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Abstract

Myeloproliferative neoplasms (MPN) are haematopoietic disorders leading to
aberrant expansion of myeloid, erythroid and megakaryocytic lineages, which are
classified into three phenotypes namely Polycythaemia Vera (PV), Essential
Thrombocythemia (ET) and Primary Myelofibrosis (PMF). The three main somatic
mutations leading to MPN are Janus Kinase 2 V617F (JAK2V617F), Janus Kinase
2 exon 12 and Calreticulin (CALR). JAK2V617F was the first driver mutation
found in MPNs, with a mutation rate of 95%/60%/55% in PV, ET and PMF
respectively. Janus Kinase 2 is one of the four Janus proteins that are constructed
to transmit signals from cytokines to downstream pathways. Inside normal cells,
Janus Kinase 2 has a dual kinase structure with two domains: an active tyrosine
kinase domain JH1 and a catalytically inactive pseudokinase domain JH2. Both
domains interact with each other, depending on cellular context with JH2 inhibiting
JH1 in the absence of cytokines. In MPN, these mutations lead to the inhibition of
JH1 and constitutive activation of downstream signalling pathways including
STAT5, RAS/MAPK and PI3K/Akt/mTOR pathways in the absence of growth
factors. The discovery of JAK2 inhibitors is beneficial for improving the disease
phenotype, but do not eliminate the persistent blood cancer stem cells, which are
the cause of the disease. It is therefore important, to find novel therapeutic ways
to target blood cancer stem cells. To sustain accelerated growth rate, cancer cells
need abnormally high amounts of energy, taken up as nutrients (e.g. glucose), and
to increase the breakdown of such nutrients through metabolic pathways. In
addition, cancer cells often alter the amount of oxygen they require for the purpose
of growing rapidly. Cancer cells therefore alter normal cellular metabolic
pathways. Importantly, relying on these alterations makes them vulnerable and
targeting altered metabolism and oxygen consumption is an attractive approach to

eliminate cancer therapeutically.

My data indicate that metabolic processes are deregulated in MPN. In this thesis,
experiments have been performed using advanced assays including Seahorse
Metabolic Flux Assay, Liquid Chromatography-Mass Spectrometry, and Flow-
cytometry. C57BI/6 background JAK2V617F mice bone marrow cells were used.
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We have found the increased oxidative phosphorylation and glycolysis rates in
MPN Homozygous and heterozygous mice c-kit* cells. Furthermore, three solute
carriers—SLC25A37, SLC2A4, and SLC43A1—were highly expressed in HSCs
from homozygous mice, suggesting that targeting glutamine as an anaplerotic

pathway could be a potential therapeutic approach.
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1 Chapter1 Introduction

Myeloproliferative neoplasms (MPNs) are haematopoietic disorders driven by
somatically mutated haematopoietic stem cells (HSCs) that lead to the aberrant
expansion of myeloid, erythroid and megakaryocytic lineages (Spivak, 2017).
They are classified into three types--Polycythaemia Vera (PV), Essential
Thrombocythemia (ET), and Primary Myelofibrosis (PMF) --mainly according to the
lineages involved in the expansion, with the symptoms not only expressing high
erythrocytes, megakaryocytes, platelets, but also include frequent headaches and
other symptoms (Spivak, 2017). All three phenotypes carry a risk of progressing
into Acute Myeloid Leukemia (AML) with 2-14%, 1-5% and 10-20% of PV, ET, and
PMF cases, respectively (Spivak, 2017). In order to prevent the patients from
progressing to AML, reduce the symptoms and decrease the blood cell counts,
there are ongoing treatments for MPN patients (Greenfield et al., 2021). There are
JAK?2 inhibitors as the first-line drug like Ruxolitinib and Fedratinib, which are quite
common to use to reduce the JAK2 expression level of the cells (How and Hobbs,
2020). Hydroxyurea and interferon are also used either solely or as a combination
of JAK2 inhibitors to control the inflammation of the disease (How and Hobbs,
2020). However, the treatments are not specifically targeting mutated
hematopoietic stem cells but also could not restrict the expansion of mutated
HSCs. So recent years, significant research has focused on identifying
characteristics of somatic mutated HSCs that are core for the disease
development. As a result of this, the investigation of abnormal mutated HSCs is
not only compared to normal HSCs function in the aspect of self-renewal or
differentiation (biological process or pathways) but also compared to other cancer
stem cells or leukemic stem cells. Cancer cell metabolism is also regarded as one
of the hallmarks of cancer. These cells seem quite active in cell metabolism which
was also, as seen on Skoda’s paper (Nageswara Rao et al., 2019). As a result of
this, targeting cancer metabolism becomes a potential target for mutated HSCs in
MPN.

Somatic mutations, genetic predisposition, metabolic reprogramming and
inflammation/immunity have been investigated as mechanisms favoring the
expansion of mutated HSCs (Rumi and Cazzola, 2017). Several signalling

pathways underlie the expansion of mutated HSCs in MPN, including the Janus
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Kinase 2-Signal Transducer and Activator of Transcription (JAK2-STAT) pathway,
Phosphoinositide 3-kinase/mammalian target of rapamycin (PI3K/mTOR) pathway,
Ras/mitogen-activated protein kinases/mitogen-activated protein kinase
(RAS/MAPK) pathway, and Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-KB) pathway (Ortmann et al., 2015).

CLP P . T-cells

JAK2 Self-Renewal
Janus Kinases2 | . pse ST-HSC MPP = . B-cells
CALR %y . "
W, —~differentiate___
g g N

Calreticulin 7 N\

MPL _4 A W . monocytes
cMP /'

Myeloproliferative
Leukemia

Virus Oncogene . — "\Granulocytes

AML Erythrocytes /

Platelets

Polycythemia . Essential
Vera (PV) thrombocythemia
PMF . ’ (ET)
Symptoms: Headache Symptoms: Hpyertension
Reddish skin Headaches
Bleeding or clotting Fatigue

Figure 1.1 Myeloproliferative neoplasms somatic mutations, phenotypes and symptoms

hematopoietic stem
cell (JAK2 mutatlon)

», self-renewal

3 differentiate
. CD117 cell

\
! .
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PV type

Figure 1.2 Myeloproliferative neoplasms hematopoietic stem cells and phenotypes.
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1.1 Myeloproliferative Neoplasms (MPNs)

1.1.1 Clinical Epidemiology of MPN

An estimated incidence of MPN is approximately 1-2 cases per 100,000
individuals annually (Nangalia and Green, 2014). The prognosis and clinical

outcomes for MPN patients vary significantly depending on the “subtype, genetic

mutations and individual risk factors” (Harrison and Garcia, 2014). For instance,
patients with ET and PV generally have a favourable prognosis, with median
survival spanning several decades, although they remain at risk for thrombotic
events and progression to MF or acute myeloid leukaemia (AML) (Harrison and
Keohane, 2013). Conversely, MF is associated with a poorer prognosis, with
median survival ranging from 3 to 10 years, depending on risk stratification
(Chapman et al., 2018). Advances in molecular understanding, particularly the
role of JAK2, CALR and MPL mutations, have improved prognostic accuracy and
guided targeted therapies like JAK inhibitors, which have enhanced symptom
control and quality of life for many patients (Klampfl et al., 2013). Although
patients could get JAK2 inhibitors as a primary therapeutic way to reduce
symptoms, disease-associated complications, including cytopenia, constitutional
symptoms, and progression to AML, drug resistance and the existence of JAK2
mutation on HSCs remain unsolved, which highlights the importance of ongoing

research and personalized patient management (Collotta et al., 2023).

1.1.2 Pathogenesis of MPNs

A mutation in the JAK2 gene replaces the valine with phenylalanine at position 617
(JAK2-V617F) and was the first driver mutation found in MPNs, with a mutation
rate of 95%/60%/55% in PV, ET and PMF, respectively (Arranz et al., 2014; Barbui
and Tefferi, 2012). Janus Kinase 2 is one of the four proteins constructed to
transmit signals from cytokines to downstream pathways(Kubo et al., 2018, p. 2).
In normal cells, Janus Kinase 2 has a dual kinase structure with two domains: an
active tyrosine kinase domain JH1 and a catalytically inactive pseudokinase
domain JH2 (Kubo et al., 2018). Both domains interact with each other,
depending on cellular context with JH2 inhibiting JH1 in the absence of cytokines
(Greenfield et al., 2021). In MPNs, JAK2V617F, an exonl4 point mutation in JAK2
JH2, leads to reduced inhibition of JH1 and constitutive activation of downstream
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signalling pathways including STAT5, RAS/MAPK and PI3K/Akt/mTOR pathways
in the absence of growth factors (Greenfield et al., 2021). These downstream
signalling pathways induce erythropoiesis and thrombopoiesis. Consequently,
JAK2 V617F increases progenitor cell production, leading to the expansion of
mature hematopoietic lineages (Tefferi and Pardanani, 2015). In addition,
scientists have found other driver mutations of MPNs (Skoda et al., 2015).
Another driver mutation is myeloproliferative leukaemia virus oncogene (MPL).
MPL is a gene that encodes the thrombopoietin receptor. It has an extracellular
cytokine-binding domain similar with JAK2, which is involved in MPL-STAT
pathway signalling for thrombopoiesis (Bao et al., 2020). A somatic MPL mutation
in exon 10, MPLW515, is the most common mutation among all other MPL
mutations. MPL mutations have a significant impact on ET and PMF, but is not as
vital as JAK2V617F in PV (Skoda et al., 2015). The calreticulin (CALR) mutation
is a somatic mutation found in 20% ET and 50-60% PMF (Nangalia and Green,
2014). CALR is a multifunction protein. In the endoplasmic reticulum, CALR
functions in calcium homeostasis (Klampfl et al., 2013). On a cellular level, CALR
is involved in proliferation, phagocytosis, and apoptosis (Klampfl et al., 2013).
CALR mutations consist of deletions or insertions in exon 9 leading to a change in
the CALR C terminal domain (Nangalia and Green, 2014). The mechanism of
action of CALR mutations in MPNs remains unclear, with one possible explanation
being the activation of the MPL receptor, leading to JAK2 signalling pathway
activation to drive thrombopoiesis (Klampfl et al., 2013). JAK-STAT signalling
inhibitors are effective not only in the context of JAK2V617F mutations in MPNs,
but also in CALR mutated MPNs. This indicates that the mechanism of CALR
mutation is related to the JAK-STAT signalling pathway.
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1.1.3 The molecular basis of Myeloproliferative Neoplasms

1.1.3.1 Normal haematopoiesis and haematopoietic stem cells

Normal haematopoiesis

Normal Hematopoiesis is governed by hematopoietic stem cells (HSCs) which
either self-renew or differentiate into lineages of progenitor cells, finally resulted in
a production of mature blood cells including erythrocytes, white blood cells and
platelets (Olson et al., 2020).

Normal Hematopoiesis is governed by hematopoietic stem cells (HSCs) which are
responsible for the production of all the mature blood cells. HSCs are resident in
the bone marrow but can also exist in peripheral blood and umbilical cord blood
(Olson et al., 2020). HSCs have the remarkable ability to differentiate into
lymphoid and myeloid lineages. Myeloid cells are composed of Erythrocytes,
Megakaryocytes, Eosinophil, Basophil, Monocytes and Neutrophil, while Lymphoid

cells are composed of T cells, B cells and NK cells (Olson et al., 2020).
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Figure 1.4 Schematic of normal Haematopoiesis showing the main cell types.

1.1.4 Isolation strategies for hematopoietic stem cells

1.1.4.1 Murine HSC Isolation Strategies

Initially, murine hematopoietic stem cells (HSCs) were isolated using Lin"Scall*c-
Kit* (LSK) markers in mice bone marrow cells, which include all four types of
multipotent progenitors (MPP) (Mayle et al., 2013). Different tactics to separate
purer HSC populations have evolved throughout time. For instance, CD11b CD4-
CD90low Lin"Scal*markers are used to specifically identify functional long-term
HSCs (LT-HSCs) in the bone marrow (Morrison and Weissman, 1994). To further
purify LT-HSC populations, CD150"CD244-CD48  markers, also known as SLAM
markers, were developed to accurately phenotype stem cells (Yilmaz et al., 2006).
Another common marker combination to enrich LT-HSCs is the 34F marker set,
which includes LSK*CD34 FLT3" (Challen et al., 2009a).

Additional markers have been reported for functional murine LT-HSC enrichment,
such as the LSK markers combined with Hoechst dye efflux, which can distinguish
between myeloid and lymphoid-biased HSCs and remains stable with aging
(Challen et al., 2009b). Other studies have identified murine LT-HSCs as LSK
CD90low, fetal liver kinase 2- (FIk2) or Fms Related Receptor Tyrosine Kinase 3

(FIk3) (Christensen and Weissman, 2001). The diversity in markers used to
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identify LT-HSCs highlights the heterogeneity within the LT-HSC compartment and

complicates direct comparison across studies.

1.1.4.2 Human LT-HSC Isolation Strategies

Human HSCs with long-term repopulation ability were first identified in a
subpopulation of CD90*CD34*Lin" cells (Baum et al., 1992). However, more
heterogeneous stem and progenitor populations are often defined as CD34*CD38"
cells, which contain only a small fraction of true long-term repopulating HSCs
alongside several progenitor cell populations. The addition of several markers has
since refined a more purified HSC population in humans, with Lin"CD34*CD38"
CD90*CD45RA" markers now commonly used (Ortmann et al., 2015). Since only
a subset of CD90" cells demonstrate serial transplantation capacities in humans,
(Notta et al., 2011) identified CD49f as a new marker capable of distinguishing
long-term multilineage engraftment. The inclusion of CD49f* to Lin"CD34*CD38"
CD90*CD45RA further enriches the population of LT-HSCs (Notta et al., 2011).

1.1.5 Treatment of MPN

The aim of MPN treatment is to avoid the formation of thrombosis and the
progression of disease to acute myeloid leukaemia (Harrison & Garcia, 2014). PV,
ET and PMF patients have increased red blood cells, platelets and primary fibrotic
tissues that can easily lead to thrombosis (Harrison & Garcia, 2014). Drugs
currently used in the clinic are aimed to reduce the high counts of blood cells, such
as phlebotomy, Aspirin, Hydroxyurea, IFN- a and Anagrelide. Phlebotomy and
small dose of Aspirin are used to prevent thrombosis, with no effects on the
pathogenesis of MPNs (Harrison & Garcia, 2014). Hydroxyurea is frequently used
in the clinic to decrease blood counts, but it has no effect on preventing the
formation of thrombosis and improving life span (Harrison & Garcia, 2014). IFN- a
prohibits the proliferation of hematopoietic progenitors which leads to the decrease
in the formation of mature hematopoietic lineages (Harrison & Garcia, 2014).
However, immune suppressions have been resorted with IFN- a which some
patients cannot tolerant (Harrison & Garcia, 2014). Anagrelide is a second line
therapy to reduce platelet counts and it is now recommended for patients who are
resistant to hydroxyurea (Harrison & Garcia, 2014). Targeted treatment for MPNs
has improved since the discovery of JAK/STAT signalling pathway and the
identification of Ruxolitinib, an inhibitor of JAK1 and JAK2. Ruxolitinib can
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effectively decrease blood counts and reduce other symptoms like splenomegaly
(Barbui, et al., 2013). They are especially targeted for hydroxyurea-refractory PV.
However, since mutated HSCs persist, current treatments cannot stop leukemic
transformation or fibrosis. Therefore, new treatment avenues must be found to

target this disease (Barbui, et al., 2013) Figure 1.3.

1.1.6 MPN mouse models

1.1.6.1 Retroviral MPN mouse models

Soon after the JAK2V617F mutation was discovered, retroviral models were
developed to assess its phenotypic effects in vivo. Mice transplanted with bone
marrow from JAK2V617F-expressing donors rapidly developed significant
polycythemia, with high penetrance following a short latency period. Additional
observations included leukocytosis, splenomegaly due to extramedullary
hematopoiesis, and the development of myelofibrosis. All studies showed
persistent activation of Jak2 kinase signaling, Stat5 phosphorylation, and cytokine-
independent colony formation. These models demonstrated that JAK2V617F
expression alone is sufficient to induce myeloproliferative neoplasm (MPN)
phenotypes and suggested the presence of genetic modifiers influencing
JAK2V617F-mediated fibrosis, as more severe fibrosis was seen in the Blab/c
strain compared to the C57BI/6 strain (Molina et al., 2018).

1.1.6.2 Transgenic mouse models

In 2008, Zhao et al. created a transgenic mouse model using a vav gene promoter
to express the JAK2V617F mutation specifically in the hematopoietic system,
establishing two lines of JAK2V617F-mutated mice. One line expressed a lower
level of JAK2V617F, leading to a moderate increase in blood cell counts, while the
other expressed a higher level, resulting in a significant rise in blood cell counts
that mimicked human ET and PV phenotypes, and even progressed to PMF as the
mice aged. This transgenic model offers two main advantages: first, the transgene
can be passed down through generations, and second, it can be crossed with
other transgenic or knockout mice.

In the same year, two additional transgenic mouse models were developed.
Kumano T et al. generated a model using the H-2Kb promoter for stable

JAK2V617F expression, and Skoda et al. developed a transgenic model with
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marked thrombocytosis (Xing et al., 2008).

1.1.6.3 Knock in MPN mouse models

In 2010, four JAK2V617F knock-in models were published, developed with three
primary objectives: (i) to replicate human myeloproliferative neoplasms (MPNSs)
through physiological expression of Jak2V617F, (ii) to examine the effect of
Jak2V617F gene dosage on disease phenotype, and (iii) to study the impact of
Jak2V617F on hematopoietic stem and progenitor cells (HSPCs). Models by
Akada, Marty, and Mullally all utilized murine Jak2V617F expressed from the
endogenous murine Jak2 promoter, though with slight variations. Akada and
Mullally designed conditional Jak2V617F knock-in models, while Marty’s model
had constitutive Jak2V617F expression. Li’'s model conditionally expressed
human JAK2V617F from the murine Jak2 promoter. In all models, the mutant to
wild-type Jak2 expression ratio was 1:1 or lower. Akada's model was unique in
producing homozygous Jak2 mutant mice, but because the mutant Jak?2 allele was
expressed at approximately 50% of the wild-type level, Jak2V617F expression in
homozygous mice was relatively low.

A summary of the Jak2V617F knock-in models and a schematic of the targeting
strategies for each can be found in a recent review by Li (Li et al., 2011). The
phenotypes of the three models expressing murine Jak2V617F were largely
similar. In each model, mice heterozygous for the Jak2V617F mutation developed
severe erythrocytosis, leucocytosis, splenomegaly due to extramedullary
haematopoiesis, and, over time, myelofibrosis, though myelofibrosis was observed
only in transplant recipients in Mullally’s study. Compared to the other models, Li’s
model showed a relatively mild hematologic phenotype. Mice in this model
exhibited only moderate increases in platelets and haemoglobin, more typical of
essential thrombocythemia (ET) than polycythaemia vera (PV), and erythropoietin
(Epo) levels were not suppressed. With extended follow-up, about 10% of the
mice developed significant erythrocytosis. In this model, human JAK2V617F was
expressed from the murine Jak2 promoter, though it remains unclear if human
JAK2V617F signals differently in murine cells (Li et al., 2014).
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1.1.6.4 Xenograft MPN mice models
Xenograft models have been developed to study BCR-ABL-negative MPN cells in

vivo, enabling the functional assessment of the repopulating ability of primary
human MPN CD34* cells, which retain both the complete germline and somatic
genotypes of human MPN. Peripheral blood CD34" cells from myelofibrosis
patients successfully engraft in NOD/SCID mice and exhibit clonal hematopoiesis
with a myeloid cell bias. However, two independent studies have reported
relatively poor engraftment of JAK2V617F-mutant CD34* cells from patients with
polycythemia vera (PV) and essential thrombocythemia (ET). Additionally, the ratio
of JAK2V617F to JAK2 wild-type SRCs was higher in myelofibrosis compared to
PV, and functionally, JAK2V617F SRCs did not demonstrate a long-term
proliferative advantage over wild-type SRCs. Key findings from these studies
include: (i) JAK2V617F is present in a functionally competent long-term
hematopoietic stem cell (LT-HSC) population, (ii) the JAK2V617F LT-HSC
compartment is expanded in myelofibrosis compared to PV, and (iii) the poor
engraftment of JAK2V617F CD34" cells in xenografts may be linked to CXCR4
downregulation. It's also important to consider that incompatibilities between
human cytokine receptors and murine cytokines in xenograft models might impact
the functional analysis of JAK2V617F, which activates cytokine receptor signaling.
Overall, further refinement is needed to reliably perform xenotransplantation

across a wide range of genetically diverse MPNs (Lukes et al., 2023).

1.1.6.5 The mice model used in this project

To generate mice with homozygous JAK2V617F expression, mice carrying the
floxed allele (JAK2V617F, designated as JAK2F/F) were crossed with StellaCre
mice. This produced offspring with the recombined allele (JAK2R/*) and germline
heterozygous JAK2V617F expression. Since the StellaCre enzyme is active only
during early embryonic development, it does not affect adult mice that carry Cre
recombinase. Interbreeding JAK2R/* mice resulted in groups with different
genotypes: wildtype (JAK2'/*), heterozygous JAK2V617F (JAK2R/*), and
homozygous JAK2V617F (JAK2R/R) (Li et al., 2014).
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Figure 1.5 Schematic of normal mouse model generated by Li et al and used in this thesis

1.2 Metabolism and cancer

Metabolism offers basic nutrients and energy for all cell functions including cell
growth, cell proliferation and cell differentiation(De Berardinis and Chandel, 2016).
Basic nutrients in mammalian cells consist of glucose, amino acids, nucleotides,
and lipids (Fahy et al., 2011). Energy in cells is either stored in the nutrient’s
chemical bones in a stable fashion or in electron transport chain in an active
fashion. Energy is transferred between reduction and oxidation processes to
accomplish various cell functions. These mechanisms also apply to cancer cells
which are characterized by high proliferation and low differentiation(Cluntun et al.,
2017). However, as cancer cells are highly proliferative, they can neither survive
nor grow without metabolic alterations compared to normal cell metabolism. As
metabolic alterations play a vital role in cancer development, they have become
one of the hallmarks of cancer and have been targeted therapeutically
(DeBerardinis et al., 2008). The key alterations in cancer cell metabolism are
replenishment of molecule intermediates, balancing redox oxygen species in
hypoxia and a low nutrient tumour microenvironment (Liu et al., 2020). There are
two main deregulated signalling pathways leading to majority of cancer cell
metabolic alterations: PI3K/AKT/mTOR and Ras/Myc. Both pathways are also
altered in MPNs (Boroughs and DeBerardinis, 2015).

1.2.1 Metabolic changes in cancer stem cells

One distinguished characteristic of cancer cells metabolism is increased
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biosynthesis (De Berardinis and Chandel, 2016). It requires cancer cells acquiring
not only enough energy, but also replete nutrients compared to quiescent cells.
Three main classes of biomass proteins, nucleotides and lipids are needed for
building daughter cell organelles, cell chromatin and cell membrane respectively
(Kang et al., 2018), with the PI3BK/AKT/mTORC1 pathway being the main
deregulated signalling pathway in increased biosynthesis (De Berardinis and
Chandel, 2016).

1.2.2 Metabolic changes in Leukemic stem cells

Hematopoiesis is the process where haematopoietic stem cells differentiate into
mature blood cells (Ito and Ito, 2018). Haematopoietic stem cells (HSCs) can also
renew themselves to maintain the HSC pool in the mammalian bone marrows (Ito
and Ito, 2018). The ratio between hematopoiesis and self-renewal is crucial (Ito
and Ito, 2018). An imbalance in this ratio either leads to exhaustion of the HSC
pool or generating leukemic haematopoietic stem cell (LSC) (Ito and Ito, 2018).
As a result, the fate of HSC has been targeted therapeutically in haematopoietic
malignancies (Kuntz et al., 2017). Scientists have attempted to convert
uncontrollable LSC into commitment (Kuntz et al., 2017). Metabolism is crucial to
the fate of HSCs through mitochondrial autophagy (mitophagy), balance of redox

oxygen species and increased anaplerotic pathway (Ito et al., 2019).

1.2.3 Metabolism and MPN
1.2.3.1 Mitophagy and Autophagy

Alterations in metabolism leading to a shift towards anaerobic glycolysis in normal
HSCs results from mitophagy. Mitophagy plays a role in clearing damaged
mitochondria during HSC division. HSC division consists of symmetric division
(SD), asymmetric division (AD) and symmetric commitment (SC) (Ito and lto,
2018). SD leads to two HSCs, while AD produces one HSC and one mature cell,
SC produces two mature cells. In mammary epithelial stem-like cells it has been
shown that AD was used to force mitochondria into the differentiated daughter
cells to keep the stem daughter cell capacity for renewal (Ito and Ito, 2018).

During SD of the same cells, mitochondria were distributed evenly between the
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two daughter stem cells (Ito and Ito, 2018). These two mitochondrial division
patterns revealed the necessity of damaged mitochondrial clearance to keep HSC
self-renewal capacity.

PTEN-induced putative kinasel (PINK1) degradation decreases when damaged
mitochondria are depolarized. PINK1 accumulates to phosphorylate ubiquitin
chains recruiting Parkin and resulting in E3 ligase activity. Autophagosomes are
generated when mitochondrial proteins are polyubiquitinated (Yang and Suda,
2018). Mitochondria degradation then processes through mitophagy. Because
fatty acid oxidation and oxidative phosphorylation both take place in mitochondria,
mitochondrial mitophagy shifts HSC cell metabolic traits to anaerobic glycolysis
instead of mitochondrial respiration (Simsek et al., 2010). It has been found that
both long-term HSCs (LT-HSCs) and cells with low mitochondrial potential have
low ATP levels which indicates decreased mitochondrial oxidative phosphorylation
(Simsek et al., 2010). These findings are consistent with the microenvironment
HSCs are resident in (Simsek et al., 2010). In the hypoxic bone marrow, HSCs
keep the capacity to self-renew by shifting their metabolic status to anaerobic
glycolysis (Simsek et al., 2010). Some leukemic stem cells (LSCs) keep
guiescence through autophagy as normal HSCs do, continuously keep the
capacity differentiating to abnormal blood cells which could be one reason for
haematological malignancies drug resistance (Baquero et al., 2019). Primitive
CML cells have been shown to have high levels of basal autophagy (Baquero et
al., 2019). Targeting LSC autophagy has therefore been identified as a

therapeutic avenue (Baquero et al., 2019).

1.2.3.2 Balance of haematopoietic stem cell homeostasis

Haematopoietic stem cell homeostasis refers to the maintenance of HSC
guiescence. Two main factors will lead to an imbalance of HSC homeostasis
imbalance: Increased intracellular redox oxygen species (ROS) and upregulation
of oxidative phosphorylation (Oxphos)(De Berardinis and Chandel, 2016). Redox
oxygen species refers to intracellular chemicals which contain a superoxide anion
(02-) and a hydroxyl radical (OH-). ROS is produced during the one-electron
reduction of oxygen through Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOXs) (De Berardinis and Chandel, 2016). There are

NADPH related antioxidant defense systems to counteract the oxidation of lipids,
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proteins and DNA by ROS(De Berardinis and Chandel, 2016). However, it has
been demonstrated that ROS levels are increased in cancer cells at specific
locations compared normal cells, helping to initiate cancer cell signalling pathways
such as PI3K, mitogen activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK), transcription factors HIF and nuclear factor (NF-kB) for
tumorigeneses (De Berardinis and Chandel, 2016). At the same time, to avoid
increased damage by elevated ROS levels, cancer cells increase their antioxidant
defense system. One way of increasing the antioxidant defense system is by
activating the transcription factor Nuclear Factor (Erythroid-Derived 2)-Like 2
(NRF2)(Ito and Ito, 2018). NRF2 then induces the transcription of antioxidant
proteins and activates relevant enzymes increasing the level of cytosolic
NADPH(Ito and Ito, 2018). Therefore, targeting cancer cells antioxidant defense
system has been suggested as a therapeutic approach, accumulating ROS to
damage cancer cells(De Berardinis and Chandel, 2016). Quiescent HSCs have a
low ROS level environment. However, increased ROS levels in quiescent HSC
lead to HSC differentiation, ultimately causing HSC exhaustion(lto and Ito, 2018).
Because ROS levels are highly related to NADPH metabolic procedures playing a
role in the oxidative pentose phosphate pathway (PPP), alterations in IDH1 and
one carbon metabolism, have been regarded to be crucial characteristics of LSCs
(De Berardinis and Chandel, 2016). Upregulation of oxidative phosphorylation will
also accumulate impaired mitochondrial, thereby limits the capacity for HSC self-

renewal, shifting HSC fate to differentiation.

1.2.3.3 Increased anaplerotic pathway

One of the metabolic alterations in cancer cells, including LSCs, is an increase in
the anaplerotic pathway. It also applies to the leukemic stem cells. Alterations in
anaplerotic pathways includes fatty acid oxidation, amino acid synthesis, glycolysis
and glutaminase (Error! Reference source not found.). It has been found that
CD34*CD38" CML cells have increased anaplerotic metabolites like aspartate,
glutamate and acetyl-coA which provide enough energy and maintain the carbon
and nitrogen pool (Kuntz et al., 2017). It also has been reported that CD34*CD38"
CML cells have increased oxidative phosphorylation which is different from normal
HSC metabolic traits (Kuntz et al., 2017). Increased oxidative phosphorylation
was also found in MPNs by examining JAK2 mutant mice (Nageswara Rao et al.,

2019). It was reported that hyperactive erythropoiesis results in hypoglycemia
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which indicate high glucose consumption in JAK2 mutant hematopoietic cells
(Nageswara Rao et al., 2019). Further studies are needed to clarify these findings

and add mechanistic insight.

1.2.4 Metabolic pathway changes in cancer stem cells
1.2.4.1 Glucose and Glutamine pathways changes in cancer stem cells

Glutamine

Glutamine is obtained from the extracellular environment through Alanine-Serine-
Cysteine transporter2 (ASCT2) encoded by the Solute Carrier 1A5 (SLC1A5) gene
(Liu et al., 2018). ASCT2 is upregulated in most cancers including breast and liver
cancer (Liu et al., 2018). Both, the aberrantly activated oncogene c-myc and loss
of tumour suppressor gene Retinoblastoma (Rb), participate in inducing
transcription of ASCT2 (Reynolds et al., 2014). Loss of Rb indirectly drives
transcription of ASCT2 via transcription factor deregulation (Reynolds et al., 2014).
Consequently, glutamine intake is significantly increased in tumour cells, followed
by glutaminolysis (De Berardinis and Chandel, 2016). The key enzyme that
catalyzes glutamine to glutamate is glutaminasel (GLS1), which is also
upregulated by c-myc and through loss of Rb (Pavlova and Thompson, 2016).
Glutamate then can be oxidized to a-ketoglutarate which is used as an anaplerotic
pathway in the Tricarboxylic acid (TCA) cycle to maintain the carbon pool (De
Berardinis and Chandel, 2016).

Glutamate

Glutamate can either proceed with dehydrogenase or amino transferases to
generate a-ketoglutarate together with the reduction of NAD(P)+ to NAD(P)H (Choi
and Park, 2018). Glutamate dehydrogen relies on Glutamate dehydrogenase
(GLUD) whose mRNA is increasingly expressed in many cancer subtypes
according to transcriptomic data from The Cancer Genome Atlas (Spinelli et al.,
2017). Glutamate amino transferases are catalyzed by Glutamate pyruvate
transaminase (GPT), Glutamate oxalate transaminase (GOT) and Phosphoserine
amino transaminasel (PSAT1) generating alanine, aspartate and phosphoserine
respectively (Choi and Park, 2018). All three amino acids are either involved in

nucleotides or protein synthesis (Choi and Park, 2018), among which aspartate
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plays a vital role in asparagine synthetase (Chiu et al., 2020). Aspartate was
traced as a metabolite which represents the anaplerotic pathway used in cell
metabolism (Kuntz et al., 2017). L-asparaginases (ASNase) has been widely used
to target Acute lymphoblastic leukaemia (ALL) since 1970 (Chiu et al., 2020).
Consequently, in cancer cells, a-ketoglutarate is replenished from glutamate for
use in the TCA cycle while it is normally generated from Acetyl-CoA in non-

proliferating cells.

a-ketoglutarate

a-ketoglutarate is part of the glutamine anaplerotic pathway and can either
generate succinate in the direction of the normal TCA cycle or be reductively
carboxylated through mitochondrial IDH2 (isocitrate dehydrogenase?2) to isocitrate
(Zaidi et al., 2012). From one way, the majority of a-ketoglutarates are oxidized to
succinate via succinyl-CoA (Choi and Park, 2018). SDH (Succinate
dehydrogenase) and FH (furmarate hydratase) catalyze succinate and furmarate
to generate furmarate and malate respectively (De Berardinis and Chandel, 2016).
Malate then generates oxaloacetate from which Acetyl-coA is replenished (Choi
and Park, 2018). Oxaloacetate is condensed by Acetyl-COA to generate citrate
(Zaidi et al., 2012). On the other hand, when hypoxia-inducible factor 1 (HIF-1) is
expressed, mitochondrial isocitrate dehydrogenase2 (IDH2) reversely carboxylates
a-ketoglutarate to isocitrate (Wise et al., 2011). In both scenarios, citrate is

exported to the cytosol (Zaidi et al., 2012).

Citrate

Citrate is vital for the synthesis of both lipids and proteins in the cytosol (Zaidi et
al., 2012). After citrate is transported to the cytosol, it either generates an
oncometabolite 2-hydroxyglutarate (2-HG) or is catalyzed by ATP-Citrate Lyase
(ACL) to generate Acetyl-coA and oxaloacetate (Wise et al., 2011). Acetyl-coA is
the main compound for the synthesis of lipids and adds acetyl groups to DNA for
epigenetic acetylation (Koundouros and Poulogiannis, 2020). Oxaloacetate and
pyruvate generate aspartate, which provides serine and glycine for protein

synthesis (Koundouros and Poulogiannis, 2020).

32



1.3 Flow activated cell sorting assays for mitochondrial

function

1.3.1 Oxidation of Haematopoietic stem cells

The presence of oxygen allowed eukaryotic cells to adopt a more efficient
metabolic process, which facilitated the rapid advancement of eukaryotic
evolution. However, aerobic metabolism also has its drawbacks, including the
generation of reactive oxygen species (ROS) because of the partial reduction of
oxygen. Examples of these ROS include superoxide (O27), hydrogen peroxide
(H202), and hydroxyl radical (OH™). Ros were traditionally viewed as harmful by-
products of cellular respiration due to their high reactivity, which allows them to
modify various biomolecules within cells. Consequently, oxidative stress has been
associated with aging and diseases like cancer. However, in recent decades, it
has been recognized that moderate ROS production plays an essential role in
regulating cellular signaling and gene expression. The term “redox signaling” has
gained prominence and is now distinguished from the concept of oxidative stress.
Mitochondria are quantitatively the primary source of ROS within cells. Additional
enzymatic systems contributing to ROS production include xanthine
oxidoreductase (XOR), uncoupled nitric oxide synthase (NOS), cyclooxygenase
(COX), cytochrome P450 (monooxygenase), myeloperoxidase (MPO),
lipoxygenase, and NADPH oxidases (NOX). Notably, the NADPH oxidase family
evolved specifically to generate ROS as its main function. Interestingly, the first
discovered member, phagocyte oxidase, was identified in the hematopoietic
system, where it produces high levels of ROS needed for pathogen destruction.
Genetic disorders affecting this enzyme led to chronic granulomatous disease
(CGD), an innate immunity deficiency characterized by recurrent fungal and
bacterial infections. Besides NOX2, the catalytic subunit of phagocyte oxidase,
there are six other family members: NOX1, NOX3, NOX4, NOX5, Duox1, and
Duox2. Duox1 and Duox2 contain a peroxidase-like domain and, along with
NOXS5, can be activated by calcium (Kauffman et al., 2016).

Haematopoietic stem cell (HSC) homeostasis refers to the maintenance of HSC
numbers. Various factors can disrupt HSC homeostasis, including increased
levels of intracellular reactive oxygen species (ROS) and elevated oxidative
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phosphorylation (Oxphos) activity (De Bernardinis and Chandel, 2016). ROS
encompasses intracellular molecules containing superoxide anions (O2) and
hydroxyl radicals (OH"), produced through the one-electron reduction of oxygen
mediated by NADPH and oxidases (NOXs) (De Berardinis and Chandel, 2016).
NADPH-related antioxidant defense systems counteract the oxidative effects of
ROS on lipids, proteins, and DNA (De Berardinis and Chandel, 2016).

However, studies have shown that cancer cells have elevated ROS levels in
specific cellular regions compared to normal cells, which promotes cancer
signaling pathways, including PI3K, MAPK/ERK, and transcription factors like HIF
and NF-kB, facilitating tumorigenesis (De Berardinis and Chandel, 2016). To
manage elevated ROS and avoid damage, cancer cells upregulate their
antioxidant defenses, partly through the activation of the transcription factor NRF2.
NRF2 drives the transcription of antioxidant proteins and activates enzymes that
boost cytosolic NADPH levels (Ito and Ito, 2018). Targeting the antioxidant
defense in cancer cells has been proposed as a therapeutic approach, potentially
causing ROS buildup and inducing damage in cancer cells (De Berardinis and
Chandel, 2016).

In quiescent HSCs, ROS levels are typically low. However, increased ROS levels
prompt HSC differentiation, ultimately leading to a depletion of the HSC pool (Ito
and Ito, 2018). Since ROS levels are closely linked to NADPH metabolic
pathways, which are involved in the oxidative pentose phosphate pathway (PPP),
changes in isocitrate dehydrogenase (IDH), and one-carbon metabolism have
been identified as key features of leukemic stem cells (LSCs) (De Berardinis and
Chandel, 2016). Furthermore, increased oxidative phosphorylation can lead to the
accumulation of damaged mitochondria, impairing the self-renewal ability of

hematopoietic stem cells (HSCs) and directing them toward differentiation.

1.3.2 Intracellular Redox Oxygen Species Indicator: 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate
acetyl ester (CM-H2DCFDA)

CM-H2DCFDA is a commonly used chemical compound in scientific research,
especially in the fields of cell biology and fluorescence microscopy. lItis a
chloromethyl derivative of H2DCFDA, acting as an effective indicator for reactive
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oxygen species (ROS) within cells and offering improved retention in live cells
compared to H2DCFDA. CM-H2DCFDA passively diffuses into cells, where
intracellular esterizes cleave its acetate groups, and its chloromethyl group reacts

with intracellular glutathione and other thiols (Oparka et al., 2016).

Once inside the cell, CM-H2DCFDA is converted to 5-(and-6)-chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate (H2DCF-DA), a non-fluorescent compound. In
the presence of ROS, especially hydrogen peroxide, H2DCF-DA is oxidized to form
a highly fluorescent compound, 2',7'-dichlorofluorescein (DCF). As the
fluorescence intensity of DCF correlates with ROS levels, CM-H2DCFDA is a

useful tool for measuring intracellular ROS and monitoring oxidative stress.

CM-H2DCFDA is commonly used in cell culture studies, flow cytometry, and
fluorescence microscopy to investigate oxidative stress, analyse cellular
responses to oxidative damage, and examine the impact of antioxidants and other
compounds on ROS levels. While CM-H2DCFDA is a valuable tool for detecting
reactive oxygen species (ROS), careful consideration is required due to factors
such as interference from other fluorophores, as well as the effects of pH and
temperature on its fluorescence. To ensure accurate measurements, appropriate
controls and calibration are essential. Additionally, various derivatives of
H2DCFDA exist, each designed with specific properties to detect distinct types of
ROS (Oparka et al., 2016).

In summary, CM-H2DCFDA is a widely utilized fluorescent probe for measuring
intracellular ROS levels, particularly hydrogen peroxide. It has played a crucial role
in advancing research on oxidative stress, cellular responses to ROS, and the

impact of various compounds on ROS production and signaling within cells.
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1.3.3 Tetramethylrhodamine, Methyl Ester (TMRM) to assess
mitochondrial membrane potential

TMRM is a fluorescent dye widely used in cell biology and biochemistry research
to stain and visualize mitochondria within cells. Mitochondria are membrane-
bound organelles present in most organisms' cells, responsible for generating
energy in the form of ATP through cellular respiration. TMRM is a cationic dye
that accumulates in the mitochondria due to the negative charge of the inner
mitochondrial membrane. Once inside, TMRM fluoresces, enabling researchers to
observe and measure mitochondrial activity and health. Variations in TMRM
fluorescence can indicate changes in mitochondrial membrane potential, a key

marker of mitochondrial function (Mayle et al., 2013).
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1.4 Advanced technologies to assess the metabolism of
normal and malignant cells in vitro

To assess the mass of mitochondria and the mitochondrial redox oxygen species
levels in haematopoietic stem cells (Lineage™ Scall* c-kit* LSK cells) in mice,
Mitogreen-FITC (MTG-FITC, Biolegend), Mitochondrial Tetramethylrhodamine
(TMRM-PE, Biolegend), Carboxymethyl dichlorodihydrofluorescein derivative (CM-
H2DCFDA-FITC, ThermoFisher) and MitoSox Red (MitoSox-FITC, ThermoFisher)
markers were used respectively.

The second energy balance analysis comprises ATP production and consumption,
NADH/FADH: levels, and ADP/ATP Ratio. As stated in the methodology section,
the Seahorse XF Analyser can measure the ATP production rate, while LC-MS
can measure the NADH/FADH: levels and ADP/ATP ratio. Liquid
chromatography-mass spectrometry (LC-MS) is used to measure NADH/FADH?2
levels and the ADP/ATP ratio. The LC-MS results will be demonstrated in the last
chapter.

The third mitochondrial function includes the formation of reactive oxygen species
(ROS), mitochondrial membrane potential, and oxygen consumption rate (OCR).
OCR has been described above, while reactive oxygen species and mitochondrial
membrane potential are detected by flow cytometry technology employing TMRM
and ROS dyes.

1.4.1 Mass Spectrometry

Mass spectrometry (MS) is an analytical technique used to measure the mass-to-
charge ratio of ions. It is extensively applied in chemistry, biology, and various
fields to identify a sample’s composition, quantify specific substances, and
determine molecular structure. MS involves three main steps: ionization, mass
analysis, and detection. Firstly, the sample undergoes ionization, where its
molecules are converted into charged particles (ions). Common ionization
methods include Electron lonization (El), Electrospray lonization (ESI), and Matrix-
Assisted Laser Desorption/lonization (MALDI). In the second step, mass analysis,
ions are separated based on their mass-to-charge (m/z) ratio using a mass
analyser. Different types of mass analyzers include Quadrupole, Time-of-Flight

(TOF), and lon Trap. Finally, in the detection step, the separated ions are
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detected, and the data is used to create a mass spectrum—a graph that plots the

relative abundance of ions against their m/z ratio (Nakorchevsky and Yates, 2012).

1.4.2 Seahorse

Cell metabolic functional analysis is based on three key elements: the assessment
of metabolic pathways, energy balance analysis, and mitochondrial function

evaluation (DeBerardinis and Keshari, 2022).

Common metabolic pathways include glycolysis, oxidative phosphorylation
(OXPHOS), fatty acid oxidation, and amino acid metabolism (Boroughs and

DeBerardinis, 2015). These pathways are evaluated as follows:

Glycolysis: The rate at which cells convert glucose into pyruvate and lactate. This
can be assessed using the Seahorse XF Analyzer, which measures the

extracellular acidification rate (ECAR) as an indicator of glycolysis.

Oxidative Phosphorylation (OXPHOS): The Seahorse XF Analyzer measures
oxygen consumption rate (OCR), which provides insights into ATP production, the

efficiency of the electron transport chain, and overall mitochondrial function.

Fatty Acid Oxidation: While the Seahorse XF Analyzer can also detect fatty acid
oxidation using specific reagents, this pathway is not evaluated by our lab on

hematopoietic stem and progenitor cells (HSPCs) due to limited experience.

Thus, the Seahorse XF Analyzer is primarily used to quantify glycolysis and
OXPHOS in my project.

1.4.3 Bulk RNASeq and Single Cell RNASeq

1.4.3.1 Bulk RNASeq

Bulk RNA sequencing (bulk RNA-seq) is a high-throughput method for analysing
the transcriptome, the full set of RNA transcripts generated by a specific cell
population at a particular time. Unlike single-cell RNA sequencing, which examines
the transcriptomes of individual cells, bulk RNA-seq provides an averaged

expression profile of the entire cell population under study.
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1.4.3.2 Single Cell RNASeq

Single-cell RNA sequencing (scRNA-seq) is a powerful and cutting-edge technique
that allows researchers to examine the gene expression profiles of individual cells.
Unlike bulk RNA-seq, which provides an average expression profile of a mixed
population of cells, scRNA-seq enables the study of cellular heterogeneity,

identifying distinct cell types, states, and their roles in biological processes.

1.5 Aims

As JAK2 inhibitors are unable to eliminate Jak2V617F-mutated hematopoietic
stem cells (HSCs) in MPN, it is important to find novel stem cell-directed
therapeutic approaches. Our previous single-cell RNA-sequencing data showed
that 8% of genes that differ in Jak2V617F LSCs compared to wild-type (WT) LSCs
are involved in metabolic processes. Pathway analysis in Jak2V617F-positive
LSCs compared to WT revealed a multitude of upregulated metabolic pathways,
such as glutathione metabolism, oxidative stress, and phosphatidylinositol lipid
metabolism. This provides a strong rationale for searching for targetable

metabolic vulnerabilities in MPN.

Therefore, firstly, we aimed to investigate cell survival mechanisms in MPN using

robust pre-clinical Jak2V617F mice models.

Secondly, we aimed to conduct transcriptomic analysis to identify deregulated
pathways in MPN among both patients and mice compared to their normal

counterparts.

Thirdly, we aimed to perform functional assays to document changes in

deregulated pathways within primitive mouse MPN cells.
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2 Chapter 2

2.1 Materials

2.1.1 General reagents

41

13Ce-labelled glucose
Ammonium acetate
Antimycin A

BIT 9500 Serum Substitute
Bovine Serum Albumin (BSA)
Fatty Acid Free

CD117 (c-Kit) Positive Selection Kit
Cell Tak

DAPI

Dimethyl Sulfoxide (DMSO)
DNase | Solution (1 mg/mL)
Ethanol

FCCP

Foetal bovine serum (FBS)
Hydrocortisone

IMDM

Isopropanol

L-Glutamine 100x (200mM)
Methanol

Methanol (HPLC grade)
MethoCult™H4034
MitoTracker Green FM
Mouse IL-3

Mouse IL-6

Mouse SCF

PBS

Penicillin-Streptomycin
Pierce Bovine Serum Albumin
Potassium bicarbonate
RNeasy Mini Kit

Rotenone

RPMI 1640 Medium, no glutamine
SCF CARRIER FREE
Seahorse Base Medium

Materials and Methods

Cambridge Isotope Laboratories

Sigma
Sigma

Stem Cell Technologies

Sigma

Stem Cell Technologies
Thermo Fisher Scientific

Sigma
Fisher Scientific

Stem Cell Technologies

Chemical Stores
Sigma

GIBCO

Sigma

Life technologies
Chemical Stores
Gibco

Chemical Stores
Fisher Scientific

Stem Cell Technologies

Life technologies
Biolegend
Biolegend
Biolegend
Homemade
GIBCO

Sigma

Qiagen

Sigma

Life technologies
Biolegend

Agilent Technologies

50-99-7
A1542
A8674
9500

A8806

18757
10317081
D9542
D/4121/PB08
7900
L/278/01
C2920
10270
HO0888
21980
L/585
25030
L/425/IE
67-56-1
4034
M-7514
575504
575704
579704
N/A
15140

60339
74106
R8875
3187005
579704
102353



Sodium bicarbonate (NaHCO3)
Sodium dodecyl sulfate (SDS)
Sodium pyruvate

Streptavidin, Pacific Blue
Tetramethylenediamine (TEMED)
TMRM

XF Calibrant

B-Mercaptoethanol

2.1.2 Flow cytometry reagents

4',6-diamidino-2-phenylindole (DAPI)
7-AAD staining solution

APC anti-mouse c-kit

FC block

FITC anti-human CD45

FITC anti-mouse CD45.1

FITC anti-mouse TER-119
Mitotracker green (MTG)

Pacific Blue™ anti-mouse CD45.2
PE anti-human CD133

PE anti-mouse CD48

PE/Cy7 anti-mouse Scall

PE/Cy7 anti-mouse/human CD11b (Mac-1)

2.1.3 Equipment
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7500 Fast Real-Time PCR System
MastercyclerT'vI PCR machine
FACSAria™ Fusion sorter
FACSFortessa™

FACSCalibur™ zZ6003

Seahorse flux analyser XF96

Q Exactive Orbitrap Mass Spectrometer
NanoDrop™ 2000 Spectrophotometer
ddPCR system

CASY cell counter and analyser
SpectraMax Plus 384

Absorbance Microplate Reader

UltiMate 3000 HPLC system

Sigma

Sigma

Gibco

Life technologies
Sigma

Life technologies
Seahorse Bioscience
Sigma

D9542
559925
135107
553142
555842
110706
116206
M-7514
109820
372803
103406
122514
101216

S5761
L5750
11360070
S-11222
T9281
T-668

M3148

Sigma

BD Biosciences
Biolegend

BD Pharmigen
BD Biosciences
Biolegend
Biolegend

Life Technologies
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

Applied Biosystems
Eppendorf UK Ltd
BD Biosciences

BD Biosciences

BD Biosciences

Agilent Seahorse Technologies

Thermo Fisher Scientific

Thermo Fisher Scientific

Qiagen

Roche Applied Science

Molecular Devices

Thermo Fisher Scientific



2.1.4 Composition of tissue culture media, solutions and buffers

RPMI
RPMI 1640 500m|
FBS Heat inactivated 10%

Red blood cell lysis

Ammonium acetate 8.02¢g
KHCOs potassium bicarbonate 1lg
EDTA 0.02g
H20 to 1L

c-kit* cells medium

IMDM

0.2% 2 Mercaptoethanol (50mM) 100ul
Low Density Lipoprotein (10mg/ml)  200ul
1% Penicillin-Streptomycin (10,000 500ul

U/ml)

20% BIT 10ml
Murine IL-3 (10ng/ml) 2.5ul
Murine IL-6 (25ng/ml) 6.25ul
Murine SCF (50ng/ml) 25ul

Freezing cells medium (primary

human)

DPBS 15ml
DMSO 3ml
Albunorm (5% stock) 12mi
500mM EDTA 30ul

Freezing cells medium (Primary
mouse)
DMSO 5ml
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FBS
IMDM

LC-MS medium

Alumax Il (Gibco)
Human insulin (10mg/ml)
Glutamine (1.66 mM)
Pen/Strep

Transferrin (25mg/ml)

Beta Mercaptoethanol (50mM)

XF Assay Media for primary

mouse cells

XF Base Media
Glucose (1.66 M)
L-Glutamine (200 mM)
Mouse IL-3

Mouse IL-6

Mouse SCF

XF Assay Media for cell lines
XF Base Media

Glucose (1.66 M)

L-Glutamine (200 mM)
Pyruvate (100 mM)

Fc block*

Fc block

PBS, 2% FBS (v/v)

Lin cocktail

Biotin anti-mouse CD4

25ml
20ml

50ul
10ul
33.13ul
100ul
3ul
20ul

24.3 ml
167 pl
250 pl
2.5ul
6.25ul
25ul

24.3 ml
167 pl
250 pl
250 pl

1l
49 ul

3.2 pl
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Biotin anti-mouse CD5
Biotin anti-mouse CD8a
Biotin anti-mouse Mac-1
Biotin anti-mouse B220
Biotin anti-mouse TER119

Biotin anti-mouse GR-1

PBS

Murine ST/LT HSC mix

Pacific Blue Lin cocktail

Sca anti-mouse PeCy7

cKit anti-mouse APC/780

CD48 anti-mouse PE

CD150 anti-mouse APC

FITC anti-mouse CD45.1
PerCP/Cy5.5 anti-mouse CD45.2
PBS

Murine myeloid mix

FITC anti-mouse CD45.1
PerCP/Cy5.5 anti-mouse CD45.2
APC anti-mouse GR-1

PeCy7 anti-mouse Mac-1

FITC anti-mouse TER119

Streptavidin*
Streptavidin
PBS, 2% FBS (v/v)

Myelocult*

MyelocultT™™

Hydrocortisone hem succinate (1x10-4 M)

Human HSC/LSC staining
APC anti-human CD34

6.4 pl
6.4 ul
24.8 pl
24.8 pl
100 pl
50 ul

284.4 pl

22 ul
1 pl
1l
3.2ul
1l

1 pl
3ul
17.8 ul

0.5 ul
1.5l
1l
0.5l
1l

1l

100 pl

100 ml
1ml
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PerCP anti-human CD38
FITC anti-human CD45
PBS

3 ul
10 pl
84 ul



2.2 Methods

2.2.1 Mice bone marrow samples c-Kit* selection

Murine bone marrows were harvested from C57BL/6 WT (n=3), HOM (n=3), and HET (n=3)
mice aged 10 to 11 weeks. The bone marrows were crushed using a mortar and pestle in
30 ml of Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma) containing 0.5% of bovine
serum albumin (BSA) (Sigma). The cell suspensions were filtered through a 70 pum mesh
nylon strainer to eliminate remaining aggregates and debris.

BM cells were enriched for c-Kit* cells using EasySep Mouse CD117 Positive Selection Kit
(StemCell Technologies). BM cell suspensions were counted using a haemocytometer/Cell
drop (DeNovix) and centrifuged at 350g 5min. Cell pellets were resuspended at 10"8
cells/ml concentration by adding appropriate 0.5%BSA+DPBS. Cell suspensions were
transferred into FACS tubes for c-Kit* selection. c-Kit* cells were firstly incubated with
50ul/ml PE-labelled CD117 antibody for 15min at room temperature. Then c-Kit* cells were
selected by using 70ul/ml of selection cocktail directed against PE and dextran for 15min at
room temperature. 50ul/ml RapidSpheres were added to the samples evenly for 10min at
room temperature. Samples were topped up to 2.5ml with 0.5% BSA+DPBS. FACS tubes
were placed into the magnet without the lid and incubated 5min at room temperature. The
magnet was picked up and inverted in a continuous motion to pour off the supernatant. The
FACS tube was removed from the magnet. The c-Kit* cells were left in the tube. Steps
from topping up 2.5ml with 0.5% BSA+DPBS to pour off the supernatant were repeated
three more times. c-Kit* cell medium (see reagents part) below for culturing medium- was
added to FACS tubes with isolated c-Kit" cells. c-Kit" cells were cultured in 6 well plates at
105 cells/ml to 10”6 cells/ml overnight at 37 °C 5% CO2. c-Kit* cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 20% BIT (bovine serum
albumin/insulin/transferrin; StemCell Technologies), 0.2% Mercaptoethanol (Invitrogen),
10mg/ml Low-Density Lipoprotein LDL (SIGMA), 1% Penicillin-Streptomycin (Invitrogen),
10ng/ml Murine Interleukin3 IL-3 (Biolegend), 25ng/ml Murine Interleukin6é IL-6 (Biolegend),
50ng/ml Murine Stem Cell Factor SCF (Biolegend).
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Numer of cells in a Tmm? square (red) x 10* = No. cells/ml.

Figure 2.1 Method for cell purification.

Using a haemocytometer to count cell numbers, and magnetic beads for magnetic cell purification.

2.2.2 RNASeq of c-Kit* cells

Before RNA extraction, a clean lab coat and gloves were donned, and pipettes as well as
the working area were cleaned with RNaseZAP (Sigma). The RNeasy Plus mini kit
(Qiagen) was employed for RNA extraction. After overnight culture, c-Kit* cells were
counted again. 1 ml of c-Kit* cells from each well was transferred from the 6-well plates into
1.5 ml RNase-free Eppendorf tubes. The cells in the Eppendorfs were centrifuged at 350 g
for 5 minutes and left as cell pellets at the bottom of the Tubes. The supernatants were
carefully pipetted off without disturbing the cell pellets. For a c-Kit* cell count at or below 5
x 1076 cells, 350 ul of Buffer RLT Plus was added directly to the cell pellets. The cells were

then vortexed for 30 seconds to homogenize the lysate, which was transferred to a gDNA
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eliminator spin column placed in a 2 ml collection tube. The gDNA eliminator spin column
with a collection tube was centrifuged for 30 seconds at 10,000 rpm; the flow-through was
retained, and the column was discarded. 350 pl of 70% ethanol was added to the flow-
through and mixed by pipetting. A total of 700 ul of the sample was transferred to an
RNeasy spin column positioned in a 2 ml collection tube. The lid of the spin column was
closed and centrifuged for 15 seconds at 10,000 rpm, and the flow-through was discarded.
700 pl of Buffer RW1 was added to the RNeasy Mini spin column, the lid was shut, and it
was centrifuged for 15 seconds at 10,000 rpm, with the flow-through discarded. 500 pl of
Buffer RPE was added to the RNeasy spin column and centrifuged for 15 seconds at
10,000 rpm, after which the flow-through was discarded. Another 500 ul of Buffer RPE was
added to the column and centrifuged for 2 minutes at 10,000 Rpm. The RNeasy spin
column was placed in a new 2 ml collection tube and the sample was centrifuged at 13,000
rpm for 1 minute to further dry the membrane. The RNeasy spin column was then placed
into a new 1.5 ml collection tube, and 30 pl of RNase-free water was added directly to the
spin column membrane. The column lid was closed and centrifuged at 10,000 rpm. RNA
was eluted in 30 pl of RNase-free water. Using a Nanodrop Spectrophotometer, the

extracted RNA was kept on ice for quality control and concentration measurements.

2.2.2.1 Establish RNA quality by Nanodrop Spectrophotometer

The Nanodrop software was launched, and the nucleic acid option was selected. The
Nanodrop was gently wiped with double-distilled water. One microliter of RNase-free water
was pipetted onto the sensor pedestal of the Nanodrop, ensuring it was fully covered
without producing any bubbles to initialize the instrument. Next, one microliter of RNase-
free water was used to set the blank sample, and the blank measurement was taken.
Subsequently, one microliter of extracted RNA was placed onto the sensor pedestal for
measurement. The 260/280 ratio was used to determine protein contamination, while the

260/230 ratio was used to determine organic contamination.

2.2.2.2 Library Preparation and sequencing

The quality of the RNA samples was re-checked using the Tapestation (Agilent). This was
done with the High Sensitivity RNA Screen Tape (Agilent), which utilizes the RNA Integrity
Number (RIN) to indicate RNA degradation. The RIN is calculated through the ratios of 28S

to 18S ribosomal bands, which were analyzed by gel electrophoresis. RIN values range
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from 1 to 10, with higher RIN values indicating lower RNA sample degradation. One
microgram of RNA was subjected to Ribo-depletion to eliminate ribosomal RNA (rRNA)
before generating RNA-Seq libraries using the Truseq Stranded Total RNA Library Prep
Gold Kit (lllumina). Paired end (PE) sequencing of 36 base pairs was performed on the
NextSeq 500 sequencer (lllumina). All steps were carried out by William Clark at the
Molecular Technologies Core Facility at CRUK Beatson Institute, adhering to the

manufacturer’s instructions.

2.2.2.3 RNA-Sequencing Data Analysis Workflow

The pipeline for RNA sequencing data analysis comprises five steps: processing raw reads,
aligning reads, quantifying genes, testing for differential expression, and testing for
functional enrichment. Firstly, to process the raw reads, the quality of the FASTQ-format
raw reads is assessed using FastQC software (URL_1). Secondly, STAR 2.7.3a (Dobin et
al., 2013), one of the RNA-Seq alignment tools, was utilized to align the raw reads to the
reference genome Mus musculus GRCm39.104. STAR is time saving and can align the
reads across splice junctions. For the third step, the Feature Counts function from the
Rsubread 2.4.3 package was invoked to generate a count matrix. To eliminate batch
effects due to the different processing dates of samples, the Combat function from the Sva
package 3.38.0 was applied (Leek et al., 2021), resulting in a new expression matrix for all
downstream analyses. Lastly, the Limma package 3.46.0 was employed for the
normalization of the counts. For differential expression analysis, we are comparing gene
expression changes between phenotypes (WT, HOM, and HET), rather than comparing
expression across multiple genes. As a result, gene length normalization is unnecessary.
The Counts per Million (CPM) function is used to normalize library size. The log of CPM is
typically applied to generate plots. After library size normalization, it is necessary to filter
out and remove lowly expressed genes to eliminate genes with no biological significance in
the context of the study. The filtering employs CPM instead of counts, prioritizing samples
with large library sizes. The filterByExpr function retains genes with approximately 10 read

counts or more.
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Figure 2.2 RNA-seq data analysis workflow.

2.2.3 Seahorse assay for measuring oxygen consumption rate (OCR) and

extracellular acidification rate (ECAR).

2.2.3.1 The principle and calculation of seahorses

The Seahorse XF96 analyser (Seahorse Bioscience) can simultaneously measure the
cellular oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR).
Cells utilize two methods of respiration. One is mitochondrial respiration, which occurs in
mitochondria within a high-oxygen environment; the other is glycolysis, which takes place in
a hypoxic environment. During mitochondrial respiration, electrons are transported through
the inner mitochondrial membrane's electron transport chain (ETC). Oxygen is consumed
during the process of electron transport, and hydrogen ions are pumped into the
mitochondrial intermembrane space. ATP is also generated in the ETC. To assess
mitochondrial respiration and metabolic traits, including basal mitochondrial respiration,
ATP-linked respiration, proton leak, maximal respiration rate, mitochondrial reverse, and
non-mitochondrial respiration, we employ three drugs to inhibit different complexes on the
inner mitochondrial membrane. The first drug used is the ATP-synthase inhibitor oligomycin

(1 M), which is added after 15 minutes of basal mitochondrial OCR measurements.

The second drug introduced is carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) at a concentration of 0.6 uM, which functions as a mitochondrial uncoupler. Oxygen
consumption is linked to hydrogen via ion pumps before the addition of FCCP.
Consequently, the oxygen consumption rate peaks following the addition of FCCP, indicating

the maximal respiration rate. The reverse capacity of cells is calculated by subtracting the
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basal oxygen consumption rate from the maximal respiration rate, highlighting the cell's
capability for oxidative phosphorylation. Lastly, Rotenone and Antimycin A (Rot+AA) are
introduced; they act as inhibitors of complex Il and complex |, respectively. Once Rot+AA
are added, the entire electron transport chain is inhibited, causing a decrease in the oxygen

consumption rate. This is referred to as the non-mitochondrial respiration rate.

The extracellular acidification rate (ECAR) indicates the level of glycolysis. As 2-Deoxy-D-
glucose (2-DG) was not utilized in our experiment, only the basal glycolysis rate and the
glycolytic reversal rate were assessed. Glucose was added after 15 minutes; however, our
Seahorse media recipe already contained glucose. Consequently, our basal ECAR already
characterized glycolysis. The glycolytic reversal was calculated as the ECAR measured
after FCCP addition minus the basal ECAR.

2.2.3.2 Seahorse cells counting and seeding

After overnight culture, c-Kit* cells were counted using Celldrop (DeNovix). The c-Kit* cells
were transferred from 6-well plates to 10ml tubes, centrifuged, and resuspended in
Seahorse Medium (Agilent) supplemented with 1.6M glucose (SIGMA), 200mM glutamine
(SIGMA), 10ng/ml Murine IL-3 (Biolegend), 25ng/ml Murine IL-6 (Biolegend), and a cocktall
of 50ng/ml Murine SCF (Biolegend). The volume of Seahorse Medium added was
calculated based on the c-Kit* cell concentration for each mouse and the replicate well
numbers on the Seahorse plates. A total of 100,000 cells were seeded per well of a
Seahorse XF96 cell culture plate (175 pl volume). The cells were incubated for 30 minutes
in a COzfree incubator at 37°C before being transferred to the Seahorse XF96 analyser. A
calibration plate was placed in the COzfree incubator overnight for calibration.
Measurements of OCR were taken at baseline and following injections of (i) oligomycin
(1puM), an ATP synthase inhibitor, (ii) carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) (1.8uM), a mitochondrial uncoupler, and (iii) antimycin A (1uM)
and rotenone (1uM; all Sigma-Aldrich), which are inhibitors of complex Il and complex |,
respectively.

WT c-Kit* cells and HOM or HET c-Kit* cells were compared in terms of basal mitochondrial
respiration, ATP-linked respiration, proton leak, maximal respiration rate, reverse capacity,

non-mitochondrial respiration, glycolysis, and glycolytic reverse rate.
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2.2.4 Flow cytometry

2.2.41 Antibodies panel design

To assess the mass of mitochondria and the mitochondrial redox oxygen species levels in
hematopoietic stem cells (Lineage—Scall* c-Kit* LSK cells) in mice, the markers Mitogreen-
FITC (MTG-FITC, Biolegend), Mitochondrial Tetramethylrhodamine (TMRM-PE, Biolegend),
Carboxymethyl dichlorodihydrofluorescein derivative (CM-H2DCFDA-FITC, ThermoFisher),
and MitoSox Red (MitoSox-FITC, ThermoFisher) were used, respectively.

TMRM-PE was not directly used to stain purified c-Kit" cells because the selected c-Kit*
cells showed the same color of PE (CD117) on their surface. Unfortunately, the c-Kit*
selection kit from StemCell Technologies features only PE as a marker. Therefore, a
different panel was devised to visualize c-Kit* cells from the same bone marrow fraction,
employing Zombie-BUV395, Lineage-Pacific Blue, Scall-PerCP-Cy5.5, and c-Kit-APC-Cy7
to assess TMRM levels. Zombie-BUV395 was included to separate live and dead cells. For
MTG, CM-H2DCFDA, and ROS, another panel consisting of Zombie-NIR-R780/60, Lineage-
Pacific Blue, Scall-APC, and c-Kit-PE was utilized to stain LSK cells. LSK cells were
characterized as Lin"Scall*c-Kit*. After gating the LSK cells, histograms for MTG, TMRM,
CM-H2DCFDA, and ROS were generated to display mitochondrial functions.

As efflux pumps are present on the cell membrane of Lin" cells to expel the MTG and TMRM

dye, verapamil was added as needed to inhibit the efflux pump(de Almeida et al., 2017).

2.2.4.2 Procedure of staining panel for flow-cytometry

Cells were initially stained with MTG, TMRM, CM-H2DCFDA, and ROS dyes, as the staining
procedure for these three antibodies should be completed under 37°C incubations to allow

the colour to be absorbed into the live cell membrane.

Pre-warmed media at 37°C should be prepared for the mixing of MTG and TMRM dyes.
Because the ROS dye is the same color as the MTG dye, it is added to a separate pre-
warmed Medium. The media volume was calculated using the counts of BM cells to obtain
50,000,000 cells. The Mitogreen working concentration was 100 nM. Ten microliters were
taken from the 100X stock solution and added to the pre-warmed media containing
50,000,000 BM cells. For TMRM staining, the stock concentration was 10 mM, and the
working concentration was 100 nM. A small vial of TMRM stock was diluted 100X. For
ROS staining, both Redox oxygen species Red and CM-H2DCFDA had a stock
concentration of 5 mM and a working concentration of 5 uM.
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After incubation at 37°C for 30min, BM cells were already stained with the MTG, TMRM and
ROS dyes. The next step was c-Kit*, LSK markers staining. Antibodies were added
according to Table 3 to make a 50ul staining solution per sample. 50,000,000 BM cells
solution were centrifuged and stained with 50ul antibodies on ice for 30 min.

Samples were washed with PBS three times to eliminate the unspecific antibody binding.

Then 500ul PBS was added to the sample ready for the flow cytometry.

Table 2.1 c-Kit*, LSK staining antibodies panel for MTG, CM-H2DCFDA and ROS

Antibody | Colour Volume | Fortessa channel | Cat. Number

Lineage (-) | Pacific Blue | 5ul V 450/50 Biolegend 133310

Scall (+) | APC 2ul R 670/14 Biolegend 108124

C-kit (+) PE 2ul YG586/15 Biolegend 105826

Zombie APC-cy7 1ul R 780/60 Biolegend 423101
2.2.5 ddPCR

The ddPCR workflow utilized the Bio-Rad QX200 system with the ddPCR™ Mutation Assay:
for detecting the Mt-Nd1 mutation. The assay employed a FAM-labelled probe targeting the
mutant JAK2 and a HEX-labelled probe targeting the wild type (WT). Prior to each
experiment, a master mix was prepared, comprising 10 yl of 2X ddPCR Supermix for
Probes (No dUTP) and 1 pl of the ddPCR™ Mutation Assay. Variable volumes of DNA were
added, and nuclease-free water was used to adjust the total reaction volume to 20 pl.
Samples were thoroughly mixed by pipetting up and down. The reactions were prepared in
ddPCR™ 96-Well Plates, skipping the first row.

After adding all reagents and samples, the plate was sealed using the PX1 PCR Plate
Sealer and Heat Seal Foil at 180°C for 6 seconds. The plate was briefly vortexed and
centrifuged at 500 rpm for 30 seconds. It was then loaded into the AutoDG system along
with Automated Droplet Generation Qil for Probes, AutoDG pipette tips, DG32 Droplet
Generator cartridges, and another ddPCR™ 96-Well Plate placed on the cooling block. The
AutoDG was set up according to the instrument's instructions.
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Once droplets were generated, the second plate was sealed as before and subjected to

thermal cycling in the C1000 Touch Thermal Cycler using the following program:

1. 95°C for 10 minutes

2. 94°C for 30 seconds

3. 55°C for 1 minute (repeated for 40 cycles)
4. 98°C for 10 minutes

5. 12°C hold

The plates were left at 12°C for at least 3 hours or overnight, as recommended by
(Rowlands et al., 2019) before reading. Droplet fluorescence was analysed using the
QX200 Droplet Reader, set to the Rare Event Detection (RED) Assay parameters with FAM

and HEX probes. Data were processed using Bio-Rad’s Quantasoft (Version 1.7).
Inclusion criteria for data analysis required:

« Each well to contain >10,000 droplets.

o Controls to display expected clusters (Negative, Mutant Positive, WT Positive) on the
2D amplitude plot.

Thresholding was performed manually for each experiment using the 2D amplitude plots of
PC and NTC/NC results to define thresholds for WT, Mutant, and Negative clusters.

2.2.6 Liquid chromatography-tandem mass spectrometry (LC-MS)

2.2.6.1 Preparation of Extraction Solvent

The extraction solvent was prepared with 50% methanol (HPLC grade), 30% acetonitrile
(HPLC grade), and 20% water (HPLC grade).

2.2.6.2 LC-MS on murine bone marrow hematopoietic stem cells (LSK cells)

2.2.6.2.1 Isolation and culture of LSK cells

Murine bone marrow was harvested from C57BL/6 WT (n=3), HOM (n=3), and HET (n=3)
mice aged 10-11 weeks. The bone marrows (BM) were crushed using a mortar and pestle
in 30 ml of Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma) containing 0.5% bovine
serum albumin (BSA) (Sigma). The cell suspensions were filtered through a 70 pum mesh
nylon strainer to remove any remaining aggregates and debris. BM cells were enriched for
c-Kit* cells using the EasySep Mouse CD117 Positive Selection Kit (StemCell
Technologies). c-Kit* cells were then re-suspended in 50 ul of 0.5% BSA + DPBS, stained
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with Scall-APC (3 pul) (Biolegend) and Linage-Pacific Blue (5 pl) (Biolegend) in 42 pl of
0.5% BSA + DPBS for 15 minutes on ice. After staining, the cells were washed twice with
0.5% BSA + DPBS and re-suspended in 600 pl of 0.5% BSA + DPBS. Cells were prepared
for sorting, and following sorting, LSK cells were washed, counted, and cultured in c-Kit*

media for overnight (O/N) recovery.

2.2.6.3 Cell tracing and preparation for LC-MS

After O/N recovery, cells were washed with DPBS and re-suspended in 3C6 Glucose
(Cambridge Isotopes) tracing media (Error! Reference source not found.) for 24h
incubation.

After cells were traced 24h, cells were counted using a hemacytometer and using trypan
blue before counting, washed with DPBS, and centrifuged at 350g for 5 min. The
supernatant was removed, and cells were re-suspended in 1ml ice-cold DPBS in small
Eppendorf tubes and centrifuged 12,0009 for 15 seconds. Cells were re-suspended in 1ml
ice-cold DPBS and again centrifuged at the same conditions. The supernatant was
removed, and extraction solvent was added according to the cell numbers added per
sample. The extraction solvent was mixed 5 times by pipetting and Eppendorf tubes were
vortexed for 2-3 seconds and left in the centrifuge for 4 min. Debris was pelleted at 16100g
for 10min at 40C. The supernatant was transferred to a glass vial and stored at -800C.
Samples were analyzed on a Liquid chromatography tandem mass spectrometry (LC-MS).
All data were analyzed and TOXID was used to generate accurate retention time for each
metabolite. Trace finder (ThermoFisher) software was used to further compare carbon
isotopes labelling among WT, HOM and HET mice.

Table 2.2 Mass-Spectrometry Medium components

Stock Volume for 10mL Want
(uL) (concentration)

Alumax Il (Gibco) 100% 50% 0.5%
Human insulin 10mg/mL 10 10ug/mL
(Sigma)
GIn 200mM* or non* 32.5 (* or non*) 0.65M
(Sigma/Cambridge
isotopes)
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Glc 1M* (1.66mM for non*) | 55* (33.13 for non*) | 5.5mM
(Sigma/Cambridge

isotopes)

Pyruvate (Sigma) 100mM 10 100uM
P/S (Gibco) 100% 100 1%
Transferrin (Sigma) 25mg/mL 3ul 7.5ug/mL
Beta 50mM 20 100uM
Mercaptoethanol

(Sigma)

Murine IL-3 Biolegend (Cat: 2.5ul of 200ug/ml

(10ng/ml) 575502) IL-3

Murine IL-6 Biolegend (Cat: 6.25ul of 200ug/mi

(25ng/ml) 575702) IL-6

Murine SCF Biolegend (Cat: 25ul of 100ug/ml

(50ng/ml) 579702) SCF

2.2.7 Statistical analyses

We did not use any statistical method to predetermine sample size. For in vitro
experiments, a minimum of 4 mice per phenotype were chosen as a sample size to ensure
adequate power, unless stated otherwise. Data obtained from each mice sample
represents an independent experiment. We were not blinded to mice allocation during in
vivo experiments. No method of randomization was used. All mice were cared for equally
in an unbiased fashion by animal technicians and investigators. No animal was excluded
from the analysis.

P values were calculated by two-tailed paired or unpaired Student’s t-test using GraphPad
Prism software (GraphPad Software 9.0) as indicated in the figure legends. Where

indicated, variables were transformed using the natural logarithms before t-tests were

performed to meet the assumption of equal variances.
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3 Chapter 3 Metabolism related changes in the

transcriptome of MPNs

3.1 Introduction

Bulk RNA sequencing (Bulk RNAseq) reveals the average gene expression of a group of
cells which may come from the same tissues or organ (Li and Wang, 2021). This group of
cells is often heterogenous, containing various cell types. Bulk RNA-seq therefore only
reflects the average expression profile among a group of cells, identifying the most highly
differentially expressed genes. Differentially expressed genes can be analyzed for
molecular pathway changes and various biological processes such as metabolism. Bulk
RNASeq varies from single Cell RNA sequencing (Sc-RNASeq). Single Cell RNASeq
captures the transcriptome of individual cells coming from the same or different tissues. For
Sc-RNAseq clustering of cells helps to identify cell types and subpopulations. As a result,
single cell RNASeq is utilized to reveal cell heterogeneity while bulk RNASeq is utilized to
assess the biological process and downstream pathway analysis overall.

CD117 cells (c-Kit* cells) are a group of cells that represents hematopoietic stem and
progenitor cells (HSPCs) in murine bone marrow (Shin et al., 2014). Itis a heterogenous
group of cells, including long term hematopoietic stem cells (LT-HSCs) and short-term
hematopoietic stem cells (ST-HSCs). To learn more about metabolic processes in c-kit+
cells, | performed bulk RNASeq for downstream metabolic molecular pathway analysis. |
investigated Jak2V617F homozygous and heterozygous MPN mice for this purpose.
Previous reports in human stem and progenitor cells reported metabolic reprogramming in
MPN patients driven by a different burden of the JAKV617F mutation (Sappington et al.,
2016).

In Tong et al, JAK2V617F positive essential thrombocythemia (ET) patients were assessed
using single-cell gene expression profiling and parallel mutation detection (Nageswara Rao
et al., 2019). They found hematopoietic stem cell heterogeneity between homozygous
mutant HSCs and heterozygous mutant HSCs. Interestingly, homozygous mutant HSCs
are induced into quiescence while heterozygous mutant HSCs underwent apoptosis. In
addition, fatty acid metabolism showed differences between homozygous JAK2V617F
mutant HSCs and heterozygous JAK2V617F mutant HSCS. The homozygous mutant
HSCs additionally showed higher Glucose metabolic compared to heterozygous mutant

HSCs.
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Another paper highlights the limitations of conventional single cell RNA Sequencing
(SCRNA-Seq) protocols in reliably analyzing mutation status in patient (Rodriguez-Meira et
al., 2019). Itintroduces TARGET-Seq, a method that integrates high-sensitivity genomic
DNA and cDNA genotyping with SCRNA-Seq. TARGET-seq enables the resolution of
distinct transcriptional signatures of tumour genetic subclones. The paper demonstrated
that there is no difference in gene transcription between WT JAK2V617F mutated cells in
terms of oxidative phosphorylation pathways compared to homozygous and heterozygous
JAK2V617F mutated cells, hinting at the tumour microenvironment to alter even WT cells.
Lastly, single-cell transcriptome and whole-genome sequencing were conducted on
hematopoietic stem and progenitor cells (HSPCs) from individuals with myeloproliferative
neoplasms (MPNs)(Van Egeren et al., 2021). The JAK2V617F mutation was detected in a
single hematopoietic stem cell (HSC) many years before the clinical diagnosis of MPNSs.
HSCs carrying the JAK2V617F mutation exhibited enhanced fitness in the natural human
hematopoietic system. The proportion of JAK2 mutant cells varied among different myeloid
progenitor compartments within the same individuals.

In this chapter, | interrogated the transcriptional changes in metabolism between mouse

Jak2V617F mutated and WT mice in the stem and progenitor cell compartment.

3.2 Results

To determine metabolic changes in MPN mice, c-Kit* cells were isolated from Jak2V617F
WT, HOM and HET mice. Standard Ribo-depletion to eliminate ribosomal RNA (rRNA) was
deployed followed by generating RNA-Seq libraries using the Truseq stranded total RNA
library prep gold kit (Illumina, Table 3.1).
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Table 3.1 Sample overview for bulk-RNA-sequencing

Sample_ID  CellType 17_Index_ID index

c-Kit

WT2-ckit positive AR018-A GTCCGC
c-Kit

WT3-ckit positive AR019-A GTGAAA
c-Kit

WT4-ckit positive AR016-A CCGTCC
c-Kit

HOM1-ckit positive AR020-B GTGGCC
c-Kit

HOM?2-ckit positive AR021-B GTTTCG

c-Kit

HOM3-ckit positive AR022-B CGTACG
c-Kit

HET1-ckit positive AR023-B GAGTGG
c-Kit

HET2-ckit positive AR025-B ACTGAT
c-Kit

HET3-ckit positive AR027-B ATTCCT

To assess c-Kit* cell differences in transcription compared to WT, differentially regulated
genes between HOM and WT or HET and WT were calculated and displayed as a Venn
diagram Figure 3.1 Venn Diagram showing the overlap between differentially expressed
genes. Overall, | found 478 genes that were specifically deregulated in HOM mice when
compared to WT, 38 genes that were commonly differentially regulated in HOM and HET
when compared to WT and only 2 genes that were specific to HET mice Figure 3.1 Venn

Diagram showing the overlap between differentially expressed genes.

HOM vs WT HET vs WT

38 2

(7.3%) (0.4%)

Figure 3.1 Venn Diagram showing the overlap between differentially expressed genes.
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Differentially expressed genes for HOM versus (vs) WT and HET vs WT were overlaid.

Additionally, Volcano plots were generated to assess commonly upregulated genes
between HOM and HET and for HOM when compared to WT alone. Some of the top
regulated HOM specific genes play a role in metabolic pathway regulation and amino acid
transport such as Slc43a and Slc24a37 Figure 3.4. The SLC43a family consists of L amino
acid transporters, which include the structurally and functionally distinct LAT1 and LAT2
from the SLC7 family. LAT3 and LAT4 have 12 predicted transmembrane domains with both
N and C termini inside the cell. They transport neutral amino acids without the need for Na+
or Cl-, and exhibit two kinetic behaviors. LAT3 (SLC43A1) is highly expressed in the
pancreas, liver, skeletal muscle, and fetal liver, while LAT4 (SLC43A2) is mainly found in
the placenta, kidney, and peripheral blood leukocytes. A full table denoting al differentially

expressed genes is attached as an appendix.
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Figure 3.3 Volcano plots between HOM and Figure 3.2 HOM-specific significant genes

HET differentiated expressed genes

Differentially expressed genes that are HOM specific or common for HOM and HET are denoted.
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Figure 3.4 Heatmap summarising amino acid transport genes specifically upregulated in HOM
Jak2V617F mutated c-kit+ cells.

Scale shows upregulated pathways in orange/ red and downregulated pathways in blue. HOM marked with

blue, HET marked in orange and WT marked in green.
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Figure 3.5 Box plots showing gene counts for amino acid transport genes specifically upregulated in
HOM Jak2V617F mutated c-kit+ cells.

Individual samples are marked by dots and the average is indicated with a line.

I next went on to assess metabolic pathway regulation in the MPN mice. | wanted to focus
on pathways that were upregulated in HOM or HET c-Kit cells when compared to WT. |
used KEGG pathway analysis to create a heatmap of differentially regulated metabolic

pathways. HOM and HET c-Kit cells equally upregulate many metabolic pathways such as
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oxidative phosphorylation, pyruvate, sphingolipid and fatty acid metabolism. However,
several HET-specific pathways, such as fructose and mannose metabolism and galactose
metabolism, could be identified in Figure 3.6 Heatmap summarising KEGG pathway
analysis of metabolic transcriptional changes in Jak2V617F mutated c-kit+ cells., with HOM-
specific pathways being the glycine, serine and threonine pathways and the one-carbon
metabolism pathway in Figure 3.6 Heatmap summarising KEGG pathway analysis of
metabolic transcriptional changes in Jak2V617F mutated c-kit+ cells. Overall, my data
showed metabolic upregulation in Jak2V617F mutated c-Kit* cells. In addition, some
pathways were commonly downregulated in HOM and HET c-Kit* cells, such as steroid
biosynthesis and biosynthesis of unsaturated fatty acids Figure 3.6 Heatmap summarising
KEGG pathway analysis of metabolic transcriptional changes in Jak2V617F mutated c-kit+

cells.
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Figure 3.6 Heatmap summarising KEGG pathway analysis of metabolic transcriptional changes in
Jak2V617F mutated c-kit+ cells.
Scale shows upregulated pathways in orange/ red and downregulated pathways in blue.
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Next, | wanted to assess metabolic pathway deregulation in human primitive cells, namely
Lin, CD34* cells. | re-analyzed publicly available single cell Target-seq data, providing
genotype and transcriptome data from a single cell (Rodriguez-Meira et al., 2019)

from MPN patients. Seurat was used to produce a UMAP (Uniform Manifold Approximation
and Projection) cluster analysis. Overall, | identified 7 different clusters in the data, which |
annotated to diagnose the status of the samples. Overall, normal donors and ET samples
were more closely related with each other with PV samples clustering more separately and

more advanced disease in form of MDS/MPN giving rise to yet another cluster.
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Figure 3.7 UMAPs displaying single cell Target-Seq data from CD34+ normal donors, ET, PV
and MPN/MDS patients.

Samples were clustered in an unsupervised manner and disease phenotype annotated.

| then assessed the Target-seq data for metabolic pathway deregulation according to
genotype and disease status. The majority of metabolic pathway changes could be
observed in CD34" cells that were HET for JAK2V617F and belonged to ET patients (Figure
3.8 Heatmap summarising KEGG pathway analysis of metabolic transcriptional changes in
JAK2V617F mutated CD34+ cells.). Again, fatty acid metabolism was upregulated in ET
HET and PV HOM CD34" cells, with Oxphos, galactose, fructose and mannose metabolism
being highly upregulated in ET HET CD34" cells. These data indicate a deregulation of
similar pathways in mice and human primitive cells. However, sphingolipid metabolism in
PV HOM CD34+ cells was highly upregulated, which differs from the results in mice. Figure
3.8 Heatmap summarising KEGG pathway analysis of metabolic transcriptional changes in
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JAK2V617F mutated CD34+ cells.
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Figure 3.8 Heatmap summarising KEGG pathway analysis of metabolic transcriptional changes in
JAK2V617F mutated CD34+ cells.

Scale shows upregulated pathways in orange/ red and downregulated pathways in blue. Disease subtype and
JAK2V617F genotype is indicated.

3.3 Discussion

My gene expression data shows many downregulated genes when comparing HOM versus
WT Jak2V617F mutated HSPCs. In the downregulated genes, several metabolism genes
are apparent, such as Hk3 and mt-Nd5 and mt-Nd6. We now saw a downregulation of both
Mitochondrially Encoded NADH Dehydrogenase 5 (mt-Nd5) and Mitochondrially Encoded
NADH Dehydrogenase 6 (mt-Nd6), genes which play a role in mitochondrial electron
transport chain, enabling NADH dehydrogenase (ubiquinone) activity. Whether
mitochondrial function is impaired in Jak2V617F mutated HSPCs needs to be elucidated
which | will do in chapter5 where | utilized Seahorse assays to determine OXPHOS activity.
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Moreover, the Hk3 gene produces Hexokinases which phosphorylate glucose to produce
glucose-6-phosphate which is the first step in the glucose metabolism pathway.
Downregulation of the HK3 gene may be related to the decreased oxidative phosphorylation
in HOM mice which is in accordance with a low OCR result in HOM mice using Seahorse

(see chapter 5 results).

(Rao et al., 2019) reported that the expression of mutant JAK2V617F cells leads to
metabolic reprogramming, including an increase in fatty acid catalysis, high level of
glycolysis and an increase of ROS levels in their Myeloid and Erythroid progenitor (MEP)
cells from a JAK2V617F conditional mouse model. In this study, authors found several
metabolic pathways that are deregulated, including Alanine, Aspartate and Glutamate
metabolism. Because of the different mice models used, my results were different from
them. However, | did identify fatty acid metabolism changes in Hom vs WT comparison, like
studies in human ET (Tong et al., 2021).

Several amino acid transporter genes were deregulated between WT vs Het and WT vs
Hom Jak2V617F mutated cells. Seven families of amino acid transporters in the SLC gene
superfamily have been identified to date. Examples are the SLC1A family which are high-
affinity glutamate and neutral amino acid transporters, the SLC6A family responsible for Na*
dependent neurotransmitter transporters, the SLC7A family genes regulating cationic and
neutral amino acid transporters. Other important players in this superfamily of genes are
SLC16A which regulate monocarboxylate, such as lactate, pyruvate, and others and
aromatic amino acid transporters, SLC36A which is involved is H" dependent amino acid
transport. The exact contributions of the amino acid transporter genes | identified in this

study remain to be elucidated.
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4 Chapter 4 Characterising the metabolic profile of
hematopoietic stem cells in two phenotypes, PV and

ET of myeloproliferative neoplasms (MPN)

4.1 Introduction

Patients with Polycythemia Vera (PV) or Essential thrombocythemia (ET) display different
clinical manifestations (Barbui and Tefferi, 2012). Haematopoietic stem cells (HSCs) in
these two phenotypes show various STAT1 levels, which hinted a possibility of metabolic
profile differences between these two phenotypes (Greenfield et al., 2021). HSC'’s function
depends on the cell metabolic levels, including HSC quiescence, renewal and differentiation
(Guglielmelli et al., 2014). Therefore, metabolic changes may occur in HSCs of two
phenotypes, which influence the HSCs function, leading to the progression of MPN. So,
targeting metabolic changes in the HSCs of two phenotypes of MPN may be a potential
treatment for MPN except for the existing treatment methods JAK2 inhibitor ruxolitinib and
interferon-a.

Mitochondria is the main organelle that is responsible for the oxidative phosphorylation of
glucose, transference of electrons to produce H20 and production of Adenosine
triphosphate (ATP) when oxygen is sufficient during cell respiration (De Almeida et al.,
2017). Also, when HSC cells are lack of oxygen or in low oxygen levels, mitochondria still
get some alternative ways to produce ATP to acquire energy to provide for HSCs function
(Chen et al., 2008). As a result of that, mitochondria are the main part that influence cell
metabolic profiles. So, it's vital that we have an investigation of mitochondrial profiles of
HSC cells in two phenotypes of MPN.

In this thesis, | will study both the HSC and HSPC populations of two phenotypes PV and
ET in MPN as defined in and determine how their metabolic profiles change with
phenotypes of MPN.

To assess the mass of mitochondria and the mitochondrial redox oxygen species levels in
hematopoietic stem cells (Lineage™ Scall* c-kit* LSK cells) in mice, Mitogreen-FITC (MTG-
FITC, Biolegend), Mitochondrial Tetramethylrhodamine (TMRM-PE, Biolegend),
Carboxymethyl dichlorodihydrofluorescein derivative (CM-H2DCFDA-FITC, ThermoFisher)
and MitoSox Red (MitoSox-FITC, ThermoFisher) markers were used respectively.
TMRM-PE was not directly used to stain purified c-Kit* cells because the selected c-Kit*

cells contain the same cooler of PE (CD117) on the cell surface. The c-Kit* selection kit
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from StemCell Technologies unfortunately only has PE as a marker. Thus, a different panel
was designed to visualize c-Kit* cells from the same bone marrow fraction, using Zombie-
BUV395, Lineage-Pacific blue, Scall-PerCP-cy5.5, c-Kit-APC-cy7 to assess TMRM level.
Zombie-BUV395 was included for live/dead cells separation. For MTG, CM-H2DCFDA and
ROS, another panel Zombie-Nir-R780/60, Lineage-Pacific blue, Scall-APC, c-Kit-PE were
used to stain LSK cells. LSK cells were characterized as Lin"Scall*c-Kit*. After LSK cells
were gated, histograms for MTG, TMRM, CM-H2DCFDA and ROS were generated to show
mitochondria mass, mitochondrial membrane potential and mitochondrial ROS levels
respectively.

As efflux pumps exist on the cell membrane of Lin- cells membrane to extrude the MTG and
TMRM dye from cells, efflux pumps blockage verapamil was added where appropriate(de
Almeida et al., 2017).

Cell metabolic functional analysis is based on three key elements: the assessment of
metabolic pathways, energy balance analysis, and mitochondrial function evaluation
(DeBerardinis and Keshari, 2022).

Mitochondrial function includes the formation of reactive oxygen species (ROS),
mitochondrial membrane potential, and oxygen consumption rate (OCR). OCR has been
described above, while reactive oxygen species and mitochondrial membrane potential are
detected by flow cytometry technology employing TMRM and ROS dyes. To assess the
mass of mitochondria and the mitochondrial redox oxygen species levels in haematopoietic
stem cells (Lineage™ Scall* c-kit" LSK cells) in mice, Mitogreen-FITC (MTG-FITC,
Biolegend), Mitochondrial Tetramethylrhodamine (TMRM-PE, Biolegend), Carboxymethyl
dichlorodihydrofluorescein derivative (CM-H2DCFDA-FITC, ThermoFisher) and MitoSox
Red (MitoSox-FITC, ThermoFisher) markers were used respectively.

In this chapter, | intend to investigate the metabolic shifts in HSCs and HSPCs, specifically
analysing mitochondrial alterations within these cell populations in relation to two MPN
phenotypes. That is to assess the numbers of mitochondria, the mitochondrial membrane
potential and the levels of mitochondrial oxidative phosphorylation among WT, HOM and
HET progenitor (Lin"c-Kit" or Lin"Scall*c-Kit*) cells. Furthermore, | will also examine
whether mitochondrial function can be used to define sub populations of HSCs with different

functional profiles.
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4.2 Results

4.2.1 Characterisation of MPN mice HSPCs and HSCs mitochondrial
activity by flow cytometry

For my experiments, | used LSK cells to interrogate mitochondrial function and ROS levels
since those cells represent a more primitive progenitor population. In the gating strategy for
LSK cells is shown with a representative example for each experiment Figure 4.1.
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Figure 4.1 Example of LSK gating strategy for Mitotracker Green-FITC A, ROS-FITC B, CM-H2DCFDA-
FITCC experiments. Dye colours are indicated in the Y and X axes respectively.

| first wanted to assess the mitochondrial content of LSK cells in our Jak2V617F mouse
model. | therefore stained LSK cells for MTG, a marker for mitochondrial mass Figure 4.2.
The mean fluorescence intensity of the MTG dye for LSK cells indicated the highest
mitochondrial mass in HOM, followed by HET, with the lowest mitochondrial mass being
present in WT. The results showed a significant difference among each group, indicating

increased numbers of mitochondria in Jak2V617F mutated cells.
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Figure 4.2 MTG histogram and Bar Chart

a) Histograms of Mitochondrial green (MTG) labelled MPN WT, HOM and HET LSK cells. Blue
represents WT, Purple represents HET and Red represents HOM. Mean fluorescence intensity
(MFI) is used to assess the MTG levels and has been normalized.

b) Bar chart of MTG MFI, Comparisons between HET and WT, HOM and WT, and HET and HOM all
have significant differences, with P values 0.0003, 0.0005, 0.0110. P value is calculated using
multiple unpaired t-test.

To use a different method for mitochondrial mass content quantification in slightly less
primitive cells, namely c-Kit* cells from our mouse model, | used ddPCR. The MT-ND1 copy
numbers are representing absolute numbers of mitochondrial DNA (mtDNA) to assess the
different levels of mitochondria in LSK cells of MPN different phenotypes. The MT-ND1
copy numbers for c-Kit* cells from three mice are shown in Table 4.1 The MT-ND1 gene
copy numbers representing absolute numbers of mitochondrial DNA (mtDNA) for c-Kit
positive cells.. Using this method, the results indicate that the WT1 mtDNA number is
higher than HET mtDNA number. Moreover, the WT mtDNA is almost double the value of
the HOM, which shows the lowest mt-ND1 copy number change. These results differ from
the FACS MTG results above.
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Error! Reference source not found. Bar chart MT-ND1. Comparisons between HET and WT, HOM and WT
both have significant difference, with P values, 0.0251, 0.0038, the p value was calculated using one-

Table 4.1 The MT-ND1 gene copy numbers representing absolute numbers of mitochondrial DNA
(mtDNA) for c-Kit positive cells.

Mean MT-ND1 Copies

MT-ND1 copies

200+

150

100

50

*k
—_ HET vs WT P=0.00251
sksksk HOM vs WT P=0.0038
-
1 1 1
WT HOM HET

way ANNOVA.

Sample MT-ND1 MT-ND1 MT-ND1 Mean MT-ND1
Copies/ul Copies/ul Copies/ul Copies/ul

WT1 160 177 195 177.33
WT2 157 180 183 173.3
WT3 145 175 179 166.3
HOM1 69 68 74 70.33
HOM2 65 60 69 64.67
HOMS3 75 80 77 77.33
HET1 103 124 143 123.33
HET2 100 115 138 117.67
HET3 128 130 145 134.33

Next, | wanted to assess the amount of ROS levels in our Jak2V617F mutated mouse
model. | therefore used two dyes to assess ROS levels (Table 4.1 The MT-ND1 gene copy
numbers representing absolute numbers of mitochondrial DNA (mtDNA) for c-Kit positive
cells. Assessment of the mean fluorescence intensity of CM-H2DCFDA indicated higher

mitochondrial ROS levels in HOM and HET compared with WT. These findings confirm

previous data showing elevated ROS levels in the context of mutated Jak2V617F in

primitive cell types (Lee et al., 2018).
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Figure 4.3 Histogram and Bar chart of CM-H2DCFDA in LSK cells.

a) Histograms of Carboxymethyl dichlorodihydrofluorescein derivative (CM-H2DCFDA) labelled
MPN HET, HOM and WT LSK cells. Mean fluorescence intensity (MFI) is used to assess the

CM-H2DCFDA levels and has been normalized.

b) Bar chart of CM-H2DCFDA MFI, Comparisons between HET and WT, HOM and WT both have
significant difference, with P values 0.0011, 0.0004, the p value was calculated using 2-way

ANNOVA.

| then decided to use a different method to assess ROS levels. | therefore stained LSK with
using Cell Redox Red dye. This dye stains all redox oxygen species inside all cellular
compartments of the cell compared CM-H2DCFDA which only stains intracellular ROS
levels (Oparka et al., 2016). This method confirms my findings in CM-H2DCFDA, where

ROS increases in HOM and HET LSKs compared to WT cells.
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Figure 4.4 Histogram and Bar chart of ROS levels in LSK cells.
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a) Bar chart of mean fluorescence intensity of Cell Redox Red, comparisons between HET and
WT, HOM and WT both have significant difference, with P value 0.3667, 0.6366, the p value is
calculated using 2-way ANNOVA.

b) Histograms of Redox oxygen species (ROS)using Cell Redox Red dye labelled MPN WT, HOM
and HET LSK cells. Mean fluorescence intensity (MFI) is used to assess the ROS levels and has
been normalized.

Lastly, | aimed to assess the membrane potential of mitochondria using TMRM to
characterize the health of all mitochondria in LSKs with different genotypes. The histogram
is a representative image of one set of comparisons with high TMRM being assessed
between genotypes (Figure 4.4 ). My data showed that HET LSK cells had the highest
mitochondrial membrane potential, followed by WT, with HOM LSK cells showing the lowest
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Figure 4.2.6 Histogram and Bar chart of TMRM in LSK cells.

a) Representative Histograms of TMRM labelled MPN LSK cells. Blue represents WT, Purple represents
HET and Red represents HOM.

Table 4.2: High TMRM percentage and average in LSK cells

HIGH Average High TMRM

WT1 83.8

WT2 79

WT3 84.4

WT4 41.1

WT5 70.8 71.82

HOM!1 44 4
HOM2 60.8
HOM3 88.3 64.5
HET1 64.5
HET2 35
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HET3 60.9
HET4 81.9 80.77

4.3 Discussion

Verapamil acts as the efflux pumps and is commonly used in hematopoietic stem cells when
staining for metabolic related assays, such as mitochondrial dyes (Morganti and Ito, 2021).
Verapamil is a type of drug known as calcium channel blockers (Morganti et al., n.d.).
Calcium channel blockers are a type of drugs that prohibit the entry of calcium ions into the
cells, particularly in the muscle cells of the heart and blood vessels. By inhibiting calcium
channels, these drugs alter the intracellular movement of calcium, resulting in a range of
physiological effects leading to various physiological effects. | therefore used it for all my
experiments.

Mitochondrial dyes are not limited in MTG, TMRM and ROS, there are some more
mitochondrial dyes which are commonly used such as DilC1 (50nM, ThermoFisher) or JC-1
(2uM, ThermoFisher) which can indicate mitochondrial fission and fusion.

JC-1 is commonly used as a marker for mitochondrial membrane potential (Jiang et al.,
2015). ltis a positively charged dye that accumulates in mitochondria in a manner
dependent on membrane potential. One of the unique features of JC-1 is its dual-emission
capability (Sivandzade et al., 2019). In high mitochondrial membrane potential healthy
cells, JC-1 forms aggregate and emits red fluorescence. In depolarized or unhealthy cells,
JC-1 remains in its monomeric form, emitting green fluorescence. This enables radiometric
analysis, offering a quantitative assessment of membrane potential. JC-1 is widely used in
various assays, including flow cytometry, fluorescence microscopy, and plate reader-based

assays, making it highly adaptable to different experimental setups. JC-1 only focuses on

mitochondrial membrane potential; it could not estimate other aspects of mitochondrial

function. JC-1 is often utilised in combination with other assays to obtain a more
comprehensive understanding of cellular processes. In summary, JC-1 is a valuable tool for
assessing mitochondrial membrane potential, but the limitations and optimised experimental
conditions should be obtained to get accurate results.

ddPCR for MT-ND1 is a more concise method to determine the mitochondrial amount
compared to MTG staining. ddPCR allows for the absolute quantification of nucleic acid
targets without the need for standard curves. It provides an absolute count of the number of

target molecules in the sample. It is particularly useful when quantifying low-abundance
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targets or when dealing with samples with a limited amount of starting material. The
partitioning of the sample into droplets reduces competition for reagents and amplification
bias, leading to improved accuracy in quantification. The "digital" aspect of ddPCR, where
each droplet is treated as an independent reaction, makes the technique robust against
PCR inhibitors and allows for more accurate detection of rare mutations or low-abundance
targets. Since | used ddPCR for the more heterogeneous cell population of a mix of
primitive and more mature progenitor cells, namely c-Kit* cells, for the ddPCR experiment,
compared to the MTG experiment where is used more primitive LSK cells, my results are
difficult to compare and discrepancies in my findings are most likely due to the different cell
populations | examined.

Overall, mitochondria have complex biological activities, including mitochondrial fission and
fusion. Since the dye only shows one time point as a snapshot of the mitochondrial state, it
is influenced by the cell status. For example, if mitochondria are in the fission state, higher
amounts of TMRM and ROS species can be detected. Consequently, stress avoidance by
direct evaluation immediately after bone marrow crushing is important. Moreover, redox
oxygen species are sensitive to the time cells are exposed to oxygen, therefore requiring
simultaneous sample processing of all comparison groups. These additional factors may

influence discrepancies in results reported between different methods in this chapter.

4.4 In summary

In this chapter, we performed the metabolic functional analysis of c-Kit* bone marrow cells
from MPN three phenotypes’ mice. For the first time, we identified different mitochondrial
amount and mitochondrial membrane potential between them. MPN Jak2v617F homozygous
mice c-Kit* cells have less functional mitochondria with higher numbers of mitochondria,
while Jak2v617F heterozygous mice c-Kit* cells have more functional mitochondria with less

numbers of mitochondria.
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5 Chapter 5 Metabolic profiling of hematopoietic stem

and progenitor cells in MPN mice

5.1 Introduction

In metabolic labelling studies using stable isotopes like '3C-labeled glucose, the term
"second pass" for citrate describes how carbon atoms can cycle through the tricarboxylic
acid (TCA) cycle multiple times, adding additional '3C labelling to citrate with each round
(Grankvist et al., 2024).

In the first pass, '3C-labeled acetyl-CoA (derived from labelled substrates like glucose or
pyruvate) enters the TCA cycle, producing citrate with a specific labelling pattern. As the
TCA cycle progresses, carbons from acetyl-CoA are incorporated into various intermediates
and ultimately recycled into oxaloacetate (OAA), which then combines with another acetyl-
CoA molecule. This process forms citrate again, now with more 3C atoms added, leading

to a "second pass" of labelling (Nakorchevsky and Yates, 2012)

Each additional pass allows more labelled carbons to accumulate in citrate and other
intermediates, revealing details about cycle turnover rates and fluxes through various
pathways. This repeated labelling can help scientists track metabolic fluxes in detail, which

is valuable in studies of cellular metabolism (Ma et al., 2019).

In metabolism, 'redundancy' is a key characteristic of cells, reflecting the existence of
multiple metabolic pathways (Boroughs and DeBerardinis, 2015). In other words,
metabolites can be synthesized or converted through various pathways (Koundouros and
Poulogiannis, 2020). If one pathway is inhibited, an anaplerotic pathway can compensate
by filling the gaps(Kang et al., 2018). This redundancy ensures flexibility, enabling cells to

meet their energy demands under different environmental conditions (Finley et al., 2013).

For 3C metabolic flux analysis ('3C-MFA), this redundancy means that solely relying on
external metabolites' uptake and secretion rates (such as glucose uptake rate or lactate
secretion rate) cannot accurately distinguish which specific metabolic pathways are driving
particular reactions (Long and Antoniewicz, 2019). Therefore, researchers need to use
more precise analytical methods, such as stable isotope labelling, to reveal the specific

contributions of different intracellular metabolic pathways (Arkoun et al., 2022).
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Figure 5.1 Summary of TCA cycle and Glutamate/Glutathione metabolic pathways.

Metabolic functional analysis of metabolites derived from mass spectrometry provides
insights into the biochemical roles and functions of various metabolites within biological
systems (Oguro, 2019). This analysis involves the following key steps: metabolite
identification, quantification, pathway mapping, functional inference, bioinformatic analysis

and visualization (Nakorchevsky and Yates, 2012). Mass spectrometry (MS) is first used to

identify and quantify the metabolites in a sample. Using mass spectrometry (MS),

researchers can acquire high-resolution data across a diverse range of metabolites, such as
amino acids, lipids, carbohydrates, nucleotides, and organic acids (Nakorchevsky and
Yates, 2012). As for pathway mapping, identified metabolites are mapped onto known
biochemical pathways (Boroughs and DeBerardinis, 2015). This can help reveal how
changes in metabolite levels are associated with certain metabolic processes, such as
glycolysis, the tricarboxylic acid (TCA) cycle, fatty acid oxidation, or amino acid metabolism.
When the step comes to Functional Inference, metabolite profiles are analyzed under
varying conditions to determine how metabolic functions are modified (Ma et al., 2024). For
instance, an increase in glycolytic intermediates might suggest a shift toward glycolysis over
oxidative phosphorylation, as seen in rapidly proliferating cells or in immune cells during
activation. For the last step, bioinformatic analysis and visualization: computational tools
and software help visualize and interpret the data, enabling researchers to model metabolic
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networks and predict functional relationships or bottlenecks within metabolic pathways
(Shastry and Sanjay, 2020).

In this chapter, | will use *3C-labelled Glucose to culture LSK cells for 24 hours to trace the
metabolic pathways by utilizing LC-MS and characterize anaplerotic pathways involved
(Grankvist et al., 2024).

5.2 Results

5.2.1 Assessing oxidative phosphorylation and glycolysis in HSPCs from

MPN mice using the Seahorse XF analyser

To evaluate oxidative phosphorylation and glycolysis pathways in HSPCs from MPN mice,
c-Kit* cells from Jak2V617F WT, Jak2V617F HOM and Jak2V617F HET murine bone
marrows were analysed using the Seahorse XF96 Analyzer (Plitzko and Loesgen, 2018).
The Seahorse XF96 Analyzer tracks mitochondrial respiration and glycolysis in cells by
continuously monitoring oxygen and proton levels in the cell supernatant (Plitzko and
Loesgen, 2018). The mitochondrial respiration and glycolysis rates were measured after
isolating c-Kit* cells from mouse bone marrow using a c-Kit* cell selection kit. Injections of
mitochondrial complex V inhibitor oligomycin, mitochondrial uncoupler FCCP, mitochondrial
complex Il inhibitor Antimycin A and mitochondrial complex | inhibitor Rotenone were
administered sequentially to further evaluate the functional metabolic profiles of the
mitochondria (Plitzko and Loesgen, 2018). Previous studies have documented the
seahorse method's notable inter-assay variability (Mercier-Letondal et al., 2021). This
variability can complicate the analysis of experiments conducted on different plates and at

varying times (Mercier-Letondal et al., 2021).

As a result, we analyzed 4 Jak2V617F HOM and 3 Jak2V617F WT mice simultaneously on
a single Seahorse plate. All mice were aged between 8-11 weeks. The overall trend
showed that the oxidative phosphorylation rate of HOM c-Kit* cells was lower compared to
that of WT mice. c-Kit* cells from all four HOM mice exhibited significantly lower oxygen
consumption rates compared to all three WT mice across various parameters, including
basal mitochondrial respiration, ATP-linked respiration, proton leak, maximal respiration

rate, reserve capacity, and non-mitochondrial respiration rate, with P-values of 0.02, 0.04,

0.01, 0.03, 0.09 and 0.17, respectively. All four HOM mice and three WT mice exhibited
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nearly identical extracellular acidification rates. Basal ECAR and Glyco-reverse rates
showed no significant differences between HOM and WT c-Kit" cells. These findings
suggest that there is reduced respiration of HOM c-Kit* cells under specific medium
conditions, compared to WT c-Kit* cells, which indicates mitochondrial dysfunction in HOM
Jak2V617F c-Kit* cells. This dysfunction could be related to the JAK2 mutation burden in c-
Kit* cells from HOM mice (Li et al., 2014; Nageswara Rao et al., 2019).

The same protocol was applied to 6 Jak2V617F HET and 4 WT mice, all aged between 8
and 11 weeks. The overall trend indicated that the respiration rate of c-Kit" cells from HET
mice was higher than that of WT mice. All six HET mice exhibited higher oxygen
consumption rates than all four WT mice with c-Kit* cells. This was observed across various
parameters, including basal mitochondrial respiration, ATP-linked respiration, proton leak,
maximal respiration rate, reserve capacity, and non-mitochondrial respiration rate, with P
values of 0.01, 0.01, 0.046, 0.01, 0.86, 0.33, respectively. All six HET mice and four WT
mice exhibited similar extracellular acidification rates. Basal ECAR and Glyco-reverse rates
showed no significant differences between HET and WT c-Kit* cells. These findings
suggest that HET c-Kit" cells have higher respiration rates under specific medium conditions
compared to WT c-Kit" cells, indicating a stronger reliance on oxidative phosphorylation in
HET c-Kit* cells compared to WT and HOM cells. This could be linked to the JAK2 mutation
burden in c-Kit* cells of HET mice, along with possible dysregulation of other metabolic

pathways in these mice (Li et al., 2014; Nageswara Rao et al., 2019).
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Figure 5.2 Seahorse assay in MPN bone marrow cells.

a) Oxygen Consumption Rate (OCR) was measured in murine c-Kit positive cells in mice with PV(HOM)
and WT littermates using Seahorse to assess mitochondrial respiration. Genotypes are indicated.
Control is Seahorse media with growth factors. b) Bar chart summary of all seahorse replicates
shown in Figure a. Significant results are indicated with *. Red=PV, Green=ET. ¢) Oxygen Consumption
Rate (OCR) was measured in murine c-Kit positive cells in mice with ET (HET) and WT littermates
using Seahorse to assess mitochondrial respiration. Genotypes are indicated. d) Bar chart summary
of all Seahorse replicates shown in Figure c. Significant results are indicated with *, Red=ET,
Green=WT.

5.2.2 Titration of IACS-010759 concentration in hematopoietic stem and

progenitor cells from MPN mice

One highly potent and specific small-molecule inhibitor of complex | is IACS-010759 (Yap et
al., 2023). For ex vivo applications, it has been tested across a concentration range of 0 nM
to 100 nM (Molina et al., 2018). To establish the optimal concentration for our MPN mouse
model, we conducted a titration experiment using concentrations of 30 nM, 45 nM, 60 nM,
75 nM, and 90 nM in "*C-glucose tracing studies with c-Kit* cells from MPN heterozygous
HET mice. Each condition included 100,000 HET c-Kit* cells per well. Following a 24-hour
incubation with '3C-glucose, intracellular metabolites were extracted and analysed using
LC-MS. Metabolite Autoplotter 2.6 was then employed to determine absolute and relative
peak areas for TCA cycle metabolites (Pietzke and Vazquez, 2020). The results indicated

that, in the absence of IACS, c-Kit* cells from HET mice primarily utilized glucose as their
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main energy source. Most of the glucose entered the TCA cycle, generating labelled

metabolites, particularly citrate, a-ketoglutarate (AKG), and glutamate. The absolute and

relative peak areas confirmed this finding. All TCA cycle metabolites were labelled as

expected, indicating that the complete TCA cycle was actively utilized in c-Kit* cells initially.

All IACS concentrations from 30nM to 90nM were effective, showing a reduction in

isotopologue labelling across all TCA cycle metabolites. To minimize the excessive impact

of IACS, we selected 30nM as the concentration for all subsequent experiments Figure 5.3.
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Figure 5.3 Absolute Peak Areas of TCA cycle Metabolites in 24h **C-Glucose Tracing

LC-MS Analysis of c-Kit" cells in MPN Jak2V617F HET Mice at Varying IACS levels.

The absolute peak areas of TCA cycle metabolites were measured in MPN HET c-Kit® cells cultured for 24
hours with "*C-labeled glucose under conditions of no IACS, 30 nM IACS, 45 nM IACS, 60 nM IACS, 75 nM
IACS, and 90 nM IACS.
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Figure 5.4 Relative Peak Areas of TCA cycle Metabolites in 24h 3C-Glucose Tracing
LC-MS Analysis of c-Kit" cells in MPN Jak2V617F HET Mice at Varying IACS levels.

The relative peak areas of TCA cycle metabolites were measured in MPN HET c-Kit® cells cultured for 24
hours with "°C-labeled glucose under conditions of no IACS, 30 nM IACS, 45 nM IACS, 60 nM IACS, 75 nM
IACS, and 90 nM IACS.

5.2.3 Metabolic profiling of WT, HOM and HET LSK cells Using '*C-labeled

glucose tracing

5.2.3.1 MPN HOM and HET LSK cells rely on the TCA cycle, targeted by IACS.

In experiment 1, after 24 hours of culturing LSK cells in a medium containing uniformly
labelled 3C-glucose, the cell numbers varied across the genotypes. Of note, all the
metabolites in the TCA cycle were labelled with varying numbers of *3C carbons. For
intracellular metabolite 13C tracing after 24h, glucose was labelled as M+6 in WT, HOM and
HET LSK cells, and its relative peak area of glucose showed a decreasing trend when
treated with IACS-010759. A small fraction of M+1 glucose was detected, which can be
attributed to natural isotopic abundance. Pyruvate was predominantly labelled as M+3
across WT, HOM and HET LSK cells, and its relative peak area percentage also decreased
with IACS-010759 treatment. Citrate showed labelling from M+1 to M+5 in HOM and HET
LSK cells. The proportions of M+1, M+2, M+3 and M+4 were similar between HOM and
HET LSK cells. However, the HET-IACS group exhibited a lower proportion of M+2
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compared to the HOM-IACS group. This reduction in M+2 suggests increased flux toward
anaplerotic pathways in HET cells. However, the relative peak area of glutamine remained
stable across all three phenotypes and was only labelled as M+1, suggesting that glutamate
was not being converted into glutamine within the cells. In contrast, the glutathione and
GSSG peak areas showed extensive labelling from M+1 to M+6, indicating the involvement

of glutamate in anaplerotic pathways.

In the 13C tracing of extracellular metabolites, glucose in the medium was consistently
labelled as M+6 across all six samples, with similar relative peak area percentages. For
pyruvate, almost all six samples showed heavy labelling with M+3, indicating pyruvate
excretion from the cells. Interestingly, the WT-IACS sample exhibited an increased relative
peak area compared to the WT sample, whereas the HOM-IACS sample showed a
decreased relative peak area compared to the HOM sample. This suggests that with the
complex I inhibitor (IACS), cells were partially utilizing glucose for anaplerotic pathways. If
cells relied solely on glycolysis, the pyruvate levels would be expected to remain consistent.
However, the observed differences indicate that WT cells may predominantly follow the
glycolysis pathway, while HOM cells are less reliant on glycolysis. A possible explanation is
that HOM cells utilize the pentose phosphate pathway (PPP), which diverts labelled glucose
into glucose-6-phosphate.

In experiment 2, after 24 hours of intracellular *3C tracing, the overall metabolite trends were
like those observed in experiment 1. However, some differences were noted in specific
metabolites. For instance, D-glucose-6-phosphate was labelled as M+6 in the HOM and
HET samples, indicating the presence of the pentose phosphate pathway (PPP).
Additionally, the detection of M+3 pyruvate in HOM and HET samples with IACS treatment
suggests that these cells were not solely relying on the glycolysis pathway. Furthermore,
the heavy labelling observed in glutamate, glutathione, and GSSG indicates the activation of

another anaplerotic pathway.

In experiments 3 and 4, the trend of both the metabolites from inside the cells and medium
showed similar trends compared to experiments 1 and 2, although the percentage of
relative peak area varied between samples. However, the data revealed the same

anaplerotic pathway, both PPP and glutamate-glutathione and GSSG pathways.
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After 24 hours of culturing cells in a medium containing uniformly labelled Carbon 13
labelled glucose, one would expect most glucose to be fully labelled as M+6 (all six carbons
labelled with '3C) due to the initial addition of '3C-glucose in the media. However, the
presence of M+1 glucose, as well as M+3 pyruvate, indicates that there is some unlabelled

carbon entering the glucose pool and glycolytic pathway (Figure 5.5)

The presence of M+1 glucose could result from metabolic recycling. Cells may release
unlabelled carbon sources (e.g., through the breakdown of other macromolecules or
metabolic by-products) back into the media, where they mix with the labelled glucose
(Martin et al., 2016). For instance, cells can synthesize glucose from partially labelled
intermediates, which can dilute the fully labelled 3C-glucose pool and produce glucose
molecules with one or a few '3C atoms. The presence of M+1 could also indicate some
levels of glucose synthesis or exchange with other carbon sources over time, such as

through gluconeogenesis pathways or the incorporation of one unlabelled carbon.

As for M+3 Pyruvate, normally, glycolysis of M+6 glucose would produce M+3 pyruvate, as
each molecule of glucose (6 carbons) splits into two molecules of pyruvate (each with 3
carbons) containing three '>C atoms. This labelled pyruvate in the media likely reflects
incomplete uptake by cells or partial release after glycolysis. Alternatively, it could arise if
cells release some of the labelled pyruvate back into the media as they metabolize glucose.
Another proper explanation maybe the potential Metabolic Exchange and Release: Cells
could be taking up glucose, metabolizing it, and releasing labelled metabolic by-products,
which re-enter the media and dilute the isotopic labelling pattern. This release and re-
uptake process can lead to mixed labelling patterns, especially over extended culture times
like 24 hours. The third reason for that maybe the incomplete glucose uptake or exchange
with the media: Cells might not fully consume the M+6 glucose, leaving some '3C-glucose in
the media. Some exchange with other metabolic sources (e.g., amino acids or other
carbohydrates) could result in mixed isotopologue, such as M+1 glucose or partially labelled

pyruvate.

In summary, the observed M+6 and M+1 glucose and M+3 pyruvate after 24 hours in '3C-
glucose media suggest a combination of factors, including: Metabolic recycling and
exchange of intermediates, Incomplete or variable uptake and utilization of the labelled

glucose, release of labelled intermediates like pyruvate back into the media.

These complex interactions between cellular metabolism and media components over time

create mixed isotopologue patterns in the extracellular metabolites.
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The four experiments also revealed a role for glutamate, glutamine, Gluthothine, GSSG
metabolic pathways. In comparing the metabolic labelling patterns between HET

(heterozygous) and HOM (homozygous) conditions, | noticed some key points:

Glycolytic and TCA Cycle Metabolites: The HET samples generally showed higher labelling
(e.g., M+2, M+3, etc.) across various intermediates like pyruvate, citrate, and malate
compared to the HET samples. This suggests an increased flux of labelled carbons
(possibly from labelled glucose) through glycolysis and the TCA cycle in HOM samples,
indicating a possible upregulation in these pathways. In HOM samples, there appears to be
a higher incorporation of labelled carbons in both aspartate and AKG compared to HET.
This could indicate an enhanced activity of pathways related to amino acid synthesis or
anaplerotic reactions (replenishing TCA intermediates). Aspartate, derived from
oxaloacetate, shows increased labelling in HOM, which may reflect greater TCA cycle
activity or shuttling of intermediates towards amino acid biosynthesis. Both glutamate and
glutamine show slightly higher levels of labelled carbons in HOM than in HET samples.
Since glutamate and glutamine are closely linked to TCA cycle intermediates (via a-
ketoglutarate), this also supports the idea that HOM samples may have increased TCA
cycle activity or altered amino acid metabolism. The increased labelling in GSSG (M+5,
M+6, and M+7) in HOM samples compared to HET suggests a higher synthesis rate of
glutathione, possibly in response to oxidative stress or increased cellular demand for
antioxidant protection. Elevated labelling in GSSG in HOM may imply that HOM cells are
under a higher oxidative burden, necessitating more glutathione turnover to manage
reactive oxygen species. HOM samples showed a broader distribution of labelled
isotopologue (e.g., higher M+ forms across multiple metabolites), indicating enhanced

metabolic fluxes and possibly a shift in metabolic programming compared to HET samples.

The altered labelling patterns in TCA cycle intermediates and downstream metabolites (like
glutamate and GSSG) in HOM suggest that these cells may be adapting their metabolism to
meet different bioenergetic or biosynthetic demands, possibly due to genetic differences

associated with the homozygous mutation.

In summary, this comparison suggests that HOM cells have an increased metabolic activity,
particularly in pathways associated with the TCA cycle, amino acid biosynthesis, and
glutathione metabolism, relative to HET cells. This might reflect differences in metabolic

reprogramming or stress response due to genetic variation between the two groups.
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The labelling patterns and relative intensities of metabolites in this metabolic map indicate
metabolic differences. For Glutamate Transporters: Cells have specific transporters for
glutamate, such as SLC1A family transporters, particularly EAAT (excitatory amino acid
transporters) in neurons and other tissues. These transporters are responsible for the
uptake of glutamate into cells, preventing excessive extracellular accumulation, which can
be toxic, especially in neural tissue. In non-neuronal cells, other transporters (like
SLC7A11, which functions in the antiporter system) mediate the exchange of glutamate with
other amino acids, such as cystine. This exchange plays a role in redox regulation and
glutathione synthesis. For Glutamine Transporters: Glutamine is transported through
various transporters, including SLC1A5 (also known as ASCT2) and SLC38 family
transporters (like SNATs). ASCT2 is a prominent transporter involved in glutamine uptake,
especially in rapidly proliferating cells (e.g., cancer cells) that use glutamine as a fuel source
and nitrogen donor. Some transporters, like SLC7A5/LAT1, function as antiporters that
exchange glutamine for other amino acids (like leucine), facilitating nutrient signalling and
metabolic regulation. For Glutamate-Glutamine Cycle: In certain tissues, particularly in the
brain, there is an essential glutamate-glutamine cycle between neurons and astrocytes.
Neurons release glutamate as a neurotransmitter, which is then taken up by astrocytes. In
astrocytes, glutamate is converted to glutamine and subsequently released back to
neurons, where it can be converted back to glutamate. This cycle helps regulate
neurotransmitter levels and maintain cellular health. In cancer cells and other rapidly
proliferating cells, the exchange of glutamine and glutamate across the membrane is
especially important. These cells often rely on glutamine for energy production (via
glutaminolysis) and biosynthesis. They may release glutamate as a byproduct or exchange
it to maintain intracellular glutamine levels, supporting growth and survival. The exchange
of glutamate and glutamine across the membrane allows cells to adapt to varying metabolic
conditions. For example, during nutrient stress, cells may uptake more glutamine to fuel the
TCA cycle and produce a-ketoglutarate, which can be further metabolized into other

intermediates.

In summary, glutamate and glutamine are indeed exchanged across the cell membrane, and
this process is tightly regulated by various transporters. This exchange allows cells to
manage nitrogen metabolism, maintain redox balance, participate in intercellular signalling

(particularly in the brain), and support biosynthetic and energy needs in proliferative states.
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The data suggest that HET cells, rather than HOM, exhibit increased metabolic flux through

the TCA cycle, higher glutathione turnover, and possibly enhanced amino acid metabolism.

This metabolic reprogramming in HET cells could reflect adaptations or responses to unique

metabolic demands or stressors associated with their genetic makeup.

Table 5.1 Cell counting after sorting and O/N culture for Experimentl

LSK cell number WT (M, 7w) HOM (M, 7w) HET (M, 7w)
After Sorting 330,812 331,520 350,000
After O/N culture 400,000 350,000 500,000

Table 5.2 Experimentl Cell counting before and after *C6 Glucose* Trace

LSK cells

number

WT

WT-IACS

HOM

HOM-IACS HET

HET-IACS

Before
Glucose*

Tracing

200,000

200,000

175,000

175,000 250,000

250,000

After
Glucose*
Tracing

85,000

85,000

155,000

100,000 500,000

187,500
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Figure 5.5 LC-MS profiles of LSK MPN cells.

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells from
experiment1 (The order is WT, WT-IACS, HOM, HOM-IACS, HET, HET-IACS).
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Absolute isotope distribution of indicated metabolites of TCA cycle in the media of WT, HOM and HET

LSK cells after 24h incubation from experimentl (The order is WT, WT-IACS, HOM, HOM-IACS, HET,
HET-IACS).
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Figure 5.8 LC-MS profiles of culture Media after 24-hour incubation of LSK cells

Relative isotope distribution of indicated metabolites of TCA cycle in the media of WT, HOM and HET

LSK cells after 24h incubation from Experimentl (The order is WT, WT-IACS, HOM, HOM-IACS, HET,
HET-IACS).

Experiment 2

Table 5.3 Experiment2 cell counting after sorting and O/N culture

LSK cells WT (F, 8w) HOM (M, 6w) HET (M, 6w)
number

After Sorting 38,000 52,000 120,000
After O/N culture 74,000 55,750 75,500

Table 5.4 Experiment2 cell counting before and after [*3Cs] Glucose* Trace

LSK cells WT WT-IACS HOM HOM-IACS | HET HET-IACS
number

Before 37,000 37,000 27,875 27,875 37,750 37,750
Glucose*

Tracing
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After 77,400 77,400 44,000 56,000 80,500 77,000
Glucose*

Tracing
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Figure 5.9 Experiment2, LC-MS profiles of LSK MPN cells

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from experiment 2.
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Relative isotope distribution of indicated metabolites of TCA cycle in the media of WT, HOM and HET

LSK cells after 24h incubation from Experimentl (The order is WT, WT-IACS, HOM, HOM-IACS, HET,
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Experiment 3
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Table 5.3 Experiment3 cell counting after sorting and O/N culture

LSK cells WT (M, HOM (M, HET1 (M, HET2
number 10w) 10w) 10w) (M,10w)
After Sorting 338,000 441,627 351,000 562,470
After O/N 140,000 180,000 200,000 240,000
culture

Table 5.4 Experiment3 cell counting before and after [*3Cs] Glucose* Trace

LSK cells WT WT- HOM HOM- HET1 HET1- HET2 HET2-
number IACS IACS IACS IACS
Before 70,000 | 70,000 | 90,000 | 90,000 100,000 | 100,000 120,000 | 120,000
Glucose*
Tracing
After 50,000 | 50,000 130,000 | 100,000 40,000 | 50,000 130,000 | 100,000
Glucose*
Tracing
%iEZ S u - _Glucose Pymate
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Figure 5.13 LC-MS profiles of LSK MPN cells

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from experiment 3.
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Figure 5.14 LC-MS profiles of LSK MPN cells

Relative isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from experiment3.
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Figure 5.15 Media LC-MS profiles of LSK MPN cells

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
media after 24h incubation from experiment
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Figure 5.16 Media LC-MS profiles of LSK MPN cells

Relative isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells

from media after 24h incubation from experiment 3.

Experiment 4
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Table 5.5 Experiment4 cell counting after sorting and O/N culture

relative peak area (%)
85 & & 8

T
WT

T
HOM HET

WT-IAGS HOM-IAGS HET-IAGE

LSK WT1 WT2 HOM1 | HOM2 HET1 HET2 HET3 HET4
cells (M, (M, 10w) | (M, 9w) | (F, 9w) (M,10w) | (M,10w) | (F,10w) | (M,9w)
number 10w)

After 187,000 | 120,000 | 437,000 342,000 | 505,000 | 230,000 | 152,000
Sorting 300,003

After 160,000 | 60,000 | 180,000 140,000 | 240,000 | 60,000 | 60,000
OIN 100,000

culture

Table 5.6 Experiment4 cell counting before and after [*3Cs] Glucose* Trace

LSK WT1 WT1- | WT2 WT2- | HOM1 | HOM1- | HOM2 | HOM2- | HET1 | HET1- | HET2
cells IACS IACS IACS IACS IACS
number
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Before 80,000 | 80,000 | 30,000 | 30,000 | 90,000 | 90,000 | 50,000 | 50,000 | 70,000 | 70,000 | 120,000
Glucose*
Tracing
After 64,000 | 42,000 | 31,000 | 13,750 | 93,000 | 85,555 | 25,000 | 13,750 | 46,666 | 37,000 | 37,000
Glucose*
Tracing
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Figure 5.17 Experiment4-LC-MS profiles of c-Kit* MPN cells

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
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from experiment 4. WT (n=2), WT IACS (n=2), HOM (n=2), HOM IACS (n=2), HET (n=3), HET IACS (n=3).
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Figure 5.18 Experiment4-LC-MS profiles of LSK MPN cells

Relative isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from experiment 4. WT (n=2), WT IACS (n=2), HOM (n=2), HOM IACS (n=2), HET (n=3), HET IACS (n=3).
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Figure 5.19 LC-MS profiles of LSK MPN cells Medium

Absolute isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from media after 24h incubation from experiment4.
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Figure 5.20 Medium LC-MS profiles of LSK MPN cells

Relative isotope distribution of indicated metabolites of TCA cycle in WT, HOM and HET LSK cells
from media after 24h incubation from experiment 4.

5.2.4 MPN HET c-Kit* cells utilized glutamate for anaplerotic pathway to
generate glutathione and glutathione disulfide (GSSG)

It is worth noting that glutathione also shows M+1 to M+4 isotopologue, while glutathione
disulfide displays from M+1 to M+6, which may originate from various metabolic sources
(Burch et al., 2018; Yoo et al., 2020). In the results shown in glutathione disulfide (GSSG)
displays an M+7 isotopologue, indicating that it incorporates labelled carbons from a
precursor with a high number of labelled carbons, such as labelled glucose or other
intermediates substrates introduced into the system. In this experiment, the M+7 labelling
likely arises from the incorporation of labelled carbons into the glutamate and glycine
residues of glutathione. 13C-labeled glucose-labelled carbons from glucose could be
incorporated into glutathione through TCA cycle intermediates, eventually labelling GSSG
(Wise and Thompson, 2010).

As GSSG is formed by the oxidation of two reduced glutathione (GSH) molecules, its
labelling pattern mirrors that of the GSH pool. The presence of an M+7 label in GSSG
indicates that a substantial portion of labelled carbon from the glucose tracer is incorporated

into the glutathione synthesis pathway, resulting in significant labelling in both the glycine
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and glutamate ultimately contribute labelled carbons to the synthesis of glutathione,

resulting in more extensive labelling (such as M+7) in GSSG.
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Figure 5.21 Schematic of *C6 glucose tracing.

5.3 Discussion

After 24 hours of culturing cells in a medium containing uniformly labelled '3*Carbon glucose,
most glucose is expected to be fully labelled as M+6 (all six carbons labelled with '3C) due
to the initial addition of '*C-glucose. However, the presence of M+1 glucose, as well as
M+3 pyruvate, indicates that some unlabelled carbon is entering the glucose pool and

glycolytic pathway.

The presence of M+1 glucose could result from metabolic recycling. Cells may release
unlabelled carbon sources, for example, through the breakdown of other macromolecules or
metabolic by-products into the media, where they mix with the labelled glucose (Martin et
al., 2016). For instance, cells can synthesize glucose from partially labelled intermediates,
which can dilute the fully labelled '3C-glucose pool and produce glucose molecules with one
or a few '3C atoms. The presence of M+1 could also indicate some levels of glucose
synthesis or exchange with other carbon sources over time, such as through

gluconeogenesis pathways or the incorporation of one unlabelled carbon.

M+3 pyruvate is typically produced through glycolysis of M+6 glucose, as each molecule of

glucose (6 carbons) splits into two molecules of pyruvate (each with 3 carbons) containing
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three '3C atoms. The labelled pyruvate in the media likely reflects incomplete cellular
uptake or partial release after glycolysis. Alternatively, it could arise from cells metabolizing
glucose and releasing some of the labelled pyruvate back into the media. Another possible
explanation is metabolic exchange and release: cells might take up glucose, metabolize it,
and release labelled metabolic by-products, which re-enter the media and dilute the isotopic
labelling patterns. Over extended culture times, such as 24 hours, this release and re-
uptake process can lead to mixed labelling patterns. Finally, the incomplete uptake of M+6
glucose or exchange with media components could also contribute. Some '*C-glucose
might remain unconsumed in the media, and exchanges with other metabolic sources (e.g.,
amino acids or other carbohydrates) could result in mixed isotopologue, such as M+1

glucose or partially labelled pyruvate.

In summary, the observed M+6 and M+1 glucose and M+3 pyruvate after 24 hours in '3C-
glucose media suggest a combination of factors, including metabolic recycling and
exchange of intermediates, incomplete or variable uptake and utilization of the labelled

glucose, and the release of labelled intermediates such as pyruvate back into the media.

These complex interactions between cellular metabolism and media components over time

contributed to the mixed isotopologue patterns observed in the extracellular metabolites.

Another finding through those four experiments are the glutamate, glutamine, Gluthothine,

GSSG metabolic pathways.

In comparing the metabolic labelling patterns between HET (heterozygous) and HOM
(homozygous) conditions, here are some key observations: Glycolytic and TCA Cycle
Metabolites: The HET samples generally show higher labelling (e.g., M+2, M+3, etc.) across

various intermediates like pyruvate, citrate, and malate compared to the HET samples.

This suggests an increased flux of labelled carbons (possibly from labelled glucose) through
glycolysis and the TCA cycle in HOM samples, indicating a possible upregulation in these
pathways. In HOM samples, there appears to be a higher incorporation of labelled carbons
in both aspartate and AKG compared to HET. This could indicate an enhanced activity of
pathways related to amino acid synthesis or anaplerotic reactions (replenishing TCA
intermediates). Aspartate, derived from oxaloacetate, shows increased labelling in HOM,
which may reflect greater TCA cycle activity or shuttling of intermediates towards amino acid
biosynthesis. Both glutamate and glutamine show slightly higher levels of labelled carbons

in HOM than in HET samples. Since glutamate and glutamine are closely linked to TCA
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cycle intermediates (via a-ketoglutarate), this also supports the idea that HOM samples may
have increased TCA cycle activity or altered amino acid metabolism. The increased
labelling in GSSG (M+5, M+6, and M+7) in HOM samples compared to HET suggests a
higher synthesis rate of glutathione, possibly in response to oxidative stress or increased
cellular demand for antioxidant protection. Elevated labelling in GSSG in HOM may imply
that HOM cells are under a higher oxidative burden, necessitating more glutathione turnover
to manage reactive oxygen species. HOM samples show a broader distribution of labelled
isotopologue (e.g., higher M+ forms across multiple metabolites), indicating enhanced

metabolic fluxes and possibly a shift in metabolic programming compared to HET samples.

The altered labelling patterns in TCA cycle intermediates and downstream metabolites (like
glutamate and GSSG) in HOM suggest that these cells may be adapting their metabolism to
meet different bioenergetic or biosynthetic demands, possibly due to genetic differences

associated with the homozygous mutation.

In summary, this comparison suggests that HOM cells have an increased metabolic activity,
particularly in pathways associated with the TCA cycle, amino acid biosynthesis, and
glutathione metabolism, relative to HET cells. This might reflect differences in metabolic

reprogramming or stress response due to genetic variation between the two groups.

The labelling patterns and relative intensities of metabolites in this metabolic map indicate
metabolic differences. For Glutamate Transporters: Cells have specific transporters for
glutamate, such as SLC1A family transporters, particularly EAAT (excitatory amino acid
transporters) in neurons and other tissues. These transporters are responsible for the
uptake of glutamate into cells, preventing excessive extracellular accumulation, which can
be toxic, especially in neural tissue. In non-neuronal cells, other transporters (like
SLC7A11, which functions in the antiporter system) mediate the exchange of glutamate with
other amino acids, such as cystine. This exchange plays a role in redox regulation and
glutathione synthesis. For Glutamine Transporters: Glutamine is transported through
various transporters, including SLC1AS5 (also known as ASCT2) and SLC38 family
transporters (like SNATs). ASCT2 is a prominent transporter involved in glutamine uptake,
especially in rapidly proliferating cells (e.g., cancer cells) that use glutamine as a fuel source
and nitrogen donor. Some transporters, like SLC7A5/LAT1, function as antiporters that
exchange glutamine for other amino acids (like leucine), facilitating nutrient signalling and
metabolic regulation. For Glutamate-Glutamine Cycle: In certain tissues, particularly in the

brain, there is an essential glutamate-glutamine cycle between neurons and astrocytes.
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Neurons release glutamate as a neurotransmitter, which is then taken up by astrocytes. In
astrocytes, glutamate is converted to glutamine and subsequently released back to
neurons, where it can be converted back to glutamate. This cycle helps regulate
neurotransmitter levels and maintain cellular health. In cancer cells and other rapidly
proliferating cells, the exchange of glutamine and glutamate across the membrane is
especially important. These cells often rely on glutamine for energy production (via
glutaminolysis) and biosynthesis. They may release glutamate as a byproduct or exchange
it to maintain intracellular glutamine levels, supporting growth and survival. The exchange
of glutamate and glutamine across the membrane allows cells to adapt to varying metabolic
conditions. For example, during nutrient stress, cells may uptake more glutamine to fuel the
TCA cycle and produce a-ketoglutarate, which can be further metabolized into other

intermediates.

In summary, glutamate and glutamine are indeed exchanged across the cell membrane, and
this process is tightly regulated by various transporters. This exchange allows cells to
manage nitrogen metabolism, maintain redox balance, participate in intercellular signalling

(particularly in the brain), and support biosynthetic and energy needs in proliferative states.

| first assessed the metabolic effect of the Jak2V617F mutation and IACS using LC-MS.
Due to high variability in experimental procedures, | am unable to combine individual
experiments into the same graph and chose to therefore show the results of 4 independent

experiments.

Firstly, my results showed that 30nM IACS-010759 inhibited the mitochondrial complex |,
leading to ATP depletion. All the metabolites in the TCA cycle Citrate, Glutamate, a-
ketoglutarate, Aspartate isotopolog distribution showed a decrease in WT-IACS, HOM-
IACS, HET-IACS samples. However, it showed a sharp decrease in HET-IACS compared
to HOM-IACS or WT-IACS which indicated that HET LSK cells depend on TCA cycle more
than HOM or WT LSK cells. In addition, glucose is consistently labelled M+6 with citrate
and glutamate are labelled with M+1 to M+5, which suggests that '3C6 glucose was
circulated through the TCA cycle. There might also be alternative pathways such as
extracellular glutamate and glutamine exchange. Overall, the LC-MS data show that HET c-
Kit* cells depend on TCA cycle more than HOM or WT c-Kit* cells.

Secondly, the media of HOM Lc-kit+ cells after 24h [13C6] glucose tracing showed an

increase in glutamate, AKG and malate which indicated the excretion of glutamate, AKG

103



and malate to the outside of the cell membrane. It may suggest the excretion of glutamate

and the existing anaplerotic pathway through glutamate.

Thirdly, the media of HOM-IACS kit+ cells after 24h '3C6 Glucose trace showed a decrease
in pyruvate level in all four independent experiments which indicated decreased glycolysis

when using IACS inhibition.

The data suggest that HET cells, rather than HOM, exhibit increased metabolic flux through
the TCA cycle, higher glutathione turnover, and possibly enhanced amino acid metabolism.
This metabolic reprogramming in HET cells could reflect adaptations or responses to unique

metabolic demands or stressors associated with their genetic makeup.

From the results generated from several methods already, we have put forward a venture
hypothesis that Solute Carrier Family | member (SLC1A1) is a key regulator of glutamate
metabolism in HOM and HET hematopoietic stem cells which may build up an alternative
pathway to drive the TCA cycle. HOM HSCs have different alternative metabolism pathway
compared to HET HSCs although they both tend to have higher oxidative phosphorylation.

The presence of M+1 glucose could result from metabolic recycling. Cells may release
unlabelled carbon sources (e.g., through the breakdown of other macromolecules or
metabolic by-products) back into the media, where they mix with the labelled glucose
(Martin et al., 2016). For instance, cells can synthesize glucose from partially labelled
intermediates, which can dilute the fully labelled 13C-glucose pool and produce glucose
molecules with one or a few 13C atoms. The presence of M+1 could also indicate some
levels of glucose synthesis or exchange with other carbon sources over time, such as

through gluconeogenesis pathways or the incorporation of one unlabelled carbon.

As for M+3 Pyruvate, normally, glycolysis of M+6 glucose would produce M+3 pyruvate, as
each molecule of glucose (6 carbons) splits into two molecules of pyruvate (each with 3
carbons) containing three 13C atoms. This labelled pyruvate in the media likely reflects
incomplete uptake by cells or partial release after glycolysis. Alternatively, it could arise if
cells release some of the labelled pyruvate back into the media as they metabolize glucose.
Another proper explanation maybe the potential Metabolic Exchange and Release: Cells
could be taking up glucose, metabolizing it, and releasing labelled metabolic by-products,
which re-enter the media and dilute the isotopic labelling pattern. This release and re-
uptake process can lead to mixed labelling patterns, especially over extended culture times
104



like 24 hours. The third reason for that maybe the incomplete glucose uptake or exchange
with the media: Cells might not fully consume the M+6 glucose, leaving some 13C-glucose
in the media. Some exchange with other metabolic sources (e.g., amino acids or other
carbohydrates) could result in mixed isotopologue, such as M+1 glucose or partially labelled

pyruvate.

In summary, the observed M+6 and M+1 glucose and M+3 pyruvate after 24 hours in 13C-
glucose media suggest a combination of factors, including: Metabolic recycling and
exchange of intermediates, Incomplete or variable uptake and utilization of the labelled

glucose, release of labelled intermediates like pyruvate back into the media.

These complex interactions between cellular metabolism and media components over time

create mixed isotopologue patterns in the extracellular metabolites.

Another finding through those four experiments is the glutamate, glutamine, Gluthothine,

GSSG metabolic pathways.

In comparing the metabolic labelling patterns between HET (heterozygous) and HOM
(homozygous) conditions, here are some key observations: Glycolytic and TCA Cycle
Metabolites: The HET samples generally show higher labelling (e.g., M+2, M+3, etc.) across

various intermediates like pyruvate, citrate, and malate compared to the HET samples.

This suggests an increased flux of labelled carbons (possibly from labelled glucose) through
glycolysis and the TCA cycle in HOM samples, indicating a possible upregulation in these
pathways. In HOM samples, there appears to be a higher incorporation of labelled carbons
in both aspartate and AKG compared to HET. This could indicate an enhanced activity of
pathways related to amino acid synthesis or anaplerotic reactions (replenishing TCA
intermediates). Aspartate, derived from oxaloacetate, shows increased labelling in HOM,
which may reflect greater TCA cycle activity or shuttling of intermediates towards amino acid
biosynthesis. Both glutamate and glutamine show slightly higher levels of labelled carbons
in HOM than in HET samples. Since glutamate and glutamine are closely linked to TCA
cycle intermediates (via a-ketoglutarate), this also supports the idea that HOM samples may
have increased TCA cycle activity or altered amino acid metabolism. The increased
labelling in GSSG (M+5, M+6, and M+7) in HOM samples compared to HET suggests a
higher synthesis rate of glutathione, possibly in response to oxidative stress or increased
cellular demand for antioxidant protection. Elevated labelling in GSSG in HOM may imply

that HOM cells are under a higher oxidative burden, necessitating more glutathione turnover
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to manage reactive oxygen species. HOM samples show a broader distribution of labelled
isotopologue (e.g., higher M+ forms across multiple metabolites), indicating enhanced

metabolic fluxes and possibly a shift in metabolic programming compared to HET samples.

The altered labelling patterns in TCA cycle intermediates and downstream metabolites (like
glutamate and GSSG) in HOM suggest that these cells may be adapting their metabolism to
meet different bioenergetic or biosynthetic demands, possibly due to genetic differences

associated with the homozygous mutation.

In summary, this comparison suggests that HOM cells have an increased metabolic activity,
particularly in pathways associated with the TCA cycle, amino acid biosynthesis, and
glutathione metabolism, relative to HET cells. This might reflect differences in metabolic

reprogramming or stress response due to genetic variation between the two groups.

The labelling patterns and relative intensities of metabolites in this metabolic map indicate
metabolic differences. For Glutamate Transporters: Cells have specific transporters for
glutamate, such as SLC1A family transporters, particularly EAAT (excitatory amino acid
transporters) in neurons and other tissues. These transporters are responsible for the
uptake of glutamate into cells, preventing excessive extracellular accumulation, which can
be toxic, especially in neural tissue. In non-neuronal cells, other transporters (like
SLC7A11, which functions in the antiporter system) mediate the exchange of glutamate with
other amino acids, such as cystine. This exchange plays a role in redox regulation and
glutathione synthesis. For Glutamine Transporters: Glutamine is transported through
various transporters, including SLC1A5 (also known as ASCT2) and SLC38 family
transporters (like SNATs). ASCT2 is a prominent transporter involved in glutamine uptake,
especially in rapidly proliferating cells (e.g., cancer cells) that use glutamine as a fuel source
and nitrogen donor. Some transporters, like SLC7AS5/LAT1, function as antiporters that
exchange glutamine for other amino acids (like leucine), facilitating nutrient signalling and
metabolic regulation. For Glutamate-Glutamine Cycle: In certain tissues, particularly in the
brain, there is an essential glutamate-glutamine cycle between neurons and astrocytes.
Neurons release glutamate as a neurotransmitter, which is then taken up by astrocytes. In
astrocytes, glutamate is converted to glutamine and subsequently released back to
neurons, where it can be converted back to glutamate. This cycle helps regulate
neurotransmitter levels and maintain cellular health. In cancer cells and other rapidly
proliferating cells, the exchange of glutamine and glutamate across the membrane is

especially important. These cells often rely on glutamine for energy production (via
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glutaminolysis) and biosynthesis. They may release glutamate as a byproduct or exchange
it to maintain intracellular glutamine levels, supporting growth and survival. The exchange
of glutamate and glutamine across the membrane allows cells to adapt to varying metabolic
conditions. For example, during nutrient stress, cells may uptake more glutamine to fuel the
TCA cycle and produce a-ketoglutarate, which can be further metabolized into other

intermediates.

In summary, glutamate and glutamine are indeed exchanged across the cell membrane, and
this process is tightly regulated by various transporters. This exchange allows cells to
manage nitrogen metabolism, maintain redox balance, participate in intercellular signalling

(particularly in the brain), and support biosynthetic and energy needs in proliferative states.
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6 Chapter 6 Conclusion, general discussion and future

directions
In this thesis, | present the first in-depth investigation of the metabolism of MPN HSPC cells.

| identified mitochondrial oxidative metabolism as a metabolic vulnerability in MPN HSPCs.
The first conclusion is that JAK2 drives transcriptional changes in genes involved in

metabolic pathways. The second conclusion is that solute carrier genes are deregulated in
MPN mice HSPCs. The total conclusion is deregulation in metabolic pathway may provide

opportunities to selectively target primitive MPN cells.

In the next paragraphs, | will discuss our findings in relation with the current literature in

addition to discussing potential implications and future directions of this work.

6.1 Oxidative metabolism in MPN mice models

Previous work from the Skoda lab has demonstrated that JAK2 expression in mouse
models of MPNs causes significant metabolic alterations that have previously been
overlooked, including sharply increased energy demands and a critical dependence on
glucose (Nageswara Rao et al., 2019). In contrast, their JAK2 mutant models showed more
pronounced hypoglycemia without signs of insulin resistance, indicating different types and
extents of metabolic reprogramming between acute myeloid Leukemia and MPN cells. This
hypoglycemia was closely linked to increased erythropoiesis, highlighting the essential role
of glucose metabolism in normal erythropoiesis. E12 mice, which primarily exhibit erythroid
hyperproliferation, experienced more severe hypoglycemia compared to VF mice, which
showed trilineage involvement with a less pronounced erythroid phenotype (Rao et al.,
2019). Although research in Skoda lab has demonstrated metabolic changes in MPN MEP
and LSK cells, gPCR analysis of mitochondrial DNA revealed differences between LT-HSCs
and MEPs, suggesting a potential distinction between these two cell types. Additionally,
differences were observed between VF and E12 mice, which have varying JAK2 burdens.
Interestingly, despite these variations, the OCR and ECAR trends remained similar, which
may imply that not all mitochondria are involved in oxidative phosphorylation.

Surprisingly, their OCR and ECAR show similar trends which may indicate that not all the
mitochondria are undergoing oxidative phosphorylation (Nageswara Rao et al., 2019). My
work shows the oxidative phosphorylation upregulation in HSPCs of both MPN JAK2 mutant

homozygous mice and heterozygous mice which was validated in our Mass-Spectrometry
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data. In addition to these alterations, | found in oxidative phosphorylation and glycolysis, |
also found the solute carriers for glutamate and glutamine transfer, Slc43al, Slc2a4 and
Slc25a37 are all upregulated in MPN JAK2V617F homozygous mice c-kit* cells.

My findings underline the importance of uncovering MPN-specific metabolic features and
provide a strong rationale for testing metabolic inhibitors in MPN treatment. A combined
strategy of targeting both altered metabolic dependencies and mutant JAK2 activity may
offer a promising therapeutic approach.
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Figure 6.1 OCR and ECAR in MPN mice LSK and MEP cells (Skoda et al, 2019)

6.2 Other solute carrier drugs for treating cancer

Solute carrier (SLC) transporters are a large family of membrane proteins responsible for
transporting a variety of metabolites, nutrients, and ions across cell membranes
(Najumudeen et al., 2021). In cancer, certain SLC transporters are often overexpressed or

dysregulated, making them attractive targets for therapeutic intervention.

SLC43al
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SLC43A1, or solute carrier family 43 member 1, is a gene that produces a protein
responsible for transporting large neutral amino acids, such as leucine, across cell
membranes. It is part of the solute carrier (SLC) family, a group of proteins that move
various substances, including nutrients, ions, and metabolites, within the body.

SLC43Al operates as a transporter that moves large neutral amino acids like leucine,
isoleucine, and valine across cell membranes without relying on sodium. It plays a key role
in maintaining amino acid balance and supporting cellular signalling. This gene is active in
several tissues, including the brain, liver, kidney, and skeletal muscle, highlighting its
importance in nutrient absorption and metabolism. Mutations or irregular activity in
SLC43A1 have been linked to certain diseases and metabolic disorders. Inhibition of its
function can impair amino acid transport, affecting protein production, energy metabolism,
and signaling within cells. SLC43A1 has been proved to accelerate tumor growth by
increase the uptake of essential amino acids for cell division. The interactions of amino acid

transport is crucial for understanding of SLC434A1’s function.

SLC7A11

One example is SLC7A11, which is part of the cystine/glutamate antiporter system (Yan et
al., 2023). This transporter imports cystine into cells while exporting glutamate, and
overexpressed in several cancers, SLC7A11 supports the synthesis of glutathione, which
helps cancer cells cope with oxidative stress. Drugs like sulfasalazine target SLC7A11 to
lower glutathione levels, increase reactive oxygen species (ROS) and promote cell death in
cancer cells. SLC7A11 inhibitors are currently being explored in preclinical studies,

especially for cancers that depend heavily on antioxidant defenses (Yue et al., 2024).

SLC2A1 (GLUT1)

SLC2ALl is a glucose transporter responsible for enabling glucose uptake into cells,
GLUTL1 is frequently overexpressed in cancer cells, which have high energy demands and
rely heavily on glycolysis (known as the Warburg effect) (Galochkina et al., 2019). There
are small molecules such as WZB117 and STF-31 as SLC2A1 which are being studied as
inhibitors of GLUT1 (Guerrero et al., 2024).

Blocking GLUT1 can limit glucose availability to cancer cells, inhibiting their growth. This

strategy is being explored for treating cancers that are highly dependent on glucose.
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6.3 Limitations of the methods

The first limitation to my work is that | cannot use MPN patient samples to verify most of my
findings because the advanced techniques in this project—such as Seahorse Assays, Mass
Spectrometry, and Bulk RNA Sequencing—require a larger quantity of cells than what is
obtainable from MPN patients. The second limitation is the lack of LT-HSC data for
metabolic analysis, which would have added greater detail and insight to the experiments.
The third limitation is that we cannot mimic the physiological bone marrow environment
even though we have re-created physiological glutamine and glucose levels in all
experiments, but the in vitro metabolism is different from in vivo metabolism. The fourth
limitation is the heterogeneity of the mice, because the mice are not easy to get at the same
time for wildtype, homozygous and heterozygous, so | cannot eliminate the batch effects
through all the experiments. The fifth limitation is the cell numbers | could get for seahorse

and Mass-spectrometry, which leads to batch effects of these experiments.

6.4 Future direction

| have identified three solute carriers with available inhibitors, enabling us to combine these
with JAK2 inhibitors to study the metabolism of MPN cell lines or c-Kit* cells from MPN
mice. Functional assays like Seahorse or Colony Formation Assays can be employed for
these analyses.

Furthermore, specific HSC markers in bulk RNA sequencing could be used to differentiate
between LT-HSCs and ST-HSCs, helping us investigate metabolic distinctions between
these two cell populations.

Lastly, fatty acid assays on the Seahorse platform could aid in distinguishing oxidative

consumption rates originating from the TCA cycle as opposed to fatty acid oxidation.
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6.5 Additional remarks

This study would not have been feasible without the access to MPN mice and without the funding

from NHS endowment grant.
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