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Abstract
When a multicellular organism suffers damages to tissues/organs it heals
itself by either substituting the lost cellular matrix by scar formation or
by regenerating the lost tissue. Regeneration likely occurs by a
recapitulation of the developmental process that formed the organ. Many
processes regulating organ development are based on epithelialmesenchymal interactions and a strict control of organ specific
stem/progenitor cells. Elucidation of the molecular basis of these
processes is therefore vital in order to develop novel therapies in
regenerative medicine. The LIM homebox gene Lhx2 is interesting in
this context since Lhx2 has been shown to be important for the formation
of several organs by regulating epithelial-mesenchymal interactions and
progenitor cell function. Targeted inactivation of Lhx2 leads to a lethal
anemia due to malformed liver and severe neural abnormalities such as
hypoplasia of the forebrain and anophtalmia. Thus, elucidation of the
mechanisms of the function of Lhx2 in different organ systems would
give important insights into the molecular mechanisms regulating
epithelial-mesenchymal interactions and stem/progenitor cell function.
To elucidate the function of Lhx2 in the hematopoietic system Lhx2 was
initially expressed in hematopoietic progenitor cells derived from ES
cells differentiated in vitro using retroviral vectors. This approach led to
the generation of hematopoietic stem cell (HSC)-like cell lines
suggesting that Lhx2 could impact HSC function. However neither the
specificity nor the efficiency of the Lhx2-induced phenotype could be
determined using this approach. To be able to elucidate the function of
Lhx2 in the hematopoietic system, an ES cell line with inducible Lhx2
expression was generated. Lhx2 expression induces self-renewal of a
distinct hematopoietic progenitor cell from which HSC-like cell lines
were established. Down-regulation of Lhx2 in these HSC-like cell lines
leads to a rapid loss of stem cell character, providing a good model to
study the molecular function of Lhx2 in hematopoietic stem/progenitor
cells. A global gene expression analysis was performed comparing the
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Lhx2+ stem cell population to the Lhx2- differentiated progeny. This
approach identified genes putatively linked to self-renewal
/differentiation of HSCs. A considerable proportion of the genes showed
an overlapping gene expression pattern with Lhx2 expression in tissue of
non-hematopoietic origin suggesting that Lhx2 function in
stem/progenitor cells partly overlap with Lhx2 function during organ
development.
In order to define other Lhx2-dependent progenitor cell populations and
to generate a tool to analyze the function of Lhx2 in organ development a
new transgenic mouse model was generated. By using a specific part of
the Lhx2 promoter to drive expression of Cre recombinase in vivo
(Lhx2-Cre mice) we have been able to define the first eye committed
progenitor cells in the forebrain. By using the Lhx2-Cre mice it will be
possible to distinguish the function of genes during eye development
from their function in the patterning of the forebrain e.g. the eye field
transcription factors. Conditional inactivation of Lhx2 in these eye
specific progenitor cells causes an immediate developmental arrest. The
transgene is also active in Lhx2-/- embryonic forebrain, but re-expression
of Lhx2 in Lhx2-/- progenitor cells only promote formation of retinal
pigment epithelium cells. Analysis of genes expressed by the Lhx2+ stem
cell population allowed us to define novel genes putatively linked to
Lhx2 function in eye development. Thus, we have defined the progenitor
cells in the forebrain committed to eye development and the expansion
and patterning of these progenitors are dependent on Lhx2. Although
commitment to eye development is Lhx2-independent, Lhx2 might be
important for the acquisition of the oligopotent fate of these progenitor
cells.
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Abbreviations
AGM
BL-CFC
BM
BM-HPC
CAFC
CFC
CFU-S
CLP
CMP
Dox
DoxHPC
E
EB
Epo
EryP
ES
FL
Flt3-L
Gp130
Hox
HPC-lines
HSC
IL-6
Lhx2
LIF
LT-HSC
MCHC
pSP
RPE
SCF
ST-HSC
TF
Tpo
VEGF
wt
YS
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Aorta-gonad-mesonephros
Blast colony- forming cell
Bone marrow
Bone marrow-derived hematopoietic progenitor/ stem cell
Cobble stone area
Colony forming cell
Colony-forming unit spleen
Common lymphoid progenitor
Common myeloid progenitor
Doxycycline
Dox-dependent hematopoietic progenitor cell line
Embryonic day
Embyoid bodies
Erythropoietin
Primtitive erythroid colonies
Embryonic stem cell
Fetal liver
FMS-like tyrosine kinase 3 ligand
Glycoprotein 130
Homeobox
Hematopoietic progenitor cell line
Hematopoietic stem cell
Interleukin 6
LIM homeobox gene 2
Leukemia inhibitory factor
Long-term repopulating
Mean corpuscular hemoglobin content
Para-aortic splanchopleura
Retinal pigment epithelium
Stem cell factor
Short-term repopulating
Transcription factor
Thrombopoietin
Vascular endothelial growth factor
Wild type
Yolk sac
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Introduction
Background
The generation of a new individual from the fertilized egg has amazed
mankind for generations and the field of developmental biology has
generated important insights into the processes leading to the formation
of an organism. It has been shown that the cells generated through the
initial division of the fertilized egg are totipotent and thus capable of
generating all the different cells in the body (Bradley et al., 1984).
Development is dependent on instructive signals and cell-cell
interactions regulating that e.g. the head forms at the uppermost part of
the body and the liver in the abdomen. Furthermore the establishment of
organs is tightly regulated by epithelial-mesenchymal interactions and a
tight regulation of tissue specific progenitor populations (Hogan and
Yingling, 1998; Martin, 2001). Clarification of the molecular
mechanisms regulating the formation of organs will be instrumental in
the quest for new cellular therapies aiming at replacing/repairing
damaged tissues/organs since injured organs innately attempt to heal
itself either by scar formation or by regeneration of the lost tissue.
Presumable regeneration occurs by a recapitulation of the cellular events
that initially formed the tissue. Consequently we need to understand the
molecular mechanisms whereby organs are generated to become
competent to develop new cellular therapies aiming at repairing or
generating organs. The expression of the LIM homeodomain protein 2
(Lhx2) has been shown to be essential for the formation of several organs
specifically by regulating epithelial-mesenchymal interactions and
progenitor cells (Kolterud et al., 2004a; Porter et al., 1997; RodriguezEsteban et al., 1998; Tornqvist et al., 2010). Lhx2 functions regulate liver
formation as the Lhx2-/- mice develop small, disorganized and fibrotic
livers (Wandzioch et al., 2004). Moreover during a specific stage of
development the fetal liver (FL) serve as the major hematopoietic organ,
Lhx2 is expressed in the liver during this period and the Lhx2 null liver
is unable to support hematopoiesis leading to a lethal anemia. Lhx2 is
11
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furthermore shown to be an important regulator of eye development
apparent by the eye-less phenotype of the Lhx2 null mice (Porter et al.,
1997). This thesis will discuss the role of Lhx2 in the regulation of the
development of the hematopoietic system and of the eye.

The hematopoietic system
The word hematopoietic is derived from the two Greek words haima
(blood) and poiesis (to make) and consequently literally denote; the
formation of blood. The hematopoietic system is one of the first organs
to generate functional cells in the developing embryo. The hematopoietic
system is comprised of the blood forming organs and blood; consisting
of blood cells and the liquid part, plasma. Several life-supporting
processes are exercised by the hematopoietic system such as delivery of
oxygen and nutrients throughout the organism and protection against
microorganisms. The range of tasks performed by the blood system has
led to the development of highly specialized blood cells e.g.;
erythrocytes for transportation of oxygen and platelets that clot the blood
upon injury to avoid severe blood losses. The organism requires
continuous productions of mature blood cells throughout life since the
lifespan of the blood cells are limited. The hematopoietic stem cells
(HSCs) are responsible for the de novo generation and lifelong
maintenance of the hematopoietic system. HSCs self-renew to maintain
the stem cell pool and are capable of giving rise to all the different cells
in the hematopoietic system by generation of increasingly committed
progenitor cells that in turn will give rise to mature effector cells.

Development of the hematopoietic system
A central question is where and when the first HSCs develop in the
murine embryo. This has been the subject of many studies using different
approaches and several different interpretations of the temporal and
spatial emergence of the HSC have been reported. Studies of the origin
of the HSCs in the embryo are hampered by the natural mobility of the
hematopoietic cells and the fact that the hematopoietic site shifts during
development.
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Figure 1 Schematic view of the murine hematopoietic development. The first
hematopoietic cells are formed in the yolk sac, the first HSC arise in the AGM region,
the FL microenvironment supports self-renewal of HSCs and thus the numbers of
HSCs expand in the FL around birth the HSCs migrate to the BM where they will
reside throughout life.

The first sign of hematopoiesis in the developing murine embryo arise in
the blood islands in the extraembryonic yolk sac (YS) at embryonic day
7.5 (E7.5) (Moore and Metcalf, 1970). This first wave of hematopoiesis
is referred to as primitive hematopoiesis and is transient as it is
undetectable after E9.0. Primitive hematopoiesis is multilineage giving
rise to; macrophages, megakaryocytes and erytroblasts. The erythroblasts
differ from the definitive erythrocytes formed later during development
and in the adult by that they are large, nucleated and synthesize
embryonic globins (Palis et al., 1999). The definitive hematopoiesis
generates all lineages of the hematopoietic system and erythrocytes that
are small enucleated and synthesize adult globins. (Moore and Metcalf,
1970). Almost a century ago the observation that the blood islands are
surrounded by a vascular endothelium and the close association between
the primitive erythrocytes and the endothelial cells led to the hypothesis
that these cells were generated from a common mesodermal precursor;
the hemangioblast (Murray, 1932; Sabin, 1920). Support for the
hemangioblast hypothesis was originally provided by the identification
of the blast colony-forming cell (BL-CFC), a clonal precursor that
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appears during differentiation of murine embryonic stem cell giving rise
to colonies containing both an endothelial and hematopoietic component
(Choi et al., 1998; Kennedy et al., 1997). The hemangioblast has later
been defined in vivo where it as detectable for a brief period of time in
gastrulating mouse embryos located to the primitive streak (Huber et al.,
2004; Vogeli et al., 2006). At E8.25 after the initial burst of primitive
erythrocytes but before the onset of circulation myeloid progenitors are
found in the YS and are consequently generated there (Ferkowicz et al.,
2003; Palis et al., 1999). The blood vessels of the embryo proper and YS
fuse around E8.5, allowing hematopoietic progenitors to circulate
between extra- and intra-embryonic compartments (Dzierzak and
Medvinsky, 2008). Precirculation the para-aortic splanchopleura (pSP)
and the prospective aorta-gonad-mesonephros (AGM) region also
contain immature cells with the potential to become myeloid progenitors
(Cumano et al., 1996), precirculation allantois also contain myeloid
progenitors (Zeigler et al., 2006). At E9 the placenta contains 2-4 times
more myeloid progenitors than YS or FL (Alvarez-Silva et al., 2003).
The first progenitors to arise during development shown to give rise to
long-term repopulation of adult recipients appear in the AGM region
around E10 (Kumaravelu et al., 2002; Medvinsky and Dzierzak, 1996;
Muller et al., 1994). Recently in vivo imaging of the aortic endothelium
showed the emergence of HSCs from hematopoietic cell clusters
attached to the ventral aortic endothelium (Bertrand et al., 2010; Boisset
et al., 2010; Kissa and Herbomel, 2010). YS cells isolated from E9.0
mice can long-term multilineage repopulate myeloablated newborn mice
(Yoder and Hiatt, 1997; Yoder et al., 1997a; Yoder et al., 1997b).
Moreover both YS and p-SP cells isolated from E8.5 mice are able to
generate colony-forming unit spleen (CFU-s) and reconstitute adult
recipients, when co-cultured for 4 days on a stromal cell line derived
from E10.5 AGM region cells. This suggests that the potential to
generate definitive HSC appear independently in YS and in the AGM
region but that only the AGM region can provide the cells with the
correct niche to facilitate the generation of adult repopulating HSC
(Matsuoka et al., 2001). In a cell tracing experiment E7.5 YS cells were
14
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labeled in a non-invasive manner and the cells could then be traced as
they migrated and colonized the umbilical cord, the AGM region and
later the FL. The labeled cells remained in the embryo and could longterm contribute to adult hematopoiesis (Samokhvalov et al., 2007). The
question of where the first HSC arise is still very much a question that is
under debate, however it has been well established that the HSCs migrate
to the FL around E12. As the hematopoietic progenitor cells migrate into
the FL the hematopoiesis shifts from primitive to definitive character
(Moore and Metcalf, 1970). A quantitative study of the development of
the long-term repopulating HSCs (LT-HSC) has shown that the HSCs
produced de novo in the AGM and the YS is sufficient to provide the
E12 FL with a large number of HSC. This suggests that the FL recruits
ready-to-use HSCs produced from extra hepatic locations and that the
microenvironment of the FL supports self-renewal of HSCs (Kumaravelu
et al., 2002). In vitro co-culture experiment has shown that nonhematopoietic FL cells can support the expansion of AGM-originated
HSC and amplify the long-term repopulating activity of these cells
(Takeuchi et al., 2002). HSCs expand during their time in the FL and
generate sufficient amount of cells to sustain the organism throughout
life, indicating that the FL milieu can support self-renewal of HSCs. The
number of HSCs is held fairly constant in the bone marrow (BM) (Ema
and Nakauchi, 2000). Around E16 the HSCs migrate to the BM were
they will reside for the rest of the organisms life (Palis et al., 1999). The
functional phenotype of the FL HSC is different compared to the adult
BM derived HSC as the E14.5 FL HSC give rise to higher levels of longterm reconstitution when transplanted into lethally irradiated mice
compared to adult BM HSCs (Morrison et al., 1995). The majority of the
HSCs in BM are in the G0 resting phase of the cell cycle and are thus
dormant i.e. quiescent (Orford and Scadden, 2008). The HSCs shift their
phenotype 3-4 weeks after birth, from being a fully cycling population to
become a largely quiescent population of cells, thus changing the
phenotype from being activated HSC to become quiescent HSCs (Uchida
et al., 2004). This biological switch appears to be cell intrinsic and affect
not only the activation status of the HSCs but also the gene expression
15
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pattern and lineage output as assessed by transplantation (Bowie et al.,
2007). The development of the hematopoietic system is depicted in
Figure 1.
The surface expression profile of HSC changes as the cells migrates into
and within the embryo. Definitive hematopoietic progenitor cells from
YS blood island express c-kit+ CD34+ CD41+ Sca1low (Ferkowicz et al.,
2003; Mikkola et al., 2003a; Mitjavila-Garcia et al., 2002). YS
progenitor cells were found both in the CD45+ and in the CD45- cell
population even though CD45 is regarded to be pan hematopoietic
marker (Mikkola et al., 2003a). FL and AGM derived HSCs can be
sorted using c-kit+, Sca-1+, AA4.1+, Mac1+ and CD34+, adult HSCs are
negative for Mac-1, AA4.1 and CD34 (Ikuta and Weissman, 1992; Ito et
al., 2000; Jordan et al., 1990; Morrison et al., 1995). Recently the SLAM
code was discovered that drastically reduced the number of markers to
detect HSCs, HSCs are CD150+CD244-CD48- (Kiel et al., 2005).

The embryonic stem cell system as a model to study early
hematopoietic development
In vivo studies of the earliest stages of embryonic development are
hampered by the small size of the embryo resulting in difficulties in
obtaining enough cells for direct studies. To overcome this obstacle a
model system based on embryonic stem (ES) cells was designed. ES
cells can be maintained and expanded in culture as a pure population of
pluripotent cells. That ES cells can give rise to all cells in the adult is
shown by that ES cells after injection into blastocysts can give rise to
chimeric animals (Bradley et al., 1984). ES cells are isolated from the
inner cell mass of a blastocyst stage embryo (Evans and Kaufman, 1981;
Martin, 1981). Gene targeting in ES cells provides the possibility to
study the effect of a gene in whole-animal studies and to generate mouse
models for human diseases (Koller et al., 1989; Schwartzberg et al.,
1989). Also human ES cells were isolated in 1998 and the hopes for cell
replacement therapies were high (Thomson et al., 1998).
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ES cells were initially grown on mouse embryonic feeder cells in serum
supplemented media (Evans and Kaufman, 1981) the conditions for
growing ES cells has since then been refined. Studies showed that the
feeder cells produced leukemia initiating factor (LIF) (Smith et al., 1988;
Williams et al., 1988) and that BMP was important for the maintenance
of ES cells in an undifferentiated state (Ying et al., 2003). Consequently
supplementing the media with LIF and BMP permit serum-free and
feeder-independent growth of ES cells. ES cells grown in vitro can under
the correct conditions give rise to a wide range of differentiated progeny;
vascular, cardiac, hepatocytic, pancreatic and of specific interest for this
thesis hematopoietic (Murry and Keller, 2008). The first report of blood
generated from ES cells was published 1985 and described that cystic
multilayered structures, embryoid bodies (EB), appeared when ES cells
were differentiated in vitro and that some of these EBs formed blood
islands-like structures containing primitive erythrocytes (Doetschman et
al., 1985). Later it was shown that differentiation of ES cells in vitro
accurately mimics the embryonic development in vivo both in respect to
gene expression and the order in which progenitor cells emerge, e.g. first
to appear in the EB are a transient wave of primitive erythroid progenitor
cells followed by a wave of definitive progenitor cells (Keller et al.,
1993). Despite the considerable efforts made to generate HSCs with
adult reconstitution capacity from unmanipulated ES cells to date no
convincing data of such kind exist. The reports published so far are either
difficult to reproduce or show poor engraftment (Muller and Dzierzak,
1993; Palacios et al., 1995; Potocnik et al., 1997). Possibly a putative
HSC derived from the ES cell system is equivalent to YS derived HSCs
unable to engraft adult recipients due to lack of maturity.

Hematopoietic stem/progenitor cells and functional assays
to detect and analyze their function
Several different methods have been developed to analyze HSC and the
different progeny generated as differentiation progressively gives rise to
increasingly mature descendants. The majority of these methods studies
the read-out upon differentiation and thereby assigns the potential of the
17
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cell studied retrospectively. Several steps of the hematopoietic hierarchy
have been resolved using different in vivo and in vitro assays. LT-HSC
resides at the top of the hematopoietic hierarchy, a true stem cell with
self-renewal capacity and capacity to generate all different lineages of
the hematopoietic system. The immediate progeny of the LT-HSC retain
the same multilineage capacity, however acquire increased proliferative
power and decreased self-renewal capacity and therefore able to shortterm repopulate mice and consequently called short-term repopulating
(ST-HSC). The ST-HSC in turn give rise to the common lymphoid
progenitor (CLP) that gives rise to B cells, T cells and NK cells and to
the common myeloid progenitor (CMP) that gives rise to myeloid
effector cells (Bryder et al., 2006). This linear branching model is a
simplification of how the hematopoietic differentiation occurs, the
partition of the lymphoid and myeloid branch is not definitive since there
are progenitor cells capable of giving rise to both lymphoid and myeloid
cells (Bell and Bhandoola, 2008; Lacaud et al., 1998; Wada et al., 2008).
Moreover the pool of HSCs is not as homogenous as previously thought
but rather comprised of cells with different potentials both in respect to
self-renewal capacity and towards which lineage they are biased. The
characteristic of the individual HSC are suggested to be cell-intrinsic
since the properties are maintained when the cells are transplanted
(Dykstra et al., 2007). In Figure 2 an overview of the hematopoietic
hierarchy is depicted.
The accepted way of detecting HSC activity is to perform transplantation
studies and analyze the contribution to all hematopoietic lineages
overlong period of time. Cells that are able to give rise to multilineage
contribution at levels ≥1 % for more than 4-6 months when transplanted
into immuno-compromised hosts are considered to be LT-HSC
(Morrison and Weissman, 1994). The colony forming cell (CFC) assay is
an extensively employed assay that detects immature progenitor cells to
more committed unipotent precursors dependent on the growth factor
combination supplied in the media. The CFC assay is based upon the
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Figure 2 The hematopoietic hierarchy. Linear branching model of hematopoiesis,
LT-HSC maintain the hematopoietic system by self-renewal and differentiation
giving rise to increasingly committed progenitors that undergo extensive proliferation
and differentiation to produce terminally differentiated hematopoietic cells.

utilization of semisolid media that allows for colonies to be generated
from single progenitor/precursor cells (Metcalf, 1969). The cobblestone
area (CAFC) assay detects cells that are able to interact with a stromal
cell layer and form cobblestone resembling cell clusters, cells that can
maintain the cobblestone colony for more than 28-35 days contain
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immature hematopoietic progenitor cells while cells capable of
sustaining CAFCs for shorter periods are more committed precursors
(Ploemacher et al., 1991). The blast assay detects the hemangioblast and
is carried out by seeding day 3.25 EB cells in semisolid medium supplied
with vascular endothelial growth factor (VEGF) and stem cell factor
(SCF) (Kennedy et al., 1997). CFU-S assay was the first in vivo stem cell
assay were BM cells are transplanted into lethally irradiated mice
resulting in the formation of macroscopic colonies on the spleen (Till and
Mc, 1961). More recent studies have showed that the cells generating
spleen colonies are a heterogeneously population ranging from
committed precursors to immature progenitor cells (Ploemacher et al.,
1991). The assays and the hematopoietic progenitor/precursor cells they
detect are described in Figure 2.

Regulation of HSCs
The self-renewal properties of stem cells are although vital to the
organism a serious threat if not properly controlled. Over-proliferation of
stem cells generate large numbers of descendents that can destruct tissue
architecture and moreover large numbers of undifferentiated cells
provide a potential substrate for malignant transformations, inadequate
proliferation then again results in tissue or organ failure. HSC undergo
asymmetric and symmetric cell divisions, the former generating one
daughter cell that retains the stem cell character and one daughter cell
destined to differentiate and the latter gives rise to two identical daughter
cells. There are two theories for how the commitment of HSCs is
regulated; the stochastic theory stating that the lineage choice is a cellintrinsic process that occurs randomly and the instructive theory stating
that the lineage choice is controlled by cell-extrinsic signals (Hoang,
2004). Most likely the commitment of HSCs is regulated via both cellintrinsic and cell-extrinsic mechanisms depending of cell context,
however the mechanisms regulating self-renewal are largely unknown.

20

Introduction

Cell extrinsic regulation of hematopoiesis
The hematopoietic stem cell niche
The stem cell niche hypothesis was postulated 1978 by R. Schofield
suggesting that specialized environments within tissues are capable of
preserving stem cells in an undifferentiated state but still sustain the
proliferative potential of the cells. The hypothesis came from the
observation that hematopoietic cells derived from CFU-S had lower
proliferative potential compared to hematopoietic cells isolated from the
BM. The function of the niche is proposed to strictly control the total
number of HSCs and the proliferative power of the same (Schofield,
1978). Within the BM the HSCs are located at or near the inner surface
of the bone at the interface of bone and BM, the endosteum (Adams and
Scadden, 2006). The HSCs have also been reported to be localized
adjacent to the sinusoidal blood vessels in the BM (Kiel et al., 2005), the
sinusoids are specialized thin walled highly permeable blood vessels in
hematopoietic tissues (Kiel and Morrison, 2008). The BM vasculature is
extensive and a high frequency of the osteoblasts have been shown to be
localized close to the vasculture suggesting that HSCs localized to
osteoblasts are susceptible to paracrine signals exercised by the
vasculature (Lo Celso et al., 2009) and that the endosteum and the
perivascular form one common niche (Kiel and Morrison, 2008).
Osteoblasts express both negative and positive regulators of HSC
maintenance and secrete a wide range of cytokines (Arai et al., 2004;
Stier et al., 2005; Taichman et al., 1996). Moreover genetic approaches
leading to increased or decreased numbers of osteoblasts resulted in
correlated secondary increase or decrease in the numbers of HSCs (Calvi
et al., 2003; Visnjic et al., 2004; Zhang et al., 2003). However ablating
osteoblasts from the BM does not result in an acute loss of HSCs but
rather affected the B cell progenitor cell population negatively and
secondarily diminish the HSC population (Zhu et al., 2007). The HSCs
undergo regular trafficking into and out of the bone and spends brief
periods in the blood (Wright, 1963). The complicated nature of the stem
cell niche were cell-cell contact and soluble factors seem to collaborate
21
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to maintain and control the HSCs might explain the difficulties in
achieving expansion of HSC in vitro. Removing the HSC from their
natural environment causes the cells to proliferate and to lose their stem
cell function (Adams and Scadden, 2006). Co-culture systems with either
stromal cells derived from BM, FL cells or primary endothelial cells can
support HSC expansion in combination with cytokines (Fraser et al.,
1992; Li et al., 2004; Moore et al., 1997; Ohneda et al., 1998) indicating
that microenvironment with its cell-cell contact is important for allowing
the stem cells to proliferate in vitro without losing the stem cell
character.
The role of growth factors/cytokines in the hematopoietic system
Several aspects of the hematopoietic system including the HSCs are
regulated by cytokines/growth factors. Growth factors are secreted
and/or membrane-bound proteins that act short range via cell-cell
interactions and effects influencing the entire organism. Growth factors
can be divided into early- and late-acting, where the proliferation and
maturation of committed progenitor cells are regulated by the late-acting
factors such as; erythropoietin (Epo), macrophage colony-stimulating
factor (M-CSF), interleukin-5 (IL-5) and granulocyte colony-stimulating
factor (G-CSF) and progenitor cells of more immature character are
regulated by the early-acting factors. The early-acting factors seems to be
required for the dormant early progenitor cells to enter the cell cycle and
include; IL-6, IL-11, IL-12, Thrombopoietin (Tpo), FMS-like tyrosine
kinase 3 ligand (Flt3L) and SCF (Sharma et al., 2006). These factors
often act in synergy i.e. the effect elicited by these factors together are
larger than the combined effect of the factors elicited separately (Ogawa,
1993). Furthermore the early-acting factors are important for both
development and maintenance of the hematopoietic system as suggested
by the severe phenotypes generated when either the ligand or the
receptor of these factors are mutated in mice. c-Kit is a tyrosine kinase
receptor encoded by the white spotting locus (W) locus and its ligand
SCF is encoded by the steel (Sl) locus. The null mutants for both these
loci are either embryonic lethal or lethal during the early perinatal period
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due to severe macrocytic anemia (Nocka et al., 1990; Russell, 1979).
There are several natural occurring mutants of W and Sl that have defects
in proliferation, migration and differentiation of stem cells in the
melanogenic, gametogenic and hematopoietic lineages (Sharma et al.,
2006). SCF is available both in a soluble and a membrane-bound form.
The membrane-bound form has been shown to be more important than
the soluble. Since soluble SCF is unable to completely compensate for
the lack of the membrane-bound form of SCF (Brannan et al., 1991).
SCF is essential for adult hematopoiesis since adult mice treated with
neutralizing anti-c-kit receptor (ACK2) causes pancytopenia and
markedly decreased BM cellularity, suggesting that continuous
production of SCF by the BM endothelial cells and fibroblasts may be
required for basal hematopoiesis (Broudy, 1997). However
administration of ACK2 before E12.5 has less effect on hematopoiesis
indicating that c-kit signaling is expandable for YS hematopoiesis
(Ogawa et al., 1993). c-kit is expressed by all different developmental
stages of HSCs regardless of their cycling status and has been shown to
functionally important for growth of hematopoietic progenitor cells in
vitro (Sharma et al., 2006). Glycoprotein 130 (gp130) is a ubiquitously
expressed signal-transducing receptor that is shared by the IL-6- related
cytokines; IL-6, IL-11, LIF, oncostatin M, ciliary neurotrophic factor,
cardiotrophin 1, neuropoietin, IL-27 and IL-31. The IL-6-related
cytokines binds to its corresponding α-receptor and form either a
homodimer or heterodimer with gp130, the α-receptors are more
restrictly expressed compared to gp130 explaining the cell-specific
response elicited by these cytokines. There are soluble isoforms of the αreceptors available in the plasma that in synergy with the IL-6-related
cytokines activates signaling through gp130 (Heinrich et al., 2003). The
gp130-/- mice die progressively from E12.5 to term due to severe
developmental defects and show severely reduced numbers of
pluripotential and committed hematopoietic progenitor cells in the FL
(Yoshida et al., 1996). Conditional deletion of gp130 in the adult
hematopoietic system showed that gp130 is essential for steady-state
hematopoiesis since conditional deletion leads to impaired recovery after
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5-FU treatment and decreased numbers of CFU-S (Betz et al., 1998). IL6 is a pleiotropic cytokine with a wide range of biological activities in
immune regulation, hematopoiesis, inflammation and oncogenesis. IL-6
was first identified as a T cell-derived factor important for the induction
of the final maturation of B cells into antibody producing cells (Schimpl
and Wecker, 1972). IL-6 promotes differentiation and/or proliferation in
vitro of cells of different hematopoietic lineages and different phases
during maturation (Kishimoto, 1989). IL-6-/- mice shows decreased
numbers of CFU-S and even more reduced long-term repopulating
capacity in competitive repopulating assays, moreover the proliferation
of the progenitor cells of the granulocytic-monocytic, megakaryocytic
and erythroid lineages was defective (Bernad et al., 1994). The
comparatively mild phenotype of the IL-6 mutant could possibly be
explained by redundant signaling of other IL-6-related cytokines. Tpo
and its receptor Myeloproliferative leukemia virus oncogene (c-mpl)
deletion of either the receptor or the ligand generates viable mice with
severe thrombocytopenia (Alexander et al., 1996) and the number of
HSCs is reduced in the Tpo-/- and c-mpl-/- mice (Solar et al., 1998).
Quiescent HSCs express c-mpl and their close association with Tpo
producing osteoblasts has been shown to be functionally important for
the maintenance of the HSCs (Yoshihara et al., 2007). Flt3-L is a growth
factor for hematopoietic progenitor cells and induces mobilization of
hematopoietic progenitor/stem cells in vivo. Flt3-L-/- have reduced
leukocyte cellularity in the BM, peripheral blood and spleen, and
significantly reduced numbers of myeloid and B-lymphoid progenitor
cells in the BM (McKenna et al., 2000). FMS-like tyrosine kinase 3
(Flt3) is the receptor of Flt3-L, targeted deletion of Flt3 generates mice
that are defective in the multipotent stem cell compartment as stem cells
from Flt3-/- mice are unable to effectively reconstitute irradiated
recipients (Mackarehtschian et al., 1995). Flk1 is a receptor tyrosine
kinase that binds VEGF. Mice deficient for the receptor tyrosine kinase
Flk-1 do not develop blood vessels or YS blood islands and consequently
die around E9 (Shalaby et al., 1995). Equally Flk1-/- ES cells fail to give
rise to either blood vessels, primitive nor definitive progenitor cells in
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vitro (Shalaby et al., 1997). It has furthermore been shown that both
primitive and definitive blood cells are derived from Flk1+ mesoderm
(Lugus et al., 2009). Thus showing that growth factors are indispensable
for the generation and maintenance of the hematopoietic system,
however many cytokines are redundant and many of the cytokines
display pleiotrophy.
The signaling pathways
During development a limited number of signaling pathways control the
formation of the embryo. The Hedgehog, Wnt, Notch and TGF-β
signaling pathways are required for the patterning of the embryo during
development. These pathways can act in the same cell population during
different stages of development and elicit different cellular responses
depending on cell context and in that way generate the vast number of
cell types in the adult. These pathways have been implicated both in the
generation, maintenance, cell-fate decision and self-renewal of the HSCs.
Hedgehog signaling in vertebrates is initiated by the binding of any of
the three ligands Sonic Hedgehog (Shh), Indian Hedgehog (Ihh) or
Desert Hedgehog (Dhh) to the cell-surface receptor Patched. Upon ligand
binding the inhibitory activity that Patched elicit on Smoothened (Smo)
is lost and Smo act on the transcription factor (TF) Gli that in turn can
activate the Hedgehog-response genes (Varjosalo and Taipale, 2008).
Smo-/- mice are embryonic lethal (Zhang et al., 2001) however the mice
survive beyond the time when definitive HSCs are specified in the FL.
Isolation of E14.5 FL Smo-/- HSC revealed no difference compared to
wild type (wt) neither in frequency nor in the repopulation capacity
(Dierks et al., 2008). Inducible conditional deletion of Smo in adult
HSCs using Mx1-Cre has in two reports been shown to have no effect on
adult hematopoiesis (Gao et al., 2009; Hofmann et al., 2009) and
furthermore conditional deletion in the hematopoietic system using VavCre suggested Smo to be required for HSC self-renewal (Zhao et al.,
2009). Since Vav is active in all hematopoietic and most endothelial
tissue from prenatal stages (Georgiades et al., 2002) it is possible that the
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discrepancies are explained by that expression of Smo is required for cell
nonautonomous mechanisms during development but is dispensable for
cell autonomous mechanisms of HSCs. Genetic loss- and gain-offunction approaches have shown that Smo essential for the maintenance
of chronic myeloid leukemia stem cells and disease progression (Dierks
et al., 2008; Zhao et al., 2009). Patched+/- mice have been shown to have
increased proliferation of HSCs resulting in exhaustion (Trowbridge et
al., 2006), however it has also been shown that the Patched+/- mice
generate increased engraftment without signs of exhaustion (Dierks et
al., 2008). Throwbridge et al used adult derived HSCs while Dierks et al
used FL derived HSCs possibly suggesting a role for Patched in
maintenance of the stem cell compartment in the adult. During early
hematopoiesis Ihh have been shown to be essential for the formation of
early hematopoietic cells in YS (Dyer et al., 2001), and EB generated
from ES cells lacking Ihh or Shh fail to generate hematopoietic cells
(Byrd et al., 2002; Maye et al., 2000). These observations indicates that
hedgehog signaling is dispensable for adult hematopoiesis but is
important the development of the hematopoietic system.
The role of Wnt signaling has been extensively studied in the
hematopoietic system but the conclusions from the studies have been
contradictory. The inconsistencies could possibly be explained by
functional redundancy of Wnt- related proteins. There are numerous of
Wnt ligands expressed in vertebrates and at least 10 different receptors
and moreover a number of extracellular proteins have been shown to
modulate the Wnt pathway. The most well-known Wnt signaling
pathway is the canonical Wnt pathway. When Wnt proteins bind to
Frizzled, a transmembrane receptor, Disheveled becomes activated and
stabilize ß-catenin that enter the nucleus and form an active TF complex
with LEF/TCF and induce transcription of Wnt effector genes (Malhotra
and Kincade, 2009). Addition of Wnt3a to HSC was shown to increase
the number of HSC 10- to 50-fold, however this was done in Bcl-2
transgenic mice when wt mice were used the increase in HSCs were not
as robust (Reya et al., 2003). Studies of the Wnt3a-/- mice showed that
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the number of HSCs in the FL was reduced and that the long-term
repopulating capacity of these cells was decreased (Luis et al., 2009)
suggesting that Wnt3a plays a role in the regulation of HSCs.
Conditional deletion of either ß-catenin or both ß-catenin and γ-catenin,
γ-catenin can substitute for ß-catenin, showed no effect on the
hematopoietic system (Cobas et al., 2004; Jeannet et al., 2008; Koch et
al., 2008), although some residual Wnt activity remained suggesting that
Wnt signaling was not completely inhibited. Another report showed that
conditional deletion of ß-catenin impaired the long-term repopulating
HSCs (Zhao et al., 2007). Conditional expression of a stable ß-catenin in
adult mice resulted in a multilineage differentiation block causing a
lethal anemia and an increase of dysfunctional HSCs (Kirstetter et al.,
2006). Over-expression of Dickkopf1 (Dkk1) in the stem cell niche by an
osteoblast-specific promoter increased the cell cycling of the HSCs and
lead to exhaustion of the stem cell pool (Fleming et al., 2008). Altogether
this indicates a possible role for Wnt signaling in the regulation of
quiescence of HSCs.
The Notch signaling pathway regulates many aspects of embryonic
development and it has been shown that Notch signaling is essential
during development of the hematopoietic system. The mammalian
genome encodes four Notch receptors (Notch1-4) and five membranebound ligands (Delta-like (Dll) 1, 3 and 4 and Jagged 1 and 2). Notch
signaling is initiated by ligand-receptor interaction between neighboring
cells. This leads to proteolytic cleavages of the receptor liberating the
intracellular domain of the Notch receptor which now can enter the
nucleus and form a nuclear TF complex with CSL/RBPJκ that is capable
of inducing transcription of target genes (Yuan et al., 2010). Deletion of
Notch1 in HSCs leads to depletion of T cells (Wilson et al., 2001) and
conversely constitutively activating Notch1 in BM HSCs results in
ectopic development of immature T cells at the expense of B cell
development (Pui et al., 1999). Mice deficient for Notch1-/-, Jagged1-/and RBPJκ-/- die perinatally and are deficient in the generation of
definitive hematopoietic cells however the primitive hematopoiesis is
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unaffected (Kumano et al., 2003; Robert-Moreno et al., 2005; RobertMoreno et al., 2008). It was also shown that Notch1 and RBPJκ in
synergy induce expression of GATA2 in the AGM region (RobertMoreno et al., 2005). Conditional misexpression of the dominant
negative Mastermind-like1 a potent inhibitor of Notch-mediated
transcriptional activation in adult hematopoietic progenitor cells had no
effect on LT-HSCs. Similarly deletion of CSL/RBPJκ in hematopoietic
progenitor cells had no effect on the adult hematopoiesis (Maillard et al.,
2008). In summary this suggests that Notch signaling regulates the
development of T cells and the definitive hematopoiesis in the embryo
however is dispensable for the maintenance of the hematopoietic system.
TGF-ß is the founding member of the TGF-ß superfamily, a family of
structurally related growth factors, in addition to TGF-ß other key
members are the activins and the BMPs. The TGF-ß superfamily signal
through transmembrane serine/threonine kinase receptors, there are two
classes of these signaling receptors; type I also called activin receptorlike kinases (ALKs) and type II, both are required for signal
transduction. Upon ligand binding to the constitutively active type II
receptors the inactive type I receptor are recruited to form a complex
with the type II receptor which then will activate the type I receptor via
transphosphorylation. The activated type I receptor will then
phosphorylate the Smad proteins. There are three different classes of
Smad proteins R-Smad (receptor-activated) that include Smad1-3,5 and
8, co-Smad (common partner) Smad4 and I-Smad (inhibitory) that
include Smad6 and 7. Signal transduction is achieved when activated
type I receptor phosphorylates R-Smad that then form a complex with
co-Smad, the complex translocates into the nucleus and initiate
transcription, the I-Smad inhibits phosphorylation of the R-Smads and
thereby prevent signal transduction (Ruscetti et al., 2005; Soderberg et
al., 2009). The mammalian genome encodes for three different TGF-ß
proteins; TGF-ß1, -ß2 and -ß3. Several in vivo and in vitro studies have
shown that addition of TGF-ß1 inhibit growth of primitive human and
murine hematopoietic progenitor cells (Goey et al., 1989; Park et al.,
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2004). Abnormalities in the expression of the TGF-ß receptors are
associated with proliferative syndromes affecting both the myeloid and
lymphoid compartment (Fortunel et al., 2000). However conditional
knock-out models have shown that TGF-ß signaling are dispensable for
quiescence and stem cell maintenance in the adult hematopoietic system
(Larsson et al., 2003; Larsson et al., 2005). Moreover over-expression of
Smad7 in HSCs promotes self-renewal in vivo although reduces the
proliferation of hematopoietic progenitor cells in vitro (Blank et al.,
2006). This indicates a role for the TGF-ß superfamily in both the
maintenance and generation of the hematopoietic system.

Cell intrinsic regulation of HSCs
Cell cycle and apotosis in the regulation of HSCs
Several cell intrinsic mechanisms are involved in the regulation of HSCs.
In mammalian cells the main cell cycle regulation occurs during the G1
phase. It has been shown that ES cells and other immature cells have a
short G1 phase and that differentiation is coupled to a lengthening of the
G1 phase. The hypothesis is that accumulation of cell fate determinants
requires a certain amount of time spent in the G1 phase (Orford and
Scadden, 2008; Salomoni and Calegari, 2010; Singh and Dalton, 2009).
The cell cycle progression is regulated by the activation status of the
cyclin-dependent kinases (CDKs), the activity of the CDKs is dependent
on the level of cyclins and the cyclin-dependent kinase inhibitors
(CDKIs). Most CDKI family members have been shown to be highly
expressed in human CD34 cells and down-regulated in their committed
progeny (Cheng, 2004). Furthermore it has been shown that the HSCs
with long-term engraftment potential reside in the quiescent stem cell
pool (Passegue et al., 2005). Upon for example DNA damage the cell
cycle is stopped and the cell can either repair the damaged DNA or
undergo apoptosis. Anti apoptotic genes have been connected to both the
generation and maintenance of HSCs. Over-expression of the anti
apoptotic gene Bcl-2 in HSCs increase the numbers of HSCs, the
repopulation potential and the recovery after radiation (Domen et al.,
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2000; Domen et al., 1998). Moreover conditional deletion of another anti
apoptotic gene Mcl-1 using Mx1-Cre results in a loss of early BM
progenitor cell populations, including the HSCs. Early acting growth
factors like SCF and IL-6 up-regulate the transcription of Mcl-1 when
inducing survival of BM progenitor cells (Opferman et al., 2005).
Important TFs in the regulation of HSCs
When a cell is subjected to external stimuli e.g. growth factors or cellcell contact the signal is executed by TF. The importance of TF in the
regulation of hematopoiesis has been shown by characterizations of
naturally occurring mutations and by gain- and loss-of-function studies.
The commitment and generation of HSC from the mesoderm is in part
regulated by TF. Deletion of the basic Helix-Loop-Helix TF Scl/TAL1
results in early embryonic lethality due to a severe decrease of primitive
hematopoietic cells (Robb et al., 1995; Shivdasani et al., 1995). Scl-/- ES
cells were unable to generate hematopoietic progenitor cells in vitro
indicating that Scl is required cell autonomously for the generation of
both primitive and definitive precursors (Porcher et al., 1996; Robb et al.,
1996). Deletion of Scl in adult HSCs impairs the short-term repopulation
capability but does not affect the long-term repopulating ability or selfrenewal, (Curtis et al., 2004; Mikkola et al., 2003b) thus Scl is essential
for the generation but not maintenance of HSCs. Loss of Scl function in
the adult HSC can be compensated by expression of the related basic
Helix-Loop-Helix TF Lyl1 (Souroullas et al., 2009). Mice lacking Lmo2
have a similar phenotype to the Scl-/- mice consistent with that Scl and
Lmo2 form a complex and regulate the hematopoietic development
(Warren et al., 1994; Yamada et al., 2000). Deletion of GATA-2 a
member of the GATA family of TF causes a severe lethal anemia, in
vitro studies showed defects in the generation all hematopoietic lineages
including primitive erythrocytes (Tsai et al., 1994). GATA-2 has also
been showed to be important for the generation of HSCs from the AGM
region (Ling et al., 2004) enforced expression of GATA-2 blocks
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hematopoiesis (Persons et al., 1999) suggesting that the expression of
GATA-2 is down-regulated during differentiation.
The commitment of definitive progenitor cells from the mesoderm and
lineage commitment of already committed hematopoietic progenitor cells
are controlled in part by the TF discussed below. Runx1/AML1 deficient
mice are unable to generate any definitive hematopoietic cells from the
AGM region and the primitive erythrocytes display abnormal
morphology (Yokomizo et al., 2008; Yokomizo et al., 2001), thus
indicating a role for Runx1 in the generation of both primitive and
definitive hematopoietic progenitor cells. Conditional deletion of Runx1
in adult HSCs increases the number of HSCs accompanied by an
increased proliferation, suggesting a role for Runx1 in both the
generation and the maintenance of HSCs (Ichikawa et al., 2004; Motoda
et al., 2007; Putz et al., 2006). Cbf-ß is a binding partner to Runx1 and
the Cbf-ß-/- mice have a similar phenotype to the Runx1 null mice
showing that this interaction is important for hematopoietic development
(Wang et al., 1996). The proto-oncogene c-myb is important the FL
hematopoiesis since c-myb null mice display severe anemia at E15
(Mucenski et al., 1991). Conditional deletion of c-myb HSCs results in
impaired proliferation and accelerated differentiation of both LT-HSC,
ST-HSC and multipotent progenitor cells (Lieu and Reddy, 2009). The
Ets transcription factor PU.1 has been shown to be important for
development of the myeloid and lymphoid compartment since PU.1 null
mice die late during gestation due to a lack of myeloid and lymphoid
cells (Scott et al., 1994). Conditional deletion of PU.1 in the adult
hematopoietic system showed its requirement for PU.1 expression for the
maintenance of HSCs and differentiation into both monocyte and
lymphoid lineage (Iwasaki et al., 2005). GATA-1 is important for the
generation of the erythroid lineage, GATA-1-/- mice die in utero due to
defective primitive hematopoiesis (Fujiwara et al., 1996). Furthermore in
vitro studies have shown that ES cells lacking GATA-1 are unable to
generate erythroid cells (Pevny et al., 1995; Weiss et al., 1994). It has
been shown that PU.1 and GATA-1 can repress the expression of each
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other in a reciprocal manner and in that way control the lineage choice of
differentiating hematopoietic progenitor cells (Burda et al., 2010). In
summary Scl, Lmo2, and GATA-2 are important for the generation of
HSC from the mesoderm similar to Runx1 that also is required for the
maintenance of the hematopoietic system as are Cbf-β, PU.1 and
GATA-1.
Clustered hox genes
Homeobox (Hox) genes are evolutionarily well conserved and encode
homeodomain proteins that are master regulators of embryonic
development and are expressed throughout postnatal life (Lappin et al.,
2006). The homeodomain forms a helix-turn-helix structure that binds
regulatory DNA sequences of target genes (Curtiss and Heilig, 1998).
Some of the Hox genes are organized in clusters, the mammalian genome
encodes four Hox clusters (A-D) and a few of these genes are expressed
in immature hematopoietic cells (Ivanova et al., 2002; Ramalho-Santos
et al., 2002). Retroviral over-expression of HoxB4 in BM cells
significantly enhances the regenerative capacity in vivo of both primary
and secondary recipients (Antonchuk et al., 2001; Sauvageau et al., 1995;
Thorsteinsdottir et al., 1999), the recipients however develop a chronic
myeloproliferative disorder (Milsom et al., 2005; Pilat et al., 2005;
Schiedlmeier et al., 2003). Moreover ES cells over-expressing HoxB4
generates definitive hematopoietic cells that can multilineage repopulate
adult recipients (Kyba et al., 2002). HoxB4 null mice however has a mild
hematopoietic phenotype; suggesting that HoxB4 is not required for
neither the generation nor for the maintenance of HSCs (Brun et al.,
2004). Deletion of HoxA9 decreases the proliferation and repopulating
ability of the HSCs (Lawrence et al., 2005) and over-expression induce
expansion of the stem cell compartment (Thorsteinsdottir et al., 2002).
Over-expression of HoxA10 in immature hematopoietic cell perturbs
both the myeloid and the lymphoid differentiation and leads to
generation of acute myeloid leukemia (Thorsteinsdottir et al., 1997),
however low levels of HoxA10 expression in vitro led to increased
repopulating abilities of the HSCs (Magnusson et al., 2007). Retroviral
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expression of Hox11 immortalizes immature hematopoietic cells derived
from YS, BM, FL and in vitro differentiated ES cells (Hawley et al.,
1994; Keller et al., 1998; Yu et al., 2002). Deletion of all HoxB genes
(Hox1-9) generated a mouse with normal repopulating capacity (Bijl et
al., 2006), indicating that these genes are nonessential for the generation
and maintenance of the hematopoietic system.
The non-clustered hox genes
The non-clustered hox genes can be divided in to subfamilies one of
which is the LIM-homeodomain subfamily (Hobert and Westphal, 2000).
The name is derived from the initials of the three initially discovered
members of the family; Lin-1, Isl-1 and Mec-3 (Bach, 2000; Freyd et al.,
1990; Karlsson et al., 1990; Way and Chalfie, 1988). The distinguishing
feature of the LIM-homeodomain proteins are two specialized protein
binding zinc fingers called LIM domains located in the N-terminal of the
protein. The LIM domain and its protein binding capacity distinguish
LIM-homeodomain proteins from the other TFs of the homedomain
superfamily. LIM-homeodomain proteins can interact with other
transcriptional regulators via the LIM domain in homomeric or
heteromeric fashion in a cell and context specific manner (Hobert and
Westphal, 2000). LIM- homeodomain TFs are important for both
regulation of early patterning and later during development in the
regulation of tissue-specific gene expression (Curtiss and Heilig, 1998).
The LIM- homeodomain proteins can be subdivided into six subgroups
based on conserved features within the homeodomain. The subgroups are
named after its funding member; Apterous, Lhx6/7, Islet, Lmx, LIM-3
and Lin-11 (Hobert and Westphal, 2000).
The function of Lhx2 during embryonic development
Lhx2 is a member of the Apterous subfamily of the LIM- homeodomain
group of TFs (Hobert and Westphal, 2000). Lhx2 is important for the
patterning and formation of several cell populations during embryonic
development. Lhx2 participates in the development of the nervous
system; during neurogenesis expression is found in the cortex of the
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forebrain, the outer layers of the dorsal midbrain, the rostral hindbrain
and in the spinal cord. Lhx2 is furthermore expressed in the olfactory
epithelium and in the neuroectodermal part of the eye (Porter et al., 1997;
Xu et al., 1993; Yun et al., 2009). Lhx2-/- have several neuronal
abnormalities; cerebral cortex hypoplasia and hippocampal aplasia due to
decreased proliferation of the neural precursor cells, lack of mature
olfactory sensory cells (Hirota and Mombaerts, 2004; Kolterud et al.,
2004a) and anaophtalmia since eye development arrests after the
formation of the optic vesicle but prior to the formation of the optic cup
(Porter et al., 1997). The function of Lhx2 during eye formation is
discussed in detail below. Ectopic expression of a dominant negative
form of Lhx2 during limb development in chick results in perturbed limb
development. Lhx2 was found to be expressed in the mesenchymal part
of the progress zone indicating that Lhx2 regulates limb growth by
regulation of epithelial-mesenchymal interactions (Rodriguez-Esteban et
al., 1998). Hair is generated in the hair follicles that after morphogenesis
undergo cyclic phases of active growth, anagen, and inactivity, telogen,
throughout life (Paus and Cotsarelis, 1999). The expression of Lhx2 is
stage specific since the expression is undetectable during telogen and
then reappears as the hair follicle enters anagen, suggesting that Lhx2

Figure 3 Phenotypic comparisons of E14 Lhx2+/+ and Lhx2-/- embryo. Indicated
are the small pale liver, flat forehead and anoptalmia.
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regulates the generation and regeneration of hair. Lhx2 is required for
anagen progression and the morphogenesis of the hair follicle,
furthermore transgenic expression of Lhx2 in postnatal hair follicles is
sufficient to induce anagen, suggesting that Lhx2 is important for hair
generation (Tornqvist et al., 2010). Lhx2 is moreover important for the
development of the FL and for the hematopoietic system. Lhx2 is
expressed in the FL during the period when the HSCs self-renew
extensively and increase in numbers. Lhx2-/- mice display a 7-fold
reduction in liver cellularity due to a defective liver development and die
around E16 because of severe anemia. The hematopoietic defect is cellnonautonomous since HSCs isolated from Lhx2-/- livers were able to
reconstitute lethally irradiated wt recipients (Porter et al., 1997). The
liver of the Lhx2-/- mice did not only display hypoplasia but were also
disorganized due to aberrant epithelial-mesenchymal interactions and
interestingly they spontaneously and progressively developed liver
fibrosis (Wandzioch et al., 2004). During homeostasis hepatic stellate
cells are mostly quiescent and store vitamin A however during injury to
the liver these cells become activated and produce extra cellular matrix
proteins that lead to the production of scar tissue and inflammation
causing a fibrotic phenotype (Friedman, 2000). Lhx2 was found to be
expressed by the hepatic stellate cells and to be crucial for inhibiting
their activation suggesting that the lack of Lhx2 leads to activation of the
stellate cells and fibrosis thus making the Lhx2-/- mice a good model to
study liver fibrosis (Kolterud et al., 2004b; Wandzioch et al., 2004). In
conclusion expression of Lhx2 is important for the development of
several organs specifically by regulation of epithelial-mesenchymal
interactions and progenitor cells. In addition Lhx2 appears to promote
differentiation and generation of specific cell populations during
organogenesis. The phenotype of the Lhx2 null mice is depicted in
Figure 3.
The role of Lhx2 in the regulation of hematopoiesis
Lhx2 putatively plays a role in the regulation of HSCs since expression
of Lhx2 in hematopoietic progenitor cells derived from ES cells
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differentiated in vitro generates multipotent hematopoietic progenitor
cell lines (HPC-lines). The HPC-lines are dependent on SCF for their
self-renewal in vitro and when subjected to growth factors the HPC-lines
can be induced to differentiate into megakaryocytes, erythrocytes,
macrophages, neutrophils and mast cells. The cell surface markers and
TFs expressed by the HPC-lines are consistent with fetal derived
multipotent hematopoietic progenitor/stem cells (Pinto do et al., 1998).
The mechanism for immortalizing the HPC-lines are cellnonautonomous similar to the hematopoietic defect in the Lhx2-/- mice
(Pinto do et al., 2001), suggesting the Lhx2 controls the expression of so
far unidentified soluble factor(s) directing this process. Correspondingly
the expression of Lhx2 in BM cells derived from adult mice leads to the
generation of immortalized cytokine dependent BM-derived
hematopoietic progenitor/stem cell (BM-HPC) lines. The BM-HPC lines
can long-term repopulate stem cell deficient mice and generate a large
proportion of the circulating erythrocytes in primary, secondary and
tertiary recipients (Pinto do et al., 2002; Richter et al., 2003). Lhx2 is not
expressed in normal hematopoietic cells but is misexpressed in human
chronic myeloid leukemia cells (Wu and Minden, 1997). Interestingly
when the BM-HPC lines were transplanted some of the recipient mice
developed a myeloproliferative disorder resembling human chronic
myeloproliferative disorder. The chronic myeloproliferative disorder was
found to be transplantable and animals with a large proportion of
erythrocytes derived from Lhx2-expressing HSC were anemic (Richter et
al., 2003), suggesting that Lhx2 also interferes with the development of
erythrocytes and/or the expression of globins.
The retroviral expression system was inefficient making it impossible to
assess the efficiency and specificity of the Lhx2 function. It was not
possible to conclude if Lhx2 alone was responsible for the expansion of
the hematopoietic progenitor cells or if mutations caused by the retroviral
insertion contributed to this process. To be able to more systematically
examine the role of Lhx2 in hematopoiesis we generated an inducible ES
cell line expressing Lhx2 under the regulation of the Tet-on system.
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Sensory system
We are continuously subjected to stimuli from the environment
surrounding us that our sensory system detects and translates into a
language that our brain can interpret. We are dependent on our senses
and brain to cooperate in order to make the correct decisions, e.g. the
sight and sound of an approaching car makes us stop and wait before
crossing the road. The vertebrate eye is a highly specialized tactile organ
that detects light. Light is admitted through the pupil, the light is then
refracted by the cornea and the lens and focused on the photosensitive
retina. The retina contains two different types of photoreceptors; the
cones that mediate color vision and the rods that detect achromatic
vision. The photoreceptors detect light and convert it into electrochemical impulses that via the optic nerve are transferred to the brain that
interprets the signals and translates them into images.

Eye development
Development of the mammalian eye starts well before any
morphological signs of the presumptive eye structure can be detected.
The first morphological sign of eye development occurs around E8.0
when evaginations called optic pits are formed from the presumptive
ventral diencephalon (Tang et al., 2006). The evaginating optic pits
progress through the mesenchyme towards the surface ectoderm and
develop into optic vesicles, as the optic vesicle arrive at the surface
ectoderm both tissues undergo structural changes (Adler and CantoSoler, 2007). The ectoderm thickens to form the lens placode which will
invaginate and form a lens vesicle that eventually will close and pinch
off from the surface ectoderm and develop into the lens. Parallel with the
invagination of the lens placode, the optic vesicle will invaginate and
form a double layered optic cup (Chow and Lang, 2001). The inner layer
closest to the lens placode, will become the neural retina and the outer
layer will give rise to the retinal pigmented epithelium (RPE), which will
spread ventrally and finally surround the neural retina. The ventral part
of the optic cup will be connected to the diencephalon by the optic stalk.
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e
Structure
Optic pit
Optic vesicle
Lens placode
Optic cup

Embryonic day
8
8.5-9
10-10.25
10.25-10.5

Somite stage
6-8
12-14
25-30
30-35

Figure 4 Eye development. a. The optic vesicles form from the forebrain , (b.-c.) as
the optic vesicle come in close contact with the surface ectoderm it thickens to form
the lens placode that invaginate leading to invagintion of the optic vesicle and formtion
of the optic cup. d. The adult eye. e. Timeline for the early developmental stages of the
murine eye development.
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Figure 5 Regulation of eye development; FGF signaling from the surface ectoderm
induce the retinal fate, Activin from the mesenchyme induce the RPE layer. The lens
placode is induced by unknown signals probably emanating from the optic vesicle.
The dorsal/ventral patterning is achieved by BMP4 signaling inducing Tbx5 and Shh
inducing Vax2, Tbx5 and Vax2 induce downstream targets of ventral and dorsal
fate.

The optic stalk is formed when the ventral region of the invaginating
optic vesicle forms the choroid fissure that during development will close
and provide a channel through which blood vessels and projecting axons
can run (Adler and Canto-Soler, 2007). The development of the
vertebrate eye is depicted in Figure 4.
Regulation of eye development
Development of the vertebrate eye is dependent on correct spatial and
temporal expression of TFs important for eye development and signaling
through the conserved signaling pathways. The eye field is suggested to
be established by patterning of the anterior neural plate by non-canonical
Wnt signaling (Cavodeassi et al., 2005) and later Shh signaling derived
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from the ventral midline of the embryo divides the eye field into two
separate domains (Chiang et al., 1996). The early progenitor cells in the
optic primordium are morphologically and molecularly identical (Tang et
al., 2005). The separation of the optic vesicle progenitor cells into the
prospective neural retina and the prospective RPE layer, i.e.
regionalization of the optic vesicle, is mediated via external signaling.
Activin A emanating from the mesenchyme induce expression of
Microphtalmia (Mitf) E9.0 in the entire optic vesicle, at E9.5 FGF
signaling from the surface ectoderm induce the expression of Chx10 that
repress the expression of Mitf in the prospective neural retina.
Consequently Mitf will mark the prospective RPE layer and Chx10 in
turn will mark the neural retina, these two TFs are important for the
establishment of the respective tissue (Chow and Lang, 2001; Horsford
et al., 2005; Nguyen and Arnheiter, 2000). The dorsal ventral axis of the
eye is patterned by antagonistic expression of Shh emanating from the
ventral midline and BMP4 derived from the dorsal retina. Shh induces
the expression of the Ventral anterior homeobox containing gene 2
(Vax2) and BMP4 induces the expression of another TF, T-box 5 (Tbx5).
By reciprocal regulation Vax2 and Tbx5 establish a dorsal/ventral border
and regulate the expression of downstream targets like Pax2, Vax1, Pax6
and Rax (Yang, 2004). The boundary between the presumptive optic
stalk and neural retina is thought to arise as a result of reciprocal
transcriptional repression; where Pax2 and Vax1 will mark the optic stalk
and Pax6 and Rax will be expressed in the retina (Chow and Lang,
2001). Expression of Pax2 is crucial for the optic stalk to develop since
the Pax2-/- mice develop colomboma (incomplete closure of the choroid
fissure) and show an expansion of the pigment epithelial tissue into the
optic stalk region (Favor et al., 1996). In the Vax1 knock-out mouse the
optic stalk is replaced by neural retinal cells (Hallonet et al., 1999), thus
Pax2 inhibits formation of the retinal pigment epithelium and Vax1
inhibits the formation of the neural retina. The regulation of the
vertebrate eye is depicted in Figure 5.
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Eye field TFs regulates eye development
In Xenopus the eye field has been shown to be specified from the neural
plate by dynamic and overlapping expression of the homeobox genes;
Lhx2, Rax, Pax6, Six3, Sine oculis-related homeobox 6 homolog (Six6),
T box gene ET and Orphan nuclear receptor Tll, by formation of a selfregulating feedback network. These TFs are collectively defined eye
field TFs and over-expression in Xenopus even far from the central
nervous system leads to the development of ectopic eye fields that give
rise to well-formed ectopic eyes with photoreceptor cells, RPE layer and
lens (Zuber et al., 2003). The function of the eye field TFs are conserved
since reports have suggested that these TFs form a similar network and
specify the eye imaginal disc in Drosophila and spontaneous and targeted
mutations in humans and mouse have shown that the eye field TFs are
required for early eye organogenesis (Bailey et al., 2004; Fitzpatrick and
van Heyningen, 2005; Graw, 2003; Pappu and Mardon, 2004; Silver and
Rebay, 2005). The spatial and temporal expression and intermutual
regulation of these TFs and other TFs important for eye development are
not completely understood, moreover elucidating the molecular
mechanisms regulating eye development will be instrumental in the
understanding of the disorders that afflict the eye.
Orthodenticle homolog 1 and 2 (Otx1, Otx2) expression of Otx2 is
initiated prior to the expression of the other eye field TFs i.e. Pax6, Six3
and Rax (Simeone et al., 1993). The Otx2-/- mice dies before any signs of
eye formation is visible due to a lack of the rostral head structures
(Matsuo et al., 1995). The expression of Otx2 is like Mitf confined to the
presumptive RPE layer during optic cup formation and these TFs are
suggested to together promote differentiation of the RPE layer (Simeone
et al., 1993). Rax-/- mice fails to develop any optic vesicles, however Rax
also seem to have a role in the regulation of the RPE layer later during
development since mis-expression of Rax in Xenopus generates ectopic
RPE structures (Mathers et al., 1997). Six3-/- mice lacks most head
structures anterior to the midbrain and eye development arrests before
the formation of the optic vesicle (Lagutin et al., 2003). Moreover
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conditional deletion of Six3 in the presumptive lens ectoderm disrupts
lens formation (Liu et al., 2006). Eye development of the Pax6 null mice
develop slightly further compared to Otx2, Rax and Six3 null mice since
an optic vesicle is formed, however the development arrest before the
formation of the optic cup (Hill et al., 1991). In Six6-/- mice eye
development progress past the development of the optic cup however
generates various degrees of retinal hypoplasia and often an absence of
the optic nerve. However the expression of the eye field TFs Six3, Pax6,
Pax2 and Rax was unaffected (Li et al., 2002). Sox2 has been shown to
be expressed by proliferating retinal progenitor cells and the expression
of Sox2 is down-regulated as the progenitor cells differentiate (Taranova
et al., 2006). Sox2-/- mice die at the implantation stage (Avilion et al.,
2003) conditional ablation of Sox2 in the retina causes neural progenitor
cells to lose their ability to differentiate and proliferate (Taranova et al.,
2006). This suggests that Otx2, Rax and Six3 are important during the
early stages of eye development, Pax6 for the optic vesicle to optic cup
transition and furthermore that Six6 is required for the later stages of eye
development.
The role of Lhx2 in the regulation of eye development
Lhx2 plays in central role in the development of mammalian eye and the
function is conserved in lower species (Arinobu et al., 2007; Viczian et
al., 2006; Zuber et al., 2003). The significance of Lhx2 is indicated by
the observation that over-expression of a combination of the eye field
TFs not including Lhx2 is only competent to induce ectopic eye
structures when endogenous Lhx2 expression is induced (Zuber et al.,
2003). Lhx2 expression is initially detected in all components of the
murine eye neuroectoderm; optic stalk, optic cup and the RPE layer, later
during development the expression is most intense in the RPE layer and
the retinal margin (Tetreault et al., 2009). The Lhx2-/- mice are
anophtalmic, the optic vesicle form but eye development arrests at this
stage and consequently no optic cup or lens placode are formed (Porter et
al., 1997; Xu et al., 1993). More specifically eye development in the
Lhx2 null mice arrests before the optic vesicle is regionalized (Yun et al.,
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2009), suggesting that Lhx2 is important for the optic vesicle to optic cup
transition. Moreover expression of Lhx2 is essential in the optic vesicle
to obtain growth and the correct spatial and intensity of the expression of
the eye field TFs. Indicated by a microarray study comparing E9.0 wt
and Lhx2-/- forebrain where several of the genes involved in eye/retinal
development were down-regulated in the Lhx2 null forebrains e.g. Tbx5,
Six6, Rax, Vax2, Chx10 and Mitf (Tetreault et al., 2009).
Lhx2 is as many of the other eye field TFs widely expressed in the
forebrain as well as in the eye committed precursors in the eye field.
These genes are important for the patterning of the forebrain and for the
induction, patterning and growth of the eye. The eye develops from the
forebrain complicating studies of genes involved in the regulation of
both. Eye malformation of a null mutant can be caused by cell non
autonomous mechanisms due to the malformed forebrain lacking
competence to support eye development. Consequently to be able to
study the function of these genes during eye development it is essential
to distinguish the function of these genes in forebrain development from
the function in eye development. The identification of the first neuronal
progenitor cells committed to generate eye in the developing forebrain
would provide a tool for elucidating the molecular mechanisms
regulating eye development. Furthermore connecting the patterning of
the eye to the molecular mechanisms regulating other stem cell
populations would possibly contribute to a better understanding of the
complex mechanisms of eye development.
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Aims
•

To determine the effect of Lhx2 expression in embryonic
development by using the ES/EB system.

•

To determine whether expression of Lhx2 is sufficient to generate
and maintain the HSC-like cell lines.

•

To elucidate the molecular mechanisms for the Lhx2 mediated
self-renewal of the HSC-like cell lines.

•

To generate transgenic mouse model strains where expression of
the Cre recombinase is regulated by various parts of Lhx2
promotor in order to:
1) define different organ specific progenitor cell
populations
2) obtain a tool to elucidate Lhx2 function in such
populations.

•
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To characterize the expression pattern/function of genes linked to
Lhx2 function in the hematopoietic stem cell population in organ
specific progenitor cells regulated by Lhx2.

Results and Discussion

Results and Discussion
Generation of ES cell with inducible Lhx2 expression
(Paper I)
Previous studies by our group has shown that expression of Lhx2 in BM
cells derived from adult mice leads to the generation of immortalized
cytokine dependent BM-HPC lines (Pinto do et al., 2002).
Correspondingly expression of Lhx2 in hematopoietic progenitor cells
derived from ES cells differentiated in vitro promote self-renewal of a
rare SCF-responsive progenitor cell present within the EB. This
progenitor cell could be identified in CFC assays and used to generate
SCF-dependent multipotential HPC lines. These cell lines share many
characteristics with early fetal HSCs; such as expression of TFs and cell
surface markers, response to growth factors and capacity to interact with
stroma. However since these cell lines was established using retroviral
expression of Lhx2 the generation of these cell lines are putatively
caused in part by secondary mutagenesis due to the retroviral insertion.
Furthermore the retroviral expression system was inefficient making it
impossible to assess the efficiency and specificity of the Lhx2 function
(Pinto do et al., 1998). We therefore introduced Lhx2 cDNA into the
previously described Ainv15 ES cell line, were the expression of the
insert is under the control of the Tet-on system. Expression is induced by
the addition of the Tetracycline analogue doxycycline (dox), which binds
the tet activator (rtTA) and enables induction of transcription from the tet
response element (TRE). To ensure efficient expression the rtTA was
inserted in the ROSA26 locus and TRE in the HPRT locus both
constitutively active (Kyba et al., 2002). Three inducible ES cell lines
were established; a control cell line expressing GFP (iGFP), one
expressing Lhx2 (iLhx2) and in addition one cell line expressing where
GFP expression is linked to Lhx2 by an internal ribosomal entry site
(iLhx2-GFP) (Figure 6).
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Figure 6 Generation of inducible ES cell lines. a. The Expression is induced by the
addition of the Tetracycline analogue doxycycline (dox), which binds the tet activator
(rtTA) and enables induction of transcription from the tet response element (TRE). b.
The inducible ES cell lines were generated by co-transfecting the Ainv15 ES cells
with the plox vector containing the corresponding gene and a vector containing the
Cre recombinase. (Kyba, Perlingeiro et al. 2002)

Expression of the corresponding mRNA was efficiently up-regulated
upon addition of dox to the media. Significant expression of Lhx2 was
detected already after 6 hours and the maximum expression was achieved
after 24 hours. Addition of dox to the control ES cell line and hence
expression of GFP did not interfere with any stage of differentiation in
vitro (Figure 1B-F Paper I). GFP is efficiently expressed without
interfering with differentiation of primitive erythroid colonies (EryP)
established from EB cells derived from iGFP analyzed in CFC assay in
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the absence or presence of dox (Figure 7). Consequently this ES cell
system is suitable for systematical studies of the function of Lhx2 in the
ES/EB system.

Figure 7 GFP is efficiently expressed without interfering with EryP formation.
Day 6 EB cells derived from iGFP analyzed in CFC assay in the presence (+dox) or
absence (-dox) of dox.

Lhx2 expression in EB cells interfere with the proliferation
of primitive erythroid precursors and has a synergistic
effect on definitive CFCs (Paper I)
Since the expression of Lhx2 is rapidly induced upon dox administration
we wanted to analyze the effect of Lhx2 expression in CFC assays when
induced in day 6 EB cells derived from iLhx2. Both primitive and
definitive progenitor cells are present in day 6 EBs. Lhx2 expression
results in a complete absence of EryP and an approximately 3-fold
increase in the frequency of definitive CFCs. The addition of dox to day
6 EB cells derived from iLhx2-GFP only partially blocked the formation
of EryP and did not significantly increase the frequency of definitive
CFCs. To assess whether the levels of Lhx2 expression differ between
the two cell lines a gene expression analysis was performed showing that
the level of Lhx2 expression in the iLhx2-GFP cell line was merely 50%
compared to that in the iLhx2 cell line. To confirm whether the analyzed
gene expression pattern could explain the difference in phenotype
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between the two cell lines, EB cells derived from iLhx2 were analyzed in
CFC assay in increasing concentrations of dox. To confirm that
increasing concentrations of dox were correlated with increasing
concentrations in Lhx2 expression, the relative expression of Lhx2 was
assessed of iLhx2 ES cells cultured in increasing concentrations of dox.
We found that the level of Lhx2 expression increased with increasing
concentration of dox. Furthermore the expression analysis showed that
2µg dox/ml of media is a saturating concentration for maximum
expression. The EryP formation was increasingly inhibited with
increasing concentrations of Lhx2 however even low levels of Lhx2
could efficiently inhibit EryP formation. The increase in definitive CFCs
was also dependent on the concentration of Lhx2 (Figure 2 Paper I),
indicating that the level of Lhx2 expression accounts for the difference in
phenotype observed between iLhx2 and iLhx2-GFP cell line.
Furthermore, this indicates that the function of Lhx2 on hematopoietic
precursor cells within EBs is both cell type-specific and dependent on the
level of Lhx2 expression.
To address whether Lhx2 interfere with the commitment of erythroid
progenitor cells from the mesoderm or block the proliferation of already
committed erythroid progenitor cells or both, Lhx2 was induced in day 3
and day 4 EB cells when the commitment of mesoderm to hematopoietic
progenitor cells occurs. Day 6 EB cells were then analyzed in clonal
assays without dox present, resulting in reduced but significant numbers
of EryP compared to the control (Figure 5C Paper I). However it takes
approximately 24h to down-regulate the expression of Lhx2 by 90-95%
(Figure 1A Paper II) and since even low amounts of Lhx2 expression
interferes with the proliferation of EryP the observed phenotype could be
due to residual expression of Lhx2 (Figure 2E Paper I). To avoid
maintained Lhx2 expression in the clonal assay dox was added to day 3
EB cells and then withdrawn at day 5. The EB cells were then cultured
for an additional 24hrs without dox and analyzed in CFC assays at day 6
of EB development, resulting in nearly restored proliferative capacity of
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the erythroid progenitor cells compared to the control (Figure 5C Paper
I). This indicates that Lhx2 expression blocks the proliferation of the
primitive erythroid precursor cells and not the commitment of these
precursor cells from the hemangioblast. Mature erythroid definitive
progenitor cells are easily identified by that they are hemoglobinised and
thus red. Lhx2 was found to almost completely block the formation of
definitive erythroid colonies in clonal assays (mentioned in Paper I). In
addition a previous study by the group where mice were engrafted by
adult HSC-like cell lines expressing Lhx2 showed significant decreased
mean corpuscular hemoglobin content (MCHC) i.e. hemoglobin content
per erythrocyte, suggesting that Lhx2 could interfere with globin
expression (Richter et al., 2003). Lhx2 contain a LIM-domain and
several LIM interacting transcriptional activators have been shown to be
important for erythroid development. The LIM-domain containing
proteins LMO2 and LDB1 are both shown to be important for the
differentiation of erythroid cells. LMO2, LDB1, TAL1, E47 and GATA1 form a multimeric transcriptional complex that controls the expression
of genes important for erythropoiesis (Wadman et al., 1997; ValgeArcher et al., 1994; Warren et al., 1994). Over-expression of Lhx2 in
hematopoietic cells were Lhx2 normally is not expressed might lead to
that the LIM-domain interferes these TFs causing dominant negative
effects and block erythroid development and/or globin expression.

The synergistic effect of Lhx2 expression on definitive
colony formation is growth factor-specific and correlates
directly with the efficiency of generating HSC-like cell
lines (Paper I)
The generation and maintenance of the HPC lines generated by Lhx2
expression using retroviral vectors was SCF-dependent (Pinto do et al.,
2001). We therefore also observed a growth factor-dependent synergistic
effect on definitive colony formation using the inducible ES cell lines.
To elucidate the specificity and efficiency of the effect on definitive
colony formation Lhx2 expression is turned on in day 6 EB cells. The
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synergistic effect of Lhx2 expression on colony formation was observed
in most growth factor combinations containing SCF while omitting SCF
resulted in a less pronounced or no effect. However no synergistic effect
was observed when EB cells were analyzed in CFC assays with SCF
alone or SCF and epo indicating that SCF is necessary but not sufficient
for this effect. The minimum growth factor combination yielding a
consistent synergistic effect on colony formation together with Lhx2
expression was SCF and IL-6 (Figure 3A and B Paper I and data not
shown). IL-11 is another member of the IL-6- related cytokines signaling
through gp130 and IL-11 has been shown to promote growth of
immature hematopoietic progenitor cells (Musashi et al., 1991; Schibler
et al., 1992). However IL-11 did not elicit the same synergistic response
with SCF like IL-6 (Figure 8). This observation indicates that
simultaneous activation of c-kit and the gp130 signal transducer via
IL6αR is both necessary and sufficient for the Lhx2 induced synergistic
effect on colony formation. Since IL-11 is unable to elicit the same effect
the hematopoietic progenitor cell probably does not express the IL11αR.
Signaling through gp130 and SCF/c-kit has previously been shown to be
important for the hematopoietic development and for the maintenance of
several immortalized HSC-like cell lines (Baba et al., 2006; Nocka et al.,
1990; Russell, 1979; Varnum-Finney et al., 2000; Yoshida et al., 1996),
thus further indicating a role for SCF/c-kit and signaling through gp130
in the maintenance of HSC-like cell lines in vitro.

Figure 8 IL-11 do not elicit the same synergistic effect with SCF as
IL-6.The frequency of definitive hematopoietic progenitor cells in day 6 EB cells
responding to the indicated growth factors in the absence of dox (- dox) or presence
of dox (+dox).
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Utilizing the retroviral ES cell system expressing Lhx2 cell lines could
be established from hematopoietic progenitor cells derived from ES cells
differentiated in vitro (Pinto do et al., 2001). Since neither the specificity
nor the efficiency for this event could be established using the retroviral
approach we wanted to study this in the inducible ES cell system. To
address this we analyzed the efficiency for generating cell lines from
randomly picked colonies derived from both iLhx2 and iLhx2-GFP. The
most efficient approach for establishing cell lines was to transfer colonies
generated from EB cells derived from iLhx2 ES cells in clonal assays
supplied with SCF/IL-6/dox to liquid cultures containing SCF/IL-6/dox,
since 60-69% of the colonies gave rise to cell lines using this approach.
The established cell lines were named dox-dependent hematopoietic
progenitor cell (DoxHPC) lines. Several DoxHPC cell lines were
established and phenotypic analysis showed that the cell lines are
homogenous and express ckit+CD45+CD41+Sca1-Lin- (Figure 9). The
efficiency for generating cell lines was much lower when the same
approach was applied to colonies derived from EB cells descending from
the iLhx2-GFP ES cell line, where it was possible to establish cell lines
from 3% of the colonies. No cell lines could be established in clonal
assays where there was no synergistic effect of Lhx2 and the supplied
growth factors. Interestingly, the efficiency for generating cell lines (6069%) from the iLhx2 derived EB cells correlates with the relative
increase in CFCs observed in clonal assays with SCF/IL-6/dox, since this
growth factor combination yields a 3,1-fold increase in colony formation
corresponding to 68% of the total number of CFCs (Figure 4A and Table
1 Paper I). The frequency of CFCs in day 6 EBs when dox was added to
the clonal assays was on average 8,0x10-4±1,3x10-4 thus the frequency of
the Lhx2-responsive progenitor cells would be 5,44x10-4 (68% of the
total number of CFCs) or 1 in 1838 EB cells. Since an individual day 6
EB contain about 2-3x103 cells (Keller et al., 1993) 1-2 Lhx2 responsive
progenitor cells are present in each EB. Using the retroviral ES cell
system the frequency of the Lhx2 responsive cell was only 1 in every 3-4
EBs. Moreover using this inducible ES cell system we can both turn on
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and turn off the expression of Lhx2 during different stages of
hematopoietic development and thus study the function of Lhx2 at
different stages and time windows of development. The expression is
continuous in the retroviral expression system thus the early cell
populations are necessarily targeted and furthermore the level of
expression cannot be modulated. Thus the inducible expression system
permits studies of the function of Lhx2 during different stages of
development with an increased frequency of Lhx2-responsive cells and
without the complications of insertional mutagenesis.

Figure 9 The phenotype of the DoxHPC lines. FACS analysis of the DoxHPC
line showing that they are; ckit+CD45+ CD41+Sca1-CD34+Lin- .
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To assess the growth requirements of the established DoxHPC cell lines
we cultured them in different growth factor combinations. If the
DoxHPC lines were cultured in IL-6/dox the viability decreased rapidly
and after 48hrs no living cells could be detected. When the DoxHPC
lines were cultured in SCF/dox the growth rate decreased briefly and but
the cells recovered and eventually started to proliferate albeit at a 3-4
times slower compared to when cultured in SCF/IL-6/dox. The recovery
of the cells correlated with an up-regulation of the endogenous IL-6
expression (Figure 4B and C Paper I). The observation that the DoxHPC
lines can up-regulate the endogenous expression of IL-6 indicates that the
self-renewal of the Lhx2 responsive hematopoietic progenitor cell is due
to direct and specific effects of SCF/c-kit and gp130 signaling. Most of
the previously generated HSC-like cell lines using the retroviral
expression system were established in SCF alone (Pinto do et al., 2001).
Since we could not establish any DoxHPC lines in SCF alone this
suggests that an up-regulation of IL-6 possibly in combination with
insertional mutagenesis was necessary for the generation of the HSC-like
cell lines. All DoxHPC lines tested rapidly differentiate into various
myeloid cells when dox is removed from the media (Figure 1E Paper II).
In conclusion SCF, IL-6 and expression of Lhx2 is both necessary and
sufficient for the generation and maintenance of DoxHPC lines by
inducing self-renewal of a specific multipotent definitive progenitor cell
present in EBs.
The specificity of the Lhx2 mediated effect when over-expressed in the
ES system seems to be unique since other genes tested such as HoxB4,
Hox11, Smad1, mMix1 and BCR/ABL appear to have a more general
positive effect on the growth of hematopoietic progenitor cells from
different lineages (Helgason et al., 1996; Keller et al., 1998; Kyba et al.,
2002; Perlingeiro et al., 2001; Peters et al., 2001; Wang et al., 2005;
Willey et al., 2006). Furthermore cell lines could only be generated by
over-expression of either Hox11 or BCR/ABL of the above mentioned
genes. Enforced expression of Hox11 immortalize hematopoietic cells of
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different developmental potential, generating cell lines that differ in
respect to cytokine responsiveness and cell surface markers (Keller et al.,
1998). BCR/ABL transformed ES cells generate cytokine independent
cell lines with limited differentiation potential (Peters et al., 2001). The
specificity of Lhx2 and the capability of generating cell lines thus imply
that Lhx2 has a unique and specific effect on a distinct hematopoietic
progenitor cell population.

Analyses of the effects of Lhx2 expression at different
stages of ES cell differentiation (Paper I)
To assess whether the observed synergistic increase of definitive CFCs
by Lhx2, SCF and IL-6 is specific and direct and not caused by a general
increase of hematopoietic commitment from the pre-hematopoietic
mesoderm or by promoting proliferation of the hemangioblast
population, the development of the Lhx2-responding definitive
progenitor cell during EB formation was studied. EB cells was generated
from the iLhx2 ES cell line and day 2,5 to day 8 EBs were analyzed in
clonal assays with and without dox. The synergistic effect of Lhx2 was
restricted to time points when definitive progenitor cells are present
within the EB. The most significant synergistic effect was observed at
day 6, which also coincide with the time point when the EBs contain the
highest frequency of definitive progenitor cells. After day 6 the
frequency of the Lhx2-responsive progenitor cells declined and was
undetectable by day 8 of EB differentiation. To evaluate the effect of
Lhx2 expression on the hemangioblast population a blast assay was
carried out showing that expression of Lhx2 did not increase the
hemangioblast population instead it had a slight negative effect on
colony formation (Figure 5A-C Paper I). This observation suggests that
the synergistic effect of Lhx2 expression have an effect on the emerging
definitive multipotential hematopoietic progenitor cell population while
having limited if any effect on the pre-hematopoietic mesoderm and
limited and possibly somewhat negative effect on the hemangioblast cell
population.
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To further study the effect of Lhx2 expression in ES cells and during ES
cell differentiation in vitro dox was added to iLhx2 ES cells at different
time points during differentiation and day 6 EB cells were then analyzed
in clonal assays. Inducing the expression of Lhx2 in ES cells did not
affect their ability to self-renew based on growth rate and viability
(unpublished observation). However, inducing Lhx2 expression early
during ES cell differentiation suppressed EB formation, whereas
inducing expression at later time points did not affect the number of EB
cells. In addition to suppress EB formation Lhx2 expression during the
initial phases of differentiation led to numerous secondary EBs in the
CFC assay (Figure 5D and E Paper I). Increase of secondary EBs is a
sign of increased numbers of ES cell-like cells and hence defective
differentiation. This is also confirmed by the observation that the
hematopoietic potential is inversely correlated with the number of
secondary EBs detected in the CFC assay i.e. the more secondary EBs
detected the fewer hematopoietic progenitor cells will develop
(Doetschman et al., 1985). Thus large numbers of secondary EBs present
in the CFC assay indicates that the differentiation of ES cells is inhibited.
This suggests that the suppression of EB formation is possibly due to that
Lhx2 interfere with the initial commitment step of ES cell differentiation.
In addition almost no hematopoietic progenitor cells was detected in the
clonal assays when Lhx2 was induced from day 0 to day 1 and a
reduction of colony formation was observed when induced at day 2
(Figure 5F Paper I). This possibly suggests that Lhx2 also interferes with
hematopoietic commitment when expressed during this period. When
Lhx2 was induced at day 3 of EB differentiation an increase in the
number of hematopoietic progenitor cells was observed in the clonal
assays. This suggests that Lhx2 can support self-renewal of
hematopoietic progenitor cells in intact EBs and to study this Lhx2 was
induced during the latter part of differentiation and then analyzed in
clonal assays. The expression of Lhx2 was induced at day 3 and day 4 of
EB differentiation and the EB cells and control EB cells were analyzed in
CFC assays at day 6 in the presence or absence of dox. Maintained
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expression of Lhx2 from both day 3 and day 4 resulted in a synergistic
effect of Lhx2 in CFC assays of day 6 EBs. Inducing Lhx2 in intact EBs
at day 3 and turn off at day 5 of EB development did not cause
significant decrease in definitive hematopoietic progenitor cells present
in day 6 EBs. This observation suggests that the main expansion is
achieved between day 3 and day 5 (Figure 6B Paper I). Although
expression of Lhx2 in intact EBs increased the definitive progenitor cell
population the efficiency for generating cell lines was unaltered, (65%
compared with 69% (Table 1 Paper I)). This observation suggests that
the Lhx2-responsive cell both self-renew and differentiate during EB
development. If the Lhx2-responsive cell would solely self-renew when
expression of Lhx2 is induced in intact EBs the frequency of generating
cell lines from colonies generated from EBs generated with maintained
expression of Lhx2 would dramatically increase. Possibly ectopic
expression of Lhx2 during ES cell differentiation changes the
microenvironment in the EB leading to increased self-renewal of the
Lhx2- responsive progenitor cell. Lhx2 has been showed to be expressed
in a mesenchymal cell in FL during the time when the HSC go through
extensive self-renewal (Wandzioch et al., 2004). It is possible that the
combined effect of Lhx2 expression in hematopoietic cells and in
mesenchymal cells in the EB provides a favorable environment for the
Lhx2- responsive progenitor cell. This suggests that Lhx2 induce selfrenewal of this specific hematopoietic progenitor cell via both cell
autonomous and cell nonautonomous mechanisms and moreover that
clarification of these mechanisms could give insights into both cell
autonomous and cell nonautonomous mechanisms regulating HSC
function.
During EB development in the absence of exogenously added growth
factors the frequency of hematopoietic progenitor cells rapidly decline
after day 6 of differentiation (Figure 5A Paper I). To elucidate if Lhx2
expression in intact EBs could maintain the hematopoietic population
when normally exhausted we analyzed progenitor cell content in day 7
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and day 8 EBs when Lhx2 expression was induced at day 4. This showed
that Lhx2 expression maintains significant numbers of hematopoietic
progenitor cells beyond the time when they are normally exhausted
(Figure 6C Paper I). However the synergistic effect is not significant at
these late time points. The previous observation that DoxHPC cell lines
were only generated when there was a synergistic increase of the
definitive progenitor cells in the CFC assay (Figure 4A and Table 1
Paper I), likely implies that no cell lines can be established from day 7
and day 8 derived colonies. Furthermore this is probably due to that the
hematopoietic progenitor cells do not self-renew but rather differentiate
at these late time points and that EBs maintains an environment
supporting self-renewal for a limited time (day3-5).
To assess that the gastrulation proceeded normally during differentiation
of iLhx2 in vitro the expression of Brachyury was determined.
Brachyury is a marker for the formation of nascent mesoderm during
primitive streak formation and thus a marker for the initiation and
progression of the gastrulation process both in embryos and in ES cell
differentiation in vitro (Keller et al., 1993; Wilkinson et al., 1990). The
expression of Brachyury is initiated between day 2 and 3 reaches a
maximum at day 4 and then rapidly declines (Figure 5G Paper I). This
observation indicates that the gastrulation proceeds normally in these
inducible ES cell line.
Expression of Lhx2 in intact EBs support self-renewal of hematopoietic
progenitor cells without exogenously supplied growth factors in contrast
to CFC assays where the Lhx2-induced self-renewal is strictly dependent
on specific exogenously supplied growth factors. This suggests that the
environment in the EB can support self-renewal of the hematopoietic
progenitor cells without exogenously added growth factors. We therefore
compared the expression profile of EB cells were Lhx2 was induced at
day 4 to control EB cells. Since the Lhx2-induced self-renewal of
hematopoietic progenitor cells was shown to be dependent on IL-6 and
SCF it is possible that the effect of Lhx2 in whole EBs to some extent is
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mediated by an up-regulation of c-kit, gp130, IL-6 or SCF. However,
Real-Time PCR analysis showed that neither the expression of the
receptors nor of the ligands was affected by the induction of Lhx2
(Figure 6A Paper I). This indicates that the observed increase in
definitive progenitor cells by Lhx2 expression in whole EBs is not
caused by an up-regulation of SCF, c-kit, IL-6 or gp130. Moreover in a
global gene expression analysis performed on the DoxHPC cell lines
gp130 was found to be down-regulated upon dox withdrawal (Additional
file 1 Paper II). That we in one study found gp130 to be regulated by
Lhx2 and in another independent of Lhx2 expression is likely due to cell
context. EBs contains cells from all three germ layers whereas the
DoxHPC lines are a homogenous population of hematopoietic cells.
Moreover the cell specific effect of Lhx2 expression during ES cell
differentiation in vitro further indicates that the regulation of gp130
mediated by Lhx2 is cell context dependent. Possibly the induction of
Lhx2 during EB development leads to a subsequent up-regulation of
gp130 in the hematopoietic progenitor cells. However, increased
expression of gp130 in a subset of the cells would not be detected by
Real-Time PCR analyzing the expression of whole EBs. To further
analyze whether the Lhx2 mediated increase in progenitor cells could be
explained by expression analysis of the EBs we analyzed the expression
of a wide range of genes. The only genes that were significantly upregulated expressed were GATA-2 and β-globin two genes primarily
associated with definitive hematopoiesis and Pax6 and Otx2 important
for forebrain and eye development. The expression of the following
genes were all unmodified upon induction of Lhx2; genes associated
with early hematopoietic and/ or endothelial fate; CD34, CD41 and
CD44, markers for stem cell populations; Oct4, Rex1, Nanog and Nestin,
gene expressed by primitive erythroid cells; βH1, cardiac mesoderm;
Nkx2.5, Nfatc1 and Tbx1, endodermal populations; Sox17, Foxa2 and
GATA4 and vascular endothelium; VE-cadherin, Pecam and Flk-1
(Figure 6A Paper I). That Lhx2 significantly up-regulates the expression
of GATA-2 while not significantly modulates the expression of either the

58

Results and Discussion

stem cell markers nor the markers for early hematopoietic cells further
indicates that Lhx2 act directly on the definitive population.
Figure 10 depicts the conclusions from Paper I, i.e. the unique and cell
specific effect of Lhx2 expression during ES cell differentiation in vitro.
Expression of Lhx2 inhibits the initial commitment step of ES cell
differentiation and hematopoietic mesoderm commitment when induced
prior to onset of gastrulation. Expression of Lhx2 during hematopoietic
development inhibits the proliferation of primitive and definitive
erythroid progenitor cells and induces self-renewal of distinct
multipotent definitive hematopoietic progenitor cell present in the EB by
simultaneous activation of ckit and gp130 signaling via IL-6. From this
specific definitive progenitor cell can we establish HSC-like cell lines,
referred to as dox-dependent hematopoietic progenitor cell (DoxHPC)
lines.

Figure 10 The function of Lhx2 during ES cell differentiation in vitro. Lhx2 interferes
with the initial step in ES cell differentiation, inhibits proliferation of erythroid
progenitors and induce self-renewal of a distinct definitive progenitor from which
DoxHPC cell lines can be established.
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DoxHPC lines provide a system to study the molecular
targets of Lhx2 (Paper II)
Our knowledge of the processes regulating the molecular and cellular
mechanisms of HSC self-renewal and differentiation is limited.
Performing direct studies of HSCs are challenging do to the small
amount present in the hematopoietic organs. During embryonic
development the number of HSCs increases in the FL, indicating that the
FL microenvironment promotes HSC self-renewal (Ema and Nakauchi,
2000). Thus elucidation of the mechanisms responsible for the expansion
of the HSCs during embryonic development could offer insights into the
mechanisms of self-renewal in the hematopoietic system. The expansion
of the hematopoietic system is directly connected to the development of
the liver. Furthermore expression of Lhx2 is important for the liver to
form correctly and is specifically involved in the mesenchymal-epithelial
interactions that are important for liver expansion, organization,
differentiation and formation of the hematopoietic microenvironment in
the FL (Kolterud et al., 2004b; Porter et al., 1997; Wandzioch et al.,
2004). The Lhx2 null livers are unable to support hematopoiesis leading
to a severe cell nonautonomous hematopoietic defect (Porter et al.,
1997). Lhx2 has also been shown to be important for the development of
other organs such as; the forebrain, olfactory epithelium, hair follicles
and limb (Hirota and Mombaerts, 2004; Kolterud et al., 2004a; Porter et
al., 1997; Rodriguez-Esteban et al., 1998; Tornqvist et al., 2010). Thus
studies of the molecular targets regulating Lhx2 function in the
hematopoietic system could offer insights into the function of Lhx2 in
organ development and stem/progenitor cells of non-hematopoietic
origin.
To study the molecular mechanisms regulating Lhx2 function in
hematopoietic stem/progenitor cells we utilized the previously generated
DoxHPC lines having inducible Lhx2 expression (Figure 4A and Table 1
Paper I). The DoxHPC lines rapidly down-regulate Lhx2 expression
upon dox withdrawal, since Lhx2 expression is decreased by >90%
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within 24hrs and after 72hrs the expression is undetected. The downregulation of Lhx2 results in rapid cellular changes as the cells starts to
differentiate into various myeloid cells, four to five days after dox
withdrawal neutrophilic granulocytes, macrophages and megakaryocytes
appeared in the culture and after 8 days the cell cultures were dominated
by mast cells. Moreover, seeding the DoxHPC lines onto stromal cells in
the presence of dox the cells generate cobblestone areas, which is
indicative of hematopoietic stem cells/progenitor cells. However if the
cells are seeded on to the stromal layer in the absence of dox the
DoxHPC cells rapidly differentiate into macrophages (Figure 1A-E Paper
II). The characteristics of the DoxHPC lines provides an efficient and
reproducible system relevant for doing global gene expression analyses
comparing Lhx2+ stem cells to their immediate Lhx2- progeny. By only
changing one parameter (absence or presence of dox) we can indentify
genes linked to Lhx2 function and moreover genes putatively connected
to HSC maintenance and early hematopoietic differentiation.
We used cDNA microarray technology to study the genome-wide
transcriptional effects of down-regulation of Lhx2 expression in
DoxHPC1 and DoxHPC7. DoxHPC1 is established from iLhx2 and thus
express high levels of Lhx2, DoxHPC7 however is established from
iLhx2-GFP and expresses consequently lower levels of Lhx2. Cells were
collected after 36, 72 and 96 hours after dox withdrawal to determine
differential gene expression early after Lhx2 down-regulation (Figure 2A
Paper II). This approach was chosen to assess what genes were affected
by the lack of Lhx2 expression at time points before the majority of the
cells were committed myeloid cells, since the latter would only identify
differences between HSCs and mature cells. The cDNA arrays were
produced at the KTH Microarray Center and were comprised of 14,121
cDNA clones originating from mouse lateral ventricle wall library, a
normalized neuropsphere library and an adult BM derived hematopoietic
stem cell line expressing Lhx2. This approach identified 267 genes that
were differentially expressed at all three time points, of these 141 were
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down-regulated and 126 were up-regulated (Figure 4A Paper II). The
gene that were most down-regulated was Lhx2 (down with
approximately 90%) hence confirming the efficiency of the doxdependent expression system (Table 2 Paper II). We confirmed the
differential expression pattern detected by the array using Real-Time
PCR of 10 down-regulated and 10 up-regulated by comparing gene
expression in DoxHPC1 in the presence of dox to three days after dox
withdrawal (Figure 3 Paper II). Furthermore we performed RT-PCR
analysis of a large number of genes (approximately 50) using the same
approach (data not shown) and to date no inconsistencies have been
found.

Expression of Lhx2 partly maintains the HSC signature
(PaperII)
Global gene expression in murine HSCs has previously been studied
using Affymetrix arrays (Ivanova et al., 2002; Ramalho-Santos et al.,
2002). Both these studies compared the gene expression profile of stem
cell enriched cell populations to more differentiated progeny cells,
Ramalho-Santos et al. compared the stem cell population to the main
population of the BM and Ivanova et al. compared the stem cell
poulation to late progenitor cells and Lin+ mature blood cells. We wanted
to compare the differentially expressed genes identified on our array to
the genes previously found to be expressed in stem cell enriched
populations to determine the validity of our system. When we compared
our differentially expressed genes to the HSC-enriched transcripts from
the Ramalho-Santos study 57 genes were found to overlap, and 33 genes
(58%) of these genes were found to be down-regulated upon dox
withdrawal. The dataset from the Ivanova array were divided into two
groups “HSCs and early progenitor-enriched” (groups i-iv) and “Late
progenitor and mature blood cell-enriched” (groups v-vii). The overlap
between our differentially expressed genes and the “HSCs and early
progenitor-enriched” population was 46 genes and of these 30 transcripts
(65%) were down-regulated upon dox withdrawal (Figure 4B and C
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Paper II). Thus the majority of our differentially expressed genes that
overlapped with the HSC-enriched transcript subset from Ivanova and
Ramalho-Santos studies was down-regulated upon dox withdrawal,
indicating that several of the genes specifically expressed by the Lhx2+
stem cell population have previously been identified as HSC specific.
Furthermore, when our differentially expressed genes was compared to
the “Late progenitor and mature blood cell-enriched” subset from the
Ivanova study, 25 transcripts were found to overlap and of these 20
genes (80%) were up-regulated upon dox withdrawal (Figure 4B Paper
II). Thus indicating that several of the genes expressed by the Lhx2differentiated cell populationen had previously been identified to be
expressed by late progenitor and mature blood cells. This indicate that
there is an overlap between DoxHPCs and HSCs on the molecular level,
suggesting that the DoxHPC lines is a relevant in vitro model system to
study HSCs on the cellular and molecular level. Furthermore, a
functional in vitro study has showed that the BM-derived Lhx2-HPC line
(Pinto do et al., 2002) express similar TGF-β receptors and Smads as
HSCs. Moreover the response to TGF-β1, Activin-A and BMP-4 of the
Lhx2-HPC line was similar to the HSCs suggesting that Lhx2-HPC lines
can be used as a model system to study Smad signaling in HSCs
(Utsugisawa et al., 2006). Furthermore, HPC7 generated by retroviral
expression of Lhx2 in hematopoietic progenitor cells derived from ES
cells differentiated in vitro (Pinto do et al., 2001) has been used to
identify tissue-specific elements controlling the expression of Lmo2
during early time point during ontogeny when Lmo2 is induced (Landry
et al., 2009). Thus showing that Lhx2 derived cell lines can be used as
model systems to study transcriptional regulation of HSCs.
Thirteen transcripts were found to be shared between our array, Ivanova
and Ramalho-Santos (Smo, Tes Upp1, Laptm4b, Slco3a1, Fkbp1a, Itga6,
A530057M15Rik, 6430596G11Rik, 1810009M01Rik, 1110004D19Rik,
D13Ertd275e and AA536749). Thus the total overlap between our array
and the Ramalho-Santos array was 21%, 17% of the genes overlapped
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with the “HSCs and early progenitor-enriched” gene set from the
Ivanova array and 9% of the genes were shared by all three arrays
(Additional File 4 Paper II). The overlap appears to be limited however it
should be noted that the overlap between probes spotted on our array and
the Affymetrix arrays used by Ivanova and Ramalho-Santos was merely
50% and 57% respectively. Furthermore, when the stem cell enriched
gene subsets identified by Ramalho-Santos and Ivanova was compared to
a third array the total overlap was merely 13%, 34% of the genes were
shared by at least 2 arrays (Zhong et al., 2005) keeping in mind that these
arrays was performed utilizing similar methods and materials this
suggests that the overlap between different array studies on BM derived
HSCs show a limited overlap of differentially expressed genes. Thus, the
DoxHPC lines are comparatively similar HSCs on the molecular level.

Overlapping gene expression patterns in mouse embryos of
Lhx2 and genes down-regulated in DoxHPC lines upon dox
withdrawal (Paper II)
Lhx2 plays an important role in the formation of several tissues via
mesenchymal-epithelial interactions and/or regulation of stem/progenitor
cells. To further assess whether any of the genes expressed by the Lhx2+
stem cell population where expressed in organs and by stem cell
populations were the development is regulated by Lhx2 expression. We
performed in situ hybridizations to study the expression pattern of these
genes in olfactory epithelium, hair follicles, forebrain and liver. These
tissues were chosen on the basis that Lhx2 has been implicated in the
development of these organs (Kolterud et al., 2004a; Kolterud et al.,
2004b; Porter et al., 1997; Tornqvist et al., 2010; Wandzioch et al., 2004)
Thirteen genes were randomly chosen expressed by the Lhx2+ stem cell
population, six these (46%) were found to have partly overlapping
expression pattern with Lhx2 in other tissues. Tmem2 is expressed in all
four tissues. Nuak1 and Enc1 are expressed in olfactory epithelium, hair
follicles and the cortex area of the forebrain, Etv5 is expressed in the hair
follicles, cortex area of the forebrain and weekly in the liver (Figure 5
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Paper II). However, none of these genes appear to be direct
transcriptional targets of Lhx2 since the expression of these genes are
unaltered in the Lhx2-/- mouse. Nevertheless different genes can be
important yet have parallel functions in the formation of an organ, an
example of that are the parallel functions of Lhx2 and Pax6 during eye
development, discussed in detail below. In conclusion, although we were
comparing differential expression in hematopoietic cells we identified
genes with overlapping expression pattern with Lhx2 in several organs,
suggesting that the mechanism whereby Lhx2 immortalizes
hematopoietic stem/progenitor cells partly overlap with the function of
Lhx2 in the development of a variety of organs. Whether the genes
identified on the array plays an important role during embryonic
development like Lhx2 remains to be determined.

Functional study of Smo expressed in the Lhx2+ stem cell
population
Smo the mediator of the hedgehog signaling pathway was found to be
down-regulated upon dox withdrawal and moreover Smo was one of the
13 transcripts identified by all three data sets (Additional File 4 Paper II).
Smo had previously been identified to be important for the maintenance
of chronic myeloid leukemia cells and the Smo inhibitor, cyclopamine,
was shown to impair development and progression of the disease (Dierks
et al., 2008; Zhao et al., 2009). Chronic myeloid leukemia is caused by a
translocation leading the formation of the fusion protein Bcr-Abl (Burke
and Carroll, 2010). Previous studies by our group had shown that mice
transplanted with BM-HPC lines developed a myeloproliferative disorder
resembling chronic myeloid leukemia (Richter et al., 2003). Lhx2 is not
expressed by normal HSCs but is mis-expressed in human chronic
myeloid leukemia cells. However Lhx2 is located close to c-Abl on
chromosome 9 therefore the expression of Lhx2 was suggested to be due
to cis-acting effect of the translocation (Wu and Minden, 1997).
Furthermore Lhx2 has been shown to be expressed by pre-B and pre-T
cell lines immortalized by v-Abl (an oncogenic form of c-Abl) (Moyer
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and Graves, 1981; Xu et al., 1993; Yancopoulos et al., 1984), suggesting
a putative functional role between truncated Abl protein and Lhx2.
Moreover the cell lines generated by retroviral expression of Lhx2 in
hematopoietic progenitor cells derived from ES cells differentiated in
vitro was shown to be generated by a cell nonautonomous mechanism
(Pinto do et al., 2001). We therefore wanted to assess whether Smo was
important for the maintenance of the Dox-HPC lines. Cyclopamine was
added to the DoxHPC lines maintained in SCF/IL-6/dox and cell
proliferation and cell morphology was monitored at different time points
after addition of cyclopamine. Hedgehog signaling appeard to be
dispensable for the maintenance of the HSC-like cell lines since neither
the proliferation nor cell morphology differed between the control and
the cyclopamine treated cells (Figure 12). Real-Time PCR anlysis of the
DoxHPC lines showed that the expression of the hedgehog ligands
Desert, Indian and Shh was very low (data not shown), further indicating
that maintenance of the cell lines is independent of hedgehog signaling.
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Figure 11 Hedgehog signaling is dispensible for the maintenace of DoxHPC
lines. MTT assay showing the proliferation of HPC7 cells cultured in the absence and
prescence of the Smo inhibitor cyclopamine. The cells were cultured in the presence
of absence of cyclopamine for 72hrs before the proliferation was assessed using MTT
assay. Cyclopamine is dissolved in DMSO therefore the cells were treated with the
corresponding concentrations of DMSO as a control.
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To further investigate the genes expressed by the Lhx2+ stem cell
population all the differentially expressed genes were analyzed in
Ingenuity Pathway Analysis (www.ingenuity.com), designed to link
genes of interest in pathways. Using this approach we identified 12 genes
that have been the focus of more thorough analysis in the attempt to
identify possible functional links between the function of Lhx2 in
stem/progenitor cell populations to the function of Lhx2 during organ
development (Figure 12).

Figure 12 Overview and putative cellular localization of the 12 gene products
identified using Ingenuity Pathway Analysis. Gene products identified to be part of
the same signaling pathway are indicated by rectangles of the same color. Gene
products that are specifically expressed by HSC according to Stem Cell Databases
are also indicated.

The Lhx2-cre transgenic mice defines the first neuronal
progenitor cells committed to eye formation (Paper III)
Lhx2 has been shown to be important for the development of several
different organs (Hirota and Mombaerts, 2004; Kolterud et al., 2004b;
Porter et al., 1997; Rodriguez-Esteban et al., 1998; Tornqvist et al.,
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2010). We have previously performed a microarray comparing the
expression of the Lhx2+ stem cell population to the Lhx2- differentiated
progeny. Expression analysis of genes expressed by the Lhx2+ stem cell
population showed that expression of many of these genes partly overlap
with the expression pattern of Lhx2 in several of the organs. This
observation, suggests that the mechanism whereby Lhx2 impact stem cell
function in the hematopoietic system might overlap with the function of
Lhx2 in the regulation of organ development and regulation of
stem/progenitor cells of non-hematopoietic origin (Figure 5 Paper II). In
order to define other Lhx2-dependent progenitor cell populations and to
generate a tool to analyze the role of Lhx2 and Lhx2 mediated functions,
we had to generate new transgenic mouse models. Furthermore, allowing
promoter regions of TFs important for early stages of development to
drive the expression of Cre recombinase specific progenitor cell
populations could be identified (Ashery-Padan et al., 2000; Furuta et al.,
2000; Swindell et al., 2006). Therefore a 5kb and an 11kb fragment of
the genomic region of the Lhx2 promoter located immediately upstream
of the transcriptional start site was used to generate new Cre transgenic
mouse strains. To be able to detect the expression of the Cre recombinase
and to do lineage tracing of Cre expressing cells, we crossed the Cre
transgenic mice to the ROSA26 reporter (ROSA26R) mouse strain.
Where a transcriptional stop cassette flanked by loxP sites and followed
by LacZ cDNA is inserted into the ubiquitously expressed ROSA locus.
Expression of the Cre recombinase results in recombination and excision
of the loxP flanked transcriptional stop cassette resulting in irreversible
expression of LacZ detectable with β-Gal staining (Soriano, 1999). No
reproducible or specific expression could be detected using the 5kb
fragment of the Lhx2 promotor to drive the expression of Cre in 2
different transgenic founder mouse lines (data not shown). However,
using the 11kb fragment to drive Cre we detected reproducible activity of
β-Gal almost exclusively by cells in the neuronal part of the developing
eye. β-Gal+ cells were detected in the retina, RPE layer and optic stalk
whereas very few β-Gal+ cells could be detected in the developing
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cerebral cortex and hippocampus where the endogenous expression of
Lhx2 is highly expressed (Figure 1 and Supplementary Figure 1B Paper
III). This Lhx2(11kb)-Cre transgenic mouse model will from now on be
referred to as Lhx2-Cre. All mouse strains used in Paper III are depicted
in Figure 13. Since two independently generated Lhx2-Cre transgenic
founder mouse strains gave rise to identical distribution of β-Gal+ cells in
the eye it suggests that the 11kb fragment contains regulatory element(s)
that directs the gene expression to the neuronal part of the eye that is not
influenced by putative positional effects. These regulatory elements are
thus far uncharacterized.

Figure 13 Mouse lines used in Paper III a, Lhx2-Cre; 11kb of fragment of the Lhx2
promotor drives the expression of Cre. b ROSA26 reporter mouse; a transcriptional
stop cassette flanked by loxP sites and followed by LacZ cDNA is inserted into the
ROSA locus. c Conditional Lhx2 knockout; exon 2 is flanked by lox site. d Lhx2-/-;
exon2 and 3 is replaced with the neomycin- resistance gene. e Z/Lhx2-GFP Z/AP
double reporter vector where a floxed allele of β-Geo (encoding a b-galactosidaseNeomycin fusion protein) is followed by an expression cassette consisting of the Lhx2
cDNA, IRES and GFP cDNA.
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To assess the temporal and spatial expression of Cre compared to the
endogenous Lhx2 expression we analyzed expression of Lhx2, Cre and
β-Gal activity at various time points during development of the Lhx2Cre:ROSA26R double transgenic mice. Endogenous Lhx2 expression
was detected in the entire prospective forebrain before the formation of
the optic pit and in the neuronal part of the eye during embryonic
development (Figure 1A-E, left panels Paper III). Furthermore, Lhx2 was
expressed in the entire forebrain at E12.5 as previously reported (Porter
et al., 1997; Yun et al., 2009)(Supplementary Figure 1A Paper III). Cre
expression was detected at E8.25 in a few cells in the most lateral part of
the optic pit. Cre expression was later detected in the prospective
neuronal retina at E9.5 and E10.5 while no Cre expression was detected
in any parts of the eye after E12.5. Lineage tracing experiment revealed
that no β-Gal activity was detected at E8.25 when Cre expression was
first induced. However, after E9 β-Gal+ cells were reproducibly detected
in the entire optic vesicle and by all cells of the neuronal retina, the RPE
cells and the optic stalk at E10.5 and E12.5 (Figure 1A-E right panels
Paper III). Possibly the lack of β-Gal+ cells at E8.25 is explained by
reduced sensitivity of the β-Gal staining method compared to in situ
hybridization or a lag due to that recombination and production of βGalactosidase protein need to occur before β-Gal+ cells can be detected
or possibly a combination of both. Cre is almost exclusively expressed in
the developing eye during the early stages of eye development and
lineage tracing studies showed that all the neural components of the eye
were derived from Cre+ cells. This observation suggests that the
expression of the Lhx2-Cre transgene at E8.25 in the optic pit defines the
first progenitor cells in the forebrain committed to eye development. We
did not detect any β-gal+ cells in the forebrain (Supplementary Figure 1B
Paper III), indicating that using the Lhx2-Cre transgenic mouse it is
possible to distinguish functions of genes prior to and after commitment
to eye development. The development of the forebrain and of the eye is
closely related both spatially and by the mutual use of several genes.
This is apparent by the phenotype of the null mice for several of the eye
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field TFs e.g. Six3-/- mice lack most head structures anterior to midbrain
(Lagutin et al., 2003). Consequently by crossing Lhx2-Cre to mouse
strains with “floxed” alleles of such TFs e.g. Lhx2, Six3, Pax6 and Rax
the role of the respective gene during eye development, will be possible
to study without the influence of confounding effects of the their role in
the patterning of forebrain. Expression of Lhx2-Cre in null background
of the eye field TFs assess whether the gene is important for commitment
of the eye progenitor cells. Several of these TFs are expressed before the
development of the eye is initiated e.g. Lhx2 is expressed from the 2
somite stage whereas somite stage 6 corresponds to the anterior neural
plate stage when the eye field is specified (Tetreault et al., 2009; Yun et
al., 2009). Furthermore, expression of Lhx2 and several of the other eye
field TFs are not restricted to the eye field and hence it is difficult to
distinguish if a gene has indirect or direct functions in eye development.
Transgenic mouse strains have previously been generated where the
expression of Cre is regulated by the promoters of Rax, Six3, Cone-rod
homeobox containing gene (Crx) and Pax6 (Ashery-Padan et al., 2000;
Furukawa et al., 2002; Furuta et al., 2000; Swindell et al., 2006).
However, Rax-Cre and Six3-Cre transgenic mice are not eye-specific
since expression is also found in the forebrain (Furuta et al., 2000;
Swindell et al., 2006) and Pax6-Cre and Crx-Cre show partial expression
in the developing eye (Ashery-Padan et al., 2000; Furukawa et al., 2002).
To our knowledge Lhx2-Cre is the first transgenic mouse strain
identifying the first progenitor cells committed solely to eye
development in the neural ectoderm of forebrain. Moreover lineage
tracing experiments has shown that all neuronal parts of the eye are
generated from these progenitor cells however they do not give rise to
any parts of the forebrain. Thus the Lhx2-Cre transgenic mouse will be
an important tool for the elucidation of the complicated mechanisms
regulating eye development.
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Conditional inactivation of Lhx2 in the eye committed
progenitor cells leads to an immediate arrest of eye
development (Paper III)
Lhx2 is expressed in the entire forebrain before the formation of the optic
pit and is essential for formation of the forebrain (Porter et al., 1997;
Tetreault et al., 2009). The Lhx2-/- mice are anophtalmic since the
development of the eye is arrested at the optic vesicle stage (Porter et al.,
1997). To further assess at what stage(s) of eye development Lhx2 is
important the Lhx2-Cre mouse strain was crossed to a mouse strain with
“floxed” Lhx2 alleles generating Lhx2-Cre:Lhx2flox/flox mice. All adult
Lhx2-Cre:Lhx2flox/flox mice had a bilateral eyeless phenotype and
histological studies of newborn mice revealed that all eye structures was
absent. Furthermore the forebrain appears to be intact in contrast to
Lhx2-/- embryos that suffer from severe hypoplasia of the forebrain
confirming the specific expression pattern of the Cre transgene
(Supplementary Figure 2B Paper III). To assess at what stage of eye
development Lhx2-Cre:Lhx2flox/flox mice is arrested we examined
embryos during different stages of early eye development. In the
conditional Lhx2 mutant exon 2 is deleted therefore we can distinguish
between wt Lhx2 expression and expression of mutated Lhx2 mRNA and
hence assess the efficiency of the inactivation. The wt allele will
hybridize to both full length Lhx2 probe and to an exon 2 specific probe
while the mutated allele will only hybridize to the full length Lhx2 probe
(Tornqvist et al., 2010). As previously discussed Cre is expressed in the
eye committed progenitor cells from E8.25, we found that Lhx2 was
completely and reproducibly inactivated in the optic vesicle cells from
E9.5. At this developmental stage when the prospective eye consists of
an optic vesicle there are no morphological differences between control
and mutant optic vesicles. However, at E10 when the control embryos
have formed an optic cup this process is blocked in the conditional Lhx2
mutant. Thorough staging of the eye development in mutant Lhx2 optic
vesicles showed that development proceeds to the stage when the optic
vesicle comes in close contact with the surface ectoderm and induce the
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lens placode however the development is arrested at that stage. Moreover
the lack of Lhx2 expression in the presumptive eye of the conditional
mutant lead to a deterioration of the optic vesicle at E11.5 and at E12.5
all neuronal structures of the eye are absent and no lens structure can be
recognized (Figure 2 Paper III). This suggests that conditional
inactivation of Lhx2 in the eye committed progenitor cells lead to an
almost immediate arrest in eye development and a subsequent
deterioration of the optic vesicle. The cause of the deterioration of the
optic vesicle is currently being studied, possible reasons could be;
increased apoptosis or lack of instructive signals. However, the
frequency of apoptotic cells is unaltered in the optic vesicle of the Lhx2-/mice when the eye development is arrested as assessed at E9.5 (Yun et
al., 2009). Furthermore the frequency of apoptotic cells in optic vesicle
of Lhx2-/- mice is similar to wt even more than 24hrs after eye
development has arrested as assessed at E10.5 (Yun et al., 2009).
Therefore it is likely that the deterioration of the optic vesicle in the
Lhx2-Cre transgenic is caused by a lack of instructive signals rather than
increased apoptosis.

The optic vesicle is partially patterned in the conditional
Lhx2 mutant (Paper III)
The patterning of the optic vesicle into the prospective neural retina and
RPE layer is mediated by external signaling inducing expression of
determinants for the respective tissue. Mitf is initially expressed in the
entire optic vesicle, Chx10 is induced later and defines the prospective
neural retina by inhibiting the expression of Mitf in the lateral part of the
optic vesicle, thus Mitf defines the RPE layer. Furthermore Shh and
BMP4 signaling establish the dorsal ventral patterning, Shh and BMP7
induce the expression Pax2 that marks the prospective optic stalk (Chow
and Lang, 2001; Horsford et al., 2005; Morcillo et al., 2006; Nguyen and
Arnheiter, 2000). To further study at what stage of eye development the
conditional mutant arrests upon inactivation of Lhx2, the patterning of
the optic vesicle was assessed. In the normal Lhx2 mutant eye
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development is arrested before the regionalization of the optic vesicle
and thus neither Mitf nor Chx10 is expressed (Yun et al., 2009). In the
conditional Lhx2 mutant Mitf expression is initially detected in the entire
optic vesicle however the expression is later down-regulated. Expression
of Chx10 is induced later during development and was undetectable in
the conditional Lhx2 mutants (Figure 3 Paper III). Since Chx10 is
induced by FGF signaling aberrant FGF signaling could explain the lack
of Chx10 expression. However, previous reports have shown that FGF8
expression is maintained in the conventional Lhx2 mutant and that Lhx2
was expressed in optic vesicle of the FGF8 mutant, indicating that Lhx2
expression and FGF8 expression are regulated independent of each other
(Yun et al., 2009). Therefore it is likely that the lack of Chx10 expression
is not due to aberrant FGF signaling but rather due to an arrest in eye
development before the expression of Chx10 is induced. Expression of
Pax2 was detected in the conditional mutants and the expression of Pax2
appeared to be regionalized in a comparable expression pattern to wt
littermates (Figure 3 Paper III). Consequently eye development of the
conditional mutant progress slightly further compared to the Lhx2 null
mutant where no lens placodes are formed and no expression of Pax2 or
Mitf is detected (Yun et al., 2009). However, the patterning of the optic
vesicle is merely partial and transient in the conditional Lhx2 mutant,
indicating the Lhx2 is important for both establishment and maintenance
of the patterning of the optic vesicle.
The formation of the optic cup is highly regulated and Lhx2 and Pax6
have both been suggested to be important for the regulation of the optic
vesicle to optic cup transition since the development of both the Lhx2-/and Pax6-/- mice arrests at this stage (Hill et al., 1991; Porter et al.,
1997). However the regionalization of the optic vesicle is accomplished
in the Pax6-/- but not in the Lhx2-/- mice (Baumer et al., 2003; Yun et al.,
2009). Indicating that the eye development is obstructed earlier in the
Lhx2 deficient mice, since the regionalization of the optic vesicle slightly
precedes the optic vesicle to optic cup transition (Ashery-Padan and
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Gruss, 2001). The expression of Pax6 persists in the Lhx2-/- mice and the
expression of Lhx2 is maintained in the Pax6-/- mice suggesting that the
two TFs are independently important for the formation of the optic cup
(Porter et al., 1997). The development of the eye progress further in the
Lhx2-Cre transgene compared to the conventional Lhx2 mutant since a
lens placode is formed and Mitf and Pax2 is expressed. Moreover the
expression of Pax2 expression is regionalized however the
regionalization is not completed since no Chx10 expression is detected,
by using the Lhx2-Cre mouse model we could confirm that Lhx2 is
necessary for the formation of the optic cup.

Expression of TFs important for early eye development in
the conditional Lhx2 mutant (Paper III)
Next we wanted to elucidate the immediate consequence of Lhx2
inactivation in the eye committed progenitor cells by studying the
expression pattern of TFs important for early eye development including
the eye field TFs. At E9.5 the expression of Lhx2 is almost completely
inactivated in the optic vesicle, however, no morphological differences
can be detected between Lhx2 null optic vesicles and control littermates
(Figure 2A and C and Figure 4A Paper III). The expression of Pax6,
Six3, Rax and Otx2 was shown to be unaltered whereas Six6 was
significantly down-regulated (Figure 4B-F Paper III). This is in
agreement with a previous publication showing that Lhx2 together with
Pax6 induce the expression of Six6 (Tetreault et al., 2009). At this stage
of development the surface ectoderm has thickened and formed the lens
placode. Pax6, Sox2 and Six3 are expressed by the lens placode. Six3 has
been suggested to be important for the lens induction by inducing
expression of Pax6 and Sox2 (Liu et al., 2006). That the conditional Lhx2
mutant express Pax6, Sox2 and Six3 in the surface ectoderm adjacent to
the optic vesicle, indicates that the ectodermal thickening also aquire
some lens placodal fate at the molecular level (Figure 4C and F Paper
III). The conventional Lhx2 null mutant show no morphological signs of
a lens placode and Six3 and Sox2 are weakly expressed at E9.5 and
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absent at E10.5 (Yun et al., 2009). This observation prompted us to study
the expression of these genes in E10.5 embryos. The expression of the
lens placodal markers Pax6, Six3 and Sox2 was still maintained in the
surface ectoderm at E10.5 suggesting that the lens placode is maintained
at this stage in the conditional mutant. Moreover expression of Six3,
Otx2, Rax, Pax6 and Sox2 was also maintained in the optic vesicle at this
stage although it was developmentally arrested. In addition expression of
Six6 was still down-regulated compared to wt littermates (Figure 4H-M
Paper III). Thus in the Lhx2-Cre:Lhx2flox/flox a lens placode is formed
based on morphology and expression of lens placodal markers. However,
the lens placode deteriorate concomitantly with the deterioration of the
optic vesicle (Figure 2K Paper III) indicating that maintained interactions
between developing optic vesicle/lens placode is necessary for lens
placode development. Furthermore the earliest molecular consequence of
inactivation of Lhx2 in the optic vesicle is a down-regulation of the
expression of Six6. However, the eye phenotype of the conditional Lhx2
mutant is likely not explained by the reduced levels of Six6 expression
since the eye phenotype of the Six6-/- mice suggest that expression of
Six6 is important for later stages of eye development (Li et al., 2002).
We had previously observed that the expression of Pax6 and Otx2 was
up-regulated in day 6 EBs were the expression of Lhx2 had been induced
at day 4 (Figure 6 Paper I). To assess if any of the other TFs regulating
eye development had differential expression pattern in the EB +/- dox we
performed Real-Time PCR analysis of Six6, Sox2, Six3 and Rax. The
expression of Six6 and Sox2 was unmodified furthermore Six3 and Rax
was under the detection limit (Figure 14). Pax6 and Lhx2 are
independently important for eye development (Porter et al., 1997) and
possibly the up-regulation of Pax6 is unexpected. Lhx2 and Otx2 are both
expressed in the rostral parts of the head during the early developmental
stages possibly suggesting that these TFs are involved in the patterning
of the anterior portion of the head (Porter et al., 1997; Simeone et al.,
1993). That Otx2 is up-regulated in the EBs upon dox administration
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Relative expression

possibly suggest that these EBs acquire more of an early
neuroectodermal character. The differentiation protocol used is prone
towards mesodermal commitment and is therefore not an ideal method to
study eye development. That the expression of Six6 was unmodified was
surprising since Lhx2 and Pax6 has been shown to induce the expression
of Six6 (Tetreault et al., 2009) and we had observed down-regulation of
Six6 in the conditional Lhx2 mutant optic vesicle (Figure 4B and H Paper
III). It is likely that these EBs do not contain the appropriate cells to
respond and induce expression of Six6 as response to the increased levels
of Lhx2 and Pax6. Likely a more ectodermal prone differentiation
protocol would provide a more optimal method for expression studies of
these genes in EBs.
8
7
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1
0

Control
Dox Day4
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ND

Six6 Pax6 Otx2 Sox2 Six3 Rax
Figure 14 Real-Time PCR analysis of eye field TFs and Otx2 in EB cells. Day 6
EB cells cultured in the absence (-dox) or presence (+dox) of dox from day 4.
Expression was normalized to TBP. ND- not detected.

Lhx2 function in eye development is partially mediated by
BMP signaling (Paper III)
BMP signaling is important during several different stages of eye
development. BMP4 expression derived from the dorsal retina is
important for the establishment of the dorsal ventral axis of the optic cup
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by induction of the TF Tbx5 (Yang, 2004). BMP7 has been shown to be
important for establishment of the optic fissure by generation of Pax2
expressing cells (Morcillo et al., 2006). BMP signaling has also been
connected to Lhx2-mediated mechanisms regulating eye development
since no expression of BMP4 or BMP7 is detected in Lhx2-/- optic vesicle
decreased BMP signaling was also confirmed by lack of phosphorylated
Smads in the optic vesicle (Yun et al., 2009). Therefore we analyzed the
expression pattern of BMP4 and BMP7 in the optic vesicles of the
conditional mutant. Expression of BMP7 in the conditional mutant was
comparable to wt littermates. However, expression of BMP4 was
initiated in the dorsal part of the mutant optic vesicle at somite stage
18-21 and 12hrs later the expression of BMP4 is undetected in the
conditional mutant (Figure 5 Paper III). This indicates that the induction
of BMP7 expression is dependent on Lhx2 expression whereas the
maintenance of BMP7 is independent of Lhx2 while expression of BMP4
seems to require maintained expression of Lhx2. The mechanism for
how Lhx2 regulates the expression of BMP signaling is unknown. Lhx2
has been shown to regulate the expression of Pax2 in the eye via both
cell autonomous and cell nonautonomous mechanisms (Yun et al., 2009).
Therefore it is possible to envision both cell autonomous and cell
nonautonomous regulatory mechanisms for the Lhx2 mediated regulation
of BMP signaling. Moreover that we detect expression of Pax2 in the
optic vesicle of the conditional Lhx2 mutant is probably due to BMP7
inducing effects since Pax2 is not detected in Lhx2-/- mice where BMP7
is not detected (Yun et al., 2009) and BMP7 has been shown to induce
Pax2 expression (Morcillo et al., 2006). Twisted gastrulation (Twsg1)
was found to be expressed by the Lhx2+ stem cell population (Paper II),
Twsg1 encodes for an extracellular protein that has been shown to be
both an agonist and an antagonist of BMP signaling (Oelgeschlager et
al., 2000; Ross et al., 2001) likely in a cell specific and concentration
dependent manner. Twsg1-/- mice display a wide range of phenotypes
depending on the genetic background, from dwarfism to severe
craniofacial defects due to failure of the forebrain to undergo median
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cleavage into bilateral hemispheres (Petryk et al., 2004). Thus, further
indicating a correlation between Lhx2 and BMP signaling in the
development of the rostral part of the head.

The role of Lhx2 in the early commitment of the eye
progenitor cells (Paper III)
Lhx2 is expressed in the anterior neural plate at 2 somite stage in the
region of the prospective eye field (Tetreault et al., 2009) and is therefore
possibly involved in the specification of the eye field. To study the
function of Lhx2 in the early commitment of the eye progenitor cells the
Lhx2-Cre transgenic mouse strain was crossed to heterozygote of the
conventional Lhx2 mutant to generate Lhx2-Cre:Lhx2-/- mice. Cre
expression was detected in the most lateral part of the optic vesicle at
E9.5 of the Lhx2-Cre:Lhx2-/- similar to Cre expression in control mice
indicating that commitment of this specific eye progenitor cell defined by
Cre expression in the Lhx2-Cre transgenic mouse model is not dependent
on Lhx2 expression (Figure 6A and B Paper III). This observation
suggests that Lhx2 functions to promote differentiation of already
committed progenitor cells rather than being involved in the
establishment of the eye field, concurrent with the observation that optic
vesicles form in the Lhx2-/- mice. However even though optic vesicles
form in the Lhx2-/- mice eye development arrests slightly after the optic
vesicles have formed and whether the arrest is due to aberrant
differentiation or to defective eye progenitor cells or a combination of
both is impossible to assess.
To elucidate whether these Lhx2-/- eye committed progenitor cells have
the same potential for eye development as control progenitor cells
expressing Lhx2, Lhx2 was expressed in the Cre expressing cells after
commitment of eye fate had been accomplished using a double reporter
transgenic mouse strain (Z/Lhx2-GFP see (Tornqvist et al., 2010)).
Consequently to what extent, if any, would Lhx2 expression in the Cre+
progenitor cells in the Lhx2 null background be able to rescue eye
development? Thus to generate such a mouse strain we crossed Lhx2-Cre
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and the Z/Lhx2-GFP transgenes into the Lhx2-/- background. The
generated mouse strain Lhx2-Cre:Z/Lhx2-GFP:Lhx2-/- will induce
expression of Lhx2 and GFP in the Cre expressing cells. The offspring
that were Lhx2+/+ or Lhx2+/- all developed normal eyes irrespective of
their transgenic genotype and moreover all single transgenic offspring
that were Lhx2-/- was anaophtalmic. However we could observe a small
mass of pigmented cells located bilaterally in the Lhx2-Cre:Z/Lhx2GFP:Lhx2-/- offspring, indicating that a partial rescue of the RPE cells is
achieved by Lhx2 expression in the early eye progenitor cells. The
pigmented cells expressed both Pax6 and Mitf but lacked expression of
Chx10 indicating formation of ectopic RPE cells (Figure 6C-I Paper III).
The partial rescue of the eye could be explained by suboptimal
expression of Lhx2 from the Z/Lhx2-GFP strain or possibly that the Lhx2
mutant progenitor cells are not permissive for complete eye development
upon re-expression of Lhx2. Furthermore it is possible that the
expression of Lhx2 was sufficient but that the timing of the induction of
Lhx2 expression was inaccurate. To assess whether the expression of
Lhx2 was induced efficiently the expression of GFP was assessed during
eye development in Lhx2-Cre:Z/Lhx2-GFP mice. Widespread GFP
expression was detected in the developing eye indicating that Lhx2 was
induced at the correct stage and in the correct cells however whether the
expression was sufficient to allow eye development is difficult to
distinguish (Figure 6J Paper III). The Z/Lhx2-GFP transgenic mouse
strain has previously been used to study the function of Lhx2 in hair
follicles. The induced expression of Lhx2 from the transgene was very
low in hair follicles possibly suggesting that the transgene is inefficient
for thus far unknown reasons (Tornqvist et al., 2010). Interestingly and
in line with the theory of low expression of Lhx2, the phenotype of the
Lhx2-Cre:Z/Lhx2-GFP:Lhx2-/- mice is noticeably similar to the BMP7-/mouse (Dudley et al., 1995). Since neither BMP7 (nor BMP4) is
expressed by the Lhx2 null optic vesicles (Yun et al., 2009) it is possible
to anticipate that reduced levels of BMP signaling in the
Lhx2-Cre:Z/Lhx2-GFP:Lhx2-/- mice result in this partial rescue of only
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RPE cells. Moreover that particularly the RPE layer was rescued could
be explained by the observation that Otx2 expression is maintained in the
Lhx2-/- optic vesicles (Figure 15). Otx2 is early during eye development
expressed in the entire optic vesicle and is later confined to the RPE
layer. In addition Otx2 has been shown to in synergy with Mitf drive the
differentiation of the RPE layer (Simeone et al., 1993). Therefore it is
possible that the eye progenitor cells with an induced expression of Lhx2
are instructed by Otx2 to adopt RPE layer fate.

Figure 15 In situ hybridization analysis of Otx2 mRNA in E9.5 Lhx2-/- embryo.
Otx2 is expression is maintained in the optic vesicle of Lhx2-/- mice, this observation
possibly explains why the RPE layer is rescued in Lhx2-Cre:Z/Lhx2-GFP:Lhx2-/- mice.

Differential expression pattern in the optic vesicle of genes
expressed by the Lhx2+ stem cell population (Paper III)
The genes expressed by the Lhx2+ stem cell population had been
analyzed by Ingenuity Pathway Analysis revealing gene products
identified to be part of the same signaling pathway (Figure 12) and
twelve genes had been identified and selected for further studies.
Furthermore we had previously shown that several of the genes
expressed by the Lhx2+ stem cell population had overlapping expression
pattern with Lhx2 in other organs were the development is regulated via
Lhx2 mediated functions (Figure 5 Paper II). We wanted to connect the
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function of Lhx2 in stem/progenitor cell populations to the function of
Lhx2 in the development of the eye in the attempt to identify new
regulators/mediators of eye development. We therefore assessed the
expression pattern of these genes in the optic vesicle of the conditional
Lhx2 mutant. Two of the differentially expressed genes showed an
interesting expression pattern in the developing eye; Ectodermal neuralcortex 1 (Enc1) and NUAK family SNF1-like kinase, 1 (Nuak1). Nuak1
is an AMP-activated protein kinase (AMPK) family member that is
directly regulated by Akt, during nutrient starvation Nuak1 inhibits cell
death triggered by glucose starvation (Suzuki et al., 2003), Nuak1-/- mice
are embryonic lethal due to omphalocele since the closure of the
abdominal bands is incomplete (Hirano et al., 2006). Expression of
Nuak1 was detected in the forebrain in wt tissue however the expression
in the conditional mutant was extended into regions where Lhx2
expression had been inactivated (Figure 7 Paper III). This suggests that
Lhx2 activate Nuak1 expression in the forebrain while suppressing its
expression in the optic vesicle.
Enc1 belongs to the Kelch family of proteins, important for the function
and organization of the cytoskeleton. Enc1 is the only member of the
Kelch family expressed in the central nervous system (Hernandez et al.,
1997). Expression of Enc1 is up-regulated by canonical Wnt signaling in
colorectal carcinomas (Fujita et al., 2001). Expression of Enc1 was
detected in the prospective retina and in the lens placode in wt control
mice. However no expression of Enc1 could be detected in the
conditional mutant neither in the optic vesicle nor in the lens placode
(Figure 7 Paper III). Thus, indicating that Lhx2 regulates the expression
of Enc1 via both cell autonomous and non-autonomous mechanisms.
Lhx2 has been suggested to control the optic vesicle to optic cup
transition by controlling key determinants of both dorsal and ventral
identity (Yun et al., 2009) and the complex regulation of these genes
linked to Lhx2 function might partly explain how Lhx2 accomplish that.
Thus we have identified two new genes putatively regulated by Lhx2
both in stem/progenitor cell populations and during eye development.
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Concluding remarks
We have studied the function of Lhx2 in HSCs and during development
of the eye using both in vitro and in vivo approaches. We have also been
able to connect the function of Lhx2 in hematopoietic stem/progenitor
cells to the function of Lhx2 during eye development. Furthermore we
have developed a new and useful mouse model for elucidating the
function of genes during eye development without affecting the
patterning of the forebrain. Using this mouse model we have studied the
function of Lhx2 during eye development and shown that Lhx2 is
important for the growth and patterning of the developing eye but not for
the commitment of the eye progenitor cells from the anterior neural plate.
We have assessed the specificity and efficiency of the function of Lhx2
in hematopoietic stem/progenitor cells and found that expression of Lhx2
during ES cell differentiation in vitro has unique and cell specific effects.
We have also studied the processes regulating the molecular mechanisms
of HSC self-renewal and differentiation using microarray technology.
We found that Lhx2 partly maintains the HSC signature and that the
mechanism for which Lhx2 immortalizes hematopoietic progenitor cells
partly overlap with the function of Lhx2 during organogenesis. The aim
of our research is to clarify the basic aspects of stem/progenitor cell
regulation and organ development. Knowledge gained by basic research
will be instrumental in the quest for novel therapies within regenerative
medicine aiming at repairing or replacing damaged tissues/organs.
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Expression of Lhx2 in ES/EB system induces self-renewal of a
distinct definitive multipotential hematopoietic progenitor cell in
together with ckit and gp130 signaling from which HSC-like cell
lines can be established.
Lhx2 expression completely blocks the proliferation and
differentiation of primitive and definitive erythroid progenitor
cells.
Lhx2 interferes with the initial commitment of ES cells
differentiation in vitro.
Molecular analyses of the DoxHPC cell lines reveal that they
share gene expression patterns with normal HSCs and hence
constitute a model system to study HSCs.
The function of Lhx2 in hematopoietic stem/progenitor cells
partly overlap with Lhx2 function in organ development.
The Lhx2-Cre transgene defines the first neuronal progenitor cells
in the neural ectoderm of the forebrain solely committed to eye
development.
Lhx2-Cre is a useful mouse model to study function of genes
during eye development without affecting development of the
forebrain.
Conditional inactivation of Lhx2 in the eye committed progenitor
cells leads to an immediate arrest of eye development.
Expression of Lhx2 in committed progenitors in Lhx2-/background can partly rescue eye development since ectopic RPE
structures develop.
We have identified two novel genes linked to Lhx2 function in
hematopoietic stem/progenitor cells and during eye development,
Enc1 and Nuak1.
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Svensk populärvetenskaplig sammanfattning
Utvecklingen av en ny människa ifrån den befruktade äggcellen har
förundrat mänskligheten under generationer och forskning inom
utvecklingsbiologi har bidragit till att förklara de processer som leder till
bildandet av en ny individ. Under utvecklingen styr cell-cell interaktioner
och signaler ifrån den omgivande vävnaden att huvudet utvecklas högst
upp på kroppen och att levern bildas i buken. Vidare är
organutvecklingen beroende av en strikt kontroll av interaktioner mellan
epitel och dess omgivande bindväv samt en strikt kontroll av
vävnadsspecifika stamceller. För att nya metoder ska kunna utvecklas för
att antingen reparera skadade organ eller generera nya organ på
konstgjord väg behöver de molekylära signaler som reglerar
organutvecklingen i fostret klargöras. Lhx2 är en gen som visat sig vara
viktig för bildandet av flera olika organ genom att reglera interaktionerna
mellan epitelet och dess bindväv samt regleringen av vävnadsspecifika
stamceller. Uttryck av Lhx2 är viktigt under bland annat ögonutveckling
och blodbildning då möss som saknar denna gen dör i livmodern på
grund av blodbrist och ej utvecklar ögon. Vi har undersökt hur genen
Lhx2 reglerar utvecklingen av ögat och blodsystemet.
Blodsystemet utgörs av de blodbildande organen samt blod som i sin tur
består av blodceller samt plasma. Blodcellerna har en begränsad
livslängd och byts ut fortlöpande. Nya blodceller bildas genom att
blodstamcellerna genom celldelning ger upphov till omogna celler som
via gradvis specificering bildar mogna blodceller. De blodbildande
organen innehåller ett mycket begränsat antal blodstamceller vilket
försvårar direkta studier av blodstamceller. För att underlätta studier av
dessa celler har ett modellsystem utvecklats som utgörs av embryonala
stamceller (ES celler). ES celler är omogna celler som när de odlas under
rätt förutsättningar in vitro (i ett provrör) kan ge upphov till olika typer
av vävnad t.ex. blod. Tidigare studier av vår forskningsgrupp har visat att
Lhx2 är involverad i regleringen av blodstamceller då uttryck av Lhx2 i
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benmärgsceller leder till bildandet av stamcellslika cellinjer. För att
vidare utreda hur Lhx2 påverkar blodbildningen genererade vi en ES
cellinje där vi kunde kontrollera genuttrycket av Lhx2. Denna cellinje
ger oss möjligheten att studera effekten av Lhx2 under olika tidpunkter
av utvecklingen av blodsystemet in vitro. Vi fann att Lhx2 har en unik
cellspecifik effekt, då uttryck av Lhx2 inhiberar tillväxten av röda
blodkroppar men stimulerar tillväxt av en specifik omogen blodcell, ifrån
vilken vi kunde etablera blodstamcellslika cellinjer. De genererade
cellinjerna var beroende av bibehållet uttryck av Lhx2 för att fortsätta
växa som en omogen cellpopulation då cellerna snabbt specificerades till
mogna blodceller när uttrycket av Lhx2 nedreglerades. Denna egenskap
medför att dessa cellinjer utgör ett bra modellsystem för att studera de
molekylära mekanismer som reglerar blodstamceller. Vi jämförde
uttrycket av olika gener mellan den Lhx2+ stamcells populationen och
den Lhx2- specificerade cell populationen och fann att 267 gener hade ett
differentiellt genuttryck. Merparten av de gener som vi identifierade som
stamcellsspecifika hade blivit identifierade i tidigare studier som
stamcellsspecifika, vilket tyder på att de genererade cellinjerna liknar
stamceller på genuttrycksnivå. Vidare kunde vi visa att 46% av de
undersökta generna hade ett delvis överlappande uttrycksmönster med
Lhx2 i organ där utvecklingen är reglerat av Lhx2. Detta innebär
möjligen att mekanismen med vilken Lhx2 generar cellinjer är delvis
överlappande med den funktion som Lhx2 spelar under
organutvecklingen.
Lhx2 anses vara viktigt för bildandet av ögat eftersom att
ögonutvecklingen avstannar på ett tidigt stadium i musembryon som
saknar Lhx2. Därtill har dessa musembryon en liten och outvecklad
framhjärna. Då ögats och framhjärnans utveckling är nära
sammankopplat både rumsligt och genom ett ömsesidigt beroende av
samma gener för sin utveckling är det svårt att studera enskilda geners
funktion för ögats utveckling skiljt ifrån dess roll i framhjärnans
utveckling. För att bättre kunna studera funktionen av Lhx2 under
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ögonutvecklingen genererade vi en ny musmodell som identifierar de
första omogna cellerna som är förutbestämda att bilda öga. Den stora
fördelen med denna nya musmodell är att vi nu kan studera ögats
utveckling skiljt ifrån framhjärnans utveckling. Med denna nya
musmodell kunde vi visa att eliminerat uttryck av Lhx2 i de omogna
cellerna som ska bilda öga leder till att ögonutvecklingen stannar och att
Lhx2 är viktigt för ögats tillväxt under embryoutvecklingen. Lhx2 är
även viktigt för att etablera ett korrekt uttrycksmönster av gener som är
viktiga för ögats utveckling. Genom att studera genuttrycket i ögat av
vissa av de generna som vi i vår tidigare genuttrycksstudie identifierat
som stamcellsspecifika fann vi två nya gener som är reglerade av Lhx2
under ögats utveckling; Enc1 och Nuak1.
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