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Abstract
Research indicates that childhood leukemia originates in utero during hematopoietic develop-
ment, emphasizing the importance of understanding embryonic hematopoiesis to identify dis-
ruptions leading to diseases such as leukemia. However, studying human embryonic hematopoiesis
in vivo faces significant ethical and technical challenges. As an alternative, embryoid bodies
(EBs) derived from human induced pluripotent stem cells (hiPSCs) offer a promising in vitro
model for studying human developmental processes and hematological diseases. This thesis
evaluates an established EB generation protocol for its efficacy in differentiating hiPSCs into
hematopoietic stem and progenitor cells (HSPCs). Through the application of real-time quan-
titative PCR, this study investigates the activation of the Wnt signaling pathway, marked by
RSPO3 gene expression, assessing its impact on cell fate decisions within the EBs. Key find-
ings reveal that activation of the Wnt pathway not only induces the emergence of endothelial
cells but also facilitates the specification of HSPCs. The robust upregulation of genes such as
SOX17, CDH5, RUNX1, GATA2, and HOXA9 over time validates the progressive develop-
ment of endothelial and hematopoietic lineages. Flow cytometry analysis results also confirm
the emergence of endothelial and blood cell populations. However, the response of differentiat-
ing hiPSCs to Wnt signaling varies between independent experiments, suggesting that further
optimization of the EB generation protocol can be implemented. Overall, the results underscore
the role of Wnt signaling in lineage specification, offering valuable insights into hematopoietic
differentiation and development in a controlled environment.
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1
Introduction

This thesis begins with a background that explores different aspects central to the project. The
background sets the stage for a detailed problem statement that highlights current challenges in
the field, particularly those related to the use of Wnt signaling in the differentiation of human
induced pluripotent stem cells (hiPSCs). Following the problem statement, the aims of the
project are outlined, detailing the specific objectives intended to address these challenges and
advance our understanding of hematopoietic development.

1.1 Background
In this section, relevant background to establish the context of this research project is pre-
sented. An overview of the current understanding of the hematologic disease leukemia is given,
focusing on its etiology and prevalence, specifically in children. This is followed by an outline
of embryogenesis, emphasizing embryonic hematopoiesis which is a critical process for under-
standing hematologic development and disorders. I will then address various methodologies
used to study hematopoiesis, specifically the use of hiPSCs, highlighting key factors that play
important roles in this field of research.

1.1.1 Leukemia: Global Impact and Childhood Leukemia Initiation
Leukemia is a disease group that encompasses different variants of cancers of the white blood
cells, known as leukocytes [1]. These variants are divided into different groups, depending
on how rapidly the abnormal leukocytes proliferate and what origin they have. The more
aggressively developing kind is called acute, and its emergence is thereby quite sudden and
unexpected. The second type, chronic leukemia, emerges gradually while progressing slowly
over months, or even years. Regarding the origin, there are lymphocytic leukemia and myel-
ogenous leukemia which start in the lymphoid cells and myeloid cells, respectively. As such, the
most common subtypes are chronic lymphocytic leukemia (CLL), acute myelogenous leukemia
(AML), chronic myelogenous leukemia (CML), and acute lymphocytic leukemia (ALL), listed
in descending order of prevalence. There are additional leukemia types, for example T-cell
leukemia which arises from mature white blood cells, but these are not as common as the
aforementioned variants.

In 2020, approximately 2.5% of all new cancer incidences were attributed to leukemia, which
amounts to a total of 474,519 new leukemia cases [2]. As for the global mortality rate that year,
3.1% of cancer-related deaths were due to leukemia. It’s worth noting that, when comparing
the age-standardized rates, statistics show that the worldwide variation of incidence was almost
five-fold. For instance, countries with higher income levels had a higher incidence [2]. However,
this could in part be a result of under-reporting of leukemia cases in developing countries. While
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1. Introduction

leukemia affects a broad demographic, it’s particularly concerning in younger populations. Each
year, around 400,000 new cancer cases are diagnosed in children and teenagers (0-19 years)
worldwide [3]. The most prevalent types of leukemia in children are the acute variants, while
chronic leukemias are rarer. Given that leukemia is the predominant cancer type in children
(0-14 years), and cancer is one of the leading causes of child mortality worldwide [4], [5], there
is an urgency to understand childhood leukemia.

In Utero Initiation of Childhood Leukemia

Ever since the hypothesis that childhood leukemia originates prenatally was proposed, support-
ing evidence has accumulated [6]–[8]. Central to the investigation is ALL, the most prevalent
form of childhood leukemia [8]. Studies supporting the hypothesis of an in utero emergence
of ALL include research on identical twins, both of whom developed leukemia. Identical and
unique clonal markers, specifically chromosomal translocations, were identified in the leukemic
cells of both siblings. This finding indicates a prenatal initiation of the disease. A common
translocation involves the histone lysine methyltransferase 2A (MLL) gene, associated with
both ALL and AML [9]. This translocation has a high incident rate in infants, occurring in
approximately 50% of AML cases and 70-80% of ALL cases [6]. Furthermore, studies analyzing
for instance birth blood spots have provided additional insights into the prenatal origins of this
disease by identifying leukemia-associated genetic changes [7], [8].

Although these findings suggest that the initial genetic events leading to acute leukemia occur
in utero, the precise mechanisms and specific origins of these mutations during hematopoietic
development remain elusive. Hence, this area of research continues to expand and evolve,
underscoring the need for ongoing investigations.

1.1.2 Embryogenesis Encompasses Various Processes
Embryogenesis begins when a sperm and an oocyte fuse to create a diploid zygote [10], [11].
Following stages lead to the formation of the blastocyst by embryonic day (E) 5 in humans [11].
The blastocyst includes three specified lineages: the pluripotent epiblast, which is involved in
forming the embryo proper, hence giving rise to all cell types in the body; the extraembryonic
trophectoderm, which gives rise to the placenta; and the extra-embryonic hypoblast, which
contributes to the yolk sac [10]–[12]. Both the pluripotent epiblast and the extra-embryonic
hypoblast are derived from the apolar inner cell mass of the early blastocyst. Each of these
three lineages plays a distinct role in subsequent embryonic and fetal development.

The knowledge about early embryogenesis pre-implantation is quite detailed, yet the under-
standing of human embryo development post-implantation is notably limited [13]. This is
due to various reasons, such as ethical considerations and limitations in available models for
studying embryogenesis. Despite this, historical analyses have provided insights into critical
developmental stages. For instance, it has been observed that implanting blastocysts undergo
key morphological changes, transforming into a disc-shaped embryo [14]. This is often referred
to as the bilaminar embryonic disc and is made up of the pluripotent epiblast and the hypoblast
[15]. This initiates the spatial organization of the dorsal/ventral axis, positioning the pluripo-
tent epiblast dorsally relative to the hypoblast. Subsequent morphological changes involve the
formation of the amniotic cavity and the primary yolk sac at approximately E8. At E10 the
extra-embryonic mesoderm is formed derived from epiblast cells, and by migration leads to the
enclosing of these structures.

2



1. Introduction

Gastrulation is the process that directly succeeds the formation of the bilaminar embryonic
disc and takes place in the third week of development [11], [13], [15]. Gastrulation gives rise to
the definitive endoderm, intra-embryonic mesoderm, and ectoderm, establishing the trilaminar
disc. The initiation of gastrulation is marked by the appearance of the primitive streak. This
streak forms along the embryonic midline and acts as a reference for the subsequent migration
of epiblasts, establishing the anterior-posterior (A-P) axis. These epiblast cells first undergo
the epithelial-to-mesenchymal transition (EMT), to then migrate from the caudal (posterior)
part of the embryo towards the anterior. As a result, the elongation of the embryo is initiated.

The axial elongation of the embryo is a process driven and stabilized by different signaling
pathways, such as the Wnt pathway [16]. This pathway is involved in an extensive number of
processes in embryogenesis [17]. Except for its role in gastrulation [18] by promoting EMT [19],
[20] and the A-P axis definition [21], it is essential in the hematopoietic development, by for
instance regulating hematopoietic stem and progenitor cells (HSPCs) [22].

The canonical Wnt/β-catenin signaling is the most studied branch of the Wnt pathway, where
Wnt glycoproteins are secreted and bind to the Frizzled cell membrane receptor [21] (See Fig-
ure 1). This inhibits the degradation of the transcription co-activator β-catenin by a protein
complex, including proteins such as glycogen synthase kinase 3 (GSK3) [23], thus accumulating
β-catenin in the cytoplasm [21]. This enables the nuclear translocation of the transcription co-
activator where its subsequent binding to the TCF/LEF protein complex initiates transcription
of specific target genes, C-MYC for instance [24].

Figure 1: The Canonical Wnt/β-Catenin Signaling Pathway
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1. Introduction

Illustration of the Wnt pathway, either activated (left) or inactivated (right). When no
Wnt glycoproteins bind to the Frizzled receptor, the pathway is inactivated and the protein
complex, including the GSK3 protein, degrades β-catenin via ubiquitin-mediated proteolysis.
When Wnt binds to the receptor, this degradation is inhibited.

Wnt signaling is enhanced by different proteins, such as RSPO3 which belongs to the R-Spondin
protein family [25]. These proteins have also been shown to be coexpressed with and enhanced
by Wnt proteins, suggesting a positive feedback modulation of the pathway [26].

In defining the A-P axis in humans and other vertebrates, the HOX genes have shown to be key
factors [27]–[29]. This cluster of genes is involved in making sure structures form in the correct
location and order, and it involves 38 genes, including the caudal transcription factor HOXA9
[27], [28]. This gene has also been shown to play an important part in the early hematopoietic
development and in involved HSPCs [30], [31].

In human organogenesis, the three germ layers derived from the gastrulation process give rise
to all organs in the embryo proper [32]. Each germ layer is responsible for specific organs
included in different organ systems. In particular, the mesoderm layer gives rise to cell types
composing the musculoskeletal system, but it also contributes to the formation of the cardio-
vascular system. The mesoderm layer is thereby critical for the hematopoietic development in
the embryo.

Embryonic Hematopoiesis Occurs in Distinct Overlapping Waves

Understanding embryonic hematopoiesis is essential to determine the initiation of hematopoi-
etic disruptions leading to diseases such as leukemia. The process of blood cell development
initiates early in embryonic growth, occurring parallel to and interlinked with key developmen-
tal stages such as gastrulation, elongation, and organogenesis. Research has established that
the hematopoietic system, in humans and other vertebrates, develops in distinct primitive and
definitive waves [33], [34].

Primitive hematopoiesis initiates in the extra-embryonic yolk sac during gastrulation [33], [34].
This process predominantly generates primitive erythrocytes, macrophages, and megakary-
ocytes, derived from mesoderm progenitors [33], [35]. Primitive nucleated erythrocytes are
crucial for distributing oxygen throughout the embryo, especially as it grows larger and dis-
tribution by simple diffusion is no longer sustainable. Macrophages and megakaryocytes are
important for early tissue remodeling and the development of the immune system.

The pro-definitive wave is initiated by the emergence of erythromyeloid progenitors (EMPs) in
the yolk sac’s blood circulation [33], [36], [37]. The EMPs stem from a specialized subset of
endothelial cells, hemogenic endothelium, in a process known as endothelial-to-hematopoietic
transition (EHT) [38], [39]. During EHT, a hematopoietic transcriptional program is initiated
in the hemogenic endothelial cells [40]. This primes the cells for their future hematopoietic
function, and in addition leads to morphological changes. After blood circulation is developed
in the embryo proper, emerging hematopoietic cells migrate to the fetal liver, where EMPs
proliferate and differentiate into more mature erythrocytes, megakaryocytes, and monocytes.

The third wave is known as the definitive wave of hematopoiesis and it is initiated in the
aorta-gonad-mesonephros (AGM) region [33], [34]. As with the pro-definitive wave, it involves
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1. Introduction

EHT, yet at this stage the hemogenic endothelial cells give rise to hematopoietic stem cells
(HSCs) with long-term ability to produce all types of blood cells. However before these emerge,
hematopoietic progenitors which lack this reconstitution ability are produced. When reaching
full potential as HSCs, they relocate to the fetal liver where they grow and expand, before
finally homing to the bone marrow.

There are many different regulators involved in these processes and developmental stages, in-
cluding essential genes SOX17, GATA2, and RUNX1. SOX17 is a gene found to be impera-
tive in promoting the endothelial cells into becoming hemogenic [34]. Research indicates that
SOX17 is not only expressed in these cells but also in emerging HSCs, and it is essential for
their development [41]. Importantly, SOX17 is also a major regulator of the endoderm germ
layer during gastrulation. RUNX1 is crucial for the differentiation of all embryonic blood cell
lineages, particularly in the second and third waves of hematopoiesis, driving the formation
of definitive HSPCs [35], [42]. GATA2, acting upstream to RUNX1 [43], initiates the EHT
in the hematopoietic program [43]. This role is crucial for specifying hemogenic endothelium
and maintaining HSCs [44]. Moreover, studies point to an interplay between SOX17 and the
RUNX1 gene where a decrease in SOX17 expression alongside an increase of RUNX1 marks
the occurrence of the EHT [45].

As previously mentioned, studying human embryogenesis presents various challenges, includ-
ing major ethical concerns (which have led to legal restrictions like the 14-day rule [11]), and
difficulties related to for example the post-implantation stages, where the embryo becomes less
accessible. The subject of blood development is however quite well-established in model or-
ganisms like mice, and this offers an initial, albeit limited, insight into human hematopoiesis.
Advanced technologies, such as stem cell research and single-cell RNA sequencing, enable fur-
ther investigation of the subject of human embryonic hematopoiesis. For instance, a study
conducted in 2022 by Calvanese and colleagues [46] utilized single-cell RNA sequencing to cre-
ate a transcriptome map of human hematopoietic tissues from the first trimester to birth. Their
findings also highlighted HSC factors such as RUNX1, HOXA9, and SPINK2, where SPINK2 is
a more recently found HSC marker. Regarding studies involving stem cells, human pluripotent
stem cells-derived models have proven to be of use.

1.1.3 Pluripotent Stem Cell-Derived Embryoid Bodies as a Model
for Human Development

Via the introduction of a set of genes into adult cells, one can stimulate cells to reprogram and
become pluripotent, thus generating induced pluripotent stem cells (iPSCs) [47]. Pluripotency
indicates the ability to differentiate into almost any cell type, similar to the early embryonic
epiblasts (see Section 1.1.2 above). iPSCs can be used to generate embryoid bodies (EBs), which
are aggregates of pluripotent stem cells, that mimic some part of embryogenesis depending on
the purpose of the research. This enables researchers to study various processes in embryonic
development, thanks to the potential in vitro generated EBs have in giving rise to different
cell types [48], including those involved in hematopoiesis. Studies have shown that there are
different ways of enhancing hematopoiesis and generating HSCs, whereby different protocols
have been established.
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Culturing Techniques and Different Protocols Utilized

Different EB culturing techniques have been developed to enhance specific lineage differen-
tiation, such as hematopoietic differentiation. Techniques range from simple plating using
ultra-low attachment plates to more complex approaches involving U-shaped or V-shaped wells
that help manage cell density and aggregate size. For reproducibility and precision in cell
growth and differentiation, serum-free media are often preferred so that there is better control
over what proteins and supplements are added [49]. As a result of the many varied ways of
culturing EBs, different protocols have been established as the research field has progressed.

In the study of hematopoiesis, particularly in relation to childhood leukemia, generating func-
tional EBs that include cells relevant to hematopoietic development is imperative. The proper
aggregation of hiPSCs is crucial for forming EBs, followed by the promotion of differentiation
into specific cell types, such as mesodermal lineage cells essential for hematopoietic develop-
ment. The EB generation protocol in this project adapts methodologies from two pivotal studies
by Moris et al. (2020) [50], [51], which focus on cell aggregation and the activation of the Wnt
signaling pathway to promote mesodermal lineage and embryo elongation.

The integration of these protocols aims to optimize EB formation to contribute to studies in
hematopoiesis, supported by evaluating the expression of different key genes. Genes such as
RSPO3, SOX17, HOXA9, RUNX1, GATA2, and SPINK2, as displayed in Figure 2. In addition
to SOX17, the gene CDH5 was also included in the analysis as a marker of endothelium [52],
as SOX17 is also expressed in cells of the endoderm germ layer.

Figure 2: Hematopoietic Development During in vitro Differentiation with Wnt
Activation

Overview of the development of HSPCs derived from hiPSCs enhanced by Wnt signal-
ing. Key genes included as markers for different factors and lineages. The three parallel
arrows indicate the overlapping primitive and definitive waves. Created with BioRender.com

Assessing the expression levels of these genes will enable us to track the development and to
evaluate the functional integrity of EBs. The small molecule CHIR99021 (CHIR) is employed
to activate Wnt signaling, marked by RSPO3 expression. CHIR inhibits the GSK3 protein,
thus hindering β-catenin degradation. Wnt activation in turn enhances HSPC development
[22], [51].
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1.2 Problem Statement and Thesis Aims
Despite the advancements in EB culturing and genetic manipulation, significant challenges
remain in generating HSCs with engraftment potential [53]. The broad impact of Wnt signal-
ing can lead to non-specific differentiation, complicating the production of targeted cell types.
Moreover, the precise modulation of Wnt signaling with CHIR, crucial for optimizing differenti-
ation, requires detailed control over timing and dosage to avoid suboptimal outcomes. Finally,
achieving reproducibility in EB generation under these conditions is challenging, as slight vari-
ations in methods and conditions can lead to inconsistent results. To address these issues,
this thesis will employ and evaluate the established protocol to better represent developmental
processes and optimize Wnt signaling, aiming for more accurate and reproducible modeling of
embryo development.

1.2.1 Aim and Related Questions
Building on the challenges identified in the problem statement, this section outlines the specific
aims of the thesis. Each aim is designed to address a particular aspect of the challenges with
generating and optimizing EBs for the study of hematopoiesis. By clearly defining these aims,
the research seeks to systematically tackle the complexities of Wnt signaling modulation and its
effects on cell differentiation within EBs. The following aims and related questions will guide
the experimental work, aiming to enhance the reproducibility, specificity, and effectiveness of
the protocols used.

Aim 1: Confirm Wnt Pathway Activation and Optimize Modulation Conditions

• Can Wnt pathway activation be effectively confirmed in the generated embryoid bodies,
and how do different concentrations of CHIR influence this activation?

Aim 2: Evaluate the Specificity and Efficiency of the Established Protocol

• Does the established protocol consistently give rise to the desired cell types, specifically
endothelial cells and hematopoietic stem and progenitor cells, within the generated em-
bryoid bodies?

Aim 3: Assess the Reproducibility of the Differentiation Protocol

• How reproducible are the differentiation outcomes when utilizing the same established
protocol with consistent CHIR concentrations across multiple experiments?
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2
Methods

The various methods used in this project are presented in the following sections. This includes
detailing of the EB formation protocol and the subsequent analysis methods used to analyze the
outcomes from the experiments where this protocol was employed. In addition, the method of
single-cell RNA sequencing (RNAseq) analysis that was done on a leukemic dataset is presented.
Lastly, an outline of the statistical test utilized when analyzing the significance of the real-time
quantitative polymerase chain reaction (RT-qPCR) results is given.

In the initial phase of this project, samples from Experiment (Exp) IO conducted by Iman
Ouadria (a previous student in the group), were analyzed. At this point in the project, RT-
qPCR was employed to evaluate the gene expression profiles of EBs previously formed in Exp
IO. This task served as a preliminary step, allowing me to familiarize myself with the data
and the analytical techniques involved. Subsequently, I conducted my experiments involving
EB formation and analysis steps, designated as Exp EHB1 and Exp EHB2. The established
protocol was slightly modified after the completion of Exp IO and replicated in my subsequent
experiments (See Section 2.1.3). This approach was implemented to both validate and compare
the results against the results from Exp IO. The modification involves the specific method
implemented when adding the CHIR treatment, which is described further in Section 2.1.3
below.

2.1 Embryoid Body Generation
This part involves the EB generation protocol from culturing hiPSCs, generating EBs, and
harvesting samples for subsequent analysis. The protocol includes time points ranging from Day
(D) -7 to D13, where D0 is the time point where the EBs are formed. The cell line used in this
project is the Cellartis Human iPSC Line 22 (ChiPSC22, Takara Bio Europe AB, Gothenburg,
Sweden). Unless otherwise specified, all cell culture media and other reagents mentioned in the
following sections were obtained from Gibco, Thermo Fisher Scientific (Waltham, MA, USA).

2.1.1 Thawing and Plating of hiPSCs on Laminin Plates
Recombinant Human Laminin-521 was plated according to instructions from the manufacturer,
at a coating concentration of 0.75 µg/cm2. For each experiment (EHB1 and EHB2), two 6-
well plates were coated with laminin, with three wells coated per plate. A total of four plates
were prepared on D-7 of Exp EHB1. One plate was incubated at 37°C for two hours, and the
remaining plates were stored at 4°C for up to two weeks to be used in subsequent steps in
Exp EHB1 and EHB2. Two hours after plating, the laminin solution was aspirated from the
wells of one 6-well plate, and 1 mL of NutriStem hPSC XF Medium (NS Medium) (Sartorius,
Göttingen, Germany) was added to each of the three wells.
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An aliquot of 8 mL NS Medium was prepared and heated to 37°C. A vial of hiPSCs (ChiPSC22)
was removed from -140°C storage and thawed in a 37°C water bath. The thawed hiPSCs were
then gently added to the NS Medium using a pipette, in a drop-wise manner to optimally
separate the cells. After centrifuging at 200xg for 4 minutes, the supernatant was discarded. To
achieve a concentration of 150,000 cells/mL, the cells were counted using Trypan Blue staining
and a Bio-Rad automated cell counter (Hercules, CA, USA), and the necessary volume of pre-
warmed NS Medium was added to the cells. The cell suspension (1 mL per well) was added
to the 6-well plate, distributing the cells evenly across the surface of the dish. The cells were
thereafter incubated for 48 hours at 37°C, in a 5% CO2 incubator. On D-5, post-incubation,
the medium was changed to fresh NS Medium after which the cells were incubated for 24 hours.

2.1.2 Splitting hiPSCs
On D-4, the cells were split to ensure optimal culture conditions, preventing overcrowding
and maintaining the necessary environment for healthy growth and functionality. The compo-
nents used in this step were pre-warmed in a 37°C water bath. These components included:
Dulbecco’s Phosphate Buffered Saline (DPBS) without calcium and magnesium, 2 mL per
well; TrypLe Select Enzyme (TrypLe) without phenol red, 0.5 mL per well; NS Medium for
neutralization and resuspension, 3 mL per well plus extra volume to achieve the desired cell
concentration.

After aspirating the laminin from one of the pre-prepared 6-well plates, 1 mL of NS Medium was
added to each of the three wells. The old medium in the dish with the cells was then aspirated,
and DPBS was added to rinse the wells, which was subsequently aspirated. TrypLe was then
added to each well, followed by incubation at 37°C for 3 minutes. The cells were pipetted up
and down to dissociate them into a single-cell suspension. Then they were carefully transferred
to the NS Medium for neutralization to dilute the TrypLe, ensuring that as few cells as possible
were left on the old plate. After centrifuging the cells at 200xg for 4 minutes at 20°C, the
supernatant was removed, and the cells were resuspended in NS Medium. Trypan Blue staining
was utilized to count the cells in the Bio-Rad automated cell counter. The cell count value was
then used to calculate a cell concentration of 100,000 cells/mL, and the appropriate volume
of NS Medium was added to reach this concentration. Lastly, 1 mL of the cell suspension
was evenly distributed to the 6-well plate already containing medium, and the plate was then
incubated for 48 hours at 37°C in a 5% CO2 incubator. After this incubation period, on D-2,
the medium was changed to fresh NS Medium after which the cells were incubated for 24 hours
under the same conditions.

2.1.3 Cell Aggregation and Embryoid Body Culturing
After 24 hours of incubation, on D-1, the cells were pre-treated with 3 µM CHIR by replacing
the old medium with fresh NS Medium containing CHIR. The cells in one of the three wells
were left untreated to serve as a control sample. This was followed by an additional 24 hours
of incubation of the plate with both pre-treated and untreated cells. Importantly, CHIR was
purchased as a lyophilized powder, which was reconstituted and diluted to stock concentration
in dimethyl sulfoxide (DMSO) (both acquired from Sigma-Aldrich, St. Louis, MO, USA).

The hiPSC aggregation procedure to form EBs was based on the protocol published by Moris
et al. (2020) [50]. Three aggregation media were prepared using Essential 6 (E6) Medium,
differentiated by the concentration of the CHIR-treatment. This was achieved by adding a

10



2. Methods

consistent volume of CHIR (5 µL), diluted in DMSO at varied initial concentrations, to reach
final concentrations of 1.8 µM, 3 µM, or 5 µM. A ROCK inhibitor (Y-27632 dihydrochloride,
from Tocris Bioscience, Bio-Techne, Minneapolis, MN, USA) was also added to the media at
a final concentration of 5 µM. This step involves the modification done in the protocol used
in Exp EHB1 and EHB2, compared to Exp IO. The protocol implemented in Exp IO involved
adding different volumes of CHIR taken from the same stock with an initial concentration of 15
mM. The protocol was then changed to use different stocks of CHIR with varied concentrations,
hence adding a consistent volume of the DMSO carrier to the media instead.

On D0, the pre-treated cells were aggregated to initiate EB formation using the following
procedure. From the 6-well plate, the old medium was aspirated, and the wells were rinsed
with 2 mL of DPBS per well, which was then aspirated. TrypLe (0.5 mL per well) was added,
followed by incubation for 3 minutes at 37°C. The cells were pipetted up and down to dissociate
them into a single-cell suspension, before being collected into 4 mL of DPBS. This was followed
by centrifugation at 200xg for 4 minutes. The supernatant was removed, and the cells were
resuspended in 1 mL E6 Medium (without CHIR) for counting. Both the pre-treated cells and
the untreated cells were counted, as previously described. The volume of cell suspension added
to each of the aggregation media (with CHIR) was calculated to achieve a concentration of 15
cells/µL. Thereafter, 40 µL of this media was pipetted into each well of a U-bottom 96-well
plate, positioning the droplets at the bottom of the well. This resulted in around 600 cells per
well. Five and a half 96-well plates were prepared per CHIR condition for RT-qPCR analysis.
Finally, the plates were centrifuged at 700 rpm for 2 minutes to aggregate the cells at the
bottom of the wells, and then they were incubated for 24 hours at 37°C in a 5% CO2 incubator.

The days following D0 involved specific media changes in all the wells of the 96-well plates,
with each volume of media addition or removal being consistently 150 µL. These operations
were performed from the side of the wells to avoid disturbing the EBs. Between these steps,
the plates were incubated at 37°C in a 5% CO2 incubator. Fresh Essential 6 (E6) Medium
was added on D1, and on D2, the old medium was replaced with an equal volume of fresh E6
Medium. At the time points that followed, up until D13, the protocol for EB culturing was
exchanged for the protocol published by Ditadi and Sturgeon (2016) [54] with some alterations.
The alterations were made to the D3 medium according to Oburoglu et al. (2022) [55], and to
the D8 medium where vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) were supplemented. For details about the media with supplements utilized in
the following steps, see Table A.1. On D3, the media was changed, this time replacing the old
medium with fresh StemPro-34 SFX (SP34)-d3 Medium, which contained 3 µM CHIR and 1
ng/mL Activin A. On D4, a change to fresh SP34-d4 Medium was conducted. After 48 hours,
on D6, the media was again changed, this time to SP34-d6 Medium. On D8 and D10, the
medium was replaced with SP34-d8 Medium containing VEGF.

2.1.4 Harvesting Cells for RT-qPCR
Cells and EBs were harvested during the embryoid body generation Exp EHB1 and EHB2,
at the following time points: D0, D3, D8, and D13. On D0, two samples were collected per
experiment. One sample consisted of untreated cells and the other sample consisted of pre-
treated cells, referred to in Section 3 as before pre-treatment (BPT) and D0, respectively. On
Days 3, 8, and 13, two replicate samples of EBs per CHIR condition were collected, consisting
of independent pools of EBs. This equaled a total of six samples, including duplicates for each
of the time points D3, D8 and, D13 (see Figure 3d).
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BPT and D0 cells were harvested by collecting the medium containing the cells dissociated with
TrypLe (dissociation step as described in Section 2.1.3 above) into separate tubes. EBs were
harvested by the collection of EBs from the 96-well plates for each condition into separate tubes.
Then centrifugation at 200xg for 4 minutes was done. The supernatant was aspirated, and the
pellet was rinsed with DPBS, for each sample. Following another round of centrifugation and
aspiration of the supernatant, the pellet was resuspended in RLT Buffer. The samples were
then vortexed and stored at -80°C.

2.2 RNA Extraction, cDNA Synthesis, and RT-qPCR
Total RNA was extracted using either the RNeasy Micro Kit or the RNeasy Mini Kit (both
acquired from Qiagen, Valencia, CA, USA), depending on the amount of cell material in the
samples. The micro kit was used for D3 and D8 samples, while the mini kit was used for BPT,
D0, and D13 samples. Complementary DNA (cDNA) synthesis was conducted by reverse
transcribing the RNA with either QuantiTect Reverse Transcription Kit (Qiagen, Valencia,
CA, USA) or the SuperScript III First-Strand Synthesis System with random hexamer primers
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturers’
instructions.

RT-qPCR was performed with the SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA)
using a 7900 HT Fast Real-Time PCR System in a 96-well plate format (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). Primers for the RT-qPCR were designed using
the NCBI Primer-BLAST tool to ensure specificity to the target sequences, with primer effi-
ciency validated prior to experiments. All primers except for the ones used to evaluate CDH5
expression were designed by Iman Ouadria. The ones for CDH5 were designed by me. Primer
sequences and details are summarized in Table A.2.

Each RT-qPCR reaction mixture consisted of 5 µL of SsoFast EvaGreen Supermix, 0.5 µL of
each primer (10 µM), 2.5 µL of cDNA template, and 1.5 µL of nuclease-free water to a final
volume of 10 µL. The SOX17 primers were added in half volume, with the other half as nuclease-
free water for optimal amplification of this gene. Each sample was analyzed in triplicate in the
RT-qPCR. The cycling conditions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, 40
cycles of denaturation at 95°C for 15 seconds, and annealing/extension at 60°C for 1 minute.
A melting curve analysis was conducted post-amplification to verify the specificity of the PCR
products. The protocol included: 95°C for 15 seconds, 60°C for 15 seconds, and lastly 95°C for
15 seconds.

Optimization of the Primer Pairs Utilized in the RT-qPCR

Primer pairs designed prior to the start of this project were optimized by Iman Ouadria. Op-
timization was done via RT-qPCR with hiPSC cDNA dilution series, and primer efficiencies
were calculated by the standard curve method (see Table A.2 for efficiencies). The optimiza-
tion also included dissociation curve evaluation for each primer, to ensure specific amplification.
HOXA9 primer pair efficiency could not be determined. However, by evaluating the dissocia-
tion curve during optimization and also during the RT-qPCR analysis of the samples, specific
amplification was ensured.

For RSPO3 and CDH5, some unspecific amplification was observed. Due to this, the primers for
these genes were further optimized by doing RT-qPCR on a cDNA dilution series using cDNA
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from hiPSCs, followed by a calculation of primer efficiency by the standard curve method (see
Figure S1). The results from this displayed that unspecific amplification occurred when the
cDNA content was too low. This was taken into account in the continued RT-qPCR analysis,
by re-running reactions that displayed unspecific amplification using a reduced cDNA dilution
factor.

2.2.1 RT-qPCR Data Handling and Gene Expression Quantification
RStudio (v.4.3.1, R Foundation for Statistical Computing) was used to sort the data produced
from the RT-qPCR analysis. This was done by removing data unnecessary to the analysis,
ordering the data in a uniform way to make the analysis more efficient, and removing any
outliers from the amplification. Outliers were identified by evaluating the amplification and
dissociation plots from the RT-qPCR. When unspecific amplification or otherwise diverging
data was observed, these were excluded from the analysis (see Figure S2 for representative
dissociation curves for both specific and unspecific amplification). In addition to the data
sorting, RStudio was also used to calculate the average value of the RT-qPCR triplicate data
for subsequent analysis steps.

The code used for both sorting and analyzing data can be viewed via the following link: https:
//github.com/ElinHilpoldBerntsson/MasterThesis_ReferenceCode.git. This code was
specifically used to sort and analyze Exp IO data. Here it is used as a reference code for all
experiments, as the code used in Exp EHB1 and EHB2 analysis was of similar structure, only
with some changes to fit the data optimally.

Relative gene expression levels were quantified using the 2-∆Ct method, normalized to the
expression of housekeeping genes. Housekeeping genes used were glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and β-actin (ACTB). An average of the Ct values of the housekeeping
genes was used for a more reliable and robust analysis. Fold changes in gene expression were
calculated using the 2-∆∆Ct (Livak) method, where values between experimental and control
groups were compared. The formulas utilized to calculate both relative expression and fold
change are presented below.

The 2-∆Ct Method

In order to calculate the relative expression of each gene included in the RT-qPCR, the following
formulas were used. First the ∆Ct is calculated, followed by an exponentiation by 2 to get the
relative expression.

∆Ct = Ct (target) − Ct (reference) (2.1)

Relative expression = 2−∆Ct (2.2)

Here, target stands for target gene and reference represents housekeeping gene.

The Livak Method: A Simplified Version of the Pfaffl Method

The Pfaffl method offers a precise approach to RT-qPCR fold change quantification by account-
ing for variations in the efficiency across different primers [56]. It employs the actual efficiencies
of primers for both target and reference genes, utilizing the following formula:
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Fold change = (Etarget)∆Ct(untreated−treated)

(Ereference)∆Ct(untreated−treated) (2.3)

Where untreated and treated signifies untreated sample and treated sample, respectively. This
calculation provides an accurate measurement of gene expression levels by adjusting for the
specific amplification efficiencies, which is essential for reliable quantification.

In the present report the Livak method was employed, which simplifies the analysis by assuming
optimal primer efficiencies, standardized at an efficiency of 2. This results in the formula 2-∆∆Ct,
simplified as follows:

Fold change = 2∆Ct,target(untreated - treated)

2∆Ct,reference(untreated - treated) (2.4)

= 2−((Ct,target(treated)−Ct,target(untreated))−(Ct,reference(treated)−Ct,reference(untreated))) (2.5)

= 2−∆∆Ct (2.6)

where ∆∆Ct is the difference in ∆Ct values between treated and untreated samples, noted as
the fold change. ∆Ct is the threshold cycle difference between the target and reference genes,
as a measurement of relative expression as detailed above.

2.3 Flow Cytometry
The EBs were harvested on D8 and D13 for flow cytometry analysis, by transferring them from
the 96-well plates into 15 mL conical tubes. Each well was washed with DPBS, and the wash
was added to the corresponding tubes. After settling, the supernatant was transferred to new
15 mL tubes equipped with mesh (Filcon strainers). The original tubes were washed again with
DPBS, which was then also transferred to the mesh tubes.

Dissociation protocols differed between the two harvest times. At D8, 0.5 mL of TrypLe was
added to each tube. The tubes were gently tapped to mix and then incubated at 37°C for 3
minutes. This mixing and incubation cycle was repeated three times until complete dissociation
of the EBs. Following dissociation, the contents were washed with DPBS and transferred to
the mesh tubes. At D13, 1 mL of Liberase TM solution was added directly to the EB tubes,
followed by incubation at 37°C for 20 minutes, with intermittent tapping to mix. Mechanical
fragmentation was facilitated by gentle pipetting. After this, the supernatant was transferred
to the mesh tubes. The remaining EBs were suspended in TrypLe, incubated, and tapped as
described for D8. After three cycles, the supernatant was again transferred to the mesh tubes,
leaving a residual volume for mechanical dissociation via gentle pipetting. Tubes were then
washed with DPBS, and all contents were transferred to the mesh tubes.

After the dissociation, the tubes were centrifuged at 200xg for 7 minutes, and the supernatant
was aspirated. Cells were resuspended in 100 µL of FACS buffer (DPBS containing 2% fetal
bovine serum). Cell counts were performed using Trypan Blue with the Bio-Rad counter, noting
the real volume of each sample. Cells were then resuspended in 1-3 mL of FACS buffer and
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centrifuged at 300xg for 5 minutes. The supernatant was discarded, and cells were treated with
the block master mix for subsequent analysis.

Before sample staining and flow cytometry were conducted, different components were prepared.
The single stains were prepared by adding a drop of pre-mixed beads to 100 µl of FACS buffer
in each bead tube, excluding the Fc block. Then the antibodies were added, see Table A.3
for specifics regarding these. For the Fluorescence Minus One (FMO) controls, 20-30% of the
remaining cells were pooled, estimating about 10,000 cells per antibody. A master mix for the
antibodies and Fc block was also prepared. To each sample and FMO, 30 µl of Fc block master
mix was added. For the unstained controls, 300 µl of FACS buffer, containing double the cells
relative to the FMOs, was added. 50 µl of FACS buffer was added to the FMOs along with any
prepared FMO mixes. Antibodies were introduced into the antibody master mix, and FMOs
as needed. Finally, 50 µl of the antibody master mix was distributed into each sample.

The samples were stained for 30 minutes or more. 3 mL of FACS buffer was added to each
stained tube and then the tubes were centrifuged at 200xg for 4 minutes. The supernatant was
aspirated carefully and then 200 µL FACS buffer was added to the tubes. Thereafter the flow
cytometry was conducted utilizing the BD LSRFortessa with the BD FACSDiva Software (BD
Biosciences, Franklin Lakes, NJ, USA). The flow cytometry data was analyzed, and the gating
strategy was done in FlowJo (v.10.10, BD Biosciences).

2.4 Single-cell RNAseq Analysis of a Leukemic Dataset
To analyze gene expression within leukemic cells, a Uniform Manifold Approximation and
Projection (UMAP) plot was generated using a comprehensive single-cell RNA-seq dataset
from a transgenic mouse model of AML with an MLL translocation [57]. This mouse model
expressed a human EIF6 transgene by a doxycycline (DOX)-responsive promoter, and the
dataset includes 8 samples where four are under DOX condition and four are of NO-DOX
condition.

The UMAP was plotted using the ScarfWeb platform (Nygen Analytics), an online tool tailored
for analyzing single-cell RNAseq data. Initially, cells of low quality were excluded based on
different parameters, such as transcripts per cell (Figure S3). This was followed by the identi-
fication of highly variable genes, which contribute most to the variability between cells (Figure
S4). Although different batch corrections were considered to address technical variability, it
was ultimately decided to proceed without applying any batch correction.

The UMAP method visualizes single-cell data by reducing its dimensionality, where each point
represents a cell. Cells with similar gene expression profiles tend to cluster together, indicating
similarity. UMAPs effectively highlight local affinities, especially where clusters are directly
adjacent to each other. However, broader interpretations should be approached with caution,
as distance in a UMAP space does not necessarily correlate with similarity.

2.5 Data Plotting and Statistical Analysis
The plots displaying RT-qPCR and flow cytometry data in this thesis were created with the
GraphPad Prism 10 Software (v.10.2.2, Dotmatics). The results shown represent mean ±
standard deviation (SD). Two-way Analysis of Variance (ANOVA) was employed as a statistical
test of the RT-qPCR and flow cytometry data. Here, the Tukey multiple comparisons test was
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utilized. The results from the statistical test were included on the bar plots. Asterisks indicate
levels of statistical significance (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001).
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3
Results

This section presents the results obtained from the various analytical methods utilized in this
project. Initially, an overview of the experimental protocol is provided, detailing the sample
distribution, relevant gene markers, and their hypothesized expression patterns within the
generated EBs. Subsequent sections go further into the gene expression results, discussing
each gene of interest in the context of its role in the specific signaling pathway or lineage
determination.

To put the gene expression analyzed in this project into a broader context regarding embry-
onic developmental processes, a UMAP from Pijuan-Sala et al. [58] is utilized. This UMAP
visualizes cellular differentiation from pluripotent state in mouse embryos from E6.5 to E8.5.
It captures the dynamic changes and lineage specification of pluripotent epiblast cells as they
diverge into ectodermal, mesodermal, and endodermal lineages, encompassing the key phases
of gastrulation and early organogenesis.

Additionally, the UMAP generated from a comprehensive single-cell RNA-seq dataset derived
from AML cells (Section 2.4) is included to illustrate the expression patterns of the genes of
interest within the leukemic cellular landscape.

The UMAP visualizations are repeatedly presented in the following sections, with specific genes
plotted to highlight their potential roles and interactions in the broader contexts mentioned.
This serves to bridge the gene expression analyses with detailed datasets, enhancing the un-
derstanding of the genes’ functions in varied biological settings, as described more in depth in
Section 1.1.2.

3.1 Wnt Signaling: Impact on Cell Morphology and
Lineage Emergence in Embryos

To investigate the effect of Wnt activation on the emergence of desired cell lineages in hiPSC-
derived EBs, an established experimental protocol was implemented as described in Section
2.1. Figure 3a outlines the timeline and major steps of this protocol, from thawing and plating
hiPSCs to the downstream steps such as treatment with CHIR, EB formation, cell harvesting,
and subsequent RT-qPCR analysis. This full workflow was replicated in Exp EHB1 and EHB2
to assess reproducibility.

The morphology and the progress of culturing of the hiPSCs were evaluated during the period
leading up to EB formation (Figure 3b). The hiPSCs prior to the pre-treatment exhibited
elongated and pointy morphologies, characterized by sharp, angular cell borders and extended
projections. This phenotype is typical for undifferentiated stem cells before the influence of
lineage-specifying signals takes place [59]. Following the application of CHIR, a notable tran-
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sition in cell morphology was observed (D0 PT). The cells appeared less elongated and the
previously sharp projections became somewhat subdued, as the cellular outlines became more
rounded. This morphological change is consistent with the onset of differentiation processes,
likely driven by the activation of the Wnt signaling pathway via CHIR treatment.

On D0 in the EB formation phase, cells were treated with CHIR at concentrations of 1.8 µM,
3 µM, and 5 µM, to evaluate the effect of Wnt signaling. The growth patterns following EB
formation under these conditions are documented in Figures 3c and S5. Microscopic analysis
at various time points showed that the EBs in all three conditions displayed significant growth
and compactness. However, no pronounced differences in elongation or overall size were ob-
served between the EBs treated with 1.8 µM and 3 µM CHIR. Notably, the EBs exposed to 5
µM CHIR initially followed a similar morphological pattern but diverged by D13, presenting
as somewhat smaller and with signs of cells dispersing from the main body of the EB. These
dispersed cells potentially represent differentiated cell types, possibly blood cells, suggesting a
differential response to the higher concentration of CHIR.

Figure 3: Experimental Workflow, Key Analysis Steps, and Sample Outline

a, Schematic illustration of the workflow and timeline for EB generation, cell harvesting
and subsequent analysis steps. CHIR was added on three separate time points as indicated
in the Figure. The text in black represents an addition of 3 µM of CHIR, while the text in
red represents and addition of 1.8, 3, or 5 µM of CHIR as experimental conditions. Created
with BioRender.com b, Representative microscopy images at 4X magnification of hiPSCs
shown at three days before pre-treatment (D-5, D-4, D-1) and after pre-treatment (D0),
all preceding EB formation. c, Representative microscopy images at 4X magnification of
developing hiPSC-derived EBs at Days 1, 3, 8, 10, and 13 post-EB formation (notated as
D1, D3, D8, D10, and D13).
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Dispersed cells indicated by the red arrow. Note: Scale bars represent 1 mm. d, Table of the
sampling framework for Experiments IO, EHB1 and EHB2, detailing the number of samples,
including replicates, collected. See also Table A.4 e, Table of RT-qPCR gene markers and
their relevance to the study. f, Timeline of the expected emergence of Wnt activation and cell
lineages. Created with BioRender.com

Throughout the experimental protocol, the produced samples captured the state of the cells
and/or EBs at critical time points, specifically before BPT, and on D: 0, 3, 8, and 13. The
distribution of samples and replicates collected at these time points across all three experiments
(Exp IO, EHB1, and EHB2) are detailed in Figure 3d. Samples from Exp IO, along with those
produced in Exp EHB1 and EHB2, were all used in RT-qPCR analysis to assess gene expression
profiles. To enhance the robustness of the dataset, particularly for untreated hiPSCs, two
additional BPT samples generated in other experiments were also analyzed by RT-qPCR and
included in the data analysis of Exp EHB1 and EHB2 datasets. For more details about the
samples, see Table A.4.

The emergence of specific cell lineages in the EBs was evaluated by amplifying targeted gene
markers via the RT-qPCR analysis. The primary focus was on genes that are central in the
activation of the Wnt signaling pathway and the differentiation into endothelial and HSPCs.
Specifically, RSPO3 was analyzed for its role in Wnt signaling; SOX17 and CDH5 were assessed
for the emergence of endothelial lineage; and RUNX1, GATA2, HOXA9, and SPINK2 were
examined for their involvement in HSPC development (Figure 3e). These genes not only serve as
markers for these overarching factors but also play significant roles in more specialized cellular
functions, which are described in more depth in Section 1.1.2.

The initial hypothesis regarding pathway activation and specific lineage emergence was for-
mulated during the analysis of RT-qPCR results using samples from Exp IO. This analysis
provided foundational insights into gene expression patterns that informed subsequent adjust-
ments to the analytical methods, such as the introduction of an additional specific marker
(CDH5 ) in Exp EHB1 and EHB2. This aimed to refine the understanding of endothelium
lineage emergence, ensuring more accurate conclusions concerning this aspect.

The RT-qPCR analysis was expected to show distinct patterns of gene expression over time,
indicating specific lineage emergence as demonstrated in the timeline depicted in Figure 3f.
For instance, an early and notable increase in RSPO3 expression was anticipated, indicative
of Wnt pathway activation by the addition of CHIR. SOX17 and CDH5 were thought to
have an evident increase in expression following this, suggesting the presence of endothelium
lineage, thereafter potentially leading to HSPC emergence via the endothelial-to-hematopoietic
transition (EHT).

The gene expression results from RT-qPCR analysis for all markers are presented in the sub-
sequent sections, primarily displayed as fold change relative to the hiPSC control group (BPT
samples). Specifically, results from Exp IO are presented in parallel to the combined results
from Exp EHB1 and EHB2, enabling a comparative analysis. Additionally, pooled data from
all three experiments is presented with statistical testing to provide a comprehensive overview
of the observed patterns.
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3.2 RSPO3 Expression Indicates Wnt Signaling Activa-
tion and Lineage Specification in Embryoid Bodies

The expression of RSPO3, as anticipated, showed an upregulation following CHIR addition
at D0, which activates the Wnt signaling pathway closely associated with this gene (Figures
4a, b). This increase was more evident in Exp EHB1 and EHB2. Notably, the response to
CHIR at D3 in Exp IO was distinct, showing a more pronounced increase in expression at
higher CHIR concentrations compared to the relatively uniform response across conditions in
Exp EHB1 and EHB2. In Exp IO, RSPO3 expression for the two lower CHIR concentrations
continued to increase until D8, peaking at this time point. In contrast, in Exp EHB1 and EHB2,
RSPO3 expression peaked earlier at D3. After reaching their respective peaks, the expression
levels either stabilized or slightly declined in all experiments. However for the 5 µM condition,
a diverging pattern was displayed in all three experiments, with a significant decline at D13
(Figure 4c).

Figure 4: RSPO3 Expression in Experimental Data and Lineage Associations

a, RSPO3 expression measured by RT-qPCR in Exp IO over time. BPT with n=1,
and remaining time points with n=2 for each. b, RSPO3 expression in Exp EHB1 and EHB2
over time. D0 with n=2, and remaining time points with n=4 (2 independent experiment)
for each. Black arrow: 3 µM CHIR. Red arrow: 1.8, 3 or 5 µM CHIR. c, Combined
RSPO3 expression from Exp IO, EHB1, and EHB2, with n=6 per time point. Plots display
log2(2-∆∆Ct). Values represent mean ± SD. Asterisks indicate levels of statistical significance
as determined by two-way ANOVA and Tukey multiple comparisons test (*p≤0.05, **p≤0.01,
***p≤0.001, ****p≤0.0001). d, UMAP of single-cell RNAseq data of mouse gastrulation and
early organogenesis from [58], colored by Rspo3 expression level. Embryonic cell populations
with notable Rspo3 expression are outlined in red. NMP: Neuromesodermal progenitors. See
also Fig. S6. e, UMAP of single-cell RNAseq data of a mouse model of MLL-fusion leukemia
from [57], colored by Rspo3 expression level. See also Fig. S7a.
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The UMAP shown in Figure 4d illustrates significant Rspo3 expression in several key cell
lineages, particularly those associated with the mesoderm, such as blood progenitors, hema-
toendothelial progenitors, and endothelium. It also indicates Rspo3 ’s involvement in the endo-
dermal lineage. The observed increase in RSPO3 expression (Figures 4a-c), where CHIR was
used to activate Wnt signaling, suggests a potential enhancement or initiation of differentiation
processes within these highlighted lineages. Given the significant role of Wnt signaling in the
development and differentiation of endothelial and HSPC lineages, an elevation in RSPO3 ex-
pression could indicate that these processes are being actively promoted within the generated
EBs.

Interestingly, in contrast to the Rspo3 expression in the UMAP depicting gastrulation and early
organogenesis, the UMAP based on the leukemic dataset shows an almost nonexistent Rspo3
expression (Figure 4e). Wnt signaling pathways are crucial in various cancers, including AML,
for maintaining the stemness and survival of cancer cells, especially leukemia stem cells (LSCs)
[60], [61].

In spite of the near absence of Rspo3, prominent expression levels of other Wnt pathway markers
such as Ctnnb1 (β-catenin) and c-Myc (Figures S7d, e), suggest that Wnt pathway is activated.
However, Rspo3 might be expressed in niche cells not included in this dataset.

These results indicate an activation of the Wnt signaling pathway in the generated EBs, al-
though it may not necessarily be sensitive to a higher CHIR concentration (Figures 4a-c). As
demonstrated by Figure 4d, the Rspo3 expression is prominent in crucial cell lineages related to
hematopoiesis. This points to the role Wnt signaling plays in initiating hematopoietic lineages.

3.3 Endothelial Lineage Emergence in Embryoid Bodies
The expression of SOX17 increased after pre-treatment with CHIR, with a more notable in-
crease observed in Exp EHB1 and EHB2 at D0, compared to Exp IO (Figures 5a, b). In
Exp IO, SOX17 expression varied more across CHIR conditions, whereas in Exp EHB1 and
EHB2, the expression followed a more uniform pattern. This suggests different effects of CHIR
between these experiments. Across all experiments, SOX17 expression significantly peaked at
D8, followed by a decrease, particularly in the 5 µM CHIR condition (Figure 5d).

CDH5 expression in Exp EHB1 and EHB2 followed a similar pattern to SOX17, with an initial
increase post D0 and a significant peak at D8. The highest expression decline was observed in
the 5 µM condition by D13, as shown in Figure 5e.

The UMAPs (Figures 5g, h) highlight the cell lineages associated with Sox17 and Cdh5 ex-
pression in embryonic development. While Sox17 serves as an endothelium marker, the UMAP
confirms its additional involvement in various endodermal lineages, as detailed in Section 1.1.2.
The results of CDH5, analyzed together with SOX17 in Exp EHB1 and EHB2, verify the emer-
gence of endothelium lineage in the EBs. Although similar assumptions might be made for Exp
IO, the absence of CDH5 in the analysis of these samples prevents a definitive confirmation
from being made.

When analyzing the expression of Sox17 in the leukemia dataset, no significant data was avail-
able to map. The UMAP in Figure 5f shows an almost absent expression of Cdh5. These results
are in line with the dataset only comprising blood cells, hence the lack of evident endothelium
expression. Nevertheless, given that Cdh5 also marks a subset of HSCs [62], the expression
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observed in this map may reflect the presence of these cells.

Figure 5: Expression Profiles of Endothelial Markers

a-e, RT-qPCR analysis of SOX17 (a, b, d) and CDH5 (c, e) over time in Exp IO,
EHB1, and EHB2. a, SOX17 in Exp IO, with n=2 for each time point except for BPT
(n=1). b, c, Expression of SOX17 (b) and CDH5 (c) in Exp EHB1 and EHB2, with n=4
(2 independent experiments) for each time point, except for D0 (n=2). Black arrow: 3 µM
CHIR. Red arrow: 1.8, 3 or 5 µM CHIR. d, Pooled data for SOX17 expression from all
three experiments, with n=6 per time point. e, CDH5 expression in Exp EHB1 and EHB2
presented as a bar plot, n=4 (2 independent experiments) per time point. Plots display
log2(2-∆∆Ct). Values represent mean ± SD. Asterisks indicate levels of statistical significance
as determined by two-way ANOVA and Tukey multiple comparisons test (*p≤0.05, **p≤0.01,
***p≤0.001). f, UMAP of single-cell RNAseq data of a mouse model of MLL-fusion leukemia
from [57], colored by Cdh5 expression level. See also Fig. S7a. g, h, UMAPs of single-cell
RNAseq data of mouse gastrulation and early organogenesis from [58], colored by Sox17 and
Cdh5 expression level, respectively. Embryonic cell populations with notable gene expression
are outlined in red. ExE: Extra-embryonic. See also Fig. S6.
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The results presented highlight the significant associations of SOX17 and CDH5 in endothelial
cell differentiation within EBs. As described in Section 1.1.2, endothelial cells play a crucial role
in the EHT. The emergence of the endothelium lineage, as indicated by these results, suggests
that the development of HSPCs might have been promoted, potentially giving rise to the blood
cell lineage.

3.4 Complementary Dynamic of Markers for Blood
Lineage Specification

The expression of RUNX1 in Exp EHB1 and EHB2 followed a similar trend to that observed in
Exp IO, with an initial increase following time point BPT, a decrease at D3, and a subsequent
rise at D8 (see Figures 6a, b). Notably, the increase from D3 to D8 was more pronounced in Exp
EHB1 and EHB2 compared to Exp IO. Moreover, all conditions demonstrated an upregulation
at D13, unlike in Exp IO. This variation contributed to significant variability in the pooled
data at D13, as shown in Figure 6c. Significant changes in RUNX1 expression were observed
at D8 and D13 relative to D3 in the combined data, indicating enhanced activity of this gene
as the generation of the EBs progressed.

Concerning GATA2, divergent expression patterns were observed in Exp IO across conditions,
compared to the more consistent trends in Exp EHB1 and EHB2 (Figures 6d, e). In Exp
IO, lower CHIR concentrations led to an initial increase in expression after D3, whereas in
the 5 µM condition, the increase occurred earlier. Post-D8, expression stabilized in the 3 µM
condition and declined in the higher concentration settings. In contrast, Exp EHB1 and EHB2
showed a continuous increase in GATA2 expression, peaking at D13 (Figure 6e). The combined
data shown in Figure 6f reveals substantial variability in expression levels at D3; however, a
significant rise was observed between D3 and D13 for the lower CHIR concentrations.

As outlined in Section 1.1.2, there is an interlinked relationship between RUNX1 and GATA2
in the hematopoietic development. This connection can be seen in Exp IO, where the expression
patterns of both genes exhibit similar trends at D0 and forward (Figures 6a, d). However, this
pattern is less evident in Exp EHB1 and EHB2. In these experiments, the expression of RUNX1
and GATA2 displays a potentially complementary rather than parallel relationship. When
one gene increases, the other either stabilizes or is downregulated. This interaction confirms
previous findings regarding these genes, where downregulation of RUNX1 leads to upregulation
of GATA2 [43]. Nevertheless, both genes show statistically significant upregulation over time
in the lower CHIR conditions (Figures 6c, f).

The similarities between Runx1 and Gata2, regarding their expression in different cell lineages,
are displayed in Figures 6g, h. When mapping the gene expressions in the UMAP represent-
ing gastrulation and early embryogenesis, both showed expression in blood progenitors and
erythroid lineages. This underlines their relevance as markers for HSPCs, specifically blood
cell lineage, as presented in Section 1.1.2. Both genes also displayed expression in for instance
endoderm lineages, indicating a broader involvement in the embryogenesis. Notably, Gata2 ex-
pression was also indicated in the endothelium and hematoendothelial progenitors. This aligns
with its role in the EHT, where it acts as an early marker in the emergence of HSCs.
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Figure 6: Expression Profiles of Blood Lineage Markers

a-f, RT-qPCR analysis of RUNX1 (a, b, c) and GATA2 (d, e, f) over time in Exp IO,
EHB1, and EHB2. a, d, Expression of RUNX1 (a) and GATA2 (d) in Exp IO, with n=2
for each time point except for BPT (n=1). b, e, Expression of RUNX1 (b) and GATA2
(e) in Exp EHB1 and EHB2, with n=4 (2 independent experiments) for each time point,
except for D0 (n=2). Black arrow: 3 µM CHIR. Red arrow: 1.8, 3 or 5 µM CHIR. c, f,
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Pooled data for RUNX1 expression (c) and GATA2 expression (f) from all three experiments,
with n=6 per time point. Plots display log2(2-∆∆Ct). Values represent mean ± SD. Asterisks
indicate levels of statistical significance as determined by two-way ANOVA and Tukey multiple
comparisons test (*p≤0.05, **p≤0.01). g, h, UMAPs of single-cell RNAseq data of mouse
gastrulation and early organogenesis from [58], colored by Runx1 and Gata2 expression levels,
respectively. Embryonic cell populations with notable gene expression are outlined in red.
ExE: Extra-embryonic. See also Fig. S6. i, j, UMAPs of single-cell RNAseq data of a mouse
model of MLL-fusion leukemia from [57], colored by Runx1 and Gata2 expression levels,
respectively. See also Fig. S7a.

Runx1 expression was observed in the leukemia dataset, most evident in clusters representing
more mature hematopoietic cells, as shown in Figures 6i and S7b. The expectation of Gata2
expression in the less mature cells, as it is an early HSC marker, did not prove right. As
displayed by Figure 6j, Gata2 did not exhibit notable expression in these leukemia samples.
Keeping in mind that the analysis is done on leukemia cells, this might have had an impact in
the Gata2 expression being downregulated. Additionally, due to the complementary dynamic
of these genes, Gata2 might be downregulated in the cells where Runx1 is expressed instead.

Both RUNX1 and GATA2 are commonly implemented markers in gene expression analysis
for evaluating HSPCs and blood cell lineage emergence. The data presented indicates a com-
plementary relationship between these genes, consistent with prior research. Findings have
also shown that GATA2 functions upstream of RUNX1 as an early marker in the emergence
of HSCs [43], which aligns with the expression mapping in the UMAPs presented in Figures
6g, h. The expression analysis of Exp EHB1 and EHB2 indicates this relationship. After
the pre-treatment priming of the EBs, the expression at D0 and forward suggests an earlier
upregulation of GATA2, with a later subsequent increase of RUNX1 (Figures 6b, e).

3.5 Differential Impact on Caudal Transcription Factor
Across Experimental Conditions

The expression of HOXA9 in Exp IO displayed variability between CHIR conditions not seen in
Exp EHB1 and EHB2, as illustrated in Figures 7a, b. In Exp IO, higher concentrations of CHIR
promoted increased HOXA9 expression, while the expression levels were more consistent across
different CHIR conditions in Exp EHB1 and EHB2. When analyzing the pooled data, a pattern
was observed where higher CHIR concentrations consistently enhanced HOXA9 expression at
each time point (Figure 7c). Despite this trend, the variability in HOXA9 upregulation between
Exp IO and the other experiments contributed to a high variance in the combined results,
particularly for the 5 µM condition at D8 and D13.

The UMAP analyses in Figures 7d, e demonstrate the diverse expression patterns of HOXA9
across stages of embryogenesis and in leukemia, respectively. As presented in Section 1.1.2,
HOXA9 serves as a marker for HSPCs and caudal transcription. This association is evident
in Figure 7d, where Hoxa9 expression is detected in various mesodermal lineages, including
caudal mesoderm. In the leukemia dataset, Hoxa9 expression is more uniformly distributed,
observed in both mature and immature hematopoietic cells (Figures 7e and S7d, e).
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Figure 7: Expression Profile of Caudal Transcription Marker

a, HOXA9 expression measured by RT-qPCR in Exp IO over time. BPT with n=1;
remaining time points with n=2 for each. b, HOXA9 expression in Exp EHB1 and EHB2
over time. D0 with n=2, and remaining time points with n=4 (2 independent experiments)
for each. Black arrow: 3 µM CHIR. Red arrow: 1.8, 3 or 5 µM CHIR. c, Combined
HOXA9 expression from Exp IO, EHB1, and EHB2, with n=6 per time point. Plots display
log2(2-∆∆Ct). Values represent mean ± SD. Asterisks indicate levels of statistical significance
as determined by two-way ANOVA and Tukey multiple comparisons test (*p≤0.05). d,
UMAP of single-cell RNAseq data of mouse gastrulation and early organogenesis from [58],
colored by Hoxa9 expression level. Embryonic cell populations with notable gene expression
are outlined in red. ExE: Extra-embryonic, NMP: Neuromesodermal progenitors. See also
Fig. S6. e, UMAP of single-cell RNAseq data of a mouse model of MLL-fusion leukemia
from [57], colored by Hoxa9 expression level. See also Fig. S7a.

These results suggest that CHIR promotes HOXA9 expression, as demonstrated by the increase
in expression following the addition of CHIR. Notably, higher concentrations of CHIR led to
more pronounced upregulation, a result only observed in Exp IO data. This pattern may
indicate that a higher CHIR concentration drives more significant differentiation towards caudal
mesoderm lineages, an association illustrated in Figure 7d. However, such effects cannot be
determined for Exp EHB1 and EHB2, where the influence of CHIR is less pronounced across
different conditions.

3.6 HSPC Marker SPINK2 Showed Almost Unchanged
Expression

Figure 8a presents the expression of SPINK2 in Exp IO. The gene was observed to increase
slightly before being downregulated at later time points, particularly for the 5 µM condition.
The UMAP plot of gastrulation and early organogenesis (Figure 8b) displayed Spink2 to be
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predominantly expressed in the epiblast lineage. No particular pattern of Spink2 expression
could be seen in the leukemia dataset, as plotted in Figure 8c.

Figure 8: Expression Profile of SPINK2 as HSC Marker

a, SPINK2 expression measured by RT-qPCR in Exp IO over time. BPT with n=1;
remaining time points with n=2 for each. Black arrow: 3 µM CHIR. Red arrow: 1.8, 3 or 5
µM CHIR. Plots display log2(2-∆∆Ct). Values represent mean ± SD. b, UMAP of single-cell
RNAseq data of mouse gastrulation and early organogenesis from [58], colored by Spink2
expression level. Embryonic cell populations with notable gene expression are outlined in
red. See also Fig. S6. c, UMAP of single-cell RNAseq data of a mouse model of MLL-fusion
leukemia from [57], colored by Spink2 expression level. See also Fig. S7a.

These results suggest that SPINK2 might be restricted to a smaller subset of HSCs, as indicated
by the almost unchanged expression level of the gene across conditions. This is in line with
previous findings which have shown SPINK2, a less established HSPC marker, to be a expressed
in an HSC subset [46]. The association with the epiblast lineage might also point to SPINK2
being a marker for pluripotency. An additional consideration is that as RT-qPCR is a bulk
analysis method, this might not capture the expression of the gene in the HSCs within the EBs
in an optimal way.

Given the limited variation in SPINK2 expression in Exp IO, for the subsequent experiments
(EHB1 and EHB2) it was decided to replace SPINK2 with CDH5 analysis. This was made in
order to have a specific endothelial marker, to assess whether SOX17 expression indicated the
development of endothelium rather than that of endoderm.

3.7 Relative Expression of Genes Underlines Hypothesis
about Lineage Emergence

Figures 9a-c display the relative expression of all markers utilized in the RT-qPCR analysis
across all three experiments combined. The relative expression of RSPO3 increased significantly
until D3, followed by a slight stabilization and then a decrease. This trend was more evident for
the two higher concentrations as illustrated by Figures 9b, c. Notably, the relative expression for
SOX17 and CDH5 followed a similar trend, with a peak at D8 across all conditions. Similarly,
RUNX1 and GATA2 exhibited consistent trends across all CHIR concentrations. RUNX1
reached a higher relative expression at D0 compared to GATA2, but by D3, GATA2 surpassed
RUNX1 in expression, with both genes peaking at D13. The relative expression of HOXA9 was
highest at D3, except in the 3 µM condition, and decreased at subsequent time points. SPINK2,
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included in the Exp IO data analysis as an HSC marker, showed a relative expression diverging
from the other genes. As SPINK2 is expressed in epiblasts it might mark for pluripotent
cells. The observed decrease in SPINK2 expression after D0 across all conditions may therefore
indicate a loss of pluripotency.

Figure 9: Relative Expression of All Genes in Pooled Data

a, b, c, RT-qPCR analysis showing pooled relative expression of gene markers RSPO3,
SOX17, RUNX1, GATA2, HOXA9, SPINK2, and CDH5 under different CHIR treatments
in Exp IO, EHB1, and EHB2. Time points: BPT with n=5; D0 with n=4; and EBs at D3,
D8, and D13 with n=6 for each. Exceptions are SPINK2 with n=1 for BPT and n=2 for
remaining time points, and CDH5 with n=2 for D0, and n=4 for remaining time points.
Panels a, b, and c correspond to conditions treated with 1.8µM, 3µM, and 5µM CHIR,
respectively. Black arrow: 3 µM CHIR. Red arrow: 1.8, 3 or 5 µM CHIR. Values represent
mean ± SD. Plots display log2(2-∆Ct) levels of pooled data from Exp IO, EHB1 and EHB2.

The expected lineage emergence hypothesized, as displayed in Figure 3f, appears to be validated
by these results. The initial increase in expression of RSPO3 after pre-treatment with CHIR
precedes the other gene markers. This is followed by an emergence of endothelium lineage,
indicated by increased expression of SOX17 and CDH5 by D3, across all conditions except the
5 µM condition. Subsequently, markers of HSPC rose, suggesting a transition from endothelial
to hematopoietic lineage.

3.8 Endothelial and Blood Lineages Confirmed by Flow
Cytometry

In order to verify the results produced from the RT-qPCR analysis, flow cytometry was done
to evaluate the protein expression profiles of the cells. Via this analysis method, blood and en-
dothelial cell populations were evaluated. Blood cells were gated using the pan-hematopoietic
markers CD43 and CD45, while endothelial cells were marked by VE-cadherin (CDH5). In
Figure 10a the gating strategy for these populations is presented using the 3 µM condition at
D8 and D13 as reference. For the full gating strategy of the same reference sample, see Figure
S8. The blood cells significantly increased, and the endothelial cells significantly decreased over
time, displayed in Figures 10b and 10c as percentages of the live cell population, respectively.
Notably, the 5 µM CHIR condition exhibited a greater magnitude of change in both cell popula-
tions between the two time points. This is also seen in the percentage of blood cells comparing
the conditions at D13.
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Figure 10: Flow Cytometry Analysis of Endothelial and Blood Cell Populations

a, Representative flow cytometry gating strategy for identifying blood (upper plots)
and endothelial (lower plots) cell populations on D8 and D13 in the 3 µM condition (Exp
EHB2). Blood cells are identified within the live cell population using CD45 and CD43
markers. Endothelial cells are gated within the CD45- CD43- population, further identified
with VE-Cadherin as marker. Target populations highlighted in red. b, c, Percentage
of blood cells (b) and endothelial cells (c) within the live cell population at D8 and D13
across the three conditions, with n=4 for both time points. Values represent mean ± SD.
Asterisks indicate levels of statistical significance as determined by two-way ANOVA and
Tukey multiple comparisons test (*p≤0.05, ****p≤0.0001).

These results confirm the emergence of endothelial and blood cell populations as indicated by
the RT-qPCR analysis. Specifically, the blood cell population increased over time, a trend
that was consistently observed in both the gene expression and protein expression assays.
In contrast, the endothelial cell population showed a peak at day 8 in the RT-qPCR data,
confirmed by flow cytometry, with a decline by day 13. Interestingly, the difference in cell
populations between conditions was more pronounced in the flow cytometry data, as opposed
to the lineage emergence suggested by the gene expression measurements.
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4
Discussion

This section starts off with a main discussion in regard to the results presented in this thesis.
Thereafter, some limitations to the project are addressed. Finally, different wider implications
are explored, relating to possible future work that can be implemented to continue the research
of the project.

4.1 Main Discussion in Relation to the Project Aims
The discussion is centered around the aims of the project and the related questions, as presented
in Section 1.2.1. For each question, the results will be discussed in an overarching manner.

Aim 1: Confirm Wnt Pathway Activation and Optimize Modulation Conditions

• Can Wnt pathway activation be effectively confirmed in the generated embryoid bodies,
and how do different concentrations of CHIR influence this activation?

In all experiments, RSPO3 was upregulated after the addition of CHIR, which verifies an acti-
vation of the Wnt signaling pathway in the generated EBs. Hence leading to the differentiation
of cells and lineage emergence as confirmed by the remaining gene expression results. Endothe-
lial lineage emerged, as marked by SOX17 and CDH5, as well did the remaining HSPC markers
indicate that subsequent hematopoiesis arose within the EBs.

Exp IO data displayed a notable effect between conditions. The expression of RSPO3 was
however not varied between conditions at all time points post-CHIR addition. The most evident
difference was seen directly after D0, showing an effect to CHIR, which was then less pronounced
when the same concentration of treatment was added at D3. This indicates that the different
levels of CHIR had an effect on Wnt signaling in this experiment, as the RSPO3 expression
became more consistent when 3 µM CHIR was added to all EBs.

Looking more specifically at the effect of CHIR, and therefore possibly Wnt signaling, the
upregulation of HOXA9 and SOX17 in Exp IO showed an inverted relationship between con-
ditions. A higher CHIR concentration significantly upregulated HOXA9 and downregulated
SOX17. These results suggest that higher concentrations of CHIR enhance differentiation to-
wards mesoderm lineages such as HSPCs, while lower concentrations promote differentiation
towards endothelial cells.

In conclusion, the Wnt signaling pathway was activated within the EBs in all three experiments.
The variance between conditions was less pronounced in Exp EHB1 and EHB2 than in Exp
IO, nevertheless, Wnt signaling was activated and subsequent lineages emerged as promoted by
the signaling pathway.
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Aim 2: Evaluate the Specificity and Efficiency of the Established Protocol

• Does the established protocol consistently give rise to the desired cell types, specifically
endothelial cells and hematopoietic stem and progenitor cells, within the generated em-
bryoid bodies?

The evaluated genes were upregulated in the generated EBs, reflecting successful lineage dif-
ferentiation. Notably, the endothelial lineage emerged and peaked by D8 in all experiments,
validated by the expression of SOX17 and CDH5. This reflects the specificity of the established
protocol in consistently giving rise to the desired endothelium lineage. Significant upregulation
was observed across all experiments for the HSPC genes as well. However, there was a notable
variability in the expression levels of some HSPC markers between experiments, particularly
HOXA9, RUNX1, and GATA2.

HOXA9 gene expression indicated differentiation towards hematopoietic lineages and a possi-
ble A-P axis definition [28]. In Exp IO the effect of CHIR on HOXA9 expression was more
pronounced, while in Exp EHB1 and EHB2, the conditions had less effect. In the later ex-
periments HOXA9 expression declined at later time points. This might have had an impact
on elongation, as suggested by the uniformly spherical morphology of the EBs (Figures 3c and
S5).

Interestingly, as HOXA9 decreased in Exp EHB1 and EHB2, RUNX1 and GATA2 levels in-
creased. This increase was also more evident in these experiments in contrast to Exp IO, where
the upregulation of RUNX1 and GATA2 was less pronounced, while HOXA9 was more upreg-
ulated at later stages. This shift might suggest that, in Exp EHB1 and EHB2, genes involved
in blood cell lineage development were more prominently upregulated than those involved in
caudal transcription.

As verified by protein expression assays through flow cytometry analysis, both endothelial and
blood cell lineages were successfully derived within the EBs. Consistent with expectations,
endothelial cells predominated at earlier stages, exhibiting a higher population across all condi-
tions by D8 compared to D13. In line with this, the population of blood cell lineage increased
steadily, reaching its peak at the final time point on D13. Notably, as discussed in Results
Section 3.8), the differences in blood cell populations between conditions at D13 were more
pronounced than those suggested by RT-qPCR results. This discrepancy likely stems from the
function of RT-qPCR as a bulk analysis technique, which can dilute individual gene expression
variations. This sets the stage for why flow cytometry is a valuable tool to incorporate, as it
provides a single-cell analysis perspective to accurately profile dynamic cellular processes within
the EBs.

Ultimately, while the specificity of the protocol in inducing the same HSPC lineages showed
some variation between Exp IO, and the Exp EHB1 and EHB2, all experiments demonstrated
the emergence of HSPCs over time. Notably, the low variance observed in gene expression in
the Exp EHB1 and EHB2 dataset, suggests a specificity of the protocol to give rise to desired
hematopoietic lineages in these later experiments.

Aim 3: Assess the Reproducibility of the Differentiation Protocol

• How reproducible are the differentiation outcomes when utilizing the same established
protocol with consistent CHIR concentrations across multiple experiments?

The gene expression profiles from Exp IO displayed notable variability between CHIR conditions
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when compared to Exp EHB1 and EHB2, indicating differences in experimental outcomes. In
Exp IO, the expression of the genes was more affected by the experimental conditions compared
to Exp EHB1 and EHB2.

The variation between experiments could be attributed to several factors, such as the modifica-
tions in the protocol regarding the CHIR addition method at D0. As described in Section 2.1.3,
varying volumes from the same CHIR stock (15 mM) were used in Exp IO, which seems to have
introduced more pronounced variability in the treatment effects. In contrast, in Exp EHB1 and
EHB2, a standardized volume addition of CHIR stocks of different initial concentrations was
employed.

Other critical factors to consider are the analytical methods employed and the variability intro-
duced by different operators conducting the same protocol. As mentioned, while bulk analysis
techniques such as RT-qPCR provide a cumulative view of gene expression across a population
of cells, they can mask individual cell behaviors and subtle dynamics within the cell population.
Regarding the latter factor, Exp IO was carried out by a previous student, while I conducted
Exp EHB1 and EHB2. Subtle differences in protocol execution might have been introduced
due to this, contributing to the observed variations in gene expression.

All things considered, the established protocol utilized in the lab group as of now seems to be
specific and efficient in the differentiation of HSPCs, producing similar results indicative of a
reproducible experimental protocol.

4.2 Limitations of the Project
Throughout this project, various analytical methods were employed to evaluate the protocols
and the generated EBs. Although the analyses were comprehensive, certain limitations were
imposed due to time constraints.

For the relative quantification of RT-qPCR data, a simplified version of the Pfaffl method was
used (the Livak method). This approach presumes optimal primer efficiency at 100%, yet the
accepted range of primer efficiencies is 90-105% [56]. After primer optimization, some of the
primers used in this project had efficiencies outside of the accepted range. By evaluating the
dissociation curves for each primer after each RT-qPCR analysis, specific amplification was still
carefully controlled and determined. Nevertheless, it would have been interesting to employ
the more precise Pfaffl method parallel to the simplified Livak method as a way to evaluate
each method and the results generated.

Additionally, the marker for CDH5 expression was introduced only in Exp EHB1 and EHB2 to
confirm the emergence of endothelial cells. It would have been beneficial to include RT-qPCR
analysis using this marker in the Exp IO dataset as well, to verify the endothelial lineage.
Unfortunately, time constraints limited the scope of these investigations as well.

4.3 Wider Implications and Future Directions
Throughout this thesis, the modulation of Wnt pathway activity using CHIR, and its effect on
cell differentiation, have been central. The roles of different genes in evaluating lineage emer-
gence have also been crucial. These aspects are particularly significant because they directly
contribute to our understanding of hematopoietic processes, which are pivotal in the strive
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to understand hematopoietic disruptions. As highlighted in Section 1.1, hiPSC-derived EBs
serve as a critical model system for studying leukemia. Therefore, optimizing these systems
is an essential step forward in advancing our understanding and developing interventions for
hematopoietic disorders.

Firstly, studying Wnt signaling further would give a deeper insight into how it promotes blood
development. This could for instance be done by optimizing the addition of CHIR in regard
to the timing and concentration of the CHIR addition in the protocol. Besides this, instead
of studying the RSPO3 expression, it would be interesting to look into other Wnt signaling
markers that might prove more optimal. Another perspective would be to investigate the cell
membrane receptors of Wnt proteins, namely the different Frizzled proteins or the lipoprotein
receptor-related protein (LRP) [63], as a way to evaluate the signaling activation. Similarly,
studying the secreted Wnt proteins would be a possible way forward.

Additionally, some of the genes of interest to the project have been shown to play essential
roles in leukemia. For instance, findings have shown that RSPO3 and HOXA9 are tightly
connected to certain leukemia types [64]. As RSPO3 enhances Wnt/β-catenin signaling, it is
critical for leukemia stem cell self-renewal, particularly in AML with MLL translocations which
are notably prevalent in infants. HOXA9 is often overexpressed in AML, acting as a poor
prognostic indicator and contributing to leukemic transformation. Incorporating these factors
in future work could advance targeted strategies for treating leukemia.

Continuing on the perspective of leukemia and other possible ways to further study this
hematopoietic disruption, it would be interesting to generate EBs utilizing hiPSCs carrying
childhood leukemia-associated mutations. By doing so, the EBs could serve a dual purpose.
Besides being used to study hematopoiesis and optimize HSPC production, the EBs could also
provide crucial insights into the initiation and progression of leukemia

Both gene expression analysis by RT-qPCR and protein expression assay via flow cytometry
were employed in this thesis, each offering distinct advantages. While flow cytometry provides
valuable single-cell insights into specific cell populations, it is limited to the specific antibodies
available. To gain a deeper understanding of the cellular dynamics within the EBs, employing
scRNA-seq could be highly beneficial. This could provide a richer and more nuanced un-
derstanding of cellular processes and differentiation patterns in the context of hematopoietic
development in the EBs.

Lastly, utilizing the EBs in the development and production of HSCs with long-term engraft-
ment potential is an important future direction to take this research. As noted in the literature,
the expansion of HSCs remains a critical challenge due to their limited growth potential and
tendency to differentiate in culture [53]. There is potential to overcome these hurdles by im-
plementing the expansion of HSCs utilizing EBs. This approach could in the future make use
of the controlled differentiation environment of EBs to maintain and even expand HSCs under
serum-free and well-defined conditions.

In conclusion, this project is tied to a range of different wider implications, and the various
approaches to develop the research further are many. Whether it is looking further into the
genes that have been utilized to evaluate the generated EBs, the Wnt signaling pathway as a
key hematopoiesis enhancer, or the actual EBs serving as model systems for blood develop-
ment, various directions can be taken to deepen our understanding of the processes involved in
embryonic development.
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Table A.1: Table displaying components added to each SP34 Medium

Medium Component Final concentration

SP34-d3

Glutamax 1x
Ascorbic acid 50 µg/mL

Transferrin (30 mg/mL) 150 µg/mL
BME 1000X 55 µM

VEGF 15 ng/mL
bFGF 5 ng/mL
CHIR 3 µM

Activin A 1 ng/mL

SP34-d4

Glutamax 1x
Ascorbic acid 50 µg/mL

Transferrin (30 mg/mL) 150 µg/mL
BME 1000X 55 µM

VEGF 15 ng/mL
bFGF 5 ng/mL

SP34-d6

Glutamax 1x
Ascorbic acid 50 µg/mL

Transferrin (30 mg/mL) 150 µg/mL
BME 1000X 55 µM

VEGF 15 ng/mL
bFGF 5 ng/mL
SCF 200 ng/mL
EPO 4 IU/mL
IL6 20 ng/mL
IL11 10 ng/mL
IGF1 50 ng/mL

SP34-d8

Glutamax 1x
Ascorbic acid 50 µg/mL

Transferrin (30 mg/mL) 150 µg/mL
BME 1000X 55 µM

VEGF 5 ng/mL
bFGF 5 ng/mL
SCF 100 ng/mL
EPO 2 IU/mL
IL6 10 ng/mL

Continued on next page
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Table A.1 – Continued from previous page
Medium Component Final Concentration

IL11 5 ng/mL
IGF1 25 ng/mL
TPO 30 ng/mL
Flt3L 10 ng/mL
IL3 30 ng/mL

Table A.2: Table displaying details regarding forward and reverse primers for each gene
evaluated in the RT-qPCR analysis. This includes primer sequence, melting point, GC content,
length of each primer, product size, and efficiency. ND: Not determined.
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SOX17 Forward GGACCGCACGGAATTTGAAC 60.11 55.00 21.00 127 109Reverse GGACACCACCGAGGAAATGG 60.68 60.00 21.00

CDH5 Forward CCATTGAGACAAACCCCGCC 61.60 60.00 20.00 138 84Reverse CGGGAGGGCTCATGTATCGG 62.16 65.00 20.00

RUNX1 Forward GGTCGAAGTGGAAGAGGGAAAA 60.22 50.00 22.00 61 117Reverse GCGGTGGGTTTGTGAAGACA 61.10 55.00 20.00

GATA2 Forward CCTGTTGTGCAAATTGTCAGACG 61.09 47.83 23.00 121 147Reverse GTCAGTGGCCTGTTAACATTGTG 60.30 47.83 23.00

HOXA9 Forward ACAATGCTGAGAATGAGAGCGG 61.00 50.00 23.00 65 NDReverse GTTGGCTGCTGGGTTATTGGG 61.84 57.14 21.00

SPINK2 Forward TCTGTGCATGAAAATCAGGGAA 58.23 40.91 22.00 116 97Reverse TAGTCTGCCAGTGAAGGTGG 59.02 55.00 20.00

RSPO3 Forward GAGTGTGTCAGTATTGTGCACTG 59.81 47.83 23.00 106 126Reverse CCCGTGTTTCAGTCCCTCTTT 60.20 52.38 21.00

ACTB Forward GCCAACCGCGAGAAGATGAC 61.70 60.00 20.00 87 135Reverse CAGGGATAGCACAGCCTGGA 61.34 60.00 20.00

GAPDH Forward GAGTGTGTCAGTATTGTGCACTG 59.81 47.83 23.00 106 109Reverse CCCGTGTTTCAGTCCCTCTTT 60.20 52.38 21.00
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Figure S1: Standard Curves from RSPO3 and CDH5 Optimization

a, b, Standard curves for RSPO3 and CDH5. The calculated amplification efficiencies
are indicated in each plot.

Figure S2: Representative Dissociation Curves for Unspecific and Specific
Amplification

a, b, Plots showing the dissociation curve for RUNX1. a, The curves displaying two
peaks indicate unspecific amplification. b, The uniform dissociation curves with the singular
peak indicate specific amplification.

Table A.3: Table displaying antibodies used to stain samples for flow cytometry, anti-
body clones, company where the antibodies were acquired from, and final dilution factor

Antibody Conjugate Clone Company Dilution Factor
CD144 (VE-Cad) PerCP/Cy5.5 55-7H1 BD Pharmingen 1:50

CD73 PE AD2 BD Pharmingen 1:100
CD43 APC/Cy7 1G10 BD Biosciences 1:50

CD45 FITC HI30 eBioscience (ThermoFisher) 1:50
DAPI Solution - BD Biosciences 1:100
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Figure S3: Exclusion of Low Quality Cells

Figure display the interface of the ScarfWeb online tool for excluding low quality cells.
The violin plots illustrates the distributions of transcripts per cell, genes per cell, mitochon-
drial counts (%), and ribosomal counts (%), respectively. Low-quality cells are excluded
based on thresholds set for each parameter, as indicated by the sliders. After filtering, 41,427
cells were selected for further analysis.

Figure S4: Selection of Highly Variable Genes for UMAP Analysis

Figure displays the interface of the ScarfWeb online tool for the selection of highly
variable genes. The plot displays the relationship between mean expression and corrected
variance of genes in a single-cell dataset, colored by the number of cells expressing each
gene (nCells). Genes are selected as highly variable genes based on thresholds set for mean
expression and variance, avoiding extremes to ensure robust data representation.
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Figure S5: Microscopy Images of Generated Embryoid Bodies for Each Condition

Microscopy images at 4X magnification of developing hiPSC-derived EBs at Days 1, 3,
8, 10, and 13 post-EB formation (notated as D1, D3, D8, D10, and D13). Dispersed cells
indicated by the red arrow. Note: Scale bars represent 1 mm.
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Table A.4: Table displaying for each sample: concentration of CHIR used, volume RLT added
when harvesting cells, total volume of the RNA sample after RLT addition, RNA quantification
results (concentration and absorbances), kit used to synthesize cDNA, dilution factor applied
to synthesized cDNA sample, and estimated cDNA concentration
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EHB1 D0 BPT 350 400 143.70 1.99 1.95 QuantiTect 1:20 4.45
EHB2 D0 BPT 350 400 234.00 1.99 2.07 QuantiTect 1:20 7.24
EHB1 D0 PT 350 400 404.30 2.03 1.98 QuantiTect 1:20 12.51
EHB2 D0 PT 350 400 127.40 1.97 1.54 QuantiTect 1:20 3.94

EHB1 D3.1 1.8 µM CHIR 75 200 120.40 1.98 1.38 SuperScript III 1:5 9.61
EHB1 D3.2 1.8 µM CHIR 75 230 70.40 2.00 1.82 SuperScript III 1:20 1.41
EHB1 D3.1 3 µM CHIR 75 130 212.10 1.99 1.91 SuperScript III 1:20 4.23
EHB1 D3.2 3 µM CHIR 75 200 20.40 1.90 1.31 SuperScript III 1:20 0.41
EHB1 D3.1 5 µM CHIR 75 220 47.40 1.78 1.33 SuperScript III 1:5 3.79
EHB1 D3.2 5 µM CHIR 75 230 140.80 1.99 1.82 SuperScript III 1:20 2.81
EHB2 D3.1 1.8 µM CHIR 75 180 220.70 2.05 1.56 QuantiTect 1:20 4.56
EHB2 D3.2 1.8 µM CHIR 75 180 177.50 2.06 0.74 QuantiTect 1:20 3.67
EHB2 D3.1 3 µM CHIR 75 180 196.50 2.08 0.67 QuantiTect 1:20 4.06
EHB2 D3.2 3 µM CHIR 75 180 220.50 2.06 1.68 QuantiTect 1:20 4.55
EHB2 D3.1 5 µM CHIR 75 180 152.10 2.00 2.05 QuantiTect 1:20 3.43
EHB2 D3.2 5 µM CHIR 75 180 159.60 2.02 2.12 QuantiTect 1:20 3.60
EHB1 D8.1 1.8 µM CHIR 75 120 120.50 1.99 1.98 QuantiTect 1:20 3.13
EHB1 D8.2 1.8 µM CHIR 75 120 65.70 1.96 1.10 QuantiTect 1:20 2.03
EHB1 D8.1 3 µM CHIR 75 110 39.50 2.03 0.96 SuperScript III 1:20 0.79
EHB1 D8.2 3 µM CHIR 75 110 53.80 2.06 1.45 SuperScript III 1:20 1.07
EHB1 D8.1 5 µM CHIR 75 120 45.90 2.02 1.09 QuantiTect 1:20 1.42
EHB1 D8.2 5 µM CHIR 75 120 45.70 2.08 0.09 QuantiTect 1:20 1.41
EHB2 D8.1 1.8 µM CHIR 75 105 143.90 2.03 0.75 QuantiTect 1:20 3.35
EHB2 D8.2 1.8 µM CHIR 75 105 100.10 1.97 2.05 QuantiTect 1:20 2.78
EHB2 D8.1 3 µM CHIR 75 105 119.10 1.98 1.14 QuantiTect 1:20 3.31

Continued on next page
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Table A.4 – Continued from previous page
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EHB2 D8.2 3 µM CHIR 75 105 148.20 2.00 1.59 QuantiTect 1:20 3.45
EHB2 D8.1 5 µM CHIR 75 105 85.50 2.07 0.14 QuantiTect 1:20 2.65
EHB2 D8.2 5 µM CHIR 75 105 80.70 1.94 0.55 QuantiTect 1:20 2.50
EHB1 D13.1 1.8 µM CHIR 350 400 22.70 1.85 1.42 QuantiTect 1:5 1.60
EHB1 D13.2 1.8 µM CHIR 350 400 14.20 2.08 0.55 QuantiTect 1:5 1.00
EHB1 D13.1 3 µM CHIR 350 400 31.90 1.97 1.35 QuantiTect 1:20 0.56
EHB1 D13.2 3 µM CHIR 350 400 41.40 1.95 1.83 QuantiTect 1:20 0.73
EHB1 D13.1 5 µM CHIR 350 400 40.40 1.93 1.18 QuantiTect 1:20 0.71
EHB1 D13.2 5 µM CHIR 350 400 15.70 1.83 1.10 QuantiTect 1:5 1.10
EHB2 D13.1 1.8 µM CHIR 350 400 30.10 1.89 1.35 QuantiTect 1:20 0.53
EHB2 D13.2 1.8 µM CHIR 350 400 36.50 1.96 1.78 QuantiTect 1:20 0.64
EHB2 D13.1 3 µM CHIR 350 400 74.20 2.00 1.91 QuantiTect 1:20 1.30
EHB2 D13.2 3 µM CHIR 350 400 76.10 1.98 1.82 QuantiTect 1:20 1.34
EHB2 D13.1 5 µM CHIR 350 400 206.30 2.06 2.04 QuantiTect 1:20 1.74
EHB2 D13.2 5 µM CHIR 350 400 114.90 2.03 1.73 QuantiTect 1:20 1.66
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Figure S6: Complete UMAP of Gastrulation and Early Organogenesis

UMAP plot of gastrulation and early organogenesis [58] mapping 116,312 cells. Cells
are colored by their annotated cell type. ExE: Extra-embryonic, NMP: Neuromesodermal
progenitors, PGC: Primordial germ cells, Def.: Definitive.

Figure S7: Various UMAP Plots of the AML Dataset
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a UMAP plot of leukemia dataset mapping a total of 41,427 cells. Cells are clustered by
conditions, DOX or NO DOX. b-e UMAPs visualizing the analysed leukemia dataset, with
cells colored by the expression of Csf1r, Kit, Ctnnb1, and c-Myc, respectively. Csf1r is a
marker for mature hematopoietic cells toward the myeloid lineage, while Kit is related to
immature cells such as HSCs. Ctnnb1 and c-Myc are markers for the Wnt signaling pathway.
Color intensity indicates expression levels, with darker shades of blue representing higher
expression and grey color representing absent expression.

Figure S8: Representative Flow Cytometry Gating Strategy

Flow cytometry gating strategy using the 3 µM condition at D13 (Exp EHB2) as ref-
erence. Scattering settings and markers used as indicated by the plot axes. The first gate
includes single cells. Within this gate the live cells are gated for. Within the live cell
population, the blood cells are marked by CD45 and CD43. Within the CD45- CD43-
quadrant the endothelial cell population is marked by VE-Cadherin. Percentages represent
frequencies of cell populations within parent popuation.
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