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1Hematopoietic stem cells (HSCs) as source for all blood cells

The blood in our body consists of many different cell types. HSCs, which reside in the bone 
marrow (BM), are able to produce all the different cells present in our blood system, includ-
ing platelets, red blood cells, and white blood cells. This involves a highly controlled process 
of both self-renewal, to maintain the pool of HSCs and differentiation. The processes of self-
renewal and differentiation are coordinated by many signaling pathways, such as Notch [1], 
Wnt [2], BMP [3] and several others [4]. Aberrancies in genes constituting these pathways, 
either congenital or acquired, can influence these processes, eventually leading to arrests in 
development or to the development of hematological malignancies.

Under normal circumstances, HSCs give rise to all white blood cells, including both innate 
and adaptive immune cells. The innate immune system is already present at birth and 
is a nonspecific defense against pathogens and therefore is able to respond quickly. It is 
comprised of different cells types, including mast cells, macrophages, neutrophils, eosino-
phils, dendritic cells and natural killer (NK) cells. The cells of the adaptive immune system, 
comprised of B cells and T cells, are also present at birth similar to the cells from the 
innate immune system. However, cells from the adaptive immune system respond in an 
antigen-specific manner. These cells express receptors specific for antigens and upon an-
tigen encounter, they will proliferate but also form memory cells. These memory cells are 
able to respond quicker upon a second encounter with the same antigen; a characteristic 
that is made use of by vaccination, thereby providing protection against the pathogen. The 
adaptive immune system is only found in vertebrates [5-7].

HSCs are rare cells that are difficult to characterize precisely by marker expression alone. The 
most robust criterion to determine true stem cell potential is the ability to provide long-term 
repopulation of an entire host with all hematopoietic lineages [8]. In mice, this is often as-
sessed by performing transplantations into secondary recipients to determine self-renewal 
capacity [9, 10]. For human HSCs, this is of course not feasible in a clinical setting. Murine HSCs 
are characterized by the expression of Sca-1, C-kit, low expression levels of the Thy-1, low to 
absent expression of CD34 and the lack of lineage markers (e.g., B220, Mac-1, Gr-1, CD3, CD4, 
CD8 and Ter119). The most widely used HSC population in the mouse is the so called LSK 
population: lineage marker negative, Sca-1+, and C-kit+. Within this population, at least three 
subsets can be distinguished, namely, long-term [11-14] and short-term [12] HSCs, often by 
using CD34 in combination with the FLT3 marker and so-called Multipotent progenitors (MPP) 
that have largely lost true self-renewal capacity. Other markers are continuously evaluated 
and added in an attempt to more precisely define true HSCs. Of note are the so-called SLAM 
markers CD50 and CD48 which further subdivide the LSK population into cells enriched for 
long-term or short term repopulating stem cells and multipotent progenitors [15, 16].



12 CHAPTER 1

Human HSCs and their clinical use

The regenerative capacity of HSC is of great use in the clinic for the treatment of many 
diseases affecting the blood system; leukemia, lymphoma, SCID, and hemoglobinopathies, 
encompassing thalassemia and sickle cell disease [17]. Either autologous or allogeneic stem 
cells are used for transplantation, often depending on the availability of donor material. As 
a first step in the transplantation procedure, the cells of the immune system in the patient 
are often depleted by chemotherapy, which is called conditioning, and then the patient will 
receive donor-derived HSC that can engraft and develop a new healthy immune system. 
HSCs can be isolated from different sources; BM, mobilized peripheral blood and umbilical 
cord blood, all of which are used in the clinic for transplantation [18]. In a clinical setting, the 
CD34+ fraction is used for transplantation as these cells can be isolated in a good laboratory 
practice (GLP) setting. However, already in 1997, it was described that the phenotype of HSCs 
could be further refined to CD34+CD38- containing a frequency of 1 in 617 cells with true 
HSC potential, defined by the capacity to repopulate a NOD/SCID mouse [19]. Thereafter, it 
was shown that this cell fraction can be divided into 3 groups based on the expression of 
both CD90 and CD45RA. The Lin-CD34+CD38- CD90+CD45RA- cell population isolated from 
umbilical cord blood was demonstrated to have multi-lineage BM engraftment potential 
when 10 cells were transplanted [20]. This cell population could be further subdivided by 
CD49f discrimination of which the CD49f+ population contained a frequency of LT-HSC of 1 
in 10.5 cells [21]. This illustrates that currently, we are not yet able to identify the one cell 
phenotype that is most primitive and contains the highest long term repopulating capacity. 
Currently, the human HSC is described to be most enriched within the Lin-CD34+CD38-
CD45RA-CD90+CD49f+ population followed by the MPP that has lost expression of both 
CD90 and CD49f [22] (Figure 1). From the MPP two cell types branch off; the CD34+CD38-
CD45RA+CD90- MLP (multi-lymphoid progenitor) that can give rise to NK, B, and T cells, and 
the Lin- CD34+CD38+CD45RA-CD135+ CMP (common myeloid progenitor) that can give rise 
to the megakaryocytic-erythroid progenitor (MEP) and granulocyte-monocyte progenitor 
(GMP) [23]. The MLP is similar to common lymphoid progenitor (CLP), a progenitor proposed 
to be a precursor for lymphocytes but not for myeloid cells derived from many studies on 
hematopoiesis in the mouse [24-26]. In humans, this has been studied less extensively. The 
MLP comprises mostly lymphoid restricted cells, but also has some myeloid developmental 
potential, hence it cannot be considered as the human counterpart of the mouse common 
lymphoid progenitor. Instead, this population seems closer to lymphoid-primed multipo-
tent progenitors, the so-called LMPPs [27]. Importantly, recent insights have identified a 
novel lineage of lymphocytes, the innate like lymphocytes (ILC) that do not express antigen-
specific receptors but share many other properties with T cells [28-30]. Three subgroups 
are commonly distinguished based on the cytokines they produce and the transcription 
factors required for their development, a characteristic they also share with specific T cells 
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1subsets. The classical NK cells are now referred to as part of the ILC1 cells and Lymphoid 
tissue inducer cells belong to the ILC3 family. Cells from the myeloid lineage, erythrocytes 
and granulocytes are progeny from the MEP and GMP progenitor types. Also on the gene 
expression level, there is a separation between lymphoid fate and a myeloid fate at the MLP 
stage [31]. Many of the transcription factors that are important in HSCs are known to be 
causative of leukemia when deregulated, for example, RUNX1, MLL, SCL/TAL1 and LMO2 [32, 
33]. Under homeostatic conditions, the number of stem cells has to stay constant, which can 
be achieved by asymmetric cell division, through which one daughter cell keeps the stem cell 
identity and the other differentiates. The mechanism regulating asymmetric vs. symmetric 
remain poorly understood in mammals, particularly in HSCs. Depending on their localization, 
HSCS can divide symmetrically to expand the HSC pool (for instance during embryonic life 
in the fetal liver) or asymmetrically [34-36]. Adult HSCs are mostly quiescent. Indeed, most 
of the true stem cell activity is present in dormant LT-HSCs [37]. Additionally, the activation 
of dormant stem cells, for instance by inflammatory signals such as interferons, seems to 
be reversible as cycling HSCs return to the dormancy upon re-attainment of homeostasis 
[38]. Dormancy is thought to be a protective mechanism against exhaustion of HSCs, despite 
self-renewal properties, as there might be a limited self-renewal potential [39].

Figure 1

Figure 1. Schematic representation of the main lineage commitment steps in hematopoiesis. 

HSCs with the self-renewal capacity are placed at the top of  the hierarchy, develop to several multipotent progenitors 
which give rise to mature blood cells through a step wise process of  lineage commitment. HSC, hematopoietic stem 
cell; MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, common lymphoid progenitor; GMP, 
granulocyte-monocyte progenitor, MEP, megakaryocyte-monocyte progenitor, pDC, plasmacytoid dendritic cell; cDC, 
conventional dendritic cell; NK, natural killer
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Embryonic origin of HSCs

Blood tissues originate from mesoderm lineages during the embryogenesis. The first re-
stricted cell types called hemangioblast which is thought to be derived from the common 
precursor of endothelial and hematopoietic lineages, [5, 32, 40]. However, it is difficult to 
determine the origin of the hematopoietic lineage due to the high mobility of the blood, 
and diverse localization of hematopoietic cells during embryogenesis, until the definitive 
hematopoietic organs are fully formed and functional.

Yolk sac (YS) is the first site of hematopoiesis in the mouse, which is formed between 
embryonic days 7 (E7) and E8 when the circulation is not established yet. This temporary 
hematopoietic organ mainly produces primitive erythrocytes cells and myeloid progenitors 
[41, 42]. Subsequently, adult HSCs are developed around E10.5 in the para-aortic splanch-
nopleura-(pSp-) also called aorta-gonads-mesonephros (AGM) region [43, 44]. These cells 
are colocalized with the endothelial cells in the ventral region of the dorsal aorta, [45], 
which raised the possibility of the development a “hemogenic endothelium” lineage as 
mentioned previously [46-49]. However, another hypothesis suggests that hematopoietic 
precursors are developed in sub aortic patches and then these cells migrate to the dorsal 
aorta via mesenchyme [50]. Immediately after being developed in the AGM region, HSCs 
can be found in other tissues such as the YS, placenta and fetal liver [51]. It is plausible that 
HSCs are developed in these organs de novo, or due to the local expansion. It has been 
proven that the hematopoietic cells migrate from the AGM, YS, and placenta into the fetal 
liver, which becomes the main hematopoietic organ until birth when BM hematopoiesis 
is established [52, 53]. Several studies have shown that human embryonic hematopoiesis 
follows very similar pattern to the murine fetal hematopoiesis [54] (Figure 2).

In the fetus, the liver is a major organ for HSC expansion and differentiation [55]. Although 
common precursors of myeloid and erythroid cells can be detected in the liver as early 
as E9.5, the first definitive HSCs seed the fetal liver at E11.5. The first phenomenon after 
colonization is a massive expansion of HSCs (38-fold between E12 and E16) which has 
been proven via competitive repopulating experiments. As HSCs start to emigrate from the 
liver into other organs such as the spleen and BM around E16, their repopulating potential 
decreases  [56] (Figure 2). Despite adult HSCs, fetal HSCs are actively cycling, and they 
have greater self-renewal potential compared to the BM HSCs [9, 57].

The balance between HSC repopulation and differentiation toward mature blood cells is 
crucial to maintain enough HSC pool in one hand and to provide quick and sufficient blood 
cells during injury on the other hand. This balance is controlled by multiple evolutionary 
conserved signaling pathways including the Wnt, Notch, Smad, and Hedgehog pathways. 
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1A large body of evidence has shown the presence of a complex molecular cross-talk 
between HSCs and the niche cells in their close vicinity, leading to the definition of one 
adhesion and signaling unit termed “stem-cell-niche synapse”, in analogy to the neuronal 
and immunological synapses [58]. In order to maintain the stem cell niche integrity, two 
different interactions are required. One to provide the adhesion among cells, and another 
to provide adhesion to the extracellular matrix, in order to trigger the activation of specific 
signaling pathways which potentially influence HSCs fate decisions, survival, and prolifera-
tion. The induction of signaling pathways can be mediated via three distinct mechanisms. 
Notch signaling is induced by cell-cell interactions via the binding of membrane associated 
ligands and receptors. Other signaling pathways such as Wnt, Smad/TGF/BMP/Activin, and 
Hedgehog are activated through binding of soluble factors to specific receptors located 
both on the HSCs and on the niche cell. Thirdly, hematopoietic cytokines like stem cell 
factor and thrombopoietin play an important role via binding to the Kit receptor, and the 
Mpl receptor respectively [58].

Figure 2

Figure 2. Main anatomical sites of hematopoiesis during embryonic development. 

Bars depict the ages at which mouse and human hematopoietic sites are active. AGM, aorta-gonad-mesonephros region; 
FL, fetal liver; YS, yolk sac.
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T cell development in the thymus

T-cell development occurs in the thymus, while all other blood cell lineages develop in 
the BM. The thymus is a bilobed organ located behind the sternum, above the heart. It is 
significantly large at birth, but the volume of true thymic tissue decreases by aging, during 
a process called thymic involution [59, 60]. Organogenesis of the murine thymus starts at 
E10.5. Bilateral endodermal proliferations of the third pharyngeal pouch invade the underly-
ing mesenchyme to form the thymic primordium or anlage [61]. In humans, this starts at the 
end of the fourth week of gestation. At E12.5 (4-7 weeks in man), the primordia separate 
from the pharynx and migrate to their definitive location, where they fuse to form a single 
organ [62, 63]. The importance of the thymus as an essential microenvironment for T cell 
development is proven by children suffering from the DiGeorge syndrome, in which some-
times thymus is completely missing. These children have a severely low number of T cells 
or even a complete absence of T cells [64]. BM hematopoietic progenitors enter circulation 
and migrate to the thymus where they commit to the T-cell lineage and further maturate 
to the functional T lymphocytes. Since thymic progenitors lose their self-renewal potential, 
a continuous import of progenitors from the BM is required to maintain T-lymphopoiesis 
[65]. However, upon deprivation of thymus from BM derived progenitors the thymus can 
maintain autonomous T-cell development for several months [66], a turnover process which 
is regulated by bone marrow progenitor colonization. It has been shown that the thymocyte 
turnover is regulated by natural cell competition between young BM derived progenitors 
and old thymus resident progenitors. When the thymus is relieved from outside competition, 
intrathymic precursors persist, self-renew, resulting in the development of T-ALL Leukemia 
[33].

T-cell development proceeds through a series of discrete phenotypic stages that can be 
characterized by the expression of several important membrane molecules, most nota-
bly CD4 and CD8 (Figure 3). In both humans and mice, thymocyte development occurs 
through successive CD4-CD8- (double negative, DN), CD4+CD8+ (double positive, DP) 
and CD4+CD8-CD3+ or CD8+CD4-CD3+ (single positive, SP) stages. The DN subset can be 
further subdivided into four stages (DN1 till DN4) in mice and humans [67-69]. The precise 
identity of the progenitors that seed the thymus is still controversial due to the fact that 
heterogeneous subpopulations of BM progenitors contain T-cell lineage potential, and 
also the extremely low number of cells seeding the thymus. These progenitors enter the 
thymus via veins in the cortical tissue close to the corticomedullary junction, from which 
they migrate into the thymic tissue [70] (Figure 3). Although few progenitors migrate to 
the thymus, they significantly proliferate in response to the environmental signals they 
encounter, while starting a T-cell transcriptional program. These initial signals are provided 
via cytokines like SCF and Flt3L, Wnt and Notch signaling pathway. 
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1Several types of progenitors have been suggested to seed the thymus and most of them 
are known to circulate and express chemokine receptors and adhesion molecules, shown 
to be involved in the thymus migration and seeding. These consist of Ccr7, Ccr9, and 
the P-selectin ligand Psgl1, among others. Despite several subpopulation candidates of 
thymus-settling, one major progenitor source contains lymphoid-primed multipotent 
progenitors (LMPP) [71, 72]. These progenitors are defined as Lin-Sca1+c-Kit+Flt3+ and, 
besides T-cell potential, they can develop into macrophages, dendritic cells, NK cells, and 
B-cells, but not erythrocytes or megakaryocytes lineages [73-75], at least in the mouse. 
In humans, the earliest cells in the thymus have retained some erythroid potential [69], 
which also is reflected in the abundant erythroid gene program that is expressed in human 
ETP-ALL [76]. 

After entering the thymus T-cell precursors develop through distinct stages. Progression 
through these steps involves gradual phases of lineage specification, characterized by 
the acquisition of a T-cell specific transcriptional program. Concomitantly to the lineage 
specification events, T-cell precursors gradually and irreversibly lose alternative non-T 
lineages potential till they are fully committed to the T-cell lineage. While the B-cell po-
tential is rapidly lost by the majority of the progenitors entering the thymus, the potential 
to become dendritic cells (DCs), natural killer (NK) cells and macrophages are preserved 
until later stages. Initial studies identified cells with a CD3-CD4-CD8-CD25-CD44+ surface 
phenotype (named DN1) as the most immature T-cell progenitors in the thymus. Further 
studies demonstrated that this is still a highly heterogeneous population also containing 
mature NK, NKT-cells, and γδ T-cells. In addition, effective T-lineage progenitor activity 
was shown to reside in a small subset of DN1 cells expressing c-Kit, which is termed early 
thymic progenitors (ETP) [24, 77-79]. ETPs are very efficient in the generation of DN2 cells 
(defined as CD3-CD4-CD8-CD25+CD44+) but they still maintain NK, DC, myeloid and at 
a lower extent also B-cell potential. Similarly to the LMPPs, a small portion of ETPs also 
expresses Flt3 and CCR9. These are believed to be the most immature T-cell progenitors 
in the thymus in the mouse. 

The presence of alternative lineage potential in T-cell progenitors suggests the existence of 
mechanisms to dictate a T-cell fate at the expense of other lineages. The most well-known 
instructive signal to promote T-cell development is the Notch signals. Activation of the 
Notch signaling pathway by ligands of the Delta family was shown to be essential to induce 
T-cell commitment [80-84]. While Notch signaling appears to be involved in the restriction 
of alternative lineage potentials e.g. by inhibiting B-cell and myeloid cell development, 
it may alternatively promote survival and expansion of the T-cell progenitor populations 
[85-87]. Another signaling pathway shown to be essential for these early events in T-cell 
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development is the Wnt signaling pathway, which is currently seen as a rate-limiting posi-
tive regulator of the transition to the DN2 stage [88, 89].  

T cell progenitors migrate through different anatomical zones in the thymus which may 
provide different signals to help the establishment of a T-cell development program (Fig-
ure 3) [90, 91]. As ETPs migrating through the cortical region towards the subcapsular zone 
they become more restricted to the T-cell lineage and start expressing important genes 
for T-cell receptor (TCR) rearrangements, assembly and signaling, such as recombinase 
activating gene 1 (Rag1) and Rag2, CD3 chains and Lck, [67]. The progressive upregula-
tion of T-cell identity genes is accompanied by the acquisition of a DN2 (CD3-CD4-CD8-
CD25+CD44+) and DN3 (CD3-CD4-CD8 CD25+CD44-) surface phenotypes, a process called 
T cell commitment. T cell commitment process has been studied more extensively which 
resulted in the identification of more intermediate stages namely DN2a, DN2b, DN3a, 
and DN3b. DN2a T cells also express a high level of c-kit and are believed to be the last 
uncommitted stage of T cell development. The expression of c-kit diminishes significantly 
at the DN2b stage while they lose their capacity to differentiate into any non-T cell lineage 
anymore [92]. CD27 expression subdivides DN3a and DN3b pre- and post-selection DN3 
cells respectively. Detailed gene expression analysis revealed that regulatory changes 
associated with the β-selection occur between these two stages of DN3 [93]. The DN3a 
stage is characterized by an arrest in cell-cycle allowing in this way the rearrangement of 
the Tcrb genes, which encodes for the variable region of the antigen receptors in T-cells. 
These rearrangements occur through a process termed V(D)J recombination which allows 
the generation of a high diversity of antigen receptors [94]. Successful rearrangement of 
the Tcrb gene is functionally tested for its expression on the cell membrane. Productively 
rearranged Tcrβ chains are coupled to an invariant pre-Tα chain to form the Pre-TCR com-
plex. Signaling through the Pre-TCR induces proliferation, survival and differentiation, 
in a process called β-selection. Cells that pass the β-selection are educated to develop 
into the αβ-T cell lineage [95, 96] and acquire DN4 (Thy+CD3-CD4-CD8-CD25-CD44-), ISP 
(CD3-CD4-CD8+ in mice or CD3-CD4+CD8- in humans) and later DP (CD4+CD8+) surface 
phenotypes. After these highly proliferative stages, another arrest in proliferation hap-
pens when the cells reach the DP stage and start rearranging the Tcra gene. Efficient Tcra 
rearrangement leads to the expression of a TCRαβ complex on the cell surface. These 
TCRαβ complexes are then functionally tested for the recognition of self MHC (major his-
tocompatibility complex) molecules (positive selection) and absence of reactivity against 
self-antigens (negative selection) [97]. Therefore this stage is identified by high apoptosis 
rate in order to eliminate non-functional and auto-reactive T-cells [97, 98]. Concurrently 
with the positive and negative selection processes, cells with a functional T-cell receptor 
further maturate to CD4+ T-helper cell or to CD8+ cytotoxic T cell lineages and migrate to 
the periphery.
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Figure 3

Figure 3. T cell developmental stages in the thymus.

Cross-section of  an adult thymic lobule representing the migration route of  T-cell precursors during development. Im-
migrant precursors move to the thymus through blood vessels and enter near the cortico–medullary junction, the early 
T-cell precursors (ETP) subsequently migrate, and differentiate to double negative (DN), double positive (DP) and 
finally to single positive (SP) stages, through the discrete microenvironments of  the thymus. β-selection occurs at DN3a 
to DN3b transition at the outer portion of  the thymus (subcapsular zone). A directional reversal of  migration back 
across the cortex towards the medulla occurs for the later stages of  thymocyte development. ISP, immature single positive; 
TCR, T-cell receptor.

Wnt signaling pathway

The terminology of Wnt originates from a combination of the names for the Drosophila me-
lanogaster segment-polarity gene Wingless, and Integrase-1 [99], a mouse proto-oncogene 
that was discovered as an integration site for mouse mammary tumor virus. Integrase-1 is 
the vertebrate homolog of D. melanogaster Wingless, suggesting a key role of the gene in 
carcinogenesis [100]. There are 19 Wnt genes in the human and mouse genomes, all encod-
ing lipid-modified secreted glycoproteins. 
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The involvement of Wnt signaling pathway in various developmental processes has been 
shown by many studies. Among all cell-fate specification, progenitor-cell proliferation, 
dorsal axis development, and control of asymmetric cell division are the most important 
processes. In the hematopoietic system, Wnt pathways also play an important role as a 
proliferative growth factor, but also to determine cell-fate decisions, as morphogens do 
in other tissues. The number of studies on the Wnt signaling by immunologists and he-
matologists has augmented dramatically during the past few years. Initially, the pathways 
were only fascinating for developmental immunologists where it was thought that Wnt 
signaling is only important during T cell development by providing proliferative signals to 
immature thymocyte. Nowadays, Wnt signaling is also a hot topic in the field of immune-
hematology where the role of Wnt signaling is heavily under investigation e.g in the self-
renewal of hematopoietic stem cells, the maturation of DCs, peripheral T-cell activation 
and migration, and the development of leukemias.

There are at least three different Wnt pathways: the canonical Wnt pathway, which in-
volves β-catenin (also known as cadherin-associated protein-β) and members of the T-cell 
factor (Tcf)/ lymphocyte-enhancer binding factor (Lef) family; the planar cell polarity (PCP) 
pathway; and the Wnt-Ca2+ pathway.

Canonical Wnt signaling

Canonical Wnt pathway, known as β-catenin dependent Wnt signaling, is the most studied 
and best defined Wnt pathway. The majority of studies in immune-hematology have focused 
on this pathway in which β-catenin is the central player [101, 102] (Figure 4). This 92 kD 
protein has two functions: cell adhesion via cadherin, and activator of the canonical Wnt 
pathway.

In the absence sufficient triggers in the environment, the pathway is off. As a result, free 
cytoplasmic β-catenin is kept at very low levels via proteasomal degradation. β-catenin 
degradation is achieved through active phosphorylation at conserved regions by the ser/
thr kinases glycogen synthase kinase 3β (Gsk-3β) and Casein Kinase 1 (Ck1). These proteins 
consist the so called destruction complex, that also includes the scaffolding proteins axis 
inhibition protein 1 and 2 (Axin1 and Axin2), and the tumor suppressor protein adeno-
matous polyposis coli (Apc). First, β catenin is phosphorylated on Ser45 by Ck1, and then 
on Ser33, Ser37 and Thr41 by Gsk-3β to form recognition sites for the ubiquitin ligase 
β-transducin repeat-containing protein (β-Trcp), resulting in its ubiquitylation and subse-
quent proteasomal breakdown [103] (Figure 4A).

In the presence of surrounding Wnt proteins, and upon binding of these soluble proteins 
to the Frizzled receptor and the coreceptor low-density lipoprotein receptor-related 
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1protein 5 (Lrp5) or Lrp6 at the cell membrane, the signaling cascade is induced. When 
the complex of Frizzled–Lrp5/Lrp6 is formed, the ser/thr kinases is inhibited which is 
mediated by Dishevelled (Dlv). This phenomenon results in the disruption of the destruc-
tion complex, thereby β-catenin is stabilized in the cytoplasm. Accumulation of β-catenin 
probably in its amino-terminally dephosphorylated form [104] is followed by translocation 
to the nucleus where it binds to Tcf/Lef transcription factors. In normal conditions, Tcf 
assembles a transcriptional repressor complex [105]. Formation of the active β-catenin/
Tcf transcription-factor complex induces upregulation of Wnt target genes particularly 
Axin-2, c-Myc, and cyclinD1 (Figure 4B). Recent biochemical studies have revealed dual 
roles for Gsk-3β and Ck1. It has shown that they function not only as a negative regulator 
by promoting β-catenin phosphorylation and degradation, but also function as a positive 
regulator. By phosphorylation of specific residues of Lrp6, they allow docking of Axin to be 
rescued from the destruction complex. Therefore, despite their inhibitory form in cytosolic 
forms, membrane associated Gsk-3β and Ck1 stimulate Wnt signaling upon activation of 
the pathway [106-108]. 

The canonical Wnt pathway is known to be strictly regulated at different levels (reviewed 
in [109]). Binding of Wnts to the receptor complex can be actively prohibited by naturally 
occurring soluble decoy receptors such as secreted Frizzled-related protein (sFrp) and 
Wnt inhibitory factor 1 (Wif1) [110]. This Wnt antagonist binds directly to soluble Wnt 
proteins in order to inhibit their binding to the Wnt receptor complex. Next group of 
soluble Wnt antagonist consists of the Dickkopf homologs (Dkk), which bind to the Lrp5/
Lrp6 co-receptors and inhibit their function. In addition, Dkks can interact with another 
type of transmembrane receptors, the Kremens (Krm). Krm/Dkk1/Lrp6 form a ternary 
complex that disrupts Wnt/Lrp6 signaling by promoting endocytosis and removal of the 
Wnt receptor from the membrane [111]. The first evidence that Wnt signaling is important 
in stem cells originated from a Tcf-4 knockout experiment in which mutant mice do not 
develop crypt stem cell compartments. Gene expression analysis revealed that Lgr5/
Gpr49 (target of Tcf4 gene) is highly expressed in crypt stem cells, same as multiple other 
tissues [112]. Parallel studies showed that R-spondin receptor family, which acts as a Wnt 
agonist, provide growth stimuli for these crypts. The story got completed with the finding 
that Lgr5 constitutes the receptor for R-spondins in a complex with Frizzled/Lrp [113]. 
The Lgr5/R-spondin complex acts by neutralizing Rnf43 and Znrf3, two transmembrane E3 
ligases that remove Wnt receptors from the stem cell surface. Rnf43/Znrf3 are themselves 
encoded by Wnt target genes and constitute a negative Wnt feedback loop [114]. In the 
nucleus, the cell autonomous inhibitor of β-catenin and Tcf (ICAT) prevent the interaction 
of β-catenin with Tcf and Lef molecules, thereby inhibiting assembly of the active bipartite 
transcription-factor complex [115]. At least eight isoforms of Tcf with different potential 
for binding to β-catenin are created by alternative splicing and promoter usage, thereby 
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Figure 4

Figure 4. Canonical or Wnt-β-catenin-Tcf/Lef signaling. 

A) When the Wnt signalling is off, β-catenin levels in the cytoplasm and nucleus are kept low due to the continuous phos-
phorylation by the serine/threonine kinases Ck1 (casein kinase 1) and Gsk3β (glycogen synthase kinase 3β), leading 
to binding of  β-transducin-repeat-containing protein (βTrcp) and to ubiquitylation and degradation by the proteasome. 
The destruction complex is composed of  Ck1 and Gsk3β, as well as the anchor proteins Axin1 (axis inhibition protein 
1 ) and Apc (adenomatous polyposis coli). In the nucleus, Tcf  (T-cell factors) are bound by co-repressors such as Grg/
Tle (Groucho/transducin-like enhancer) proteins that silenced expression of  Wnt target genes. Other components of  the 
repressor complex include CTbP (C-terminal binding protein) and Hdac (histone deacetylases). β-catenin in the nucleus 
is prohibited from binding to Tcf  by ICAT (cell autonomous inhibitor of  β-catenin and Tcf). The Frizzled receptor 
complex (composed of  Frizzled and Lrp5 (Ldl receptor related protein 5) or Lrp6) can also be actively inhibited by 
receptor-bound soluble inhibitors such as Dkk1 (Dickkopf  homolog 1). B) Upon binding of  a lipid-modified Wnt pro-
tein to the receptor complex, a signaling cascade is triggered. LRP is phosphorylated by Ck1 and Gsk3β, and Axin1 
is recruited to the plasma membrane. The kinases in the β-catenin destruction complex are inactivated and β-catenin 
translocate to the nucleus to form an active transcription factor complex with Tcf, results in transcription of  a large set 
of  target genes. In the nucleus, β-catenin binds to Tcf  and Lef  factors and recruits co-factors such as legless (Lgs; also 
known as Bcl9) and Pygopus (Pygo), Cbp/p300, Brahma and Med12/mediator to initiate transcription. Dvl, mam-
malian homologue of  Drosophila Dishevelled.
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1manipulating the responsiveness of cells to canonical Wnt signals [116]. While the longer 
Tcf isoforms contain the amino-terminal catenin-binding domain, the shorter forms lack 
this region, therefore, cannot bind to catenin and function as naturally occurring repres-
sors of the pathway. 

The target genes which could be activated by the canonical Wnt signaling pathway are not 
completely discovered. These genes could vary among different tissues. In general, Axin2, 
c-Myc, CyclinD1, n-Myc, Lef1, and Cd44 have revealed to be regulated by Wnt signaling in 
various tissues [117-120]. These genes are involved in cell cycle regulation, apoptosis and 
proliferation, and in the induction of the Wnt signals in positive feedback loop.

Non-canonical Wnt signaling

As mentioned previously there are other types of Wnt signaling pathways which are 
independent of β-catenin so called non-canonical Wnt pathway, among all the Planar Cell 
Polarity (PCP) and the Wnt-Ca2+ pathways are best defined in model organisms such as D. 
melanogaster, Xenopus laevis and C. elegans, and have been shown to affect hematopoiesis 
and lymphopoiesis [121, 122].

Binding of non-canonical Wnt ligands such as Wnt5a and Wnt11 to Frizzled and Dvl (and 
probably G-proteins), without the involvement of Lrp5 and Lrp6 coreceptors, induce PCP 
signaling [123] (Figure 5). It has been shown that downstream pathways of Dvl are involved 
in various mechanisms. For example Dvl indices cytoskeletal re-organization by activation 
of Daam (Dishevelled associated activator of morphogenesis), subsequent induction of the 
RhoA (Ras homolog gene-family member A)-Rock (Rho-associated coiled-coil-containing 
protein kinase) pathways [124]. Dvl also activates Rac1, and both of these small GTPases 
(RhoA and Rac1) activate the Jun N-terminal kinase (Jnk, stress-response) pathway, which 
affects the cytoskeleton and cell shaping. Other important roles of the PCP pathway are 
the positional adjustment in model organisms, cell adhesion, and migration by regulating 
the cytoskeleton modification, and blockage of canonical Wnt signaling in lymphocytes 
by phosphorylation of cytoplasmic β-catenin protein [121, 122]. Several downstream ele-
ments of the PCP pathways affect the actin cytoskeleton and cell polarity, although this is 
not supposed to be true during hematopoiesis.

Binding of non-canonical Wnt5a ligand to e.g. Frizzled-2 receptor could trigger yet another 
pathway, known as Wnt-Ca2+ pathway which could inhibit canonical Wnt pathway [125, 
126]. The Wnt-Frizzled binding via a G protein, activates phospholipase C (Plc), leading 
to the cleavage of phosphatidylinositol-4,5- bisphosphate (PtdIns(4,5)P2) to inositol tri-
sphosphate (InsP3) and diacylglycerol (DAG) (Figure 5), which activates protein kinase C 
(PKC). InsP3 binding to its receptor on intracellular calcium storage cause accumulation 
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of the cytoplasmic level of Ca2+ ions, which is low in normal conditions. The elevation of 
Ca2+ concentration induces the phosphatase calcineurin and several calcium dependent 
kinases, including PKC (Protein Kinase C). Pkc itself upregulate the calcineurin expres-
sion, which ultimately leads to the Nfat activation (nuclear factor of activated T cells). 
In Xenopus spp., the Wnt-Ca2+ pathway has been shown to control ventral patterning, 
partially via  Xenopus Nfat. Nfat is known to be involved in T-cell receptor (TCR)-mediated 
activation and interleukin-2 (IL-2) production in T cells which could be regulated via Wnt-
Ca2+ downstream components. [127, 128]. Another interesting association of Wnt and 
Nfat signaling has been described in T cells where Gsk3β play a role in exporting Nfat out 
of the nucleus [129].

The presence of nineteen mammalian Wnt ligands which can bind to 10 different FZDs 
receptors to activate various downstream pathways such as WNT/β-catenin, WNT/planar 
cell polarity, and WNT/Ca2+ pathway, make the study of this pathway complicated. In the 
last decade, various in vitro and in vivo gain of function and loss of function models have 
been developed to unravel these functions. Nevertheless, our knowledge at the cell mem-
brane level where Wnt ligands activate FZD receptors, to trigger specific mechanisms and 
associated components, and as result to determine the ultimate function of Wnt pathway 
is yet incomplete. First of all, the level of WNT/ FZD interaction is generally unknown in 
particular in mammals, and it is unclear which WNT/FZD combinations can activate certain 
signaling pathways. Secondly, selective binding of a specific FZD receptor to downstream 
signaling pathways is not fully understood. However, the binding of several WNTs/FZDs 
complex and the physiological outcome of this interaction has been the subject of several 
studies which are reviewed in [130], and some of the most important ones will be men-
tioned here. FZD2 triggers both canonical and non-canonical Wnt-Ca2+ pathways. WNT-5A 
has been shown to bind to FZD3, triggering non-canonical WNT pathway. WNT 5A also 
triggers β -catenin signaling in HEK293 cells via FZD4, which can be inhibited when it is 
cotransfected with the non-canonical receptor ROR2. WNT-7A and WNT-3A bind to FZD5/
CRD, as shown by an ELISA-based protein binding assay. Some studies have identified FZD6 
as a negative regulator of the β-catenin dependent pathway. The binding of WNT-3 and 
FZD7 results in the increased stabilization of β -catenin in human hepatocellular carcinoma 
cells and might play a role in cancer development. Purified and secreted forms of FZD5, 
FZD7, and FZD8 CRD region has shown to antagonize WNT-3A-induced β -catenin accu-
mulation in L-cells, whereas, in mouse embryonic stem cells, the same CRDs can inhibit 
spontaneous mesoderm development and induce neural differentiation. Lastly, it has been 
shown that FZD10 is involved in the development of colorectal cancer, mainly through 
canonical Wnt pathway.
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Figure 5

Figure 5. Non-canonical Wnt signaling. 

A) Planar cell polarity (PCP) signaling does not involve β-catenin, Lrp (LDL receptor related protein) or Tcf  (T-cell 
factors), but leads to the activation of  the small GTPases RhoA (Ras homologue gene-family member A) and Rac1, 
which upregulate the stress kinase Jnk (Jun N-terminal kinase) and Rock (Rho-associated coiled-coil-containing protein 
kinase 1) and result in remodelling of  the cytoskeleton and modifications in cell adhesion and motility. Through largely 
unknown mechanisms, canonical β-catenin signaling can be inhibited by the PCP pathway. B) Wnt-Ca2+ signaling 
is mediated through G proteins and phospholipases and leads to transient increases in cytoplasmic free calcium that 
subsequently activate the kinases PKC (protein kinase C) and CamkII (calcium calmodulin mediated kinase II) and 
the phosphatase calcineurin. The activation of  Plc (phospholipase C) by Dvl (mammalian homolog of  Drosophila Di-
shevelled) leads to the cleavage of  PtdIns(4,5)P2 (phosphatidylinositol bisphosphate) into InsP3 (inositol trisphosphate) 
and DAG (diacylglycerol). DAG, together with calcium, activates PKC, whereas InsP3 binding to receptors on the 
membranes of  intracellular calcium storage causes a transient increase in cytoplasmic free calcium, often also inducing an 
increase from extracellular supplies. AP1, activator protein 1; Cdc42, cell-division cycle 42; Daam, the Dishevelled-
associated activator of  morphogenesis; Nfat, nuclear factor of  activated T cells; Pde6, phosphodiesterase 6.
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Tyrosine kinase receptor and their relation with Wnt signaling

Some of the Receptor Tyrosine Kinase (RTK) family members including, Ryk (related to recep-
tor tyrosine kinase), Ror (RTK-like orphan receptor), and MuSK (muscle-specific kinase) have 
an extraordinary connection to Wnt signaling pathway, thereby accounts for Wnt signal-
ing receptors [131]. Ryk protein consists of a Wnt-inhibitory factor-1 (WIF-1) domain in its 
extracellular region and is reported to function as a receptor (or co-receptor) for Wnts [132] 
(Figure 6). The role of Ryk was initially discovered during screening for genes involved in 
Drosophila CNS axon pathfinding [133]. For a long time, it was believed that Ryk does not 
contain active tyrosine kinase catalytic activity because of the mutations in the vital ATP-
ase sites. A breakthrough in understanding Ryk function stem from the study in Drosophila 
where binding of the WNT5 protein to Ryk receptor has been shown [134]. It turned out 
that the Ryk-WNT5 interaction triggers the development of the embryonic CNS [135]. Dr. 
Baltimore and his coworkers have shown that Ryk can also directly binds to Wnt-1 and Wnt-
3a via its WIF domain. This binding induces a canonical downstream pathway which results 
in TCF activation. In this in vitro model, the extracellular domain of Ryk forms a ternary 
complex with Frizzled and Wnt-1. The intracellular domain of Ryk interacts with Dishevelled, 
in order to induce TCF activation in response to Wnt-3a activation. They have shown that 
Ryk-Wnt3a interaction is crucial for the development of neurite outgrowth in dorsal root 
ganglia explants [136].

The majority of functional studies focus on the role of Ryk in CNS development during 
embryogenesis. There are only a handful of studies in which the roles of Ryk in hemato-
poiesis and thymopoiesis have been studied. More than 20 years ago, the laboratory of Dr. 
Belmont studied the expression pattern and function of Ryk in the hematopoietic system. 
Gene expression, as well as protein expression analysis, revealed that Ryk expression is 
regulated during hematopoietic development by lineage commitment and stage of matu-
ration [137]. After two decades, a study in the laboratory of Prof. Nemeth revealed that 
Wnt5a ligand induces HSC quiescence through a non-canonical Wnt signaling pathway, 
which leads to an increased reconstitution after transplantation. Their further investiga-
tion demonstrated that Wnt5a regulates HSC quiescence and hematopoietic repopulation 
via binding of Wnt5a to the Ryk receptor, a process in which suppression of reactive oxygen 
species (ROS) is required [138].
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Figure 6

Figure 6. Cooperative binding of Ryk to Wnt, Dvl, or adaptor and scaffold proteins. 

Many different transmembrane proteins that participate in Wnt signal transduction have now been identified. Domains 
important for Wnt binding (CRD in Fz, Ror, MuSK; WIF in Ryk) or for Dvl binding (PDZ-binding motif  
“PDZB”) are shown. Fz, LRP5, or LRP6 are essential for canonical Wnt signaling; there is evidence that Ryk 
contributes to this in some contexts. Ryk and Fz have also been implicated in various non-canonical signaling processes. 
Similarly, several other receptor proteins may participate on the basis of  proposed Wnt-binding domains, established 
protein-protein interactions, or both. Double-headed arrows indicate biochemically confirmed direct or indirect associa-
tions. Conjectural associations are denoted with a question mark. Other crucial interactions between these proteins not 
discussed in the text (e.g., between the Dvl DEP domain and Fz in non-canonical signaling) are not shown.

Roles of Wnt signaling in hematopoiesis

Several reports have shown the importance of canonical and non-canonical Wnt signaling in 
HSC biology. Today, a large body of evidence has proven that Wnt signaling plays crucial roles 
in the self-renewal of HSCs and proliferation of progenitor cells. However, several questions 
are not fully addressed yet. For example, under which physiological condition, e.g. homeo-
stasis or proliferation, Wnt signaling is crucial, or what is the optimal dosage of Wnt signaling 
activity for HSC repopulation, and which transcriptional activator is crucial in this process.

First evidence for the involvement of Wnt signaling during hematopoiesis stem from 
the gene expression data where differential expression level of several Wnt signaling 
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components in LT-HSC, primitive progenitors, and BM niche compartments, both in mice 
[139] and humans [140], and in adults as well as in fetal hematopoietic organs have been 
observed. These expression patterns include both paracrine and autocrine effects of Wnt 
ligands [141]. Wnt5a, Wnt2b, and Wnt10b have shown to trigger in vitro proliferation of 
human HSCs and primitive progenitors, in order to maintain an immature phenotype and 
sustain HSC pool. On the other hand, in vitro reporter assays have shown that murine HSCs 
residing in the BM niche are responsive to the canonical Wnt signals due to high expres-
sion Wnt receptors, and induce -β-catenin-Tcf/Lef downstream pathway [142]. Induction 
of canonical Wnt signaling by using purified Wnt3a results in an increased reporter activity 
in Bcl2 (B-cell lymphoma 2)-transgenic LSK cells and thereby enhanced self-renewal of the 
cells [143]. Consistently, blockage of this pathway through ectopic expression of Axin1 or 
by using a truncated form of Frizzled leads to a reduction of HSC proliferation in vitro and 
subsequently diminished repopulation potential of the transplanted cells in vivo [142]. An-
other evidence on the role of canonical Wnt signaling in maintenance of HSC pool comes 
from a gain of function study in which overexpression of constitutively active β-catenin 
in lymphoid or myeloid progenitors produced uncommitted cells with multilineage dif-
ferentiation potential [144].

An important investigation carried on in our laboratory in which a mouse model with a 
germline mutation specifically in the Wnt3a gene was used. This study has shown that 
Wnt3a canonical signaling is essential for self-renewal of fetal liver HSCs. Of interest, Wn-
t3a deficiency effect on HSCs could not be substituted by any other Wnt protein expressed 
in fetal liver and resulted in the full inhibition of the canonical Wnt signaling pathway, 
indicating that Wnt3a plays a non-redundant role in the regulation of fetal liver HSC func-
tion. The fact that other expressed Wnt proteins in fetal liver, are not able to compensate 
for Wnt3a deficiency suggests that either only Wnt3a is present specifically in the niche or 
exact ligand-receptor complex containing Wnt3a is required for fetal liver HSC expansion  
[145]. Another study from our laboratory unraveled the dosage dependency of HSCs on 
canonical Wnt signaling pathway. In this study Luis et al. used different transgenic mouse 
lines carrying different combinations of targeted mutations of the negative Wnt signal-
ing regulator Apc, thereby a gradient of different levels of Wnt signaling activation was 
generated. Controlled limiting-dilution competitive transplantation assays demonstrated 
that only a mild levels of Wnt signaling upregulation, approximately 2 fold higher than the 
normal physiological levels, leads to an enhanced HSC activity and increased repopulation. 
However,  intermediate to high levels of Wnt signaling activity cause lack of HSC repopula-
tion in recipient mice [146].  
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1Crucial signaling pathways in thymopoiesis

Notch signaling

Hematopoiesis and thymopoiesis, like other developmental processes, require a strict 
spatial and temporal control and harmonized gene expression programs. The majority of 
lineage commitment events in metazoans are controlled by merely a few signaling pathways 
including Wnt, Notch, TGF-β, Hedgehog, and receptor tyrosine kinases (RTK). Each pathway 
is frequently used in several processes, activating diverse subsets of target genes in various 
developmental contexts.

The Notch signal transduction pathway is not unique to developing T cells, but in the 
development of blood cells, its most prominent role is to induce a T cell gene program in 
mulita potent progenitor cells that arrive in the thymus [1]. In many other tissues and or-
gans, Notch signaling similarly regulates cell fate determination. Notch signaling involves 
cell-cell interactions, rather than binding of a soluble ligand to a receptor. There are four 
Notch receptors, named Notch-1 to 4. Signaling is initiated when the large extracellular 
domain of the Notch receptor binds a membrane bound ligand on a neighboring cell. The 
five Notch ligands in mammals are Delta-like-1, 3 and 4 and Jagged-1 and 2. Delta-like-2 is 
a non-expressed pseudogene. 

Interaction of Notch with a ligand induces proteolytic cleavage of the intracellular part 
of Notch (intracellular (IC-) Notch). IC-Notch then translocates to the nucleus and binds 
to the nuclear transcription factor CSL (CBF1 stands for core-promoter binding factor in 
humans, suppressor of hairless in Drosophila, Lag-1 in Caenorhabditis elegans; also called 
RBP-k in mouse). Binding of IC Notch to CSL induces the dislocation of co-repressors 
(coR) such as Mint and Nrarp, and recruitment of coactivators (coA), such as Mastermind 
(Maml), consequently leading to activation of Notch target genes [147]. In the thymus, 
there is an abundant expression of DLL-4, the Notch ligand that is mostly responsible for 
inducing a T cell lineage program on developing thymocytes [148]. Indeed Notch-1 KO 
mice show an arrest in T cell development at the DN1 stage with a relative increase of B 
cells in the thymus [84]. Conversely, ectopic expression of IC-notch in the BM leads to T 
cell development in the BM niche with DP cells containing Tcrb rearrangements [83].

Wnt signaling

Historically, the importance of Wnt signaling in the hematopoietic system was first docu-
mented from the effect of Wnt signaling during T-cell development in the thymus (Figure 
7). This was due to the observation that thymic epithelial cells (TEC) express a high level 
of Wnt proteins including Wnt3a and Wnt5a. Soluble Frizzled receptors which were used 
as decoys for Wnt proteins showed inhibition of thymocyte differentiation in fetal thymic 
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organ cultures (FTOC), an in vitro assay for T-cell development, mainly by blocking thymocyte 
proliferation [149]. Consistent with this study, the thyme of Wnt-1 and Wnt-4 double KO 
mice have a low thymocyte cellularity [150]. These observations were followed and more 
highlighted by other sequential studies showing the lack of T- and B-cell development in 
mice deficient for the Wnt-responsive transcription factors Tcf-1 and Lef-1, respectively [151, 
152]. At early ages, Tcf-1 KO mice have an incomplete block at the DN1, DN2 and ISP stages 
of thymocyte development, whereas mature mice have a full block at the DN1 stage (Figure 
7). Although Lef-1 deficient mice have a normal thymopoiesis, Tcf-1 and Lef-1 double KO 
mice have a complete block at the ISP stage, indicating redundancy in function of these 
transcription factors during thymopoiesis. A key observation was that Tcf-1 and Lef-1 are 
capable of binding to β-catenin and subsequently turn them into activator transcription 
factors [116, 149, 150, 153-155], which is consistent with the finding that  Wnt signaling 
provides proliferative signals to immature T and B cells [149, 150, 155].

Canonical Wnt pathway

As the number of progenitors seeding the thymus is limited, an enormous expansion of cells 
takes place during the early phase of T cell development. Cytokines, mainly IL7, but also 
Wnt proteins, are responsible for the initial proliferation of thymocytes before β-selection. 
Indeed, it was previously shown that Wnt proteins are secreted by thymic stromal cells, and 
canonical Wnt signaling is most active in the most immature DN stages [156]. In this regard, 
it is fitting that the first T cell specific target gene of the Notch pathway to be induced is Tcf-1 
(encoded by the gene confusingly named Tcf7), the nuclear protein responsible for transmit-
ting the nuclear response to Wnt signals. In this way, the Notch pathway starts a positive 
feedback loop in which T cell specific signal is amplified by Wnt signaling via Tcf-1. Our group 
has shown that especially early T cells are “hard wired” to respond to Wnt signals. As this 
differential responsiveness to Wnt signaling during different thymocyte stages is not caused 
by altered expression of Frizzled or Wnt proteins, but by increased expression of positively 
acting canonical Wnt factors (such as β-catenin) and decreased expression of inhibitory 
molecules (such as Axin1) in early DN thymocytes. [156]. Consistently, ICAT overexpression, 
a negative regulator of Wnt signaling, which blocks the interaction of β-catenin and Tcf/Lef 
transcription factors, partially inhibit early stages of T cell development but does not alter 
the later stages. The secreted Wnt inhibitor Dkk1, which blocks binding of Wnt proteins to 
the required Lrp co-receptor, inhibits thymocyte development similarly at the DN stages. 
This inhibition is dose dependent such that high levels of Dkk1 cause complete block at the 
very early DN1 stage of T cell development (Figure 7).

Wnt transduction in thymocytes by overexpressing activated forms of β-catenin caused 
enhanced thymocytes development [157], as a result of bypassing the requirement for 
pre-TCR signals in mice lacking a pre-TCR [158, 159], and upregulation of proliferation-as-
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1sociated genes in immature thymocytes [107]. Notably, conditional T-cell-specific deletion 
of β-catenin, using the proximal Lck promoter to control Cre expression, impaired T-cell 
development at the β-selection checkpoint, leading to a predominant decrease of mature 
T cells in circulation [160]. Another elegant study on the effect of Wnt signaling through 
β-catenin and Tcf is provided by using transgenic or retroviral reconstitution of Tcf1 KO 
mice with various isoforms of Tcf1 that can or cannot bind to β-catenin [161]. Only the 
forms of Tcf1 with the capability of binding to β-catenin could rescue T-cell development in 
Tcf1-deficient mice, which is consistent with an important role for canonical Wnt signaling 
through β-catenin in the early stages of T-cell development in the thymus. On the other 
hand, conditional deletion of the Apc tumor-suppressor gene, inhibits T-cell development, 
partially by affecting β-catenin signaling [162]. Conditional deletion of β-catenin only in 
thymocytes disrupts T cell development, suggesting that thymocyte development requires 
higher levels of Wnt signaling. Consistently, measurement of Wnt signaling activity with 
in vivo reporter assays [146] showed a significant difference between bone marrow stem/
progenitor cells and thymocytes (approximately 4 fold higher in thymocytes) in terms of 
Wnt signaling activity.

As an approach for understanding the controversies in the literature on Wnt signaling in 
HSCs, our group reported combinations of targeted mutations in Apc that were used in order 
to obtain a gradient of Wnt signaling activation. As mentioned previously, while HSC func-
tion was enhanced specifically with mild levels of Wnt signaling activity, only intermediate 
Wnt activation confers an advantage to the early stages of T-cell development. High and 
very high levels of Wnt signaling activation similarly to stabilization of β-Catenin, resulted 
in the accumulation of DN3 thymocytes and in impaired Tcrb gene rearrangements [146]. 
Despite the severe reduction in Tcrb gene rearrangements, Tcrβ- DP and SP cells could 
be detected in the thymus of these mice, although in reduced numbers, indicating that 
high Wnt signaling allows a bypass of the β-selection checkpoint. The reduced numbers 
of DP and SP thymocytes are probably due to the lack of proliferation and survival stimuli 
from a functional pre-TCR [158, 162]. In contrast, an intermediate activation of the Wnt 
pathway enhanced early stages of T-cell development while preserving Tcrb rearrange-
ments and maintaining developmental checkpoints. However, the numbers of DP cells was 
still reduced which may indicate that later stages of T-cell development have different Wnt 
signaling requirements [163]. In the agreement, in vitro cocultures with OP9 stromal cells 
expressing the Notch ligand Delta-1, in which positive and negative selection processes are 
less stringent [164] an increase in both DP and SP cells with intermediate but not higher 
levels of Wnt activation was observed. In summary, HSCs and thymocytes require different 
levels of Wnt activation with the thymocytes displaying higher Wnt activity. 
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Lack of Wnt3a also causes deficiency during T-cell development in murine due to a block 
at ISP to DP transition which results in decreased total cellularity [145]. The observation is 
because of deficiency in Wnt3a production by the thymic stroma since Wnt3a KO progeni-
tors stem cells differentiate normally in wild-type thymic lobes. This is in agreement with 
the fact that Wnt3a gene expression being restricted to the murine thymic epithelium 
[156]. The similarity between Wnt3a and Tcf1 deficiency phenotype in terms of thymopoi-
esis suggest that Wnt3a is directly regulating thymocytes development. These phenotypic 
similarities were later observed in Wnt1 and Wnt4 KO mice suggesting high functional 
redundancy among these Wnt proteins in the thymus.

It has been shown that canonical Wnt signaling is not only playing roles at early stages 
of T cell development but also is playing significant roles during positive and negative 
selection and the DP to SP transition. As some examples, it has shown that DP to CD4+ SP 
transition is regulated partially by β-catenin-Tcf signaling [165] and that Tcf1 KO mice have 
diminished expression level of CD4 on DP and CD4+ SP cells (Figure 7). A series of elegant 
experiments indicate that overexpression of stabilized β-catenin controls the positive 
selection of thymocytes [166, 167]. Full and simultaneous positive and negative selection 
of both CD4+ and CD8+ SP thymocytes only happened when stabilized β-catenin was over-
expressed, in contrast to the normal thymocyte development where the differentiation of 
CD8+ SP thymocytes lags behind of CD4+ SP thymocytes (Figure 7). 

The thymic microenvironment provides signals that are crucial for thymopoiesis. Although 
the lymph-node microenvironment produces similar signals, lymph node-derived progeni-
tors are not able to develop into mature T-cells when they are cultured with stromal cells 
that express the Notch ligand Delta-1. Lymph node stromal cells can generate most of the 
important signals for T-cell development, including IL-7, SCF, and the Delta1. However, 
they do not express Wnt transcripts [168]. Interestingly, Lymph-node T-cell progenitors 
can develop to mature T cells when they are cultured with stromal cells expressing Wnt4. 
This study, therefore, indicates that Wnt and Notch signals are functioning together in 
order to maintain T-cell development throughout the life.
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Figure 7

Figure 7. Effect of Wnt signaling during thymopoiesis in the thymus.

The first cells to arrive in the thymus are rare progenitor cells commonly referred to ETPs (early thymic progenitors), 
which reside in the DN (CD4–CD8– double negative (DN)) compartment. DN cells proliferate rapidly, partly medi-
ated by Wnt signaling. Inhibition of  the Wnt pathway, by ectopic expression of  soluble Frizzled receptor (which acts 
as a decoy receptor), Dickkopf  homologue 1 (Dkk1; which inhibits binding to Ldl receptor related protein (Lrp) co-
receptors) or the cell autonomous inhibitor of  β catenin and Tcf  (ICAT; which disrupts the β-catenin–Tcf  interaction) 
leads to inhibition of  T-cell development at various points in the DN developmental pathway. Similarly, incomplete 
blocks in T-cell development are observed at DN1, DN2 and ISP (immature single positive) stages of  development in 
Tcf1 (T-cell factor 1)-deficient mice. Wnt signaling also regulates the survival of  double positive (DP; CD4+CD8+) 
thymocytes by upregulating expression of  the anti-apoptotic protein Bcl-Xl and stabilized β-catenin effect positive selec-
tion and interleukin-7 receptor signaling, resulting in increased numbers of  CD8+ SP (single positive) thymocytes. 
Moreover, the levels of  CD4 on both DP and CD4+ SP cells are regulated in part by Tcf1 (not shown in the figure). 
HSC, hematopoietic stem cells; MLP, multi lineage progenitor.

Non-canonical Wnt pathway

Few reports have also shown the effect of non-canonical Wnt signaling during T cell develop-
ment. The role Wnt-Ca2+ pathway as an example has been investigated in Wnt5a KO mice, 
or by providing high levels of exogenous Wnt5a [122]. Wnt5a deficient mice die at birth 
due to severe anatomical abnormalities; as a result, T-cell development was studied in an 
ex vivo FTOC using thymic lobes obtained from embryonic day 14 (E14). This study proved 
that Wnt5a is important in the regulation of the αβ-lineage survival at DP stage. In Wnt5a 
KO FTOC the expression of proapoptotic gene Bax was downregulated, while expression of 
the antiapoptotic gene Bcl2 was upregulated, resulting in the inhibition of DP thymocytes 
apoptosis. On the other hand, exogenous Wnt5a augmented the apoptosis of fetal T cell 
progenitors [122]. It is also shown that Wnt5a triggers Ca2+ signaling by increasing free cyto-
plasmic Ca2+ to regulate the DP and mature SP thymocytes survival. Moreover, upregulation 
of non-canonical Wnt Ca2+ pathway inhibited the canonical Wnt signaling by downregula-
tion of β-catenin expression.
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Another study which addressed the role of the non-canonical pathway in thymopoiesis 
relates to the Wnt4 KO mice that die due to the renal failure shortly after birth [150]. It 
has shown that lymph-node-resident hematolymphoid progenitors are able to generate 
mature T cells when they are cultured in the presence but not in the absence of Wnt4 
protein. Using Wnt4 KO neonates, Louis et al found that Wnt4 is crucial for the main-
tenance of the bone-marrow HSCs and to sustain a normal thymic cellularity. In adult 
murine, Wnt4 overexpression induced the expansion of non-renewing lymphoid-primed 
multipotent progenitors (LMPPs; Flt3+ LSKs) downstream of hematopoietic stem cells 
(HSCs; Flt3– LSKs). Expansion of LMPPs was associated with a proportionate accumulation 
of ETPs and thymic seeding cells resulting in an increase in thymic cellularity. Notably, 
they showed that Wnt4 induced non-canonical JNK-dependent Wnt pathway [169, 170]. 
In follow up studies they showed that Wnt4 regulates homeostatic thymic cellularity in a 
thymic epithelial cell (TEC)–dependent manner. The absence of Wnt4 inhibited fetal and 
postnatal thymic expansion which led to diminished TEC numbers, a modification of the 
medullary-to-cortical TEC ratio, and a disproportionate loss of the most immature thymo-
cyte precursors which are highly express c-kit marker. Wnt4 and its downstream signaling 
pathways could be utilized as a promising candidate to improve thymic cellularity in the 
process of thymic atrophy [171].

Transcriptional drivers of T cell commitment

T-cell commitment depends on a collection of various transcription factors, each with its 
own expression profile including Myb, Runx1 with its partner CBFb, GATA-3, TCF-1 (encoded 
by Tcf7) and Bcl11b and E2A ( which encodes two alternative splice variants E12 and E47). 
Weber et al have shown that TCF-1 is highly expressed in the earliest thymic progenitors, 
and its expression is upregulated by Notch signals. However, when TCF-1 has ectopically 
expressed in bone marrow (BM) progenitors, it induces the development of T-lineage cells in 
the absence of Notch1 signals. Further characterization of these TCF-1-induced cells showed 
expression of several T-lineage genes, including T-cell-specific transcription factors Gata3 and 
Bcl11b, and components of the T-cell receptor [172]. In a related study by Germar et al, it has 
been proven that Tcf-1 is required at the earliest phase of T-cell development for progres-
sion beyond the early thymic progenitor stage. The earliest deficiency detected in Tcf-1 KO 
thymocytes was the reduced expression of c-kit at the DN1 stage of development. Tcf-1–KO 
cells at this stage showed increased apoptosis and have significantly reduced expression 
of genes involved in DNA metabolic processes, chromatin modification, and response to 
damage compared with their WT counterparts [173]. 
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1Induction of the T-cell developmental program initially depends on Notch signaling. Notch 
signaling is required to set up the first T cell specific genes, initially Tcf7, later Gata3 and also 
Bcl11b, the transcription factor that seals off the T cell commitment fate [174]. However, 
this signal is not a constant component of the regulatory state mix. Notch responsiveness 
is indispensable at the DP stage, but once triggered at the early stages of T cell develop-
ment, most of the regulatory genes that contribute positively to the T-cell program sustain 
maximal levels of expression even when Notch signaling is not active anymore [175]. 
Developing T cells initially express a considerable level of PU.1, but inhibit it completely 
during lineage commitment. This process takes surprisingly long, almost 14 days ( at least 
10-12 cell divisions) in the mouse and probably longer in humans based on OP9 cultures 
with human CD34+ cells [176]. Thus, these cells have only a short opportunity in which 
myeloid potential poses a threat to T lineage fidelity. In fact, the thymic microenvironment 
is nonpermissive for expression of this myeloid potential [177], although both in mouse 
and human systems B and myeloid potential can be detected.

The T-cell program is orchestrated by inducing expression of three transcription factors: 
Gata3, Tcf7, and Bcl11b, These transcription factors rely all in part on Notch signaling via 
RBP-j. GATA-3 is essential for T-cell development from the earliest stage throughout mul-
tiple later developmental checkpoints, and it is restricted in its hematopoietic expression 
to T cells and T-cell-like innate lymphoid cells [178]. GATA-3 can antagonize alternative 
lineage fates, through its ability to repress PU.1 and its ability to repress the B-cell program 
by downregulating Pax5 [179]. In early stages of T cells development GATA-3 expression 
is not controlled via a positive autoregulation process as it has shown that exogenous 
GATA-3 is not able to increase endogenous Gata3 expression, and early T cell progenitors 
lacking Gata-3 gene continue to express RNA from the Gata3 promoter at a comparable 
levels to the WT counterpart [179]. Thus, It seems that GATA-3 expression level depends 
on other factors. At the later stages of T-cell development, GATA-3 expression levels are 
regulated by the signaling pathways responding to TCR engagement and Stat6. Instead, 
Gata3 control after initial Notch-dependent induction is probably maintained by Myb and 
TCF-1 as likely positive regulators [180]. 

T cells commitment completes when thymocytes progress to DN2A stage and then increase 
expression of the Bcl11b gene [181, 182]. Indeed Bcl11b is turned on by Notch signaling 
and probably other factors and inhibits residual NK cell lineage potential in DN2 cells [177, 
182]. Bcl11b gene expression has one of the most significant increases in the level of 
expression from the ETP stage to the newly committed DN2b stage [181, 182]. Single-cell 
analysis using fluorescent reporter for the Bcl11b locus together with reporters for Bcl11a 
or Spi1 (PU.1) confirmed that ETP cells first activating Bcl11b expression but still sustain 
the expression of Bcl11a and PU.1, though they become downregulated afterward. DN2b 
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cells, which are functionally committed T cells, still clearly retain PU.1 protein as shown by 
single-cell fluorescent staining [183]. Recently the laboratory of Prof. Rothenberg unrav-
eled the mechanisms of Bcl11b activation during T lineage commitment by generating a 
knock-in fluorescent reporter at the Bcl11b locus and followed Bcl11b activation dynamics 
at the single-cell level using in vitro developmental assays together with flow cytometry 
and time-lapse live imaging. They showed that factors that are controlling Bcl11b expres-
sion amplitude differ from those that license the locus for expression competence, a regu-
latory strategy that enables the latter to have subsequent roles in mature T cell functional 
specialization. These factors work via three distinct, asynchronous mechanisms: an early 
locus ‘poising’ function dependent on TCF-1 and GATA-3, a stochastic-permissively func-
tion dependent on Notch signaling, and a separate amplitude control function dependent 
on Runx1, which is already expressed at HSC level [184].

Another transcription factor that is involved in inducing rearrangements in both T and B 
cells is E2A [185, 186]. Loss of E2A activity results in a partial block at the earliest stage of 
T-lineage development [187]. This early T-cell phenotype precedes the development T cell 
leukemias [188], as also occurs in thymocytes lacking Tcf1 [189]. Thus, both E2a and Tcf1 
are not only crucial as positively acting transcription factors, but also as tumor suppressor 
genes for the development of thymic lymphomas/leukemias.

Wnt signaling in hematological malignancies

In most solid tumors, constitutively active Wnt signaling is a significant contributing or even 
initiating event for the development of such cancers [102]. The prototypical example is colon 
carcinoma, in which carcinogenesis is caused by inactivating mutations in the tumor sup-
pressors Apc or Axin1 or activating mutations in β-catenin [190]. Recently, it has been shown 
that deregulated Wnt signaling is also crucial during the development of hematological ma-
lignancies. Although the underlying mechanism is not completely clear, mutations leading to 
the overexpression of Wnt genes or β-catenin and γ-catenin seem to be important.

Acute Myeloid Leukemia (AML)

AML is a clonal malignancy that arises in HSCs or myeloid progenitors cells. AML is frequently 
associated with chromosomal translocations leading to abnormal fusion proteins (such as 
AML1–ETO, PML–RARα, PLZF–RARα and CBF1–MYH11) or with activating mutations in the 
receptor tyrosine kinase Flt3, which is the receptor for the cytokine Flt3L.

Target genes of these fusion proteins have been shown to be associated with Wnt signaling, 
in particular, γ-catenin [191]. Furthermore, high levels of β-catenin expression in AML cells 
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1exhibit poor prognosis [192]. Eventually, to underscore the significance of Wnt signaling 
in myeloid cells, myeloid progenitor cells of patients with severe congenital neutropenia 
had a severe downregulation of Lef1 expression and its target genes. Thus, Lef1 plays an 
important role in normal human myelopoiesis [193].

Many studies demonstrate that epigenetic inactivation of Wnt pathway inhibitors by CpG 
island methylation provides an additional mechanism for the observed Wnt-pathway 
activity in AML leukemic cells. The methylation status of Wnt antagonists, such as sFRP-1, 
3, 4, and DKK1, was shown to be responsible for the activation of the Wnt pathway in AML 
cells and correlated with poor prognosis [194-199].

Another natural antagonist of the canonical Wnt-pathway is the Wnt protein Wnt5a. This 
particular Wnt protein activates the non-canonical Wnt-pathway and mice hemizygous 
for Wnt5a develop myeloid leukemias[121]. Also in human samples, Wnt5a appeared to 
function as a tumor suppressor. In normal B cells, myeloid cells and CD34+ bone marrow 
cells Wnt5a transcripts were readily detectable. Analysis of several acute lymphoblastic 
leukemias (ALLs) showed that in samples of both B-ALL and AML the levels of Wnt5a were 
greatly reduced or completely absent. In conclusion, active Wnt signaling appears to play 
an important role in the propagation/acceleration of AML and has been shown to be an 
important secondary oncogenic event in mouse models of AML to transform pre-LSCs 
into LSCs. Based on these insights, new therapeutic opportunities have been explored 
by investigators who show that small-molecule Wnt-pathway inhibitors, which inhibit the 
interaction between β-catenin and LEF1, selectively induce cell death in AML cell lines and 
primary AML blasts [200]. Recent studies in preclinical settings indicate the promise of 
Wnt inhibition to treat AML [201-203], suggesting that targeted therapy of leukemia stem 
cells in AML may become possible.

Chronic Myeloid Leukaemia (CML)

Most of the CML cases carry the classical Philadelphia chromosome, which is caused by a 
t(9,22) translocation leading to the generation of the abnormal BCR-ABL fusion protein. It 
has been shown that Wnt signaling is upregulated at the terminal phase of CML in which the 
disease resembles acute leukemia [204], but it is normal at other stages. 

Although β-catenin deficiency in mice significantly prevent the occurrence of BCR-ABL- 
induced CML, the development of BCR-ABL-induced BCP-ALL was not altered. As CML and 
ALL might originate from different cells, these studies conclude that the use of Wnt signal-
ing might depend on the tumor origin. In conclusion, as the fusion protein Bcr-Abl can 
actively modulate β-catenin levels in the cells, the most severely affected Wnt-pathway in 
CML is the canonical Wnt pathway. However, as recent studies show, in CML cells resistant 
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to tyrosine kinase inhibitors the non-canonical Wnt-pathway might interfere when the 
Bcr-Abl-mediated mechanism is inhibited. Therefore, novel therapeutics should not only 
be aimed at affecting the canonical Wnt-pathway but should also take into account the 
redundant effects of the non-canonical pathway, all in combination with tyrosine kinase 
inhibitors targeting BCR-ABL. 

Acute Lymphoblastic Leukemia (ALL)

As Wnt signaling together with Notch signals are crucial for normal T-cell development 
in the thymus, constitutively active Wnt signaling should lead to ALL [205]. Experimental 
evidence for this hypothesis has been demonstrated by taking advantage of conditional 
deletion of exon 3 in β-catenin, which results in a constitutively active form of β-catenin. As 
a result, β-catenin can no longer be phosphorylated and broken down in the proteasome 
[163]. This causes aggressive T-cell lymphomas that metastasize to the bone marrow and 
are transplantable into irradiated recipient mice. These tumors arise independently from 
Notch signals, suggesting that although the Notch and Wnt pathways cooperate during 
the early stages of T-cell development in the thymus, they can act independently during 
leukemogenesis. Another study revealed yet another mechanism by which oncogenic forms 
of β-catenin can cause thymic lymphomas; constitutively active forms of β-catenin were 
shown to cause p53-independent oncogene-induced-senescence, growth arrest and finally 
lymphoma development [206].

Of special interest, there are two recent studies that show a clear tumor suppressor role 
for Tcf1 in T-ALL development [189, 207]. Both studies show that mice deficient for Tcf1 
are highly susceptible to develop leukemias. The observed leukemias had a heterogeneous 
pattern of leukemia formation, which is expected as Tcf-deficiency leads to several incom-
plete and consecutive T cell blocks in development. Remarkable was the high expression 
of Lef1 in these leukemias (and Id2 in the DN3 lymphomas in the study by Yu et al). Both 
studies show that Tcf1 normally acts a suppressor of Lef1 protein levels in the thymus. 
Upon deletion of Tcf1, Lef1 protein levels become deregulated in all developmentally 
blocked thymic subsets, resulting in abnormally high levels of the long isoform of Lef1 
predisposing the thymocytes towards leukemic transformation. The question remains 
whether this Lef-mediated oncogenic effect, due to the absence of Tcf1 is a Wnt-mediated 
driven process or not. The study by Tiemessen et al could demonstrate elevated Wnt 
signaling activity in the Tcf1-deficient tumors by crossing the Tcf1-deficient mice to a 
Wnt-reporter mouse. As the study by Yu et al. could not demonstrate this, there might 
be a possibility that high Lef1 levels mediate leukemia formation in an additional Wnt-
independent way. The crossing of the Tcf1-deficient mouse to an inducible Lef1-knockout 
mouse confirmed the redundancy of both factors as there was an almost complete total 
lack of T cell development. However, in the double knock-out (Tcf/Lef) mice still, some 
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1leukemia formation (2 out of 13 mice) was reported. This may suggest the existence of an 
additional Wnt-pathway-independent mechanism causing these lymphomas. However, a 
key role for Lef1 was also found in a mouse model that deregulates the Notch pathway by 
ectopic expression of the intracellular domain of Notch1 [208]. This study showed that T 
cell lymphoma lines require high levels of Lef1 for their survival. Hence, deregulation of 
Lef1 expression, either via lack of the tumor suppressor Tcf1 or via increasing of the Notch 
pathway accelerates lymphomagenesis. Also in human cases of precursor T-ALL aberrantly 
active Wnt signaling has been reported [76, 209].

Aim of the thesis 

The capability of HSCs to self-renew and differentiate towards T cells is precisely controlled 
by multiple signals including Wnt signaling, supplying from the niche within the BM and 
thymus. Therefore, exploring the exact micro environmental signals that support HSCs and T 
cell progenitors development has been a major goal. This thesis describes studies aimed to 
understand the role of Wnt signaling pathways involved in the regulation of HSC self-renewal 
and T cell development in the BM and thymus respectively. Better understanding the role of 
Wnt signaling in hematopoiesis and thymopoiesis could be clinically relevant to improve de-
layed T cell reconstitution after SCT either by applying during ex vivo culture systems of HSCs 
before transplantation or by administrating in vivo to boost and/or sustain T cell potential. 
Therefore, the main aim of the studies in this thesis was to unravel the functional role of 
both canonical and non-canonical Wnt signals for hematopoiesis and T cell development.

As most of the studies on the role of Wnt signaling in hematopoiesis and T cell develop-
ment have focused more on the canonical Wnt signaling, in this thesis we gave an equal 
attention to both canonical and non-canonical Wnt in hematopoiesis and lymphopoiesis. 
Chapter 2 is a follow-up study on the report of Luis et al. in which our group showed that 
high level of Wnt signaling impaired HSC repopulation. Using gene expression analysis as 
well as functional studies, we explained the responsible mechanism underlying this obser-
vation. In chapter 3 we studied the role of a noncanonical Wnt receptor Ryk in hematopoi-
esis and lymphopoiesis. We used a loss of function model of Ryk KO mouse and performed 
in vitro and in vivo reconstitution assays. Chapter 4 of the thesis examines effects of both 
canonical and non-canonical Wnt signaling side by side during lymphopoiesis. In order to 
do that we used two gain of function models namely  Wnt3 and Wnt5a overexpression 
in in vitro and in vivo differentiation assays. Chapters 5 and 6 describe the role of Tcf-1 
in T cell development and malignancy using a Tcf-1 deficient mouse model. Chapter 5 
studied the role of this transcription factor in a loss-of function model to discover the role 
of Tcf-1 in T cell commitment. Chapter 6 explains the role of Tcf-1 in thymic lymphoma 
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development. Lastly, Chapter 7 discusses the significance and implications of the studies 
described, and provide directions for future research.  
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