic and 
adult endothelial cells. We analysed transverse sec
tions taken from the AGM region of three human 
embryos, one aged 33 days and two aged 34 days, as 
indicated in Figure 1 A. In agreement with Tavian et al. 
(1996), we observed clusters of round CD34-I- cells 
associated with the ventral wall of the dorsal aorta 
within the preumbilical AGM region in all three em
bryos (Fig. 1B,G). The hematopoietic-specific pan
leukocyte marker CD45 was expressed by cells in the 
CD34-I- cluster but not by endothelial cells lining the 
dorsal aorta (Fig. ID).

Expression o f Growth and Transcription Factors 
W ithin the Human AGM Region

The growth factor receptor FLK-1 was expressed by 
cells in the CD34-I- intra-aortic cluster and by endothe
lial cells lining the dorsal aorta a t the level of the AGM 
region (Fig. 2A). The FLK-1 receptor ligand, VEGF, was 
expressed in a similar pattern to its receptor in both 
cluster and endothelial cells (Fig. 2B). STK-1, the 
hum an Flt-3/Flk-2 receptor, was also expressed by the 
GD34-H cluster and by endothelial cells around the 
dorsal and lateral aspects of the aorta, but endothelial 
cells directly beneath the cluster were negative (Fig. 
2G). These underlying STK-1-negative cells have been 
previously defined as endothelial cells on the basis of 
expression of the endothelium-specific lectin Ulex euro- 
paeus, which is absent from other cells in the CD344- 
cluster (Tavian et al., 1996). In contrast, STK-1 was 
expressed in all endothelial cells lining the dorsal aorta
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T A B L E  1. E x p re s s io n  P a tte rn s  o f  E a r ly  H e m a to p o ie tic  
M a r k e rs  in  th e  P r e u m b ilic a l A G M  R e g io n  o f  a  34 -D ay  

H u m a n  E m b ry o

Antibody
Hematopoietic 

cells (HC)
Endothelial 
cells (EC)

Ventral EC 
underlying 

HC
CD34 yes yes yes
CD45 yes no no
Flk-1 (receptor) yes yes yes
VEGF yes yes yes
STK-1 (receptor) yes yes no
Flt-3 ligand yes yes no
SCL yes yes no

at more rostral and caudal levels of the embryo, where 
there was no evidence of a cluster of CD34+ cells (data 
not shown). The pattern of expression of FL was similar 
to th a t of its receptor, although expression in the 
CD34 + cluster appeared stronger than in neighbouring 
endothelial cells (Fig. 2D).

The transcription factor SCL was expressed by cells 
in the CD34+ cluster and by the endothelial cells lining 
the dorsal aorta, but as in the case of STK-1, was 
apparently absent from endothelial cells directly be
neath the cluster (Fig. 2E). As with STK-1, outside the 
AGM in the postumbilical caudal region of the same 
embryo, no CD34+ cell clusters were visible and SCL 
expression in the endothelial cells lining the aorta was 
continuous (data not shown). Along the length of the 
AGM region, it was not unusual for the CD34+ cluster 
to be slightly detached from the ventral wall of the 
dorsal aorta. This is most likely an artefact of tissue 
processing a t points of weak attachment. In serial 
sections where this occurred, the integrity of the under
lying CD34+ endothelium lining the ventral aorta 
remained intact (Fig. 2E,F) and the lack of expression 
of some molecules in this layer was not due to detach
ment with the cluster.

Immunostaining with antibodies to the transcription 
factor GATA-2, the stem cell factor receptor c-KIT, and 
the cell adhesion molecule VE-cadherin showed a simi
lar pattern  to FLK-1, with expression in both CD34 + 
cluster and endothelial cells, including those underly
ing the hematopoietic cluster (data not shown).

Thus, all the above molecules, expressed by endothe
lial cells lining the dorsal aorta a t the preumbilical 
AGM level, were also expressed by cells in the CD34 + 
cluster. However, a t the level of the AGM, the ventral 
endothelial cells immediately beneath the cluster did 
not express STK-1/FL or SCL. These results are sum
marised in Table 1. It was notable th a t the primitive 
nucleated erythroid cells circulating in the lumen of the 
aorta were negative for all the antibodies used in this 
study.

D efinition o f a Stromal Cell Layer at the Ventral 
Wall o f the Dorsal Aorta

A more detailed examination of immunostained hu
man embryo sections revealed a morphological polarity

of the tissue surrounding the dorsal aorta. We observed 
a region of densely-packed cells, resembling a stroma, 
in the mesoderm beneath the ventral wall of the dorsal 
aorta (Fig. 3A). The depth of this region was variable 
from section to section, but within the AGM region, was 
always associated wit^ the same part of the ventral 
wall as the intra-aortic GD34 + cluster. However, it was 
not restricted to the preumbilical AGM level, and was 
also found in more rostral and caudal sections in all 
embryos studied, where no CD34+ cluster was present 
(data not shown).

In the light of this observation, we looked a t the 
expression of ECM molecules in the tissue surrounding 
the dorsal aorta. The stroma-associated molecule fibro
nectin was expressed in a broad band around the entire 
aorta, both a t the level of the CD34+ cell cluster (Fig. 
3B) and a t more rostral and caudal levels (data not 
shown). However, immunostaining with an antibody 
specific for the human ECM glycoprotein tenascin-C 
revealed a distinctive pattern of expression a t the level 
of the CD34+ cell clusters, compared to more rostral 
and caudal levels. At the preumbilical level of the 
CD34+ cluster, tenascin-G was expressed a t high lev
els, specifically in the region of densely-packed, rounded 
cells beneath the ventral wall of the aorta (Fig. 3C,D). 
In contrast, a t more rostral and caudal levels of the 
same embryo, this pattern was reversed, with much 
lower expression in this region compared to the su r
rounding tissue (Fig. 3E).

DISCUSSION
The mechanism by which the adult definitive blood 

system forms during development is not fully under
stood. It involves the generation of many diverse cell 
types from a single precursor. The successful genera
tion of each type of blood cell from the earliest multipo
tential precursor to the final m ature phenotype, in 
appropriate numbers to supply an effective hematopoi
etic system, involves the interplay of many hematopoi
etic growth and survival factors, receptors, signalling 
molecules, and transcription factors. Transcription of 
SCL, c-myb, GATA-2, GATA-3, and FLK-1 has recently 
been detected in the preumbilical AGM region of the 
human embryo by in situ hybridisation (Labastie et al., 
1998). We have extended these findings by dem onstrat
ing protein expression of the growth factors VEGF and 
FL (Flt-3 ligand), their receptors, FLK-1 and STK-1, 
respectively, and the transcription factor SCL, by the 
aorta-associated hematopoietic cells in this region. 
These cells also express the SGF receptor, c-KIT, the 
hematopoietic transcription factor GATA-2, and the cell 
adhesion molecule VE-cadherin (data not shown). Our 
findings support the idea that this cluster represents a 
site of intraembryonic hematopoiesis.

The origin of this intra-aortic cluster of CD34+ cells 
is, as yet, unknown. However, increasing evidence 
suggests th a t the hematopoietic and endothelial cell 
lineages arise from a common ancestral precursor, the 
hemangioblast,' and that cells in the CD34+ cluster
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Fig. 3. Expression of ECM molecules in the 34-day human embryo. A: 
Haematoxylin and eosin staining, showing a densely-packed region of 
cells (arrows) in the mesenchymal tissue beneath the ventral wall of the 
dorsal aorta. Magnification x 10. B; The cell adhesion ECM molecule 
fibronectin is expressed around the entire aorta within the AGM region. 
CM x39. C: High level expression of tenascin-C is restricted to the region 
of densely-packed, rounded cells beneath the cluster of CD34* cells 
associated with the ventral wall of the dorsal aorta. Much lower levels of 
tenascin-C are found in the mesenchymal layer surrounding the rest of the

dorsal aorta. OM x39. D: Higher magnification of (C) showing high levels 
of tenascin-C in the region of densely-packed, rounded cells. The 
endothelial cells (e) and associated CD 34- cluster of cells (c) are 
negative. OM x78. E: In a more caudal section of the sam e embryo, 
tenascin-C is expressed in ventral mesenchymal tissue but at very low 
levels in the region immediately beneath the ventral dorsal aorta. No 
cluster of CD 34- cells is associated with the wall of the aorta at this level. 
OM x39. F: Nearby section from the sam e embryo a s (E) stained for 
CD34 to show the location of endothelial cells (e). OM x39.
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are derived from precursors underlying, or within, the 
endothelium (Jaffredo et al., 1998). In support of this, 
we found th a t all molecules expressed by cells in the 
cluster were also expressed by endothelial cells lining 
the dorsal aorta.

In mice lacking the Flk-1 receptor, organised vessels 
fail to form in both the embryo and yolk sac and 
hematopoietic progenitors are severely reduced in num
ber, leading to early embryonic death (Shalaby et al., 
1995). The onset of hematopoiesis in the ventral endo
thelium of the dorsal aorta in the chick is marked by a 
CD45+/Flk-1(VEGF-R2)- phenotype, the rest of the 
aortic endothelium being CD45-/Flk-1 + (Jaffredo et al.,
1998). The situation would appear to be different in the 
human, as the endothelial cells immediately underly
ing the CD34+/CD45+ cluster appear to be CD45 
negative (Tavian et al., 1996). In addition, both we and 
Labastie et al. (1998) report FLK-1 expression in the 
aorta-associated CD34+ cells. Labastie et al. observe 
that, in the hum an AGM, FLK-1 transcripts are ex
pressed in a gradient with lower levels of mRNA in the 
intra-aortic CD34+ cluster, compared to the adjacent 
endothelial cells. However, we find that a t the protein 
level, FLK-1 is expressed equally in both cluster and 
endothelium. This may reflect a difference in the rela
tive stability of these transcripts in the different cell 
types and does not preclude transcriptional down- 
regulation of FLK-1 as a mark of commitment of a 
bipotential progenitor to the hematopoietic lineage, as 
they suggest. Flk-1-i- cells isolated from embryonic 
chick mesoderm are bipotential and can differentiate 
into either endothelial or hematopoietic cells in culture 
(Eichmann et al., 1997). The decision as to which 
lineage to commit to appears to depend on which ligand 
binds the receptor. Endothelial diÈerentiation requires 
the presence of VEGF, while hematopoiesis is VEGF- 
independent and requires an alternative, as yet uniden
tified, Flk-1 ligand.

Based on the shared expression patterns of a number 
of key hematopoietic and endothelial factors, our find
ings support the idea of a common progenitor with the 
potential to give rise to both lineages. It is intriguing 
th a t both FL and its receptor, STK-1, are undetectable 
in the endothelial cells directly beneath the CD34 + 
cluster, while they are expressed by all other dorsal 
aorta endothelial cells a t this axial level, and are 
expressed by all of the endothelial cells of the dorsal 
aorta a t more rostral and caudal levels. This suggests 
th a t down-regulation of FL/STK-1 signalling may be 
im portant in the development of the CD34+ cell clus
ter. Interestingly, the transcription factor SCL showed 
a similar discontinuous expression pattern to FL and 
STK-1, although no link between SCL and FL/STK-1 
signalling has thus far been reported.

In addition, we have identified a morphologically 
distinct region, composed of densely-packed, rounded 
cells in the mesenchyme directly beneath the ventral 
wall of the dorsal aorta. This region appears to extend 
the length of the aorta, and a t the preumbilical level.

underlies the CD34+ cluster. The possibility that these 
cells perform a stromal function prompted us to look at 
the expression of molecules th a t are known to play a 
central role in cell differentiation and proliferation 
through their ability to influence cell aggregation and 
migration. We have found th a t the EGM molecule 
tenascin-C has a distinct pattern of expression in the 
human AGM. At the preumbilical level of the CD34 + 
cluster, tenascin-C expression is concentrated in the 
stroma-like' region of mesenchymal cells underlying 
the ventral wall of the dorsal aorta. In serial sections, 
we have observed that this region of tenascin-C expres
sion always lies beneath the cluster of CD34+ cells 
even when this is skewed towards one side of the aorta 
(data not shown). Outside the AGM, the pattern is 
reversed, with comparatively little tenascin-C expres
sion within this stromal' region. In contrast, expression 
of the cell adhesion EGM molecule fibronectin is rela
tively uniform both around the dorsal aorta and along 
its length. The impaired ability of BM stroma derived 
from tenascin-C-deficient mice to support hematopoi
esis in culture can be rescued by the addition of 
fibronectin (Ohta et al., 1998), which may explain the 
apparently normal hematopoietic system in the adult. 
However, early embryonic hematopoietic events have 
not been studied, and the existence of hematopoietic 
cell clusters and the development of HSC in the ACM of 
these mice are therefore of considerable interest. We 
are currently investigating this region in tenascin-C- 
deficient embryos.

During the preparation of this manuscript it was 
reported that smooth muscle a-actin, a m arker of 
human bone marrow stromal cells (by immunohisto- 
chemistry), and the adhesion molecule HCA (by in situ 
hybridisation) are expressed in the mesenchyme under
lying the ventral endothelial wall of the embryonic 
aorta (Tavian et al., 1999; Cortes et al., 1999). These 
findings are consistent with our own and suggest that 
this region of the ACM performs a specialized function 
related to the development of the overlying hematopoi
etic cells.

Our findings support a model for the generation of 
definitive blood cells in which human embryonic hema
topoietic stem cells arise from hemangioblastic progeni
tors in the ventral wall of the dorsal aorta. The transi
tion from bipotential progenitor to hematopoietic stem 
cell could be marked, and possibly controlled by, loca
lised changes in the levels of SCL and FL/STK-1 in 
ventral endothelial cells. High-level expression of tenas
cin-C in the stroma' beneath the CD344- cluster may be 
required for its anti-adhesive properties, allowing cells 
at the surface to detach from the ECM, proliferate, and 
differentiate along the hematopoietic pathway.

If a common precursor does exist, a key stage in the 
development of a definitive blood cell would be to 
distinguish itself from its endothelial relations by em
barking on a different developmental pathway. Identifi
cation of the mechanisms that control this very early 
step would be a major advance in our understanding of



146 MARSHALL ET AL.

hematopoietic development and could have important 
implications for the treatm ent of immune diseases, 
leukemias, and other blood disorders.

EXPERIMENTAL PROCEDURES 
Human Tissue Collection and Processing

Hum an embryos were obtained from the MRC- 
funded Hum an Embryo Bank, maintained a t the Insti
tute of Child Health, London, England. These embryos 
were collected, with full ethical permission, from social 
term ination of pregnancies using either RU486 or 
surgical methods. The precise post-fertilisation stage of 
embryonic development was determined by assessment 
of external morphology (Larsen, 1993). Embryos were 
fixed immediately after collection in 4% paraformalde
hyde in PBS for a t least 24 hr a t 4°C. They were then 
washed twice in PBS and once in 50% ethanol in PBS 
before storing in 70% ethanol at 4°C until needed. 
Embryos were then dehydrated through to 100% etha
nol, cleared in HistoClear before embedding in paraffin 
wax (Raymond Lamb) and allowed to set overnight at 
4°C. Tissue was sectioned a t 6mm, transversely to the 
umbilical region, and mounted on TESPA-coated slides.

Antibodies and Section Staining
Tissue sections were immunostained using the follow

ing antibodies, (name/clone appearing in parantheses 
after the antigen); CD34 (Anti-HPCA-1), CD45 (Anti- 
Hle-1), both from Becton Dickinson (UK), Flk-1 or 
VEGF-R2 (A-3), VEGF (SC-507), STK-1 (the Flt-3 
receptor; C-20), all from Santa Cruz Biotechnology 
(Santa Cruz, CA), Flt-3 ligand, from Cenzyme Diagnos
tics (UK), SCLITal-1 (BTL242), courtesy of Dr Karen 
Pulford (Department of Cellular Science, University of 
Oxford), Tenascin-C (TN2) from DAKO (UK), and Fibro
nectin (Ab-4 (568)) from Neomarkers (CA, USA).

Paraffin sections were dewaxed twice in HistoClear 
for 10 min and rehydrated through an alcohol series to 
50% ethanol. For all primary antibodies except anti- 
tenascin-C and anti-fibronectin, sections were pre
treated by microwaving for 10 min in citric acid buffer 
pH6, followed by rapid cooling, to unmask antigen. 
Sections to be stained for tenascin-C and fibronectin 
were pre-treated with trypsin (Sigma, UK) a t 1 mg/ml in 
PBS for 7 min a t room temperature. All sections were 
then washed in distilled water before placing in 3% (v/v) 
hydrogen peroxide solution in PBS for 15 min to block 
endogenous peroxidases, followed by washing in PBS. 
Non-specific antibody binding was blocked by 10% 
normal goat serum in PBS for 20 min. Sections were 
incubated with primary antibody (diluted with 1% BSA 
in PBS) overnight a t 4°C, washed with 0.1% Triton 
X I00 in TBS and then incubated with biotinylated goat 
anti-mouse/rabbit Ig antibody (DAKO Duet kit) for 30 
min, followed by a streptavidin-biotinylated peroxidase 
complex for 30 min, both at room temperature. Peroxi
dase activity was visualised using SICMA FAST DAB 
peroxidase substrate (3,3' -Diaminobenzidine). Sections 
were counterstained with methyl green (Vector Labora

tories, UK) for 10 min, dehydrated through a butanol 
series, and equilibrated in HistoClear for 10 min. Slides 
were mounted in DPX m ountant (Merck, UK) and 
viewed using an Olympus BH2 microscope.

Haematoxylin and eosin stained sections were rehy
drated as above, placed in Ehrlich’s haematoxylin for 10 
min, washed and dipped in acid alcohol (1% HCl in 70% 
ethanol). Sections were then stained in eosin (1% in 
distilled water) for 10 min, washed, dehydrated through 
ethanol to 100%, and equilibrated in HistoClear. Slides 
were mounted as above.
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Brief report

Polarized expression o f bone morphogenetic protein-4 in the human 
aorta-gonad-mesonephros region
C a ro lin e  J. M arshall, C h r istin e  K innon, an d  A drian J. T h rash er

In the mammal, definitive hem atopoietic  
stem  c e lls  (HSCs) are first derived from  
m esod erm al c e lls  within a region of the  
em bryon ic para aortic sp lanchnopleura  
know n a s  the aorta-gon ad -m eson ep h ros  
(AGM). Within th is  reg ion , H SCs are 
thou gh t to arise from hem angiob last pre
cu rso rs located  in the ventral wall o f the  
dorsal aorta. However, the factors that 
regulate HSC d evelop m en t in vivo are still 
largely unknow n. B one m orphogenetic  
protein (BMP)-4, a m em ber of the trans-

In troduction ________________

forming growth factor beta (TGF-P) super
family o f growth factors, is  a potent ven- 
tralizing factor and h a s b een  im plicated in 
the com m itm ent o f em bryonic m esod er
mal c e lls  to a hem atopoietic fate in a 
num ber of sy s te m s . In the human AGM, 
w e find that BMP-4 is e x p ressed  at high  
levels, and with striking polarity, in a 
region of d en se ly  packed c e lls  underlying  
intra-aortic hem atopoietic clusters. In co n 
trast, TGF-pi is ex p ressed  predom inantly  
by hem atopoietic ce lls  within the c lu s

ters. T h ese  find in gs im plicate both BMP-4 
and TGF-pi in the initiation and regula
tion o f  h em a to p o ies is  in the human AGM. 
Furthermore, the distribution of BMP-4 
e x p ressio n  is highly su g g e s t iv e  o f a di
rect role in the specification of human hema
topoietic cells from embryonic m esoderm  in 
vivo. (Blood. 2000;96:1591-1593)

) 2000 by The American Society of Hematology

The major source o f  definitive murine HSCs has been mapped to 
the embryonic AGM , at a time when clusters o f  hematopoietic cells 
are found adhering to the ventral wall o f  the dorsal a o r t a .T h e  
appearance o f  clusters is restricted to between 9.5 to 11.5 days post 
coitum in the m ouse and 30 to 37 days gestation in the human. 
These cell clusters express a number o f  m olecules in common with 
endothelial cells lining the wall o f  the dorsal aorta, including the 
membrane glycoprotein CD34, the transcription factors SCL and 
GATA-2, and the growth factors receptor c-K.it and FLK-1 The 
shared expression patterns and the close physical association 
between the HSC cluster and the endothelium has led to the 
suggestion that both lineages arise from a common hemangioblast 
precursor located within or underlying the wall o f  the dorsal aorta. 
In addition, the marked asymmetry o f  this process suggests that 
cluster formation is not a stochastic event, but one that is 
determined by microenvironmental signals localized to the ventral 
aortic wall.

Thus far, the factors that regulate hemangioblast differentiation 
in vivo  remain unknown although analysis o f  hematopoietic 
developm ent in low er vertebrates suggests that members o f  the 
TGF-P superfamily o f  secreted polypeptide growth factors, includ
ing the bone morphogenetic proteins (BM P) play a critical role. 
During em bryogenesis, BM Ps are thought to specify a variety o f  
cell fates dependent on concentration gradients, and expression o f  
antagonistic factors such as activin and noggin.'^ One family 
member, BM P-4, is known to induce ventral mesoderm, the tissue 
that w ill eventually give rise to the hematopoietic system. Evidence 
from studies using Xenopus laevis suggests that BM P-4 is also 
involved in the commitment o f  mesodermal cells to the blood 
lineage.* In X enopus, HSCs arise in the embryonic ventral m eso

derm, which contains the dorsal lateral plate, a region analogous to 
the mammalian AGM. Ectoderm-derived animal cap cells, which 
do not normally give rise to blood cells, can be induced to do so in 
vivo after treatment with ectopic BM P-4. After mesoderm has 
formed, expression o f  a dominant negative BM P-4 receptor inhibits 
normal hematopoietic developm ent, and mutant embryos lacking 
BM P-4 expression also fail to develop hematopoietic tissue. These 
data support a role for BM P-4 not only in mesoderm formation but 
also in the conversion o f  mesoderm to blood, possibly by regulat
ing the temporal and spatial expression o f  necessary transcription 
factors within the hemangioblast population.

The involvem ent o f  BM P-4 in the initiation o f  mammalian 
hem atopoiesis has been less easy to study. For exam ple, mice 
lacking BM P-4 seldom develop beyond the egg cylinder stage, 
preceding the appearance o f  blood cells because o f  a critical 
requirement during gastrulation. However, in rare cases where 
hom ozygous mutants have developed to later stages, there is a 
noticeable paucity o f  blood cells circulating in the vasculature.'*^ 
On the other hand, the addition o f  BM P-4 to murine embryonic 
stem (ES) cells results in the acquisition o f  mesodermal markers 
and developm ent o f  m yeloid hematopoietic precursors. Interest
ingly, the dose o f  BM P-4 required for mesoderm formation from 
ES cells is considerably low er than that required for maximal 
hematopoietic output, suggesting that BM P-4 is sufficient to 
initiate hem atopoiesis from existing mesodermal tissues, but in a 
concentration dependent manner."

Unlike BM Ps, TGF-P 1 itself is not thought to be directly 
associated with dorsoventral patterning, but is an important regula
tor o f  cell proliferation and differentiation in a variety o f  tissues 
during em bryogenesis. M ice lacking TGF-P 1 mainly die in utero
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between 9.5 to 11.5 days post coitum because o f  defects in yolk sac 
hem atopoiesis and vasculogenesis.'^ In addition, TGF-P 1 has been 
shown to inhibit the initial proliferation and differentiation o f  
murine long-term repopulating HSCs and primitive human long
term culture-initiating cells."' ''' Early human hematopoietic progeni
tors them selves secrete TGF-P 1, and it has been suggested that this 
autocrine production may be important in the negative regulation 
o f  cell cycling.'^

Study  des ign

Human t is su e  co llection  and p ro cessin g

Human em bryos and yolk  sacs were obtained from the M RC-funded  
Human Em bryo Bank m aintained at the Institute o f  Child Health. The 
em bryos w ere staged and processed as previously described.^

Im m unohistochem istry

Paraffin-em bedded tissue sections through human em bryos at 28 , 34, and 
38 days gestation  and human yolk  sacs were pretreated and antibody- 
binding v isualized  as described previously.^ Transverse sections were 
incubated w ith m ouse m onoclonal antibodies raised against human BM P-4  
(clon e 3H2: N ovocastra Laboratories, U K ) and T G P p i (clone TGFB17: 
N ovocastra Laboratories, UK). For T G F p l, a high-temperature antigen- 
unm asking technique w as used.* Sections were incubated with primary 
antibody for 60 m inutes at room temperature. R esults show n are 
representative.

R esu lts  and  d isc u ss io n

Im munohistochemical analysis o f  the human embryonic AGM  
reveals clusters o f  hematopoietic cells associated with the ventral 
wall o f  the dorsal aorta. These cells express the membrane 
glycoprotein C D 34 and the hem atopoietic-specific marker C D 45.‘* * 
We have also previously reported the presence o f  a m orphologi
cally  distinct region resem bling a stromal layer in the mesenchym e 
directly beneath the ventral wall o f  the dorsal aorta in the AGM that 
is associated with intra-aortic clusters. This consists o f  between 5 
and 7 layers o f  densely packed cells in the 34-day human embryo 
(Figure 1A and B) or 3 to 4 layers in the m ouse at 10.5 days post 
coitum, and expresses high levels o f  the extracellular matrix 
protein tenascin-C (data not shown*). In view  o f  their emerging 
importance in the developm ent o f  hem atopoiesis, we investigated 
whether expression o f  members o f  the TGF-p family is localized to 
this region. In the 34-day human embryo, BM P-4 was expressed in 
a gradient across the dorsoventral axis with many highly positive 
cells distributed throughout the ventral mesoderm, including 
transected descending neuronal tracts (Figure lA ). Within the 
AGM  region, compared with the surrounding tissues and adjacent 
cardinal vessels, expression o f  BM P-4 was polarized to the ventral 
wall o f  the dorsal aorta, specifically in the region o f  the “stromal” 
layer and underlying the intra-aortic clusters (Figure IB). At 28 
days gestation, no distinct dorsoventral gradient o f  expression was 
apparent, neuronal tracts were absent and BM P-4 expression within 
the ventral mesoderm w as generally low, with few strongly positive 
cells (Figure 1C). However, at this earlier developmental stage, 
emerging clusters o f  hematopoietic cells were also found adhering 
to the ventral wall o f  the dorsal aorta and BM P-4 expression was 
strikingly restricted to the “stromal” layer, which consisted o f  
only 2 or 3 layers o f  cells at this age, underlying these clusters 
(Figure ID).

F ig u re  1. E x p re s s io n  o f  tra n s fo rm in g  g ro w th  f a c to rs  BM P-4 a n d  T G P p i in th e  
h u m an  e m b ry o n ic  AGM reg io n . Im m unohistochem ical an a ly sis  on tran sv e rse  
sectio n s  of hum an  em bryos and  yolk sa c . (A) Within the  AGM region at 34 days, a  
grad ient of BMP-4 protein ex ists  a c ro ss  th e  do rsoven tra l axis a t the  level of the  AGM 
region. BMP-4 is e x p re s se d  in the  ventral m eso a e rm  (beiow thin arrow s), which 
includes the dorsal ao rta  (da), card inal v e ins (cv), an d  m eso n e p h ro s  (m), w h ereas  
the  dorsal m eso d erm  (above thin arrow s), b e tw een  the  dorsal ao rta  an d  neural tube 
(nt), is predom inantly  negative. (B) Higher m agnification of (A) in th e  region of the 
dorsal aorta. BMP-4 exp ress io n  is polarized to the  ventral strom al region (s) 
underlying the  intra-aortic hem atopoietic  c lu s te r (he). (C) In con trast. In a  younger 
28-day-old em bryo, BMP-4 is e x p re s se d  a t low level in both ventral and  dorsal 
m esoderm , with few highly positive cells. (D) However, a s  show n by a  higher 
m agnification of (C), BMP-4 e x p ress io n  is a t this s ta g e  restric ted  to the  thin "stromal" 
layer (s) underlying the  ventral wall of the  ao rta  from which a  c lu ste r of cells (he) can  
b e  s e e n  em erging . (E) At m ore caudal levels (34 days), no intra-aortic c lu s te rs  a re  
visible and BM P-4 express ion  is m arkedly lower than  in the  AGM, c o n sis ten t with an  
an terior-posterior p rogression  of d ev e lo p m en t during em b ry o g en esis . (F) At 38 days 
gesta tion , BM P-4 ex p ress io n  within the  AGM region is relatively uniform around  the 
entire aorta  an d  is not polarized to the  ventral wall. (G) Cells e x p ress in g  BMP-4 
(arrow s) a re  specifically a sso c ia te d  with blood islands (bi) in the  em bryonic yolk s a c  
(31 days). (H) T G F p i is e x p re sse d  by cells within the  intra-aortic c lu s te r  (he). 
Uniformly low level ex p ress io n  is d e te c ted  aro u n d  the  ao rta . (Original magnification: 
A, C, x 1 5 : B, D, E, G, H X78, F x 3 6 ).

Outside the AGM , at more caudal and rostral locations, the level 
o f  BMP-4 expression was com paratively low  and no hematopoietic 
clusters were observed (Figure IE and data not shown). Similarly, 
in older (38-day) embryos, after intra-aortic clusters have disap
peared, BM P-4 expression around the dorsal aorta was no longer 
polarized (Figure IF). Interestingly, the analysis o f  human embry
onic yolk sac also revealed strong BM P-4 expression in cells 
specifically associated with blood islands (Figure IG).

We also investigated the expression pattern o f  TGF-(31. In 
contrast to BM P-4, the expression o f  TGF-(31 was uniformly low
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around the dorsal aorta, but detectable at higher levels in the 
cytoplasm  o f  hem atopoietic ce lls w ithin the intra-aortic clusters 
(Figure IH ). N o  positive staining w as observed in controls using  
normal serum or secondary antibody only.

In summary, w e  find that B M P-4 is expressed at high levels in a 
cell-d en se  region underlying the ventral w all o f  the dorsal aorta at 
the tim e o f  human A G M  hem atopoiesis. Taken together with  
evidence from other developm ental system s, this m ay be a critical 
requirement for the initiation o f  a hem atopoietic differentiation  
program from m esoderm al precursors. The factors that regulate 
expression  o f  B M P-4, and downstream  signaling events that 
determ ine this process are at present unclear, but m ay involve  
tightly regulated expression  (spatial and temporal) o f  transcription 
factors such as T a l-l/S C L , Lm o2, GATA-2, and A M L 1/C bfa2, a 
m em ber o f  the fam ily  o f  core-binding transcription f a c t o r s . F o r  
exam ple, in a parallel system , the induction o f  core-binding factor 
A M L 3 by BM P fam ily m em bers has been show n to be tightly  
linked to the process o f  osteoblastic differentiation.^'-^^ A M L l is
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