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General introduction

1. INTRODUCTION

1.1 BLOOD ENCHANTMENT

Blood – a connective tissue consisting of cells and extracellular fluid – has been 
fascinating humankind since ancient times, which is reflected by the multitude of 
applications of its use. For example, blood was used in ancient religious beliefs and 
practices1-4 and frequently serves/served as a topic in modern music (and in this 
context, from AC/DC to Taylor Swift); however, it is difficult to assess whether all this 
interest comes from the fascination of its vivid color or because it in fact causes 
repulsion.

Blood consists within a liquid tissue – the plasma – in which numerous types of 
short-lived cells are present, each with specific characteristics and functions. Among 
these cells, the erythrocytes (red blood cells) are responsible for blood pigment (due 
to the presence of hemoglobin and ferrous iron ion) and gas exchange, transporting 
O2 from the respiratory system to all other tissues, while returning CO2

5,6. Platelets 
are cellular fragments responsible for coagulation during injuries6. The remaining cells 
are grouped as leukocytes (white blood cells)7; of note, considerable heterogeneity 
exists within this group, since it comprises cells from myeloid and lymphoid lineages.

Blood cells are generated in the bone marrow where hematopoietic stem cells 
differentiate in two lineages. The myeloid lineage includes monocytes (one of the 
the precursors of macrophages7), dendritic cells, granulocytes (subdivided into 
eosinophils, neutrophils, basophils and mast cells), erythrocytes and megakaryocytes, 
whereas lymphocytes (B and T) and natural killer cells constitute the lymphoid lineage7.

The cells present in the peripheral blood exist in their differentiated forms, i.e. 
they are specialized for their function, but lack proliferative characteristics. Rather 
than proliferating and creating new mature cells, their replacement is regulated by 
hematopoiesis8. To put this in perspective and highlight the magnitude of this process, 
the daily number of cells produced in the hematopoietic system exceeds the number 
of stars estimated to be present in the Milky Way9,10.

1.2. HEMATOPOIESIS

Hematopoiesis is responsible for the production of all blood cells. This process 
has been subject of investigation for years and a lot of different models have been 
postulated11. The stochastic model (proposed by Till and colleagues (196412) assumes 
that mature cell production occurs after a random process of differentiation, in which 
lineage commitment does not follow an order or hierarchy. This model was replaced 
by a more linear interpretation13, in which differentiation and lineage restriction occur 
sequentially, producing one type of mature cell at a time. It was based on the evidence 
that some mature cells have similarities but does not explain why some progenitors 
are less potent than others and are not able to form all mature cells7.

In 1966, in search for transcription factors responsible for lymphoid maturation, 
a hierarchic model was proposed11,14, in which the erythroid lineage would branch 
first from a primitive cell, followed by a sequential differentiation. As a matter of 
fact, this actually occurs during hematopoietic ontogenesis. Intermediate steps were 
implemented in the hierarchic model11,15-17, resulting in the classical model18, which 
was later revisited and revised to make it more comprehensive7,17. With the recent 
advancement of molecular techniques, such as multiparametric flow cytometry and 
‘omics analyses, in which single cells can be tracked19-22, the hierarchical model has 
been subjected to constant updating23, as exemplified by the addition of transition 
zones between differentiation points24,25 and cells with dual (myeloid and lymphoid) 
progenitors25,26. Figure 1 is a representation of the hierarchical model.

In the hierarchical model, cells with high potential give rise to all others and acquire 
specific characteristics. This event is called differentiation and comprises consecutive 
irreversible steps28 during which specific characteristics are gained by the progeny 
until the last step of maturation is reached.

The primitive and highly potent cells constitute all cells within the hematopoietic 
stem cell (HSC) population, which are pluripotent and capable of self-renewal. 
When the differentiation process is induced, the cells rendered accumulate several 
transcriptional changes24 to effect specific functional changes. For the initial steps 
of hematopoiesis, the cells successively lose self-renewal ability and plasticity, which 
is paralleled by specific immunophenotypic changes (represented in Figure 1). The 
sequential loss of potential then reaches the point where hematopoiesis branches into 
myeloid and lymphoid lineages. There are some exceptions, such as branching of the 
megakaryocytic lineage earlier on in the hematopoietic hierarchy29. However, for the 
granulomonocytic lineage of myeloid origin (which is the main focus of the present 
thesis), the representation in Figure 1 has been validated21 and is therefore accepted.

1



10 11

Chapter 1 General introduction

Figure 1. Hematopoietic hierarchy, based on Chotinantakul and Leeanansaksiri (2012)27, modified 
by Seita and Weissman26. In this schematic, the hematopoietic stem cell (HSC, also referred to 
as the long-term HSC – LT-HSC), which has self-renewal potential, is positioned in the apex. The 
LT-HSC gives rises to cells with decreasing levels of self-renewal capacity, but potential to form all 
hematopoietic lineages. These cells include the intermediate-term-HSC (IT-HSC), short-term-HSC 
(ST-HSC) and ST-HSC/Multi potent progenitor (MPP)23. The MPP can form the committed progenitors, 
which can be MEP (megakaryocyte-erythrocyte progenitor), CMP (common myeloid progenitor) or 
CLP (common lymphoid progenitor). In turn, the MEP can form the MkP (megakaryocyte progenitor) 
or the EP (erythrocyte progenitor); The CMP can form the MEP, the GMP (granulocyte-macrophage 
progenitor) or the Pro-DC (pro-dendritic cell) and the CLP, Pro-DC, Pro-B (pro-lymphocyte B), 
Pro-T (pro-lymphocyte T) and Pro-NK (pro-natural killer cell)15,16,28. The mature effector cells are 
represented in the lower section of the figure. Expression of specific cell surface markers of 
these cells in between the LT-HSC and oligopotent (or committed) progenitors is also shown.

Multipotent progenitors give rise to MEPs (megakaryocyte-erythrocyte progenitors), 
CMPs (common myeloid progenitors) and CLPs (common lymphoid progenitors)15,28,30. 
MEPs can further differentiate into megakaryocytes and erythrocytes. CMPs, on the 
other hand, can differentiate into either GMPs (granulocyte-monocyte progenitor) 
or Pro-DCs (pro-dendritic cells), although there is no consensus on the myeloid 
or lymphoid ascendency of dendritic cells31-33. CLPs can differentiate into B and T 
lymphocytes (even though the main production of T lymphocytes is extra-medullary), 
natural killer cells (NK-cells) and dendritic cells, from intermediate progenitors.

Hematopoiesis can be seen as a dynamic process in which primitive cells maintain 
the flow of mature ones without leading to exhaustion of its pool and potential. To 
uphold this, HSC self-renewal and progenitors’ proliferation and differentiation 
processes have to be tightly regulated.

1.3. EXTRACELLULAR REGULATORS OF HEMATOPOIESIS

The bone marrow of long and flattened bones, which contains a myriad of molecules, 
such as adhesion molecules, matrix proteins, hormones and cytokines34,35, represents 
the microenvironment in which the hematopoietic production occurs. The role(s) of 
each component will be discussed below.

1.3.1. BONE MARROW AND THE HEMATOPOIETIC NICHE

Evidence of hepatic hematopoietic production during fetal life was first described in 
184636, whereas in 1868 two independent researches proposed the bone marrow 
to be the main hematopoietic tissue in the adults37,38. At that time, it was suggested 
that, considering their proximity39,40, osteoblasts could have an active role in the 
regulation of hematopoiesis, rather than just being part of its surroundings9,34,39,41-44. 
In fact, roles for osteoblasts in the regulation of HSC function by Wnt, Notch and bone 
morphogenetic proteins (BMP) signaling have been described45-47, supporting such a 
regulatory role and implying niche interactions during further reinforcing the idea of 
niche interactions with hematopoiesis9,48. Currently, the term niche is broadly defined 
as the microenvironment in which the HSC resides and hematopoiesis occurs, without 
specifying which cells and molecules interact exactly49.

Primitive hematopoietic cells within the bone marrow were initially observed close 
to sinusoids and the endosteum49, but it remains controversial as to which degree these 
different locations are indeed different niches or whether the distribution of primitive 
hematopoietic cells is random39,49-51. In addition, even if the hematopoietic regulation 
between these niches would be different, it is unclear which physical factors and secreted 
factors are responsible for maintaining these differential HSC-niche interactions49.

Generally, the bone marrow niche is categorized into the endosteal (or osteoblastic) 
niche, presumed to contain the most quiescent and primitive HSCs46, and vascular 
niche35,39,52, with the most active HSCs and most responsive to stress53,54. This division 
was used for years and was based on the differential presence of nutrients between 
these niches. The endosteal niche, being less vascularized, was presumed to contain 
lower concentrations of oxygen and nutrients9,44,52,55,56, yet higher concentrations of 
extracellular calcium due to the bone matrix present, whereas the vascular niche 
would be normoxic and full of nutrients57-59. The calcium concentration is considered 
to be an important element of the stem cell niche, since quiescent HSCs have calcium 
sensing receptors, which are involved in HSC lodging60,61. Evidence exists showing HSCs 
that can move between niches and this might be related to the passage from LT-HSC to 
ST-HSC (LT-HSC refers to long-term Hematopoietic Stem Cell and ST-HSC, short-term 
Hematopoietic Stem Cell). Figure 2 illustrates the organization within the bone marrow.
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The quiescent LT-HSCs have increased self-renewal and reconstitution potential 
and serve as a reservoir for primitive cells, so their “hidden” location would protect 
against harm and mutations, whereas ST-HSCs likely serve as a “use” population which 
is facilitated by the accessible location35,40. Notably, the vascular niche is particularly 
involved in myeloid differentiation63, rather than lymphoid differentiation (which occur 
in lymph nodes – B cells - or thymus – T cells).

Although the endosteal and vascular niche subdivision within the bone marrow 
may be plausible, there is some evidence suggesting their definitions might not be 
that strict. In fact, it has been described that LT-HSCs in the endosteal niche are 
commonly located in close proximity of arterioles64, rendering the assumption of 
a hypoxic microenvironment less likely. Currently, pericytes are increasingly being 
considered an important niche component for hematopoietic cells65, as these cells 
might be a reservoir for mesenchymal stem cells, essential components of the bone 
marrow and the classically defined niche65.

Figure 2. Representation of bone marrow niches (adapted from Genet 201862). Peripheral areas 
(endosteal niches) have higher concentration of calcium due to the bone extracellular matrix, 
whereas the central areas (vascular niches) are more irrigated and characterized by a higher 
variety of cells. Endosteal niche: quiescent LT-HSCs are assumed to be in contact with osteoblasts. 
Vascular niche: ST-HSCs are adjacent of perivascular cells.

1.4. MODULATORY MOLECULES

The niche contains the cells and environmental cues that guide HSC cell division, 
and this interaction relies on several extracellular molecules that are required for 
the hematopoietic regulation. The close localization/relation between HSCs and 
osteoblasts prompted the search for osteoblast-derived molecules with the aim to 
understand their role in HSC modulation. It was found that molecules with known 
roles in HSC modulation, such as stem cell factor, angiopoietin, thrombopoietin, 
G-CSF (granulocyte-colony stimulating factor), CXCL12 and Jagged145,66-70, are indeed 
produced by osteoblasts. Stem cell factor was one of the first growth factors found 
to be expressed within the bone marrow niche71 contributing to hematopoietic 
regulation. Recent findings, however, show little association between stem cell factor 
produced by osteoblasts and HSC function70. In fact, there is evidence that stem cell 
factor production by endothelial and perivascular cells is more important in HSC 
regulation70.

Thus, other cells than osteoblasts, such as fibroblasts, adipocytes, endothelial 
cells, pericytes and mesenchymal cells49,50,67,70,72,73, likely play a role in hematopoietic 
modulation as well. In addition, hematopoietic production of factors (such as 
growth factors, cytokines and chemokines) was also described73, for macrophages, 
mononuclear, megakaryocytes and even CD34+ cells73. Overall, it is evident that niche 
control of HSC function is subject to autocrine and paracrine regulation73.

Interestingly, the origin of cytokine-, growth factor- and chemokine expression is 
poorly understood, since knockout of individual molecules in the cells has shown little 
effect74-76. These data indicate a broadly overlapping and redundant production of 
each of these regulatory factors, which reinforces their importance and suggests that 
this redundancy serves as a mechanism to protect against hematopoietic imbalances.

1.4.1. CYTOKINES

Cytokines are pleiotropic elements serving as key signaling factors in the hematopoietic 
system, often acting on a variety of cell types and triggering diverse intracellular 
signaling and biological responses77. Signaling is induced by cytokines coupling to their 
cognate cell surface receptors, some of which have intrinsic tyrosine kinase activity 
directly activating intracellular mechanisms78,79. When receptors lack intrinsic tyrosine 
kinase activity, signaling relies on associated molecules, such as Janus kinases – or 
“just another kinases” – ( JAKs)77-79, as proximal signaling effectors.

The general structure of these transmembrane receptors comprises 4 α-helices 
linked to each other by peptide loops. The extracellular portion varies in length, 
which may be linked to cytokine-receptor coupling affinity. In case of short-sized 
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extracellular portions, as present on IL-3, IL-5 and GM-CSF receptors (these receptors 
are grouped as the type I cytokine receptor superfamily)80,81, other factors help to 
increase cytokine-receptor affinity77,81,82. Thus, the accessory molecule for these 
cytokines is the KH97 protein in humans (AIC2B in mouse), which converts the ligand-
receptor interaction from low to high affinity. This accessory molecule is also known 
as the β-chain. In fact, IL-3 affinity to its specific receptor α-chain has a dissociation 
constant (KD) of 20-100 nM and for GM-CSF the KD=2-12 nM, values that decrease 500-
1000 and 20-100 fold, respectively, in the presence of the β-chain83.

For IL-3, IL-5 and GM-CSF, dimerization between the α- and β-chains is made 
by disulfide bond formation between the α- and β-receptor chains80, leading to 
transphosphorylation of JAK molecules. JAK2 is the most commonly responsive kinase 
subtype to IL-3, IL-5 and GM-CSF signaling81, although other kinases, such as members 
of the Src family, Lyn, Fyn, Syk and Btk, can be recruited as well82. There is a conserved 
proline-rich motif referred to as Box1 in the proximal membrane portion of the β-chain 
that serves as a JAK2 binding site77,82,84. JAK activation phosphorylates 6 tyrosine 
residues present on the cytoplasmic portion of the β-chain: thus, phosphorylation of 
Tyr577, Tyr612, Tyr695, Tyr750, Tyr806, and Tyr866 activates the receptor80. After ligand 
binding, dimerization and JAK2 transphosphorylation, phosphotyrosine residues 
become docking sites for SH2 (Src-homology) or PTB (phosphotyrosine binding) 
domain proteins85. The docking process, if these molecules trigger MAPK, PI3K and 
PLCγ pathways82, will be discussed later on.

Within the type I cytokine group of receptors, IL-3 and GM-CSF receptors exist 
as monomers, comprised of 4 α-helices connected by amino acid loops, and with 2 
regions that are able to connect to the β-chains of the receptors; alternatively, the 
IL-5 receptor is composed of 2 identical α-chains (IL-3-, IL-5- and GM-CSF receptors 
are depicted in Figure 3).

The high level of molecular homology between these cytokine receptors partially 
explains the pleiotropic roles of these cytokines. There are similarities in the 
intracellular pathways triggered by these cytokines and their biological effects on 
the hematopoietic system as well. Case in point, the entire type I group of cytokines 
(IL-3, IL-5 and GM-CSF), plays critical roles in the differentiation, proliferation, and 
activity of myeloid cells, and participates in allergic inflammation81-83.

Despite their overlapping signaling activities, these cytokines do serve specific 
biological roles, which is mainly due to cell-specific differential expression of the 
receptor α-chains77. For example, IL-5 has quite specific roles on eosinophils. In the 
next section, IL-3 and GM-CSF will be discussed in detail, since one of our aims will be 
to understand cytokine-driven myeloid regulation, focusing on the granulomonocytic 
lineage.

Figure 3. Structure of the IL-3-, IL-5- and GM-CSF receptors82. The α-helices are represented by the 
colored ribbons, the amino acid loops connecting them by the gray lines (marked with numbers 1-3). 
The dashed circles show the region in which cytokine-receptor coupling takes place; Rα indicates the 
location where the cytokines couple to the α chain and βc represents the binding site for the β-chain.

1.4.1.1. IL-3
IL-3, like other granulocyte-macrophage colony stimulating factors, is a glycoprotein 
that supports the growth of hematopoietic progenitor cells in a semi-solid culture 
leading to the formation of colonies86,87. This molecule, originally purified from 
WEHI-3B cells, was one of the first described colony stimulating factors86. Initially, 
it was called “Multi-CSF” in view of its ability to affect numerous cell types86,88 and 
because it activates T lymphocytes88. IL-3 has confined roles to the myeloid branch in 
hematopoiesis, in particular with respect to the granulocytic and monocytic lineages86.

The IL-3 gene is located on chromosome 11. The protein contains 4 cysteine 
residues that seem to be essential for the functional outcomes88, which include:

1. Stimulation of granulocyte and/ or macrophage colonies;
2. Stimulation of multipotent colonies, such as BFU-E, CFU-E and GM-CFU;
3. Survival, proliferation and differentiation of multipotent progenitors86,88.

IL-3 has also been described as being active on primitive hematopoietic cells in earlier 
stages of differentiation and as a modulator of the activity of mature cells, such as 
monocytes, mast cells, dendritic cells, megakaryocytes, and specific granulocytes, 
such as eosinophils and basophils83.

1.4.1.2. GM-CSF
The granulocyte-macrophage colony stimulating factor (GM-CSF) gene (like the IL-3 
gene) is located on chromosome 1188 and probably uses the same transcriptional 
regulators, since many T lymphocytes produce both cytokines, and both IL-3 and 
GM-CSF are commonly expressed simultaneously in response to specific factors88.
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Besides being produced by T lymphocytes, this cytokine can also be expressed 
peripherally by airway epithelial cells, hepatocytes, macrophages and others, although 
it is debatable as to whether the peripheral production of GM-CSF affects primitive 
hematopoietic cells in the bone marrow. Rather, it is presumed to activate and mobilize 
mature cells86,88, in addition to supporting survival of tissue-infiltrated neutrophils, 
eosinophils, dendritic cells and macrophages83.

The name GM-CSF is derived from its activity on both granulocytic and monocytic 
lineages, affecting bipotent progenitors86,88. Interestingly, the effect of this cytokine 
seems to be concentration dependent, with low concentrations stimulating mostly 
monocytic colonies, and higher concentrations also promoting formation of 
granulocytic and mixed colonies86. In comparison with IL-3, the target cell population 
of GM-CSF is less primitive, even though stimulation of proliferation of these primitive 
cells does occur in the presence of GM-CSF, albeit without colony formation86. In very 
high concentrations, it can even stimulate megakaryocytic and erythrocytic colonies88.

1.4.2. WNT LIGANDS

Wnt ligands are extracellular molecules increasingly associated with hematopoietic 
regulation18,89-92. In addition, there is evidence indicating participation of these 
molecules in cytokine-triggered intracellular pathways93.

Wnt ligands are secreted lipid-modified glycoproteins which trigger intracellular 
signaling by binding Frizzled (Fzd) receptor in the plasma membrane94. The post-
translational modifications (such as palmitoylation and glycosylation) of which are 
primarily responsible for the secretion and ligand-receptor coupling and functional 
effects95. However, there is a third component needed to trigger intracellular signaling: 
the co-receptors. The main class of Wnt co-receptors are the low-density lipoprotein 
receptor-related proteins 5 and 6 (LPR5/6)96,97, which intermediate the activation of 
β-catenin dependent signaling on the intracellular level. The main representative of 
Wnt ligands that utilizes LRP5/6 is Wnt3a94, but other Wnt ligands, such as Wnt10a 
and Wnt10b, rely on these co-receptors as well98.

In addition, other co-receptors, including Ryk and ROR299, can also be recruited, 
but in these cases β-catenin dependent signaling is not activated99. Wnt5a and Wnt5b 
are the prototypical ligands associated with the β-catenin independent signaling 
pathway, although others, such as Wnt7a and -b98, can trigger this pathway as well.

To date, 19 different Wnt ligands and 10 Fzd receptors have been identified in mammals94, 
implying there is promiscuity between ligand and receptor binding. This might be explained 
by common conserved cysteines in the structure of Wnt ligands and Fzd receptors100.

1.5. HEMATOPOIETIC STEM CELL (HSC)

HSCs represent only 0.003% of all cells present in the bone marrow, yet they represent 
the only cell population fully capable of forming all others in the hematopoietic system. 
This is regulated by rounds of cell division and subsequent differentiation of the 
progeny49. Only 2% of the HSC population is actively cycling at any given moment49 and 
only 6% of all HSCs cycle on any given day101. Although asymmetric cell division leads 
to both self-renewal and to a progenitor that subsequently differentiates, symmetric 
cell division has also been described, rendering daughter cells with similar potential 
and characteristics as the mother cell49.

HSCs are categorized based on their ability to reconstitute bone marrow and 
multilineage hematopoiesis after transplantation in irradiated subjects28,49. LT-HSCs are 
responsible for the long-term reconstitution of cells from all lineages, which lasts years after 
the transplant. These cells cycle rarely (as discussed) and commonly self-renew rather than 
differentiate. On the other hand, short-term reconstitution by ST-HSCs does not last nearly 
as long, in the order of months. In this case, multilineage reconstitution is incomplete1,102.

The difference between self-renewal and differentiation is related to how the cells 
cycle. When the cells enter an asymmetric division, two different cells are formed: one 
with similar characteristics and potential to the mother cell and the other slightly more 
differentiated103. It is presumed that the niche regulates this event, so the former (LT-
HSC) would be maintained in the endosteal niche, in contact with osteoblasts103, whereas 
the latter (ST-HSC) loses this contact and moves from the endosteal to the vascular 
niche49. Subsequently, the LT-HSC exits the cell cycle and remains quiescent until a next 
cycling round. The rare cycling and long quiescence periods of LT-HSCs may serve a 
role in genetic protection, slowing down the accumulation of mutations and telomere 
shortening68,104. On average, LT-HSCs only cycle once every 145 days9,47. It has been 
postulated that asymmetric cell division also segregates the DNA produced and the old 
one among the LT-HSC and the differentiating cell as an additional mechanism to protect 
the LT-HSC; the true existence of such a mechanism is increasingly being debated49,101.

Even though the rare cycling represents a protective mechanism, HSCs can be 
target of injuries and mutations18,105,106, which can predispose the individual to the 
development of a pre-leukemic and leukemic status18,107, according to the hypothesis 
that considers the HSC as origin for leukemic stem cells (LSC). Another possibility 
is that committed cells re-acquire stem cell potential108-110, which would explain the 
expression of aberrant lineage markers109. In either case, the rare cycling also protects 
the LSC from tyrosine kinase inhibitors, used as anti-leukemic drugs in certain types 
of leukemias, such as chronic myeloid leukemia (CML)111,112. LSC are accountable for 
the relapse events and have major roles in leukemia worsening prognosis113,114.
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Besides asymmetric division, HSC can also undergo symmetric division, with two 
possible outcomes. The first, also known as self-renewal, is crucial for the maintenance 
of the primitive pool and protection against hematopoietic exhaustion49. In this 
process, both cells formed are identical and equally pluripotent as the mother cell. A 
second possibility following symmetric division of HSCs is differentiation, in which both 
daughter cells are similar, yet different from the mother cell, with reduced stemness.

The aberrant LSC can also enter symmetric cell division and massively proliferate, 
overflowing the bone marrow with primitive cells110 and superimposing normal 
hematopoiesis totally or its branches, lymphopoiesis, thrombopoiesis, erythropoiesis 
or myelopoiesis.

1.6. MYELOPOIESIS

Myelopoiesis is the process in which myeloid cells are formed from the common 
myeloid progenitors (CMPs)20, that directly gives rise to MEPs and GMPs (Figure 1). 
MEPs are dependent on erythropoietin and thrombopoietin to form erythrocytes and 
megakaryocytes and its cytoplasmatic fragments, i.e., platelets, respectively. These 
cytokines are specific for these lineages, unlike IL-3 and GM-CSF, which are broadly 
active in myelopoiesis.

The roles of IL-3 and GM-CSF in monocytic and granulocytic differentiation have 
been extensively studied; interestingly, these cytokines were initially categorized as 
“granulocyte monocyte colony stimulating factors”, because both IL-3 and GM-CSF 
induce formation of colonies with a granulocytic and monocytic phenotype88. 
Progenitors committed to the macrophage lineage will form large colonies with 
bigger and brighter cells (M-CFU; macrophage-colony formation unit), in comparison 
with colonies formed by granulocytic-biased progenitors (G-CFU; granulocyte-colony 
formation unit), in which cells are smaller and darker (Figure 4).

Figure 4. Morphology of GM-, G- and M-CFU115.

These cytokines also induce proliferation of less-committed bipotent progenitors, with 
potential to form both granulocytes and monocytes. These GM-CFU (granulocyte-
macrophage-colony formation units) are larger than the previous described G-CFU 
and M-CFU, with a denser concentration of cells and more distinct separation between 
them. The colony formation potential of a cytokine reflects its importance for the 
development of the respective lineage. In fact, no colonies can be formed in the 
absence of cytokines116.

In addition to the cell type composition of the colony, its size may also provide 
information about the cytokine activity and progenitors targeted117,118. Colonies that 
are larger, with more differentiated cells, have usually been initiated by more primitive 
progenitors. These continue to grow during the culturing procedure, without loss 
of their potential. Smaller colonies are usually formed by committed progenitors, 
which lose their proliferative potential quicker117,118. It is important to highlight that 
differentiation is a continuous process, with each defined stage representing a 
spectrum of cells in different stages119.

1.6.1. GRANULOCYTES AND MONOCYTES/MACROPHAGES

Granulocytes and monocytes/macrophages are the end-stage cells generated within 
the myeloid differentiation spectrum for which IL-3 and GM-CSF are fully responsible120. 
Importantly, even after these cells have reached their final stages of bone marrow-
intrinsic differentiation, they continue to receive signals from these cytokines120,121, 
mainly to support activation and further tissue-specific differentiation121, relevant 
to their roles in inflammation and removal of invading microorganisms and 
pathogens120,122.

Once maturation is complete, granulocytes are released from the bone marrow 
into the peripheral bloodstream as non-cycling cells123 that can infiltrate tissues 
in response to specific chemotactic signaling molecules120. These cells contain 
granules in their cytoplasm, which can be released to the extracellular environment 
after stimulation120. These granules can harbor a myriad of molecules related 
to inflammation and host defense against invading pathogens. The neutrophil 
represents a subclass of granulocytes in which most of the granules have a neutral 
pH120. Neutrophils act by releasing cytokines, proteases and other molecules, and by 
engaging in cell-cell interactions with other hematopoietic cells, such as lymphocytes, 
macrophages and dendritic cells120. They have a role in tissue inflammation and repair, 
and in phagocytosis of small pathogens120,124,125.

Granules of eosinophils and basophils are full of soluble factors related to immune 
responses and allergy120. As the name indicates, eosinophils contain granules with 
higher pH that have an affinity for eosin, an acidic compound. These cells use the 
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production of reactive oxygen species and cytotoxins to protect against invasion of 
larger microorganisms, such as helminths, than neutrophils can protect against126. 
Basophils, with acidic granules, produce significant amounts of histamine, an important 
mediator in allergy and inflammation127. metachromatic granules are characteristic of 
a fourth subtype of granulocytes, the mast cells, which are responsible for allergic and 
hypersensibility responses, due to release of the granules’ content, which consists 
primarily of histamine128.

Unlike granulocytes, the monocytic lineage does not branch further within the 
bone marrow, forming only one type of cell: the monocyte. However, there is a high 
degree of heterogeneity and further differentiation potential, particularly in response 
to tissue-specific signaling cues129. Whereas granulocytes obtained from human 
and mouse exhibit clear differences, monocytes are more similar between these 
2 species120,130. Monocytes represent 4% of nucleated cells in the blood and their 
production is restricted to the bone marrow in physiologic conditions130.

Monocytes released into the peripheral circulation are activated in response 
to inflammation and stress signals131, as a part of the innate immune response132. 
For many years, monocytes were viewed as an intermediate between the bone 
marrow-released cells and the tissue resident phagocytes, since they can give 
rise to macrophages and dendritic cells, composing the mononuclear phagocyte 
system130,133,134. Interestingly, different from all other mature hematopoietic cells, 
macrophages can proliferate locally, as observed in lungs and spleen130.

1.7. INTRACELLULAR SIGNALING PATHWAYS

1.7.1. JAK/STAT (Janus kinases/Signal Transducer and Activator of Transduction)

JAK/STAT signaling is a broadly conserved evolutionary signaling pathway downstream 
of all cytokine and some growth factor receptors135. It promotes transcriptional 
changes almost directly after cytokine-receptor coupling82. In mammals, 4 JAKs and 
7 STATs have been described, but for IL-3 and GM-CSF signaling, JAK1 and -2, and 
STAT5 seem to be the most important82.

After cytokine binding, dimerization of the receptor subunits, and JAK2 
transphosphorylation of the tyrosine residues in the Box 1 region, SH2 domains, 
which are docking sites for cytoplasmic STATs, are formed. STAT recruitment to SH2 
domains (for IL-3/GM-CSF this is mainly STAT5) is followed by translocation to the 
nucleus, where gene transcription is initiated80.

STATs can be activated by different phosphorylated tyrosine residues at the IL-3 
or GM-CSF receptor and there is evidence suggesting that depending on the specific 
residue interacting with STAT, differential activation of this pathway can occur136.

1.7.2. MAPK (Mitogen Activated Protein Kinases)

The MAPK pathway comprises numerous kinases which act sequentially137 and starts 
with Ras and Raf phosphorylation, which leads to MEK1 and 2 activation, which in turn, 
activates the MAPK isozymes ERK 1 and 2137.

Unlike STATs that can be activated by several phosphorylated tyrosine residues, 
activation of ERK1/2 (extracellular signal-regulated kinase) specifically requires 
phosphorylation of Tyr577 of the β-chain80,138,139. However, there is evidence that 
Tyr612 and Tyr695 phosphorylation may activate this pathway as well80,140 and that 
deletion of Tyr695 and Tyr750 results in a lack of signaling141.

After phosphorylation, Tyr577 becomes a docking site for the cellular substrate 
Shc, which itself is phosphorylated and then interacts with Grb2. Shc/Grb2 binding 
(indirectly) enables Ras activation, triggering the sequential activation of Raf-1, MEK1/2 
and ERK1/282.

ERK1/2 has several targets which can activate c-Fos and c-Jun, important early 
response genes of cytokine-induced proliferation82. Upregulation of bcl-2 and bcl-x 
gene expression seems to be involved in the ERK-driven inhibition of apoptosis in the 
hematopoietic system142,143.

1.7.3. PI3K (Phosphatidylinositol 3-Kinase)

As for MAPK signaling, phosphorylation of the Tyr577 and Tyr612 of the receptor β-chain 
is required for PI3K activation140. At these residues, SH2 or -3 domains appear in the 
β-chain, which enables PI3K activation and targeting of phosphatidylinositol lipids in 
the cellular membrane144. Phosphatidylinositol 4,5-biphosphate phosphorylation leads 
to PIP3 (phosphatidylinositol 3, 4,5-triphosphate) formation and Akt/PKB signaling82.

PI3K activation is related to proliferation, apoptosis and cytoskeletal 
rearrangement82, and disturbed PI3K signaling appears to be closely involved in 
hematopoietic malignancies, such as acute and chronic leukemias144.

1.7.4. CALCIUM SIGNALING

Cytokines trigger cytoplasmic calcium (Ca2+) oscillations145 in a PLC (phospholipase C) 
dependent manner146,147. Activation of PLC and downstream Ca2+-signaling is commonly 
associated with proliferation148. In steady state, the cytoplasmic concentration of 
Ca2+ does not exceed 100 nM148, but it can increase up to 10 times, as a result of 
Ca2+-mobilization and/or -influx from intra- and extracellular sources148, respectively, 
depending on the stimulus148. Regarding cytokine-driven signaling, Ca2+ signals are 
usually short and oscillatory in nature149.

Sustained PLCγ2 phosphorylation was observed after IL-3 and GM-CSF treatment 
in mice, which was followed by MEK and ERK1/2 activation149, indicating possible 
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crosstalk between PLC and MEK/ERK pathways. Interestingly, in the presence of 
IL-3, phosphorylation of MEK was transient and that of ERK1/2 sustained149, whereas 
in the presence of GM-CSF, sustained MEK activation was observed with reduced 
ERK1/2 activation149. There is little knowledge on differences between IL-3 and GM-CSF 
signaling; thus, the differential PLC and ERK1/2 signaling kinetics in response to these 
cytokines suggest specific yet undefined functional differences.

PLC cleaves phosphatidylinositol 4,5-bisphosphate into 1,2-diacylglycerol (DAG) 
and inositol 1,4,5-trisphosphate (IP3)

150,151. IP3 has an essential role in Ca2+ release from 
internal stores, such as the endoplasmic reticulum, by acting on IP3 receptors (IP3R) on 
the surface membrane of this organelle. In addition to IP3Rs, Ca2+ can also be mobilized 
from internal stores by ryanodine receptors (RYR) and SCaMPER (sphingolipid Ca2+ 
release-mediating protein in the endoplasmic reticulum) activation148; however, IP3R 
and RYR are the most commonly studied channels in internal Ca2+ mobilization152. 
In contrast to IP3Rs, the RYR needs cyclic ADP ribose and Ca2+ itself for activation152. 
Actually, both receptors are regulated by Ca2+ concentrations to some extent: an 
increased concentration inside the endoplasmic reticulum increases the sensitivity 
of the receptors, decreasing the activation threshold148, whereas increased Ca2+ 

concentrations in the cytoplasm can be both inhibitory and excitatory148.
DAG activates PKC (protein kinase C) at the plasma membrane, which may be 

cytokine-specific, since it was demonstrated that PKC activation is linked to the 
cytokine-specific receptor α-chain153. PKC and calmodulin (CaM) act as Ca2+ sensors 
in the cytoplasm and respond to Ca2+ oscillations by binding to Ca2+, which leads to 
conformational changes and signal transduction.

PKC is activated by DAG, but elevated Ca2+ concentrations can activate subtypes 
α, βI, βII and γ as well, which can lead to CaMK (calmodulin kinase) activation149,154 and 
modulation of other pathways (such as ERK1/2)149. PKC activation appears to participate 
in hematopoietic differentiation155, although it was also linked to proliferation78.

CaMKII (calmodulin kinase II), after conformational changes induced by binding to 
Ca2+, is the most important (CaM) Ca2+ signal propagator156. This leads to the activation 
of transcription factors, such as NFAT (nuclear factor of activated T-cells) and NFκB 
(nuclear factor κB)156. Ca2+ can also act directly within the nucleus, activating CREB 
(cAMP Response Element-Binding protein); of note, this does require CaM as a co-
factor156. Activation of these factors, while acting in concert with other pathways (e.g. 
MAPK and PI3K), is primarily associated with proliferation157. Other cellular events, such 
as differentiation and cell death, have also been linked to cytokine-driven variations 
in cytoplasmic Ca2+149,158,159. After signaling, the Ca2+ concentration in the cytoplasm is 
reduced to basal levels by returning Ca2+ to the internal stores and/or extracellular 
environment through the action of Ca2+-pumps and ion exchangers156,160.

1.7.5. WNT SIGNALING

Wnt signaling is another pathway linked to Ca2+ cytoplasmic oscillations and has been 
increasingly associated with hematopoietic regulation and maintenance. With respect 
to the intracellular activation profile, this pathway is divided in two main branches: the 
β-catenin dependent (or canonical) and the β-catenin independent (or non-canonical) 
pathway.

The β-catenin dependent pathway is best characterized and is activated when a 
Wnt ligand (Wnt3a is the prototypical ligand of this pathway) couples to its cognate 
membrane Fzd receptor in the presence of LPR5/6 co-receptors101,161,162. The interaction 
between ligand, receptor and co-receptor results in the formation of a complex that 
recruits intracellular Axin from the cytoplasm to the plasma membrane, which induces 
the inactivation of the destruction complex94. The destruction complex targets 
cytoplasmic β-catenin, routing it for proteasomal degradation, thereby preventing its 
accumulation94. As a result, cytoplasmic β-catenin is not degraded and accumulates, 
leading to its nuclear translocation and subsequent modulation of gene transcription94.

The aforementioned Ca2+-dependent Wnt signaling is not β-catenin dependent 
and rather relies on the non-canonical branch, for which Wnt5a and Wnt5b constitute 
the prototypical ligands163,164. As compared to the canonical pathway, this branch is 
broader and comprises numerous pathways, including the Wnt/PCP, Wnt/JNK and 
Wnt/Ca2+ cascades165,166. The Wnt/Ca2+ pathway in particular has been associated 
with hematopoietic regulation, as it was shown to be involved in HSC quiescence, 
maintenance of stem cell potential, and HSC aging90,92,167. The mechanisms involved in 
Wnt/Ca2+-signaling are incompletely understood168, but likely involve the participation 
of G-proteins, PLCβ, CaMK and PKC168,169.
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SCOPE OF THIS THESIS

As described above, cytokine-driven hematopoiesis and myelopoiesis is a well-
studied field, but there are deficits in our understanding of regulatory mechanisms. 
IL-3 and GM-CSF are broadly active cytokines in hematopoiesis, both in the most 
primitive and mature cell populations, in physiologic and disease states. The biological 
outcomes from the presence of these cytokines are maintenance of primitiveness, 
proliferation, differentiation and mature cell activation. Such broad (and sometimes 
opposite) effects have to be tightly regulated and rely on specific intracellular signaling 
cascades. There is evidence of JAK/STAT, MAPK, PI3K, and Ca2+-signaling participation 
in the intracellular responses to IL-3 and GM-CSF, but new signaling pathways may 
play a role as well. There is accumulating evidence suggesting the involvement of Wnt 
signaling in hematopoietic regulation, in particular with respect to Wnt/β-catenin 
dependent signaling. Wnt/β-catenin imbalances are also associated to hematopoietic 
malignances, reinforcing the previous statement. The Wnt/β-catenin independent 
signaling pathway, however, is less well studied and comprises numerous pathways 
that can modulate PI3K, Ca2+ and other key intracellular signaling pathways. We 
hypothesize that Wnt/β-catenin independent signaling participates in cytokine-driven 
myelopoiesis by modulating intracellular pathways triggered by these cytokines. 
Furthermore, in view of the described canonical to non-canonical Wnt signaling switch 
in hematopoietic aging92, we propose that non-canonical Wnt signaling is related to 
myeloid imbalances during aging. Therefore, we aimed to unveil roles of β-catenin 
independent signaling in cytokine-driven myelopoiesis during adulthood and beyond.

Aging-related hematopoietic imbalances, such as decreased HSC regenerative 
potential and increased myeloid presence170, have been associated with β-catenin 
independent Wnt signaling activity92; however, little is known about its effect on 
progenitors. Progenitors are the main responsive cells during aging, and therefore 
the investigation of β-catenin independent signaling in these cells may elucidate 
mechanisms of hematopoietic aging and provide useful information for therapeutic 
targeting of myeloid skewing during aging or hematopoietic malignancies.

Due to the need for growth factors in maintaining and differentiating hematopoietic 
cells116, we first established the mechanisms involved in IL-3 and GM-CSF treatment 
outcomes in the enriched HSC population and in myeloid progenitors (Chapter 2), 
as this could guide us in studies on interference with Wnt signaling. We identified the 
participation of numerous intracellular proteins that seem to be involved in progenitor 
function. We used enriched populations, as the specific immunophenotypes of 
pure populations are debatable. Therefore, we discussed this topic in a review 
about leukemic stem cell (LSC) characterization (Chapter 3), as for altered cells, the 

establishment of surface markers for pure populations can be used for diagnosis, 
prognosis and the evaluation of therapeutics. To further understand possible Wnt 
roles in hematopoiesis, a comprehensive review (Chapter 4) is presented. It discusses 
the importance of β-catenin dependent signaling in late stages of hematopoietic 
ontogenesis, and proliferation and differentiation of hematopoietic progenitors. 
In addition, it highlights how β-catenin independent signaling is responsible for 
hematopoietic initiation during embryogenesis, HSC quiescence, and myeloid 
modulation. In addition, it discusses the roles of Wnt ligands on hematopoietic 
malignancies. In Chapter 5, myeloid modulation in response to IL-3 and GM-CSF 
was further explored. Thus, functional analyses of progenitor cells were performed 
to establish the influence of non-canonical Wnt ligands on these cells and to pursue 
the investigation of these Wnt ligands in the aged environment. We found strikingly 
divergent regulatory effects of Wnt5b on myeloid modulation induced by IL-3 and 
GM-CSF. With this knowledge in hand, we investigated how Wnt5 signaling changes 
during aging with respect to cytokine-driven myelopoiesis (Chapter 6). To this 
aim, we inhibited Wnt5, the prototypical β-catenin independent Wnt agonist, by 
pharmacological intervention. Chapter 7 discusses all results and findings presented 
in this thesis and put them in a broader perspective.
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Differential signaling requirements for the Ca2+ and MEK/ERK pathways

2. DIFFERENTIAL SIGNALING REQUIREMENTS FOR THE CA2+ 
AND MEK/ERK PATHWAYS IN IL-3 AND GM-CSF-TREATED HSC 
AND PROGENITOR CELLS

2.2. INTRODUCTION

Interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-
CSF) are cytokines from the type I superfamily group and have broad effects on 
hematopoietic cells1,2. These cytokines couple to the extracellular portion of their 
cognate membrane receptors and activate intracellular signaling3-5. Type I superfamily 
receptors lack tyrosine kinase activity; however dimerization of the α and β receptor 
subunits recruits Janus kinases which have this function2,3,6,7. Upon intracellular β-chain 
phosphorylation, docking sites for other molecules are created, triggering numerous 
intracellular pathways, such as JAK/STAT, phospholipase C (PLCγ)/Ca2+, MAPK/ERK and 
PI3K1,2. It is not completely clear however how these intracellular pathways functionally 
interact to regulate primitive hematopoietic populations. Primitive hematopoietic 
populations, such as hematopoietic stem cells (HSCs) and progenitors, stand in the 
upper portion of the hematopoietic hierarchy and have essential roles in hematopoietic 
maintenance throughout life8,9. Proliferation and differentiation processes must be 
tightly regulated in these cells and IL-3 and GM-CSF are relevant in this context10.

IL-3 targets roughly the whole hematopoietic spectrum, with few exceptions11-13, 
inducing mature cell activation11,14, myeloid differentiation10 and myeloid survival13,15. The 
mechanisms involved in these events seem to vary depending on the differentiation 
stage of the cell16. In primitive cells, IL-3 elicits JAK activation13,15,17 followed by transient 
PLCγ2 and MEK1/2 phosphorylation, moderate cytoplasmic Ca2+ oscillations and strong 
ERK1/2 activation, which seem to be related to myeloid differentiation18,19, although PKC 
dependent proliferation was also observed in primitive cell lines treated with IL-320,21.

GM-CSF, on the other hand, seems to produce sustained PLCγ2 and MEK1/2 
activation, followed by mild Ca2+ oscillations and reduced ERK1/2 phosphorylation18,19. 
Myeloid differentiation, proliferation and mobilization are described outcomes of 
GM-CSF treatment16,19,22-25 in primitive hematopoietic cells, although it does not seem 
linked to PKC activation18.

More precise knowledge on the intracellular mechanisms involved in primitive 
hematopoietic maintenance and myeloid differentiation can be useful for our 
understanding of hematopoiesis, hematopoietic malignances and imbalances of the 
ageing individuals. In this context, our aim was to investigate responses to IL-3 and 

GM-CSF treatment in HSCs and in progenitors to better understand how intracellular 
signaling is wired towards differentiation, to understand potential differences between 
these cell populations and to establish potential divergent effects of IL-3 and GM-CSF 
on these cellular outcomes.

2.3. METHODS

2.3.1. ANIMALS

Adult (2 to 4 months old) C57Bl/6J specified pathogen-free mice of both sexes were 
used for this study. Mice were housed at CEDEME (Centro de Desenvolvimento de 
Modelos Experimentais para Biologia e Medicina, from UNIFESP – Universidade 
Federal de São Paulo, Brazil) and kept in a controlled habitat under a 12/12 h dark-light 
cycle, with food and water ad libitum. All experimental procedures followed ethical 
research guidelines and were approved by the ethical committee (license 1522060515).

2.3.2. HEMATOPOIETIC CELL EXTRACTION

To obtain hematopoietic cells, animals were euthanized by cervical dislocation or 
by deep anesthesia using ketamine/dexdomitor following rapid exsanguination via 
the abdominal aorta. Afterwards, femurs were collected and femoral content was 
flushed out with a syringe filled with IMDM (Iscove Modified Dulbecco Medium) 
medium. The femoral content was homogenized and the homogenate was incubated 
at 37°C for 2 h in order to reduce the presence of adherent mononuclear cells in the 
supernatant. Afterwards, the supernatant was separated; cells were counted and 
used for experiments.

2.3.3. COLONY FORMATION (CFU) ASSAY

We investigated hematopoietic progenitor potential using the colony forming 
unit (CFU) assay, in which 5x104 bone marrow cells were seeded into a semi-solid 
medium (MethoCult M3134, StemCell Technologies – Vancouver, Canada) and the 
number of resulting colonies were counted manually using a light microscope at 10X 
magnification35. Cells were plated in 1 mL of this medium supplemented with 10% 
fetal bovine serum (FBS), 0,1% bovine serum albumin and 1% penicillin/streptomycin 
and incubated at 37°C and 5% CO2 for 2 weeks for the first round of colony reading. 
The treatments were done with the cytokines IL-3 (10 ng/mL) and GM-CSF (10 ng/mL), 
in the absence and presence of pharmacological inhibitors: AG490, U73122, 2APB, 
KN62, Calmidazolium, BAPTA, GF-109203X, Chelerythrine, UO126, PD98059, FR180204, 
wortmannin and Ly294002. A table with the pharmacological inhibitors, concentration 
and targets are provided below. The concentrations were used according to literature.
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Table 1. Pharmacological inhibitors, concentrations used and respective targets

Pharmacological inhibitor Intracellular target Concentration
AG490 JAK 10 µM
U73122 PLC 5 µM
2APB IP3R 10 µM
KN62 Calmodulin 3 µM
Calmidazolium Calmodulin kinase 0.5 µM
BAPTA Ca2+ quelator 10 µM
GF-109203X PKC 3 µM
Chelerythrine PKC 1 µM
UO126 MEK1 and MEK2 1 µM
PD98059 MEK1 1 µM
FR180204 ERK1/2 0.3 µM
Wortmannin PI3K 2 µM
Ly294002 PI3K 2 M

2.3.4. CO-CULTURE METHODS

Co-culture methods mimic the in vivo microenvironment and are essential for research 
in the hematopoietic system. The co-culture method closest to the in vivo situation 
is the Dexter stroma, in which cells collected from the internal femoral channel are 
cultivated for 2 months at 37°C and 5% CO2. The cells are fed with IMDM medium, 
supplemented with 12,5% FBS and 12,5% fetal horse serum (FHS), 1% penicillin and 
streptomycin and 1 µg/mL of hydrocortisone26. Hydrocortisone stimulates adipocyte 
formation and growth factor production27,28. The maintenance of the cells is done 
by change of half of the medium weekly. After the full stromal formation, freshly 
isolated hematopoietic cells can be added to the stroma. In our experiments, 106 
hematopoietic cells were incubated for 1 week prior the treatment with IL-3 (10 ng/
mL) and GM-CSF (10 ng/mL). Treatment lasted 3 days. IMDM was supplement with 
10% FBS 1%, 1 µg/mL hydrocortisone and 1% penicillin and streptomycin.

We also used the co-culture method with cell line stroma. For this, we used the 
MS-5 (DSMZ #ACC441) mouse cell line cultivated in DMEM high glucose 10% medium, 
supplemented with 10% FBS and 1% penicillin and streptomycin until 50% confluence 
was reached. After this, freshly isolated cells could be added (106 cells) and similar 
experiments were done as described above for Dexter’s stroma.

2.3.5. POPULATION CHARACTERIZATION ASSAY

After cytokine treatment, cells were collected and marked with antibodies for population 
characterization, such as Lin-, Lin+, overall progenitor (Lin-Sca-1-c-Kit+) primitive general 
LSK population (Lin-Sca-1+c-Kit+) populations. Cytometry gating strategy is shown in 

Figure 1. Cellular content from each well was separated into two samples, one for 
population quantification and one for cell death analysis. Population quantification 
was done by the use of the following panel: Lin cocktail (PE – CD3, B220, Ly-6G/Ly-6C, 
CD11b and TER119), Sca-1 (PE-Cy7) and CD117 or c-Kit (APC). For the cell death analysis, 
the panel: Lin (PE), c-Kit (APC), Annexin V (FITC) and 7-AAD was used. The readings 
were done by multicolored flow cytometry and using the BD Accuri C6 equipment.

Figure 1. Gating strategy to characterize Lin- and Lin-Sca-1+c-Kit+ populations in flow cytometry 
analysis.

2.3.6. PHOSPHO-SPECIFIC PROTEIN ANALYSIS

Freshly isolated cells were stimulated with IL-3 (10 ng/mL) and GM-CSF (10 ng/mL) at 
37°C under gentle shaking for different times (15 minutes if nothing specified). The cells 
were fixed with concentrated BD FACS lysing solution for 30 min (paraformaldehyde 
final concentration 2%), washed with 0.1 M glycine and permeabilized with 0.001% 
triton X-100. Another washing round was done before the application of antibodies. 
The antibodies used were: p-JAK1Tyr1034/1035 (#3331), p-JAK2Tyr1008 (#8082), p-STAT3Tyr705 
(#557814), p-STAT5Tyr694 (#9359 and #3939), p-PKCSer660 (#9371), p-PKCThr514 (#9379), 
p-CaMKIIThr286 (#12716), p-ERK1/2Thr202/Tyr204 (#612592), p-p38Thr180/Tyr182 (#9215), 
p-AKTThr308 (#2965 and #13038), p-PTENSer380 (#9551), p-PTENSer380/Thr382/383 (#9549) 
and p-GSK3βSer9 (#5558). Antibody incubation duration varied between antibodies. 
The antibodies were purchased from Cell Signaling, with exception of p-STAT3 and 
p-ERK1/2, which was purchased from BD Biosciences. The cells which received 
non-conjugated antibodies (all from Cell Signaling) were subsequentially incubated 
with goat Anti-Rabbit Alexa Fluor 488 secondary antibody (A-11034, Invitrogen). In 
some experiments, cells were incubated with Lin cocktail (PE), Sca-1 (PE-Cy7) and 
c-Kit (APC) for population analysis of protein phosphorylation (Krutzik 2003). Results 
were compared with an FMO (fluorescence minus one) sample, which contained all 
antibodies with exception of the primaries, to control for unspecific fluorescence. The 
fluorescence ratio of treated and untreated cells was calculated as a way to assess 
phosphorylation of the target by the cytokine.
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2.3.7. STATISTICAL ANALYSIS

For normally distributed data we used a Student’s t test to compare differences 
between means. In case of non-normally distributed data (for example the colony 
size data), a nonparametric Mann-Whitney U test was used. When the comparison 
included more than 2 groups, One-Way ANOVA, with Tukey’s test as post hoc was 
used. Values are presented as mean ± standard error, with exception of the colony 
size data, for which the median and distribution were plotted.

2.4. RESULTS

IL-3 and GM-CSF have similar effects on myeloid-biased colony formation in semi-solid 
medium

Initially we treated the bone marrow cells with IL-3 and GM-CSF at increasing 
concentrations (1, 10, 50 and 100 ng/mL) and evaluated the colony formation (total 
number of colonies formed and colonies subtypes). The subtypes of myeloid colonies 
formed by IL-3 and GM-CFU formation were: GM-CFU (granulocyte-macrophage-
colony formation unit), M-CFU (macrophage-colony formation unit) and G-CFU 
(granulocyte-colony formation unit). As can be seen in Figure 2A, nearly no colonies 
are formed in the absence of cytokines (Untreated group).

For cells treated with IL-3, on the other hand, we observed a concentration-
dependent colony formation (although statistical analysis was not performed), with 
10 ng/mL having the highest efficiency (mean of 44.5 colonies formed). In light of 
these results, we chose the 10 ng/mL concentration for subsequent experiments for 
both cytokines (Figure 2A).

A further comparison of the colonies formed with 10 ng/mL IL-3 and GM-CSF 
treatment is depicted on Figure 2B. No statistical difference was observed between 
the total number of colonies formed between these cytokines. For the colony sizes, 
there was also no significant difference comparing all colonies together (3.85x105 for 
IL-3 and 4.72x105 for GM-CSF; p=0.06 – Figure 2C) or individually GM-CFU (7.81x105 
for IL-3 and 1.12 x106 for GM-CSF; p=0.13 – Figure 2D) and M-CFU (4.69x105 for IL-3 
and 4.28x105 for GM-CSF; p=0.12 – Figure 1E). For G-CFU however, larger colonies 
were observed in presence of GM-CSF (1.14x105 for IL-3 and 2.52x105 for GM-CSF; 
p<0.01 – Figure 2F).

Figure 2. Evaluation of colony formation assay by IL-3 and GM-CSF. Non-adherent bone marrow 
cells (5x104 per well) were cultivated for 14 days in semi-solid medium. A) Colony formation assay 
in the presence of IL-3 and GM-CSF at 1, 10, 50 and 100 ng/mL. Untreated group: no cytokine 
added. White bars represent GM-CFU, grey, M-CFU and black, G-CFU. N=2. B) Colonies formed 
after IL-3 and GM-CSF treatments using the 10 ng/mL concentration. Bar colonies represent 
same colonies subtypes as above cited. N=8. C) Size of all colonies together in presence of IL-3 
and GM-CSF, or of the individual colonies: GM-CFU (D), M-CFU (E) and G-CFU (F). N=5. Values 
are presented as mean ± SEM for graphs A and B, and as distribution and median, in graphs C-F. 
*p<0.05.

Divergent effects of IL-3 and GM-CSF on the maintenance of uncommitted popula-
tions in Dexter’s stroma

To investigate the effects of IL-3 and GM-CSF on hematopoietic maintenance in 
stroma, two different co-culture methods were used: Dexter and MS-5. For the 
first, primary mice bone marrow cells were cultivated for 8 weeks until monolayer 
confluence was reached and adipocytes were present, for the latter, we used the 
mouse bone marrow stromal cell line MS-5. The analysis of the main populations - 
Lin+ and Lin- - showed no effect on Lin+ population by any of the treatments in the 
MS-5 stroma, whereas in Dexter’s stroma, IL-3 and GM-CSF induced decrease in this 
population (Supplementary Figure 1A), as well as increase in Lin- and Lin-/Lin+ 
ratio (Supplementary Figures 1B and C). With these results, we could conclude 
that MS-5 stroma influences hematopoietic cells in a way that hides cytokines roles, 
hampering our investigation. Because of this, in subsequent experiments we only 
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used the Dexter’s co-culture method since this stroma was best for exposing the 
effects of IL-3 and GM-CSF, although this type of stroma also produce cytokines. For 
the overall progenitor population, little effect of the IL-3 was observed, in comparison 
with the untreated group, whereas there was a slight decrease in the presence of 
GM-CSF (Figure 3A). A decrease was also observed for the more primitive general 
LSK population, which was seen for both cytokines (Figure 3B).

Viability was determined in subsequent experiments by flow cytometry, using 
Annexin V and 7AAD. Analyzing the whole population, we observed a higher viability 
of cells treated with GM-CSF in comparison with untreated cells with a decreased 
proportion of cells positive for both Annexin V and 7AAD (Figure 3C) and an increased 
proportion of cells negative for both markers (Figure 3D). Within the Lin- population, 
again we observed a decreased number of Annexin V+7AAD+ cells in the presence of 
GM-CSF (Figure 3E). Interestingly, IL-3 had effects on decreasing cell death in the Lin- 
population as well (Figure 3F), although no difference was observed in viable cells in 
the Lin- population (Figure 3G).

Figure 3. Quantification of populations after IL-3 and GM-CSF treatment in Dexter’s co-culture. 
106 non-adherent bone marrow cells/well were cultivated for 1 week in Dexter’s stroma and 
then, treated with cytokines (IL-3 and GM-CSF) or not (untreated group – Untr). A) Percentage of 
progenitor (Lin-Sca-1-c-Kit+) population in absence (Untr group) and presence of IL-3 and GM-CSF. 
B) Percentage of LSK (Lin-Sca-1+c-Kit+) population in absence (Untr group) and presence of IL-3 and 
GM-CSF. C) Percentage of Annexin V+7AAD+ population in the absence (Untr group) and presence 
of IL-3 and GM-CSF. D) Percentage of Annexin V-7AAD- population in the absence (Untr group) and 
presence of IL-3 and GM-CSF. E) Percentage of Annexin V+7AAD+ population in the Lin- population, 
in the absence (Untr group) and presence of IL-3 and GM-CSF. F) Percentage of Annexin V+7AAD+ 
population in the Lin- population, in the absence (Untr group) and presence of IL-3 and GM-CSF. 
G) Percentage of Annexin V=7AAD- population in the Lin- population, in the absence (Untr group) 
and presence of IL-3 and GM-CSF. N=3-4. Values are presented as mean ± SEM. *p<0.05.

JAK is essential for IL-3 and GM-CSF-driven colony formation

To investigate whether IL-3 and GM-CSF induced colony formation by divergent 
mechanisms, we evaluated the colony formation in presence of pharmacologic inhibitors 
of a variety of proteins involved in different signaling pathways (Figure 4A). First, the 
role of JAK activation was investigated, since it is the first step after ligand coupling and 
receptor heteromerization 1,29,30. As can be seen in Figure 4B, inhibition of JAK, using 
AG490, significantly decreased total, GM-CFU, M-CFU and G-CFU formation, for both 
cytokines (values obtained after inhibition are depicted in Supplementary table 1).

Unfortunately, it was not possible to confirm JAK2 phosphorylation in the cells that 
supposedly form colonies (Figure 4C and D), such as progenitors and HSC, but for STAT3, 
a significant increase in phosphorylation was observed after 15 min of IL-3 treatment 
in comparison with untreated cells in both progenitors and HSC (Figure 4C). GM-CSF 
activated STAT3 in progenitors as well but had no significant effect in HSC. Interestingly, 
p-STAT5 had quite a different pattern of activation: no activation was observed at 
HSC population, but in progenitors, IL-3 induced significant STAT5 phosphorylation.

Figure 4. JAK activation is important for IL-3 and GM-CSF-driven colony formation. A) Schematic 
representation of the initial steps of intracellular signaling triggered by IL-3 and GM-CSF (altered 
from van der Laar 2012). After cytokine coupling to receptor, there is dimerization of the α and β 
chains of the receptor. The receptors then associate to JAK molecules, which have tyrosine kinase 
activity. JAK phosphorylates tyrosine residues in the receptor, establishing docking sites for other 
molecules. B) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence 
of pharmacological inhibitors of JAK (AG490) and PLC (U73122). White bars represent GM-CFU, grey, 
M-CFU and black, G-CFU. Numbers above bars represent percentage of decrease, in comparison to 
group treated only with cytokine. Results are presented as mean ± SE; * p<0.05 for all comparisons. 
Numbers above bars indicate the percentage decrease caused by the pharmacological inhibitor. 
C and D) Ratio between untreated and treated cells for STAT3 and STAT5 phosphorylation 
levels, respectively, after 15 min of incubation. Results are presented as mean ± SE. *p<0.05.
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Effects of IL-3 and GM-CSF on Ca2+/CaMKII and PKC signaling

PLC activation leads to DAG (diacylglycerol) and IP3 (inositol 1,4,5-trisphosphate) 
formation, and subsequent calcium (Ca2+) release from the internal stores via IP3 
receptors (IP3R). As can be seen in Figure 5A, 2APB, an IP3R inhibitor, decreased all 
types of colonies formed by both GM-CSF and IL-3.

As observed for IP3R inhibition (with 2APB), there was a significant decrease 
in colony formation in the presence of the Ca2+ chelator BAPTA-AM after GM-CSF 
treatment, both for total colony number and for each subtype individually. In the 
presence of IL-3, total colony number and M-CFU and G-CFU were all reduced whereas 
the GM-CFU subtype was unaffected by BAPTA-AM.

Calmodulin and Ca2+ calmodulin kinase II (CaMKII) were inhibited by calmidazolium 
and KN-62, respectively. Again, significant decreases in total GM-CSF induced colony 
formation and in each of the colony subtypes was reached, unlike what was seen for 
IL-3, in response to which GM-CFU was unaffected.

Figure 5. IL-3 and GM-CSF depend differently of Ca2+ signaling to form colonies. A) CFU assay after 
cytokine (IL-3 and GM-CSF) treatment in the absence and presence of pharmacological inhibitors 
of Ca2+ signaling-related molecules: PLC (U73122), IP3 receptor (2APB), Ca2+ chelator (BAPTA) and 
calmodulin/CaMKII (calmidazolium and KN-62). White bars represent GM-CFU, grey, M-CFU and 
black, G-CFU. Numbers above bars represent percentage of decrease, in comparison to group 
treated only with cytokine. Results are presented as mean ± SE. * p<0.05 for all comparisons – 
GM, M, G and total colonies formed and #p<0.05 for 3 or less populations. Numbers above bars 
indicate the percentage decrease caused by the pharmacological inhibitor. B-C) Phospho-protein 
analysis of CaMKII after treatment with GM-CSF (B) or IL-3 (C) for 10, 15 and 20 min. Black bars 
refer to HSC and striped bars to progenitors. D) Phospho-protein analysis of PKC (serine 660) 
after treatment with IL-3 and GM-CSF for 15 min. Black bars refer to HSC and striped bars to 
progenitors. E) Phospho-protein analysis of PKC (threonine 514) after treatment with IL-3 and 
GM-CSF for 15 min. Black bars refer to HSC and striped bars to progenitors. Results are presented 
as mean ± SE. * p<0.05.

PKC also act as a Ca2+ sensor, and can signal independently from CaMKII to downstream 
biological responses. Chelerythrine and GF109203X inhibit PKC. For GM-CSF, both 
inhibitors significantly decreased all colonies and each subtype individually. For IL-3, 
chelerythrine tended to affect GM-CFU colony formation (p=0.056), and significantly 
inhibited M-CFU, G-CFU and total colony number. GF109203X inhibited total and 
subtype-specific colony numbers after stimulation with IL-3.

In line with these observations, we evaluated CaMKII phosphorylation in HSC 
cells at different times of GM-CSF treatment (Figure 5B). No CaMKII phosphorylation 
was observed in the progenitor population, but GM-CSF induced an increase of 
phosphorylation after 15 min in HSC population (Figure 5B). IL-3 did not induce 
significant changes in CaMKII phosphorylation (Figure 5C).

We analyzed PKC phosphorylation at two residues, Ser660 and Thr514. For the 
Ser660 residue (Figure 5D), we observed significant increases in PKC phosphorylation 
for both the HSCs and the progenitors after treatment with IL-3, but not after treatment 
with GM-CSF. At Thr514, both IL-3 and GM-CSF induced phosphorylation in both the 
HSCs and in the progenitors (Figure 5E).

MAPK and PI3K are essential for IL-3 and GM-CSF colony formation

Other intracellular pathways widely associated to cytokine function that might be 
activated by JAK2 or tyrosine phosphorylation include MAPK and PI3K39. As can be 
seen in Figure 6A, inhibition of MEK signaling significantly inhibited colony growth for 
most of the read-outs, although there were exceptions. The MEK1 inhibitor PD98059 
inhibited total colony formation, M-CFU and G-CFU in the presence of IL-3; however 
GM-CFU was not influenced. For GM-CSF, a similar pattern was observed, with 
GM-CFU not being influenced by PD98059, a trend for G-CFU (p=0.053), and strong 
inhibition of M-CFU and total CFU. A very similar pattern was observed for the dual 
MEK1/2 inhibitor U0126.

MEK1/2 activation triggers ERK1/2 phosphorylation and the participation of these 
proteins was analyzed using MEK1/2 (PD98058 and UO126) and ERK1/2 inhibitors 
(FR180204). As observed for MEK, the inhibitor did not influence GM-CFU formation 
driven by IL-3 stimulation yet reduced the number of all other colonies. The same 
was observed for GM-CSF-driven colonies, for which no effect was observed on the 
GM-CFU population although all others were reduced (Figure 6A).

These results suggest little participation of ERK1/2 signaling in the most primitive 
colony subtype, mainly for IL-3. In line with this contention, we did not observe ERK1/2 
phosphorylation in HSC after 15 min of stimulation of IL-3 (Figure 6B). The more 
committed colony subtypes (M and G-CFU) were not only affected by MEK1/2 and 
ERK1/2 inhibition, but their progenitors also presented significant ERK phosphorylation 
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in response to IL-3. Unexpectedly, GM-CSF did not induce any ERK phosphorylation, 
either for HSC or progenitors after 15 min.

p38 is another member of the MAPK family targeted by MEK (but not MEK1 or 2) 
activation31. Interestingly, for this protein, phosphorylation was observed in both 
populations after 15 min of IL-3 stimulation, but only on HSC after treatment with 
GM-CSF (Figure 6C).

Figure 6. MAPK and ERK pathways are involved in IL-3 and GM-CSF-driven colony formation.
A) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence of 
pharmacological inhibitors of MAPK signaling-related molecules: MEK1 (PD98059), MEK1/2 
(UO126) and ERK1/2 (FR180204). White bars represent GM-CFU, grey, M-CFU and black, G-CFU. 
Numbers above bars represent percentage of decrease, in comparison to group treated only 
with cytokine. Results are presented as mean ± SE. * p<0.05 compared to untreated #p<0.05 
for 3 or less populations. Numbers above bars indicate the percentage decrease caused by the 
pharmacological inhibitor. B) Phospho-protein analysis of ERK1/2 after 15 min treatment with 
IL-3 and GM-CSF. C) Phospho-protein analysis of p38 after 15 min treatment with IL-3 and GM-
CSF. D) CFU assay after cytokine (IL-3 and GM-CSF) treatment, in the absence and presence of 
pharmacological inhibitors of PI3K signaling: wortmannin and LY294002. Numbers above bars 
represent percentage of decrease, in comparison to group treated only with cytokine. E) Phospho-
protein analysis of PTEN (serine 380) after treatment with IL-3 and GM-CSF for 15 min. F) Phospho-
protein analysis of PTEN (serine 380, threonine 382/383) after treatment with IL-3 and GM-CSF 
for 15 min. G) Phospho-protein analysis of GSK3β after treatment with IL-3 for 10, 15 and 20 min. 
H) Phospho-protein analysis of GSK3β after treatment with GM-CSF for 10, 15 and 20 min. Black 
bars refer to HSC and striped bars to progenitors. Results are presented as mean ± SE. * p<0.05.

The PI3K pathway was inhibited as well in the CFU assay, as can be seen in Figure 
6D, for which we used two different pharmacological inhibitors, wortmannin and 
LY294002. Both compounds significantly repressed total and subtype-specific 
colony formation for both IL-3 and GM-CSF; however, significant increases in PTEN 
phosphorylation (Figure 6E) at serine 380 were observed for both populations after 
IL-3 and GM-CSF. This was specific for the serine 380 residue, since phosphorylation 
of threonine 382 and 383 was not observed (Figure 6F).

Another PI3K-pathway protein we studied was GSK3β (Figure 6G and H). Although 
no phosphorylation was observed after GM-CSF treatment in HSC or progenitors, 
there was a significant increase in phosphorylation in progenitors treated with IL-3.

2.5. DISCUSSION

Myelopoiesis is responsible for the production of erythrocytes, platelets, granulocytes, 
monocytes, mast and dendritic cells32. The investigation of the regulatory mechanisms 
involved in it are relevant in view of the importance of these cells in hematopoiesis, 
and in ageing-associated hematopoietic diseases such as leukemia and anemia. 
Cytokines such as IL-3 and GM-CSF have significant roles in myelopoiesis33,34, although 
the cell-specific mechanisms involved are not completely elucidated. Our data show 
similarities between these cytokines in their function and initial steps of signaling 
and divergences later on.

Colony growth, our main method for functional cytokine investigation, is not only 
a matter of stimulation of cell cycling, but also of avoidance of cell death, for which 
these cytokines have described roles35-38. Both cytokines avoid cell death in Dexter’s 
co-culture model, although GM-CSF seems to act on apoptosis and IL-3, on cell death 
by other means. This result indicates differences between IL-3 and GM-CSF and is in 
agreement with literature10,39-42. Co-culture methods are used to mimic the in vivo micro-
environment26,43,44. Our data indicate MS-5 and Dexter’s co-cultures have opposite 
effects on Lin- and Lin+ population maintenance, probably by the production of cytokines 
by MS-5 stroma45 or a related molecule45,46, in addition to other cytokines47, not being 
topic of our research. In Dexter’s culture we observed a significant maintenance of the 
Lin- population after IL-3 and GM-CSF treatment, indicating roles on non-committed 
populations. To better investigate this in the least differentiated populations 
(progenitors and LSK cells – here, referred as HSC), we performed the CFU assay.

In both populations (HSC and progenitors) and treatments, signaling started with 
cytokine coupling to the receptor and JAK and PLC activation. Similarities in these initial 
steps can be explained by the sharing of a common β-chain in the receptor1,48. JAK2 is 
the JAK subtype most related to IL-3 and GM-CSF signaling30,39,49,50, which phosphorylates 
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tyrosine residues in the receptor β-chain51. STAT3 is an activator of transcription widely 
associated to JAK2 and cytokine signaling7,52. After IL-3 or GM-CSF treatment, STAT3 
was clearly activated, although IL-3 activated STAT3 in both populations, whereas 
GM-CSF did so only in progenitors. At the same time, we see little activation of STAT5. 
Activation of STAT3 and STAT5 were described to enhance survival53, so they might 
be acting together in IL-3-stimulated progenitors. STAT3 is associated to normal cell 
growth53 and proliferation54, which may be the role in of IL-3 and GM-CSF in HSC.

Other molecules besides JAKs that can be involved in STATs phosphorylation 
include PLCγ55. PLC was inhibited by U73122, which abrogated colony formation. 
PLCγ activation is associated to the activity of JAK2, since it needs docking sites in 
the receptor β-chain19,55-57. PLCγ phosphorylation leads to the cleavage of membrane 
phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and IP3

56,57. For IL-3 and GM-
CSF, and other cytokines, PLCγ2 appears to be the main PLC subtype activated19,55.

In line with a role for IP3, colony formation was reduced in the presence of 2APB 
(IP3R inhibitor) for both cytokines, although GM-CFU stimulated by IL-3 was not 
affected. There is evidence of IP3R activation after IL-3 or GM-CSF stimulation in 
hematopoietic cells 18, followed by Ca2+ release from internal stores19. GM-CSF driven 
colonies were more dependent on Ca2+ signaling than IL-3 driven colonies. Indeed, 
there is evidence of both cytokines inducing low magnitude Ca2+ oscillation18, but 
GM-CSF seems to induce longer and more frequent signals than IL-318.

Downstream of Ca2+ release, inhibition of either calmodulin or CaMKII caused a 
significant decrease in GM-CSF-driven colony formation, reinforcing the need for Ca2+ 
signaling, whereas for IL-3, there was no change in the GM-CFU. These results suggest 
different modulating mechanisms for GM-CFU in comparison to the committed 
subtypes of colonies (when stimulated by IL-3) and provide insights into differences 
between IL-3 and GM-CSF. PKC inhibition with GF109203X had the same pattern, 
which, together with the PKC phosphorylation data further reinforces the dispensable 
role for Ca2+ in IL-3 effects on GM-CFU. GF109203X is a specific inhibitor58, whereas 
chelerythrine is an older compound, a bit discredited by its broad range of PKC-
independent activities, such as Bcl-X activation, reactive oxygen species formation and 
apoptosis induction58-60. The similar results with GF109203X and chelerythrine suggest 
little participation of these extra pathways (triggered by chelerythrine) in our context.

JAK2 activation and β-chain phosphorylation can lead to MAPK and PI3K pathway 
activation as well. The MAPK pathway is composed of numerous kinases which act 
sequentially and have roles in cell cycle regulation and differentiation61. For MAPK 
activation, Ras-Raf1 signaling activates MEK1 and 2. PKC activation can also contribute 
to the activation of Raf-1 62,63. There are overlapping roles for these MEK kinases, and 
in IL-3 and GM-CSF-driven myelopoiesis, both subtypes are likely to be involved19,64,65. 

Inhibition of MEK1/2 (by PD98059 and U0126) significantly decreased IL-3 and GM-
CSF-driven colony formation, although U0126 had stronger effects in both cases. 
The selectivity profile of U0126 which inhibits both MEK1 and MEK2 versus PD98059, 
which is selective for MEK1, probably explains these differences. Interestingly, IL-3-
driven GM-CFU was not affected by any of the MEK inhibitors. This result suggests an 
independency on MEK signaling for the most primitive cells in the presence of IL-3. 
Similar results were observed for the ERK inhibitor (FR180204), which did not affect 
GM-CFU as well. In line with this contention, IL-3 induced ERK1/2 phosphorylation 
occurred only in the progenitor population, and not in the HSC. Similar findings 
were obtained for GM-CSF. In contrast to the MEK/ERK pathway, inhibition of the 
PI3K pathway using wortmannin and Ly294002 caused significant decreases of all 
population subtypes in the presence of IL-3 and GM-CSF.

We here show divergences between IL-3 and GM-CSF intracellular signaling, and 
propose a model in which cells in distinct differentiation stages have specific responses 
to these stimuli (Figure 7). The similar functional outcomes of IL-3 and GM-CSF 
treatments in the CFU assay may mask such intracellular divergences. However, such 
divergent effects may explain why IL-3 is associated to acute myeloid leukemia66,67, 
whereas GM-CSF is not, and may account for why GM-CSF can be used for progenitor 
mobilization into peripheral blood68, whereas this is not the case for IL-3. HSC treated 
with IL-3 appear to be independent upon Ca2+ and ERK signaling, whilst its more 
differentiated counterparts, rely on both pathways to induce colony formation. For GM-
CSF, again ERK independency is observed in HSC, which is not for the progenitors. STATs, 
ERK and Ca2+ may be key proteins in intracellular translation of extracellular signals. 
Our studies show some discrepancies between these cytokines, what may explain 
specific roles of them and improve our understating on hematopoietic regulation.

Figure 7. Schematic representation of divergences between IL-3 and GM-CSF intracellular sig-
naling triggering in HSC and progenitors according to our results.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Quantification of Lin+ (A) and Lin- (B) populations after 106 non-ad-
herent bone marrow cells were cultivated by one week in Dexter’s or MS-5 stroma and then, 
treated for 3 days with IL-3 and GM-CSF (10 ng/mL). N=3-4. C) Ratio between the previous two 
graphs. White bars represent co-culture with the cell line MS-5 as feeder layer and black bars, 
Dexter’s. N=3-4. *p<0.05.

Supplementary table 1. Values of colony formation after treatment with cytokine (IL-3 or GM-
CSF) and pharmacologic inhibitors. N=3-9. Values are depicted as mean ± SEM and *p<0.05.

Cytokine Pharmacologic inhibitor Total GM-CFU M-CFU G-CFU
IL-3 AG490 0.17±0.2* 0.00±0.0* 0.00±0.0* 0.17±0.2*

U73122 0.83±0.5* 0.17±0.2* 0.33±0.2* 0.33±0.2*
2APB 2.00±0,6 0.00±0.0 1.00±0.6* 1.00±0.0*
BAPTA 14.67±1.2* 8.00±0.0 3.33±0.7* 3.33±0.9*
Calmidazolium 18.00±1.2* 7.00±0.8 6.25±0,6* 4.75±0.4*
KN-62 13.83±4.1* 5.00±1.3 4.17±1.2* 4.67±2.2*
Chelerythrine 6.67±0.9* 2.00±0.4 3.33±0.5* 1.33±0.2*
GF109203X 7.50±2.2* 3.67±1.1* 1.83±0.6* 2.00±0.6*
PD 98059 21.33±1.1* 8.56±0.5 7.56±0.8* 5.22±0.9*
UO126 13.20±5.7* 6.00±2.6 3.20±1.4* 4.00±1.7*
FR 180204 17.00±1.6* 6.60±1.2 5.20±0.7* 520±1.1*
Wortmannin 8.50±0.9* 3.00±0.7* 2.75±0.6* 2.75±0.8*
Ly294002 4.67±2.2* 1.00±0.6* 1.67±1.2* 2.00±0.6*

GM-CSF AG490 0.00±0.0* 0.00±0.0* 0.00±0.0* 0.00±0.0*
U73122 3.67±1.9* 1.00±0.6* 1.50±0.9* 1.17±0.7*
2APB 2.33±1.2* 0.33±0.3* 0.67±0.3* 1.33±0.7*
BAPTA 7.67±2.2* 4.00±1.2* 2.33±0.9* 1.33±0.3*
Calmidazolium 11.00±1.1* 5.75±0.5* 2.00±0.4* 3.25±0.8*
KN-62 9.33±2.3* 4.50±1.3* 3.17±0.8* 1.67±0.4*
Chelerythrine 4.33±1.7* 1.33±0.7* 1.33±0.3* 1.67±0.9*
GF109203X 8.17±0.9* 3.67±0.4* 2.33±0.2* 2.17±0.5*
PD 98059 22.33±1.6* 10.33±0.6 5.33±0.6* 6.67±0.8
UO126 10.00±5.2* 4.75±2.5* 2.50±1.4* 2.75±1.3*
FR 180204 19.00±1.1* 8.20±0.6 5.40±0.4* 5.40±0.4*
Wortmannin 5.00±1.2* 2.40±0.5* 1.60±1.0* 1.00±0.5*
Ly294002 7.40±2.3* 3.00±1.2* 1.60±0.7* 2.80±0.6*
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3. LEUKEMIA STEM CELL IMMUNOPHENOTYPING – TOOLS 
FOR DIAGNOSTIC, PROGNOSIS AND THERAPEUTICS

3.1. ABSTRACT

The existence of cancer stem cells is debatable in numerous solid tumors, yet 
in leukemia, there is compelling evidence of this cell population. Leukemic stem cells 
(LSCs) are altered cells in which accumulating genetic and/or epigenetic alterations 
occur, resulting in the transition between the normal, preleukemic and leukemic 
status. These cells do not follow the normal differentiation program; they are arrested 
in a primitive state but with high proliferation potential, generating undifferentiated 
blast accumulation and a lack of a mature cell population. The identification of LSCs 
might guide stem cell biology research and provide key points of distinction between 
these cells and their normal counterparts. The identification and characterization of 
the main features of LSCs can be useful as tools for diagnosis and treatment. In this 
context, the aim of the present review was to connect immunophenotype data in the 
main types of leukemia to further guide technical improvements.

Keywords: leukemia, leukemic stem cell, surface markers, cytometry, immunophenotype.

3.2. INTRODUCTION – LEUKEMIC STEM CELLS (LSCS) AS A TOOL 
TO UNDERSTAND LEUKEMIAS

Leukemia comprises a diverse set of malignant diseases that share the common 
feature of sustained leukocytosis on the bone marrow or peripheral blood1,2. This 
cellular accumulation affects people of all ages and both sexes2 and can target 
hematopoietic cells broadly, from primitive to mature and from the myeloid to 
lymphoid lineage, including mixed cells in some cases. The affected cell population 
has an intimate relationship with diagnosis and prognosis. The main diagnostic tool 
used thus far is based on morphology and cytogenetic techniques; however, leukemia 
subtype identification and its link to risk stratification and prognosis are limited.

A fundamental component of a poor prognosis and decreased overall survival is 
relapse occurrence3, that is, the reappearance of disease after treatment. The main 
cause of relapse is the persistence of a bulk of malignant cells that are resistant to 
treatment4. This reservoir for relapse is believed to be formed by quiescent cells with 
primitive characteristics – leukemic stem cells (LSCs).

The existence of cancer stem cells is not widely accepted in cancer research5; 
however, in leukemia, there is substantial evidence of their existence. These cells 
were first described in the 1960-70s6 in clonal experiments in which colony formation 
was observed in a rare cancer population. This ability is understood as a matter 
of primitiveness because of self-renewal potential. Nonetheless, the concept was 
not validated until the 1990s7,8 and was then introduced into cancer and leukemia 
research, mainly considering acute myeloid leukemia (AML), a disease in which the 
LSC theory was initiated5.

As the normal counterpart of LSCs, hematopoietic stem cells (HSCs) are 
characterized by their self-renewal potential and broad differentiation capability, as 
well as quiescence and primitive morphological features9-12, although unregulated 
proliferation and differentiation might be present in addition to aberrant cell 
production13.

These cells are often referred to as leukemia-initiating cells (LICs)14,15, as they 
reliably reproduce the donor’s disease in xenograft models3,10,16; however, engraftment 
potential assays are needed to justify such denomination16,17, and these cells are widely 
used in experimental cancer research but less frequently in diagnosis and in the clinic.

Experiments with transplantation and xenograft models have been extensively 
used and are the basis for population and surface marker definitions. These methods 
are able to establish whether a population is capable of initiating leukemia and indicate 
the hematopoietic lineage-biased leukemic formation and primitiveness of LICs16, 
which are related to diagnosis and treatment outcomes.
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Lineage-biased cell formation and the primitiveness of LSCs have led to 
a discussion on the origin of LSCs, and there are different theories about it. It is 
well accepted that tumorigenesis occurs by the accumulation of numerous genetic 
alterations, which alone are harmless18-20, but account for the preleukemic status2,21. 
Genetic alterations (e.g., chromosomal translocations19,20) and DNA damage (by 
complications of a previously diagnosed malignancy2) are common primary alterations. 
Genes related to epigenetic control and intracellular signaling have been described 
as targets of secondary leukemic alterations, although the molecular basis of these 
mutations is not completely understood18.

Considering that numerous alterations target the genetic cellular content, it was 
proposed that cycling cells would be more likely to accumulate damage, as their 
replication machinery is continuously active19. This hypothesis was reinforced by the 
idea that these cycling cells reside in the vascular niche, where contact with noxious 
stimuli and substances are more likely compared with the endosteal niche. In this 
hypothesis, ST-HSCs (short-term HSCs) or progenitors would reacquire HSC properties, 
such as self-renewal and long-term engraftment potential, in addition to differentiation 
arrest (or even dedifferentiation) and proliferation gain3,22,23. On the other hand, there 
is evidence that transformation could occur in HSCs as well, since these cells are 
maintained throughout life, with a low turnover rate9,12. In this hypothesis, stemness 
would be maintained, but a proliferative pool would be generated23,24 and responsible 
for disease propagation18,22.

Both transformation hypotheses are presumably accurate, as leukemia is a 
heterogeneous malignancy20. In fact, there is evidence that AML is commonly caused 
by transformation in primitive cells9,13,18,24,25, whereas in chronic myeloid leukemia (CML) 
and myelodysplastic syndrome (MDS), multipotent progenitors are affected9. However, 
the existence of LSCs in acute lymphoid leukemia (ALL) is debatable9,25. In any case, it 
is important to highlight that even when considering individual leukemia types, there 
is a wide range of heterogeneity, which is related to transformed cells9,18,24, as well as 
molecular alterations.

Primitively altered cells have similarities with their normal counterparts, and some 
properties favor their survival9,26. As discussed earlier, endosteal niche occupation is 
proposed to be one resistance mechanism27 that functions through the mechanical 
protection of chemotherapeutic drugs28,29. Their quiescent status is a key point as well, 
since it protects against drugs that target actively cycling cells, making them resistant 
to most available tyrosine kinase inhibitors24,30. Additionally, apoptosis entrance 
protection11 and aging avoidance12 have been described, among other mechanisms, 
to explain cell persistence and relapse occurrence3-5,11,15,26,28.

Based on this evidence, the need for a technical development that characterizes 
and isolates the LSC population (highlighting its discrepancies from the HSC population) 
is compelling5,14,16,21,31 to promote advancements in diagnosis and therapies24,32. In 
this context, multiparametric flow cytometry is convenient1, because this technique 
is reliable, fast and provides isolated alive cells that can be used for subsequent 
experiments. The aim of the present review was to describe potential markers to 
recognize LSCs and support forthcoming research in the field.

3.3. THE OUTSTANDING HEMATOPOIETIC MALIGNANCY OF 
ACUTE MYELOID LEUKEMIA (AML)

AML is the most prevalent leukemia in adult humans17,23, and it is an aggressive, 
complex and heterogeneous disease originating from genetic and epigenetic 
alterations in which differentiation ability is lost by primitive cells, compromising 
mature cell production and accumulating myeloid primitive cells on the bone marrow 
and peripheral blood3,5,10,15-18,20,22,28,32-35.

Typical genetic alterations associated with AML are chromosomal translocations 
and abnormal fusion protein formation, such as BCL-ABL, AML1-ETO, RUNX1/
RUNX1T1, PML/RARα and DEK/NUP21434,36. These abnormalities, in addition to blast 
morphology and differentiation stage arrest, are used for diagnosis, subtype definition 
and risk stratification15,20,37. AML is the most well-known and well described type of 
leukemia, yet new therapies are needed to cure it and to improve its survival rate5,15-

17,23,26,35,37. High-dose chemotherapy is effective in less than 50% of patients38, and 
this is associated with the survival of a chemotherapy-resistant pool and relapse 
occurrence5,17,21,22,26,32,33,35,38,39.

As discussed earlier, this resistant pool is composed, in part, of LSCs, which were 
first described in AML. In fact, all cancer stem cell hypotheses were established on 
this condition17, which is now seen as a clonal disease32,33,40,41, possibly organized 
hierarchically, as normal hematopoiesis22,33,42. Nevertheless, in AML, additional issues 
have been described, such as multiple leukemic-initiating populations, leukemic 
advantage and dynamic immunophenotypic characteristics, which might guide our 
understanding of leukemogenesis18,24.

Multiple leukemic-initiating populations refer to the possibility that inside 
the heterogenic pool of altered cells, more than one type – with different 
immunophenotypes – can initiate disease in a xenograft model10,21,22. This might 
be explained by multiple preleukemic clones with divergent alterations or origins 
in the leukemic process. It is hypothesized that when HSCs are transformed, 
accumulated blasts exhibit less atypical membrane proteins, resembling HSCs and 
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having more primitive characteristics24. When progenitors are transformed (and in 
this case, the granulocyte-monocyte progenitor is mainly affected), leukemic cells 
exhibit morphology and membrane protein expression associated with more mature 
cells22,26,40. Importantly, regardless of morphology and membrane protein expression, 
the proportion of LSCs varies, which also reflects the prognosis3,41.

Leukemic advantage is related to chemotherapy resistance and relapse, with LSCs 
outcompeting HSCs for the niche9 or disturbing HSC maintenance33, and dynamic 
immunophenotypic characteristics are associated with changes in the surface protein 
expression on LSCs due to therapeutic treatment13,21. In fact, it is well documented that 
during relapse, LSCs commonly change their surface protein expression, reinforcing 
dynamic behavior13,43. Thus, considering the singularities of LSCs in AML, it is possible 
to discuss potential flow cytometry panels and immune therapy targets.

3.3.1. HETEROGENEITY IN THE PROGNOSIS AND IMMUNOPHENOTYPE OF 
LSCs IN AML

The most accepted HSC marker in humans is CD34, which is also the most accepted 
marker of AML-LSCs. When considering leukemic cell lines, this marker is also suitable 
for LSC separation. As CD34 positivity is not specific for LSCs (gathering progenitors 
in variable differentiation stages as well)20, CD38 is also widely used3,5,9,10,14,16-

18,20,21,24,29,38,40,41, as it increases population selectivity; however, CD34+CD38- is not 
enough to have a homogeneous population and, more importantly, is not enough to 
separate LSCs from HSCs9,14,35. The enrichment strategies used and surface markers 
investigated are diverse; however, it is clear that some strategies are used more 
frequently than others, such as CD34+, CD34+CD38-, CD34+CD38-Lin-, CD34+CD38-

CD123+, CD34+CD38-CD133+, and CD34+CD38-CD123+CD90+, but the results might vary 
according to the gate selection strategy used21. Additional surface markers are shown 
in Figure 1, and a complete list of these markers is presented in Supplementary 
Table 1.

Lineage-specific and mature cell markers can be used to distinguish LSCs from 
HSCs, but they may not be efficient, as there are overlaps, and the atypical presence of 
mature cell markers in LSCs varies considerably due to their differentiation disarray23. 
One way to increase the use of lineage (Lin)-specific and mature cell markers is by 
using a cocktail (Lin cocktail) to further enrich the sample for LSCs. By mixing surface 
markers, we can use the atypical presence of mature markers as a convenient way to 
improve LSC and HSC separation, as they are absent on HSCs21. Moreover, in patients 
with the CD34+CD38-Lin- LSC population, the lack of CD90 expression (also known as 
Thy-1) may enrich for the primitive population3,17,22,31, although its positivity has been 
observed by other researchers31.

Figure 1. Schematic representation of strategies used to enrich the AML-LSC population. Red 
circles refer to the absence of marker expression, and green circles refer to their presence. Yellow 
circles indicate weak expression or a variable form of analysis (in the case of scatter properties). 
Three main groups can be observed, CD34+, CD34- and CD34+CD38+, although the most investigated 
one is CD34+, with the following subdivisions: CD34+CD38-, CD34+CD38-CD123+ and CD34+CD38-

Lin-. ALDH refers to aldehyde dehydrogenase activity, and WT-1 refers to Wilms tumor 1.

When considering CD45RA, the human homolog of B220 in mice24, it is important to 
highlight that its expression and signal on flow cytometry are not strong (CD45dim) on 
LSCs3, which may hamper its utilization for LSC gating and gate selection, influencing 
the sample purity in cell sorting. The expression of CD45 concomitantly with that of 
CD90 may be used as a strategy, since in more than 90% of AML patients, LSCs are 
contained in the Lin-CD34+CD38-CD45+CD90- population22.

As shown in Figure 1, other lineage-specific and mature cell markers have also 
been described40, such as CD2, CD7, CD11b, CD13, CD14, CD15, CD19, CD22, CD33, 
CD56, CD123 and lectin-like C-like molecule-1 (CLL-1)3,5,10,14,16,21,29,35. It is worth discussing 
the expression of CD123 and CLL-1. CD123 is not only a myeloid lineage marker but also 
the IL-3 receptor, playing roles in HSC and LSC intracellular pathway activation3,17,20,41. 
CD123 was the first described LSC-specific antigen11,35. The panel CD34+CD38-CD123+ 
is widely used for LSC characterization11,16,20,27,28,31,40,44, and its presence is associated 
with a poor prognosis17,35,44, since this population appears to have chemotherapy 
escaping skills37,38 and is associated with unfavorable cytogenetics35.
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CLL-1, also known as C-type lectin domain family 12 member A (CLEC12A) 21 
or CD123, is highly expressed on AML-LSCs21,29,40 and absent on HSCs and normal 
progenitors; it is also suitable for LSC characterization and is important in leukemic cell 
lines such as KASUMI, KG1 and TF116. Other markers associated with lineage-specific 
and mature cells that are aberrantly expressed in LSCs appear in less than 50% of 
AML patients with CD34+ LSCs21, except for CD3321.

In addition to CD123, CD25 is another cytokine-related receptor that can also be 
present in AML-LSCs5,14,17,29,35,41. In this context, it likewise exerts intracellular signal 
triggering activities and is associated with a poor prognosis17,35 because of its link 
to unfavorable cytogenetics. Both CD123 and CD25, aside from CD96, appear to be 
equally and highly predictive of a poor prognosis32,35. CD96, also known as TIM-3 (T-
cell Ig mucin 3) or Tactile5,17,21,31,35, in contrast to CD123 and CD25, does not participate 
in cytokine signaling and is related to homing properties17,31,41, similar to CD44, which 
was described as possible surface marker of LSCs5,15-17,21,29,35,41,42.

Flow cytometry also permits the use of other parameters in addition to surface 
proteins, and they are also reliable for distinguishing LSCs from HSCs. Higher values of 
forward scatter (FSC) and side scatter (SSC) in LSCs have been observed in comparison 
with HSCs14, which indicate that malignant primitive cells are larger and have more 
cytoplasmic complexity than their normal counterparts for unknown reasons14. In 
some reports, SSC was enough to segregate these populations14,26,40,41, although LSCs 
were observed in the SSC-low population26,40. Aberrant aldehyde dehydrogenase 
(ALDH) activity is also widely associated with the LSC population14,26,37, although it is 
not a surface marker.

Noteworthy, some surface markers fit into more than one functional category, 
and some are closely associated with chromosomal alterations, such as the aberrant 
expression of CD2, the chromosomal inversion inv(16), the HLA-DR and translocation 
t(15;17) and the N-cadherin and translocation t(8;21)27,35. In fact, N-cadherin expression 
also seems to be able to discriminate the subtype of AML 27 and is related to a poor 
prognosis.

Novel markers are continuously being described, and proteomic studies are crucial 
for a complete view of surface proteins in LSCs. In this context, CD82, CD97 and CD99 
were also included as possible targets on LSCs, in addition to PTH2R, ESAM, MET and 
ITGA632, although the prevalence of these new markers is unknown.

Remarkably, there is abundant evidence that the CD34- population might also 
exhibit stem cell properties16,20,22,29,38,41,44. In fact, upon comparing CD34+ and CD34- 
populations in AML, only 9 protein-coding genes were differentially expressed23, 
reinforcing the similarity between the populations, although this view is not 
unanimous11. It is unknown whether the absence of CD34 is due to its loss9 or initially 

altered cells. Considering the second option, lineage-specific markers might not be 
aberrant, as a differentiated cell (such as a committed progenitor) could be targeted by 
transformation. In this case, there is a gain of primitive functions and the maintenance 
of lineage-specific markers. In fact, there is evidence that LSCs are transcriptionally 
more related to the differentiated normal population as progenitors (in particular, 
granulocyte-monocyte progenitors) than HSCs independent of CD34 expression22,23.

3.3.2. AML-LSCs IN RELAPSE: THE SAME CELLS TELLING DIFFERENT STORIES

An important event related to changes in surface markers, mainly considering CD34 
and CD38, is relapse13,21. As discussed earlier, this event is related to a poor prognosis 
and LSC existence, since this population is responsible for relapse3,5,11,15,17,21,32,35.

Numerous AML patients achieve remission after standard chemotherapy, yet 
relapse is equally common5,21,32,37. In these situations, a high proportion of patients 
show immunophenotypic changes to a more primitive stage13,21,37. The hypothesis 
behind this phenomenon is that the remaining cells are more quiescent and more 
resistant and leukemogenic.

It is unknown whether surface marker changes are due to treatment13,43, the 
maintenance of different populations13, or the involvement of distinct preleukemic 
clones21, but it is critical to establish suitable markers to distinguish LSCs in relapse, 
as it is intimately associated with the prognosis, survival and treatment response15,16,21. 
In this context, CD123+ CD44 and CD90-17 have been described.

Although the presence of CD34 is commonly associated with primitiveness, 
glucocorticoids and chemotherapies can inhibit its expression43, and the 
disappearance of this marker signal (due to its downregulation) is not uncommon 
during relapse21,43. On the other hand, other markers appear to be maintained, even 
when protein expression changes significantly13 (mostly CD123 and CLL-121, 44).

Interestingly, a particular class of surface markers appears to have importance in 
relapse. Embryonic markers usually change during relapse and are associated with a 
poor prognosis in solid tumors3. OCT4, NANOG, SOX2, SSEA1, and SSEA3 have been 
investigated and might be involved in pluripotency gain, in addition to being present 
in leukemia cell lines, such as KG-1, KASUMI and ME-13.

Noteworthy, the heterogeneity between patients is high; therefore, AML subtypes 
and disease evolution must be considered to better establish the immunophenotypic 
panel used in each situation. Zeijlemaker and colleagues21 beautifully developed an 
assay for 8-color flow cytometry reliable for diagnosis and relapse, combining markers 
with high variance between patients (such as lineage- and differentiation-specific 
markers – CD7, CD11b, CD22, CD56, CD96 and CLL-1), reducing the need for more colors, 
and analyzing the most described markers, such as CD34, CD38, CD123 and CD45.
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3.4. CML – SPECIFICITY IN MYELOID MALIGNANCES

CML, as well as AML, also affects the myeloid lineage and primitive cells, 
producing altered mature cells in a clonal manner, although lymphoblasts may 
also be produced12,18,45-47. This subtype of leukemia is widely associated with the 
appearance of the Philadelphia chromosome, with the t(9;22)(q34;q11) chromosomal 
translocation12,18,29,39,45-47 and formation of the BCR/ABL1 fusion protein, which 
produces a 210 kDa (or 190 kDa) constitutively active tyrosine kinase protein18,29,45,47. 
This functional alteration leads to elevated proliferative, adhesive and antiapoptotic 
potential12,45. Tyrosine kinase inhibitors, as would be expected, are effective for CML46, 
although in some cases, the translocation is not reciprocal, producing unbalanced 
altered chromosomes with particular outcomes36.

In its chronic phase, this malignancy barely causes symptomatology48, but when 
most patients are diagnosed and treated, with favorable chances of remission, 
chemotherapy alone has insufficient effects29,47, and the complete eradication of cells 
positive for the Philadelphia chromosome is not usually achieved46,47.

Again, disease is maintained by a reduced pool of LSCs that is also responsible for 
relapse. The chromosomal translocation target cell can be stem cells or multipotent 
progenitors29,30, but in both cases, the LSCs are quiescent, self-renewing and 
chemotherapy resistant29,30.

3.5. LSCS IN CML: SIMPLE OR UNKNOWN?

CD34 is a key primitive marker; thus, its expression is remarkable for CML-LSC 
immunophenotyping45, although leukemia-initiating activity has been described in the 
negative population as well45. In fact, transcriptional similarity was described between 
the human CD34-Lin- LSC population and the normal HSC population (CD34+CD38-Lin-) 
than between the CD34+Lin- population and the HSC population45. Most described 
markers and gating strategies are represented in Figure 2.

An analysis of the CD34+ population has shown an (almost) complete predominance 
of BCR/ABL1-positive cells36,47, which appear to be reduced in the more differentiated 
population36. A lack of or reduced CD38 expression29, as well as the Lin cocktail29, is 
also important for LSC enrichment29,46,47, but several parameters change in comparison 
with AML-LSCs. Indeed, CLL-1 and CD96, important markers for AML-LSCs, are absent 
in CML-LSCs29. In fact, the negativity of these markers can be used to further enrich 
the LSC population, being used in a channel other than CD25, CD33, CD52, CD117 
and IL-1RAP29. This panel has been described as effective for BCR/ABL1-positive cell 
isolation, although Landberg and colleagues46 showed that only IL-1RAP is sufficient 

to isolate this population (CD34+CD38-IL-1RAP+), although further enrichment is 
possible with the use of CD2646. CD26 was also used alone and was able to show a 
high percentage of BCR/ABL1-positive cells29, which seems to vary between patients or 
disease phases29. In the context of disease phase, CD19 and CD20 may also improve 
diagnosis in specific situations29.

Figure 2. Schematic representation of possible gating strategies for LSC flow cytometry in CML 
and ALL (B and T subtypes). Red forms refer to the absence of marker expression, and green forms 
refer to its presence. Yellow forms refer to weak expression or a variable form of analysis (in the 
case of scatter properties). In the T-ALL subdivision, DN refers to double negative for the CD4 and 
CD8 population, DP refers to double positive, and SP refers to single positive for the same markers.
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CD25 has also been described as useful; however, it seems to discriminate only 
partially BCR/ABL1-positive cells46. Other markers, such as CD45RA and CD71, are 
widely absent in BCR/ABL1-positive and CD34+CD38- populations, which might also 
serve as negative controls for population cell sorting47.

The presence of CD13, CD44, CXCR4, CD33, CD1117, CD123, CD133 and HLA-DR 
has also been described in CML-LSCs; however, it does not seem to drastically improve 
enrichment12,29,46. Neurotransmitter receptors are also increased in CML-CD34+ cells12, 
but their roles are unknown.

Light scattering properties were previously described49, in combination with CD45, 
and present reduced values for both parameters. The combination of strategies may 
improve diagnosis, and in the case of CML, it seems significantly simpler than AML, 
although method validation is needed.

3.6. THE OTHER FACE OF LEUKEMIAS – THE LYMPHOID-BIAS
Lymphoid leukemias, as the nomenclature defines, affects mostly cells from the 
lymphoid branch of hematopoiesis, which give rise to B and T lymphocytes, and 
dendritic cells, among others. In addition to myeloid leukemias, lymphoid leukemias 
are divided into acute and chronic, although other divisions are also used to further 
specify committed lineage-biased alterations. Similarities and differences between 
lymphoid and myeloid leukemias have been well described and will be discussed 
when addressing LSC immunophenotyping.

3.6.1. ALL – DIVERGENT STEPS IN DIFFERENTIATION

ALL is heterogeneous when considering its genetic alterations and prognosis9, and 
it is the prevailing type of leukemia in pediatric subjects25. In addition to CML, ALL is 
also widely associated with Philadelphia chromosome formation due to the t(9;22)
(q34;q11) chromosomal translocation, which can occur in HSCs or progenitors9,18,19, 
resulting in the formation of a 190 or 201 kDa fusion protein. In fact, the size of the 
fusion protein may indicate a preleukemic origin9. Other fusion proteins are also 
associated with ALL development, such as TEL-AML1 (or ETV6/RUNX1), resulting in 
t(12;21)(p13;q22)9 and CALM/AF1024, and it may affect HSCs or progenitors, which echo 
the differentiation stage of blast accumulation, although it is debatable whether only 
HSCs can be targeted by preleukemic events and whether the differentiation stage 
reflects blast capabilities18.

Although ALL presents good responses to current treatments and a high 
percentage of long-term survival, in relapse patients, the rates drop drastically25 and 
appear to be due to the presence of LSCs. As previously discussed, the existence of 
an LSC population in ALL9,25 is debatable, although a rare population capable of in 

vitro survival and proliferation25 has been demonstrated. However, there is a lack of 
appropriate in vitro and in vivo models in which this disease can be investigated25.

CD34+CD38-, again, appear to reliably enrich for LSCs, although the expression of 
these markers is heterogeneous between patients18. The selections of markers for 
ALL are represented in Figure 2 and summarize populations with described leukemia-
initiation activity25. CD19 presence is also a crucial marker for ALL, since it is a regulator 
of lymphocytic signaling9, although its expression changes according to altered genetic 
profiles9,25,43. In fact, CD19+ clones have shown to possess leukemia-initiating capability 
independent of CD34 expression25.

In BCL-ABL-ALL subtypes, the CD34+CD38-CD19- population is usually normal, but 
it might be a target for transformation, mainly considering the 210 kDa fusion protein 
type9. It would generate an aberrant population of CD34+CD38-CD19+ cells that harbor 
a few types of translocations9, in addition to CD26 expression29.

In B-biased ALL (B-ALL), in which the B-lymphocyte differentiation lineage is 
compromised, the Philadelphia chromosome is the most common alteration18; 
therefore, CD19, CD26 and the size of the BCR-ABL fusion protein are essential 
characteristics for LSC investigation and risk stratification.

In contrast, for T-cell biased ALL (T-ALL), most of the altered genes are related 
to regulatory pathways and transcription factor expression19. In more than 50% of 
patients, the Notch1 gene is translocated19, but SCL/TAL1, LMO1 and LMO2 are also 
widely present19. In fact, the retroviral transduction of constitutively active Notch1 
and LMO2 was able to initiate T-ALL19 without other genetic alterations, highlighting 
the importance of these protein alterations in T-ALL leukemogenesis.

The normal T-cell differentiation workflow is represented in Figure 2 and is the 
basis for the T-ALL LSC search. Clinically, there are commitment double negative (DN) 
and double positive (DP) populations, although only the DN population recreates 
T-ALL in the xenograft model19,50, indicating LSC potential that is absent in the DP 
population. As shown in Figure 2, in T-cell differentiation, cells pass through surface 
marker alterations, starting from a more primitive population, which is DN for CD4 
and CD8 (CD4-CD8-), and gain and lose the expression of CD25 and CD44. The next 
stage involves the gain of CD4 and CD8, defining the DP population; therefore, it 
is expected that the DP population is less capable of leukemia initiation, since this 
population is a result of the differentiation process. Interestingly, higher potential has 
been described in the DN3 and DN4 populations19. One explanation for this might 
finding be the presence of CD25 (in DN3), a target of Notch19. As observed for the 
CD34+CD38- population, the DN3 immunophenotype is not enough to distinguish the 
leukemic counterpart from its normal counterpart. Aberrant CD25 expression on DN4 
was described as one point of distinction19.
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Oddly, single positive populations (CD4+CD8- or CD4-CD8+) are also capable of 
initiating leukemia after transplantation50, mainly considering CD8+ 50, but there is still 
a lack of differential markers that can identify LSCs. Lymphocytic leukemias are less 
known than myeloid leukemias considering stem cell biology, but a consensus seems 
to be drawing close. The links between genetic alterations and surface markers are 
more straightforward, easing therapeutic target development.

The information gap between these 3 main types of leukemia is enormous and 
sometimes contradictory, which reinforces the heterogeneity of leukemias, even 
considering each type individually. In this context, it is crucial to adjust technical 
tools to reduce errors and misinterpretation. LSC identification is one key point to 
diagnosis and therapeutic advances in addition to trace cellular alterations linked 
to leukemogenesis. Thus, we gathered scientific data about this population with the 
hope of aiding in technical improvements.

3.7. CONCLUSION

Leukemias are heterogenous diseases in which the cause, incidence and prognosis 
change significantly. Thus, it is imperative to avoid simplistic views and extrapolations 
and address each subtype of leukemia by its peculiarities, such as the blood lineage 
involved, targeted cells and genetic or epigenetic transformation. Transformations 
involved in leukemia development commonly affect primitive cells (stem cells or 
progenitors), and processes such as proliferation and potential maintenance are 
disturbed, giving rise to LSCs. It is believed that alterations reflect the cell surface, 
disarraying membrane molecules, which was the topic of this review. Relapse is the 
main cause of the poor cure rate and prognosis; therefore, it is essential that the cells 
responsible for relapse – LSCs – are investigated. For this purpose, the identification 
and isolation of a pure population isolated alive is important, despite the challenge 
in its identification. In this context, the use of surface markers and flow cytometry is 
suitable to identify and isolate cells with LSC or HSC phenotypes.

In the case of AML, the most known leukemia subtype, CD34, CD38, CD123, CD90 
and the Lin cocktail are widely used, although overlap with the HSC immunophenotype 
may occur. Numerous other markers and panels have been proposed, and in this 
context, Zeijlemaker and colleagues21 proposed a comprehensive test in addition to 
drawing attention to peculiarities in variations in AML and their reflection on marker 
choice. For CML, the panels proposed vary less than those for AML but follow similar 
patterns, widely using CD34 and CD38 in combination with mature markers, such as 
CD25, CD26 and CLL-1, among others. For the lymphoid branch of leukemias, CD19 is 

broadly used on B-ALLs, whereas T-ALLs depend more on the differentiation step in 
which genetic transformation occurs.

In summary, the isolation of a live LSC population is needed for the investigation of 
its drivers, as well as its intracellular alterations and signaling activation. In addition, 
the population immunophenotyping establishment can be used for development of 
new therapies based on antibodies, aside from increasing specificity of diagnosis and 
prognosis. Thus, compelling investigations on LSC panels are essential for leukemia 
research and therapy development.
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Described altered surface markers by population enrichment. WT-1 
refers to Wilm’s tumor 1, FSC to forward scatter, SSC to side scatter

Level of 
enrichment

Markers Signal Observation Ref

CD34+ CD33 + 10,29

CD45 dim 3

CD71 - 10

CD82 + 32

CD90 + / - 10,20

CD97 + 32

CD98 + 32

CD117 + / - 10

CD123 + 10

CD135 (FLT3) + 32

Lineage markers + CD2, CD7, CD11b, 
CD13, CD14, CD15, 
CD19, CD22, CD56, 
CD33, CLL-1 (CLEC12A)

1,3,9,14,21,22,35,44

DR4 + 39

ESAM + 32

FCGR1A + 32

GPR114 + 32

HLA-DR - 3,10

ITGA5 + 32

ITGA6 + 32

MET + 32

PTH2R + 32

TMEM5 + 32

TNFRSF10B + 32

CD34+CD38-/low AA4.1 + Mice 24

AC133 + Further enrichment: 
CD44+ or CD24-

3,12,42

AC133 - 29

ALDH High 14,33,35

CD13 + / - 21

CD19 + 9,21

CD24 + Mice 24

CD25 (IL-2RA) + / - 5,14,17,21,29,35,41

CD26 (DPPIV) - 29

CD32 + 5,14

CD33 + 10

CD43 + Mice 24

CD44 + 3,5,14-17,21,29,32,35,41,42

CD45 dim Further enrichment: 
embryonic markers

3

CD45RA + 22

Supplementary Table 1. Continued

Level of 
enrichment

Markers Signal Observation Ref

CD47 + 5,14,16,29,32,34,35

CD48 dim 26

CD52 + 29

CD71 + 10,20

CD82 + 32

CD90 + Further enrichment: 
SSEA1dim

3,20,24,29,41

CD90 - Further enrichment: 
CD96+

17,29,31

CD93 + 16

CD96 + / - 3,5,14,16,17,21,29,31,32,35,41

CD98 + 16

CD114 + / - 29

CD117 + / - 29

CD123 + / - 3,5,11,14,16,17,20,21,24,28,31,32,

35,38,40,41,44

CD184 (CXCR4) + 29

GMP-like 
phenotype

+ Further enrichment: 
AC133+

22,42

HLA-DR - 3,20,35,37

IL-1RAP + / - 29

Lineage markers + CD2, CD7, CD11b, 
CD14, CD15, CD19, 
CD22, CD56, CD13, 
CD33, CLL-1 (CLEC12A)

1,3,9,14,21,22,35,44

Sca-1 - Mice 24

WT-1 + 17,21,41

Scatter 
properties

Further enrichment: 
high FSC/SSC, low side 
population

14,21,40

CD34+CD38-/low 
Lin-

CD25 + 17

CD44 + 17

CD90 + 31

CD90 - Further enrichment: 
CD45RA+

3,17,22,31

CD96 + 17

CD123 + 17

WT-1 + 17

CD34+CD38-/low 
CD123+

CD45 Dim Further enrichment: 
JAM-C

16

N-Cadherin + 27

Tie2 + 5

CD34- 11,21,22,29,32,35,41,44

CD34+CD38+ AC133 + 42

CD123 + / - 11,38
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WNT-5A/B signaling in hematopoiesis throughout life

4. WNT 5A/B SIGNALING IN HEMATOPOIESIS THROUGHOUT 
LIFE

4.1. ABSTRACT

Molecules such as cytokines and transcription factors are well-known in the 
hematopoietic system, from embryogenesis to aging and disease, but the introduction 
of Wnt signaling in this context debunked established concepts and clarified others. 
Regarding hematopoietic ontogeny, Wnt5a and β-catenin independent signaling are 
essential for hematopoiesis initiation, whereas Wnt5b is related to bone marrow 
colonization and the final steps of hematopoietic stem cell (HSC) maturation. These 
Wnt ligands prevent hematopoietic exhaustion (by maintaining quiescent long-term 
HSCs), induce proliferation of progenitors, and guide myeloid development, in addition 
to being involved in the development of aging-related alterations. In summary, Wnt5a/b 
participation in hematopoietic development is undeniable, although little is known 
about its modulation. Clearly, this represents an area in hematopoietic research that 
warrants exploration.

4.2. INTRODUCTION

Hematopoiesis is the process in which all blood cells are produced starting from a 
unique and scarce population of hematopoietic stem cells (HSCs). This population 
is characterized by pluripotency (ability to form mature cells of all blood lineages), 
capacity for self-renewal, and long-term hematopoietic maintenance after 
transplantation. As represented in Figure 1, it is (relatively) well accepted that the 
primitive, rare HSC stands in the upper region of a hierarchic system that relies on 
proliferation and differentiation events1. HSCs rarely enter the cell cycle2. However, 
when it does, its fate may change. HSCs can enter the cell cycle and follow 3 possible 
pathways:

 - Symmetric division without differentiation, or self-renewal: characterized 
by cell division without transcriptional alterations that would lead to lineage 
commitment. This represents an important process to increase or maintain the 
undifferentiated pool of HSCs and avoid HSC exhaustion1,3,4;

 - Symmetric division with differentiation: characterized by the production of 
two daughter cells, each harboring slightly less multilineage potency, but 
exhibiting an increased proliferative index. These are the so-called multipotent 
progenitors. This process is essential in case of stress and when in acute need 
of mature cells1;

 - Asymmetric division: characterized by the uneven production of daughter cells, 
one similar to the mother (stem) cell and one multipotent progenitor1.

The multipotent progenitors separate into two branches from which myeloid or 
lymphoid lineages will arise. These cells will enter the cell cycle and differentiate as 
needed to achieve mature blood cell production5. The myeloid branch drives the 
formation of platelets, erythrocytes, monocytes, and granulocytes (neutrophils, 
eosinophils and basophils), whereas the lymphoid branch drives the formation of 
lymphocytes and natural-killer cells. Figure 1 summarizes the events classically 
involved in hematopoiesis.

It is known that cytokines and growth factors are key players in all steps of 
hematopoietic regulation and development, but new factors in this context are not 
commonly described. Recent findings point to an important role for Wnt signaling 
in HSC maintenance and differentiation, showing that the Wnt pathway is crucial to 
subsequent events in myeloid and lymphoid differentiation. The aim of this review 
is to summarize the current knowledge on the role of Wnt5a and -b signaling in the 
hematopoietic field.

4
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Figure 1. Schematic representation of the hierarchic model of hematopoiesis. From the endosteal 
niche (upper part of figure) to blood vessel, passing through the vascular niche, the following 
distinct populations are depicted: LT-HSC – Long-term hematopoietic stem cells; ST-HSC – Short-
term hematopoietic stem cells; LSC – leukemic stem cells; MPP – Multipotent progenitor; LCP – 
Lymphoid committed progenitor; MCP – Myeloid committed progenitor; and the cells between 
the committed progenitors and mature cells.

4.3. WNT SIGNALING

Wnt ligands are secreted lipid-modified glycoproteins, which rely on their post-
translational modifications for secretion and activation of their receptors (glycosylation 
and palmitoylation, respectively)6. The hydrophobic portion of the Wnt ligand binds 
to the cysteine-rich domain of the N-terminus of a group of receptors, referred to as 
frizzleds (Fzds), which are localized in the plasma membrane. Binding of a Wnt ligand 
to the Fzd receptor at the cysteine rich domain activates the receptor. There is little 
variation in the cysteine rich extracellular portions of Fzd receptors. In addition, the 
post–translational modifications present in Wnt ligands are also similar, which explains 
the high degree of promiscuity in binding of Wnt ligands to Fzd receptors7.

The β-catenin pathway has been most described and studied, being triggered 
when a Wnt ligand binds to a Fzd receptor in the presence of low-density lipoprotein 
receptor-related protein (LRP)5/6 co-stimulatory receptors. β-catenin independent 

signaling pathways, on the other hand, are triggered by Wnt ligand-Fzd receptor 
couples, but in the presence of different co-receptors, such as ROR2 and RYK 
(receptor Tyrosine Kinase Like Orphan Receptor 2 and receptor-like tyrosine kinase, 
respectively), in a LRP5/6 independent manner8. Both are represented in Figure 2.

Figure 2. Wnt signaling scheme. A) Wnt/β-catenin dependent signaling in its inactive status. There 
is no Wnt ligand and receptor binding, so the destruction complex targets β-catenin, routing it 
for degradation. Expression of TCF/LEF genes is inhibited by Groucho. Fzd – Frizzled receptor; 
Ax – Axin; G – GSK-3β; CK1 – casein kinase 1; APC – adenomatous polyposis coli. B) Wnt/β-catenin 
dependent signaling in its active status. After Wnt ligand and Fzd receptor binding, in the presence 
of LRP, the destruction complex is attracted to the plasma membrane region by Dsh action. 
β-catenin is not degraded and accumulates in the cytoplasm and nucleus, activating transcription 
of TCF/LEF genes. Dsh – Dishevelled. C) Wnt/PCP signaling is independent of β-catenin and relies 
on asymmetric distribution of membrane proteins. At one cell pole, there is Dsh recruitment as 
well, however other proteins are targeted, such as Diego and Flm (Flamingo). At the other cellular 
pole (and in the neighboring cell), Prickle (Prk) and Strabismus (Str) will be present, in addition to 
Flm. These proteins interact internally and with neighboring cells, regulating cell polarity. D-F) Wnt/
Ca2+ signaling variations. D) Wnt/Ca2+ signaling by ROR action as a Fzd co-receptor, and G-protein 
and PLCβ activation, which leads to Ca2+ release from intracellular stores. PLC – Phospholipase C; 
G-p – G-protein; DAG – diacylglycerol; PKC – protein kinase C; IP3 - inositol trisphosphate; CaMKII – 
calmodulin kinase II; NFAT - Nuclear factor of activated T-cells. E) Wnt/Ca2+ signaling in the absence 
of Fzd and in the presence of ROR. F) Wnt/Ca2+ signaling in the presence of Ryk co-receptor and 
an increase in intracellular Ca2+, induced by TRP activation. TRP - transient receptor potential.
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4.3.1. β-CATENIN DEPENDENT SIGNALING

In the absence of extracellular Wnt ligand, the cytoplasmic abundance of β-catenin is 
kept low due to phosphorylation, ubiquitination, and proteasome degradation9. This 
is the result of a destruction complex in the cytoplasm, in which Axin clusters with 
APC, CK1, and GSK-3β to target β-catenin, marking it for destruction.

When an extracellular Wnt ligand couples to its Fzd receptor, it triggers intracellular 
alterations that induce stabilization of β-catenin. For Wnt/β-catenin signaling, the 
Fzd receptor has to be juxtaposed to a LRP family molecule. LRP is recruited in the 
presence of Wnt, forming a heterotrimeric complex responsible for intracellular 
signaling10,11. LRP phosphorylation recruits and binds to Axin in the cytoplasmic tail12, 
together with Dishevelled (Dsh). The migration of Axin from the cytoplasm to the 
plasma membrane inactivates the destruction complex. Accordingly, cytoplasmic 
β-catenin is no longer routed to the degradation pathway. Cytoplasmic accumulation 
of β-catenin induces its molecular migration to the nucleus11.

β-catenin activity in the nucleus is normally inhibited by gene repressors (the most 
well-known is Groucho), but its accumulation competitively drives these repressors 
away from transcriptional target sites, allowing TCF and LEF-1 gene transcription11. 
It is important to note that the transcriptional outcome of Wnt/β-catenin pathway 
activation varies with cell type13.

4.3.2. β-CATENIN INDEPENDENT SIGNALING

In addition to Wnt/β-catenin signaling, Wnt ligands can trigger several β-catenin 
independent pathways (often referred to as noncanonical signaling). As observed 
for Wnt/β-catenin signaling, these pathways are activated by extracellular Wnt 
ligand binding to a plasma membrane receptor triggering intracellular changes. In 
vertebrates, β-catenin independent Wnt signaling is primarily categorized as two main 
pathways: PCP and Wnt/Ca2+ 14, although further subdivisions have been described15.

4.3.2.1. WNT/PCP SIGNALING

The planar cell polarity (PCP) pathway, first identified in Drosophila, is the best 
characterized β-catenin independent pathway, and is essential in cellular polarity. As for 
the Wnt/β-catenin pathway, the PCP pathway is widely conserved evolutionarily and uses 
Fzd receptors; however, without the need of LRP molecules16.

The PCP signaling pathway is involved in the directional instruction of cells in a tissue to 
support its functional properties. In the first studies on Wnt/PCP signaling17,18, Fzd receptors 
were promptly identified as players in the epithelial orientation. The main tissues (in 
Drosophila) in which PCP signaling was first discovered were the epidermis and the wing, both 
covered by hair that needs to be oriented in the right direction in order to work properly16.

Although the Wnt/PCP pathway shares the use of the Fzd receptor with β-catenin 
dependent signaling, the organization of these molecules in the plasma membrane 
differs markedly, as can be seen in Figure 2. First of all, its asymmetrical distribution 
in the plasma membrane and lack of involvement of LRP molecules are unique to this 
pathway19. Moreover, Fzd receptors join a membrane complex – the PCP/core complex 
– with 5 other (Flamingo, Strabismus, Dishevelled, Diego and Prickle) proteins16. 
Ryk, acting as a Fzd co-receptor, may also be present and participate in complex 
stabilization and JNK activation20-22.

Interestingly, the asymmetrical distribution of these complexes forms an axis 
that orientates cellular function. The Wnt/PCP pathway is also known as the Wnt/JNK 
pathway23, because of the downstream activation of JNK after Wnt5a binding to Fzd2.

4.3.2.2. WNT/Ca2+ SIGNALING

Unlike the PCP pathway, the Wnt/Ca2+ pathway is widely active in the hematopoietic 
system and has been a topic of increasing interest over the past years. The proposed 
pathway involves the activation of a G-protein after Wnt/Fzd binding24 and results 
in PLCβ (phospholipase C beta) activation, Ca2+-release, CaMKII (calcium-calmodulin 
kinase II) and PKC (protein kinase C) phosphorylation76. Activation of NFAT transcription 
factors is one of the Wnt/Ca2+ signaling events driving subsequent gene transcription25.

For this pathway, the above mentioned co-receptor ROR2 plays a key role. ROR2 
functions as a co-receptor for Fzd, and induces membrane PLCβ activation and 
second messenger production, such as inositol 1,4,5-trisphosphate (IP3) and 1,2 
diacylglycerol (DAG), which results in Ca2+ release from the endoplasmic reticulum, 
leading to increased cytoplasmic Ca2+ concentrations26. When Wnt5a interacts with 
ROR directly, Siah2, calpain or CDX2 can be activated26, which may inhibit β-catenin 
signaling, providing a means for the Wnt/β-catenin independent pathway to counteract 
Wnt/β-catenin dependent signaling.

Ryk has also been associated with Wnt/Ca2+ signaling, involving two possible 
mechanisms: 1) activation of G-proteins (similar to ROR2), and 2) activation of TRP 
(transient receptor potential) receptors, causing extracellular Ca2+ influx27.

4.4. WNT SIGNALING IN HEMATOPOIETIC ONTOGENESIS

Studies on Wnt signaling in the hematopoietic field started a few years after the initial 
discovery of Wnt and were mainly focused on the β-catenin dependent branch. Wnt 
signaling appears to play key roles in the ontogenesis of the hematopoietic tissue, 
from the embryonic period until adult stages.
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4.4.1. HEMATOPOIETIC DEVELOPMENT

Early embryogenesis refers to the period between fertilization and gastrulation, and 
comprises cellular processes that must be highly regulated, such as cell division, 
differentiation and migration. The fusion between parental gametes and zygote 
formation initiates the embryonic development and represents the last stage 
of maternal to zygotic transition, when the zygote’s genome is activated and is 
responsible for transcriptional responses28.

The segmentation process is then unleashed and consecutive cell division follows, 
giving rise to the 2-, 4-, etc., until the 64-cell stage embryo (referred to as blastocyst), 
that will penetrate the uterine wall and initiate the differentiation program.

After implantation, the polar region in which the inner cell mass is concentrated 
establishes contact with the uterine wall and the trophectoderm positioned in between 
then proliferates and invades the endometrium, which precedes placenta formation. 
The inner cell mass undergoes differentiation, forming two different populations: the 
embryonic epiblast (in contact with trophectoderm) and primitive endoderm (facing 
the blastocyst lumen)29. This stage involves numerous changes, with rapid growth 
and tissue specialization. In the 24 hours after implantation, trophoectoderm cells 
in contact with epiblast proliferate, forming the extraembryonic ectoderm and an 
extra cavity in the embryonic epiblast (pro-amniotic cavity), concomitantly with the 
differentiation of primitive endoderm into visceral (proximal to embryonic epiblast) 
and parietal endoderm30,31. At the end of these 24 hours, the epiblast starts to grow, 
forming a cylindrical structure, which defines the embryonic proximodistal axis. The 
epiblast forms the egg cylinder. In the egg cylinder phase, differentiation guides 
gastrulation and the formation of the primitive streak. Epithelial-to-mesenchymal 
transition and primitive streak formation incite cells to migrate and occupy the space 
between extraembryonic ectoderm and epiblast, bilaterally to the streak, forming a 
layer of mesoderm, encapsulating the epiblast. At this point, the embryo harbors the 
3 layers that will generate the 3 germ layers (endoderm, mesoderm and ectoderm), 
responsible for formation of all tissues and organs.

With the axis defined, a fully formed primitive streak and completed mesoderm, 
the embryo starts to lose its cylindrical conformation and acquires body plan. This 
process ends the gastrulation phase. Little is known on the roles of Wnt5a and Wnt5b 
in these initial developmental steps. It is likely that β-catenin/Wnt signaling is more 
important, which is reinforced by embryonic lethality of Wnt3a knockout mice32,33.

The primitive endoderm and primitive streak are particularly important in 
the ontogeny of the hematopoietic system, since they are precursors of the yolk 
sac, in which the first wave of hematopoietic production takes place (primitive 
hematopoiesis)34.

Yolk sac and blood islands formation is crucial in hematopoietic initiation and, 
at this point, Wnt5a gene expression peaks and its signaling appears to play an 
important role. Interestingly, this initial hematopoietic commitment can be accelerated 
by DMSO treatment and repressed by retinoic acid35. Accordingly, DMSO treatment 
stimulates Wnt5a expression, while retinoic acid decreases it. Of note, retinoic acid 
increases the expression of Wnt/β-catenin dependent Wnt3. This supports the idea 
that Wnt5a is involved in hematopoietic initiation through β-catenin independent 
signaling35, although Wnt5a is not indispensable, as Wnt5a knockout mice develop a 
hematopoietic system36. Interestingly, Wnt5b shows a similar expression pattern as 
Wnt5a, peaking during the first steps and showing reduced levels when hematopoietic 
commitment and proliferation transpire32.

Studies using embryonic stem cell lines describe stage-specific waves of Wnt (yet, 
the in vivo relevance of this is not established). In these cells, right before the formation 
of embryonic bodies (stage that resembles the embryonic three germ layers), there 
is a peak in Wnt5a expression that seems to be related to hematopoietic initiation, 
reflecting the observations in vivo. Embryonic bodies can differentiate to blast-like 
colonies, immunophenotypically expressing Sca-1 and c-Kit (CD117), recognized 
markers of primitive hematopoietic development35. At this point of differentiation, 
in which hematopoietic cells are ready to start primitive hematopoiesis, expression 
of other Wnt ligands peaks (Wnt3, 4, 5a, 5b, 7a and 8a), which seems to be linked to 
hematopoietic development35.

Myeloid and lymphoid lineage cells can be obtained from these blast-like colonies, 
since embryonic blast colonies are pluripotent37. Induction of differentiation and 
lineage specification can occur by stimulation with growth factors, following peaks of 
Wnt3, Wnt6 and Wnt16 expression, as described. Interestingly, these Wnt ligands have 
also been observed in vivo during hemangioblasts formation35. Hemangioblasts and 
blast-like colony structures are supposed to be the precursors of the hematopoietic 
system and stem cells, as they have endothelial and hematopoietic roots35. Thus, these 
data imply specific roles for Wnt3 and Wnt5a signaling during early hematopoiesis. 
Specification and formation of early hematopoiesis from the undifferentiated 
mesoderm seems dependent on Wnt5a, whereas expansion and commitment of 
hematopoietic-programmed cells might be Wnt3 dependent32.

As discussed previously, it may be too simplistic to extrapolate pathway activation 
only on the basis of ligand gene expression35. LRP5 was also investigated and its 
gene expression seems to have a stage-specific pattern. LRP5 gene expression peaks 
at early primitive hematopoietic development, with expression of Wnt5a and Fzd4 
genes35, suggesting β-catenin dependent pathway activation by this ligand. High 
LRP5 gene expression is observed again just in the last stages of hematopoietic 
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development, when blast-like colonies (in vitro) or hemangioblasts (in vivo) will form 
the primitive organs of blood production and the HSC pool proliferates35. Regardless 
of some peculiarities between in vitro and in vivo observations, it can be hypothesized 
that Wnt5a through β-catenin independent signaling participates in mesoderm 
differentiation, leading to hematopoietic initiation.

4.4.2. DEFINITIVE HEMATOPOIESIS

Definitive hematopoiesis originates in the fetal liver (although HSCs can be observed 
in placenta, yolk sac, and the aorta-gonad-mesonephros region) with colonization of 
progenitor cells, and subsequently, after maturation, migration to the spleen and bone 
marrow38. Bone marrow engraftment dictates the environment and relations that will 
be maintained throughout life. The most relevant changes of the hematopoietic cells 
in these last steps of development are related to their cell cycle status. In fetal liver, 
the cells are actively cycling and proliferating39, which seems to be induced by Wnt3a 
and (probably) activation of the β-catenin pathway.

Studies in zebrafish showed that there is a peak in Wnt16 expression, a β-catenin 
independent pathway activator, as soon as the cells arrive in the bone marrow37,40. 
It seems that this peak in pathway activation is linked to a final development in 
hematopoiesis and helps the cells to gain function and work as true stem cells – 
low proliferation, self-renewing and multi-potent37. Wnt16 commonly exhibits similar 
effects as Wnt5b, so one would anticipate that Wnt5b might also be responsible for 
this last step of maturation. This hypothesis is reinforced by the fact that the loss of 
either ligand (Wnt16 or 5b) is associated with serious hematopoietic development 
complications37, such as malformations and defects in HSC specification37.

After bone marrow colonization, a flow of hematopoietic cell production is 
established, what is maintained through most of life. Primitive cells are restricted to 
a specific locus in the bone marrow niche, most of them maintaining quiescence, with 
the progenitors forming all mature blood cells, as represented in Figure 1.

4.5. ADULT HEMATOPOIESIS

In addition to the HSCs and progenitors themselves, the microenvironment and 
extracellular molecules are important to hematopoiesis as well38. Ca2+ concentration 
is increased in peripheral bone areas and cells expressing membrane Ca2+sensors are 
attracted to these areas, characterized by reduced irrigation and hypoxia41,42. These 
are the endosteal niches, where HSCs with the highest stem cell potential to form all 
others reside. Hematopoietic stem cells in this microenvironment are quiescent, and 
rarely enter the cell cycle.

The other bone regions, more central and irrigated, have a decreased concentration 
of extracellular Ca2+, but a higher presence of blood vessels, and as a consequence, are 
normoxic. The more active HSCs and multipotent progenitors reside in these vascular 
niches, (Figure 1). This organization and pattern is maintained until death, changing 
only under pathologic conditions. The active HSC pool, close to the vascular niche, is 
responsible for the production of progenitors and mature cells, and as such serves as 
a pool for when these cells are needed. Meanwhile, the cells in the endosteal niche act 
as a reservoir of primitive cells and protect against hematopoietic exhaustion, entering 
the cell cycle only when necessary2,43. These populations have different engraftment 
potentials after transplant, being divided into short-term (ST-HSC), cells with reduced 
hematopoietic reconstitution potential, and long-term stem cells (LT-HSC), capable of 
broad lineage reconstitution for extended periods of time44.

The differentiation and proliferation in the hematopoietic system follow a hierarchic 
model (as represented in Figure 1), in which LT-HSCs give rise to ST-HSCs. In turn, 
these cells generate multipotent progenitors, which start to gain characteristics and 
functions and commit to myeloid or lymphoid lineages. With progenitor commitment, 
successive steps of cell cycling and differentiation occur until maturation is complete, 
ultimately resulting in the formation of highly specialized blood cells.

Analysis of whole bone marrow revealed gene expression of Wnt2a, 2b, 3a, 5a 
and 10b45-50, but this included cells forming the microenvironment, which might 
be responsible for the largest portion of the signal, as they are more prevalent. 
Interestingly, Wnt5a is continuously expressed, even when profound environmental 
changes occur – such as in vitro cultivation – which is not observed for Wnt3a 
or 10b47,49. This may point to the hematopoietic origin of Wnt5a, although Wnt5a 
expression is also seen in niche-forming cells. In fact, in the hematopoietic system, 
Wnt5a seems to be the only Wnt gene broadly expressed in a variety of cells, including 
stem cells45,46,51,52, progenitors51,53, and B-cells49,51. All these data highlight a possible 
role for Wnt5a, challenging previous assumptions that this protein would have limited 
roles in adult hematopoiesis33.

In addition to Wnt ligands, hematopoietic cells express a wide range of Fzd 
receptors; however, some seem population-specific, such as Fzd4. Indeed, expression 
of this receptor is distinct in primitive populations (higher in LT-HSCs in comparison 
with ST-HSCs and progenitors)54, and is linked to activation of Wnt5a signaling, 
suggesting a role for Wnt5a on LT-HSC. Additionally, other Wnt5a target receptors, 
such as Fzd855, Ror256, Ryk51 and Flamingo55, are also expressed on these cells, 
reinforcing the importance Wnt5a in this population.

Flamingo is commonly associated with the Wnt/PCP pathway, whereas Fzd4, Fzd8, 
Ror2 and Ryk seem more related to the Wnt/Ca2+ pathway. It can be hypothesized 
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that Wnt/Ca2+ signaling would be important for the LT-HSC population, considering 
the increased levels of this ion in the endosteal niche, and the little available evidence 
for nuclear β-catenin accumulation in these cells.

The intracellular mechanisms involved in Wnt5a-driven quiescence maintenance 
are not completely elucidated, but Ryk participation and a consequent decrease in 
reactive oxygen species formation seem important51, in addition to modulation of 
Cdc42 activity52. The involvement of other intracellular pathways was also indicate, 
such as PI3K/Akt57, β-catenin pathway inhibition49, and inhibition of lipid raft 
clustering57. Interestingly, an increase in engraftment potential was observed after 
Wnt5a treatment48,58. An increase in homing ability was excluded as a possible cause49, 
so it seems that the effects of Wnt5a are indeed related to maintenance of the cells in 
G0. The results described by Florian and colleagues 52 do not dismiss this hypothesis 
since they might be based on a slightly differentiated population and Ryk expression 
may be reduced. Furthermore, as they discuss, the lack of stroma can influence stem 
cell responses, regardless of being a well-known driver of differentiation.

For the ST-HSC, however, cell cycle activity as well as nuclear β-catenin accumulation 
is observed52,59. Furthermore, the membrane receptors and co-receptors display 
different patterns with differentiation. In this context, Wnt5a effects change drastically58. 
During differentiation, gradual changes are acquired and they lead to Wnt5a-driven 
nuclear β-catenin cytoplasmic accumulation as a consequence of membrane 
alterations – possibly by Fzd and LRP intermediation56. Alternatively, with Ryk reduction, 
reactive oxygen species are formed, which can also induce β-catenin signaling51.

For this population, Wnt5a now acts as a growth factor and, instead of inhibiting, 
it promotes cell cycle progression50. Increasing responsiveness to Wnt3a has been 
described following differentiation, and we hypothesize that there is an overlap 
between Wnt3a and 5a responsiveness in targeting β-catenin dependent signaling 
in ST-HSCs. This idea is in line with previous literature in which Wnt3 is considered 
important for hematopoietic cell fate decision32.

Additionally, Wnt5a also seems to have a role in reducing proliferation by inducing 
apoptosis in LT-HSCs49, which may be lost downstream in the differentiation process 
as progenitor cells present a high degree of proliferation. Indeed, increased colony 
formation of CD117 negative hematopoietic cells was observed after treatment with 
Wnt3a-conditioned medium in colony formation assay59, whereas Wnt5a treatment 
or Ryk inhibition had no effect on colony formation in this setting51, in agreement with 
our hypothesis.

With hematopoietic branching in myeloid and lymphoid lineages, Wnt receptor and 
co-receptor expression patterns seem to change drastically and, as a consequence, 
responsiveness to one or several ligands may change as well. Knockout models for Wnt 

signaling were of great help to clarify involvement of these pathways in hematopoiesis. 
For the lymphoid branch, Wnt5a knockout mice present decreased thymic cellularity 
and higher apoptosis of double positive thymocytes44, coinciding with β-catenin 
nuclear accumulation, which suggest some role for Wnt5a in β-catenin pathway 
regulation, although long-term cellular responses to Wnt5a stimulation were absent50.

LEF-1 (Lymphoid Enhancer Binding Factor 1), an important transcription factor 
for lymphopoiesis60, is transiently expressed in specific stages of B lymphocyte 
differentiation47, which may be linked to activation of β-catenin dependent signaling. 
Whether this involves Wnt5a is currently unclear.

For myelopoiesis, on the other hand, some roles for Wnt5a have been described55, 
including its involvement in specification of progenitors favoring the myeloid rather 
than the lymphoid branch61,62. Even for Wnt5b, there is evidence of significant roles 
on myeloid regulation, depending on the growth factors present (Chapter 5).

Myelopoiesis is responsible for the formation of granulocytes, monocytes, platelets 
and erythrocytes, originating from a common myeloid progenitor, as schematized in 
Figure 1. In common myeloid progenitors, Wnt5a as well as Wnt2b and 10b are active, 
having similar roles and promoting proliferation46.

Erythroid progenitors are highly responsive to Wnt5a, entering the cell cycle and 
proliferating (by PI3K activation)63 or differentiating, giving rise to erythrocytes64. 
For thrombopoiesis, Wnt5b appears to have more effects than Wnt5a. In this case, 
G-protein signaling and its modulators seem to be involved, as its knockdown (of the 
G-protein signaling) caused thrombocytopenia in a zebrafish model65. The involvement 
of Wnt/Ca2+ signaling was proposed65.

Little is known about Wnt5a (or b) in monocyte differentiation. Stimulation with 
Wnt5a had similar effects as Wnt3a treatment regarding IL-3 presence, causing 
an inhibition of monocytic differentiation 23. Interestingly, there is evidence that 
environmental molecules may modulate Wnt5 effects, mainly Wnt5b, on monocyte 
differentiation (Chapter 5).

Interestingly, granulopoiesis seems less affected in Wnt5a and -11 knockdown 
models64. It is dependent on LEF-1 expression, suggesting β-catenin dependent 
pathway participation, as described for neutrophil differentiation66; little information 
on other types of granulocytes is available in this regard.

4.6. HEMATOPOIESIS DURING AGING

There is increasing evidence that well-known hematopoietic alterations during aging 
(lymphoid to myeloid skewing, inflammation and decreased immunologic responses) 
are related to changes in Wnt signaling. The scenario for adult subjects seems to pass 
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through gradual changes, in which the expression levels of environmental Wnt5a 
decrease, whereas the opposite takes place in HSCs, which acquire more Wnt5a 
with age52. These gradual changes were described already for middle-aged subjects, 
in which increased levels of Wnt5a, as well as Wnt4, were present in the primitive 
hematopoietic population52, but without any clear functional outcomes. Interestingly, 
the described changes are restricted to the primitive pool and Wnt5a and 4, without 
significant changes in other populations or other Wnt ligands52.

The increase in Wnt5a signaling activation in aged HSCs is proposed to inhibit HSC 
cell cycle entering and hamper hematopoietic differentiation. In fact, inhibiting Wnt5 
was shown to increase primitive cell potential and induce cell cycling, reinforcing this 
proposition (Chapter 5). In addition, the balance between proliferation and apoptosis, 
described in ST-HSCs and due to activation of β-catenin signaling, might be disrupted, 
which could account for lower HSC replacement.

For the cells in the committed progenitor phase, this change in Wnt status may act 
to skew the lineage commitment in favor of myeloid cells, as lymhoid cells are more 
susceptible to Wnt5a mediated inhibition than myeloid cells. In fact, for the myeloid 
lineage, the increase in Wnt5a does not hinder differentiation; instead it stimulates 
it, since granulocyte-monocyte progenitors as well as granulocytes are increased in 
aged subjects61.

Interestingly, analyzing aged mice haploinsufficient for Wnt5a (Wnt5a+/-) provides 
more evidence that Wnt5a is indeed one of the main molecules related to aging-related 
myeloid skewing, since these animals do not present increased Wnt5a expression with 
aging and their blood cell counts are similar to young control animals.

Evidence suggests that Wnt5a triggers β-catenin independent signaling in the 
development of an aging phenotype; however, it is not completely elucidated which 
intracellular mechanisms are involved. Cdc4252,61, actin polarization62, Ca2+ 52, and Notch 
proteins appear to be involved, but more studies are needed in this area to further 
clarify their relationships.

4.7. HEMATOPOIETIC MALIGNANCES

Hematological malignancies are disorders that include a diverse set of chronic and 
acute lymphoproliferative and myeloproliferative diseases, derived from the two major 
blood cell lineages: lymphoid and myeloid, respectively. For instance, myeloma, acute 
lymphocytic leukemia (ALL), chronic lymphocytic leukemia (CLL), and lymphoma are 
of lymphoid origin, whereas chronic myeloid leukemia (CML), acute myeloid leukemia 
(AML), and myelodysplastic syndrome (MDS) are of myeloid origin. The development 
of hematological malignancies requires malignant clones to lose their regulatory 

mechanisms, resulting in the production of a large number of dysfunctional cells 
and disruption of normal hematopoiesis.

Aberrant Wnt expression and signaling is related to hematopoietic malignancy 
development and maintenance, but the mechanisms are unknown. Alterations in 
β-catenin dependent signaling are commonly observed in tumorigenesis67; in addition, 
for hematopoietic tissue, changes in Wnt/Ca2+ signaling have been described as well.

There is evidence that β-catenin overexpression and its increased or constitutive 
activation drives leukemia initiation in some types of myeloid malignancies59,68,69, which 
is associated with poor prognosis70-72. Furthermore, β-catenin is expressed in leukemic 
cell lines56,73; Wnt3 expression does not always follow the same profile56.

In CML, LSC (leukemic stem cells) survival was not affected by inhibition of 
β-catenin signaling in vivo, suggesting the involvement of other factors in a complex 
mechanism74. In addition, leukemogenesis by oncogenic fusion proteins can alter 
β-catenin signaling, modifying self-renewal, differentiation, and apoptosis62,67,68,75-77. 
Moreover, β-catenin activation is associated with LSC development49,62,69,78 induced 
by a gain of leukemia characteristics by HSCs or de-differentiation of progenitors 
overexpressing the MLL-AF9 fusion protein69,77. Interestingly, hypoxia-adapted CML 
cells are resistant to tyrosine kinase inhibitors and acquire stem cell characteristics, 
expressing increased levels of β-catenin79,80. Studies revealed that LEF1 might also 
cooperate with CBFα to activate the ELA2 gene, which is involved in the development 
of severe congenital neutropenia, thus predisposing to the leukemogenesis of AML 
and myelodysplasia81.

Studies have shown that increased expression of Wnt receptors and Wnt genes, 
including Wnt5a and Wnt3a, are associated with the activation of Wnt/β-catenin 
signaling in B-ALL primary cells and cell lines82. Consistent with the role of LEF1 in the 
development of T and B cells, LEF1 is found overexpressed in a number of lymphoid 
malignancies, such as lymphomas and leukemias47,69,83-85. Moreover, increased mRNA 
expression of LEF-1 could be related to a poor prognosis of adult B-precursor ALL. 
In multiple myeloma, the Wnt/β-catenin signaling pathway has acquired attention, as 
cell lines and primary cells demonstrate increased levels of β-catenin, and induction 
of TCF transcription by Wnt proteins, thus suggesting a therapeutic target69,86-88.

Although most Wnt signaling research is focused on the Wnt/β-catenin pathway, 
interest in the independent branch is growing. In lymphoid leukemias, there is 
evidence that Wnt5a induces ROR1/ROR2 hetero-oligomerization89. This would not 
only activate β-catenin independent signaling but trigger the malignant process as 
well. Indeed, the worst prognosis is associated with CLL cells expressing high levels of 
Wnt5a90. Recently, Wnt5a was shown to induce ROR1 to activate cell proliferation and 
migration by binding to specific proteins91. Stimulation of survival and proliferation of 
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CLL through Wnt5a/ROR1/Rac191 and Wnt5a/ROR1/PI3K/Akt 92,93 signaling pathways 
has been proposed. At this point, it is important to emphasize that the expression 
and role of Wnt components vary in the various CLL subgroups94.

In contrast, in some cases, there is evidence pointing at Wnt5a as a therapeutic 
molecule against leukemias; by inhibiting β-catenin dependent signaling, it would 
promote differentiation and reduce aberrant proliferation 35,68,95. Remarkably, for ALL, 
no overexpression and even a downregulation of Wnt5a were observed 95.

Other studies in B-ALL and CLL models revealed a positive correlation between 
ROR1 expression and STAT3 activation96,97. Recently, NFкB p65 was identified as a 
downstream target of Wnt5a/ROR1 leading to drug resistance in mantle cell lymphoma 
(MCL) 98.

In addition, high levels of RYK expression were found in acute leukemia cell lines 
and patient samples, and mutations in genes encoding several Wnt components, 
including RYK, were suggested to affect the pathogenesis of CLL94,99. Interestingly, 
RYK was associated with PCP and Rho signaling in CLL patients. It was demonstrated 
that the Wnt/PCP proteins control chemotactic responses and the migratory ability 
of primary CLL cells after Wnt5a activation and subsequent Rho activity89,100,101.

4.8. TARGETING WNT SIGNALING AS THERAPEUTIC OPPORTUNITIES

Studies defining the role of the components of the Wnt pathway in the pathogenesis 
of hematological malignancies provide important insights for the development of 
new therapeutic strategies. In this respect, small molecule inhibitors of the Wnt/β-
catenin pathway have been studied as potential new drugs to recognize intracellular 
targets69,102. Based on a high throughput screening method, several inhibitors of 
β-catenin/TCF complex formation were identified, showing efficacy in vitro and in 
vivo103,104. Interestingly, the transactivation properties of LEF1/β-catenin were shown 
to be disrupted by two small molecules, CGP049090 and PKF115-584. While no effects 
were observed in healthy B cells, apoptosis was induced in primary CLL cells, which was 
confirmed in an in vivo experimental model104. Induction of apoptosis and necroptosis 
in primary CLL cells could also be observed by inhibiting LEF1 transcription activity 
with ethacrynic acid105.

Other studies have used the TOPFlash reporter assay to screen small molecules 
able to inhibit the Wnt/β-catenin signaling with interesting results. Inhibitors of 
tankyrase 1 and 2, which lead to the stabilization of Axin and degradation of β-catenin, 
were identified in ALL53. In addition, another compound was identified to associate 
with CBP and compete for binding to β-catenin (ICG-001) in ALL and CML cells under 
hypoxic conditions106-108.

The fact that ROR1 is almost exclusively expressed in CLL cells and other 
lymphomas, makes them relatively selective and attractive targets for the development 
of new antitumor drugs. In particular, monoclonal anti-ROR1 antibodies have been 
developed, of which UC-961, also known as cirmtuzumab, has entered phase I/II clinical 
trials (ID: NCT02222688) for CLL, after promising results were obtained in preclinical 
studies109. Also, recent studies demonstrated this antibody was able to reduce CLL 
migration and proliferation, as well as tumor development in mice, further supporting 
its clinical potential89.

Chimeric antigen receptor T (CAR-T) cell therapy is another type of ROR1-targeted 
therapeutic approach that has been explored, with the advantage of low off-target 
cytotoxicity due to the aforementioned unique expression of ROR1 in cancer cells, 
such as CLL and MCL cells, but not in normal B cells110. This strategy also proved 
efficient in a xenograft mouse model of B cell lymphoma111 and was well tolerated in 
primates in toxicological studies112.

The effects of ROR1 inhibition have also been studied in other preclinical 
models, such as MCL, which express high levels of ROR1 as well. Studies using drug 
combinations revealed that inhibitors of several kinases, such as BTK (BCR pathway; 
ibrutinib, acalabrutinib), FAK (PF431396, VS-4718), and PKC (bryostatin 1, ponatinib) 
were more effective in killing sensitive MCL cells after shRNA-mediated ROR1 
inhibition98.

In contrast to ROR1, therapies able to target RYK have not yet been successfully 
demonstrated/developed. Recently, however, a monoclonal antibody with high affinity 
for the RYK WIF domain was developed by phage library, which could block Wnt5a 
signaling, and as such could hold promise for future therapies113.

Despite the significant progress made over the last few decades in understanding 
the mechanisms by which Wnt signaling affects hematological malignancies, its full role 
in the pathogenesis of these diseases has not yet been completely established, mainly 
when considering the β-catenin independent branch and Wnt5 ligands. For instance, 
a complex scenario arises when considering the switch between Wnt/β-catenin 
and Wnt/PCP pathways during cell differentiation94. These diseases all have their 
specific characteristics and are still difficult to treat. However, numerous therapeutic 
approaches, including those discussed in this review, are used to prolong survival. 
A deeper insight into the molecular mechanisms of Wnt signaling in hematological 
malignancies will pave the way for the development of innovative (combination) 
therapies in the near future.
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4.9. CONCLUSIONS

Molecules involved in the modulation of hematopoiesis have been known for decades, 
but the introduction of Wnt signaling in this context changed how we understand 
this system, from early development to aging and disorders. Wnt signaling and its 
crosstalk with well-known cytokines and other mediators further elucidate events 
such as HSC quiescence, proliferation, differentiation, and cell death. Wnt3a and 
associated β-catenin dependent signaling have essential roles, such as expansion 
of hematopoietic-committed cells during ontogenesis, cell cycle entering of ST-HSC 
in adult subjects, and following lineage specification by differentiation, in addition to 
modulation of lymphoid development. On the other hand, the β-catenin independent 
pathway (widely associated with Wnt5a and b) is needed for hematopoietic initiation 
during embryonic development, LT-HSC quiescence maintenance and myeloid 
modulation in adult subjects, in addition to its involvement in aging-related 
hematopoietic alterations.

The ability to frequently rely on switch between β-catenin dependent and 
independent pathways suggests a highly interconnected system. In addition, multiple 
mechanisms of action of ligands, such as Wnt5a, further reinforce the idea of an 
interdependent system.

Several points of attention still need to be addressed and elucidated, mainly when 
considering the β-catenin independent pathway and the roles of Wnt5a and -b in 
lineage specification and aging. However, it is without a doubt that the individual 
components involved in Wnt signaling are critically important in hematopoiesis, and 
that further understanding of the complex mechanisms involved in Wnt signaling and 
its relation to hematopoiesis, both in health and disease, will provide novel insights 
leading to future therapeutic strategies.
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5. DIVERGENT EFFECTS OF WNT5B ON IL-3- AND GM-CSF-
INDUCED MYELOID DIFFERENTIATION

5.1. ABSTRACT

The multiple specialized cell types of the hematopoietic system originate from 
differentiation of hematopoietic stem cells and progenitors (HSPC), which can generate 
both lymphoid and myeloid lineages. The myeloid lineage is preferentially maintained 
during aging, but the mechanisms that contribute to this process are incompletely 
understood. Here, we studied the roles of Wnt5a and Wnt5b, ligands that have 
previously been linked to hematopoietic stem cell ageing and that are abundantly 
expressed by both hematopoietic progenitors and bone-marrow derived niche 
cells. Whereas Wnt5a had no major effects on primitive cell differentiation, Wnt5b 
had profound and divergent effects on cytokine-induced myeloid differentiation. 
Remarkably, while IL-3-mediated myeloid differentiation was largely repressed by 
Wnt5b, GM-CSF-induced myeloid differentiation was augmented. Furthermore, in 
the presence of IL-3, Wnt5b enhanced HSPC self-renewal, whereas in the presence of 
GM-CSF, Wnt5b accelerated differentiation, leading to progenitor cell exhaustion. Our 
results highlight discrepancies between IL-3 and GM-CSF, and reveal novel effects of 
Wnt5b on the hematopoietic system.

5.2. INTRODUCTION

Effective immunity and tissue homeostasis throughout life depend on the ability of 
hematopoietic stem cells and progenitors (HSPC) to generate a balanced supply of 
the specialized lymphoid and myeloid cell types that constitute the hematopoietic 
system1. Myeloid lineage commitment initiates from the common myeloid progenitor, 
which differentiates to give rise to critical components of the innate immune system 
including granulocytes, monocytes and mast cells, in addition to platelets and 
erythrocytes1. Recent studies indicate that the myeloid lineage is preferentially 
maintained over the lymphoid lineage during ageing2-5 and this so-called myeloid 
skewing is of interest as it may contribute to the development of chronic diseases 
associated with ageing. In this context, it is of great interest to understand how the 
molecular and microenvironmental changes that occur during ageing impact on 
myeloid differentiation as this may yield potential therapeutic targets.

Myeloid lineage development is regulated by a complex network of molecules. Of 
central importance are cytokines and growth factors produced by the bone marrow 
microenvironment6-9, which comprises numerous cells types of both hematopoietic 
origin, including monocytes and lymphocytes, and non-hematopoietic origin, including 
fibroblasts, adipocytes and endothelial cells8,10,11. Interleukin-3 (IL-3) and granulocyte 
macrophage-colony stimulating factor (GM-CSF), produced by monocytes and 
lymphocytes, have particularly crucial roles in myeloid differentiation8,9; GM-CSF is 
also produced by non-hematopoietic bone marrow cells7,11,12. IL-3 and GM-CSF have 
overlapping activities6,13,14, including regulating proliferation and differentiation 
of myeloid progenitors6,15, stimulation of granulocyte-monocyte-biased colony 
formation in colony formation unit (CFU) assay14 and activation of granulocytes and 
monocytes6,14,15. In primitive hematopoietic cells, similar intracellular proteins are 
recruited to generate the cited outcomes, such as PLCγ2, calmodulin kinase and MEK/
ERK signaling16, although PKC activation is not observed after GM-CSF treatment and 
the pattern of activation of MEK/ERK varies16.

Primitive cells including HSCs (hematopoietic stem cells) and multipotent 
progenitors are more sensitive to IL-3, which supports stem cell maintenance17-19, 
whilst committed myeloid progenitors are more sensitive to GM-CSF, which drives 
differentiation and proliferation17-19.

Numerous Wnt signaling components have been identified within the bone 
marrow microenvironment20-22, and some of these appear to play significant roles 
in hematopoietic ageing3,23,24. Wnt ligands induce intracellular signaling events by 
binding to cell surface frizzled (Fzd) receptors, stimulating either β-catenin dependent 
(canonical) or independent (non-canonical) signaling pathways25; non-canonical Wnt 
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signaling can also be mediated by interactions with cell surface receptor tyrosine 
kinases of the Ror and Ryk families26.

The Wnt5 subfamily of Wnt ligands is of particular interest as both Wnt5a and 
Wnt5b are expressed by primitive hematopoietic cells27-29 and niche cells3,29,31-34. 
Wnt5a and Wnt5b are structurally related with high amino acid sequence similarity35. 
However, Wnt5a and Wnt5b are expressed in non-overlapping patterns during mouse 
development36, and functional differences have been described for Wnt5a and Wnt5b 
in regulation of chondrocyte differentiation37, and mammary epithelial cell growth35.

Wnt5a and Wnt5b are expressed during embryonic hematopoietic initiation38, 
and regulate hematopoietic cell fate during adult blood homeostasis3,38. Importantly, 
recent studies revealed that Wnt5a expression by HSCs increases with age, leading 
to augmented hallmarks of hematopoietic senescence3 and to imbalances in Notch 
and calcium pathways4.

Altogether, these studies led us to hypothesize that Wnt5a and Wnt5b contribute to 
age-related increases in cytokine-driven myeloid differentiation. We thus investigated 
the role of Wnt5a and Wnt5b in cytokine-induced HSPC myeloid differentiation using 
an in vitro colony formation unit (CFU) assay39, with IL-3 and GM-CSF treatment to 
stimulate differentiation down myeloid lineages. We found that Wnt5a and Wnt5b 
had profound and divergent effects on cytokine-induced myeloid differentiation. 
Remarkably, while IL-3-mediated myeloid differentiation was largely repressed by 
Wnt5b, GM-CSF-induced myeloid differentiation was augmented. Furthermore, in 
the presence of IL-3, Wnt5b enhanced HSPC self-renewal, whereas in the presence of 
GM-CSF, Wnt5b accelerated differentiation, leading to progenitor cell exhaustion. Our 
results highlight discrepancies between IL-3 and GM-CSF, and reveal novel effects of 
Wnt5b on the hematopoietic system.

5.3. METHODS

5.3.1. ANIMAL MODELS

Adult (2 to 4 months old) C57Bl/6 J specified pathogen-free mice of both sexes 
were used for this study. Mice were housed at the UMCG (University Medical 
Center Groningen, The Netherlands) Central Animal Facility and CEDEME (Centro de 
Desenvolvimento de Modelos Experimentais para Biologia e Medicina, from UNIFESP 
– Universidade Federal de São Paulo, Brazil) and kept in a controlled habitat under a 
12/12 h dark-light cycle, with food and water ad libitum. All experimental procedures 
followed ethical research guidelines and were approved by ethical committees in both 
institutions (AVD105002015303 and 1,522,060,515, for University of Groningen and 
UNIFESP, respectively).

5.3.2. HEMATOPOIETIC CELL EXTRACTION

To obtain hematopoietic cells, animals were euthanized by cervical dislocation or by 
deep anesthesia using ketamine/dexdomitor following rapid exsanguination via the 
abdominal aorta. Afterwards, femurs were collected. Femoral content was flushed 
out with a syringe filled with IMDM medium and homogenized. The homogenate was 
incubated at 37°C for 2h in order to reduce the presence of adherent mononuclear 
cells in the supernatant. Afterwards, the supernatant was separated; cells were 
counted and used for experiments.

5.3.3. COLONY FORMATION UNIT ASSAY (CFU) AND REPLATING

We investigated hematopoietic progenitor potential using the colony forming 
unit (CFU) assay, in which 5×104 bone marrow cells were seeded into a semi-solid 
medium (MethoCult M3134, StemCell Technologies – Vancouver, Canada) and the 
number of resulting colonies are counted manually using a light microscope at 10× 
magnification39. Cells were plated in 1 mL of this medium supplemented with 10% FBS, 
0,1% bovine serum albumin and 1% penicillin/streptomycin and incubated at 37°C and 
5% CO2 for 2 weeks for the first round of colony reading. The treatments consisted 
of: IL-3 (10 ng/mL), IL-3 (10 ng/mL) + Wnt5a (50 and 200 ng/mL representing EC50 and 
submaximal response in other cell systems, respectively40, IL-3 (10 ng/mL) + Wnt5b 
(50 and 200 ng/mL). The same co-treatments were done using GM-CSF (10 ng/mL). 
Cytokines (403-ML and 415-ML for IL-3 and GM-CSF, respectively) and Wnt ligands 
(references 645-WN and 7347-WN for Wnt5a and 5b, respectively) were purchased 
from R&D systems (Minneapolis, USA). AS control for β-catenin signaling activation, 
CHIR99021 (2 μM) was used as well, in the presence of IL-3 and GM-CSF.

After 2-weeks of incubation, there was a first round of colony reading. Colonies 
were counted according to subtype and areas of colonies were measured. After this, 
colonies were dissociated (after centrifugation and resuspension) and counted (for 
the calculation of cells by colony ratio and total number of cells per plate). For the 
replating assay, after dissociation and counting, cells were plated back into semi-solid 
medium for two more weeks and this was subsequently repeated until colonies were 
no longer formed. The treatments used previously were repeated. Half-way during 
the first round, directly after the first round and after the second round of reading, 
some plates were used for gene expression and flow cytometry analysis (Figure 1).

After the first round of colony reading, for some experiments, plates passed 
through mechanical separation of colonies by subtype and the replating was done 
for each subtype individually. After replating, cells were again incubated for 2 weeks 
and read thereafter.
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After 2 weeks, some colonies were also isolated by subtype and replated, differently 
of the previously described, in which all colonies were replated together.

Figure 1. Experimental design.

5.3.4. LIQUID CULTURE (LC)

Cells were incubated in IMDM supplemented with 10% fetal bovine serum, 1% 
penicillin/streptomycin and 10−6 M hydrocortisone for 1 week, and treated with IL-3/
GM-CSF in the absence and presence of Wnt5b. The concentration of cells used for 
this assay was 1×106 cells/mL. We used the same starting population as before to 
mirror the population used in the CFU assay. After 1 week, cells were washed, counted 
and analyzed by flow cytometry.

5.3.5. FLOW CYTOMETRY

Cells acquired from the CFU and LC assays were analyzed by flow cytometry to 
provide information about primitive cell maintenance, differentiation and cell death. 
All cells were stained in PBS with 0,1% bovine serum albumin and incubated at room 

temperature protected from light for 20–40 min prior to flow cytometry reading, 
except for cell death experiments, in which annexin buffer (pH 7.4) was used (0.1 M 
Hepes, 1.4 M NaCl, and 25 mM CaCl2).

CFU cells were used after 1, 2 and 4 weeks of incubation and the panel used 
for primitive cells maintenance and cell death was: Annexin V-FITC, Lin cocktail-PE 
(B220, CD3e, CD11b, TER119 and Ly-6-G/C), 7-AAD and c-Kit-APC (CD117) and for 
differentiation, Gr-1-FITC (Ly-6G/Ly-6C), B220-PE, Mac-1- PECy7 (CD11b) and c-Kit-APC 
(CD117). For LC cells, panels used were: for primitive cells maintenance, Lin-PE cocktail, 
Sca-1-PECy7 (Ly-6A/E) and c-Kit-APC (CD117), for differentiation, F4/80-FITC, Gr-1-PE, 
Mac-1-PECy7 and TER119-APC, and for cell death, Annexin V-FITC, Lin-PE cocktail, 
7-AAD and c-Kit-APC. All antibodies used were purchased from BD Biosciences and 
equipment used was Accuri C6, from BD Biosciences as well (Michigan, USA).

Flow cytometry was used to semi-quantify GSK3β phosphorylation after IL-3 
and GM-CSF treatment as well. For this, bone marrow-derived cells were incubated 
with the respective cytokine for 15, 20 and 30 min at 37°C and agitation, followed 
by fixation with 2% paraformaldehyde (Becton Dickinson) for 15, 20 and 30 min, 
washing with 0.1 M glycine and permeabilization with 0.001% triton X-100. Primary 
antibody labeling was done using rabbit p-GSK3β (#5558, Cell Signaling) for 2h and 
secondary, goat Anti-rabbit Alexa Fluor 488 (Invitrogen) for another 2h. p-GSK3β 
phosphorylation was calculated as the ratio of the geometric mean of histogram 
fluorescence signal between treated and untreated samples. The same panel of 
conjugated antibodies used for primitive cell maintenance after LC was used here 
as well. For HSPC population gating, we used the Lin−Sca-1+c-Kit+ immunophenotype, 
whereas for progenitor population, Lin−Sca-1−c-Kit+ was used. Same Lin cocktail was 
used in CFU assay samples, together with viability markers Annexin V and 7AAD. The 
gating strategy is also represented in Supplementary Figure 1.

5.3.6. RT-PCR

Cells were harvested at the indicated time points after the CFU assay, washed and 
dissociated in PBS. Total RNA was then isolated using Trizol (ThermoFisher Scientific, 
Massachusetts, USA) according to the manufacturer’s instruction. The total RNA 
concentration was measured using the NanoDrop ND1000 spectrophotometer 
(Thermo Scientific, Wilmington, USA). Total RNA was reverse transcribed using the 
Reverse Transcription System (Promega; Madison, USA). For RT-PCR, cDNA was 
combined with FastStart Universal SYBR Green Master Mix (Roche Applied Science; 
Penzberg, Germany) and specific primer sets (Biolegio; Nijmegen, the Netherlands) 
using the Eco Personal qPCR system (Illumina, California, USA). Primer sequences 
are listed in Supplementary Table 1. The qPCR protocol started with activation at 
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95°C for 15 min, followed by 45 cycles of denaturation at 94°C for 30 s, annealing at 
59°C for 30s and elongation at 72°C for 30s. A final elongation step of 5 min at 72°C 
was added at the end of the protocol. Data was analyzed using LinRegPCR software 
and results were expressed as ratio of the starting concentration (N0) of each gene 
of interest corrected to the geometric mean of the N0 value of 2 reference genes 
(GAPDH and β-actin).

5.3.7. STATISTICS

Data are shown as means±SEM, except for colony area measurements, for which the 
median (median is usually presented with interquartile range) is shown. Statistical 
differences between means were evaluated by a Student’s t-test or a Mann-Whitney 
U test, in case of comparisons between two groups, as appropriate. All experiments 
were repeated with cells obtained from at least 3 animals. Differences were considered 
significant when p<0.05.

5.4. RESULTS

Divergent effects of Wnt5a and Wnt5b on IL-3- and GM-CSF-induced myeloid differentiation

We investigated the roles of Wnt5a and Wnt5b on HSPC potential using an in vitro 
colony formation unit (CFU) assay, with IL-3 and GM-CSF treatment to stimulate 
differentiation down myeloid lineages. Specific differentiation outcomes were 
determined by formation of GM-CFU (granulocyte-monocyte colony formation units), 
M-CFU (monocyte colony formation units) or G-CFU (granulocyte colony formation 
units). Between these types of colonies, GM-CFU is the most primitive subtype 
and mostly formed by common myeloid progenitors and granulocyte-macrophage 
progenitors41-43. A characteristic of its higher degree of primitiveness is the bipotency 
observed, whereas M and G-CFU are unipotent42. In the presence of IL-3, Wnt5a was 
unable to affect colony formation at either 50 ng/mL or 200 ng/mL (Figures 2A–D). 
Wnt5b, on the other hand, inhibited colony formation at the higher concentration, 
affecting mainly the GM and M subtypes (GM-CFU: 11.50 ± 2.6 for IL-3 and 3.33 ± 1.4 
for IL-3 + Wnt5b; M-CFU: 33.88 ± 3.5 for IL-3 and 18.33 ± 1.8 for IL-3 + Wnt5b, p <0.05, 
Figures 2A–D). The same batches of Wnt5a were used in parallel experiments and 
were found to repress lung organoid formation, confirming its biological activity.

In the presence of GM-CSF, Wnt5a had no effect on total myeloid colony number 
or number of specific colony subtypes (Figure 2E). In contrast, Wnt5b significantly 
increased total number of colonies formed (72.88 ± 4.6 for GM-CSF and 112.50 ± 
2.3 for GM-CSF + Wnt5b – 200 ng/mL, p <0.05, Figure 2E). This was attributed to 
increased number of M and G-CFU subtype colonies (M-CFU: 45.50 ± 6.8 for GM-CSF, 

70.86 ± 10.1 for GM-CSF + Wnt5b – 50 ng/mL, 80.17 ± 2.0 for GM-CSF + Wnt5b – 200 
ng/mL; G-CFU: 12.50 ± 2.2 for GM-CSF and 20.67 ± 1.3 for GM-CSF + Wnt5b – 200 
ng/mL, all p <0.05, Figures 2F–H). Interestingly, a significant decrease in the GM-CSF 
colony subtype was observed at the lowest concentration (14.00 ± 2.5 for GM-CSF and 
7.00 ± 1.1 for GM-CSF + Wnt5b – 50 ng/mL; p <0.05, Figure 2F). These data indicate 
substantial differences between Wnt5a and -b in regulating myelopoiesis, and show 
that Wnt5b has divergent effects on myelopoiesis induced by IL-3 and GM-CSF.

Figure 2. Effects of Wnt5a and Wnt5b on IL-3 and GM-CSF induced myeloid colony formation. A) 
Total numbers of colonies formed by IL-3 (10 ng/mL) in the absence and presence of Wnt5a (50 
and 200 ng/mL) and Wnt5b (50 and 200 ng/mL). Panels B-D show differential data for B) GM-
CFU; C) M-CFU and D) G-CFU. E) Total numbers of colonies formed by GM-CSF (10 ng/mL) in the 
absence and presence of Wnt5a and Wnt5b. Panels F-H show differential data for F) GM-CFU; G) 
M-CFU and H) G-CFU. Data are presented as mean ± SEM. *p<0.05, n=6-8.

IL-3 and GM-CSF have similar effects on myeloid differentiation

As previously discussed, there are similarities between IL-3 and GM-CSF intracellular 
signaling16,44-46, what do not is in seeming contrast to the differential Wnt5b effects 
on these contexts and in the promotion of myeloid differentiation. In view of the 
observed differences in concerted action with Wnt5b, we decided to compare the 
cell populations obtained with IL-3 and GM-CSF in more detail. Even though it is well-
described how similar the outcomes of the IL-3 and GM-CSF treatment are, we aimed 
to assure that the observed differences in the Wnt5b effects were not caused by any 
experimental differences in IL-3 and GM-CSF themselves. IL-3 and GM-CSF produced 
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very similar total myeloid colony numbers (Figure 3A) and had similar effects on 
the colony subtype distribution for GM-CFU, M-CFU or G-CFU. A similar result was 
obtained for colony size (Figure 3B).

Colonies were then replated to address effects on the progenitor cell population 
and their potential. As shown in Figures 3C and D, the colony forming ability was 
maintained slightly longer in the presence of IL-3 than in the presence of GM-CSF (half-
life = 1.4 rounds for IL-3, and 1.0 round for GM-CSF, Figures 3C and D – this difference 
was not statistically significant), whereas the average number of cells per colony after 
the first CFU round was not different between IL-3 and GM-CSF (Figure 3E). The liquid 
culture assay showed no major difference either, with very similar numbers of cells in 
the presence of IL-3 and GM-CSF (Figure 3F).

IL-3 and GM-CSF-driven myelopoiesis was investigated further by analysis of cell 
surface marker expression. The relative proportion of committed (Lin+) and non-
committed cell (Lin−) cell numbers observed after 1 week of liquid culture was similar 
for IL-3 and GM-CSF (Figures 3G and H). However, the percentage of the primitive 
population Lin−c-Kit+ cells was maintained at higher levels with IL-3 than with GM-CSF 
(1.38 ± 0.4 in IL-3, 0.24 ± 0.2 in GM-CSF, p <0.05, Figure 3I). Further, when analyzing 
subpopulations from the CFU assay, we observed an initial increase in the number of 
Lin+ cells compared to Lin− cells in response to Wnt5b and GM-CSF (Supplementary 
Figure 3), whereas no Wnt5b influence is observed in presence of IL-3. A further 
analysis shows that Wnt5b promotes early apoptosis of Lin+ cells in combination with 
GM-CSF, which is not observed in combination with IL-3 (Supplementary Figure 3). 
Altogether, these data indicate that IL-3 and GM-CSF produce very similar outcomes, 
although IL-3 maintains the number of primitive cells better in comparison to GM-
CSF. Interestingly, in response to IL-3, phosphorylation of GSK3β can be observed in 
(committed) progenitor cells (Prog - Lin−Sca-1−c-Kit+ − the histograms are shown in 
Supplementary Figure 2), which is not seen for GM-CSF (Figure 3K). Although GSK3β 
phosphorylation is an indicative of pathway activation, we are aware of the need for 
more investigation for the mechanistic understanding of the observed differences. 
For these, we used bone marrow cells of the TCF/Lef:H2B-GFP fusion Wnt reporter 
mice47, but no obvious GFP signal in bone marrow-derived cells was found and we 
could not detect overt localization of β-catenin protein using immunofluorescence 
microscopy, either at baseline or in response to cytokine stimulation. In line with 
these observations, in western analyses of lysates of non-adherent cells exposed to 
GM-CSF or IL-3 in the absence and presence of WNT-5B we were unable to detect 
changes in total β-catenin content and did not detect active (non-phospho) β-catenin 
expression (data not shown).

Figure 3. Similar effects of IL-3 and GM-CSF on myeloid differentiation. A) CFU assay after treatment 
with IL-3 (10 ng/mL) and GM-CSF (10 ng/mL). Colors represent different types of myeloid colonies 
– GM-CFU=Granulocyte-monocyte colony formation unit (white); M-CFU= Monocyte colony 
formation unit (grey); G-CFU= Granulocyte colony formation unit (black). B) Log10 transformed 
colony-areas in µm2. C) CFU replating assay after treatment with IL-3. Colors represent the same 
types of colonies as described for panel A. Half-life represents calculation of the number of 
rounds needed to reach a 50% decay in colony formation. D) CFU replating assay after treatment 
with GM-CSF. Colors represent the same types of colonies as described for panel A. Half-life 
represents calculation of the number of rounds needed to reach a 50% decay in colony formation. 
E) Cells/colony after IL-3 and GM-CSF treatment. F) Cell number after 1 week of LC with IL-3 and 
GM-CSF treatment. G) Percentage of Lin+ cells after 1 week of liquid culture (LC) with IL-3 and 
GM-CSF treatment. H) Percentage of Lin+ cells after 1 week of liquid culture (LC) with IL-3 and 
GM-CSF treatment. I) Percentage of Lin-c-Kit+ cells after 1 week of liquid culture (LC) with IL-3 
and GM-CSF treatment. J-K) Analysis of phosphorylation of GSK3β after 15, 20 and 30 minutes 
of stimulation with IL-3 or GM-CSF (respectively) in HSPC (Lin-Sca-1+c-Kit+ - black bars) and more 
committed progenitors (Lin-Sca-1-c-Kit+ - stripped bars). Comparison was done between HPSC 
and progenitors in each treatment. Data are presented as mean ± SEM, except for area data, 
which is plotted as individual colonies and their median. *p<0.05.

Wnt5b maintains primitive progenitors in the presence of IL-3

To further investigate the effects of Wnt5b on IL-3-driven myelopoiesis, and with this 
difference between IL-3 and GM-CSF in mind, the colonies formed in the presence 
of IL-3 and Wnt5b were dissociated and replated. With every round of replating, 
the number of colonies formed decreased (colony number half-life = 1.4 rounds for 
IL-3 alone) until after 5 rounds of replating, essentially no colonies were maintained 
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(Figure 4A). The number of colonies formed in the presence of IL-3 and Wnt5b was 
much higher in the second round of replating (a 6-fold difference compared to round 
1–48.44 ± 4.5 for the first round and 329.67 ± 82.2 for the second, p <0.05, Figure 
4B). In addition, the colony number half-life was twice as long in the presence of 
Wnt5b (2.9 rounds for IL-3 and Wnt5b, Figures. 4A and B; p <0.05, two-way ANOVA).

Figure 4. Wnt5b maintains primitive progenitors in combination with IL-3. A) CFU Replating assay 
in the presence of IL-3 (10 ng/ml). B) CFU Replating assay in the presence of Wnt5b (200 ng/ml) 
and IL-3. Bars show total colony number; pie charts represent types of colonies in each round 
of CFU reading, being white=GM-CFU; grey=M-CFU and black=G-CFU. C) Colony-areas. D) Cell 
number/colony after IL-3 and IL-3 +Wnt5b. E) CFU replating of subtypes of colonies after IL-3 and 
IL-3+Wnt5b. Colors represent GM-CFU=white, M-CFU=grey; G-CFU=black. F-I) Cdk1 (F,H) and 
Cyclin D1 (G,I) gene expression in relation to housekeeping genes after 1 week (F,G) and 2 weeks 
(H,I) of CFU assay. J-M) GATA-2 ( J,L) and Ifitm-1 (K,M) gene expression in relation to housekeeping 
genes after 1 week ( J,K) and 2 weeks (L,M) of CFU assay. N-P) Axin2 (N), Dkk1 (O) and LRP5 (P) gene 
expression in relation to housekeeping genes after 2 weeks of CFU assay. P) LRP5 gene expression 
in relation to housekeeping genes after 2 weeks of CFU assay. Q-S) Gene expression of proteins 
involved in non-canonical Wnt signaling (c-Fos, c-Jun and Cdc42) in relation to housekeeping genes 
after 2 weeks of CFU assay. For gene expression, housekeeping genes used were GAPDH and 
β-actin. Data are presented as mean ± SEM. *p<0.05.

To investigate whether the increased colony formation at round 2 was caused by an 
increase in the number of colony-forming cells, colony size was measured directly after 
the first round. Wnt5b did not influence colony size (Figure 4C). Wnt5b did not affect 
the average number of cells per colony either (Figure 4D). To check if the increased 
colony-forming potential was specifically maintained in a single subpopulation, first 
analyzed the ratio between Lin+ and Lin− cells after 1 week of CFU, but there was 
no change in this parameter in presence of Wnt5b (Supplementary Figure 3A) 

and then, we replated isolated subtypes of colonies (G, GM and M) but found no 
differences between these colony subtypes either (Figure 4E). No difference between 
populations, colonies sizes or number of cells by colony suggested that Wnt5b 
would influence functionality (such as potential maintenance or differentiation) of 
the hematopoietic cells, rather than induce proliferation and population imbalance. 
Thus, intracellular components were analyzed.

We therefore analyzed gene expression patterns of colonies treated with IL-3 and 
Wnt5b in more detail after 1 week and 2 weeks of treatment for general markers of 
cell cycle progression and differentiation. There was no difference in cell cycle markers 
after 1 week of culture – Figures 4F and G). However Cdk1 expression increased 
and cyclin D1 tended to increase after 2 weeks (Cdk1: 0.015 ± 0.0 for IL-3 and 0.034 
± 0.0 for IL-3 + Wnt5b, p <0.05, Figures 4H-I). The primitive cell markers GATA-2 and 
Ifitm-1 showed a similar pattern (Ifitm-1: 3.035 ± 0.2 for IL-3 and 3.730 ± 0.6 for IL-3 + 
Wnt5b, p <0.05, Figures 4J-M). No effects on more mature markers (Irf8 and Gfi-1) 
were observed (not shown). No change in DKK-1, Axin2 or LRP5 gene expression was 
observed (Figures 4O and N). To check how non-canonical Wnt signaling could be 
affected by Wnt5b treatment in presence of IL-3, we also analyzed gene expression 
of signature genes involved in non-canonical Wnt signaling. 3 genes were selected 
with known roles in noncanonical signaling, being c-Jun, c-Fos and Cdc42. As can be 
seen in Figures 4Q-T, the presence of Wnt5b in combination with IL-3 inhibited the 
expression of these genes.

Wnt5b induces committed progenitor activation and progenitor exhaustion in the presence 
of GM-CSF

We next investigated the effects of Wnt5b on GM-CSF-driven myelopoiesis. In sharp 
contrast to IL-3, Wnt5b had no effects whatsoever on the kinetics of decay of GM-
CSF-induced colony number or subtype after replating (Figures 5A and B), with 
colony number half-lives being identical (1.0 round for both conditions). Wnt5b did 
significantly decrease average colony size compared to GM-CSF alone (6.8×105 ± 
3.3×104 for GM-CSF and 5.1×105 ± 2.2×104 for GM-CSF + Wnt5b, p <0.05, Figure 5C). 
Wnt5b treatment had no effect on the average number of cells per colony (Figure 
5D). When replating individual subtypes of colonies, Wnt5b decreased the number of 
GM-CFU and M-CFU (GM-CFU: 7.21 ± 0.7 for GM-CSF and 3.33 ± 0.7 for GM-CSF for 
GM-CSF + Wnt5b p<0.05; M-CFU: 6.00 ± 1.1 for GM-CSF and 2.90 ± 0.5 for GM-CSF + 
Wnt5b, p<0.05, Figure 5E).
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Figure 5. Wnt5b induces committed progenitor activation and progenitor exhaustion in the pres-
ence of GM-CSF A) CFU Replating assay in the presence of GM-CSF (10 ng/ml). B) CFU Replating 
assay in the presence of Wnt5b (200 ng/ml) and GM-CSF. Pie charts represent types of colonies 
in each rounds of CFU reading, being white=GM-CFU; gray=M-CFU and black=G-CFU. C) Colo-
ny-areas. D) Cell number/colony after GM-CSF and GM-CSF+Wnt5b treatment. E) CFU replating 
of subtypes of colonies after GM-CSF and GM-CSF+Wnt5b treatment. F) Ratio between Lin+ and 
Lin- populations after 1 and 2 weeks of CFU assay. G-P) Cdk1 (G), Cyclin D1 (H), GATA-2 (I), Ifitm-1 
( J), Axin2 (K), Dkk1 (L) and LRP5 (M) c-Fos (N), c-Jun (O) and Cdc42 (P) gene expression in relation 
to housekeeping genes after 2 weeks of CFU assay. For gene expression, housekeeping genes 
used were GAPDH and β-actin. Data are presented as mean ± SEM. *p<0.05.

In contrast to what was observed for the presence of IL-3, in the presence of GM-CSF, 
Wnt5b did not have any effect on gene expression of Cdk1 or CyclinD1 after 2 weeks of 
the CFU assay (Figures 5G and H), or at any other time point (data not shown). There 
was no difference in the primitive cell markers GATA-2 and Ifitm-1 (Figures 5I and J). 
These data highlight the possibility that Wnt5b acts on committed progenitors in the 
presence of GM-CSF. We therefore investigated cell surface marker expression in week 
1 and 2 of the CFU assay. Interestingly, Wnt5b significantly increased the ratio of Lin+/
Lin− cells after 1 week of CFU assay (0.87 ± 0.1 for GM-CSF and 1.77 ± 0.3 for GM-CSF + 
Wnt5b, p <0.05, Figure 5F), indicating higher presence of committed progenitors (this 
data is highlighted in Supplementary Figure 3B, where it is also easy to compare with 
the lack of Wnt5b influence in presence of IL-3). Wnt5b decreased gene expression of 
Dkk1 and tended to reduce Axin2 expression in the second week of CFU (0.01 ± 0.0 
for GM-CSF and 0.00 ± 0.0 for GM-CSF + Wnt5b, p <0.05, Figures 5K and L). Genes 

involved in non-canonical Wnt signaling (c-Fos, c-Jun and Cdc42) were also analyzed 
by RT-PCR and, opposite to what was observed for IL-3, in the presence of GM-CSF, 
Wnt5b upregulated these noncanonical pathway genes.

Interestingly, at the same time we observe an increase in Lin+ population with 
Wnt5b treatment in presence of GM-CSF, we also observe early apoptosis in the Lin−. 
Both events might be involved in the functional effects observed.

5.5. DISCUSSION

In the hematopoietic system, Wnt ligands appear to have roles in lineage specification, 
differentiation control and cell potential27,29,32,34,48. Mounting evidence suggests 
that increased Wnt5 ligand subfamily expression in the ageing bone marrow 
microenvironment may drive age-related increases in myeloid differentiation3. To 
understand the imbalances in the ageing environment, first we needed to investigate 
the roles of Wnt5 ligands in normal physiology in more detail. We thus investigated the 
roles of Wnt5a and Wnt5b in IL-3- and GM-CSF-induced HSPC myeloid differentiation 
using a methylcellulose CFU assay. We report that Wnt5a had surprisingly little effect 
on myeloid differentiation in combination with either IL-3 or GM-CSF. In contrast, 
Wnt5b had striking, yet divergent effects on myeloid differentiation in combination 
with IL-3 and GM-CSF. Divergent effects between Wnt5a and Wnt5b have been 
described in other tissues as well37. However, since Wnt5b has not been studied as 
well as Wnt5a, very little is known on its role in the hematopoietic system. While IL-3-
mediated myeloid differentiation was largely repressed by Wnt5b, GM-CSF-induced 
myeloid differentiation was augmented by Wnt5b. Furthermore, in the presence of 
IL-3, Wnt5b enhanced primitive cell self-renewal, whereas in the presence of GM-CSF, 
Wnt5b accelerated differentiation leading to progenitor cell exhaustion. Our results 
highlight discrepancies between IL-3 and GM-CSF, and reveal novel effects of Wnt5b 
on the hematopoietic system.

The divergent outcomes for Wnt5a and Wnt5b treatment we observed are of 
interest, as these ligands are highly structurally related and share significant amino 
acid similarity (83%)35. Published data on the role of Wnt5 ligand subfamily signaling 
in hematopoietic differentiation to date relates to the role of Wnt5a, whereas there 
are no reports about Wnt5b regulation of cytokine-driven granulocyte and monocyte 
differentiation thus far. The limited knowledge available on the role of Wnt5b in 
hematopoiesis is restricted to lymphocyte and megakaryocyte differentiation33,49,50. 
Wnt5b does appear to promote thrombopoiesis via G-protein and Ca2+ signaling in a 
zebrafish model49. Notably, we observed that Wnt5b had divergent effects depending 
on the cytokine used to support myeloid maintenance and development.
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The maintenance of progenitor cell phenotype by Wnt5b treatment in presence 
of IL-3 might explain why Wnt5b caused an initial decrease in the number of colonies 
in the CFU assay, followed by an increase in the 2nd round, as primitive cells cycle 
less51-53, forming fewer colonies than differentiating cells in the CFU assay54. Our data 
suggest inhibition of IL-3-induced differentiation by Wnt5b. In support of this idea, 
expression of the cell cycle markers Cdk1 and Cyclin D1, and of the primitive cell 
markers GATA-2 and Ifitm-1, were increased by Wnt5b in the presence of IL-3. Thus, 
on a background of IL-3 activation, Wnt5b may stimulate multipotent progenitor cell 
self-renewal. There is no description of Wnt5b effects on cytokine-driven myelopoiesis 
whatsoever in literature, so it is the first time it is described opposite results between 
IL-3 and GM-CSF in presence of Wnt ligands.

In contrast, we observed that in the presence of GM-CSF, Wnt5b caused an 
increase in colony formation in the first round of the CFU assay, whereas this capability 
decreased in later rounds. Therefore, on a background of GM-CSF activation, which 
promotes proliferation55, Wnt5b induced differentiation of committed progenitors 
and consequent loss of progenitor cell potential. Furthermore, some of the effects 
of Wnt5b were observed at the lower concentration in combination with GM-CSF 
already, whereas in combination with IL-3 only the highest concentration had effects. A 
possible explanation for this discrepancy is that Wnt5b can target multiple receptors, 
with a specific receptor population being activated at the 50 ng/mL concentration that 
regulates GM-CSF responses but not IL-3 responses.

The observed differences are quite striking, as IL-3 and GM-CSF have broadly 
similar effects on myeloid differentiation6,13-15. The receptors for IL-3, GM-CSF and 
IL-5 share a common β-chain56 which via interaction with their ligands can stimulate 
intracellular signaling pathways such as JAK/STAT, Ras/ERK, PI3K/PKB, PLCγ2 and PKCβ/
RACK116,56. Wnt signaling has been linked to the activation of Ras/ERK, PI3K/PKB, PLCγ2 
and PKCβ/RACK157-62 and these all represent potential points of convergence in the 
signaling interactions between Wnt5b and IL-3/GM-CSF.

Another explanation for the divergent effects of Wnt5b after IL-3 or GM-CSF 
stimulation could be related to differences in expression of the IL-3 and GM-CSF 
receptor α-chains between different cell populations present in the assay10. Although 
IL-3 and GM-CSF produced similar numbers of colonies of comparable sizes, IL-3 
treatment generated more primitive (Lin−Sca-1+) cells than GM-CSF. Notably, the IL-3 
receptor α-chain was described to be enriched in myeloid progenitor cells relative 
to more differentiated hematopoietic cell types63. In contrast, the GM-CSF receptor 
α-chain was largely not expressed by primitive, colony-forming bone marrow cells, 
whereas higher expression was observed in more differentiated monocyte precursors, 
granulocytes and monocytes. Thus, due to differential cognate receptor expression, 

IL-3 could enrich for progenitor cells, whereas GM-CSF could enrich for differentiated 
myeloid cell types; these populations could in turn exhibit divergent responses to 
Wnt5b. The viability data support this and indicate that Lin− cells are better maintained 
than the Lin+ cells by Wnt5b in combination with IL-3, whereas for GM-CSF this 
exactly the other way around. Another possibility is that Wnt5b is inducing cytokine 
expression by the hematopoietic cells, as already described in lung fibroblasts64, with 
divergent downstream effects on IL-3 and GM-CSF signaling. The latter is more likely, 
as we analyzed whether Wnt5b could interfere in the expression of IL-3 and GM-CSF 
receptors and no changes were observed, either in alpha or beta chains.

The finding that IL-3 increased the number of primitive cells compared to 
GM-CSF may be related to stimulation of Wnt/β-catenin signaling, as IL-3 triggered 
phosphorylation of GSK3β, and IL-3-treated colonies had higher baseline gene 
expression of Axin2, a canonical Wnt/β-catenin target gene, compared to GM-CSF-
treated colonies. Notably, Wnt5b augmented Axin2 gene expression in the presence 
of IL-3, yet decreased Axin2 expression in the presence of GM-CSF. Thus, primitive 
hematopoietic cells may be primed to activate Wnt/β-catenin signaling in response to 
Wn5b. In support of this, Wnt5 signaling activated Wnt/β-catenin signaling in short-term 
HSCs, yet repressed Wnt/β-catenin signaling in more differentiated progenitors64,65. 
Accordingly, we also found that a Wnt/β-catenin pathway agonist (CHIR99021) had 
opposite effects to Wnt5b when combined with GM-CSF (Supplementary Figure 
4). However, in spite of these data, we found no obvious GFP signal in bone marrow-
derived cells of TCF/Lef:H2B-GFP fusion Wnt reporter mice47 and could not detect 
overt localization of β-catenin protein using immunofluorescence microscopy, either 
at baseline or in response to cytokine stimulation. These results are reinforced 
by western-blotting results, which show no difference between cells treated with 
IL-3, IL-3 + Wnt5b, GM-CSF or GM-CSF + Wnt5b, for β-catenin expression (data not 
shown). Thus, whereas regulation of Wnt/β-catenin signaling by Wnt5b represents one 
possible explanation, it is likely that alternative signaling pathways participate in its 
effects. Such mechanisms may include typical non-canonical Wnt pathway activation 
signals such as Rho/Cdc42/Rac pathways. These pathways were previously reported 
to contribute to cell signaling in ageing hematopoietic stem cells in response to Wnt5a3 
and clearly this needs to be investigated further in future studies.

Our findings show no major effects of Wnt5a on IL-3 and GM-CSF-driven 
myelopoiesis, in contrast to the significant and divergent effects of Wnt5b. Despite 
83% sequence homology35, Wnt5a and Wnt5b have non-overlapping effects in other 
cell systems including lung fibroblasts64,66 and alveolar epithelial progenitor cells of 
the lung (Wu, X. et al., unpublished observations). Unfortunately, limited knowledge 
on FZD receptor subtype selectivity of Wnt5b is available. Nonetheless, divergent 
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FZD receptor subtype binding and activation by these two ligands is the most likely 
explanation for the observed functional differences between Wnt5a and Wnt5b.

It is too early to propose therapeutic uses of Wnt5a or Wnt5b antagonists against 
ageing-associated myeloid imbalances, even more considering the link between 
distorted Wnt signaling and leukemia development67-71. However, the accumulating 
evidence that switching from canonical to non-canonical Wnt signaling regulates key 
cellular features of hematopoietic ageing and chronic disease3,64, warrants further 
investigation into the therapeutic opportunities associated with inhibition of non-
canonical Wnt signaling. In this context, our results highlight important discrepancies 
between Wnt5a and Wnt5b, and show novel effects of Wnt5b on the hematopoietic 
system.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Representation of gating strategy used for HPSC (Lin- Sca-1+ c-Kit+) 
and Progenitors (Lin- Sca-1- c-Kit+) populations separation after Flow Cytometry analysis.

Supplementary Figure 2. Histogram of GSK3β phosphorylation after IL-3 treatment for 15 
(black), 20 (grey) and 30 (white) minutes in progenitor population (Lin-c-Kit+). Data are presented 
as histograms.
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Supplementary Figure 3. Lin+/Lin- population ratio between samples treated with cytokines or 
cytokines+Wnt5b for 1 week in the CFU assay. A) IL-3 was the cytokine used. B) GM-CSF was the 
cytokine used. C) Early apoptosis quantified in the Lin- population after 2 weeks of CFU assay for 
the treatments: IL-3, IL-3+Wnt5b, GM-CSF and GM-CSF+Wnt5b. Early apoptosis was defined as 
AnnexinV+ 7AAD- inside the Lin- population. Data are presented as mean ± SEM. *p<0.05, n=4-8.

Supplementary Figure 4. Effects of GSK3β inhibition (with CHIR99021) on IL-3 and GM-CSF-driv-
en colony formation. Total numbers of colonies formed by IL-3 or GM-CSF (both 10 ng/mL) in the 
absence and presence of CHIR99021 (2 µM). Data are presented as mean ± SEM. *p<0.05, n=5-8.

Supplementary Table 1. Sequences forward and reverse of used primers for RT-PCR.

Primer Forward sequence Reverse sequence
GAPDH  GGA GAG TGT TTC CTC GTC CC  ATG AAG GGG TCG TTG ATG GC
β-actin  ATG TGG ATC AGC AAG CAG GA  GGT GTA AAA CGC AGC TCA GTA A
Cdk1  ACG GCT TGG ATT TGC TCT CA  ACG ATC TTC CCC TAC GAC CA
CyclinD1  GAC CTA TGT GGC CCT CTG  AAA CAG TCC GGG TCA CA
GATA-2  CCC CTA TCC CGT GAA TCC G  GGT CCA CTA CTG TGT CTT GGG
Ifitm-1  AGC CTA TGC CTA CTC CGT GA  ACA CAT AGC AAG CCT GGG AG
Dkk1  CAG CTC AAT CCC AAG GAT GT  CAG GGG AGT TCC ATC AAG AA
Axin2  TCC TTA CCG CAT GGG GAG TA  CGG TGG GTT CTC GGA AAA TG
LRP5  TGG AGG AGT TCT CAG CCC AT  ATC AGG GGA GCA GGT AGG AG
c-Fos  TAC TAC CAT TCC CCA GCC GA  GCT GTC ACC GTG GGG ATA AA
c-Jun  GGG AGC ATT TGG AGA GTC CC  TTT GCA AAA GTT CGC TCC CG
Cdc42  CCA ACC ATG CGT CCC CTG  ACC AAC AGC ACC ATC ACC AA
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Cell-intrinsic Wnt5 signaling reduces proliferative potential of ageing myeloid progenitors

6. CELL-INTRINSIC WNT5 SIGNALING REDUCES PROLIFERATIVE 
POTENTIAL OF AGEING MYELOID PROGENITORS

6.1. ABSTRACT

Hematopoietic stem cells in the bone marrow give rise to all specialized blood 
cell types in the hematopoietic system. Hematopoietic ageing is associated with a 
reduced capacity of stem cells and progenitors to produce progeny, and with lower 
clonal diversity. This leads to reduced mature blood cell production, myeloid skewing 
and anemia, which predispose the ageing individual to several diseases. A canonical 
to noncanonical Wnt signaling switch accompanies hematopoietic stem cell ageing, 
but whether such a switch contributes to ageing-associated imbalances in lineage-
committed progenitors is still unknown. Here, we studied myeloid differentiation 
potential in young and old mice and investigated the contribution of noncanonical 
Wnt signaling to the effects of ageing. We find increased gene expression of Wnt5a and 
Wnt5b in bone marrow of old animals and a reduced β-catenin/Wnt5 balance across 
all myeloid progenitors. Despite an increase in the number of myeloid progenitors in 
older animals, their efficiency in producing differentiated myeloid colonies in the CFU 
assay was reduced. Blocking Wnt5 signaling using the Wnt5a-derived hexapeptide 
Box5 promoted the maintenance and proliferative potential of myeloid progenitors 
in old animals. RNAseq analysis showed that Box5 significantly increases signaling 
pathways associated with cell cycle progression and self-renewal, whilst reducing gene 
expression of pathways associated with cell specification and differentiation. These 
data indicate that myeloid progenitor-intrinsic changes in Wnt signaling during ageing 
may contribute to imbalanced proliferative potential. Our results not only confirm 
Wnt participation in hematopoietic ageing, but also give evidence of a central role for 
Wnt5 in self-renewal modulation in the myeloid progenitors. In addition, we suggest 
that targeting Wnt5 signaling may offer a therapeutic strategy for aging-associated 
pathologies.

6.2. INTRODUCTION

Hematopoiesis is the process responsible for blood cell production and is organized 
hierarchically, with a rare population of hematopoietic stem cells (HSC) at its 
apex1,2. HSCs divide to self-renew and to generate progenitor cells, which continue 
differentiating into either myeloid or lymphoid lineages. During life, stem cells and 
progenitors undergo successive changes that culminate in their functional loss during 
aging3,4 and senescence onset5. This functional loss is reflected as a decline in mature 
blood cell production, myeloid skewing and anemia, which predispose the ageing 
individual to several diseases4-6.

There is evidence that the functional decline in the hematopoietic stem cell 
pool during aging7 is linked to changes in intercellular communication via the Wnt 
pathway8-10. Wnt ligands are secreted lipid-modified glycoproteins, that bind to the G 
protein-coupled receptor family of Frizzled (Fzd) receptors11. Binding of a Wnt ligand 
to the Fzd receptor at the cysteine rich domain initiates receptor-dependent signaling 
via either β-catenin-dependent (canonical) or β-catenin-independent (noncanonical) 
pathways. The β-catenin pathway is triggered when a Wnt ligand binds to a Fzd 
receptor in the presence of low-density lipoprotein receptor-related protein (LRP)5/6 
co-stimulatory receptors. β-catenin independent signaling pathways are also triggered 
by Wnt ligand-Fzd receptor interactions, but in the presence of different co-receptors, 
such as ROR2 and RYK, in a LRP5/6 independent manner12. Canonical Wnt/β-catenin 
signaling is required for differentiation, proliferation and stemness modulation13-15, 
whereas Wnt/β-catenin-independent signaling regulates cell motility and polarity11,16,17 
and in the hematopoietic system, quiescence and myeloid differentiation18,19. In fact, 
overexpression of either Wnt3a or Wnt5a in mice bone marrow appears to favor 
lymphoid or myeloid differentiation, respectively19, reinforcing the specificity of 
canonical and non-canonical pathways in hematopoiesis.

The Wnt5 subfamily of Wnt ligands is typically associated with Wnt/β-catenin-
independent signaling, and is of interest as Wnt5a and Wnt5b are expressed by both 
(primitive) hematopoietic cells20-26 and niche cells21,24,27-31. Importantly, a canonical 
to noncanonical Wnt signaling switch appears to underpin impaired HSCs function 
during ageing, and is associated with hallmarks of hematopoietic senescence driven by 
increased expression of Wnt5a and the small GTPase Cdc4227. Wnt5a-Cdc42-signaling 
regulates loss of polarity in HSCs and HSC cell senescence27. In addition, increase 
in Wnt5a function on adult bone marrow is associated with myeloid skewing19, a 
characteristic of aging32.

Previous reports have focused on HSC-intrinsic changes in Wnt signaling, yet little 
is known about how Wnt5 signaling impacts on the myeloid progenitor populations 
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during ageing. Progenitor populations are continuously cycling and are immediately 
responsible for the formation of mature cells, thus it is of interest to investigate how 
these cells respond to aging and changes in noncanonical Wnt signaling. Furthermore, 
it is unknown whether the canonical to noncanonical Wnt signaling switch that 
occurs with age is reversible with pharmacological inhibition to restore progenitor 
cell potential. In this context, we hypothesized the interaction of Wnt5/β-catenin-
independent signaling with GM-CSF-driven myelopoiesis during aging and studied 
its reversibility by competitive antagonism of this pathway.

6.3. METHODS

6.3.1. ANIMAL MODELS

Adult young (2 to 4 months) or old (18 months) C57Bl/6J specified pathogen-free mice 
of both sexes were used for this study. Mice were housed at the UMCG (University 
Medical Center Groningen, The Netherlands) Central Animal Facility, MCCA (Mouse 
Clinic for Cancer and Aging, Groningen, The Netherlands) and CEDEME (Centro de 
Desenvolvimento de Modelos Experimentais para Biologia e Medicina, from UNIFESP 
– Universidade Federal de São Paulo, São Paulo, Brazil) and kept in a controlled habitat 
under a 12/12h dark-light cycle, with food and water ad libitum. All experimental 
procedures followed ethical research guidelines and were approved by ethical 
committees in both institutions (AVD105002015303 and 1522060515, for University 
of Groningen and UNIFESP, respectively).

6.3.2. HEMATOPOIETIC CELL EXTRACTION

To obtain hematopoietic cells, animals were euthanized by cervical dislocation or by 
deep anesthesia using ketamine/dexdomitor following rapid exsanguination via the 
abdominal aorta. Afterwards, femurs were collected. Femoral content was flushed 
out with a syringe filled with IMDM medium and homogenized. The homogenate 
was incubated at 37oC for 2 hours in order to reduce the presence of adherent 
mononuclear cells in the supernatant. Afterwards, the supernatant was separated; 
cells were counted and used for experiments.

6.3.3. CHARACTERIZATION OF HEMATOPOIETIC POPULATIONS

Bone marrow cells were stained with different antibodies cocktails and analyzed in an 
Accuri c6 flow cytometer (BD Biosciences, New Jersey, USA). The panels used for the 
characterization of mature/committed cells included the Lin cocktail (PE- B220, TER199, 
CD11b, CD3e and Ly-6G/Ly-6C), in which any combination of positivity was under Lin+ 
population. The negativity for all markers was under Lin- population and represented 

a less committed population. Sca-1 (PE-Cy7) and c-Kit (CD117 - APC) were added for 
increasing specificity. Lin-Sca-1-c-Kit+ is designated progenitor population, whereas Lin-

Sca-1+c-Kit+, enriched for HSC. For the myeloid progenitor analysis, it was used a panel 
with CD34-FITC, Lin-PE (B220, TER199, CD11b, CD3e and Ly-6G/Ly-6C, IL-7R, Sca-1) 
c-Kit-PE-Cy7 and CD16/32 (FcγR)-APC. Populations were assigned to the following 
immunophenotype: Multipotent progenitor (MP) – Lin-IL-7R-Sca-1-c-Kit+, common 
myeloid progenitor (CMP) - Lin-IL-7R-Sca-1-c-Kit+CD34+CD16/32low and granulocyte-
monocyte progenitor (GMP) - Lin-IL-7R-Sca-1-c-Kit+CD34+CD16/32high, as described by 
Nogueira-Pedro and colleagues33. All antibodies were purchased from BD Biosciences.

The same protocol was used to quantify the hematopoietic population after 
treatments in liquid culture, in which 1x106 cells/mL were cultured in IMDM medium 
supplemented with 10% FSB and 1% streptomycin and penicillin for one week.

6.3.4. COLONY FORMATION ASSAY

A colony formation assay was used to assess functional progenitor potential in young 
and old bone marrow derived hematopoietic cells. 5x104 cells were seeded into base 
MethoCult (M3134, StemCell Technologies), and the formation of myeloid colonies 
was quantified after 2 weeks of incubation with GM-CSF (10 ng/mL) in the absence 
or presence of biologically active proteins or pharmacological modulators including 
Wnt5a (RnDsystems, Minneapolis, USA; 200 ng/mL), Wnt5b (RnDsystems, Minneapolis, 
USA; 200 ng/mL), CT99021 (Axon MedChem, Groningen, the Netherlands; 2 µM) or 
Box5 (Sigma Aldrich, Zwijndrecht, the Netherlands; 300 ng/mL). After quantification 
and size measurements of the colonies formed, the cells were either used for a 
replating assay, or for mRNA extraction and RT-PCR. For the replating assay, cells 
were transferred back into MethoCult with the same treatment as before for another 
2 weeks, after which colonies were again counted and their size was measured. This 
process was repeated for three rounds, as after this, colony formation is significantly 
decreased due to potential exhaustion of primitive cells.

Importantly, mRNA collection was performed at 1 week of cultivation in Methocult, 
after the first CFU assay (week 2), but also after the second round of replating (week 4). 
This way, we collected mRNA from time points related to the onset of colony formation, 
from the first round of colonies formed and after replating.

6.3.5. RT-PCR

Colonies formed were washed with PBS to remove the semi-solid medium and total RNA 
was then isolated using Trizol (ThermoFisher Scientific, Massachusetts, USA) according 
to the manufacturer’s instruction. The total RNA concentration was measured using 
the NanoDrop ND1000 spectrophotometer (Thermo Scientific, Wilmington, USA). 
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Total RNA was reverse transcribed using the Reverse Transcription System (Promega, 
Madison, USA). For RT-PCR, cDNA was combined with FastStart Universal SYBR Green 
Master Mix (Roche Applied Science, Penzberg, Germany) and specific primer sets 
(Biolegio, Nijmegen, the Netherlands) using the Eco Personal qPCR system (Illumina, 
California, USA). Primer sequences are listed in Supplementary Table S1. The qPCR 
protocol started with activation at 95°C for 15 minutes, followed by 45 cycles of 
denaturation at 94°C for 30 seconds, annealing at 59°C for 30 seconds and elongation 
at 72°C for 30 seconds. A final elongation step of 5 minutes at 72°C was added at the 
end of the protocol. Data was analyzed using LinRegPCR software and results were 
expressed as ratio of the starting concentration (N0) of each gene of interest corrected 
to the geometric mean of the N0 value of 2 reference genes (GAPDH and β-actin).

6.3.6. PROTEIN EXPRESSION BY FLOW CYTOMETRY

Freshly isolated bone marrow-derived cells were separated to quantify basal protein 
expression by flow cytometry as previously described33. The cells were treated with 
FACS Lysing Solution 1:10 (BD Biosciences) for 15 min to fixate and erythrocytes lysing, 
washed with glycine 0.1 M and permeabilized with triton X-100 (0.001%) for 15 min. 
Subsequentially, the cells were incubated with the primary antibodies specific for 
Wnt5a/b and β-catenin (2530P from Cell Signaling, Massachusetts, USA and 610156 
from BD Biosciences, New Jersey, USA) for 4 h. After primary antibody incubation, cells 
were treated with secondary antibody (only in Wnt5a/b case – Goat Anti-Rabbit IgG 
Alexa Fluor 488, A27034, ThermoFisher Scientific, Massachusetts, USA) and conjugated 
antibodies for hematopoietic population characterization (PE: Lin cocktail – CD3e, 
TER119, Ly-6G/C, CD45R/B220, CD135 and CD11b, PE-Cy7: Sca-1, and APC: c-Kit). 300.000 
events were acquired on an Accuri c6 flow cytometer (BD Biosciences, Massachusetts, 
USA) and analyzed on FlowJo X (TreeStar Inc, Oregon, USA). Data is presented as a 
ratio of geometric mean calculated from the fluorescence histogram of stained and 
unstained samples. The histograms are shown in Supplementary Figures S1 and S2.

6.3.7. LIBRARY PREPARATION AND RNA SEQUENCING

After RNA isolation, a purification step was included to isolate pure, intact messenger 
RNA (mRNA) through magnetic bead separation, using NEXTflex™ Poly(A) Beads. 
Samples were then prepared for directional, strand-specific RNA libraries for Illumina 
sequencing, using the NEXTflex® Rapid Directional qRNA-Seq™ Kit. Sequencing was 
performed on an Illumina NextSeq 500 system with an average sequencing depth 
of 15 million sequencing reads per sample. Sequencing data was aligned to mouse 
genome reference. PCR duplicates were filtered using unique molecular identifiers as 
recommended by the manufacturer.

6.3.8. STATISTICS

Data are shown as means ± SEM, except for colony area measurements, for which the 
median and interquartile range is shown. Normally distributed data were analyzed by 
Student’s t test or ANOVA (if more than 2 groups), whilst for non-parametric data Mann-
Whitney test was used. Two-way ANOVA was used for the replating assay, in which time 
and treatment were included as independent variables. Differences were considered 
significant when p <0.05. RNAseq data analysis consisted of the identification of 
the significantly differentially expressed genes (FDR<0.25). Differentially expressed 
genes were further analysed by gene set enrichment analysis (GSEA). For a further 
exploratory analysis, we also selected the 250 most up and down regulated genes 
(based on 2logFC) for GSEA analysis.

6.4. RESULTS

Age-dependent changes in Wnt5 gene and protein expression

We first determined gene expression of Wnt5a and Wnt5b in the bone marrow-
derived non-adherent cell fraction directly after isolation from mouse femurs. Gene 
expression of Wnt5a and Wnt5b tended to be upregulated in old mice (Figure 1A, 
Wnt5a – Young: 0.097±0.0, Old: 0.409±0.2, p=0.128; Wnt5b – Young: 0.046±0.0, Old: 
0.641±0.3, p=0.06). In subsequent flow cytometry analyses of individual populations 
(Figure 1B), we found Wnt5a/b protein to be most abundant in the Lin-Sca-1-c-Kit+ 
(progenitors) (3 fold higher than Lin+ and Lin- populations in young and old animals, 
p<0.05) and Lin-Sca-1+c-Kit+ (enriched for HSCs) (2 fold higher than Lin+ and Lin- 
populations in young and old animals, p<0.05). Meantime, both (progenitors and 
enriched for HSC populations) were 60% decreased with aging (p<0.05), as well as Lin+ 
and Lin- populations (p<0.05) – Histograms are shown in Supplementary Figure S2.

In both young and old mice, the expression of β-catenin protein was highest in the 
Lin-Sca-1-c-Kit+ progenitor cell fraction (Lin-Sca-1-c-Kit+ 3 fold higher than Lin+ and Lin- 
populations in both, p<0.05). β-catenin protein was also significantly higher in the Lin-

Sca-1+c-Kit+ enriched HSC fraction compared to Lin+ and Lin- cells (p<0.05), although lower 
compared to Lin-Sca-1-c-Kit+ progenitor cells (p<0.05). Within the Lin-Sca-1-c-Kit+ progenitor 
population, the expression of β-catenin protein declined with age (Figure 1C, Old Lin-

Sca-1-c-Kit+ 2 fold lower than Young Lin-Sca-1-c-Kit+, p<0.05). Similarly, the expression of 
β-catenin protein in Lin-Sca-1+c-Kit+ enriched HSCs declined with age (3 fold decrease in 
old compared to young, p<0.05 – Histograms are shown in Supplementary Figure S3).

The ratio of β-catenin and Wnt5a/b was calculated to provide information on the 
balance between canonical and noncanonical pathways. This ratio was significantly 
lower in the most primitive populations - HSC and progenitors (Figure 1D, Young - Lin-

Sca1-c-Kit+: 10.3±1.0, Lin-Sca1+c-Kit+: 14.2±2.7; Old - Lin-Sca1-c-Kit+: 6.8±0.3, Lin-Sca1+c-
Kit+: 6.7±0.4, p=0.008 and p=0.018, respectively).

6



140 141

Chapter 6 Cell-intrinsic Wnt5 signaling reduces proliferative potential of ageing myeloid progenitors

Figure 1. Wnt5a and b expression in young and old mice. A) mRNA expression of Wnt5a and b in 
the bone marrow-derived non-adherent cell fraction in young and old mice. Gene expression data 
were normalized to the housekeeping genes Gapdh and β-actin. B) Protein expression of Wnt5a/b 
in different hematopoietic populations of young and old mice. C) Protein expression of β-catenin in 
different hematopoietic populations of young and old mice. D) Ratio of β-catenin and Wnt5a/b pro-
tein expression. Lin+ stands for mature/committed population; Lin-, less mature/committed popu-
lation; Lin-c-Kit+ progenitors and Lin-Sca-1+c-Kit+, HSC. Results were analyzed by Student's t test and 
are presented as mean ± SEM and considered significantly different when p<0.05 (*). The compar-
isons were done between same gene (for the panel A) or hematopoietic populations (Panels B-D).

Reduced efficiency of the progenitor pool with age

We next characterized bone-marrow resident hematopoietic cell populations in young 
and old mice. An increase in the relative proportions of multipotent progenitors 
(MP), common myeloid progenitors (CMP) and granulocyte-macrophage progenitors 
(GMP) was observed in old mice (Figure 2A-C, Young – MP=0.5±0.0%, CMP=0.1±0.0%, 
GMP=0.1±0.0%; Old – MP=1.7±0.1%, CMP=0.3±0.0%, GMP=0.2±0.0%; p<0.001, p<0.001 
and p=0.009 old compared to young, respectively). Accordingly, when bone-marrow 
derived cells were analyzed in the colony formation unit (CFU) assay, an increase in 
total colony number both after initial seeding (first round) and in successive replating 
rounds (second round) was observed in cells from old mice (Figure 2D, Total colony 

numbers Young - first round: 75.2±5.2, second round: 30.0±10.4; Total colony numbers 
Old - first round: 117.5±5.7, second round: 72.3±5.5; old vs young, p<0.001, p=0.005, 
respectively). An increase in total colony number in the third round was observed 
but due to low sample numbers this did not reach statistical significance (Figure 1C). 
These differences were due to greater numbers of M- and GM-type colonies after 
initial seeding, and greater numbers of G- and M-type colonies in the second and third 
replating rounds. These results indicate a higher number of progenitor cells in aged 
subjects. Of note, the main subtype of colony maintained is M-CFU, in all treatments, 
which may be due to the effects of GM-CSF in the culture media.

Figure 2. A comparison of primitive cell numbers between young and old mice. A) Percentage of 
multipotent progenitors in young and old animals. B) Percentage of common myeloid progenitor 
(CMP) progenitors in young and old animals. C) Percentage of granulocyte-monocyte progenitors 
(GMP) in young and old animals. D) Replating CFU assay results for cells obtained from young and 
old mice, in the presence of GM-CSF. 1, 2 and 3 refers to the replating round, being 1 the initial 
seeding. The different types of colonies formed are: white represents GM-CFU, gray represents 
M-CFU and black represents G-CFU. E) Ratio of old and young cell numbers for multipotent 
progenitors (MP), common myeloid progenitors (CMP), granulocyte-macrophage progenitors 
(GMP) and total colonies in the CFU assay (first round). Data are presented as means ± SEM and 
groups were compared using Student's t test. Data was considered statistically significant (*) when 
p<0.05. For panel 2D, * was used when total number of colonies were compared, whereas GM, M 
and G was used when the difference was specifically for GM-CFU, M-CFU and G-CFU, respectively.
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A further analysis, however, indicates a lower efficiency of each of these progenitors 
to yield progeny despite their increased numbers. As can be seen in Figure 2E, the 
ratio of old and young cells for each subpopulation shows successive decreases as 
these primitive cells further differentiate. This pinpoints to a decreased efficiency 
of HSCs to form CMPs, of CMPs to form GMPs etc. as animals age. To illustrate this 
further, the number of total colonies formed in the CFU assay as a ratio of GMP and 
CMP cells present was 0.573±0.0 in young mice and 0.439±0.0 in old mice (p=0.028). 
This indicates that the increase in progenitors in old mice is to compensate for their 
reduced efficiency, in order to maintain mature blood cell production.

Autocrine Wnt5 signaling and myeloid progenitor aging

To investigate whether the changes in Wnt5 and β-catenin expression (Figure 1A-D) 
were involved in the functional imbalances observed with aging, we next inhibited 
Wnt5 using the peptide and specific antagonist Box534 and activated the β-catenin 
pathway using CT99021.

As can be observed in Figure 3A, both compounds significantly decreased the 
total number of colonies formed in the CFU assay to levels close to those observed 
using young cells (Young=75.2±5.2; Old=117.5±5.7; Old+CT99021: 93.8±7.4, p=0.03 
compared to Old); Old+Box5: 79.8±3.3 (p<0.001 compared to Old). Both compounds 
slightly increased the size of colonies formed, although this was significant for 
CT99021 only (Figure 3B, GM-CSF: 62.9x104 µm2, GM-CSF+CT99021: 68.1x104 µm2, 
p=0.008 compared to GM-CSF). Box5 tended to increase the number of cells per 
colony although this was not significant (Figure 3C).

We next investigated the impact of Box5 and CT99021 in the replating assay. 
CT99021 treatment caused an exhaustion of progenitors’ potential faster than in the 
presence of GM-CSF only, reflected by a faster decay of colony formation efficiency, 
although this was not statistically significant (Figure 4A , GM-CSF – 1st round: 
117.5±5.7, 2nd round: 72.3±5.5, 3rd round: 57.0±12.2; GM-CSF+CT99021: 1st round: 
97.2±8.8, 2nd round: 33.2±3.8, 3rd round: 28.8±7.8, Two way ANOVA, F (2, 15)=1.699, 
p=0.216). In the presence of Box5, there was a striking increase in the number of 
colonies formed after each replating round, with specific maintenance of the M-CFU 
fraction (Figure 4A, GM-CSF+Box5: 1st round: 79.8±3.3, 2nd round: 140.8±26.2, 3rd 
round: 265.7±29.1, Two way ANOVA, F (2, 30)=26.070, p<0.0001). Liquid culture was 
used to investigate proliferation and in this model, CT99021 and Box5 did not affect 
cell counts (Figure 4B). In addition, there was no preferential maintenance of the Lin- 
population by CT99021 or Box5 (Figure 4C). These data indicate that inhibition of 
Wnt5 signaling with Box5 caused enhanced growth potential of bone marrow-derived 
HSPCs that became evident after replating.

Figure 3. Effects of CT99021 and Box5 in cells of old mice on outcomes in the CFU assay. A) 
Colonies formed after GM-CSF treatment of young and aged cells. The latter, in the absence and 
presence of CT99021 and Box5. Colors represent the different types of colonies: white represents 
GM-CFU, gray represents M-CFU and black represents G-CFU. B) Colony areas in aged cells treated 
with GM-CSF with and without CT99021 and Box5. C) Cells by colony ratio in aged cells treated 
with GM-CSF with and without CT99021 and Box5. Data were analyzed by Student's t test and 
are presented as means ± SEM, except for panel B, in which Mann-Whitney was used. Data was 
considered statistically significant (*) when p<0.05.

Figure 4. Effects of CT99021 and Box5 on the colony replating assay and proliferation markers. 
A) CFU replating assay results for aged cells treated with GM-CSF in the absence and presence of 
CT99021 and Box5. Colors represent the different types of colonies: White represents GM-CFU, 
gray represents M-CFU and black represents G-CFU. 1, 2 and 3 refers to the replating round, 
being 1 the initial seeding. B) Cell numbers after 1 and 2 weeks of liquid culture of aged cells in in 
the absence and presence of CT99021 and Box5. C) Percentage of Lin- cells after 1 week of liquid 
culture in the absence and presence of CT99021 and Box5. Data was analyzed by Student’s t test, 
with exception of the replating experiment, for which Two-way ANOVA was used to compare the 
effects of time points and treatments. Data are presented as means ± SEM. Data was considered 
statistically significant (*) when p<0.05.

6



144 145

Chapter 6 Cell-intrinsic Wnt5 signaling reduces proliferative potential of ageing myeloid progenitors

Effects of Box5 on transcriptional pathway activation

We next investigated the effects of Box5 on whole transcriptome gene expression to 
identify the mechanisms involved in the enhanced growth potential in the replating 
assay. To achieve this, colonies obtained from old mice after 2 weeks of treatment with 
either GM-CSF alone or GM-CSF and Box5 were subjected to bulk mRNA sequencing. A 
total of 15,548 genes were informative in the transcriptome sequencing analysis with a 
minimum of 10 reads per million expression level (averaged across all RNA-seq libraries). 
Of these, 47 genes had significantly different expression in Box5 treated samples in 
comparison to samples not treated with Box5 with an FDR <0.25 (Supplementary 
Table S4). Figure 5 shows the most up and downregulated genes and the results of 
gene enrichment analyses, performed on genes with q-values <0.05. Several genes 
involved in cell cycle regulation and cell death pathways (e.g. Rad151p, Fos, Cdc42) were 
differentially expressed between control and Box5 treated samples (Figure 5A-C), 
although it is well-established that gene expression level may not reflect protein activity, 
mainly considering Cdc42. GO pathway analysis confirmed this contention and showed 
significant enrichment of pathways involved in protein localization, cell cycle regulation 
and cell death (Figure 5D). String analysis (Figures S5-6) further confirms the regulation 
of genes involved in cell cycle and death regulation, in addition to cell adhesion.

To acquire further mechanistic insight into the specific pathways regulated by 
Box5, additional gene-set enrichment analyses were performed on the top 250 
ranked +log2 fold change and the top 250 –log2 fold change genes as an exploratory 
analysis using the hallmark gene-set definitions, which allow for analysis of specific 
intracellular signaling pathways. This analysis showed enrichment of pathways 
involved in cell proliferation such as Myc targets, E2F targets, G2M checkpoint, and 
mitotic spindle among the upregulated genes. Among the downregulated genes were 
pathways involved in cell death and apoptosis such as the p53 pathway, hypoxia, and 
apoptosis (Table 1). Altogether, these data indicate that Box5 promotes cell cycle 
pathway activation and reduces cell death pathway activation, which is in line with the 
findings that Box5 maintained colony formation in the replating assay.

Table 1. Most up and downregulated pathways according to gene enrichment analysis of 250 
genes between group treated or not with Box5. p value are represented in number.

Upregulated pathways Downregulated pathways
Pathway p value Pathway p value
Myc targets 4.04e-8 p53 4.81e-8
E2F targets 4.74e-7 IL-2 / STAT5 5.17e-5
G2M Checkpoint 4.74e-7 Hypoxia 4.08e-4
Interferon γ response 4.6e-5 KRAS 4.08e-4
Mitotic spindle 3.7e-4 TNFα via NKκB 4.08e-4
PI3K AKT MTOR 1.51e-3 Apoptosis 1.073-3

MTORC1 1.55e-2
Wnt β-catenin 1.7e-2

Figure 5. RNA sequencing analysis of the most significantly up and downregulated genes. A) 
Volcano plot of the most up and down regulated genes. B) Differential expression of the most 
deregulated genes. C) Function and FDR q-value of the most deregulated genes. D) GO pathway 
analysis of the most downregulated genes.

6.5. DISCUSSION

The balance between β-catenin dependent and independent signaling is shifted 
in primitive hematopoietic cells with aging, and this is thought to contribute to 
age-related defects in hematopoiesis27,35. Whether this canonical to noncanonical 
switch persists in lineage-committed hematopoietic progenitors remains unknown. 
Thus, we investigated the participation of β-catenin independent signaling in the 
imbalances of GM-CSF-driven myelopoiesis in old mice and whether we could inhibit 
this pharmacologically. We found that Wnt5a and Wnt5b mRNA expression increased 
with age in bone marrow-derived hematopoietic cells, and that the ratio of Wnt5a/b 
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to β-catenin protein declined with age in both HSCs and progenitors, consistent with 
a canonical to noncanonical switch with age. We observed an increase in the relative 
fraction of MP, CMP and GMP hematopoietic progenitor subtypes in the bone marrow 
of aged mice, and accordingly, we found increased colony formation by HSPCs from old 
compared to young mice in the CFU assay, consistent with previous reports36-42. We 
observed a decrease in each primitive population (MP, CMP and GMP), consistent with 
the hypothesis that efficiency declines, what was further confirmed by the decrease 
in colony formation as well. Interestingly, the ratio between old and young cells for 
each subpopulation show successive decreases as primitive cells differentiate. This 
suggests a decreased efficiency of HSC to form CMPs, of CMPs to form GMPs etc, as 
animals age.

Our findings indicate maintenance of the canonical to noncanonical Wnt signaling 
switch with myeloid commitment, similar to as described for primitive hematopoietic 
cells27,35,43. Previous reports showed that Wnt5a induced quiescence in HSCs27. It is 
unknown whether the same outcome is observed for myeloid-committed progenitors, 
but Wnt5a may contribute to impaired functionality associated with age.

Our data indicate a substantial role for Wnt5 signaling in functional loss, as 
pharmacological inhibition of Wnt5 signaling using Box5 restored colony formation 
after seeding in the CFU assay to levels near that of young HSPCs. Box5 is a 
N-butyloxycarbonyl hexapeptide (Met-Asp-Gly-Cys-Glu-Leu) derived from Wnt5a that 
acts to competitively antagonize the Fzd receptors to which Wnt5 binds34. Notably, 
this effect (colony formation activity restoring) was only partially observed after direct 
β-catenin activation with the GSK3β inhibitor CT99021. Thus, while the effect of Box5 
may be mediated in part by inhibition of Wnt/b-catenin signaling, other signaling 
pathways are likely to have a role.

Remarkably, we observed that Box5 treatment induced a striking increase in the 
ability of HSPCs to form colonies upon replating in the CFU assay, supporting the 
notion that Wnt5 signaling contributes to myeloid progenitor cell quiescence and 
loss of stemness potential with ageing. These data are consistent with previously 
described roles for Wnt5a signaling in HSC ageing27,44,45. The remarkable increase 
in colony formation after replating in the CFU assay induced by Box5 is likely due to 
maintenance of HPSC potential or stimulation of cell cycling. Using transcriptome 
profiling of Box5-treated HPSCs, we provide evidence that deregulated cell cycle 
control may contribute to maintenance of colony-forming potential of HSPCs, by 
either inhibiting differentiation or maintaining self-renewal. In fact, Box5 decreased 
expression of Fos, Notch1 and STAT5, genes which are related to stem cell specification 
and lineage commitment46,47. In addition, the interferon γ response is upregulated, 
potentially inhibiting myeloid differentiation48,49.

Among significantly downregulated genes by Box5 was the tumor-suppressor gene 
p53. There is evidence for involvement of the p53 pathway in maintenance of HSC 
quiescence49,50 and of promoting differentiation50. Thus, its downregulation might 
explain both the observed primitive cell maintenance and inhibition of differentiation. 
In addition, p53 is also known to limit HSC self-renewal50 defined as the ability of 
primitive cells to give rise to cells with similar characteristics51,52. Thus, Box5-mediated 
downregulation of p53 may contribute to increased HSPC self-renewal and increased 
colony formation after replating. Moreover, Box5 upregulated numerous other self-
renewal associated genes including myc, E2F and Cdk150,53-55. Myc can be activated 
independent of β-catenin pathway activation by the PI3K/AKT pathway56. Indeed, PI3K/
AKT signaling is activated by GM-CSF57,58 and other cytokines (such as IL-4 and IL-5)59 
and was found to be upregulated after Box5 treatment in aged cells. We also observed 
reduced expression of MTORC1 after Box5 treatment. Signaling downstream of AKT 
is mediated by the mTOR pathway, which increases with aging60,61, and interestingly, 
inhibition of mTOR was described as a mechanism for HSC rejuvenation60,61.

Our data suggest that inhibiting Wnt5 signaling could be a useful therapeutic 
strategy to combat aging-associated hematopoietic loss of potential as this molecule 
has a central role in the modulation of hematopoietic potential. Further studies 
involving administration of Box5 to aged mice in vivo are needed to further explore 
this possibility. Additional studies are needed to improve our understanding of the 
functional implications of the increase in progenitors after Box5 treatment. Our data 
show that cell-intrinsic Wnt5 signaling has important roles in maintenance and in 
functional loss of myeloid progenitor potential in the aging individual. This provides 
tools for our understanding of hematopoietic senescence and opportunities for 
pharmacologically-induced rejuvenation.

Acknowledgements

Old mice/tissues were provided by Gerald de Haan and Ronald van Os through the 
Mouse Clinic for Cancer and Aging (MCCA), funded by a Large Infrastructure grant 
from the Netherlands Organization for Scientific Research (NWO). The authors also 
acknowledge the financial support of Coordenação de Aperfeiçoamento de Pessoal 
de Nível Superior (CAPES/Brazil) and the Fundação de Amparo à Pesquisa do Estado 
de São Paulo (FAPESP/Brazil) for the grants number 2015/16799-3 (for EJPG) and 
2015/24464-1 and 2016/23787-4 (for MMdR). We thank Prof. Dr. JJ Schuringa (UMCG) 
for critically reading the manuscript.

6



148 149

Chapter 6 Cell-intrinsic Wnt5 signaling reduces proliferative potential of ageing myeloid progenitors

SUPPLEMENTARY MATERIAL

Supplementary Table S1. RT-PCR primers used and its sequences.

Gene Forward sequence Reverse sequence
Gapdh GGA GAG TGT TTC CTC GTC CC GGA GAG TGT TTC CTC GTC CC
β-actin ATG TGG ATC AGC AAG CAG GA GGT GTA AAA CGC AGC TCA GTA A
Wnt5a CAA ATA GGC AGC CGA GAG AC CTC TAG CGT CCA CGA ACT CC
Wnt5b GGT TCC ACT GGT GTT GCT TT AGA CTT TTG TGA GGC GGA GA

Supplementary Figure S2. Histogram of Wnt5a/b quantification by Flow Cytometry. A) Wnt5a/b 
signal in the Lin+ fraction of young (black) and old (white) animals. B) Wnt5a/b signal in the Lin- 
fraction of young (black) and old (white) animals. C) Wnt5a/b signal in the Lin-Sca-1-c-Kit+ fraction 
of young (black) and old (white) animals. D) Wnt5a/b signal in the Lin-Sca-1+c-Kit+ fraction of young 
(black) and old (white) animals.

Supplementary Figure S3. Histogram of total β-catenin quantification by Flow Cytom-
etry. A) Total β-catenin signal in the Lin+ fraction of young (black) and old (white) animals. B) 
Total β-catenin signal in the Lin- fraction of young (black) and old (white) animals. C) Total 
β-catenin signal in the Lin-Sca-1-c-Kit+ fraction of young (black) and old (white) animals. D) 
Total β-catenin signal in the Lin-Sca-1+c-Kit+ fraction of young (black) and old (white) animals.
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Supplementary Table S4. List of differentially expressed genes with q-value<0.05.

Gene ID Gene name FKPM LogFC p-value q-value
ENSMUSG00000030346 Rad51ap1 116,9586 1,776975 2,74E-06 1,05E-03
ENSMUSG00000021250 Fos 707,8796 -1,04576 0,000426 2,11E-03
ENSMUSG00000096544 Gm4617 1404,454 0,53739 0,000568 3,16E-03
ENSMUSG00000061684 Rpl21-ps8 106,9567 -1,289 0,000666 4,22E-03
ENSMUSG00000073490 AI607873 623,5857 0,9986 0,000697 5,27E-03
ENSMUSG00000030452 Nipa2 856,8452 1,038739 0,000788 6,33E-03
ENSMUSG00000014956 Ppp1cb 1265,179 0,767833 0,000942 7,38E-03
ENSMUSG00000081999 Gm13461 616,3232 0,899908 0,000977 8,44E-03
ENSMUSG00000030142 Clec4e 552,7058 1,052833 0,001148 9,49E-03
ENSMUSG00000006699 Cdc42 7613,849 0,379351 0,001153 1,05E-02
ENSMUSG00000021306 Gpr137b 2316,477 -0,4049 0,001307 1,16E-02
ENSMUSG00000034345 Gtf2h5 760,4482 0,812487 0,002141 1,27E-02
ENSMUSG00000005107 Slc2a9 52,99298 1,056154 0,002396 1,37E-02
ENSMUSG00000003154 Foxj2 412,9277 -1,01198 0,002611 1,48E-02
ENSMUSG00000026705 Klhl20 241,6064 1,078195 0,002742 1,58E-02
ENSMUSG00000053253 Ndfip2 927,7728 0,938189 0,002773 1,69E-02
ENSMUSG00000017400 Stac2 754,6009 -0,57356 0,002915 1,79E-02
ENSMUSG00000051579 Tceal8 408,319 0,907524 0,002924 1,90E-02
ENSMUSG00000034612 Chst11 646,7062 -0,89269 0,003414 2,00E-02
ENSMUSG00000083793 Gm14274 27,92853 0,996897 0,003489 2,11E-02
ENSMUSG00000039989 Cbx4 265,287 -1,09895 0,003517 2,22E-02
ENSMUSG00000015575 Atp6v0e 6590,361 0,588301 0,003578 2,32E-02
ENSMUSG00000036093 Arl5a 861,9581 0,571816 0,003893 2,43E-02
ENSMUSG00000027134 Lpcat4 271,966 -1,11646 0,003916 2,53E-02
ENSMUSG00000004508 Gab2 806,5794 -0,84331 0,004002 2,64E-02
ENSMUSG00000032328 Tmem30a 1969,124 0,572024 0,004102 2,74E-02
ENSMUSG00000032383 Ppib 2248,425 0,554908 0,004112 2,85E-02
ENSMUSG00000040383 Aqr 311,0338 -0,89855 0,004347 2,95E-02
ENSMUSG00000026791 Slc2a8 157,6684 -1,10955 0,004353 3,06E-02
ENSMUSG00000028381 Ugcg 313,8921 -1,1045 0,004539 3,16E-02
ENSMUSG00000035673 Sbno2 853,6499 -0,84955 0,004643 3,27E-02
ENSMUSG00000025736 Jmjd8 294,4726 -1,0712 0,004829 3,38E-02
ENSMUSG00000053012 Krcc1 714,7303 0,820799 0,004939 3,48E-02
ENSMUSG00000042133 Ppig 879,3416 0,841514 0,005095 3,59E-02
ENSMUSG00000033365 Ipo13 364,714 -0,98551 0,005107 3,69E-02
ENSMUSG00000033429 Mcee 323,8552 -1,02802 0,005304 3,80E-02
ENSMUSG00000083902 Gm15975 376,516 0,810846 0,005305 3,90E-02
ENSMUSG00000031634 Ufsp2 331,7717 1,067603 0,005396 4,01E-02
ENSMUSG00000089764 Gm16580 1337,493 -0,52989 0,00541 4,11E-02
ENSMUSG00000026775 Yme1l1 1039,224 0,764138 0,005508 4,32E-02
ENSMUSG00000001687 Ubl3 1567,923 0,652053 0,005805 4,43E-02
ENSMUSG00000030541 Idh2 686,9498 -0,70132 0,00587 4,54E-02
ENSMUSG00000034190 Chmp7 744,3741 -0,82618 0,006408 4,64E-02
ENSMUSG00000026159 Agfg1 742,0528 0,678533 0,00663 4,75E-02
ENSMUSG00000049504 Proser1 226,0269 -0,94862 0,006785 4,85E-02
ENSMUSG00000021012 Zc3h14 725,6475 -0,61297 0,007076 4,96E-02

Supplementary Figure S4. String analysis of significantly (p<0.05) downregulated genes by Box5 
treatment in comparison with GM-CSF treatment only in old cells. Red nodes represent genes 
related to regulation of cell death, blue nodes, regulation of apoptotic process, green nodes, cell 
cycle and yellow, genes related to cell differentiation.
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Supplementary Figure S5. String analysis of significantly (p<0.05) upregulated genes by Box5 
treatment in comparison with GM-CSF treatment only in old cells. Red nodes represent genes 
related to regulation of cell adhesion and blue nodes, cell activation.
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7. FINAL DISCUSSION

Upstream effectors of intracellular signaling are similar for IL-3 and GM-CSF

Stem cells were first described in the hematopoietic tissue1-3, in which stem cell biology 
has been studied extensively. Maintenance of primitive cell potential, while continuously 
producing specialized and fully mature blood cells, is dependent on proliferation and 
differentiation. These processes are main events during hematopoiesis and rely on 
intricate regulatory mechanisms. Alterations in these mechanisms can cause cellular 
disruption and disease onset (Chapter 1). The extracellular environment as well as 
intracellular molecules are is critical in guiding signaling events. Cytokines constitute 
the main class of extracellular molecules involved in hematopoietic regulation4,5; 
initially they were denominated “colony-stimulating factors (CSF)”5-7, due to the 
induction of the formation of conglomerates consisting of similar cells (i.e. ‘colonies’) 
in semi-solid medium6,7.

Colonies develop due to the clonal expansion of one cell (hence colonies are also 
referred to as “colony formation units” – CFU), which has primitive characteristics and 
gives rise to others8. Only primitive cells can form colonies, as they have the ability 
to self-renew and harbor relevant proliferative potential9, which are key features of 
undifferentiated cells.

Introduction of the colony formation assay (CFU assay) established the hierarchical 
relations of hematopoietic cells and their progenitors10-12, and later on provided 
evidence for the existence of primitive characteristics in cells obtained from patients 
with leukemia, the disease in which cancer stem cell research was initiated (Chapters 
1 and 3). In addition, the CFU assay demonstrated the requirement of CSFs for colony 
formation, as no colonies were formed in the absence of these factors8,12,13.

Among the earliest described CSFs, GM-CSF and IL-3 have a broader activity, 
stimulating committed, multi-, and bipotent progenitors, as compared to M- and 
G-CSF, which only target the committed progenitors of monocytes/macrophages 
and granulocytes, respectively6. In our studies, we observed similar colony formation 
potential for these cytokines (Chapter 2). There is evidence suggesting that IL-3 
targets a slightly more primitive population than GM-CSF14,15. This was confirmed by 
the results of our replating CFU assay (Chapter 5), showing that IL-3 induced colony 
formation for longer periods of time.

Divergent biological roles, and to an even lesser extent the molecular mechanisms 
involved, for IL-3 and GM-CSF have not been completely established but unveiling 
fine myeloid regulation as well as population-specific mechanisms may provide 
insight in the therapeutic relevance of HSCs and/or myeloid imbalances. In fact, this 
knowledge could even provide tools to fight aging-related changes, as ‘inflamm-aging’16 

is an established event characterized by the predominance of specific inflammatory 
cytokines, including IL-3 and GM-CSF, in the aging individual16. In this context, gathering 
information on pharmacological inhibition and protein activation is helpful, as 
inhibition analysis can assert if and to what extent a pathway is activated.

Similar to the structure of trees, activation of intracellular signaling is outlined 
in a non-linear fashion, with embranchments representing activation of multiple 
pathways17, converging to downstream elements17. As funnels, upstream signals are 
more likely to affect multiple and even distinct pathways and subsequent cellular 
outcomes than downstream signals.

JAK kinase activity targets cytoplasmic tyrosines in the unspecific receptor β-chain 
and its inhibition completely abrogates GM-CSF18,19 and IL-3 activity20-22. At this point, 
no difference was observed between IL-3 and GM-CSF, presumably due to the crucial 
requirement of JAK kinase for both IL-3 and GM-CSF receptor activity and subsequent 
signaling.

Tyrosine residues in the cytoplasmic portions of the β-chain receptor (Tyr577, 
Tyr612, Tyr695, Tyr750, Tyr806, and Tyr866) can provide specificity to JAK signaling 
activation23. Dimerization of the β-chain is ligand-independent. However, only in the 
presence of ligand, the α-chain couples to this complex, allowing JAK2 activation and 
signaling18,24. Thus, the short receptor subunit (the α chain) appears to be involved in 
cytokine specificity and triggering of appropriate signaling pathways19,25-27. Interestingly, 
in endothelial cells, GM-CSF activity seems to be related to α-chain activation, leading 
to p85 coupling and induction of PI3K signaling24,28. This evidence of PI3K activation 
upstream of JAK2 is in line with our data, which revealed significant effects of PI3K 
inhibition on colony forming activities by IL-3 and GM-CSF (Chapter 2). Again, there 
were no apparent differences between IL-3 and GM-CSF, indicating similar routes of 
initial signal transduction.

Of note, wortmannin and Ly294002 have been described as STAT inhibitors as well, 
which might have a direct result of PI3K inhibition upstream of JAK24.

IL-3 and GM-CSF induce a distinct pattern of Ca2+ signaling responses

U73122, 2APB and chelerythrine represent other pharmacological agents that had 
strong (more than 85%) inhibitory effects on colony formation induced by both 
cytokines (Chapter 2), suggesting important participation of PLC, the IP3R, and PKC, 
respectively. It was demonstrated that both IL-3 and GM-CSF activate PLCγ2 in Lin-Sca-
1+c-Kit+ cells29; however, activation was transient in response to IL-3, whereas GM-CSF 
induced a more sustained activation (up to 30 minutes)29. It is unknown whether 
transient and sustained PLC activation result in different downstream effects. There 
is evidence that, depending on the stimulation, DAG (downstream effector of PLC) can 
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follow Ca2+ oscillation signals; displaying an oscillatory pattern or exhibiting a sustained 
signal, may reflect on PKC activation30. PKC inhibition (by GF109203X) significantly 
reduced IL-3 and GM-CSF stimulated formation of subtype specific and total number 
of colonies, indicating roles for PKC in this event. In addition, we observed differential 
PKC activation after 15 minutes of stimulation with IL-3 and GM-CSF (Chapter 2). Both 
cytokines activate the threonine 514 region of PKC in both populations (progenitors 
and stem cells), indicating priming of PKC activation31, but only IL-3 induced PKCser660 
phosphorylation, indicating a phosphosite specific activation by IL-3.

Considering Ca2+ signaling, the IP3R is importantly involved in the frequency and 
modulation of the Ca2+ signals32, which can directly influence PKC and CaMKII signaling30, 
as well as cellular outcomes33. Interestingly, inhibition due to interference with Ca2+ 
signaling (using 2APB, BAPTA, calmidazolium and KN-62) seems to be more effective 
when GM-CSF is used as a stimulus (Chapter 2). This is emphasized by the observed 
CaMKII phosphorylation, reinforcing the importance of Ca2+ in GM-CSF signaling and 
suggesting another difference between GM-CSF and the IL-3 mediated response.

Differential Ca2+ signaling may be reflected by MAPK pathway activation

There is evidence from the literature to suggest that MAPK pathways are activated 
by PKC and CAMKII29. Since we observed differential PKC activation and CAMKII 
phosphorylation for IL-3 and GM-CSF, we postulated this could influence MAPK 
activation. Transient MEK1/2 phosphorylation in response to IL-3 stimulation 
culminates in strong ERK1/2 activation, whereas sustained MEK1/2 phosphorylation 
by GM-CSF leads to decreased ERK1/2 activation29. Unfortunately, we could only 
observe ERK1/2 activation after IL-3 stimulation (Chapter 2), which may indicate lower 
sensitivity of our analysis.

Interestingly, the sustained MEK1/2 activation (as described by Leon and coworkers 
in 2011), would take place in the same scenario we proposed to be CAMKII-dependent. 
Different from PKC, the CAMKII activation signal does not oscillate in response to 
[Ca2+]i variations, exhibiting a progressive activation pattern30. Extrapolating this data, 
we hypothesize that progressive CAMKII activation leads to consistent activation of 
MEK1/2, triggering self-inhibitory mechanisms, such as feedback loop activation, 
and resulting in decreased ERK1/2 activation. On the other hand, the oscillatory PKC 
activation pattern30 (putatively driven by IL-3 stimulation), would lead to a transient 
MEK1/2 activation29, without activation of such self-inhibitory mechanisms, and 
activation of ERK1/2.

Mild ERK1/2 activation in response to GM-CSF might be caused by modulatory 
mechanisms in response to sustained pathway activation, whereas strong ERK1/2 
activation may reflect a sharper, more pinpointed mechanism of action, in which the 

‘on and off’ status are changed faster without the activation of additional feedback 
loops. We observed robust p38 phosphorylation in response to both cytokines after 
15 minutes of stimulation in all populations, except for progenitors in response to 
GM-CSF (Chapter 2). MAPK signaling has been described to vary between c-Kit+ and 
c-Kit- cells, in addition to being PI3K dependent in response to stem cell factor34. Indeed, 
after stimulation with either IL-3 or GM-CSF, we observed a stronger effect of PI3K 
inhibition than of MEK and ERK inhibition, which may indicate an upstream role for PI3K 
in the Raf/MEK/ERK cascade. In addition, PTEN phosphorylation suggested that Akt 
and PI3K were not being inhibited, further supporting PI3K participation. Akt activity 
may reflect GSK3β phosphorylation35, which tended to increase after IL-3 treatment in 
the progenitor population; GSK3β is related to numerous intracellular pathways36-40, 
including Wnt signaling41-43. Noteworthy, this “population-specific” response highlights 
the importance of sensitive techniques, as has been discussed for the leukemic 
population (Chapter 3).

Figure 6 of Chapter 2 summarizes the main observed differences between IL-3 
and GM-CSF treatment. STAT5-independent mechanisms have been implicated in 
JAK2 activity18,44; this could apply to our results in which little STAT5 phosphorylation 
was observed (Chapter 2), despite published data indicating this signal transducer 
is activated by both IL-3 and GM-CSF26.

Conversely, STAT3 activation was observed under almost all conditions studied 
(with the exception of HSCs treated with GM-CSF); this was somewhat unexpected as 
cytokines other than IL-3 and GM-CSF have been more predominantly associated with 
STAT3 activation45. On the other hand, STAT3 activation by GM-CSF has been shown 
to decrease apoptosis45, a well-known effect of this cytokine in the hematopoietic 
system46-48.

Alterations in Wnt signaling can contribute to hematopoietic imbalances and 
malignancies (Chapters 3 and 4). Pathways involving PKC, Ca2+ and PI3K have been 
linked to Wnt signaling49-52. Therefore, differences observed in these pathways were 
hypothesized to regulate (or be regulated by) Wnt signaling.

The relative functional contribution of Wnt signaling may account for (some) differ-
ences between IL-3 and GM-CSF driven signaling

Wnt signaling is increasingly associated with hematopoietic regulation, and its 
β-catenin independent branch appears to be particularly important for myelopoiesis 
and aging-related imbalances53-57. Chapters 4, 5 and 6 provide further evidence for 
this functional association.

Our comprehensive literature review (Chapter 4) revealed some intriguing 
elements about noncanonical Wnt signaling in the regulation of the hematopoietic 
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system. For example, it highlighted the increased response of LT-HSCs to Wnt5a, 
leading to quiescence in these cells58,59, which seems to be related to Cdc42 regulation 
and apolarity development59. In addition, for the population representing the following 
lower level of the hierarchic tree of differentiation, ST-HSCs respond to this ligand 
with proliferation57,60, which appears to be associated with the activation of canonical 
rather than noncanonical Wnt signaling, although a myeloid skewing in differentiation, 
as occurs during aging, might be observed59,61. These differential cellular responses 
indicate both canonical and noncanonical effects of Wnt5a, depending on the target 
population. As for Wnt ligand stimulation, the cytokines we studied also induced 
population-specific responses (Chapter 5), further reinforcing highly population-
specific intracellular signaling. Interestingly, most studies on Wnt signaling in the 
hematopoietic system focus on the canonical branch, hampering the identification and 
establishment of roles for the noncanonical branch. Our review (Chapter 4) exposed 
numerous situations in which noncanonical Wnt signaling is active and could be of 
profound importance, as this pathway has relevant roles in hematopoietic ontogenesis, 
adult hematopoiesis and during aging, which is increasingly being associated with 
changes in Wnt signaling in this system.

In a heterogeneous environment as bone marrow, where a myriad of compounds 
simultaneously modulates cellular responses, it is essential that we have a complete 
overview of the occurring events. In this context, Chapter 5 describes the importance 
of the interaction between different compounds in modulating hematopoietic activity.

There is evidence to suggest that Wnt5a-induced signaling in the myeloid lineage 
is associated with Ca2+, PKC and PI3K activation, similar as to what we demonstrated 
for IL-3 and GM-CSF. Therefore, we studied the effects of combined stimulation with 
Wnt ligands and cytokines on myeloid regulation. To our surprise, the prototypical 
noncanonical Wnt ligand (Wnt5a) showed no (additional) effects in the presence 
of IL-3 or GM-CSF in the CFU assay. Our investigation also included Wnt5b, as 
it is structurally close to Wnt5a62, although little is known about its roles in the 
hematopoietic regulation. There is evidence for a role of Wnt5b in the regulation 
of megakaryopoiesis63,64, involving Ca2+ signaling63, but to our knowledge nothing is 
currently known with regards to Wnt5b in the myelopoiesis field. Different from what 
we observed with Wnt5a, our results suggest striking effects of Wnt5b in the presence 
of IL-3 and GM-CSF in the CFU assay, in addition to potentially underpinning functional 
differences between IL-3 and GM-CSF (Chapter 5).

Our results not only indicate that the presence of Wnt5b determines the functional 
outcome of stimulation with cytokines, but also that there are differences between the 
impact of Wnt ligands and CT99021 (GSK3β inhibitor and β-catenin signaling activator) 
on the response induced by IL-3 and GM-CSF.

With IL-3 as stimulus, Wnt5b caused a decreased colony formation ratio, 
the opposite of what was observed in the presence of CT99021, suggesting that 
Wnt5b activates intracellular signaling not directly involving β-catenin. In addition, 
colonies could be successfully replated more times in the replating assay, indicative 
of primitive cell maintenance, which was confirmed by increased Ifitm-1 and GATA2 
gene expression as compared to colonies exposed to IL-3 alone. On the other 
hand, stimulation with GM-CSF in the presence of Wnt5b resulted in the induction 
of differentiation, as demonstrated by an increase in colony formation and rapid 
exhaustion of cell potential. In addition, the Wnt5b effect was opposite to that 
observed in the presence of CT99021, again suggesting the involvement of β-catenin 
independent Wnt signaling. To our knowledge, this is the first study showing opposite 
effects of IL-3 and GM-CSF in myeloid regulation. It is likely that Wnt5b acts as a 
pivotal player underpinning our observed results by reinforcing pathways that are 
differentially activated by these cytokines.

In the presence of CT99021, IL-3 induced CFU growth, in a similar fashion as 
observed for GM-CSF+Wnt5b. This strongly suggests colony formation growth as 
a consequence of β-catenin signaling activation, which is in accordance with the 
literature60. It has been described that regarding IL-3, Wnt signaling is off65 and Wnt5b 
does not seem to activate β-catenin. Conversely, with GM-CSF as a stimulus, Wnt5b 
may be activating β-catenin-dependent Wnt signaling on its own or sustaining GM-
CSF-induced activity. Increased cyclinD1 gene expression in response to GM-CSF 
stimulation66 reinforces the hypothesis that GM-CSF activates β-catenin signaling, as 
cyclinD1 is a well-known target gene downstream of β-catenin67-69.

It is debatable whether there is a differential distribution of cytokines and Wnt 
ligands in the bone marrow. In fact, even the existence of bone marrow niches 
(endosteal and vascular) is questionable70,71, with hematopoietic cells in diverse 
maturation stages spreading across the bones71,72. In addition, active movement 
by hematopoietic cells in the bone marrow73,74 hampers the understanding of how 
extracellular signals modulate hematopoiesis. There is evidence that IL-3 has a higher 
activity on LT-HSCs in comparison with GM-CSF75,76, whereas GM-CSF is more active on 
progenitors77,78. Therefore, together with our results, we propose that more primitive 
HSCs, which are responsive to IL-3, have an intracellular environment unfavorable 
to β-catenin and Ca2+ signaling activation. On the other hand, with activation of Ca2+ 
signaling (as we observe after GM-CSF treatment), the intracellular environment of less 
primitive hematopoietic cells might be more favorable to Wnt/β-catenin independent 
signaling. This would explain why in the presence of Wnt5b, IL-3 drives maintenance 
of cell potential and GM-CSF triggers differentiation.
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Wnt5 inhibition restores the potential of aged progenitors

The environment in which adult hematopoiesis occurs changes with aging; most of 
the hematopoietic balance is lost, with LT-HSCs prolonging quiescence and ST-HSCs 
proliferating to compensate for functional losses79,80. In addition, this environment 
is characterized by an increase in β-catenin independent Wnt ligands, mainly the 
prototypical Wnt5a (Chapters 5 and 6), which really put our investigation on IL-3 
and GM-CSF to the test.

In Chapter 6, we used CFU assays to show how Wnt5b treatment in young cells 
only partially mimicked the functional results of aged cells, and Wnt5 inhibition in 
aged cells mimicked the results observed in young cells just to a certain extent. Yet, 
Wnt5 inhibition in aged cells provided definitive evidence of this protein’s participation 
in myeloid regulation in the aging environment. Thus, Wnt5 inhibition by Box5 
strikingly increased progenitor potential in aged cells, which seemed to be caused by 
upregulation of self-renewal and downregulation of commitment and differentiation.

Our results (Chapter 6) showed that Box5 induced upregulation of myc, E2F 
and Cdk1, which are genes associated with self-renewal81-84. Interestingly, both myc 
and Cdk1 are targets of β-catenin signaling85,86, but they can be activated by other 
pathways as well; this was likely the case in our experimental setup, since β-catenin 
was inhibited. Gene Set Enrichment Analysis of the obtained mRNA sequencing data 
also demonstrated that Box5 induced upregulation of the PI3K/Akt pathway, which 
may underpin its effects on gene expression85. Indeed, Akt is known to phosphorylate 
and inhibit GSK3β40, and GSK3β inhibition is a hallmark for stem cell maintenance 
(together with MTORC1 inhibition87).

p53 was amongst the most downregulated genes after Box5 treatment in old 
cells, and together with Notch1 and Fos, which were downregulated as well, it is 
involved in hematopoietic specification and lineage commitment88. In addition, STAT5, 
a well-known driver of differentiation88,89, and mTORC1 were downregulated as well87. 
Although strong evidence exists for differentiation arrest by Box5 treatment, other 
mechanisms might be involved in the maintenance of cell potential. Downregulation 
of hypoxia, TNFα and KRAS may be linked to β-catenin signaling inhibition, as these 
pathways are connected to Wnt/β-catenin in numerous systems90,91. β-Catenin 
inhibition in aged animals treated with Box5 suggests activation of this pathway in 
the absence of the inhibitor, as proposed above, which also agrees with evidence 
from the literature indicating that activation of β-catenin is related to proliferation in 
hematopoietic progenitors92,93.

Noncanonical Wnt5b modulates myelopoiesis driven by IL-3 and GM-CSF

In conclusion, IL-3- and GM-CSF-driven myelopoiesis might not be as similar as it 
was considered to be over the last several years. Although they can produce similar 
cellular outcomes depending on the method used, specific intracellular signaling 
events triggered may differ at some point further up or down the tree, which can be 
highlighted in the presence of other compounds, such as Wnt ligands. These ligands 
appear to be important components of hematopoietic ontogenesis and modulation 
in adult life, as well as responsible for imbalances of senescence. Wnt5b is shown 
here as a critical modulator of myelopoiesis driven by IL-3 and GM-CSF stimulation. 
Of note, during aging, Wnt5a is likely to be involved in the developing imbalances as 
well. In addition, we reveal that activation of β-catenin signaling is not sufficient to fix 
the imbalances that occur during aging, as complete abrogation of Wnt5 activity was 
needed. Furthermore, the results provide evidence for the modulation of myelopoiesis 
by noncanonical Wnts, and point out differences between the response to cytokines 
and the distinct involvement of these Wnts. In addition, experimental tools and 
approaches implemented and/or introduced in our studies could prove useful for 
the investigation of hematopoietic senescence and (future) therapeutics.

7



166 167

Chapter 7 Final Discussion

CONCLUDING STATEMENTS

1. Hematopoietic regulation is essential for nutrient and oxygen distribution, as 
well as immune and inflammatory responses. These functions are exerted by 
short-lived cells, which need to be continuously produced by proliferation and 
differentiation of primitive cells;

2. Differences exist between the effects of IL-3 and GM-CSF on myelopoiesis, by 
targeting different hematopoietic cell fractions and distinct cellular outcomes;

3. Activation of PLC, PKC, Ca2+ and MEK/ERK signaling by IL-3 or GM-CSF stimulation 
are involved in colony formation by these cytokines;

4. Wnt5a, the prototypical noncanonical ligand, is associated with Ca2+, PKC and 
PI3K activation in the hematopoietic system;

5. Wnt5b, rather than Wnt5a, affects IL-3- and GM-CSF-driven myelopoiesis and is 
pivotal in the differential cellular outcomes primed by these cytokines;

6. Noncanonical Wnt signaling plays a central role in (the development of ) 
hematopoietic imbalances in the aging individual;

7. Activation of canonical Wnt signaling (with CT99021) is not sufficient to 
completely abrogate the effects of aging on the cell potential of progenitors;

8. Abrogation of Wnt5 signaling (thus, both Wnt5a and Wnt5b) with Box5 
completely restores progenitor cell potential in aged cells by stimulating self-
renewal and inhibiting commitment and differentiation.
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NEDERLANDSE SAMENVATTING

Hematopoëse is het proces waarbij de cellen van het bloed worden geproduceerd, 
uitgaande van expansie en differentiatie van primitieve en potente cellen. In elke 
opeenvolgende differentiatiestap worden specifieke kenmerken verkregen terwijl de 
potentie verloren gaat, totdat een terminaal gedifferentieerde toestand is bereikt en 
de cel volledig functioneel is. De functies die gedifferentieerde bloedcellen uitvoeren 
zijn o.a. zuurstoftransport en gasuitwisseling (erytrocyten), coagulatie (bloedplaatjes), 
inflammatoire, allergische en immuunresponsen (leukocyten).

De volwassen cellen missen zelfvernieuwingspotentieel en hebben een korte 
levensduur, zodat de hematopoëse een dynamisch proces moet zijn om de aanwas 
aan volwassen cellen te behouden zonder te leiden tot uitputting van de pool of 
van het potentieel. Om dit te handhaven, moeten zelfvernieuwing, proliferatie- en 
differentiatieprocessen van hematopoëtische stamcellen en de voorloper (progenitor) 
cellen strikt worden gereguleerd. Er zijn extracellulaire niche factoren en intracellulaire 
signaalmoleculen die hematopoëse reguleren. De belangrijkste plaatsen van bloedcel 
productie zijn beenmerg van lange en afgeplatte botten, waarvan het beenmerg een 
groot aantal signaalstoffen bevat, zoals adhesiemoleculen, matrixeiwitten, hormonen 
en cytokines.

Cytokines vormen de belangrijkste klasse van extracellulaire moleculen die 
betrokken zijn bij hematopoëse. Ze werken op verschillende celtypen en worden 
gekenmerkt door specifieke intracellulaire signalering en biologische responsen. 
Aanvankelijk werden ze „koloniestimulerende factoren“ genoemd, vanwege de inductie 
van de vorming van conglomeraten bestaande uit vergelijkbare cellen (d.w.z. ‘kolonies’) 
in halfvast medium. In deze context is de type I cytokine-superfamilie van belang, 
omdat IL-3 en GM-CSF vooral hebben bijgedragen aan de onthulling van de organisatie 
van de differentiatiehiërarchie van de myeloïde tak van hematopoëse. De rollen van 
IL-3 en GM-CSF in differentiatie naar monocyten en granulocyten zijn uitgebreid 
bestudeerd sinds de late helft van de 20e eeuw, hoewel de betrokken celspecifieke 
mechanismen niet volledig zijn opgehelderd.

Deze cytokines zijn morfologisch vergelijkbaar en zetten vergelijkbare intracellulaire 
signaleringsmechanismen aan, die proliferatie van bipotente hematopoëtische 
voorlopercellen induceren, die het potentieel hebben om zowel granulocyten als 
monocyten te vormen. Er werd tot voor kort weinig begrepen over de functionele 
verschillen tussen deze moleculen en algemeen wordt aangenomen dat ze 
vergelijkbare signaaltransductie induceren. Wel is het zo dat IL-3 actiever lijkt te zijn 
op primitieve hematopoëtische cellen in de vroegere stadia van differentiatie, terwijl 
GM-CSF een bredere activiteitsverdeling heeft over de verschillende voorlopercellen.

Het onderzoek naar regulatiemechanismen die betrokken zijn bij door cytokine 
aangestuurde myelopoëse is relevant, enerzijds gezien het belang van deze cellen 
bij hematopoëse en anderzijds vanwge onderzoek gericht op bloedziekten. Dergelijk 
onderzoek kan ons   helpen te begrijpen waarom IL-3 wel wordt geassocieerd met 
acute myeloïde leukemie, terwijl dit voor GM-CSF niet het geval is, en kan het verklaren 
waarom GM-CSF kan worden gebruikt voor het mobiliseren van voorlopercellen in 
perifeer bloed, terwijl dit niet het geval is voor IL-3. Onze gegevens tonen zowel 
overeenkomsten als verschillen aan tussen deze cytokines in hun functies.

De gelijkenis in de eerste stappen van de signalering kan worden verklaard door 
het delen van een gemeenschappelijke β-keten in de receptor, terwijl de functionele 
effecten van IL-3 en GM-CSF wel variëren per cytokine en per hematopoëtische 
populatie, zoals onze gegevens aantonen. Wij laten zien dat hematopoëtische 
stamcellen behandeld met IL-3 voor hun signalering onafhankelijk lijken te zijn van 
Ca2+ en ERK-signalering, terwijl de meer gedifferentieerde tegenhangers op beide 
signaalroutes vertrouwen om kolonievorming te induceren. GM-CSF is voor zijn 
signalering niet afhankelijk van ERK in hematopoëtische stamcellen, terwijl dit voor 
de voorlopercellen wel het geval is.

Interessant genoeg bleek het mogelijk om de verschillen tussen IL-3 en GM-CSF te 
vergroten, door gebruik te maken van ander moleculen die op grote schaal aanwezig 
is in de hematopoëtische omgeving: Wnt-liganden. Wnt-liganden zijn extracellulaire 
moleculen die in toenemende mate worden geassocieerd met hematopoietische 
regulatie. Deze moleculen worden uitgescheiden als lipide-gemodif iceerde 
glycoproteïnen die intracellulaire signalering activeren door aan Frizzled-receptoren 
in het plasmamembraan te binden. De belangrijkste klasse van Wnt-co-receptoren zijn 
de lipoproteïne-receptor-gerelateerde eiwitten 5 en 6 (LPR5/6) met een lage expressie, 
die de activering van β-catenine-afhankelijke signalering op intracellulair niveau 
reguleren. De belangrijkste vertegenwoordiger van Wnt-liganden die gebruik maakt 
van LRP5/6 is Wnt3a en dit ligand evenals de β-catenine-afhankelijke signalering staat 
bekend als canoniek (canonical), wat de meest onderzochte tak van Wnt-signalering is.

Een groot aantal andere intracellulaire routes wordt tevens geactiveerd door 
Wnt-liganden en deze worden niet-canoniek (non-canonical) genoemd wanneer ze 
geen β-catenine-activering gebruiken. De prototypische liganden van niet-canonieke 
Wnt-signalering zijn Wnt5a en Wnt5b, waarvan de functies in de hematopoëse nog 
grotendeels onbekend zijn. De expressie van sommige receptoren zoals Fzd4, Fzd8, 
Ror2 en Ryk (die het doelwit zijn van Wnt5a) verschillen in de primitieve celpopulaties 
(expressie is hoger in LT-HSC’s in vergelijking met ST-HSC’s en voorlopercellen), wat de 
rol van deze liganden in hematopoëse en in primitieve populaties benadrukt. Anderzijds 

A



176 177

Appendices Nederlandse samenvatting

is beschreven dat Wnt5b een rol speelt bij trombopoëse door G-eiwitsignalering te 
activeren, maar er is weinig bekend over andere hematopoietische populaties.

De receptoren voor IL-3, GM-CSF en IL-5 delen een gemeenschappelijke β-keten die 
via interactie met hun liganden intracellulaire signaalpaden kan stimuleren zoals JAK/
STAT, Ras/ERK, PI3K/PKB, PLCγ2 en PKCβ/RACK1 . Wnt-signalering is gekoppeld aan de 
activering van Ras/ERK, PI3K/PKB, PLCγ2 en PKCβ/RACK1 en deze vertegenwoordigen 
allemaal potentiële convergentiepunten in de signaleringsinteracties tussen Wnt5b 
en IL-3/GM-CSF.

Onze gegevens tonen aan dat de aanwezigheid van Wnt-liganden in een omgeving 
met IL-3 en GM-CSF de verschillen tussen deze cytokines versterkt, met name voor 
Wnt5b en zijn rol in myelopoëse. We laten zien dat Wnt5a verrassend weinig effect had 
op myeloïde differentiatie in combinatie met IL-3 of GM-CSF. Wnt5b had daarentegen 
opvallende, maar uiteenlopende effecten op myeloïde differentiatie in combinatie 
met IL-3 en GM-CSF.

Terwijl IL-3-gemedieerde myeloïde differentiatie grotendeels werd onderdrukt 
door Wnt5b, werd GM-CSF-geïnduceerde myeloïde differentiatie juist versterkt door 
Wnt5b. Bovendien versterkte Wnt5b in aanwezigheid van IL-3 de zelfvernieuwing 
van primitieve cellen, terwijl Wnt5b in aanwezigheid van GM-CSF de differentiatie 
versnelde die leidde tot uitputting van de voorlopercellen.

In aanwezigheid van IL-3 zagen we fosforylering van GSK3β, en in kolonies, hogere 
baseline genexpressie van Axin2, een β-catenine-afhankelijk gen, vergeleken met met 
GM-CSF behandelde kolonies. Bovendien werd ook expressie waargenomen van de 
celcyclusmarkers Cdk1 en Cyclin D1, en van de primitieve celmarkers GATA-2 en Ifitm-
1, wat wijst op stimulering van zelfvernieuwing door multipotente voorlopercellen.

In aanwezigheid van GM-CSF hebben we daarentegen een verminderde Axin2-
genexpressie en juist een toename van kolonievorming waargenomen in de eerste 
ronde van de CFU-test, terwijl dit vermogen tot kolonievorming in latere rondes 
afnam, wat wijst op het bevorderen van proliferatie van toegewijde voorlopers. Onze 
veronderstelling is dat primitieve hematopoëtische cellen door Wnt5b kunnen worden 
gestimuleerd om Wnt/β-catenine afhankelijke-signalering te activeren, terwijl dat niet 
geldt voor de meer toegewijde voorlopers.

Het belang van deze bevindingen heeft niet alleen betrekking op de activiteit van 
Wnt5b bij myelopoëse en op de verschillen tussen IL-3 en GM-CSF hierin. Het kan 
ook een rol spelen bij veroudering, omdat beschreven is dat niet-canonieke Wnt-
signalering betrokken is bij hematopoëtische stamcelveroudering. In deze context 
werd bovendien beschreven dat remming van Wnt5-liganden de effecten van 
veroudering kan omkeren. In dit verband hebben we de waargenomen resultaten 
met betrekking tot de effecten van Wnt5b in combinatie met GM-CSF gebruikt om 

het verouderingsproces en de verschuiving naar een meer myeloïde celbeeld (wat 
kenmerkend is voor veroudering), beter te begrijpen.

Gedurende het leven blijken er geleidelijke verschuivingen te ontstaan, waarbij 
de expressieniveaus van Wnt5a in de hematopoëtische stamcellen toenemen. Deze 
geleidelijke veranderingen worden in eerste aanzet al waargenomen op middelbare 
leeftijd, waarbij verhoogde niveaus van Wnt5a, evenals Wnt4, aanwezig waren in 
de primitieve hematopoëtische populatie, zonder dat dit op deze leeftijd duidelijke 
functionele effecten heeft op het bloedbeeld.

Van de toename van Wnt5a-signalering in steeds ouder wordende 
hematopoëtische stamcellen wordt vermoed dat dit tot doel heeft de celcyclus te 
remmen en differentiatie en te remmen, om zo het celpotentieel van de primitieve 
cellen te verhogen. Er zijn aanwijzingen dat Wnt5a β-catenine-onafhankelijke 
signalering veroorzaakt bij de ontwikkeling van een verouderend fenotype. Hierbij 
zijn signalering via Cdc42, actine polymerisatie, Ca2+ signalering en Notch-eiwitten 
betrokken.

Eerdere studies hebben zich gericht op intrinsieke veranderingen in Wnt-
signalering in hematopoëtische stamcellen, maar er is weinig bekend over de invloed 
van Wnt5-signalering op de myeloïde progenitorpopulaties. Progenitorpopulaties 
zijn continu in beweging en zijn onmiddellijk verantwoordelijk voor de vorming van 
volwassen cellen, dus het is van belang om te onderzoeken hoe deze cellen reageren 
op veroudering en veranderingen in niet-canonieke Wnt-signalering. Bovendien is het 
van belang om te onderzoeken of de verschuiving van canonieke naar niet- canonieke 
Wnt-signalering die optreedt met de leeftijd omkeerbaar is met farmacologische 
remming in voorlopers zoals dat wel het geval is voor hematopoëtische stamcellen. 
Onze hypothese was dat er met name een rol zou zijn voor Wnt5b in voorlopers, 
omdat we in onze eigen eerdere studies weinig effecten van Wnt5a waarnamen.

We vonden dat de mRNA-expressie van Wnt5a en Wnt5b met de leeftijd toenam 
in van beenmerg afgeleide hematopoëtische cellen, en dat de expressieverhouding 
van Wnt5a en b ten opzichte van het β-catenine-eiwit afnam met de leeftijd in 
zowel hematopoëtische stamcellen als in voorlopercellen, wat consistent is met 
een verschuiving van canonieke naar niet-canonieke signalering als gevolg van het 
verouderingsproces.

We hebben bovendien geconstateerd dat behandeling met Box5, een Wnt5 
antagonist, een opvallende toename van het vermogen van hematopoëtische 
stamcellen om kolonies te vormen induceerde. Deze opmerkelijke toename 
is waarschijnlijk het gevolg van het instandhouden van het potentieel van de 
hematopoëtische stamcellen of van stimulatie van de celdeling. Dit ondersteunt het 
idee dat toegenomen Wnt5-signalering ook een rol speelt in myeloïde voorlopercellen 
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en bijdraagt aan het verlies aan stamcelpotentieel van deze cellen bij veroudering. 
RNA analyse van verouderde cellen die behandeld zijn met Box5 duidde op remming 
van genen die geassocieerd zijn met myeloïde differentiatie, terwijl signaalroutes 
die geassocieerd zijn met het bevorderen van stamcelpotentieel en verjonging juist 
toenamen.

Deze gegevens suggereren dat het remmen van Wnt5 signalering een nuttige 
therapeutische strategie zou kunnen zijn om het verlies aan hematopoëtisch 
potentieel dat ontstaat met veroudering te kunnen bestrijden. Wen amen echter ook 
waar dat Box5 de expressie van tumorsuppressor genen bevorderde, wat duidelijk 
maakt dat zo’n behandeling niet zonder risico is. Dergelijke stappen kunnen dan ook 
niet worden gezet zonder verdere studies naar de rol van niet-canonieke Wnt-signalen 
bij hematopoëtische stamcelveroudering.

Zoals dit proefschrift mede heeft duidelijk gemaakt, moet het evenwicht tussen de 
intracellulaire signaalroutes die proliferatie en differentiatie regelen, strak gereguleerd 
worden. Als de proliferatie en het potentieel om andere cellen te vormen niet goed 
worden gereguleerd, ontstaan risico’s op de ontwikkeling van kanker. Leukemie 
omvat een reeks diverse kwaadaardige aandoeningen die als gemeenschappelijke 
kenmerk een aanhoudende leukocytose door het beenmerg of het perifeer bloed 
deelt. De oorsprong hiervan is gelegen in getransformeerde cellen met veranderingen 
in genetische en epigenetische kenmerken, resulterend in een overgang naar een 
preleukemische en leukemische status.

Afwijkende Wnt-expressie en -signalering is gerelateerd aan de ontwikkeling en 
het onderhouden van hematopoietische maligniteiten. Veranderingen in β-catenine-
afhankelijke signalering worden gewoonlijk waargenomen bij dit proces; bovendien 
zijn voor het bloed ook veranderingen in Wnt / Ca2+-signalering beschreven.

Samengevat tonen onze huidige studies enkele mogelijke rollen voor Wnt5b aan bij 
myelopoëse, en bij hematopoïetische veroudering. Een dieper inzicht in de moleculaire 
mechanismen waarmee Wnt-signalering deze veranderingen in het bloed veroorzaakt 
zal mogelijk de weg vrijmaken voor de ontwikkeling van innovatieve (combinatie) 
therapieën in de toekomst.



180 181

Appendices Acknowledgements

ACKNOWLEDGEMENTS

First of all, I would like to sincerely thank everyone who was close to me since my 
beginning in the research area. It is a challenging road to take and most of the people 
I found on it were hopeful and enchanted by it. It was beautiful to meet so many 
interesting people and listen to their opinions and histories. One of my beloved songs 
says “[…]E pela lei natural dos encontros, eu deixo e recebo um tanto […]” (in free 
translation: “[…]And by the natural law of meetings, I leave and receive a bit […]” - 
Mistério dos planetas – Novos baianos, 1972), and I hope this is true.

I would like to thank specifically to those who made any contributions to the 
project which gave rise to this thesis, either scientifically or personally. Only with 
these collective supports it was possible to complete this process. I already apologize 
in case I did not mention someone in particular here, as in this point, some memories 
have faded after such journey.

Most of all, I would like to thank my supervisor in the Netherlands, Reinoud 
Gosens, who trusted me, even when I was not so sure if he should. Reinoud not 
only was always present and interested in my project, but also was always giving 
constructive feedbacks in each step – study design, experimental planning, paper 
writing and thesis finalization. Working with you, I learned the structure of scientific 
workflow and how to do a good research, in addition to teaching by example how to 
be a good leader. I am fully indebted for all the experiences and cannot thank you 
enough for the opportunity.

I also would like to thank my supervisor in Brazil, Edgar J. Paredes-Gamero, who 
endorsed my PhD application in 2015 and helped me writing the initial project, as well 
as taught the techniques I used for the entire process. Thank you for all the feedbacks 
in study design, experimental planning and writing stages. Besides, thanks for guiding 
me to look for help when our strategies were not being fruitful, sending me to EMBO 
(European Molecular Biology Organization, Heidelberg, Germany).

Besides the supervisors, I would like to thank the collaborators, without who 
the progress of the present work would be hardened and some ideas would not 
be flourished. Thanks Prof. J. J. Schuringa for the discussions about the ideas and 
results. After the meetings, I always felt provoked and excited to respond all issues 
raised. Thank you Prof. Giselle Z. Justo as well, for all support in the final steps of 
this thesis, and the enthusiastic reactions to the results and conclusions! The cheering 
was definitely essential when tiredness was taking place.

Besides the supervisors, promotors and collaborators, I would like to thank 
the assessment committee for critically reviewing and evaluating my thesis. The 

suggestions and corrections were quite helpful and indeed improved the thesis’ 
quality. I also would like to thank other professors which were close during the thesis 
and contributed to my personal and academic development: Prof. Martina Schmidt 
and Prof. Amalia Dolga. I learned a lot watching how you work and lead your teams.

Thank you Bethania Piva, Xinhui Wu and Inge Krabbendam, my lovely 
paranymphs (or almost), who helped me substantially in the final stages of the thesis! 
Thank you for being so considerate and thoughtful and organizing everything, besides 
being so close during my time in Groningen. My care and friendship for you will be 
something I will take it with me always. I learned a lot from your experiences and loved 
our time together. Never forget to shine, girls!

I also would like to thank my office partners, Haoxiao Zuo, Birgit Honrath and 
John-Poul Ng-Blichfeldt, you were amazing fellow in my daily basis, as well as for 
going out and have a beer in this lovely city Groningen. Same applies to all the other 
coworkers: Angelica Sabogal (a special thanks for all the help in the final phase), 
Pien Goldsteen, Pavan Prabhala, Anneke Schrik, Mariska van den Berg, Loes 
Kistemaker, Eline van Dijk, Melissa van der Veen, Susan Nijboer-Brinksma, 
Carolina Elzinga, Sophie Bos, Annete Zuidhof, Asmaa Oun, Janneke Fekkes-
Koolman, Xuelin Han, Ayha Rahmawati, Navessa Poppinga, Rosa Kortekaas, 
Lars Verkleij, Celine Warries and of course, my Brazilian fellows, Salomão Jorge 
and Isabella Cavalieri! You all taught me a lot with your stories and companionship.

I also learnt a lot with people from UMCG and I appreciate for all the help and 
attention you all gave to me, in special Klaas Sjollema, who always had an amazing 
patience with my moving cells and how difficult was to have images from them. 
Maurien Pruis and Annet Brouwers-Vos, from Schuringa’s group were also quite 
considerate and I am thankful for that.

And of course, I have a lot to thank my close friends that were always ready for a 
beer, whether in Groningen, Bonn, Cologne or Berlin: Mico (Bethania Rossi), Rafael 
Lira, Phillipe Rosa and Michiel van Leeuwen. And also, for those who stayed in 
Brazil, but always close to my heart, in special my parents Cláudia Mastelaro and 
Cássio Lambert, who were always my entire life and were always by my side, since day 
1. All I am and have is due to their roles in my life and I am hugely thankful. Cláudia, 
in special, thanks for come and visit me in Netherlands. You cannot imagine how 
important it was! And I am thankful also for the rest of my family, who was always close 
by and ready for a good glass of wine – My brothers Lucas and Vinícius Rezende, 
my uncle and aunt Claudemir e Quezea Mastelaro and my grandpa Geraldo 
Mastelaro, who welcomed me with a really good caipirinha. And thanks Beatriz Assaf, 
the new household, who waited for my arrival to marry my brother! It was amazing!

A



182

Appendices

My friends in São Paulo were also a huge part of the entire PhD, as we could always 
share experiences, frustrations and expectations (and complain a lot about how life 
was going!): Marcus Vinícius Alves, Marcus Buri, Alessandro Granato, Fernando 
Massinhani, Dorival Rodrigues, Roberto Araújo, Antônio Ribeiro, and those 
who were not captured by the academic life and had way different stories to tell: 
Tokinha (João Antônio Priolli), Zuka (Vinícius Mrad), Henrique Oliveira, Victor 
Righi, Alexandre Chagas, Anderson Sorgatti, João Augusto Ribeiro, Renan 
Padron, Sarah Sanders and Vanessa Kahan. Without forgetting the big friends 
in the country side ( Jundiaí), who were present for more than 10 years in my life and 
who helped to pass through a lot of difficult moments and heard repeatedly about 
my frustrations and failed experiments. Noteworthy, to not be exhausting, I always 
paid attention to complain about different experiments and not the same! Thanks 
Nairobi Bispo, Vinícius Ferroli, Maurina Ferroli, Fábio Pickart, Luigi Marson, 
Felipe Sato and Rafael Rozeta for all the positivity and patience! And a special 
thanks to Flávio Bastos, who is on my side for a few years already and closer than 
anyone in the most recent ones. Thanks for being so lovely and patient, aside to give 
me strength and peace. Thanks for all the torresmo and quiabo in my life. All of you 
had a lot of importance in the process of finishing this thesis and doing my life a little 
lighter, so I thank you all!

And I am also thankful for the new pathways I am being introduced to and all the 
trust Andrea Araújo and Natalia Cury are placing in me. This new journey at Leica 
Biosystems is being amazing and life-changing and I could not be happier. I would like 
to thank Beatriz Maia as well, my new-coworker and who taught me so much in so 
little time. Thanks girls, for being by my side and trust me.

And of course, I would like to acknowledge the financial support of Fundação 
de Amparo à Pesquisa do Estado de São Paulo (FAPESP), which granted me the 
scholarships 2015/24464-1 and 2016/23787-4 and Edgar, the grant 2015/16799-3, 
and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES/Brazil) 
– Finance Code 001.

All the PhD experiences enriched my life and I am definitely different of what I was 
in 2015. The critic and scientific view of life is something I will keep with me, aside to the 
attention with ethics and truth. Hopefully soon facts and science will be fashionable 
again and we will no longer be frightened to fall from the border of the Earth. We are 
all responsible for building a better word.

It was gezellig and I will always fell saudades.

A alegria não chega apenas no encontro do achado mas faz parte do processo 
da busca. E ensinar e aprender não podem dar-se fora da procura, fora da 

boniteza e da alegria. 
(Pedagogia da Autonomia, Paulo Freire, 1996.)

Joy does not only come from the finding, but it is part of the searching 
process. And teaching and learning cannot happen out of demand, out of 

beauty and out of joy 
(Pedadogy of Autonomy, Paulo Freire, 1996)



184

Appendices

CURRICULUM VITAE

ABOUT THE AUTHOR

Marina Mastelaro de Rezende was born in Jundiaí (São Paulo), Brazil on August 10th in 
1989. After finishing her final Project at the Psychobiology Department (Departamento 
de Psicobiologia) of Universidade Federal de São Paulo (UNIFESP – São Paulo / Brazil), 
working on Type II Mucopolyssacaridosis diagnosis, she obtained her bachelor degree 
in Biomedical Sciences at the Universidade Estadual Paulista (UNESP - Botucatu / 
Brazil), in 2011.

Upon graduation, she started her master studies with animal models of 
hyperhomocysteinemia and cognition at Psychobiology Department of Universidade 
Federal de São Paulo (UNIFESP – São Paulo / Brazil). The results of the project 
developed during the period (2012-2014) were published and the thesis was approved 
with minor revisions. In 2015, she started her PhD studies at the Department of 
Biochemistry (Departamento de Bioquímica) at Universidade Federal de São Paulo 
(UNIFESP – São Paulo / Brazil) in close collaboration with Molecular Pharmacology 
Department at the University of Groningen (Groningen, The Netherlands). Her research 
focused on the Non-canonical Wnt ligands in IL-3 and GM-CSF-driven myelopoiesis 
and it is presented in this thesis.



186 187

Appendices List of publications

LIST OF PUBLICATIONS

Full papers

de Rezende, M.M., Ng-Blichfeldt J.P., Justo G.Z., Paredes-Gamero E.J., Gosens R. 
Divergent effects of Wnt5b on IL-3- and GM-CSF-induced myeloid differentiation. Cell 
Signal. Dec 17;67:109507. doi: 10.1016/j.cellsig.2019.109507. 2019.

Mastelaro de Rezende M., Ferreira A.T., Paredes-Gamero E.J. Leukemia stem cell 
immunophenotyping tool for diagnostic, prognosis, and therapeutics. J Cell Physiol. 
Epub ahead of print; 2019.

Alves M.V., Rezende M.M., Julian G., Bedendo A. More than words: Teaching 
Neurosciences by Songwriting. Internacional Journal of Psychology and Neurosc. 
3(11-21); 2017.

de Rezende M.M., D’Almeida V. Central and Systemic Responses to Methionine-
Induced Hyperhomocysteinemia in Mice. PLoS One. 9(8): e105704; 2014.

Rezende M.M., Muller K.B., Pereira V.G., D’Almeida V. Brazilian reference values for 
MPS II screening in dried blood spots - A fluorimetric assay. Clinical Biochemistry. 
47(1297-1299); 2014.

Published abstracts

de Rezende, M.M., Ng-Blichfeldt, J.P., Paredes-Gamero, E.J.P., Gosens, R. Wnt5b 
blocking increases hematopoietic progenitor potential and maintenance in aged mice. 
In: XIX Congress of the Brazilian Society for Cell Biology, 2018, São Paulo. XIX Congress 
of the Brazilian Society for Cell Biology, 2018.

Santos, E.W., Dias, C.C., Rezende, M.M., Fock, R.A., Paredes-Gamero, E.J.P., Borelli, 
P. Protein restriction changes intracellular calcium pathway in murine hematopoietic 
stem cells. In: XXII Semana farmacêutica de ciência e tecnologia, 2017, São Paulo. XXII 
Semana Farmacêutica de Ciência e Tecnologia, 2017.

de Rezende, M.M.; Buri, M.V., Barbosa, C.M.V., Paredes-Gamero, E.J.P. Murine 
hematopoietic cells undergo myeloid differentiation, although maintaining an 
undifferentiated pool after IL-3 and GM-CSF stimuli. In: XVIII Congress of the Brazilian 
Society for Cell Biology, 2016, São Paulo. Anals of XVIII Congress of the Brazilian Society 
for Cell Biology, 2016.

de Rezende, M.M., Leon, C.M.M.P., Barbosa, C.M.V., Miranda, A., Paredes-Gamero, 
E.J.P. Murine hematopoietic stem cell proliferation due to interleukin-3 stimulation. 
In: 23rd Congress of the International Union of Biochemistry and Molecular Biology, 
2015, Foz do Iguaçú. 44th SBBq, 2015.

Rezende, M.M., Puchetti, L.S., D’Almeida, V. . Parâmetros antioxidantes e biométricos 
em modelo animal de hiper-homocisteinemia induzida. In: FeSBE, 2013, Caxambu - 
MG. XXVIII Reunião Anual da FeSBE, 2013.

Rezende, M.M., D’Almeida, V. Biochemical and behavioral consequences of 
hyperhomocysteinemia. In: Society for Neuroscience, 2013, San Diego. Final program 
abstract for Neuroscience 2013, 2013.

Rezende, M.M. , Muller, K.B., Martins, A.M., D’Almeida, V. Diagnosis of 
Mucopolysaccharidosis of a Reference Center Laboratory for Inborn Errors of Metabolism 
(LEIM) - A Brazilian Experience.. In: Annual Meeting of the Society for Inherited Metabolic 
Disorders, 2012, Montreal. Program and Abstracts for the Annual Meeting of the 
Society for Inherited Metabolic Disorders. Amsterdam: Elsevier, 2012. v. 105. p. S54-S54.

Mendonça, L.A.C., Pinheiro, D.F., Rezende, M.M., Vicentini-Paulino, M.L.M., Sartori, 
D.R.S. Desenvolvimento corpóreo e metabolismo lipídico de ratos machos submetidos 
à 50% de restrição calórico-protéica durante a vida intra-utrerina. Efeitos aos 21 e 63 
dias de idade. In: XXV Reunião Anual da Federação de Sociedade de Biologia, 2010, Águas 
de Lindóia. Anais da XXV Reunião Anual da Federação de Sociedade de Biologia, 2010.

A


