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Abstract

Acute myeloid leukaemia (AML) is a highly proliferative, metabolically plastic
haematological malignancy. There is currently no cure and even after treatments
patients often relapse. AML is addicted to fatty acid (FA) for proliferation, survival,
and treatment resistance. Bone marrow (BM) adipose tissue is utilised and depleted
by AML, although AML can also access FA from peripheral blood. The liver is the
master regulator of FA metabolism in the body via storage, de novo generation and
secretion back into the blood. Signals from tissues around the body modify
hepatocyte FA metabolism, increasing or decreasing availability of serum FA. In this

thesis | investigate how BM AML induces changes to FA metabolism in the liver.

This study shows that AML induces systemic metabolic changes within a murine
model. During BM AML progression, mice lost bodyweight, and proportional weight
of the inguinal and gonadal fat pads, and serum FA were elevated. Bulk RNA
sequencing showed that AML engraftment significantly reduced expression of FA
metabolism and peroxisome proliferator-activated receptor (PPAR) pathways in the
liver, this was confirmed by gene and protein analysis in the livers of engrafted mice.
Treatment of primary murine hepatocytes with media conditioned by AML cells further
showed downregulated gene expression, FA uptake and respiration. Furthermore,
analysis of mouse serum and conditioned media showed increased hepatocyte
growth factor (HGF) and IL-183, which also downregulated FA metabolism in vivo and
in vitro. Moreover, knockdown (KD) of Hgf in AML blasts mildly restored FA
metabolism gene expression and reduced blast FA uptake in vivo. Ppara expression
was also downregulated and, as HGF has been shown to act on PPARa, AML
engrafted mice were treated with the PPARa agonist fenofibrate. Treatment reduced
tumour burden, mildly restored liver FA metabolism gene expression, and increased
serum FA. These findings show that AML secreted HGF downregulates liver FA

metabolism via a PPARa dependent mechanism.
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1. Introduction

1.1 Haematopoiesis

Haematopoiesis is the process by which all the blood cells in the body are produced.
It is a hierarchical differentiation process starting with haematopoietic stem cells
(HSC) and ending in mature blood cells (1). It is an incredibly complex but organised
process which occurs in three main waves during human development. During the
earliest stages of development there are no HSC, and the primitive wave begins in
the yolk sac as blood islands. At this stage, cells such as erythroid, megakaryocytes
and macrophages are produced. These provide the red blood cells, platelets and
primitive immunity. The second wave of haematopoietic development occurs with the
production of vasculature, taking place in the haemogenic endothelium of the yolk
sac. It is at this stage that erythromyeloid progenitors are produced. These first two
waves make up HSC independent haematopoiesis, while also providing the
necessary signals for HSC emergence (2-4). These signals and the emergence of
HSC signal the third wave of haematopoietic development, forming the aorta-gonads-
mesophryon region. After this point haematopoietic stem and progenitor cells (HSPC)
home to the foetal liver, which remains the principal location of haematopoiesis until
later stages of gestation (5). It is only later that HSC relocate to the bone marrow
(BM), where the majority of haematopoiesis occurs for the rest of a person’s life (6).
During times of haematopoietic stress, it is possible for haematopoiesis to also occur
in the spleen and liver (7). This allows the body to rapidly respond to increased

demand for blood cells.

The HSC are at the heart of haematopoiesis, defined by their ability for self-renewal
and pluripotency that allows them to produce all the blood cell types (8). In average,
healthy individuals (70kg), these HSC produce an estimated 1x10*? mature blood
cells a day (9). In adults, these long-term HSC reside in specific hypoxic niche
microenvironments and remain mostly non-replicative and quiescent (10). However,
under stress stimuli, such as infection or severe blood loss, quiescent HSC are
activated to begin cell cycling and increase progenitor cells for expansion of
circulating blood cells (11). This is a complex and highly regulated system, balancing

the requirements for blood cells, while maintaining pro-survival quiescence.



HSC are at the apex of the haematopoietic tree as the most potent cells (Figure 1.1).
The HSC pool is heterogeneous, with the cells diverse in their range of self-renewal
ability and differentiation potential. The pool is comprised of long-term, intermediate,
and short-term HSC as well as multipotent progenitor cells (MPP) (12, 13). HSC
undergo a series of lineage commitments which gives rise to haematopoietic
progenitor cells (HPC). These include the common myeloid progenitor (CMP) and
lymphoid-primed multipotent progenitor (LMPP) cells (13). These progenitor cells
both contribute to granulocyte-monocyte progenitors (GMP), which further
differentiate to granulocytes; neutrophils, basophils, eosinophils, monocytes, and
macrophages (8, 14). LMPPs also give rise to common lymphoid progenitors (CLP)
which further differentiate to produce T-lymphocytes, natural T-killer (NK) cells, or B-
lymphocytes that can differentiate into antibody producing plasma-cells and memory
B-lymphocytes (8, 15). CMPs differentiate to the megakaryocyte-erythrocyte
progenitor (MEP) cells that result in megakaryocytes, for the production of
thrombocytes, and erythrocytes (7, 8). This is a simplified model of the
haematopoietic tree, with increasing evidence that HSC are able to bypass the
traditional pathways directly generating more mature cells. As such, it has been seen
that there is more of a continuum of differentiation, where terminally fated blood cells
emerge from undifferentiated HSPC, without the traditional steps of differentiation

required (16). This may confer advantages for rapid responses to stimuli.

Due to their role in producing all subsequent blood cells, it is vitally important that
HSC have the correct niche within the bone marrow to enable them respond to
stimuli. The HSC niche is kept hypoxic by arterial blood being relatively deoxygenated
when it gets to the BM. The low oxygen tension maintains quiescence in HSPC by
keeping oxidative stress low (17). These conditions stabilise transcriptional
regulators such as hypoxia-inducible factor-1a (HIF-1a) protein, which regulates the
hypoxia response, and the related downstream effectors (18). Hypoxia pushes
glycolysis as the main source of adenosine-5-triphosphate (ATP) for HSC which
confers survival advantages, such as surviving a hypoxic episode that most other
cells would not (19). Taken together, this shows us that to understand the process of

haematopoiesis, we must also understand the niche within which it occurs.
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Figure 1.1 Hierarchical tree of haematopoiesis.

Haematopoiesis is the perpetual self-renewal and production of mature blood cells from
immature haematopoietic stem cells (HSC). Long-term HSC are quiescent and rarely
differentiate and so they remain contained within a pool of HSC. The pool also includes more
mature HSC, such as short-term HSC and multipotent progenitor cells (MPP). These cells can
further differentiate towards progenitors, such as common myeloid (CMP) and common
lymphoid (CLP) progenitors, which go on to develop the various types of blood cells required
by the body. During a strong stress response, it is possible for cells to bypass the multi-step
differentiation pathway. LMPP -lymphoid multipotent progenitor, MEP -megakaryocyte-

erythrocyte progenitor, GMP -granulocyte-monocyte progenitors, NK-cell —natural killer cells.



1.2 The bone and bone marrow

The bones of our body are made up of two main components; the hard outer layer,
known as the cortical bone and the more porous, spongey inner structure, called the
trabecular bone. Together this structure provides the rigidity required for the skeleton
to support our body, but also provides the niche for the BM (20). The BM is a complex
tissue which is soft and spongey and fills the space of the trabecular bone. It is made
up of blood, vessels, nerve tissue, and a heterogeneous population of cells (21).The
main two forms of the BM are red and yellow marrow. The Red marrow is comprised
of cells which are directly required for, or supportive of, haematopoiesis (22). The
yellow marrow is primarily made up of adipocytes and serves as a storage reserve
for fats, which can be metabolised for energy during times of stress or starvation. As
we age the ratio of red to yellow marrow shifts as the yellow marrow displaces the

red marrow (Figure 1.2) (23).

Red Marrow

Yellow
Cartilage Marrow

Figure 1.2 Transition of red to yellow bone marrow.

Schematic diagram of age-related bone marrow conversion. During aging adipocyte rich
yellow marrow deposes red marrow, reducing the volume of haematopoietic tissue. (Adapted
from Chiarelli, et al. 2021).



The BM is connected to the peripheral blood via a network of vascular sinuses. In flat
bones, this is through vessels entering the BM via small or large nutrient canals
(Figure 1.3A). Long bones are supplied via nutrient canals consisting of nutrient veins
and the main nutrient artery which enters the BM cavity longitudinally through the
centre of the bone. Branches off the canal supply the rest of the BM via thin-walled
arterioles and capillaries. These accumulate to form specialist vascular sinuses,
which can be venous or arterial (24). Venous sinuses are comprised of thin-walled
endothelial cells without a basement membrane. The venous sinuses drain via
collecting venules which return the blood to the centre of the cavity. This results in a
circular blood flow process, with blood entering through the central cavity and being
moved peripherally, before drainage back to the centre cavity (25). Innervation of the
bone is distributed similarly to the nutrient arteries by both myelinated and non-
myelinated nerve cells. The nerves run through the arterials and innervate the
vessels all the way through to the haematopoetic tissue within the BM. This allows
regulation of both haematopoiesis and bone formation via the central nervous system

(26). Taken together, this shows a high level of structural complexity within the BM.

The BM cavity comprises four main niches: central, perisinusoidal, endosteal, and
sub-endosteal (27). Histology and functional assays show that HSC and MPP
predominantly reside in the perivascular/sinusoidal niches and are closely associated
to the surface of the bone (28-30). Increasingly mature cells home to the central and
perisinusoidal regions with the most mature, differentiated cells at the latter (31). The
complexity of the organisation within the BM allows for more efficient haematopoiesis
(Figure 1.3B).
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Figure 1.3 The bone marrow microenvironment.

(A) The unique mechanical anatomy of the bone is provided by the cortical and trabecular
bone. The endosteum encases blood vessels, nerves, and the red marrow. Yellow marrow
fills the remaining porous space. (B) Haematopoietic stem cells (HSC) and Haematopoietic
progenitor cells (HPC) reside in the endosteal or sinusoidal niche, with more mature cells in
more oxygenated niches. They remain close to the blood vessels and other BM cells such as
osteoblasts, osteoclasts, macrophages, adipocytes and bone marrow stromal cells (BMSC).
These cells provide the support and signals to maintain haemostasis.



1.3 Cells of the BM microenvironment

The BM microenvironment is highly complex with different niches and cavities
maintaining different roles in haematopoiesis (32). It has therefore been a key area
of research for infection and malignancy over recent years. Several studies have
looked at the interactions between malignant haematological cells and non-
haematopoietic cells within the BM, and how these aid in the survival and proliferation

of these malignant cells (33-35).

The multitude of cells within the BM microenvironment play an important role in
supporting HSPC quiescence and the process of haematopoiesis. The makeup of
the niches within the BM creates optimal environments for HSPC proliferation and
differentiation potential (27). Recent studies have shown that HSPC reside in a
perivascular niche, where cells such as mesenchymal stem cells (MSC) and
endothelial cells secrete factors to support the maintenance of HSPC (36, 37). It is
also known that other cells of the BM microenvironment are able to directly and
indirectly affect the HSC niche (11, 38). These interactions ensure that the niche is

correct for the demands on the HSC for blood cells.

1.3.1 Bone marrow stromal cells

Bone marrow stromal cells (BMSC), also known as mesenchymal stem cells, have a
varied role in the BM microenvironment. They are identified by markers such as
CD146 and are found around the vasculature and sinusoids of the BM (38, 39). They
are a multipotent cell type which is imperative to the BM as they have the ability to
repopulate tissues such as adipose tissue, cartilage, muscle, tendon, ligament and,
bone. To do this BMSC have the potential to differentiate into the required cells such
as osteoblasts, adipocytes, and chondrocytes (40, 41). BMSC and their daughter
cells are important for creating a supportive microenvironment for HSPC. BMSC have
an autocrine and paracrine effect on HSPC via the release of factors such as
Interleukins (IL)-1, -6, -7, -8, -11, -14 and, -15, stem cell factor (SCF), Transforming
growth factor beta (TGF-B), and leukaemia inhibitory factor (41-43). These are

essential to the homeostasis of haematopoiesis.



Two key factors that BMSC release are SCF and stromal cell-derived factor 1
(CXCL12). When these are conditionally deleted from BMSC in vitro, HSC are
depleted or lost, thus highlighting the importance of BMCS in haematopoiesis (44).
SCF is crucial for HSC maintenance and can be secreted in a soluble form or
presented as membrane bound. It acts to regulate proliferation when it binds to its
receptor CD117 on the HSC (45-47). It has also been shown to be essential for
culturing HSC in vitro (46). CXCL12 released by BMSC is an important chemokine
for promoting the retention of HSC to the niche. It acts by binding and activating the
C-X-C chemokine receptor type 4 (CXCR4) on the HSC (36). Without this interaction
there is a reduction of the number of HSC in the BM (48). CXCL12 has also been
shown to play a role in relocation of the HSC to the peripheral blood or spleen (49).
These further indicate the importance of BMSC within the BM niche for the

maintenance of haematopoietic homeostasis.

BMSC can be further divided into distinct populations with different functional roles in
regulating HSC (50). Three of the studied populations are CXCL12-abundant reticular
(CAR) cells, NG2-, leptin receptor (LepR)* stromal cells, and NG2* leptin receptor
(LepR) stromal cells (51). As is suggested in the name, CAR cells produce CXCL12.
They have the capacity to differentiate into osteoblasts and adipocytes (52) and a
depletion of CAR cells results in lower numbers of HSC due to less SCF and CXCL12
(36, 39). NG2, LepR* cells differ from CAR cells as they are unable to differentiate
into osteoblasts (53). These cells form perisinusoidal niches and regulate HSC
proliferation by inhibiting HSC cycling (53, 54). NG2", LepR" maintain HSC
quiescence within the arteriole niche (54). The distribution between the niches is
dependent on the activation of HSC cycling (44). The commonality of SCF and
CXCL12 expression dictate that these cell types are all BMSC.

Taken together the above information shows the importance of BMSC within the BM
microenvironment. Both with their role in maintaining the HSC niche and cycling, but
also in their ability to differentiate into other cells required for haematopoietic

homeostasis.



1.3.2 Osteo lineage cells

Osteo lineage cells are one of the cell types that BMSC cells can differentiate into.
These include immature and mature osteoblasts, and osteocytes (44). These cells
are important for the regulation of bone formation. Osteoblasts are responsible for
the formation of new bone and as such, are found at the surface of them (20).
Differentiation of BMSC to osteoblasts requires the transcription factor RUNX2 to be
switched on (55). The major role of mature osteoblasts is formation of new bone, via
proliferation and matrix maturation, they also play a role in haematopoiesis (56). HSC
are found close to osteablasts unlike more mature progenitor cells which are located
further away (57). Increased numbers of osteoblasts have been linked to increased
long-term HSC (58, 59), and development of other cell types. Osteoblast progenitors
have been found to support the differentiation of B-lymphocytes via the release of IL-
7 (60, 61). Immature osteoblasts are denoted by their higher Runx2 expression.
Studies have shown that these cells mediate haematopoiesis-enhancing activity,
including HSC regulation via CD166 (62). (56). Mature osteocalcin positive
osteoblasts produce DLL4, a notch ligand, which is essential for the development of
CLP to T-lymphocytes (63). Together these studies show the important role
osteoblasts may have in HSC maintenance and the production of mature

lymphocytes.

Osteoblasts further differentiate into osteocytes. This occurs when osteoblast
become embedded within the new bone matrix. These cells are important for
detecting mechanical stresses, triggering a signal cascade to osteoblasts and
osteoclasts (64, 65). Osteocytes still have an important role in haematopoiesis
support, despite being embedded in the bone. They play a role in supporting stromal
cells, as well as being indicated in the HSPC migration response to granulocyte
colony stimulating factor (G-CSF) (66). These studies indicate the importance of

osteocytes in the migration and support of HSPC and mature blood cells.

Osteoclasts also play an important role in the BM microenvironment. However, they
are not derived from BMSC, they are produced from GMP (67, 68). These cells are
important for maintaining the balance of bone formation. This is a dynamic process
which requires the formation of new bone by osteoblasts and subsequent resorption
by osteoclasts (69, 70). This makes them important for the maintenance of the HSC

niche.



1.3.3 Adipocytes

BMSC also differentiate into adipocytes, the most abundant of the stromal cells. They
can occupy up to 70% of adult long bone cavities, making up the BM adipose tissue
(BMAT) (72). Interestingly, BMAT can form up to 10% of the adipose tissue in healthy
humans (72). As stated in 1.2, the yellow marrow, which is mostly adipocytes,
increases its volume during aging. Increases in yellow marrow are also seen in
osteoporosis (73) and obesity (74). The main transcription factors pushing BMSC to
differentiate into adipocytes, in a process called adipogenesis, are peroxisome
proliferator-activated receptor (PPAR) y and CCAAT/enhancer-binding protein alpha
(75). BM adipocytes are required as an energy store and source, as well as playing
a role in endocrine function and bone metabolism (72, 76). It is important that they
are able to store high levels of fat, as this regulates bone metabolism. The fat is
stored as lipid droplets (LD) of triglycerides. These undergo the catabolic process of
lipolysis into free fatty acids (FFA) and glycerol (77) (Figure 1.4). Therefore,

adipocytes play an important part in the BM microenvironment, with multiple roles.

Adipocytes are also important for the regulation of HSPC. They negatively regulate
granulopoiesis via cell-cell interaction with neuropilin-1 (78). Adipocytes secrete
various factors such as cytokines and adipokines. For example, studies show that
Lipocalin 2 produced by adipocytes blocks differentiation of erythroid progenitors
(79), and TGF-B1 inhibits HCS cell cycling (42). It has been shown that the number
of HSC is negatively correlated with the number of adipocytes in the BM (80). More
recent studies have indicated that adipocytes may be able to directly maintain HSC
populations and promote their regeneration, especially after high stress conditions
(81). Adipocytes can secrete SCF (82), CXCL12, IL-3 and, IL-8 (83), all of which have
been characterised to play a role in HSC maintenance. Under stress conditions
adipocytes can donate FFA as a source of energy to HSC for 3-oxidation. This is
achieved via increased expression of lipolysis genes in the adipocytes, such as
Pnpla2 (84), or expression of fatty acid (FA) uptake proteins on HSC, such as Cd36
and fatty acid transport proteins (Fatp), which are encoded for by some of the solute
carrier family (SLC) genes (85). These genes are upregulated during a stress
response, such as infection, to maximise HSC ATP production, and increase
proliferation and differentiation to respond to the stimuli (86). It is inconclusive what

all the roles of the adipocytes are within the BM. This is due to the difficulties in
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isolating and culturing adipocytes from humans and mice. Further studies will be

required to fully elucidate the role of adipocytes in the BM microenvironment.
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Figure 1.4 Lipolysis pathway.

Triglycerides are broken down in steps by adipose triglyceride lipase (ATGL), hormone

sensitive lipase (HSL), and monoglyceride lipase (MGL). The result is glycerol and fatty acids.
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1.3.4 Endothelial cells

Endothelial cells are also derived from BMSC and make up the lining of the blood
vessels. They are major regulators of metabolism, oxygen availability and
homeostasis by forming these connecting networks throughout the BM (37). They
are able to modulate cell trafficking by creating a barrier, allowing mature cells into
the peripheral blood while preventing circulating mature red blood cells and platelets
from unnecessarily entering the BM (87). Endothelial cells make up part of the
perivascular niche, alongside BMSC, that HSC reside in, and therefore are able to
play a role in HSC trafficking and quiescence (88). Due to the varied vasculature in
the BM, different vessels have different properties (89). More permeable vessels at
the sinusoids allow for trafficking of mature and immature leukocytes to and from the
BM. The high permeability in these areas increases the HSC exposure of reactive
oxygen species (ROS), this enriches migration and differentiation, while
compromising the HSC capacity for self-renewal. On the other hand, less permeable
vessels maintain a lower ROS, which promotes HSC quiescence (90). This therefore
shows that endothelial cells can influence HSC and their location dictates the state
of the HSC.

Endothelial cells express markers and release key cytokines to regulate HSC. These
include the expression of E-SELECTIN, which is unique to endothelial cells and
modulates quiescence (91). Endothelial cells also release G-CSF, IL-6 and,
granulocyte-macrophage colony stimulating factor (GM-CSF), upon stimulation by
proinflammatory cytokines, all of which are known to regulate HSC maintenance (92).
Additionally endothelial cells release the factor pleiotrophin and express vascular
adhesion molecule 1, which act to retain HSC within the BM (93, 94). These show
the importance of endothelial cells, and the vessels they make up, within the BM

microenvironment.
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1.3.5 Macrophages

Macrophages are a mononuclear haematopoietic cell type derived from CMP (Figure
1.1). They play a critical role in the immune response, with functions in both the innate
and adaptive immune systems (95). Macrophages have a number of roles within the
immune system, from phagocytosis of microbes and parasites to clearance of cell
debris from cells undergoing apoptosis or cell modification (96). Macrophages also
activate B and T-lymphocytes through the secretion of cytokines, chemokines, and
cell-cell interaction (97). Macrophages can be activated to play a pro- or anti-

inflammatory role, allowing them to aid in regeneration or destruction of tissues (95).

Most tissues have tissue resident macrophages, and this is true for the BM (98). It
has been indicated the BM resident macrophages are important for HSC modulation.
BM macrophages induce niche supporting cells to produce the homing signal
CXCL12 and studies have shown that depleting these macrophages results in
increased circulating HSPC, due to a depletion of niche-specific CXCL12 (96, 99).
However, macrophages are also able to release G-CSF, which supresses CXCL12
expression, thus causing HSC mobilisation (66). This process is linked with
macrophage clearance of neutrophils and suppression of granulopoiesis within the
BM, as accumulation of these cells can cause and inflammatory response in the BM,
liver, and spleen (100). This process occurs with circadian rhythms to maintain
homeostasis. When macrophages phagocytose neutrophils it supresses IL-23, a key
regulator in G-CSF and IL-12 dependent neutrophil differentiation (101). This process
induces HSC mobilisation via the reduction of niche CXCL12 by circadian rhythms
and Liver X receptors (LXR) signalling (102). This process curbs granulopoiesis and
mobilises HSC in the BM. Taken together these studies show an important role of
BM macrophages in haematopoiesis by regulation of granulopoiesis and trafficking
of HSC.
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1.3.6 Megakaryocytes

Megakaryocytes (MKs) are the largest cells in the BM, and they differentiate from
HSC. As well as the largest, MK cells are one of the rarest cell types in the BM,
accounting for up to 0.1% of the cells (103). MKs are the cells which produce
thrombocytes/platelets and are therefore located centrally, near the sinusoids, to
allow thrombocytes to enter into circulation quickly (45). MKs also play an important
role in bone formation and the maintenance and quiescence of HSC. Like other cells
of the BM, MKs release CXCL4 to maintain HSC pools. Removal of MKs has been
shown to cause HSC proliferation and differentiation (104), further supporting the role
of MKs in the maintenance of HSC. Another cytokine released by MKs is Thyroid
Peroxidase (TPO). Not only is TPO required for the differentiation of HSC to MKs,
but it has also been shown to play an important role in the regulation of HSC (105).
TPO has been shown to support HSC quiescence and competitive transplants
experiments showed that removal of the cytokine or its receptor from the niche
reduced the capacity to reconstitute the BM (106, 107). Furthermore, Tpo knockout
mice have been shown to have age progressive loss of HSC and increased HSC cell
cycling (108). These studies, providing evidence that TPO released by MKs is
required for HSC numbers and maintenance within the healthy BM. Interestingly,
MKs can also have an indirect effect on HSC via the release of adiponectin, which
acts on osteoblasts (109). MKs have the ability to maintain HSC pools via negative

regulation to keep a quiescent state.

1.3.7 Haematopoietic stem cell niche

The haematopoietic stem cell niche is important for the regulation and maintenance
of HSC. It dictates the state of quiescence of proliferation that the HSC is in (11). The
cells described above all make up the composition of the HSC niche, each sending
signals in the form of secreted factors and membrane bound proteins. The niche is

made up progenitor cells from all of the lineages, as well as the mature cells.

Figure 1.5 shows that stromal cells interact with the HSC via release of IL-6, IL-8,
SCF and, CXCL12 (36, 43). These cells can also differentiate into osteoblasts, which
produce IL-7 and CD166 which promote B-lymphocyte differentiation and

haematopoietic-enhancing activity, respectively (60, 62). Adipocytes release FFA for
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the HSC to use as an energy source for differentiation (77). They also release TGF-
B1 which inhibits HCS cell cycling (42). Endothelial cells express E-SELECTIN to
regulate quiescence, as well as pleiotrophin which acts to retain the HSC within the
niche. Macrophages promote the expression of CXCL12 within the HSC niche (99).
However, macrophages and endothelial cells also produce G-CSF which induces
migration of HSC from the niche (66, 92). All these interactions help to maintain

homeostasis of haematopoiesis and contribute to the highly complex HSC niche.

Despite the perivascular location, the HSC niche is hypoxic due to the blood
becoming relatively deoxygenated by the time it reaches the BM (38). This hypoxic
condition is favourable for HSC quiescence, minimising oxidative stress. Thus, in
steady state, HSC rely of anaerobic glycolysis for their metabolic source of ATP
(120). This retains low mitochondrial mass and function. Balancing the processes of
mitochondrial biogenesis and mitophagy to maintain low mitochondrial ROS to keep
HSC homeostasis (11). This changes during a stress response, such as infection.
During stress the BM becomes more acidic due to an increased production of lactate,
a by-product of glycolysis (111), however it has also been shown that lactate can be
fed into the tricarboxylic acid (TCA) cycle, alongside pyruvate, for oxidative
phosphorylation (OXPHOS) production of ATP (112). The BM is also full of
adipocytes, which contain triglycerides stored in LD. These can be released as
glycerol and FFA (77). These can be used by the HSC for B-oxidation and
downstream ATP production. FA B-oxidation (FAO) occurs within the mitochondria
and breaks down the FA into acetyl-CoA which can be fed into the TCA cycle (113).
HSC are able to acquire these FA from adipocytes by upregulating FA transport
genes such as the scavenger receptor CD36 and FATP (85, 114). Another way in
which the HSC are able to increase their metabolism during a stress response, is the
acquisition of more mitochondria. This is achieved via three main methods: tunnelling
nano-tubules, via gap junctions, or extracellular vesicles (19, 115). These interactions
aid the HSC in responding to a stress response and proliferating at an increased rate,
to meet the demand for more blood cells. This shows the importance of the BM
microenvironment and the complexity of the HSC protein expression and secretome

to maintain homeostasis.
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Figure 1.5 Interactions in the HSC niche regulate HSC.

BMSC can produce IL-6 +8, CXCL12, and SCF which act on the HSC to maintain
homeostasis and home them to the niche. Osteoblasts act on HSC to induce B-cell production
via IL-7 and CD166. Adipocytes release FA as a source of energy for the HSC. They also
release TGF-B, which negatively regulates haematopoiesis. Megakaryocytes secret both
CXCL12 and TPO to maintain HSC quiescence. The E-selectin membrane bound protein on
endothelial cells regulates HSC quiescence. Like BMSC, macrophages also secrete the

chemokine CXCL12, homing HSC where they are required.
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1.4 Haematological malignancies

There are a range of different haematological malignancies which include cancers of
the blood, BM, and lymphatic system. It is predicted that ‘one in every 16 men and
one in every 22 women will develop it [blood cancer] at some point in their lives’ (116),
making it a very common cancer type, which typically increase in incidence with aging
(117). These cancer types have been at the forefront of research into understanding
the molecular mechanisms of tumour progression. Within the last 30 years there has
been great improvement in the treatment of some of these malignancies with the
introduction of more targeted and personalised therapies such as combination
regimes and Chimeric antigen receptor (CAR) -T cells (118, 119). However, some
malignancies, such as acute myeloid leukaemia (AML), are more challenging and
have seen less progression in treatment options and continue to have poor prognosis
(120). Although there have been some advances it is still imperative the research
continues for all these malignancies. Better understanding of disease development,
pathogenesis and interplay within the BM niche will allow for further research for

treatments with better tolerance and effectiveness.

1.4.1 Lymphoma

Lymphomas are a blood cell malignancy that arises from T or B-cell lymphocytes.
The malignant lymphocytes accumulate within the lymph nodes or other organs that
are haematologically active, such as the BM and spleen Like most malignancies, the
exact cause of lymphoma is unknown although risk factors such as aging, infections
such as Epstein-Barr virus, and a family history can predispose a patient, increasing
the likelihood of the cancer (121). The two main categories of lymphoma are Hodgkin
and non-Hodgkin lymphoma. The former is denoted by the presence of Reed-
Sternberg cells, which are abnormally large lymphocytes that contain multiple nuclei
(122). Whereas non-Hodgkin lymphoma is a group of over 60 different subtypes. The
different subtypes of lymphomas can be indolent or aggressive and vary in their
prognosis (123). The prognosis of patients depends on the type of lymphoma, the
stage of the malignant progression, and the frailty of a patient as this dictates the type
of treatment they can tolerate. Typically, treatment options include chemotherapy,

radio therapy, immunotherapies, such as CAR-T cells, and stem cell transplant (121).
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Research into lymphomas continues to be important, advances in our understanding
of how the disease works will continue to open up possible drug targets. Studies have
shown that lymphoma is able to manipulate healthy immune cells, for example it
recruits regulatory T-cells to aid in immune evasion and causes T-cell exhaustion
(124). Tumour secretion of IL-10 has been shown to polarise macrophages to an M2
phenotype. The M2 macrophages promote angiogenesis and suppress anti-tumoural
immunity (125). These findings helped to inform the use of Lenalidomide in the
treatment of some lymphomas. The drug has been shown to enhance T-cell and
natural killer cells in the removal of lymphoma cells. It has also been shown to
supress angiogenesis and inhibit the produce of other cytokines such as IL-6 and
TNF-a which contribute to systemic inflammation and tumour cell survival (126).
Further research into the genesis and mechanisms of lymphoma are imperative for

the continued improvements to treatments and patient outcomes.

1.4.2 Multiple Myeloma

Multiple myeloma (MM) is a cancer of the plasma cells within the BM. It is initiated in
memory B-cells, leading to an over production of abnormal antibodies. The malignant
cells remain protected within the BM, where they continue to proliferate at a high rate
and take over the cavity (127). These cells secrete an over production of antibodies
which can lead to viscous blood, as well as posing a risk of kidney damage (128).
MM is an age associated malignancy with approximately 35% new patients
presenting at 75 years or older and the median age of diagnosis is 69 (129). The 5-
year prognosis for patients is varied, especially due to age, but averages at 61.1%
(130). The BM is integral for the development and progression of MM. For example,
BMSC secrete IL-6, a pro-inflammatory cytokine that promotes MM proliferation and
survival (131). MM can interact with the niche via expression of the surface protein
CD138, allowing the cells to bind to the extracellular matrix, which further mediates
adhesion to other MM cells and growth (132). These are examples of how MM utilises

the niche to further progress the disease.

Fortunately, treatment for MM has greatly improved within the last decades. There
are a range of treatment options which can be tailored to the patient. Often the first
line regime includes a combination of drugs, with the most common combinations

being bortezomib, lenalidomide, and dexamethasone, or daratumumab,
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lenalidomide, and dexamethasone. It is also possible for some patients to receive
autologous stem cell transplantation, which can provide a long remission period
(133). Although there are several possible lines of therapy, patients often become
resistant to them, which is termed relapse or refractory MM. For those who have
exhausted treatment options, CAR T-cell therapy is a rapidly developing and
encouraging therapy option which may slow down the disease progression (134). It
is an immunotherapeutic approach which involves the genetic manipulation of the
patients T-cells to express chimeric antigen receptors that are specific to the target
antigen of choice on the cancer cell. This acts to reprogramme the patient’s immune
system and redirect T-cells to attack the tumour (135). Although promising, patients
may still become resistant to the treatment, or it can be toxic and lead to intolerable
side effects (136). Ongoing research continues to investigate better mechanisms and
targets to improve treatment options.

1.4.3 Leukaemia

Leukaemias are another subtype of blood cancers that can arise from lymphoid or
myeloid lineage, leading to high genetic variability within the classification (137). They
are classed as the invasion of non-functioning, abnormally differentiated
haematopoietic blasts into the BM, blood, and other haematopoietic organs (138).
Leukaemias overtake the BM via rapid uncontrolled proliferation, displacing normal
haematopoietic cells. This can cause anaemias and immunodeficiency to levels that
can be life-threatening. They are classified as chronic or acute, which is denoted by
the rate with which the leukaemia progresses. Thus acute leukaemias having a more

rapid progression than the chronic leukaemias (139).

1.4.4 Acute Lymphoid Leukaemia

Acute lymphoid leukaemia (ALL) arises from immature B or T- cells. It is a malignancy
which predominantly affects younger patients who have ~80% survival rate, however,
older patients have decreased survival of ~50% (140). ALL is highly reliant on the BM
microenvironment, hijacking normal cellular interactions. ALL blasts adhere to BMSC
and cause morphological and cell-cycling alterations, conferring a more protective

environment for the blasts (141). For example, BMSC can express asparagine
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synthetase which aids in preventing apoptosis of the blasts ALL by asparagine
treatments (142). ALL also utilises the expression of CXCR4 receptors to aid in
homing to the BM cells (143). B-ALL secretes inflammatory factors such as IL-1R, IL-
12 and tumour necrosis factor (TNF)a, which disrupt healthy haematopoiesis by
creating a proinflammatory microenvironment (144). Although it has been shown that
T-ALL does not rely as heavily on the BM microenvironment for expansion, it does
cause substantial remodelling to compartments of the BM such as the endosteal
niche. This results in a loss of supporting cells and hinders healthy haematopoiesis
(145). This highlights the importance of interactions between the BM

microenvironment and the secretions from blasts in the progression of ALL.

1.4.5 Acute Myeloid Leukaemia

Acute myeloid leukaemia (AML) is a highly proliferative malignancy that arises from
the myeloid progenitors of the haematopoietic hierarchy (146). It is an aggressive
malignancy due to it being sustained by leukaemic stem cells (LSC), which, like HSC,
can produce high numbers of cells and can cause relapse via their ability to evade
chemotherapy (147). AML is a disease which is predominantly diagnosed in elderly
patients with the average age of diagnosis at 71. It has a poor prognosis; in 2021 a
study by Sasaki et al showed that the 5-year survival rate between 2010-2017 in the
USA was only 28% (148). Even younger patients who are able to undergo intensive
chemotherapy are likely to relapse due to LSC and other malignant cells which are

able to ‘hide’ within the protective niches of the BM microenvironment (149).

There is extensive heterogeneity within AML, and it is therefore important to
understand the genomic landscape, interactions with the microenvironment and other
prognostic factors when deciding treatment regimens or researching potential new
treatments. Techniques such as next-generation sequencing have helped to identify
the frequency and spectrum of AML mutations that patients present with (146, 150).
Like other cancers, AML can arise from mutations in tumour suppressor genes such
as TP53, leading to dysregulation of transcription and thus increased proliferation of
nonfunctional blasts. It has also been shown that AML can arise from mutations, such
as in the FLT3 gene, which confers a proliferative and survival advantages. Or AML

can arise from chromosomal rearrangements, such as RUNX1:RUNX1T1 (150-154).

20



AML often has sub-clonal populations that can lead to selection of clones which

evade chemotherapies or proliferate at much higher rates (155).

Along with the heterogeneity of AML, symptoms also vary between patients.
Common symptoms include weakness and fatigue, bruising, and bleeding (156).
Even in recent years more symptoms of AML are being considered. One of these is
cachexia, which is the excessive body wasting due to stored fats, proteins and
carbohydrates being used for energy. It was previously believed that the intensive
treatment with chemotherapy was causing the weight loss, however studies are now
suggesting that it is also a direct effect of the AML (157, 158). Due to the variance of
symptoms, AML must be confirmed with a number of protocols. Initial bloods tests
would include low or abnormal lymphocyte counts as an indicator of AML.
Confirmation is achieved by flow cytometry and Wright-Giemsa staining of BM
samples (159). If the BM contains 20% or more AML blasts a diagnosis is given (160).

1.45.1 Acute Myeloid Leukaemia Treatment

Unfortunately, treatment for AML has been vastly unchanged in recent decades.
Treatment is divided into two phases: induction and consolidation. Most induction
regimens involve chemotherapy which is aggressive and poorly tolerated by patients
(161). The standard induction regime is two cycles of daunorubicin and cytarabine,
and consolidation often involves further chemotherapy. Allogenic haematopoietic
stem cell transplant can be given as a consolidation treatment to patients under 60
with standard disease risk (162-164). Intensive chemotherapy regimens are
associated with high morbidity and mortality, they are myelosuppressive and increase
risk of treatment associated infections and toxicities (163). Despite treatment options
there is still a high rate of relapse and older more frail patients are unable to tolerate
the aggressive nature of the treatments. Researchers continue to investigate new,

more targeted therapies to improve treatment tolerability and patient survival.

The introduction of targeted therapies has advanced the treatment of AML. These
are especially beneficial to older patients who can take them in combination with
lower dose chemotherapy that they are not normally able to tolerate (162). Examples
of targeted drugs include FLT3 inhibitors (specific for patients with this mutation),

such as Crenolanib and Sunitinib, which block FLT3 protein synthesis. This prevents
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the downstream cascade which regulates survival, proliferation and differentiation
(165). Newly approved targeted treatments also include Sorefinib, Midostaurin and
Quizartinib. Another example is B-cell ymphoma-2 protein (BCL-2) inhibitors such as
Venetoclax and Navitoclax (166). The BCL-2 protein is a key anti-apoptotic protein
which is often expressed in haematological malignancies and is associated with
tumour progression and increased chemo-resistance. BCL-2 inhibitors target the
protein to activate the mitochondrial apoptotic pathway, inducing tumour cell death
(167). This is a great advancement for frail patients and those over 75, as it has been
shown to be effective in combination with lower doses of chemotherapy, such as
azacitidine (168). Although this protocol can reduce tumour volume and improve
survival, it is not possible to reach remission (162). These drugs are toxic and some
mutations, such as BCL-2, lead to resistance to these treatments. With a host of side
effects leading to some patients opting for a palliative approach.

Immunotherapies are another treatment type which has seen advances in the last
decades. These therapies work to boost the immune system and aid the bodies
response to the tumour. Bispecific antibodies are an example of immunotherapies
used for the treatment of AML. These are a construct of 2 antibodies which act by
binding to a surface receptor on the AML cell, such as CD33, and then binding a
protein on an immune cell, such as CD3 on T-cells. The clinical name of this example
is INJ-67571244 however, there are many more being researched and tested. This
brings the cells together and enables the immune system to aid in the clearance of
the AML cells (169-172). Like other treatments, these cause side effects and are
unable to achieve complete remission. As such, researchers continue to investigate
molecular mechanisms of AML survival and proliferation. Other potential aspects of
the disease which may be considered for future AML treatments include interactions
between the BM microenvironment and AML cells, and other organs within the

system.
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1.45.2 The AML niche

Research has shown that AML, and other haematological malignancies, remodel the
BM microenvironment to make it more permissive for tumour expansion. AML drives
changes in BMSC, adipocytes, endothelial cells, and even macrophages. These act
to promote proliferation, survival, and resistance to treatment (173). Many studies
have shown that AML is unable to effectively proliferate outside of its
microenvironment (21, 33, 174-176). AML does not directly deplete HSC but
expansion within the BM and remodelling of the niche impairs normal haematopoietic

function, leading to the characteristic cytopenias often seen at diagnosis (177).

As described in 1.3.7 BMSC are important for the support of HSC. These cells can
be manipulated by the AML blasts to aid in their survival and proliferation (Figure
1.6). It has been shown that BMSC confer protection against chemotherapies and
drug induced apoptosis via cell-cell interactions (178-180). Furthermore, AML has
been shown to induce a senescent phenotype in BMSC and the secretion of
senescent associated secretory phenotype. The accumulation of senescent cells
within the BM has been shown to drive AML development as in vivo depletion of
senescent cells prolonged animal survival by slowing tumour progression (181).
Senescence is accumulated as a natural form of aging, and it is possible that tumour
development only occurs after age-associated senescent changes are initiated (182).
Or it is possible that malignant clone presence in the BM drives the senescent
changes. Albeit it is probably a combination of both, with age-associated senescence
occurring naturally and creating a more favourable environment for progenitor cells
which acquire mutations. In turn these malignant cells may speedup this age-
associated processes (183). Another example of AML hijacking normal HSC function
is the utilisation of the CXCR4/CXCL12 signalling axis between the blasts and the
BMSC to home to the BM (184). As with HSC, if this axis is blocked, AML cells
mobilise to the peripheral blood (185, 186). These interactions highlight the
importance of BMSC in development and progression of AML, and the importance of

understanding them for discovering targetable interactions for treatment.

Our laboratory has also shown the importance of the BM microenvironment in AML
progression. The group has shown that BM adipocytes support the proliferation of
AML. The AML blasts can reprogram metabolism within the adipocytes to induce

lipolysis, releasing FFA for FOA within the blasts preventing apoptosis (33). This is
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achieved by subsets of leukaemia which upregulate CD36 which is a process
hijacked from heathy HSC (85). The proximity to adipocytes also increases the
expression of fatty acid binding protein (FABP)-4 (Figure 1.6C). The FFA released
from the adipocytes have been identified to activate transcriptional programmes
which support leukaemia cell survival (187), and inhibition of these processes has
been revealed to impair the anti-apoptotic effect BM adipocyte impart on the AML
blasts (188). Interestingly it has also been shown that by compromising the adipocyte
niche, AML disrupts myelo-erythropoiesis (189). These indicate the important role of
BM adipocytes in supporting AML metabolism and survival and will be further

discussed in 1.5.4.

Endothelial cells support the AML microenvironment through their role within the
sinusoids of the BM protecting the AML , as well as providing a route for metastasis
via the peripheral blood (190). AML cells mediate their adhesion to and activation of
endothelial cells by secreting cytokines such as TNF-a and IL-1 (191). Furthermore,
interactions between the AML blasts and endothelial cells induces angiogenesis via
the Notch/Dll4 pathway (192). When cultured with endothelial cells, proangiogenic
factor vascular endothelial growth factor (VEGF) induced expression and secretion
of Gm-csf, a known stimulator of AML proliferation (Figure 1.6A) (193). Thus,
endothelial cells and their support of AML cells is an interesting area of research for
the treatment of AML.

The interactions between AML and macrophages have been widely reported to
benefit survival and immuno-avoidance. One way in which AML avoids phagocytosis
is the expression of the surface marker CD47, a ‘don’t eat me’ marker which interacts
with SIRPa on macrophages (Figure 1.6B). This prevents the morphological changes
required for macrophage phagocytosis and has recently been utilised as a
therapeutic target for AML and other tumours (194-196). It has been further reported
that AML induces the infiltration of macrophages into the BM and spleen, creating a
pro-inflammatory state. These infiltrating macrophages are polarised to tumour
associated macrophages which are directly correlated with survival in vivo and shown
to be increased in human patients in comparison to controls (197) . Targeting these
macrophages has shown promising results, with activation of the LC3 associated
phagocytosis pathways supressing AML expansion and prolonging survival in vivo
(198). AML interactions with macrophages is an interesting area of research with

continued investigated into how these cells further support the AML niche.
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Figure 1.6 AML remodels and reprogrammes the BM niche.

AML manipulates the cells within the BM microenvironment to increase proliferation and obtain
metabolites. (A) AML releases VEGF which stimulates endothelial cells to release the pro AML
proliferation factor GM-CSF. (B) AML expresses CD47, the don’t eat me signal that interacts
with SIRPa on macrophages. AML also offloads burnt out mitochondria for mitophagy to
macrophages, preventing induction of apoptotic pathways. (C) AML manipulates adipocyte
lipolysis and increases FFA uptake by increasing the scavenger receptor CD36 and
subsequent shuttling to the mitochondria by FABP4. (D) AML replenishes the mitochondria it
offloads by inducing TNT to acquire more mitochondria from BMSC. Release of Superoxides

via NOX2 and interactions between CD38 and the stromal cells regulates TNT formation.
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1.5 AML metabolism

Due to the highly proliferative nature of AML, it requires a huge amount of energy for
progression of the disease. While AML remodels the BM niche to make it more
permissive , it is also known to hijack other healthy HSC processes such as metabolic
remodelling of the niche (114). This remodelling and energy requirement by AML is
an important area of study as it highlights exploitable targets for therapies.

1.5.1 Glycolysis

Glycolysis is an anaerobic process converting glucose into pyruvate and further into
lactate, yielding relatively low levels of ATP (Figure 1.7). As described above, HSC
normally reside within the hypoxic niche and use glycolysis as the main source of
metabolism. This reduces the risk of oxidative stress and limits the production of
ROS, aiding to keep the cells quiescent (11). In the 1950’s Warburg proposed that
cancer cells rely on glycolysis for energy production (199). While this has since been
disproved for AML, which primarily relies on OXPHOS, glycolysis is still used by AML
both for energy and other pathways that feeds into it (200). It is said that AML is
‘addicted’ to glucose and over activates the mTORC1 signalling pathway to promote
glycolysis. The success of glycolysis inhibitors, on AML, is determined by the activity
levels of mMTORC1 (201). AML cells oversexpress GLUT1 to increase uptake of
glucose from the blood, which has been shown in both cell lines and primary patient
samples to confer cell survival and drug resistance (202). Downregulation of GLUT1
by mutations of AMPK perturbed glycolysis and supressed disease progression
(203). Glycolysis is also important for biosynthesis pathways such as serine
biosynthesis, the pentose-phosphate pathway for ribonucleotide synthesis and one-
carbon metabolism to generate NADH (204). This highlights the importance of
glycolysis as more than just as bioenergetic role in AML, providing further evidence

for it as an exploitable pathway for treatment.
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1.5.2 Mitochondrial transfer

Mitochondria are central to the metabolism of FA, carbohydrates and amino acids.
They are known as the powerhouse of the cell and are the location of OXPHOS, the
TCA cycle, and B-oxidation (Figure 1.7) (205). AML has a metabolic bias towards
OXPHOS. ATP is produced via electron transport from NADH or FADH, down the
electron transport chain of protein complexes I, Il, lll and, V. This occurs within the
inner mitochondrial membrane. NADH and FADH; are produced during glycolysis,
FAO, and the TCA cycle (206). OXPHOS produces significantly more ATP than
glycolysis, making it significantly more efficient when a cell needs to proliferate.

AML have an increased mitochondrial mass to keep up with the high energy demand
and have the ability to increase mitochondrial mass by up to 14% in a co-culture
environment with BMSC (207). To achieve this, AML blasts hijack the HSC stress
response in order to acquire more mitochondria from the BMSC within the niche
(124). There are multiple mechanisms by which this can occur, such as transfer by
extracellular vesicles, through Gap junctions upon cell-cell interactions or via
leukaemia derived tunnelling nanotubules (TNT) (208). AML generates superoxide
via NADPH oxidase-2 to create oxidative stress in BMSC stimulating transfer of
mitochondria by AML derived TNT (209). CD38 plays a significant role in
mitochondrial transfer from BMSC via cell adhesion and anchor points for the TNT
(Figure 1.6D). It is possible to inhibit CD38 with a monoclonal antibody, already used
in the treatment of multiple myeloma. In vivo use of the anti-CD38 antibody
Daratumumab inhibits disease progression by altering the metabolic profile of MM
indicating that this may be effective treatment for AML (210-212). Increased ROS
mediates the opening of connexin channels at Gap junctions via phosphatidylinositol
3-kinase (PI3K) activation. It has been shown that mitochondrial transfer can be
achieved through Connexin 43, which further acts to promote adhesion of LSC to the
BMSC and induce TNT formation (115, 213). The increase is ROS not only impairs
normal haematopoiesis, where HSC rely on low ROS for health and quiescence, but
also drives leukaemogenesis. This is a notable problem with some traditional
chemotherapies, such as cytarabine and daunorubicin, which increase ROS to
induce apoptosis. Even though the AML cannot withstand constant high levels of
ROS, it creates genetic instability and favours AML, promoting chemotherapy
resistance and survival (207). This further exemplifies the importance of

understanding the metabolic profile of AML.
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Due to the increased accumulation and use of mitochondria, AML also accumulates
dysfunctional mitochondria and metabolic waste products. These will trigger intra-
cellular apoptotic pathways if not efficiently removed. AML blasts achieve this via the
release of extracellular vesicles and apoptotic bodies which are subsequently
phagocytosed by macrophages (Figure 1.6B) (198). Mitophagy has also been shown
to confer treatment resistance against BCL-2 antagonists such as venetoclax, via the
increase in expression of mitophagy mediating genes such as Mfn2 and p62.
Targeting these pathways impaired the packaging, degradation and autophagy of
mitochondria, resensitising AML to BCL-2 antagonists (214, 215). Mitochondrial
import and export are key for the progression of AML and continue to be an attractive

target for therapeutics.

1.5.3 Amino acid metabolism

AML cells have been shown to increase their uptake of amino acids (aa) to keep up
with the reliance on metabolic requirements, as well as other processes such as
activating signalling pathways and protein biosynthesis (Figure 1.7) (216). Glutamine
is important for many cell functions and as such it is the most abundant aa in the
body. It is used as a substrate for the TCA cycle, antioxidant production, cell
signalling, and is required for the production of lipids, nucleotides, and other aa (110).
Low levels of glutamine have been linked with reduced oxygen consumption
indicating that glutamine deprivation inhibits OXPHOS (217). Glutamine is imported
into AML blasts via SLC1A5 and undergoes glutaminolysis to produce glutamate and
a-KG for the TCA cycle. Knockdown (KD) of this transporter protein results in
increased apoptosis of AML blasts (218). Furthermore, the BCL-2 antagonist
venetoclax has been shown to cause the loss of proteins involved in the process of
using glutamine for the TCA cycle, which further sensitises the blasts to the drug
(219). Reduced aa uptake can also be a rate-limiting factor for AML proliferation as
they are the building blocks for proteins and the amide group for de novo nucleotides
(220). These highlight the importance of aa in the energy supply chain within AML,
highlighting the potential therapeutic benefits in targeting this.
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1.5.4 Fatty acid metabolism

To keep up with the demand for ATP, AML blasts also utilise B-oxidation of FFA.
Similar to HSC in a stress response, they access the FFA from the abundant adipose
within the body (85). While glucose and lactate contribute roughly half of the TCA
cycle carbon, FA and aa are suggested to contribute the remainder (111). During
lipolysis of adipocytes, triglycerides are hydrolysed and secreted as FFA and glycerol
(84). The FFA are a used in B-oxidation in the mitochondria and peroxisomes where
they are broken down into acetyl-CoA to feed into the TCA cycle for subsequent ATP
synthesis (Figure 1.7) (221).

Not only are FA an energy source but they also serve to regulate metabolism as
ligands for transcription factors and enzyme complexes. These mediate cellular
processes such as survival, proliferation, migration, and metabolism (222). A group
of transcription factors which are both activated by and alter FA metabolism are
PPAR (223). The family of PPARaq, 8, and y are known as lipid sensors and all play
a key role in lipid homeostasis as well as other functions. PPARs have large ligand
binding cavities, allowing them to bind a range of endogenous and synthetic ligands.
This includes essential FA which agonise transcription of genes involved in glucose
and lipid homeostasis (224, 225). The PPAR act to increase FA metabolism by
stimulating FAO and lipid uptake to increase the available substrates (226). They
achieve this by increasing the expression of FATP, FABP, and CD36 (227-231).

AML relies on adipocytes and FA as an energy source for survival and proliferation
(232). Like healthy haematopoietic cells, AML can access FA from the peripheral
blood as well as inducing lipolysis of adipocytes. It has been shown that elevated
serum FFA is an indicator of pre-leukaemia to leukaemia progression (233).
However, with such a great demand for FA, AML can further remodel the niche to
increase accessible FA. IL-6 signalling can increase the expression of Cd36 on
blasts, as well as some subsets of AML having increased baseline Cd36 expression.
This further promotes FFA as a source of energy and homes them to the adipocytic
niche (234, 235). The recently developed inhibitor of CD36 SMS121 has been shown
to impair FA uptake and reduced survival of blasts in vitro (236). Our group has also
reported that AML has increased FABP4 expression, further enhancing the uptake
and shuttling of FFA into the cell and to the mitochondria (33). Furthermore, AML has

been shown to act on adipocytes via the release of growth differentiation factor 15.
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This has been shown to remodel mature BM adipocytes to small adipocytes by
inhibiting calcium channels which increases lipid breakdown within the BM (237).
Thus, the increased uptake of FFA increase FAO to feed into the TCA cycle and
further increase OXPHOS. FFA metabolism has also been shown to play a role in
relapsed AML where it is utilised in instances where initial treatment reduced the
availability of aa metabolism (219). Tabe et al further showed that inhibition of FOA
improved AML sensitivity to cytarabine (238). These indicate the reliance of AML of
fatty acids for survival and proliferation, making it an attractive pathway to target new
therapeutics.
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Figure 1.7 Metabolism of glucose, amino acids, and fatty acids.

AML utilises as many metabolites as it can to produce ATP. Cells import glucose through
GLUT1 which undergoes glycolysis into pyruvate. Pyruvate can be converted into and
generated from lactate, both in the cytosol and within the mitochondria. Amino acids can also
be converted into pyruvate. Within the mitochondria, pyruvate is metabolised to Acetyl-CoA
and enters the TCA cycle. Amino acids are also required as substrates for the TCA cycle.
Fatty acids are transported into the cytosol by proteins such as CD36 and FATP. During -
oxidation they are converted into Acyl-CoA which is transported into the mitochondria by
carnitine palmitoyltransferase 1A (CPT1A). Here fatty acid oxidation continues and feeds
Acetyl-CoA into the TCA cycle. The end stage of this metabolism is oxidative phosphorylation

down the electron transport chain within the mitochondrial membrane.
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1.6 The Liver

The liver is a vital organ within the body with a myriad of roles including metabolism,
detoxification, bile production, immunity, and storage of nutrients (239). As the key
metabolic hub for the body, the liver is important for metabolism of carbohydrates,
lipids, and protein. It regulates blood glucose and FFA as well as the safe excretion
of urea (239). The liver detoxifies endogenous and exogenous substrates such as
metabolic biproducts, toxins, and drugs into less harmful products which can be
excreted via the bile or urine (240). Bile is produced by hepatocytes and stored in the
gall bladder and is vital for the emulsification of fats in the small intestine for digestion
and absorption (241). The tissue resident macrophages, called Kupffer cells, are
important for the immunity of the liver, phagocytosing pathogens, non-functional cells,
and debris (242). The cells of the liver are the major stores of essential vitamins and
minerals such as Vitamins A, B12, D, E, and K, along with Iron and copper. These

can be released to maintain balance for cellular functions (243).

The liver plays an essential role in the regulation of FA homeostasis by acting as the
primary metabolic hub for synthesis, storage and breakdown of fats. It processes and
distributes FA in accordance with the demands of the body. The liver converts excess
dietary proteins and carbohydrates into FA and triglycerides (244). The liver stores
the FA and triglycerides as LD or exports them via the peripheral blood to other
tissues. It regulates serum FA by producing lipoproteins to transport fats throughout
the body (245-247). The ability to process FA effectively and in accordance with the
demands of the body is imperative to homeostasis. Dysregulation of these processes
can lead to metabolic disorders such as non-alcoholic fatty liver disease (NAFLD),
characterized by excessive accumulation of lipids in the liver (248, 249).The
regulation of FA by the liver also impacts the progression of malignancies via
reprogramming the availability of FA for the malignant cells. For example, Flint et al
show that IL-6 secreted by pancreatic and colorectal cancers acts on the liver to alter
FA metabolism, increasing tumour burden (250). The interplay between liver lipid

metabolism and cancers highlights a central role for the liver in cancer progression.

32



1.6.1 Cells of the Liver

The unique cellular composition of the liver enables the diverse functions it provides
to the body. The functional units of the liver are hepatic lobules, the hexagonal
structure which surrounds the central veins with portal triads in each of the corners.
The portal triad contains a hepatic artery, portal veins, and common bile duct.
Sinusoids radiate from the central vein, joining the hepatic vein, and are lined with
endothelial cells and Kupffer cells. Between these cells and the most abundant cells
of the liver, hepatocytes, is the space of Disse, where stellate cells reside (Figure 1.8)
(251). The structure and composition of hepatic lobules are central to the role of the
liver.
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Figure 1.8 Liver microanatomy.

The functional units of the liver are called hepatic lobules. Roughly hexagonal in shape, each
corner contains the portal triad. This is comprised of a hepatic arteriole, portal vein and bile
duct. Blood drains to the central vein in the middle of the lobule. Vessels are made up of
endothelial cells without a basement membrane and are surrounded by plates of hepatocytes.
The space between the hepatocytes and endothelial cells is home to the stellate cells and is
called the space of Disse. Tissue resident macrophages called Kupffer cells are found within

the vessel walls alongside the endothelial cells.
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1.6.1.1 Kupffer cells

Kupffer cells are tissue resident macrophages and are located within the lumen of
the liver sinusoids attached to the endothelial cells which make up the walls of the
vessels (97, 252). Under steady state they are a long lived, self-renewing cell
population that locate to the liver during developmental haematopoiesis. During
stress stimuli, if these cells are depleted, they can be replenished by circulating
monocytes from the BM HSC (253). Kupffer cells have different structures and
functions dependent on their location in the hepatic lobule. Periportal Kupffer cells
are larger and have a greater phagocytic activity due to being closer to the portal vein
where bacteria, debris, and endotoxins first enter the liver from the gastrointestinal
tract (254, 255). Centrilobular Kupffer cells are smaller and produce superoxide
radicals and pro-inflammatory IL-6 to combat deeper injury and infection into the
lobule (256, 257). The cells have surface features such as microvilli to increase their
surface area and increase endocytic activity (255). Kupffer cells play a major role in
haematopoiesis as they clear senescent cells including red blood cells from the
peripheral blood and recycle the globulin chains, iron, and bilirubin (258).
Furthermore, Kupffer cells are important for FA regulation in the liver, which will be

discussed in 1.6.2.

1.6.1.2 Stellate cells

Hepatic stellate cells are pericytes and thus sits between the hepatocytes and the
endothelial cells within the space of Disse (259). Stellate cells account for roughly
10% of the liver resident cells and are currently thought to be of mesenchymal origin,
albeit research is ongoing to confirm this (260). Under steady state, stellate cells are
considered to be quiescent., however they play a crucial role in homeostasis. Stellate
cells are the major site of vitamin A storage in perinuclear LD which is essential for
the healthy function of the immune system (261, 262). They also secrete growth
factors to regulate hepatocyte turnover, and their contractile ability is required for
vaso-regulation (259). During a stress response, stellate cells are activated by TGF(
and platelet derived growth factor signalling and become myofibroblast-like stellate
cells (263). They contribute to tissue repair and are the major source of extracellular
matrix (ECM) within the liver. If the stimulus is chronic, the stellate cells can be

activated for long periods of time and continue to produce ECM. This can lead to
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scaring and increases the risk of developing tumours (264). Interestingly it has been
shown that stellate cells play a role in haematopoiesis. During development they
produce SCF which homes HSC to the liver niche for foetal haematopoiesis. When
Scf was knocked down in stellate cells there was a reduction of HSC in this niche
(265). They are also proposed to have a role in liver immunity as they may act as
antigen presenting cells and release cytokines and chemokines, aiding in immuno
suppression (266). Although comparatively few in number, stellate cells play an

important role within the liver.

1.6.1.3 Hepatocytes

Hepatocytes are the primary cells of the liver, making up ~80% of the total mass.
They are large polyploid cells containing high mitochondrial and endoplasmic
reticulum (ER) mass. Within the hepatic lobule they are organised in plates around
the sinusoids and supported by a collagen network. Hepatocytes are separated from
the blood vessels by the space of Disse, which drains the lymph into the portal tract
(267). The endothelial cells of the sinusoids do not form basement membrane thus
minimising the barriers between the hepatocytes and the blood travelling through the
lobules. Blood from the hepatic artery is rich in oxygen and blood from the portal
circulation is nutrient rich. As blood moves through the lobule cells utilise the oxygen
and nutrients. As the blood drains to the central vein, it becomes less oxygenated
and has an increase in metabolic waste products. The gradients of oxygen and
nutrients through the lobule creates zones of hepatocytes with varying metabolic
functions based on the composition of the blood they receive (268). Hepatocyte
metabolism provides the energy for the other processes required of them including
metabolic homeostasis, detoxification, protein synthesis and storage, and hormone

regulation, so confer the majority of the roles of the liver (269).

1.6.1.3.1 Detoxification

Hepatocytes are the detoxifying agents of the body. They metabolise and neutralise
endogenous and exogenous substrates such as toxins, drugs, and alcohol. Once
toxins reach the liver via drainage from the intestinal venous blood they undergo two
phases of detoxification which are oxidation, reduction, and hydrolysis, followed by

conjugation to water soluble forms for excretion (270). One of the methods of toxin
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excretion is via the bile. It is secreted by hepatocytes into canaliculi that flow in the
opposite direction to the sinusoids. The bile excretes toxins and waste into the faeces
and is also involved in intestinal functions such as emulsifying fats (241). The role of
detoxification is important for drug delivery and absorption, therefore making
hepatocytes a key area of research across many biological fields. Isolated primary
hepatocytes from humans and animal models, and immortalised cell lines are widely
used to investigate the pharmacokinetics of drugs and can be used to predict in vivo
reactions (271, 272). The cytochrome P450 is part of the superfamily of
haemoproteins which are necessary for drug metabolism and predominantly found in
the liver. Genetic polymorphisms in these genes causes altered drug metabolism,
resulting in patients reacting differently to the drugs (273). This highlights the
importance of hepatocytes when developing new treatments regardless of the
desired target cell.

1.6.1.3.2 Protein synthesis and storage

Another important function of hepatocytes is the synthesis and storage of proteins.
They are responsible for 85-90% of circulating protein volume (269). The main
proteins produced and secreted by hepatocytes are albumin, transferrin, and clotting
factors (274). Albumin is the most abundant secreted protein and is required for blood
volume maintenance and thus the osmotic pressure of the blood, it is also a non-
specific hormone binding protein (275). Hepatocytes produce specific and non-
specific hormone binding proteins for lipophilic hormones. Their circulation in the
blood contributes to tissue specific distribution of the hormones (276). Another group
of proteins produced by the liver are clotting factors which are required for the
coagulation of blood including fibrinogen and prothrombin (277). Impaired
expression, synthesis and secretion of clotting factors leads to disorders such as
haemophilia and thrombosis (278, 279). Hepatocytes are also key for protein storage.
They can act as a reservoir of aa derived from diet or protein turnover. This store can
be used for synthesis of new proteins or for metabolism during fasting states (280).
Hepatocytes also produce ferritin for iron storage so that they can regulate the
balance between availability and toxicity (281). This shows the importance of

hepatocytes in protein synthesis and storage for normal physiological functions.
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1.6.1.3.3 Immune response

Although not generally considered an immune cell, it has been shown that
hepatocytes do play a role in immunity. They release acute phase proteins in
response to local or system infection. In response to cytokines produced by activated
immune cells such as IL-1qa, IL-6, and TNF-a, hepatocyte transcription is altered
(282). It has been shown that in response to IL-6 secretion of normally high proteins
like albumin and fibronectin are reduced, while secretion of acute phase proteins like
haptoglobin and fibrinogen are increased (283). Attenuation of the acute phase can
lead to increased liver injury, indicating a hepatoprotective role of the acute phase
proteins (284). Interestingly, the cytokine hepatocyte growth factor (HGF) can
counteract many of the acute phase proteins and inhibit haptoglobin, increasing
production of albumin and transferrin (285). Hepatocytes also express both cell
surface and cytoplasmic pattern recognition receptors (284), these receptors may
play a role in mediating liver protective signalling. For example, toll like receptor 2 on
hepatocytes has been shown to help attenuate the inflammatory response caused by
trypanosomes (286). Conversely it is apparent that hepatocytes are required for
immune tolerance. With blood coming from the intestines, hepatocytes are subjected
to elements from the gut microbiota as well as other pathogens and debris. It is
therefore important that an immune response is hot mounted against non-hazardous
molecules (287). The basement membrane lacking sinusoids allows for direct cross
talk between hepatocytes and T-cells. Antigen presenting hepatocytes have been
shown to induce apoptosis in T-cells thus mitigating an immune response (288).
Despite activating the immune response, the sheer volume of blood that passes
around the hepatocytes puts them at risk of pathogens. For example, hepatitis
viruses are able to induce endocytosis via the Na* taurocholate co-transporting
polypeptide. The virus replicates within the cells and hijack the vesicular components
to be released and utilises the secretory ability of the liver to enter the peripheral
blood and infect other cells (289). Exposure to these viruses can lead to liver damage
and subsequent diseases (290). This demonstrates the importance of immunity

within the liver for homeostasis.
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1.6.1.3.4 Metabolism

Metabolism is a at the heart of hepatocyte functions. Not only is it required for the
other processes carried out by the hepatocytes, but it is essential for homeostasis of
circulating metabolites. They maintain the balance between required uptake and
toxicity to the tissues of the body (269). Like other cells, hepatocytes utilise glycolysis,
FAO, aa metabolism, the TCA cycle, and OXPHOS to produce energy. As such,
mitochondria are indispensable to their function. Due to their energy demand
hepatocytes are one of the most at-risk cells of cellular function being impaired during
stress, such as infection or disease. Disruption to metabolism can lead to the
pathogenesis of disease such as insulin resistance, diabetes, and NAFLD (291). To
meet the demands of the hepatocytes, their mitochondria can adapt to the changing
demands via biogenesis or fusion (292). Dysregulation of these processes can be
caused by consistent excess nutrient intake and cause oxidative stress via ROS
production. This results in dysfunctional mitochondria and promotes FA uptake by
the hepatocytes, leading to lipo-toxicity, inflammation, and further insulin resistance
(291). This exemplifies the importance of metabolic balance with hepatocytes and

their potential for pathogenesis.

Hepatocytes are highly important for the balance of blood glucose and the pathways
involved have to be carefully regulated. They have the capacity to store glycogen
during a fed state and undergo glycogenesis in response to starvation. Insulin is
released by pancreatic B cells after food intake and initiates uptake of glucose upon
binding to receptors. This increases glycolysis and glycogen deposition within the
hepatocytes (293). They can store up to 100g in glycogen polysaccharides, making
them a huge store (294). Hepatocytes remove over 50% of insulin from the blood
before it reaches the peripheral tissues (295). As blood glucose declines with uptake,
pancreatic a cells secret glucagon which stimulates gluconeogenesis from glycogen
stores and increases hepatocyte glucose output (296). Hepatic insulin resistance is
of growing concern to the medical community. It is linked with diseases such as
NAFLD, Diabetes type Il and cardiovascular diseases. Insulin resistance is the
inability of insulin to inhibit glucose output by hepatocytes, while continuing to induce
lipogenesis (297). This emphasises the critical role hepatocytes play in efficiently

regulating metabolism in the body.
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Another highly important role of hepatocytes, and one of the major focusses of this
study, is lipid metabolism, storage, and secretion which will be further expanded on
in the next sections. Hepatocyte lipid processing is also important for the uptake and
secretion of lipid soluble vitamins. Deficiencies in these vitamins can lead to
increased risk of haemorrhage (vitamin K), osteomalacia (vitamin D), as well as being
a marker of poor outcomes for comorbidities (298, 299). Hepatocyte lipid handling is
also important for producing phospholipids for cellular membranes (300). High rates
of endo- and exocytosis within the hepatocyte make this a vital role for healthy
function. Cholesterol is important for membrane fluidity and can be synthesised by
hepatocytes for cells around the body, however excess dietary and de novo
cholesterol can lead to membrane dysfunction and is linked with pathogenesis of
diseases such as atherosclerosis (269, 301). Metabolic regulation is imperative to the
function of hepatocytes and necessary for availability of metabolites for the rest of

the body’s tissues.

1.6.2 Liver FA Metabolism for energy to the rest of the body

Fatty acids are essential for bodily functions such as energy production, composition
of cellular membrane, and signalling molecules. The liver plays a pivotal role in
regulating FA availability and metabolism. As described above, hepatocytes require
fatty acids for their own metabolic and structural maintenance. But also have an

essential role in ensuring availability of metabolic substrates for the rest of the body.

1.6.2.1 Fatty acids

The liver is the master regulator of FA metabolism, and it is therefore important to
understand the types of FA that we take in via diet, the breakdown of FA and the
different forms FA are stored in. FA consist of a hydrocarbon chain with a carboxyl
group on one end (222). They can be sub-divided into saturated and unsaturated, the
former has no double bonds within the chain, this creates a straight chain of FA which
can be packed tightly with other saturated FA chains, resulting in them being solid at

room temperature. High intake of saturated FA is closely associated with a higher
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risk of cardiovascular disease and low grade inflammatory disorders (302).
Unsaturated FA contain one or more double bonds, which creates kinks in the chain,
thus resulting in liquid form at room temperature. (303). It is important to have enough
FA in the diet as they have a varied role beyond metabolism for energy. They are
also important for the formation of cell membranes and signaling molecules such as
hormones (222). However, it is important to consume them in moderation in order to

limit onset of fat associated disease (304).

The liver breaks down, stores and synthesises FA from the diet and from other stores
in the body (269). The most abundant form of FA storage in the body is triglycerides.
These are formed via esterification of three FA to a glycerol backbone. This method
of storge is highly efficient and can be broken down quickly, via lipolysis, for energy
or synthesising other molecules (244). The liver can store large amounts of
triglycerides and other forms of FA but also disperses FA around the body for storage
in adipocyte tissue and for use by other cells (305). The cells of the body can utilise
different length FA for different purposes. For example, cells can preferentially use
medium chain (6-12 carbons) FA for FAO as they enter the mitochondria without
transport through protein channels, unlike longer FA which are more regularly used
for storage and synthesis of cell membrane or signalling molecules (306, 307). The
use and storage of different FA highlights the importance of the liver in its role as

master regulator of FA metabolism and maintaining homeostasis.

1.6.2.2 Uptake and synthesis

One of the key components of lipid homeostasis is the hepatocytes’ ability to take up
dietary fats as well as de novo synthesis of fatty acids (Figure 1.9). The bile secreted
into the intestines binds with monoglycerides and FA from hydrolysed dietary
triglycerides. These passively diffuse into intestinal enterocytes, where they are re-
esterified, and the digested fats and lipoproteins are packaged into chylomicrons.
These are transported in the blood and lymph before lipoprotein lipases extract the
fatty acids from chylomicrons and they are taken up by transports proteins such as
CD36, FATP 2, 4, and 5 (269).

As previously mentioned, cholesterol is integral for cell function. Not only do
hepatocytes release cholesterol in low-density lipoproteins (LDL) with triglycerides

but they also remove excess LDL from the bloodstream (308) via activation of the
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low-density lipoprotein receptor by surface proteins such as ApoE on LDL (309).
Reverse cholesterol transport can also return cholesterol to the liver via high-density
lipoproteins (HDL) to limit the potential damage caused by excess circulating FA
(310). Hepatocytes can de novo synthesise cholesterol from Acetyl-CoA produced in
the metabolism of carbohydrates, fats and proteins, in the mevalonate pathway (311).
This process and lipogenesis can be stimulated by the IKK: NF-kB axis, making it an
attractive pathway to target in the development of steatosis (312). They are also
capable of other forms of lipogenesis. Excess dietary carbohydrates undergo
glycolysis to produce pyruvate for Acetyl-CoA which enters the TCA cycle. Acetyl-
CoA is carboxylated to form malonyl-CoA before being elongated by fatty acid

synthase to form the FA palmitate for storage or secretion (313).

FA uptake and synthesis regulation by the presence of excess dietary fats and
carbohydrates work in a feedback loop. Excess dietary metabolites increase uptake
which facilitates increased expression of FA metabolism genes. As the metabolites
are removed from the blood so too is the expression stimulus, resulting in reduced
expression and protein production (269). One example of this is the PPAR signalling
pathway, as discussed in 1.5.4. FA in the hepatocytes activate the PPAR
transcription factors which target expression of FA uptake proteins such as Cd36,
Fatps and Fabps (227). CPT1a protein catalyzes the transport of long-chain FA into
the mitochondria and is also a target gene of PPARa, as well as genes associated
with peroxisomal and mitochondrial -oxidation (314). PPARa directly and indirectly
influences lipogenesis by interacting with a DR-1 element within the Sterol regulatory
element binding protein-1c (SREBP-1c) promoter or via cross regulation of SREBP-
1c by the LXR signalling pathway. SREBP-1c is one of the insulin dependent
transcription factors of lipogenesis (315). Kupffer cells can also be involved in
signalling increased FA uptake and lipogenesis via cell-cell signalling or the release
of IL-6 and TNF-a (316, 317), highlighting the role of tissue resident macrophages in
lipid homeostasis. Uptake and synthesis of FA by hepatocytes is tightly regulated to

maintain homeostasis at cellular and systemic level.
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1.6.2.3 Storage and export

It is important that hepatocytes can store and release FA. This prevents lipo- toxicity
and allows for secretion of FA for other tissues to store or use as an energy source
(Figure 1.9). However, aberration in this process has been linked with metabolic
diseases (318). LD are the organelles which store neutral lipids during periods of
energy excess while serving as a reservoir in energy deficit (319). Of the FA in the
liver 15-30% come from uptake of dietary fats, up to 30% is from de novo synthesis,
and the remainder is recycled FA from adipose tissue (320). In addition to its other
roles, insulin activates transcription factors, such as SREBP-1c, to enable the
expression of lipogenic genes to store excess carbohydrates (321). The FA produced
from these can be esterified by enzymes such as diacylglycerol acyltransferase
(DGAT)2, so they can be stored in LD (322). Reviewers’ state that the first to describe
LD were R. Altmann in 1890 and E. B. Wilson in 1896 (318). However, they were
described as inert fat droplets, leading to very limited research into them for almost
a century until 1991. It was then that Greenberg et al described the LD protein they
called perilipin (PLIN), a protein highly involved in LD formation and lipid metabolism
(323). LD contain a core of neutral lipids surrounded by a phospholipid monolayer
with membrane bound proteins. The FA core contains neutral lipids such as
triglycerides and cholesterol esters (324). The process of packaging neutral lipids
into LD is still being determined. One model suggests that FA accumulate within the
phospholipid bilayer of the ER when they are synthesised and esterified by enzymes
such as DGAT 1 which esterifies FA which have the potential to cause toxicity in the
ER (325). Once the critical concentration of FA has been reached, the bilayer is
deformed and budding of the LD is triggered and they acquire proteins such as PLIN
that targets the organelles to the cytoplasm. The LD can also acquire enzymes from
the ER that mediate triglyceride synthesis and thus continues to grow the LD (325).
Investigation into the proteome of LD is challenging due to the difficulties in purifying
them. However, some studies have shown that PLIN 2 and 3 are conserved (318).
These have also been seen to be implicated in diseases with increased LD formation
like NAFLD (326) and cancers such as breast cancer (327) and renal cancers (328),

and may be an interesting target for treatment of these diseases going forward.

While it is important for hepatocytes to store the FA, it is equally important that they
can export them. LD must be catabolised, and dietary fats secreted in very low-

density lipoproteins (VLDL). Breakdown of LD can occur by two different
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mechanisms, either through the action of lipases on the surface of the LD or the
trafficking of the LD to a lysosome (329). PLIN proteins must undergo chaperone
mediated autophagy before lipolysis can occur (330). ATGL is one of the key studied
lipases, and through binding its co-activator it initiates triglyceride hydrolysis (331).
Its importance has been highlighted in murine models where liver specific knockout
resulted in accumulation of LD in hepatocytes (332). After hydrolysis FA undergoes
exocytosis out of the cell where fusion with the cell membrane allows release of the
FA (333). Lipophagy occurs when LD are engulfed by a lysosome to form
autophagosomes and is induced by HNF4a downstream gene expression (246).
Lysosomal acid lipases and the RAB family of GTPases are required for degradation
of the neutral lipids. (333) FFA can subsequently be taken up by neighbouring cells
or carried in the blood by albumin (275) or via VLDL. The construction of VLDL also
occurs at the ER and branches off before LD formation via interaction with
carboxylesterase-1 (334). A large portion of the dietary FA taken up by hepatocytes
is released in VLDL for use or storage in other tissues such as muscle and adipose
tissue (Figure 1.9 )(269). ApoB100 is required for the production of VLDL during its
production within the ER, the VLDL is formed around it. FA accumulate in the ER
either from dietary fats, de novo synthesis, or trafficked from the breakdown of LD.
VLDL are transferred to the Golgi, where they continue to grow and are then trafficked
to the cell membrane and undergo exocytosis into the sinusoid to be circulated to
other tissues (324). Dysregulation of lipid accumulation and secretion is implicated in
numerous diseases, a hallmark of these disease is oxidative stress in the liver. When
trafficking of FA is impaired, B-oxidation is increased, generating increased cellular
ROS, leading to further liver damage (335). This highlights requirement of functional

lipid trafficking for hepatocyte function.

1.6.2.4 Ketogenesis

During fasting/starvation state ketone bodies are produced by the process of
ketogenesis. They are an alternative energy source in a carbohydrate deficient state,
and a conduit to remove excess acetyl-CoA from FAO (336). During fasting, high
glucagon induces lipolysis of adipocytes, increasing FA available to hepatocytes.
Ketone bodies are produced to cope with the excess acetyl-CoA and insufficient TCA
intermediaries to keep up with the demand (Figure 1.9) (336). The primary ketone

bodies produced are acetoacetate, beta-hydroxybutyrate, and acetone. Ketogenesis
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occurs in the mitochondria of hepatocytes and is driven by 3-hydroxymethylglutaryl
CoA synthase (HMGCS2) which is transcriptionally regulated downstream of PPAR
in response to high FA levels (337, 338). Liver specific Hmgcs2 knockout results in
increased LD formation and steatosis (339). (337) Interestingly hepatocytes produce
ketone bodies but do not have the capabilities to utilise them as they lack the ketolytic
mitochondrial enzyme succinyl-CoA:3-oxo-acid CoA-transferase (340). Hepatocytes
export ketone bodies into the blood via solute carrier family 16, member 6, and they
are taken up by target cells via monocarboxylate transporters. The ketone bodies are
re-oxidised into acetyl-CoA for use in the TCA cycle or lipogenesis (341). It is of note
that studies show that ketone bodies have a tumour supressing affect. A ketone diet
has been shown to aid in the suppression of pancreatic cancer and gliomas, as well
as resensitising in vivo AML models to PI3K inhibitors (342-344). Ketogenesis is
necessary for homeostasis and minimises lipid toxicity in hepatocytes. It is also an

increasingly attractive target in cancer treatments.

1.6.2.5 Cancer mediated alteration of liver FA metabolism

Liver FA metabolism is clearly important for the normal physiological functions of the
body. However, the tightly regulated process can be hijacked to benefit the
proliferation and expansion of various cancers. Altered lipid metabolism is a hallmark
of many malignancies, as well as cachexia prior to treatments (345, 346). Although
limited research is currently being published in investigating alterations to liver
specific metabolism, systemic alterations are a good indicator due to the central role
of the liver in metabolism. Lipidomic studies have indicated systemic or liver lipid
dysregulation in breast cancer (347), prostate cancer (348), colorectal cancer (250,
349), ovarian cancer (350), and pancreatic cancer (351). This process can occur by
cell-cell interaction or cytokine release that can also act on the liver to alter FA
metabolism (352). More research needs to be done to further elucidate alteration to
liver FA metabolism by cancers. This research has the potential to find novel
therapeutic targets and in doing so exemplifies the importance of interrogating whole

organism metabolism in cancer studies.
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Figure 1.9 Liver lipid metabolism.

The liver obtains FFA from dietary fats or from lipolysis of adipocytes. Once in the hepatocytes
they are either used as an energy source or undergo lipogenesis. In low energy states the
lipids are packaged into lipoproteins, VLDL, HDL, or LDL for the rest of the body to use or
store. These can then be taken up by the liver again if necessary. Cholesterol can be recycled
from these for cellular functions or further lipoprotein secretion. In a high energy state lipid can
be stored as LD. During increased demand or toxicity lipophagy breaks down LD and FA can
be released as FFA or by used to make lipoproteins. In a starvation state hepatocytes utilise

ketogenesis. From this ketone bodies are secreted for other tissues to use.
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1.7 Research models

In research it can be challenging to model and investigate a disease. It is difficult to
model complex organs in vitro, and, although technology is advancing, it is harder
still to model interactions between organs in vitro. Therefore, many complex
diseases, that affect the whole system, are researched in model organisms such as
drosophila flies, zebra fish, and mice (353). Where possible, scientists perform
experiments in vitro or mathematically model them in order to reduce the use of
animals and inform in vivo experiments, as the experiments inevitably cause harm to
them (354). In this study the interactions between cells in the BM and cells in the liver
are being investigated. Mouse BM and livers closely resemble human anatomy and
physiology (355), making them the best suited small animal model for this study. Mice
are relatively cheap to house and reproduce quickly. This has allowed for many
mouse strains to be bred for research. Wild-type mice may be inbred to reduce
variability and can further be used for genetic modification to model specific diseases
(356, 357).

To research AML different mouse models have been produced. Mice may be
genetically engineered to expressed AML associated genes, resulting in
spontaneous development of the disease (358). Another model of AML in mice is via
the transplantation of BM. This can use patient derived xenografts (PDX), which are
taken directly from a human patient and best reflect the heterogeneity of AML (359).
However, they are often difficult to access and therefore retroviral transduction of
mouse HSPC cells with genes associated with AML can be used to transplant into a
new mouse and develop AML. These genetic alterations can be linked to an inducible
control so that they are only activated with external intervention for precision studies

into the development and progression of AML (360).

In this study the two main AML cell lines used are HSPC cells which have been
transfected to over express the meningioma (MN1) or homeobox protein A9 (HOXA9)
and meis homeobox 1 (MEIS1) genes. The MN1 gene and its protein play a role on
cell growth and development (361). Over expression of MN1 has been implicated in
AML as over production of the MN1 protein results in increase proliferation of
immature myeloid cells, which are impaired from differentiating into mature blood
cells. Patients with the MN1 mutation often have a poor prognosis with higher relapse

rates and poor response to standard chemotherapies (362, 363). By inducing this
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gene over expression in mice HSPC, it is possible to closely resemble human AML
within the murine system (364). Studies have shown that a large proportion of AML
cases involve overexpression of MN1, and it is often associated with specific AML
subtypes including inversion of chromosome 16 (365). Meanwhile HOXA9 encodes
for transcription factors involved in haematopoetic development and MEIS1 encodes
for complementary co-factors (366). The combined overexpression of these genes in
HSPC has been shown to cause uncontrolled proliferation of immature myeloid cells.
This results in an aggressive form of AML with poor prognosis for patients (367). Both
genetic abnormalities are associated with poor outcome for patients, they have both
been tested in mouse models to mimic the disease (368). Therefore, this study
utilised over expression models of MN1 and HOXA9/MEIS1.
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1.8 Rationale

AML remains an incurable malignancy with poor prognosis for patients. Although
novel therapeutics and more targeted treatments have become available over recent
years, the treatment outcomes have remained largely unchanged. It is therefore
imperative that we continue to investigate hew mechanisms and targets for novel
therapeutics. Studies have shown that AML is highly reliant on its ability to source
metabolites for survival and proliferation. This has been shown to be targetable within
the BM niche. Studies have indicated the possibilities of blocking or downregulating
metabolic mechanisms such as induction of lipolysis of adipocytes or transfer of
mitochondria from stromal cells. Through its ability to hijack healthy haematopoietic
mechanisms, it has been shown that AML depletes the BM of stored metabolic
resources. However, it is also important to look at the system as a whole and how
AML is able to access a continuous source of metabolites from around the body. This
is especially important as AML patients often present with non-specific symptoms
such as drastic weight loss. This sustained loss of weight is detrimental to the
patients, causing increased frailty and lead to poor outcomes. The liver is the master
regulator of FA metabolism in the body, and thus important to investigate. Under
healthy conditions the liver can store FA or release them into the blood stream as

demand necessitates.

This study will investigate the interaction between AML and the liver, specifically
focusing on the potential to alter FA uptake and metabolism, and how that might
impact on AML disease progression. The research will explore how AML alters the
liver's FA uptake and metabolism, further examining the mechanism by which AML

increases the availability of FA in the serum.
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1.9 Hypothesis

| hypothesise that during its progression, AML induces a cachectic state and acts on
the liver to perturb FA metabolism. | further hypothesise that AML secretes factors
such as HGF into the peripheral blood, which acts on the liver to downregulate FA

uptake and metabolism, resulting in higher serum FA availability for AML use.

1.10 Aims and objectives

1. To define changes in systemic FA metabolism during AML proliferation.

2. To determine whether AML acts on the liver to dysregulate FA metabolism
and uptake, at a gene, protein and functional level.

3. To investigate the mechanism of AML induced changes in liver FA

metabolism and whether it can be rescued.
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2. Materials and methods

2.1 Materials

All reagents and materials used in this study are described in the section below.

Reagents were obtained from the indicated manufacturers.

Table 2.1 Reagents used, with manufacturer and catalogue ID.

Abcam (Cambridge, UK), Agilent (Santa Clara, USA), ATCC (Virginia, USA), (BioLegend (San
Diego, CA, USA), Bio-techne (Minneapolis, USA), Fisher Scientific (Hampton, New
Hampshire, USA), Invitrogen (Wltham, USA), Linton Instrumentation (Diss, UK), Medisave
UK Ltd (Weymouth, UK), Merck Millipore (Burlington, MA, USA), Miltenyi Biotec (Bergisch
Gladbach, Germany), National Diagnostics (Atlanta, USA), PCR Biosystems (London, UK),
Peprotech (Rocky Hill, NJ, Promega (Madison, WI, USA), USA), Qiagen (Hilden, Germany),
R&D Systems (Minneapolis, USA), Sigma Aldrich (St Louis, MO, USA), Sarstedt (Nimbrecht,

Germany), SwissLumix (Lausanne, Switzerland), ThermoFisher (Waltham, MA, USA), Tocris

(Minneapolis, USA), Vector Laboratories Ltd (Peterborough, UK), and Worthington

Biochemical (Lakewood, USA).

Product Manufacturer Catalogue ID
Alexa Fluor™ Plus 647 Invitrogen A30107
Phalloidin

BODIPY™ 493/503 ThermoFisher D3922
Foetal Bovine Serum FisherScientific 1550356
Penicillin-Streptomycin FisherScientific 15276355
1ml syringe Fisher Scientific 15489199
20ga/33mm polypropylene Linton FTP-20-33
animal feeding tubes Instrumentation

26-gauge butterfly needle Medisave UK Ltd 2674829
26-gauge needle Fisher Scientific 12349169
27-gauge needle Fisher Scientific 10204444
AML 12 cell line ATCC CRL-2254
Bioluminescent Fatty Acid SwissLumix Sarl GL61203
Luciferin (FA-SS-Luc)

Bovine serum albumin Sigma Aldrich A7906
Calcium Chloride - CaCl; Sigma Aldrich C1016
CD117 MicroBeads, mouse Miltenyi Biotec 130-091-224
CD45 Antibody, anti-mouse, Miltenyi Biotec 130-110-658

REAfinity™, FITC
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Collagen type 1
Collagenase type 1

Corticosterone Parameter Assay
Kit

Crizotinib

DAPI
Dexamethasone
D-Luciferin

DMEM F12 Medium
DMEM Medium
DMSO

EDTA

EDTA tubes

Ethylenediaminetetraacetic acid
calcium disodium salt hydrate

Fenofibrate
Formalin

Free Fatty Acid Assay Kit -
Quantification

Glucose

Goat anti-Rabbit IgG (H+L)
Cross-Adsorbed Secondary
Antibody, Alexa Fluor™ 568

HCS LipidTOX™ Deep Red
Neutral Lipid Stain, for cellular
imaging

Histo-clear

Hoechst 33342 solution

Human HGF ELISA Kit -
Quantikine

Insulin-selinium-trensferrin
IsoFlo - Isoflurane
L-Glutamine

Lineage Cell Depletion Kit,
mouse

LS columns

mADb IL-1B
Magnesium sulphate - MgSO4

MEM Medium

Mouse & Rat HGF ELISA Kit -
Quantikine

Fisher Scientific

Worthington
Biochemical
R&Dsystems

Tocris
ThermoFisher
Sigma Aldrich
Fisher Scientific
ThermoFisher
ThermoFisher
Fisher Scientific
Sigma Aldrich
Sarstedt

Sigma Aldrich

Tocirs
Sigma Aldrich
abcam

Sigma Aldrich
Invitrogen

Invitrogen

National
Diagnostics
Invitrogen

R&D Systems

Sigma Aldrich
DMU

Sigma Aldrich
Miltenyi Biotec

Miltenyi Biotec

bio-techne
Sigma Aldrich

ThermoFisher
R&D Systems

354236
LS004196

KGEO009

4368/10
62248
D4902
8829
10565018
10566016
BP231-100
E9886
6.265 374
EO886

4113
1004960700
ab65341

389374
A-11011

H34477

HS-200

62249
DHGO00B

11884

in house
G7513
130-110-470

130-042-401

MAB401
M2643

11095080
MHGO00
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Mouse IL-1 beta/IL-1F2 ELISA Kit
- Quantikine

Mouse Scal - APC

Mouse/Rat HGF Quantikine
ELISA Kit

Normal Goat Serum
Palmitic acid

Polybrene Infection /
Transfection Reagent

Polyethylene glycol 400
Potassium Chloride - KCI

Potassium phosphate
monobasic - KHPO4

primers for RT-qPCR

Proteome Profiler Mouse XL
Cytokine Array

gPCRBIO SyGreen Mix Lo-ROX
Recombinant Human IL6
Recombinant Mouse G-CSF
Recombinant Mouse HGF
Recombinant Mouse IL-18
Recombinant Mouse IL3
Recombinant Mouse SCF

ReliaPrep™ RNA Miniprep
Systems

Seahorse XF Cell Mito Stress
Test Kit

Seahorse XFp Base Medium

SHCLNV Hgf KD

SLC27A2/FATP2 murine
Polyclonal Antibody

Sodium bicarbonate - NaHCO3
Sodium chloride - NaCl
Triglyceride Assay Kit -
Quantification

Triton X-100

Trypan Blue Solution

Tween-80

UltraScript® cDNA Synthesis Kit

R&D Systems
Miltenyi Biotec
R&Dsystems

abcam
Sigma Aldrich
Sigma Aldrich

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

See Table 2.2
R&Dsystems

PCRBIOSYSTEMS
PeproTech
Biolegend
Biolegend
Biolegend
PeproTech
PeproTech
Promega

Agilent
Agilent

Sigma Aldrich

Invitrogen

Sigma Aldrich

Sigma Aldrich
abcam

Sigma Aldrich
Sigma Aldrich
Fisher Scientific
PCRBIOSYSTEMS

MLBOOC

130-102-343

MHGO00

ab7481
P5585
TR-1003-G

528877
P9O541
P9791

ARY028

PB20.11-01
200-06
574604
771601
575102
213-13
250-03
26012

103015-100
1033335-100
SHCLNV,

TRCNO000336131
PA5102343

S5761

S3014
ab65336

9036-19-5
T8154
T164-500
PB30.11-02
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2.2 Animal models

All in vivo work was performed in accordance with the regulations of the UK Home
Office and the Animal Scientific Procedures Act 1986 under the project licence
PP0023671 (Dr Stuart Rushworth). Experiments were planned to follow the 3R’s of
replacement, reduction, and refinement, to ensure experiments were well planned
out. Only using the number of mice truly necessary and ensuring all drugs and

reagents had been tested in vitro prior to any in vivo work.

2.2.1 Animal maintenance

Animals were housed in the containment level 3 facility, Disease Modelling Unit at
the University of East Anglia. This study used wildtype C57BI/6 mice, purchased from
Charles River (UK). Breeding pairs were set up with mice between 6 and 8 weeks
old and kept for no more than 6 months. Pups were weaned at 3 weeks old and
utilised in experiments aged 8-14 weeks. C57BI/6 mice are the most widely used
inbred mouse strain as they maintain good breeding records. These mice were used
to study changes in liver metabolism in response to AML. Mice were regularly
weighed to ascertain whether AML caused weight loss. The blood and BM were
collected from mice to confirm AML cell engraftments. The blood was also collected
to obtain serum for detection of altered FFA in response to AML. The inguinal and
gonadal fat pads were collected to indicated fat loss due to the disease progression.
Finally, the liver was collected for analysis of the changes in gene expression

associated with FA metabolism.

2.2.2 Animal Procedures

All animal procedures were performed by myself under my UK Home Office personal
licence 132269130, with help from Dr Stuart Rushworth (ICD3874DB), Dr Charlotte
Hellmich (IELI0ADD51), Miss Katherine Hampton (1211627388), Mr Dominic Fowler-
Shorten (184770732) and Miss Alyssa Polski-Delve (108750454). Training for the
procedures was given by Mr Richard Croft (IGEBEF87) and Mrs Anya Croft
(LBA2ACED).
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2.2.2.1 Body weights and food consumption

During the experiments mice were individually weighed prior to treatments and
weighed daily throughout experiments to monitor for adverse effects and record
weight loss due to AML engraftment. For some experiments food consumption was
weighed to ascertain whether food intake altered during AML progression. This was
performed by providing a fresh cage at the beginning of the experiment followed by
weighing the food daily. Intake was calculated per mouse per day.

2.2.2.2 Intravenous injections

For the AML models, MN1 or HOXA9/MEIS1 AML cells were isolated from culture
and resuspended in phosphate-buffered saline (PBS). FFA-SS-luciferin was
dissolved in dimethyl sulfoxide (DMSO) and dilution in PBS for injections. Mice were
warmed in a heat chamber for 10 minutes at 37°C to obtain vasodilation. Then
transferred to a bench-top holding cone and 200ul of the suspension was injected
into the lateral tail vein via a sterile 27-guage needle, pressure was applied to aid

clotting. Mice were briefly monitored in a fresh cage and returned to their home cage.

2.2.2.3 Intraperitoneal injections

Mice were given D-Luciferin, recombinant murine HGF, and IL-1(3 by Intraperitoneal
(IP) injections. Mice were restrained and 200! of the treatment solution was injected
into the peritoneum via a 26-guage needle. Mice were monitored in a fresh cage and

returned to their home cage.

2.2.2.4 Oral gavage

In different experiments a single dose of Crizotinib and 7 consecutive days of
fenofibrate were administered by oral gavage (by Dr Rushworth). Both were prepared
in 10% DMSO, 5% Tween80, 40% polyethylene glycol 400 and 45% deionised water.
Suspensions were prepared fresh each day. 200ul of the suspensions were
administered by scruff restraint, via 20ga/33mm polypropylene animal feeding tubes.

Mice were monitored and returned to home cages.
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2.2.2.5 Live in vivo imaging

To analyse the tumour burden and uptake of FFA by the tumour, bioluminescent
imaging of live mice was used. This was enabled as the murine AML cells (MN1)
expressed the luciferase construct (2.4.1) To asses FA uptake of the tumour MN1*F
KD HGF or MN1*FF con HGF (2 4.1.1) engrafted mice were IV injected with 3mg/kg FFA-
SS-luc and left for 5 minutes at room temperature for optimal detection of the
luciferase signal. Mice were anaesthetised using isoflurane using a chamber filled at
a flow rate of 2-4%. Once loss of consciousness was confirmed, mice were
transferred to the Bruker In-Vivo Xtreme and imaged with a bioluminescent exposure
of 5 minutes, followed by x-ray and light images. To further analyse the tumour of
these mice, they were IP injected with 150mg/kg of D-luciferin while still under the
effect of anaesthesia. The mice were then left for 5 minutes in the Bruker In-Vivo
Xtreme with continued anaesthesia. Imaging was taken with the bioluminescent
exposure for 1 minute, followed by the x-ray and light images. Mice were transferred
to their home cages for recovery post imaging. The bioluminescent detection was
achieved by the formation of oxyluciferin from luciferin catalysed by the luciferase in
the modified MN1 cells. Bioluminescence analysis was performed using ImageJ

software and edited to merge the bioluminescent and x-ray images for figures.

2.2.2.6 Schedule 1 sacrifice

Mice were humanely sacrificed at the endpoint of each experiment or if a mouse was
showing any signs of adverse effects from any of the procedures. These include
sudden weight loss (10% in 24hrs), sustained weight loss (20% in 64hrs), reduced
motility, piloerection and hunched postures. Two schedule one methods were used
to confirm death of the animals. Firstly, asphyxiation by a rising concentration of CO».
This was followed either by cervical dislocation or, when blood was required,

exsanguination via a jugular slit.
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2.3 Murine tissue collection

2.3.1 Bone marrow isolation

Mouse BM was isolated from the tibias and femurs of mice. This was achieved by
dissecting the legs and removing any muscle, tendons and ligaments. Bones were
then cut in half and individually placed into a 0.5ml microcentrifuge tube with a hole
in the bottom. This was placed into a 1.5ml microcentrifuge tube (Figure 2.1). These
tubes were centrifuged at maximum speed for 5 seconds, allowing the cells from each
bone to be collected at the base of the 1.5ml microcentrifuge tube. The BM pellets
were resuspended in 1ml magnetic-activated sorting (MACS) buffer (1X PBS pH7.4,
0.5% BSA and 1mM Ethylenediaminetetraacetic acid (EDTA)), per mouse.

C57BL/6

Centrifuge
—~ — W

Dissection Resuspend \\\ y

Figure 2.1 Bone marrow isolation.
Tibias and femurs were dissected from mice after sacrifice. Bones were cut in half and placed
in a 0.5mL microcentrifuge tube with a hole in the bottom, and then into a 1.5mL

microcentrifuge tube. Centrifugation was followed by resuspension of the BM pellet.
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2.3.2 Liver isolation

Livers were isolated from the mice by a small incision through the skin and muscle,
just below the sternum. This allowed the liver lobes to be gently pushed through the
incision. Lobes were cut out, while avoiding damage to the gallbladder, to avoid
leakage of products which would damage the tissue. Lobes for gene analysis were
immediately put into cryopreservation tubes on dry ice and placed into the -80°C
freezer at the earliest convenience. When cells were required for further isolation for
flow cytometry or cell culture assays, a lobe was placed into a 1.5ml Microcentrifuge
with 1X PBS, before later preparation. For sectioning and immunofluorescent staining
of livers, a lobe was placed into a histology cassette and submerged in buffered
formalin (4% formaldehyde, 4 gr/L NaH2PO4, 6.5 gr/L Na2HPO4; pH 6.8,) for

24hours followed by dehydrating and embedding in paraffin wax for sectioning.

2.3.3 Fat pad isolation

Inguinal and Gonadal fat pads were isolated by dissection. The mouse skin was
carefully removed from the hind legs and reflected. Fat from the outside of the thigh
area was scraped from the skin, making the inguinal portion. The gonadal fat pads
were isolated by a further incision above the sex organs of the mouse. That fat
compartment removed from here made up the gonadal portion. These portions were

then weighed and normalised to the bodyweight of the mouse for further analysis.

2.3.4 Blood and serum isolation

Blood was collected during the Schedule 1 procedure (2.2.2.6). For blood parameters
peripheral blood was collected into EDTA coated tubes to prevent clotting. To
measure blood glucose and ketones content, 3l was placed onto a testing strip for
respective handheld devices. To acquire serum the peripheral blood was collected
into 1.5ml microcentrifuges to encourage clotting, aiding in further isolation of the
serum. Samples were left at room temperature for 20 minutes followed by
centrifugation at 300g for 10 minutes. Serum was carefully collected and stored at -

20°C for later analysis.
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2.4 Cell culture

Culture of cells was carried out in incubators set to 5% CO2 at 37°C.

2.4.1 MN1 and HOXA9/MEIS1 cells

MN1 and HOXA9/MEIS1 cells were generated as AML cell lines for this project. For
both lines lineage (lin") negative cells were isolated by negative selection using the
Lineage Cell Depletion Kit, per the manufacturer’s instructions, from C57BL/6 BM.
Lin- cells were further enriched with CD117 magnetically labeled beads for MACS.
After incubation with the beads for 30 minutes at 4°C, cells were centrifuged at 300xg
for 5 minutes and resuspended in 3ml of MACS buffer. The cells were loaded onto a
LS column prewashed with MACS buffer attached to a magnet. The column was
washed three times with MACS buffer and the CD117* cells were flushed from the
LS column by removal from the magnet and plunging the column. Cells were finally
sorted for SCA1-APC on a FACSMelody by Dr Edyta Wojtowicz (Erlham Institute,
Norfolk, UK). The cells were expanded in DMEM containing 10%FBS plus 1%
penicillin-streptomycin (pen/strep) supplemented with mSCF (100ng/ml), mIL3
(10ng/ml) and hIL6. Once established the cells were retrovirally infected by coculture
with PSF91MN1iGFP for MN1 over expressing cells, or MIH-HA-HoxA9IiGFP and
MIY-HA-Meisla for HOXA9/MEIS1 cells in the presence of polybrene (10ug/ml) for
3 days. Cells were maintained in DMEM, 10% FBS and 1% pen/strep, further
supplemented with mSCF (100ng/ml), mIL-3 (10ng/ml) and hIL-6 (10ng/ml). Media

was replaced every other day.

MN1 cells were further infected (using the same method as above) with the firefly
(FF) construct pCDH-luciferase-T2A-mCherry for in vivo imaging, kindly provided by
Professor Irmela Jeremias (Helmholtz Zentrum Muichen, Munich, Germany).
Transduced cells were kindly cell sorted using the mCherry fluorescence by Dr Edyta
Wojtowicz (Erlham Institute, Norfolk, UK).
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24.1.1 Hgf knockdown

MN1 cells (10°) were cultured in DMEM and 10% FBS. Cells were transduced with a
lentiviral ShRNA for murine Hgf (sequence target GGTAAAGGAGGCAGCTATAAA,
clone TRCN0O000336131), or a scrambled shRNA at a multiplicity of infection (MOI)
of 0.1, 1, 5, and 10 in the presence of polybrene (0.1%) for 24 hours, media was
topped up for the following 2 days to maintain nutrient levels. In subsequent days 1%
pen/strep was added to the media. After 5 days the KD was confirmed by real time
gquantitative polymerase chain reaction (RT-gPCR) and the most successful, an MOI
of 1, and the cells were then maintained in the standard AML culturing media outlined

above. The generated cells were termed MN1*FF KD HGF gr (N1 *FF con HGF.

2.4.2 Conditioned media

AML cells were cultured in the absence of the cytokines normally in the maintenance
media for 24hrs at a density of 1x10° cells/ml. The cell suspension was transferred
to a falcon tube appropriate for the volume and centrifuged at 300g for 5 minutes to
pellet the cells. The supernatant was transferred to a new tube and the pellet
discarded. The supernatant was further centrifuged at 10,000g for 5 minutes to
remove any further particles. The supernatant was then stored for use as conditioned
media. For experiments this was cultured on murine hepatocytes and control media
only contained 5% FBS rather than the usual 10%. This simulated the growth phase

of the AML cell lines utilising the FBS during the conditioning process.

2.4.3 Primary mouse hepatocytes

Primary murine hepatocytes were isolated and plated by Dr Beraza and Dr Ruiz.
They were acquired from C57BL/6 mice aged 8-12 weeks. A stock medium was
made with ddH>O with glucose (0.02M), NaCl (0.12M), KCI (4mM), and NaHCO3
(0.024Mm), the night before and kept at room temperature overnight. On the day of the
experiment the KHPO4 (0.2M) and MgSO; (0.15M) were added to the stock media.
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Media was buffered to pH7.4 and warmed to 37°C. Livers were perfused with the
stock buffer containing EDTA (0.2mM) until it ran clear, followed by incubation with
the stock media for 1 hour. Livers were then incubated in the stock media with the
addition of collagenase typel and CaCl2 (1.3mM) buffer. Following perfusion, the
liver is placed in MEM media and cells released with the aid of tweezers. The isolated
hepatocytes were then washed 3 times with MEM, FBS, glutamine and pen/strep and
plated in Collagen type | coated plates at a concentration of 2x10° cells/ml. After 2
hours, media was changed to a MEM only media, until experimental use the next
day.

In vitro experiments with these cells used conditioned media, recombinant murine
HGF, IL-1B, or G-CSF, Crizotinib, mAb IL-1B, and fenofibrate prior to further

downstream analysis.

2.4.4 AML12s

The alpha mouse liver 12 (AML12) cell line was purchased from ATCC (USA). They
are hepatocytes isolated from the normal liver of a 12 week old male mouse and are
regularly used as a good model for studies of the liver (271). AML12’s were cultured
in DMEM F12 supplemented with 10%FBS, 1% pen/strep, 10ug/ml insulin, 5.5ug/ml
transferrin, 5ug/ml selenium, and 40ug/ml dexamethasone. To split the cells media
was removed and put to one side, before washing the cells with PBS. Enough Trypsin
was added to the culture flask to cover the cells adhered to the bottom, and incubated
for 10 minutes are until the majority of the cells have lifted from the flask. The
suspension was diluted 1:4 with media and centrifuged for 5 minutes at 130g. Cells
were seeded into flasks at a density of 2x10° cells/ml with 1:6 ratio of the old media
added to fresh culture media. It was found that AML12 cells cultured best with some
old media most likely due to the factors they secret creating a better environment.
Cells were fed every other day and split when density was high enough to completely

crowd the flask.
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2.4.5 Cell cryo preservation

Cell lines were cryopreserved for long term storage at 5x10° cells/ml concentration in
their maintenance media with the addition of 10% DMSO. Cells were then transferred
to cryotubes and slowly preserved in a Mr Frostey™ Freezing Container in a -80°C
freezer. The Mr Frostey™ Freezing Container cools at -1°C/minute, which is optimal
for cell cryopreservation. After 24hrs the cryovials were moved to liquid nitrogen

storage

To thaw the cells cell culture media was firstly warmed to 37°C. Once up to
temperature, the cryovials were brought from liquid nitrogen storage, on dry ice, and
held in a water bath at 37°C until partially defrosted. Roughly 1ml of the prewarmed
media was added to the cryovial slowly and the cell suspension transferred to a T75
tissue culture flask, with a further 10ml of the media added, diluting the DMSO. After
24hrs the suspension was moved into a 15ml falcon tube and centrifuged at 300g for
5minutes. The supernatant was discarded, and the pellet resuspended in fresh,

prewarmed media and cultured accordingly.
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2.4.6 Isolation of human serum

Non-malignant and malignant human peripheral blood samples were collected from
the Norfolk and Norwich University Hospital by Dr Charlotte Hellmich. Studies were
carried out with the approval from the United Kingdom Research Authority research
ethics committee (LRCEref07/H0310/146) and patients donated with informed
consent. Vacutainer blood centrifuge tubes were used to collect the blood and
centrifuged at 3000g for 10mintues, allowing the translucide gel layer to separate the
serum and the blood cells (Figure 2.2). The serum fraction was aliquoted and stored

at -80°C freezer for further use.

i

Serum

) Translucide gel

3000g x 10 mins

Centrifuge
Collected blood

Red blood cells

Translucide gel

Figure 2.2 Isolation of human serum.
Patient serum was collected in a blood centrifugation tube and spun at 3000g for 10 minutes.
Translucide gel separated the serum and the red blood cells allowing serum to be removed

easily and stored.
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2.4.7 Cell counting

Trypan Blue is commonly used in an exclusion assay to determine the viable cells in
a sample. Viable cells are able to exclude Trypan Blue via the intact cellular
membrane, whereas non-viable cells rapidly take up the Trypan Blue. Cell
suspensions were diluted with Trypan Blue and MACS buffer as appropriate for
efficient counts. The mix was then pipetted onto a haemocytometer, and the viable
cells counted. The four outer quadrants were counted, averaged, and the cells/ml

calculated (Figure 2.3).

Quadrant
Viable cell
.I — Dead cell

Viable cell number

Cell number (cells/mL) = x Dilution factor x 1()/L
Number of
quadrants counted

Figure 2.3 Cell viability counting via Trypan blue exclusion.
Haemocytometer layout shows the outer quadrants that were counted (red) with the viable

(white) and dead (blue) cells. The equation for the cell number per mL is underneath.
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2.5 Molecular Biology

2.5.1 Long chain fatty acid uptake

FA uptake by primary murine hepatocytes was analysed with the addition of
conditioned media or recombinant murine cytokine addition as described above. After
16-hours cells were further incubated with a long chain fatty acid (LCFA) 4,4-Difluoro-
5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Hexadecanoic Acid (BODIPY™ FL
C16) (1 uM) for 1 hour. Cells were then washed with PBS, followed by a 15-minute
fixative incubation with buffered formalin. Wells were washed 3 times with PBS,
followed by blocking and permeabilizing with PBS, 0.5% BSA, 0.1% Triton X100 for
15 minutes. Further 3 washes with PBS were followed by staining with PBS, 0.5%
BSA, 1:800 Phalloidin 647, and 5 uM Hoechst 33342, for 20 minutes, followed by
another 3 washes in PB. Wells were left in 200ul PBS for imaging on the EVOS 5000
imaging system. Images were taken on the DAPI, FITC, and Texas Red wavelengths
using the Bio Tek Cytation 7 and analysed using the CellProfiler Analyst software.

Merged images were further used for presentation.

2.5.2 FATP2 protein expression

Isolated mouse livers were embedded in paraffin wax and sectioned at 4pm
thickness. Sections were dewaxed with histo-clear and re-hydrated with decreasing
concentrations of ethanol before quenching with deionised water. Endogenous
peroxidases were blocked for 10 minutes in methanol and 3% hydrogen peroxide.
Antigen retrieval was performed by microwaving slides for 10 minutes in citrate buffer
pH6 and cooled for 10 minutes. After washing with PBS, sections were blocked in
PBS with 1% BSA, 10% goat serum, and 0.1% triton X-100 for 1 hour at room
temperature. Slides were incubated overnight at 4°C in PBS with 1% BSA and 1:100
SLC27A2/FATP2 antibody. The secondary antibody (1:1000) and conjugated CD45
(1:100) were incubated for 1 hour the following day after PBS washes. Slides were
mounted using Vectashield with DAPI. Images were taken on DAPI, FITC, and Texas
Red wavelengths and analysed using the CellProfiler Analyst software. Merged

images were used for presentation.

65



The antibody is specific to aa residues 61-112 of the protein. Although the
manufacturer has named the polyclonal antibody SLC27A2, this is the gene name
and it is binding to FATP2, the protein SLC27A2 encodes for. Therefore, subsequent

analysis has been referred to as analysis of FATP2 protein expression

2.5.3 Flow cytometry

Flow cytometry was used in this study to determine the level of engraftment in mice
injected with murine AML cells (MN1 or Meis/HOXA9). This relied on the GFP tag
included in the transduction of these cell lines. The BD FACSYmphony Al located at
the Bob Champion Research and Education Building at the University of East Anglia
was used for this study. It has four lasers (405, 488, 561 and 637nm) enabling it to
detect up to 16 colours at a time. For this study no antibodies or compensations were

required as only the one laser was in use for the detection of the GFP tag.

2.5.4 Preparation of BM for flow cytometry

Flow cytometry was used to analyse mouse BM for the AML cell engraftment per
mouse. Cell suspensions from 2.3.1 were passed through a 40um filter followed by
a cell count (2.4.7). The volume for 2.5 x10°® was transferred to a FACS tube and
topped up to 300ul before being run through the cytometer. As both MN1 and
HOXA9/MEIS1 AML cells are GFP tagged (2.3.1), no further antibodies were

required.

2.5.5 Preparation of liver immune cells for flow cytometry

Liver immune cells were isolated from lobes set aside after sacrifice (2.3.2) in PBS.
The lobe was further cut into smaller pieces using sterilised scissors before digestion
in PBS supplemented with 0.5% BSA, 0.1% glucose, to make liver perfusion buffer
(LPB), with further addition of 1mg/mL collagenase Type IV at 37°C for 30 minutes
on a shaker. Red blood cells were lysed using red blood cell lysis buffer for 5 minutes
on ice before quenching with LPB. The lobes were then passed through a 70um filter,

and the suspension centrifuged at 300g for 10 minutes. The pellet was resuspended
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in LPB, while in a separated falcon a Percoll gradient was prepared. Percoll was
layered at 70% and 40%, followed by a layer of LPB. The resuspended cells were
carefully layered on top of the gradient and centrifuged at 800g for 20 minutes at 4°C.
Immune cells could then be collected from between the 40% and 70% Percoll layers
with a pipette. The immune cells were washed with LPB and centrifuged at 300g for
10 minutes at 4°C before resuspension in MACS buffer. Cells were run through a flow
cytometer to investigate the presence of AML cells in the liver. As both MN1 and
HOXA9/MEIS1 AML cells are GFP tagged (2.4.1), no antibodies were required.

2.5.6 Bulk RNA sequencing

Livers from control, MN1 engrafted and Meis/fHOXA9 (n=3) were removed as
described 2.2.3.2 and the RNA extracted (2.4.7.1). RNA samples were sent off to
NOVOGene sequencing (UK) for bulk RNA sequencing (RNAseq). mRNA
sequencing was returned with KEGG pathway enrichment as well as raw data for

further analysis.

2.5.7 Liguid chromatography mass spectrometry

Liquid chromatography mass spectrometry was performed by Dr Le Galle and Miss
Hampton. Serum isolated from control mice or mice engrafted with MN1 or
HOXA9/MEIS1 cells were used for analysis of LCFA. 10 pl serum was incubated in
490 pl ice-cold methanol at -20°C for 15 mins. Samples were centrifuged (14800 rpm,
5 mins) and supernatants filtered using 0.45um PTFE filters. 50ul of the serum extract
was mixed with 20 pL of a solution of nonadecanoic acid as internal standard mix (25
ppm). All the samples were transferred to autosampler vials containing 150 pl inserts
and prior to LC-MS/MS analysis. FA were purchased from Sigma-Aldrich. Stock
solutions of each metabolite were prepared in methanol (1mg/mL) and stored at -
20°C. Calibration standards were prepared by pooling all relevant analytes for each
method at eight concentrations and adding the internal standard at 25 pg/ml.
Calibration standards were prepared by serial diluting each master mix in methanol,
creating 8 standards with concentrations ranging from 0 - 10,000 ng/mL for palmitic,
steric, oleic, linoleic acids and arachidonic acids and 0- 2,000 ng/ml for linolenic and

eicosapentaenoic acids. Metabolite quantification was performed using liquid
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chromatography-tandem mass spectrometry (LC-MS/MS) comprising of Waters
Acquity UPLC system and Xevo TQ-S Cronos mass spectrometer controlled by
MassLynx 4.1 software. For the detection of LCFA, the electrospray ionisation
operated in negative mode and chromatographic separations were performed with a
CORTECS T3 2.7 um (2.1 x 30 mm) analytical column. A sample of 5 pl was injected
at a flow rate of 1.3 ml/min. Eluent A (0.2 mM ammonium formate, 0.01% formic acid,
water) and eluent B (0.2 mM ammonium formate, 0.01% formic acid, 50%
isopropanol in acetonitrile) ran at a constant rate of 1.3 mL/min. The gradient began
at 50% B before a linear increase to 98% B occurred at 1.20 min. This was held for
0.5 min before a linear decrease in gradient back to 50% B occurred between at 1.70
min. The gradient was held at 50% B for another 5 mins. The analytical column
temperature was maintained at 60°C. Calibration standards were run at the beginning
and end of each analytical queue. Chromatogram peak analysis was performed by
the accompanying Waters® TargetLynx ™ application manager. The analyte:
internal standard response ratio was used to create calibration curves and guantify

each metabolite in Microsoft Excel.

2.5.8 Seahorse Metabolic flux analysis

The Seahorse XFp Analyser was used to measure the metabolic activity of primary
murine hepatocytes using the XFp Cell Mito Stress Kit. This was carried out with help
from Miss Katherine Hampton. Cells were seeded onto the Seahorse XFp culture
plate at a density of 1x10%cells per well and stimulated for 16hr with either conditioned
media or recombinant murine HGF (10ug/mL). The XFp flux cartridge was hydrated
with XF Calibrant overnight at 37°C. Media was removed from the wells of the culture
plate and replaced with 180ul Seahorse base medium supplemented with pyruvate
(ImM), Glutamine (2mM) and Palmitic acid (100uM).

The XFp Cell Mito Stress Kit measures the oxygen consumption rate (OCR), giving
a reading for oxidative phosphorylation, as well as basal extracellular acidification
rate (ECAR), for a measure of glycolysis. The machine uses time injections of
Oligomycin (2uM), carbonyl cyaninde-4- (trifluoromethoxy) phenylhydrazone (FCCP)
(1uM), and Rotenone (0.5uM) in accordance with the manufacturer’s instructions.
Respectively these drugs act on metabolism to inhibit ATP synthase to reduce OCR,

target the inner mitochondrial membrane to increase OCR, and again reduce OCR
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via inhibition of complex 1 and 3 in the electron transport chain. This assay produces
measurements for the basal and maximum respiration of cells (Figure 2.4). These
values were calculated by subtracting the non-mitochondrial OCR from the basal and
maximal readings. The data was normalised to the number of cells seeded and

analysed using Microsoft Excel and GraphPad Prism software version 10.3.1.
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Figure 2.4 Seahorse metabolic flux mitostress kit.
Schematic of seahorse metabolic flux mitostress test. Samples were injected with Oligomycin,
FCCP, and Rotenone at timed intervals. The OCR was measured before and after each drug

injection, allowing for measurements of maximal and basal respiration to be calculated.
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2.5.9 Proteome profiler array

To analyse the cytokine and chemokines released by the AML cell lines MN1 and
HOXA9/MEIS1, in vivo and in vitro, the Proteome Profiler Mouse XL Cytokine Arrays
were used. This kit allowed for the detection of 111 secreted cytokines from the AML
cell lines in the serum of engrafted mice or in conditioned media. The kit utilises
capture and control mouse antibodies, pre-spotted in duplicate on a nitrocellulose
membrane. Serum and conditioned media were for the arrays, following the
manufacturer’s protocol. The membranes were analysed using the G:BOX Chemi

XRQ system and quantified using ImageJ.

2.5.10 ELISA kits

Pre-coated ELISA kits were used to analyse the serum levels of mouse HGF, IL-1j3,
FFA, corticosterone, and triglycerides. As well as human HGF levels. Serum was
isolated from mice as described in 2.3.4 and human serum was collected as outlined
in 2.4.6. Kits were performed per the manufacturer's protocol and measurements
were taken using the Bio Tek Cytation 7 and analysis was performed using GraphPad

Prism software version 10.3.1.

2511 PCR

25.11.1 RNA extraction

RNA was extracted for gene expression analysis of livers isolated from mouse
experiments, primary hepatocyte experiments and to confirm Hgf KD in MN1 cells.
For in vivo studies, livers from mice were snap frozen after sacrifice and
homogenised using a Precellys 24 tissue homogenizer. For in vitro experiments cells
could be used immediately at the end point. The ReliaPrep RNA cell miniprep system
was used for this. RNA lysis was achieved by the addition of TG+BL lysis buffer, the
volume varied depending on cell number according to the manufacturer’s protocol.
Samples were stored in lysis buffer at -20°C until further required. Upon thawing, the
appropriate volume of isopropanol was added and mixed well by vortexing for 20

seconds. The lysates were loaded into the ReliaPrep mini-columns and centrifuged
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at 13,000g for 30 seconds, before washing with 500ul of RNA wash solution and
centrifuged at 13,0009 for 30 seconds. The columns were then washed with 200pl
Column Wash solution followed by 500ul of RNA wash solution and spun at 13,000g
for 30 seconds each time. A final wash step with 300ul of RNA Wash Solution was
performed and the samples were spun at 13,0009 for 2 minutes. Columns were then
placed into the 1.5ml elution tubes and the correct volume of nuclease free water was
added (depending on the initial cell numbers used). The samples were centrifuged at
13,0009 for 1 minute and the isolated RNA was stored at -20°C until use.

2.5.11.2 Quantification of extracted RNA

The isolated RNA from each sample was quantified using the ThermoFisher
NanoDrop Spectrophotometer. After blanking the machine with 1ul of nuclease free
water, 1pl of each sample was analysed for the RNA content in ng/mL. The purity
level of the samples was also measure using the absorbance threshold of nucleic
acids, the was calculated as a ratio of the maximum at 260nm against absorbance at

280nm. Acceptable purity level was a 260/280 ratio between 1.7 and 2.3

2.5.11.3 CDNA synthesis

The extracted RNA within the purity levels was used to synthesis cDNA by reverse
transcription using the PCRBIO systems cDNA ultrascript kit. For each sample a10ul
reaction a master mix was made up containing 2ul of 5X cDNA Synthesis Mix, 0.5ul
of 20XRTase per samples. Next each sample was diluted to obtain an equal
concentration with nuclease free water, making up to a volume of 7.5ul. Then 2.5yl
of the master mix was added. The PCR tubes were placed into a Bio-Rad
Thermocycler and run on a pre-defined program with 30 minutes at 42 °C, 10 minutes
at 85 °C, to denature the RTase, and then a return to 4°C until the samples were

removed and stored at -20 °C until used.
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2.5.11.4 Real time quantitative PCR

RT-gPCR was performed on a ThermoFisher ABI QuantStudio 7 Flex, using PCRBIO
systems SYBR-green technology to analyse gene expression. Primers were obtained
from Qiagen or Sigma-Aldrich (Table 2.2). For the KiCgStart® SYBR Green primers,
forward and reserve primers were first combined using 5ul of each and diluted in 90yl

of nuclease free water.

Table 2.2 Primers used in RT-qPCR analysis

Gene Primer Assay Name GeneGlobe ID
Acadm Mm_Acadm_1 SG QuantiTect Primer Assay QT00111244
Gapdh Mm_Gapdh_3_SG QuantiTect Primer Assay QT01658692

Hmgcs2 Mm_Hmgcs2_1_SG QuantiTect Primer Assay | QT00169029

Ppara Mm_Ppara_1 SG QuantiTect Primer Assay QT00137984
| sesawsorcn e smae |
Gene Gene ID RefSeq ID
Cd36 12491 NM_001159555
Cptla 12894 NM_013495
Hgf 15234 NM_010427
Slc27a2 26458 NM_011978
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2.5.11.5 Gene expression

To analyse the gene expression in liver samples, primary hepatocytes and MN1 cells,
RT-gPCR was performed with SYBR-green technology and diluted cDNA of the
samples. A master mix was made with 0.5ul of the primer, 2.5ul of SYBR-Green Mix.
3uL of the master mix was plated onto a 384-well plate, followed by 2uL of cDNA.
Once plated, the plate was sealed and centrifuged at 300g for 1 minutes. It was
placed into the ABI QuantStudio 7 Flex and run on a pre-programmed cycle seen in
Table 2.3. The cycle threshold (Ct) value for each gene of interested was normalised
to the housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase (Gapdh),
which is present in every cell and rarely altered by other genetic changes. Relative
expression was determined first by subtracting the Ct value of GAPDH from the Ct
value of gene of interest, this is the ACt. The AACt was then calculated by subtracting
the average control ACt from the ACt of each condition. The fold change was then

calculated by 224Ct, Each sample was replicated at least four times.

Table 2.3 gPCR SYBR-Green Quantstudio 7 programming

Pre-amplification 1 95°C 2 minutes
95°C 15 seconds
Amplification 45 60°C 10 seconds
72°C 10 seconds

95°C 5 seconds

Melt curve 1 65°C 1 minute
97°C Continuous
Cooling 1 40°C 30 seconds
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2.6 Quantification and statistics

All analysis in this study was carried out using FlowJo software version 10.8.1,
GraphPad Prism software version 10.3.1, CellProfiler Analyst software, ImageJ, and
Microsoft Excel. Statistical analysis was performed without an assumption of normal
distribution due to the variability of data, especially seen when carrying out in vivo
studies. Therefore, comparisons for 2 groups were performed using a Mann-Whitney
U test and for comparisons between more than 2 groups the Kruskal-Wallis H test
with Tukey’s multiple comparison test was used. Differences between compared
groups were considered significant when the probability, p, value was less than 0.05
(*P <0.05, *P < 0.01, **P < 0.001, ***P<0.0001, ns = non-significant). Results are
shown with each sample, with the standard deviation. The sample sizes (n) represent
the replicates. No statistical protocols were used to determine the sample size ahead

of experiments.
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3. AML progression in the BM induces systemic metabolic

changes and weight loss.

3.1 Introduction

AML has been well characterised within the BM microenvironment. Continued
research highlights the metabolic plasticity of the disease. This has been shown both
to aid in the progression of the tumour but also to aid in chemotherapy resistance
(369). It is well documented that AML scavenges and utilises as many different
metabolic sources as it can (209, 219, 235). It has further been shown that AML
overtakes the BM, limiting the space for other cells such as adipocytes (33, 370, 371).
It is therefore important that research continues to investigate the key mechanisms
by which AML is able to acquire metabolites, with a wider view than the immediate
niche. Cachexia is characterised as severe loss of bodyweight, specifically a loss of
muscle mass, with or without a loss of fat. It has been described in patients with AML
and has largely been attributed to chemotherapy treatment. However, more recent
research has been indicating that patients may be entering a cachexic state, including
the loss of fat, prior to treatment (157, 158, 372). Currently, little research has been

performed to understand the mechanism by which this is occurring.

AML utilises FA metabolism both as an energy source and as building blocks for
other metabolic processes. It has been characterised that AML increases the
expression of scavenger receptors such as CD36, as well as increased expression
of FABPs to further improve uptake of FA (33, 236). Like HSC, AML blasts can also
access FFA from the peripheral blood flow to the BM (25, 85). This source of
metabolites from outside of the BM has not been widely investigated in regard to any
BM malignancy. However, it could be a key area in understanding how AML accesses

FA when the adipose of the BM has been depleted.

In this chapter | aim to confirm a model of weight loss linked to fat pad weight
reduction in response to AML engraftment. This is not a model of cachexia as
analysing both changes of fat and muscle mass are outside of the scope of this
project. | will determine the methodology for weight loss and any involvement of food
intake. Furthermore, | will investigate how this state alters the FA makeup of the
peripheral blood serum and thus the availability to AML. Finally, | will ascertain

whether the stress response plays a role in these metabolic changes.
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3.2 Establishing a model of AML induced weight loss and

reduction of fat deposits

The first model used to investigate whether AML induces fat weight loss in mice was
the MN1CFP* cells, these were developed by retrovirally infecting healthy murine
HSPC with PSF91MN1iGFP to overexpress the MN1 oncogene (as described in the
methods). 11 female C57BI/6 mice aged 8-12 weeks were tail vein injected with 1x10°
MNL1 cells. Mice were monitored and weighed daily. The monitoring checked for the
first observable symptoms of AML engraftment. These first signs of iliness include,
but are not limited to, hunched posture, lethargy, walking up on their toes, and in
severe cases hind leg paralysis. At 5 week the first mouse started to show signs of
illness, and all 11 mice were sacrificed (Figure 3.1A). Bone marrow was isolated from
each mouse and flow cytometry was used to confirm MN1 engraftment by isolating
the GFP* population (Figure 3.1B & C). There was a range of engraftment from
0.07%-82.7% of the BM. Within this range there was a jump from4.9% to 34% and
therefore a threshold for engraftment was set at >5%, resulting in 4 mice low
engrafted and 7 mice engrafted with MN1 cells. The MN1 cells may not have
engrafted as well into the 4 mice for a variety of reasons, these mice are not immuno
compromised and the dose of malignant cells may not have been sufficient to
overcome the immune system. Alternatively, injections may have missed the vein
and subcutaneous injection into the tail is less likely to achieve engraftment. The body
weight of each mouse was normalised to their bodyweight 5 days prior to sacrifice.
MN1 engraftment did not cause weight loss in mice when compared to non-engrafted

mice (Figure 3.1D)
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Figure 3.1 MNL1 cell engraftment did not cause mouse weight loss.

A) Schematic of experiment. 11 C57BI/6 mice were tail vein injected with MN1 cells (1x106)
and monitored for 5 weeks. When the first mouse showed signs of iliness, all mice were
sacrificed. B) Flow cytometry was used to analyse the GFP* MNL1 cells in the BM. Mice were
then grouped into low engrafted (n=4) for >5% and MN1 engrafted (n=7) C) The bone marrow
analysed for engraftment. D) Mice were weighed daily. Weights are normalised to 5 days prior

to sacrifice. Data are expressed as mean + SD.
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During the 5 weeks that mice were being monitored and the food in each cage was
also weighed. Food intake per cage was calculated per mouse in each cage and
normalised to 5 days prior to sacrifice (Figure 3.2). Food intake remained the same
in all four cages. However, due to all mice receiving MN1 cells and there being
variability across the cages for which mice engrafted, it is not possible to ascertain

whether MN1 engraftment alters food intake during tumour progression.
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Figure 3.2 Food intake was not altered by MNL1 injection.
The average food intake per mouse in each cage remained stable during the progression of the
experiment when normalised to 5 days prior to sacrifice (cage 1-3 n=3, cage 4 n=2).
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To further analyse if MN1 engraftment alters metabolism in mice, the inguinal and
gonadal fat pads were dissected out of the mice, within 20minutes of sacrifice. The
gonadal fat pads and the pair of inguinal fat pads for each mouse was weighed and
normalised to the weight of the mouse on the day of sacrifice. When compared to
non-engrafted mice there was no significant changes to the proportional weight of the
fat pads in engrafted mice (Figure 3.3).
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Figure 3.3 MN1 engraftment did not alter fat pad weight

Mice engrafted with MN1 cells (n=7) did not have significantly different A) Inguinal or B)
Gonadal fat pad weights, as a percentage of their final body weight, in comparison to mice
that did not engraft with MN1 cells (n=4). Data are expressed as mean + SD. ns= non-

significant using Mann-Whitney U test.
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Next, peripheral blood collected at sacrifice was assessed for metabolic markers. The
level of ketones and glucose were tested and showed no significant difference
between the mice that engrafted with MN1 cells and those that did not (Figure 3.4).
However, it should be noted that it is unclear when each individual mouse last ate,
and therefore is inconclusive as to whether AML does not alter ketone or glucose

levels in the peripheral blood.
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Figure 3.4 Peripheral blood metabolic markers were not altered by MN1
engraftment

Peripheral blood taken, at sacrifice, from MN1- engrafted (n=7) and non-engrafted (n=4) was
tested for A) ketones and B) glucose. Data are expressed as mean + SD. ns= non- significant

using Mann-Whitney U test.

The data from this experiment suggest that IV injecting mice with MN1 cells and
sacrificing all mice upon the first mouse exhibiting illness, is not a sufficient model for
weight loss and fat pad reduction caused by AML. Therefore, further experiments

were required to investigate whether AML alters the systemic metabolism in mice.
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The next model used to interrogate the project was utilising the HOXA9/MEIS16FP*
cells which, like the MN1 cells, were developed from healthy murine HSPC by
retrovirally infecting them with MIH-HA-HoxA9 and MIY-HA-Meisla to over express
the AML associated oncogenes (as described in the methods). Improvements were
made to the previous experimental design by adding non-injected control mice. 12
C57BI/6 mice (8-12weeks) were 1V injected with 1x10® HOXA9/MEIS1 cells and were
housed in separate cages to the 6 control mice. Bodyweight and food intake was
recorded, and all mice were sacrificed upon the first mouse showing signs of illness
(Figure 3.5A). Bodyweight for each mouse was normalised to 5 days prior to sacrifice.
There is a downward trend in the weight of mice with HOXA9/MEIS1 when compared
to controls, although when a Mann-Whitney U test was performed for the final day,
this was not statistically significant (Figure 3.5B). Engraftment of the AML cells was
confirmed by flow cytometry (Figure 3.5C). All 12 injected mice had GFP*
HOXA9/MEIS1 cells in the bone marrow.
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Figure 3.5 HOXA9/MEIS1 BM engraftment did not cause significant weight loss.
A) Schematic of experiment. 12 C57BI/6 mice were injected with HOXA9/MEIS1 cells (1x10°)
and 6 control C57BI/6 mice were monitored for 5 weeks. When the first mouse showed signs
of illness, all mice were sacrificed. B) Mouse bodyweight was recorded daily and normalised
to 5 days prior to sacrifice. C) Engraftment of HOXA9/MEIS1 was confirmed in the bone

marrow of injected mice. Data are expressed as mean + SD. ns= non- significant using Mann-

Whitney U test.
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The experimental design with controls and AML mice in separate cages allows for
the comparison of food intake between the experimental groups (Figure 3.6). The
chow for each cage was weighed each day and the intake per mouse in the cage
was calculated. Weights were normalised to 5 days prior to sacrifice and indicate that
mice with HOXA9/MEIS1 engraftment consumed slightly less food than control mice
the day prior to sacrifice. Using a multiple Mann-Whitney test with false discovery
rate analysed via a two-stage set-up, it was seen that there was no significant

difference in the food consumed by control mice and HOXA9/MEIS1 mice.
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Figure 3.6 Food intake was not altered by HOXA9/MEIS1 engraftment.
Food intake per mouse normalised to the intake 5 days prior to sacrifice for control mice (n=6)
and HOXA9/MEIS1 mice (n=12). Data are expressed as mean + SD. ns= non- significant using

multiple Mann-Whitney U test for false discovery rate using the two-stage-set up method.
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Next the fat pads from the mice were dissected and weighed. When normalised to
the bodyweight of the mouse on the day of sacrifice. When compared to control mice,
the inguinal fat pads of mice engrafted with HOXA9/MEIS1 are significantly lighter
(Figure 3.7A). However, there is no significant difference between the groups when
comparing the gonadal fat pads (Figure 3.7B).
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Figure 3.7 Fat pad weight was altered by HOXA9/MEIS1 engraftment.

A) Inguinal and B) Gonadal fat pads were dissected out of control (n=6) and HOXA9/MEIS1
mice (n=12) and normalised to the bodyweight at sacrifice. Data are expressed as mean +
SD. Statistical significance was calculated using a Mann-Whitney U test. ns = non-significant,
and * p < 0.05.

These data show that AML can induce metabolic changes in inguinal fat pad weight
in mice. Moreover, the data shows that mice with AML have a trend to losing weight
as the tumour progresses, but this may be due to variable food intake. Further

experiments are required to confirm the model.
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It is unclear that changes observed in this model were due to the AML alone or from
altered food intake. This is important for investigating metabolic markers such as
ketones and glucose in the blood. To ensure that metabolic changes are not impacted
by mice consuming food at different times, mice underwent total food restriction. For
this experiment 5 control mice and 12 HOXA9/MEIS1 mice were monitored for 29
days. Mice were then moved into individual clean cages and underwent total food
restriction (tfr) for 16 hours. This was followed immediately by sacrifice (Figure 3.8A).
Body weight of both experimental groups was normalised to 6 days prior to sacrifice
and although both groups dropped ~10% bodyweight, there was no significant
difference between the groups (Figure 3.8B). Upon sacrifice the bone marrow was
assessed by flow cytometry to confirm engraftment of HOXA9/MEIS1 cells (Figure
3.8C). These data suggest that any weight loss is independent of food intake but still

do not indicate AML induced weight loss.
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Figure 3.8 Total food restriction (tfr) did not alter bodyweight loss in
HOXA9/MEIS1 engrafted mice.

A) Schematic of experiment. 12 C57BI/6 mice were injected with HOXA9/MEIS1 cells (1x1065)
and 5 control C57BI/6 mice were monitored for 29 days followed by 16hours of total food
restriction before sacrifice. B) Mouse bodyweights were recorded and normalised to 6 days
prior to sacrifice. C) Engraftment of HOXA9/MEIS1 was confirmed in the bone marrow of

injected mice. Data are expressed as mean + SD.
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Following this the fat pads were dissected from each mouse and the weight
normalised to the body weight at time of sacrifice. Similar to the previous model, there
was a significant reduction in the size of the inguinal fat pads for mice engrafted with
HOXA9/MEIS1 (Figure 3.9A). However, the same was not seen in the gonadal fat
pads (Figure 3.9B). This suggests that the adipose tissue weight loss is a response

to the AML rather than just the total food restriction.
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Figure 3.9 HOXA9/MEIS1 engraftment induced fat pad weight loss.

A) Inguinal and B) Gonadal fat pads were dissected out of control (n=5) and HOXA9/MEIS1
mice (n=12) and normalised to the bodyweight at sacrifice. Data are expressed as mean *
SD. Statistical significance was calculated using a Mann-Whitney U test. ns = non-significant,
and * p < 0.05.
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Finally, the peripheral blood, taken at sacrifice, was analysed for the blood ketones
and glucose (Figure 3.10). Both measurements showed no significant difference in
the metabolic markers. This suggests that AML engraftment does not alter the
ketones or glucose levels in the blood. This further implies that the latest food intake
of each mouse is unlikely to be a factor when investigating systemic metabolic

changes.
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Figure 3.10 HOXA9/MEIS1 engraftment did not alter blood metabolic markers.
A) Ketones and B) Glucose levels were analysed in the peripheral blood of (n=6) and
HOXA9/MEIS1 mice (n=12) following 16hrs of tfr. Data are expressed as mean * SD.

Statistical significance was calculated using a Mann-Whitney U test. ns = non-significant.

Taken together these data from this tfr experiment shows that HOXA9/MEIS1
engraftment does not induce weight loss when mice even with food restriction, nor
does it alter the circulating levels of ketones and glucose. It can be suggested that
HOXA9/MEIS1 engraftment induces lipolysis of the inguinal fat pads, irrespective of
food intake. However, the model is not sufficient in confirming AML causes systemic

metabolic changes and weight loss including reduction of fat pad mass.
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The previous models show that mice have a trend of losing weight during tumour
progression, however, this has not been significant or consistent. The data show that
AML may cause loss of fat pads and does not alter the circulating levels of glucose
and ketones. So far it has been shown that this is despite animals maintaining their
intake of food. It is also important to state that animals were sacrificed when the first

animal showed signs of disease.

In the next experiment | changed the protocol to sacrificing the mice only when they
individually started showing signs of iliness. The utilised both IV injections of MN1
and HOXA9MIES1 cells (1x10°). There were initially 10 mice in each AML group and
the control group. The mice were caged per condition and weighed daily. The food
intake was recorded for each cage and then calculated per mouse. (Figure 3.11A).
Upon sacrifice the BM was analysed for the GFP* AML population by flow cytometry
(Figure 3.11B). After 7 weeks any remaining AML injected mice were sacrificed and
excluded from data analysis as no AML engraftment was observed. This resulted in
10 controls, 7 MNL1 injected mice, and 9 HOXA9/MEIS1 injected mice. When the
bodyweight of the mice was normalised to the bodyweight 5 days prior to sacrifice, it
can be seen that both AML models lost a significant amount of weight in comparison
to control mice (Figure 3.11C). The food intake per mouse was calculated and
normalised to 5 days prior to sacrifice (Figure 3.11D). It can be seen that mice
maintained their intake leading up to sacrifice. Taken together these data show that
as the tumour progresses mice lose bodyweight and that this is likely independent of

food consumption.
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Figure 3.11 Mice engrafted with AML lose weight during late stages of tumour

progression.

A) Schematic of experiment. C57BI/6 control mice (n=10), or mice injected with MN1 (n=7), or
HOXA9/MEIS1 (n=9) cells (1x10%) were monitored daily. Mice were monitored individually and
sacrificed at the first sign of illness. B) Engraftment of was confirmed using flow cytometry of
the GFP* AML population. Body weight C) and food intake D) were normalised to 5 days prior
to sacrifice for each mouse each day. Data are expressed as mean + SD. Statistical
significance was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test.
*x p < 0.01, and *** p < 0.001.
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Upon sacrifice fat pads were dissected from each mouse and their weights
normalised to the bodyweight on the day of sacrifice (Figure 3.12). Data shows that
both MN1 and HOXA9/MEIS1 engraftment induced significant weight loss in both fat
pads when compared to controls. This suggests that late stages of AML tumour

progression induces lipolysis of adipose tissue.
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Figure 3.12 Late stages of AML engraftment cause loss of adipose tissue

weight.

Mice engrafted with MN1 (n=7) or HOXA9/MEIS1 (n=9) cells had significantly reduced A)
Inguinal or B) Gonadal fat pad weights, as a percentage of their final body weight, in
comparison to control mice (n=10. Data are expressed as mean + SD. Statistical significance
was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test. * p < 0.05,
and =*x* p < 0.0001.

This final model shows consistent weight loss in mice with AML engraftment which is
independent of food consumption. Furthermore, AML engraftment also results in loss
of adipose tissue, particularly at the late stages of the disease. Together this shows

that there is marked systemic metabolic changes when AML engrafts in the BM.

91



3.3 AML alters availability and composition of FA in the

peripheral blood

AML is highly reliant on FA for metabolism and this project aims to elucidate
alterations in FA metabolism in the liver. It was firstly important to investigate whether
AML engraftment caused changes to the available FA in the serum. To do this serum
was isolated from the final model described above. A terminal bleed was taken at
sacrifice of each mouse and stored until all samples were collected (Figure 3.13A).
The FFA assay kit showed that the serum of mice engrafted with MN1 cells had
significantly elevated FFA when compared to controls. The serum from mice
engrafted with HOXA9/MEIS1 cells did not show any difference in the serum FFA
when compared with the controls (Figure 3.13B). This indicates that AML engraftment
may alter whole system lipid metabolism as more FA in the serum suggests

increased secretion and decreased uptake of FA from the liver.
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Figure 3.13 MN1 engraftment increased serum FFA.

A) Schematic of experiment. Peripheral blood was collected at sacrifice from mice engrafted
with MN1 (n=7) or HOXA9/MEIS1 (n=9) cells or control mice (n=10). Serum was isolated from
the blood for analysis. B) FFA were analysed by ELISA kit. Data are expressed as mean +
SD. Statistical significance was calculated using Kruskal-Wallis H test with Tukey’s multiple

comparison test. =x* p < 0.001, and ns = non-significant.
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The previous assay is a good indicator of the total FA in the serum but is not very
specific. To further investigate aberrant serum FA two random samples from each
condition were chosen for analysis by mass spectrometry. Dr Le Gall ran and
analysed the samples for changes in LCFA. Figure 3.14 shows the LCFA by their
carbon chain length. The heat map indicates that both AML engraftments altered the
total FA in the serum in the mice. Not only were the total FA levels altered, but the
composition of the available FA was also changed. In the controls the most abundant
FA was the C18 LCFA, whereas C16 LCFA appeared to have been the most

abundant in all the AML samples.
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Figure 3.14 Serum long chain fatty acids were elevated in AML engrafted mice.
A) Schematic of experiment. Serum was isolated from the blood taken at sacrifice. The serum
from 2 mice from each treatment group (Control, MN1, and HOXA9/MEIS1) were selected for

further analysis. B) long chain fatty acids (LCFA) were analysed by mass spectrometry.
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Next, remaining serum was available from 6 mice per group and was used to further
assess serum metabolic markers (Figure 3.15A). Elevated serum triglycerides are
associated with aberrant FA degradation and liver steatosis. However, the ELISA
assay kit used indicated that the serum triglycerides were not significantly different
between the AML engrafted mice and the control mice (Figure 3.15B). Meanwhile,
elevated serum levels of corticosterone are associated with metabolic stress, and
these were also not significantly different in mice engrafted with MN1 cells or mice
engrafted with HOXA9/MEIS1 cells, when compared to control mice (Figure 3.15C).

These data indicate that AML is not inducing a metabolic stress response.
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Figure 3.15 AML did not induce a metabolic stress response.

A) Schematic of experiment. Remaining serum isolated from terminal bleeds of control mice
or mice engrafted with either MN1 or HOXA9/MEIS1 cells (n=6) was further analysed for B)
serum triglycerides (TG) and C) serum corticosterone (CORT). Data are expressed as mean
+ SD. Statistical significance was calculated using Kruskal-Wallis H test with Tukey’s multiple

comparison test. ns= non-significant.

Both the mass spectrometry data and the FFA assay confirm that there is aberrant
FFA levels in the serum of mice engrafted with AML cells. This further suggests that
AML affects metabolism outside of the immediate BM niche within which it resides.
The data also shows that AML influences these changes whilst maintaining a fine
balance in avoiding activation of the metabolic stress response, which would

potentially have an anti-tumoural effect.
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3.4 Summary

In this first results chapter, | have confirmed that AML induces weight loss and fat
pad reduction in a murine model. | have shown that this occurs in late stages of
tumour progression and requires each animal to reach the symptomatic phase of the
disease. Moreover, | have shown that the rapid weight loss is not associated with
changes in food consumption. | have shown that adipose tissue is also lost during
AML progression Furthermore, mice engrafted with both models of AML exhibited
altered serum FA levels. This included both the total available FA but also showed
altered composition of the LCFA found. Whilst FA were changed in the blood serum,
other metabolic markers such as glucose and ketones were not altered in response
to AML engraftment. Interestingly corticosterone levels were also maintained in mice
engrafted with AML, indicating that AML is able to alter the metabolic state of the

mice and avoid activating the stress response.
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4. AML in the bone marrow alter FA metabolism in the liver.

4.1 Introduction

During AML progression it is widely accepted that patients lose weight, however this
has generally been attributed to the intense chemotherapy regimens alone and in
some cases, in combination with stem cell allograft that are used to treat the disease
(3873, 374). In the previous chapter | have shown that AML progression results in
systemic metabolic changes. Mice engrafted with AML lose overall bodyweight as
well as experiencing a loss of adipose tissue, in the inguinal and gonadal fat pads,
all without any form of intervention. This is supported by more recent studies,
outlining that AML itself can cause cachexia in human patients (157, 158), which my
findings corroborate in mice. AML is known to utilise FA metabolism for proliferation
and survival, and FA metabolism has also been implicated in chemoresistance (33,
375). Our group and other have shown that AML acts on cells within the BM niche to
increase the supply of FA from adipocytes within the yellow marrow (33, 188, 235).
However, this store is likely to run out as the AML proliferates and expands its
coverage of the BM. It can therefore be suggested that AML is accessing FA from
the blood supply to the BM. This is supported by evidence in the previous chapter

where mice engrafted with AML has elevated serum FA levels.

The liver is considered the metabolic hub of the body, processing endogenous and
dietary nutrients. It functions to maintain homeostasis of serum levels of glucose and
FA (305). Lipid flux is at the heart of the livers function and when dysregulated it is
associated with a number of different liver diseases (318). Hepatocytes remove
excess FA from the blood as dietary fats reach the liver from the intestines or
circulating lipoproteins return unused (313). These FA that are taken up can be used
by the hepatocytes for metabolism or they can be stored, via lipogenesis as LD, for
later use or secreted back into the serum during times of stress (229, 336).
Hepatocytes respond to signals such as hormones and cytokines to reduce the
uptake of serum FA and/or increase release of FA into the serum as FFA, VLDL, and
other forms of FA (296, 312). It has been previously shown that some cancers act on
the liver to increase FA availability in the serum and subsequently improving the
malignant growth (250, 343, 346).
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Our understanding of both AML reliance on FA metabolism and liver lipid flux, makes
the liver an attractive target to investigate systemic FA metabolic changes in
response to AML progression. In this chapter bulk RNAseq of livers from mice
engrafted with AML cells will confirm whether metabolism pathways are
downregulated in comparison to controls, specifically pathways associated with FA
metabolism. Once established, the experiments in this chapter will confirm reduced
genetic expression both in vivo and in vitro. Furthermore, this chapter will elucidate
whether FA uptake and respiration are altered in a cell-cell independent manner.
These findings aim to support the hypothesis that AML alters liver FA metabolism

resulting in increased FA availability in the serum.
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4.2 Bulk RNA sequencing confirms aberrant metabolic

pathways in the livers of mice engrafted with AML.

AML is known for its metabolic plasticity and high reliance on metabolites for its
survival and proliferation (369). During its progression the tumour commandeers the
metabolites of the BM, depleting the reserves and therefore requiring nutrients from
the blood stream (114). The liver is the major hub for metabolism and dissemination
of metabolites, namely FA, into the blood for the rest of the body and is therefore
where this project focuses (320). Once the model was confirmed for AML induced
weight loss and fat pad reduction | dissected out the livers which were then snap
frozen. Whole liver RNA lysates were isolated from 3 mice in each treatment group;
control, MN1, or HOXA9/MEIS1 engrafted and sent to Novogene (Cambridge UK) for
bulk RNAseq. Samples were processed and analysed by Novogene. Analysis was
performed produced differentially expressed genes (DEGs) from fragments per
kilobase of transcript per million (fokm) and were further used for Kegg pathway
enrichment. Primary analysis was performed by Novogene however, | am
responsible for interpretation and validation of the provided data. Volcano plots of the
Bulk RNAseq from mice engrafted with AML both show that there are genes that are

differentially regulated when compared with control livers (Figure 4.1).
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Figure 4.1 Bulk RNAseq shows alteration in mouse liver gene expression in
response to AML.

Volcano plots of RNA from whole liver lysates from mice engrafted with A) MN1 cells or B)
HOXA9/MEIS1 cells, compared to controls (n=3).

Kegg pathway enrichment data shows how differentially regulated cellular pathways
are. Within a known cellular pathway, it is calculated how many of the genes are
differentially regulated in comparison to the controls. This was then used to indicate
the top pathways that were up or down regulated. This project is focussing on FA
metabolism within the liver and pathways associated with this were within the top 15
down regulated pathways for both MN1 (Figure 4.2A) and HOXA9/MEIS1 (Figure
4.2B) engrafted mice. The pathways included are FA metabolism, FA degradation
and PPAR signalling pathway. These indicate that AML downregulates liver FA
metabolism.
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Figure 4.2 FA metabolism pathways among the most significantly
downregulated in mice engrafted with AML.

Kegg enrichment and pathway analysis of bulk RNAseq from whole liver lysates of mice
engrafted with A) MN1 cells or B) HOXA9/MEIS1 cells, compared to controls (n=3).
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The pathways of FA metabolism, degradation and the PPAR signalling pathway were
among the most downregulated in the Kegg pathway enrichment data. From these
pathways genes highlighted by Novogene were chosen. Log2(fpmk +1) of the gene
is presented as a heat map in (Figure 4.3). This shows that genes associated with
the selected pathways are less abundant in whole liver RNA lysates from AML
engrafted mice when visualised next to controls further cementing that AML down

regulates FA metabolism genes within the liver.
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Figure 4.3 Genes associated with fatty acid metabolism pathways are
dysregulated in mice engrafted with AML.

Heat map of differential gene expression for genes associated with FA metabolism pathways
highlighted by Kegg enrichment. Data is of bulk RNAseq from whole liver lysates of mice
engrafted with MN1 cells or HOXA9/MEIS1 cells, compared to controls (n=3).
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4.3 Genes associated with FA metabolism are downregulated

in the livers of AML engrafted mice.

The sequencing data from the livers of mice with MN1 or HOXA9/MEIS1 engraftment
provided a starting point for further investigating the downregulation of liver FA
metabolism in response to AML. It is known that extramedullary AML can home to
the liver (376), and therefore it is important to investigate whether the changes seen
are from the tissue resident cells or whether there is a possibility of sample
contamination by infiltrating AML. C57BI/6 mice were engrafted with MN1 cells
(1x108) for 5 weeks and livers were isolated at sacrifice. Immune cells were isolated
from liver lobes using a collagenase protocol. Immune cells were analysed by flow
cytometry for GFP* AML cells (Figure 4.4A). Less than 5% of immune cells in the
livers were AML cells in the AML engrafted samples (n=6) (Figure 4.4B). This
suggests that gene alterations seen in the bulk RNAseq, and the subsequent
experiments, are from the cells of the liver, predominantly hepatocytes as the major

cell type present, and not contamination with AML cells.
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Figure 4.4 MNL1 cells have very low engraftment in the liver.
A) Flow cytometry strategy to isolate AML population B) engraftment of GFP* MN1 cells in the
liver of mice (n=6), which was not significant when compared with mice that did not have bone

marrow engraftment (n=4). Data are expressed as mean * SD.
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To confirm that AML induced down regulation of liver FA metabolism genes, genes
were selected from Figure 4.3 to investigate different stages of FA metabolism
(Figure 4.5). FA uptake is demonstrated by Slc27a2 expression, which is also known
as Fatp2 and will be the name used to refer to the gene/protein in this thesis, transfer
of FA from the cytosol into the mitochondria is performed by Cptla, Acadm
represents FAO, and Hmgcs2 is the rate limiting step of ketogenesis. To confirm the
sequencing data the gene for the FA scavenger receptor, Cd36, is also included
further analysis. It was not implicated as significantly down regulated in the bulk

RNAseq, suggesting it may be controlled or circumvented via a different mechanism.

Fatty Acids

Mitochondria

=

Ketogenesis
(HMGCS2)

Figure 4.5 Proteins/genes associated with FA metabolism.

Schematic of FA entering hepatocytes via the scavenger receptor CD36 or FATP2. FA enter
the mitochondria via CPT1la before undergoing FAO, which utilises the ACADM protein.
During periods of starvation FA are used for ketogenesis, of which HMGCS?2 is a rate limiting

enzyme.

104



From the experiment which confirmed the model of AML induced metabolic changes,
livers were isolated at sacrifice and snap frozen. Whole liver RNA lysates were
analysed by RT-gPCR for the genes outlined in Figure 4.5. Analysis shows that all
four of the genes highlighted in Figure 4.3 were downregulated in livers of mice
engrafted with MN1 (n=7) or HOXA9/MEIS1 cells (n=8) when compared with control
mouse livers (n=10). However, Cd36, which was not highlighted by sequencing data,
was not significantly altered (Figure 4.6). These data show that multiple stages of

liver FA metabolism are down regulated by AML engraftment in the BM.
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Figure 4.6 Genes associated with FA metabolism are down regulated in the
liver of mice engrafted with AML.

Gene expression of Cptla, Acadm, Hmgcs2, Fatp2, and Cd36. Analysis was performed on
whole liver lysates from control mice (n=10), or mice engrafted with either MN1 cells (n=7), or
HOXA9/MEIS1 cells (n=8) for 4 weeks. Data are expressed as mean * SD. Statistical
significance was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test.

wxx D < 0.001, ***x p < 0.0001, and ns = non-significant.
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Next, it was investigated whether MN1 engraftment alters liver FA metabolism gene
expression in early tumourigenesis as well as during late-stage disease. C57BI/6
mice were IV injected with MN1 cells (1x10°) for 2 and 4 weeks (Figure 4.7A).
Engraftment of GFP™ cells was confirmed to increase with time (Figure 4.7B). Livers
were isolated at sacrifice and whole liver RNA lysates were analysed by RT-gPCR.
Genes associated with different stages of FA metabolism were downregulated at both
time points of MN1 engraftment (Figure 4.7C). These data showed that AML
downregulates FA metabolism genes even at early stages of tumour development

and continues in latter stages.
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Figure 4.7 MN1 engraftment downregulates liver FA metabolism genes within

2 weeks of engraftment.

A) Schematic of experimental design. Mice were IV injected with MN1 cells (1x108) and
monitored for 2 or 4 weeks prior to sacrifice. B) Engraftment was quantified using flow
cytometry. C) Gene expression of Cptla, Hmgcs2, and Fatp2 for whole liver lysates of mice
engrafted for 2 or 4 weeks (n=5), compared to control mice (n=10). Data are expressed as
mean * SD. Statistical significance was calculated using Kruskal-Wallis H test with Tukey’s

multiple comparison test. * p < 0.05, ** p < 0.01 *** p < 0.001, and ***x p < 0.0001.
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4.4 Engraftment of AML reduces murine FATP2 protein

expression in vivo.

FA uptake is highly important for the function of the liver allowing for storage, de novo
lipogenesis and metabolism, this is carried out predominantly by the hepatocytes
(313). One of the key genes outlined by the sequencing data was Slc27a2/Fatp2.
FATP2 is a transmembrane protein, one of its key functions is as a LCFA transporter.
It is important for maintaining lipid homeostasis within the cell, transporting FA
through the cytoplasm for storage or breakdown (377). Fatp2 has been linked with
liver diseases such as NAFLD and type 2 diabetes (378, 379). It has been shown
that knock-down of Fatp2 reduces the uptake of LCFA in the liver (380). Studies in
rats have also shown that high fat diets contribute to increased Fatp2 expression that
leads to insulin resistance (381). Fatp2 is highly important in hepatocytes to maintain
their lipid flux that so crucially contributes to their function in removing FA from the
blood stream. It is therefore a desirable target to investigate whether AML alters FA
uptake by hepatocytes in vivo. For this experiment livers were isolated at sacrifice
from the confirmed model. Mice engrafted with MN1 or HOXA9/MEIS1 cells (1x10°)
were monitored and sacrificed individually at the first sign of their illness. Liver lobes
were fixed in formaldehyde for later processing. Sectioning and staining were
performed by Alyssa Polski-Deleve and analysis by me. For the first attempt of this
staining slides were stained for FATP2 (red) and DAPI (blue) for the nuclei (Figure
4.8). It can be visualised in that there are some small circular cells which have stained
bright red. These are clearly not the hepatocytes as they are too small and circular.
One explanation for this may be that they are infiltrating AML cells which are known
to have high FATP2 expression. The decision was made not to analysis this set of
images as it would be almost impossible to exclude the small round cells and
therefore would not be representative of any changes to hepatocyte FATP2 protein

expression.

108



DAPI FATP2 Merge

- . .
o . .

Figure 4.8 Immunofluorescence-stained liver histology samples for FATP2.

Representative images of immunofluorescent staining of livers from control mice and mice
engrafted with MN1 cells or HOXA9/MEIS1 cells. Blue = DAPI, Red = FATP2.
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Figure 4.4 suggests that the bright red cells are not AML cells, but they may in fact
be other immune cells such as Kupffer cells. | therefore suggested to Alyssa that for
the next round of staining she should use CD45 to stain for immune cells (green). In
the merged representative images in Figure 4.9 it can be seen that the bright red
cells stained for FATP2 correspond with the green stained CD45" cells. This
optimisation allows for down steam analysis as these cells can be masked out of the
analysis for FATP2 intensity. They also add an interesting further analysis to
investigate whether there are any changes in the number of immune cells within the

liver sections.

Control

MN1

HOXA9/MEIS1

Figure 4.9 Immunofluorescence-staining of liver histology samples for Fatp2
and CD45.

Representative images of immunofluorescent staining of livers from control mice and mice
engrafted with MN1 cells or HOXA9/MEIS1 cells. Red = FATP2, Green = CD45, and Blue =
DAPI.
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Analysis of the image set was performed by creating a pipeline in CellProfiler. For
analysis 3 images were taken per section (corresponding to 1 mouse each) for
control, MN1 or HOXA9/MEIS1 engrafted mice (n=7). Images were run through a
threshold to remove non-specific background staining. A mask was created of the
Cd45" cells and used to remove the immune cells from the FATP2 images (Figure
4.10A). From the masked FATP2 stained images the intensity of red staining was
measured and showed that there was significantly less FATP2 protein in the livers of
mice engrafted with AML (Figure 4.10B). The masked image created from the CD45"
cells could then be used to count the number of objects created and thus the average
number of immune cells per mouse liver (Figure 4.10C). There was no significant
difference in the number of immune cells between control mice and mice with AML.
It is interesting to note that 2 of the MN1 engrafted mice showed no CD45* cells. It is
uncertain as to why this may occur. Analysis of these images shows that AML in the
BM alters liver protein expression of Fatp2 in vivo, suggesting that it decreases
hepatocyte FA uptake in vivo. This matches with previous data showing a
downregulation in Fatp2 gene expression, along with the expression of other genes

involved in FA metabolism, in response to AML engraftment.
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Figure 4.10 FATP2 protein levels are decreased in mice engrafted with AML.

A) CellProfiler strategy used to analyse images of immunofluorescent stained liver sections.

B) intensity of FATP2 staining was calculated and C) infiltrating CD45* immune cells counted

for control mice compared with mice engrafted with MN1 cells or HOXA9/MEIS1 cells (n=7).

Data are expressed as mean + SD. Statistical significance was calculated using Kruskal-Wallis

H test with Tukey’s multiple comparison test. * p < 0.05, and ns = non-significant.
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4.5 AML downregulates FA metabolism genes in a cell-cell

independent manner.

AML clearly induces weight and fat loss in a murine model and down regulates FA
metabolism in the liver of these mice, both at a genetic level and protein levels.
Further investigation is required to confirm that AML induces these systemic changes
and not a compensatory mechanism within the whole organism. Therefore, to confirm
that it is an AML dependant mechanism, experiments were performed in vitro to
isolate the potential effect. All experiments using primary murine hepatocytes were
isolated and plated on to 24 well plates by Dr Naiara Beraza and Dr Paula Ruiz from
2-3 C57BL/6 mice (aged 8-12 weeks) which were then pooled.

The first experiment utilised primary murine hepatocytes (1x10%well) and MN1 cells
in a transwell (5x10%). Transwells were used as data from Figure 4.4 shows that AML
does not engraft in the liver and therefore the separation provided by the transwell is
more physiologically relevant than putting the MN1 cells directly on the hepatocytes.
Cells were cultured together for 24hours followed by removal of the trans-wells and
RNA lysis of the hepatocytes (n=4) (Figure 4.11A). Hepatocyte RNA was used to
perform RT-gPCR and showed significant down regulation of Cptla, Acadm and
Hmgcs2 in hepatocytes treated with MN1 trans-wells compared to controls. As
expected, Cd36 did not show any alterations (Figure 4.11B). This confirms that AML
is able to alter liver FA metabolism gene expression in a cell-cell independent

mechanism.
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Figure 4.11 FA metabolism is down regulated in primary murine hepatocytes
cultured with MN1 cells in transwells.

A) Schematic of experimental design. Primary hepatocytes isolated from C57BI/6 mice were
cultured with MN1 cells in transwells for 24hrs. MN1 cells were washed off prior to RNA lysis
of hepatocytes for gene analysis compared to controls (n=3) B) Gene expression of Cptla,
Acadm, Hmgcs2, and Cd36. Data are expressed as mean * SD. Statistical significance was

calculated using Mann-Whitney U test. * p < 0.05, and ns = non-significant.
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Transwells are costly so the next experiment aimed to see whether effects on FA
metabolism genes could be achieved with media conditioned by the AML cells. To
produce conditioned media, 1x10® AML cells/mL were cultured in their standard
media excluding cytokines (DMEM, 10% FBS, and 1% P/S) for 24hrs. Double
centrifugation removed all cells and debris before use. At the beginning of the
experiment half the media was removed from each of the wells containing primary
murine hepatocytes. This was replaced with conditioned media or control media. For
the controls, the media added only contained 5% FBS, this was to simulate the
approximate amount of FBS consumed by the AML cells during their growth phase
of conditioning the media. In an ideal situation lipidomics would have been performed
to correct for the appropriate FBS concentration. The experiment to test conditioned
media cultured primary murine hepatocytes with control media or MN1 conditioned
media for 24 or 16hrs (n=4). At the end of the experiment all media was removed,
and RNA was isolated from the hepatocytes (Figure 4.12A). RT-qPCR of hepatocyte
RNA shows that although Cptla, and Acadm are not downregulated at 24hrs, at
16hrs Cptla, Acadm and Hmgcs2 are all downregulated by the conditioned media.
Consistent with other experiments, Cd36 was not downregulated by MN1 conditioned
media (Figure 4.12B). These data show that AML is secreting a molecule that is
acting on hepatocytes to downregulate genes associated with FA metabolism.

Conditioned media was effective and mediating these changes at 16hrs.
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Figure 4.12 FA metabolism genes were altered in primary murine hepatocytes
treated with AML conditioned media.

A) Schematic of experimental design. Primary hepatocytes isolated from C57BI/6 mice were
cultured with MN1 conditioned media for 16hrs or 24hrs (n=4). RNA lysates were analysed for
gene expression and compared against controls (n=4). B) Gene expression of Cptla, Acadm,
Hmgcs2, and Cd36. Data are expressed as mean + SD. Statistical significance was calculated

using Kruskal-Wallis H test with Tukey’s multiple comparison test. * p < 0.01, and ns = non-

significant.
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Isolating and plating primary hepatocytes is time consuming and limited by the
availability of mice and Dr Baraza’s’ time. Therefore, the next step was to investigate
whether a murine hepatocyte cell line could be used to investigate the FA metabolic
changes mediated by AML secreted factors. The cell line chosen was the ‘Alpha
mouse liver 12’ (AML12) cells. This cell line is isolated from a 12-week-old male wild
type mouse (271). This experiment utilised the same seeding density and conditioned
media as the previous. AML12s were cultured with conditioned media or control
media (n=5) for 16hrs prior to RNA extraction (Figure 4.13A). RT-qPCR shows no
significant difference in any of the selected FA metabolism genes (Figure 4.13B).
These data suggest that the AML12s are not a sufficient model for further use in this
project and therefore primary hepatocytes were used. Limitations on receiving
primary murine hepatocytes meant that subsequent experiments had to be carefully
planned to gain the most output from the provided 24 well plates.
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Figure 4.13 FA metabolism genes were not altered in AML12 liver cells treated
with AML conditioned media.

A) Schematic of experimental design. Alpha male liver cells 12 (AML12) cells were cultured
with or without MN1 conditioned media for 16hrs (n=5). B) Gene expression of Cptla, Acadm,
Hmgcs2, and Fatp2. Data are expressed as mean + SD. Statistical significance was

calculated using Mann-Whitney U test. ns = non-significant.
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MN1 conditioned media downregulated hepatocyte FA metabolism genes at both 16
and 24hrs, confirming that cell-cell contact is not required to induce these changes.
The next experiment investigated whether conditioned media, from both MN1 and
HOXA9/MEIS1 cell lines, alters FA metabolism in primary murine hepatocytes at
16hrs. Media was conditioned by MN1 or HOXA9/MEIS1 cells as previously
described and added to the primary hepatocytes at the beginning of the experiment.
After 16hrs the conditioned media was removed, and RNA was isolated from the
hepatocytes. RT-gPCR shows that gene expression of FA metabolism genes Cptla,
Hmgcs2, and Fatp2 were downregulated in comparison to control treated cells
(Figure 4.14). Interestingly, although not downregulated in other experiments and not
implicated in the bulk RNAseq, Cd36 was significantly lower in hepatocytes treated
with the AML conditioned media in comparison to control hepatocytes. It is unclear
as to why this occurred. These data show that both AML cell lines downregulate
genes at different stages of FA metabolism within hepatocytes via a cell-cell

independent mechanism.
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Figure 4.14 FA metabolism genes were altered in primary murine hepatocytes
treated with AML conditioned media.

Primary hepatocytes isolated from C57BI/6 mice were cultured with control media, MN1 or
HOXA9/MEIS1 conditioned media for 16hrs (n=6). Gene expression of Cptla, Acadm,
Hmgcs2, Fatp2, and Cd36. Data are expressed as mean + SD. Statistical significance was
calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test. = p < 0.05, ** p

< 0.01, **x p <0.001, **+x p < 0.0001, and ns = non-significant.
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4.6 AML conditioned mediareduces primary hepatocyte OCR.

It has been shown that FA metabolism plays a key role in the functionality of both
AML blasts and hepatocytes (236, 305, 312). AML is a highly proliferative disease
and therefore must access further metabolites than those it is able to pilfer from cells
within its’ niche via cell-cell interactions and cytokine release (114, 382-384). To
assess whether AML in the BM is able to alter FA metabolism capacity in the
mitochondria of hepatocytes seahorse metabolic flux analysis was used. This
functional assay measures OCR and ECAR of cells, which are representative of
OXPHOS and glycolysis. Hepatocytes isolated from C57BI/6 mice were pretreated
for 16hrs with control media or media conditioned by MN1 or HOXA9/MEISL1 cells as
described above (Figure 4.15A). To assess the ability of the hepatocytes to
metabolise FA, the test was performed with palmitic acid (palm) rather than the
standard glucose in the seahorse base media. During the experiment timed injections
of Oligomycin (2 pM), carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) (1 uM), and Rotenone + antimycin A (0.5 uM), are added to the culture plate
in accordance with the manufacturer’s instructions. The ability of these drugs to alter

OCR allows for measurements for basal and maximal respiration (Figure 4.15B).
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Figure 4.15 Seahorse metabolic flux mitostress kit was used to assess oxygen
consumption rate.

A) Schematic of experimental design. Primary hepatocytes isolated from C57BIl/6 mice were
cultured with MN1 or HOXA9/MIES1 conditioned media or control media for 16hrs (n=6). B)
schematic of seahorse metabolic flux mitostress test.
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In this experiment hepatocytes were pooled from 2 C57BI/6 mice (10 weeks) and
plated directly on to the seahorse culture plate (1x10%well). Hepatocytes were
treated with conditioned media from either cell line or control media for 16 hours
followed by replacement of the media with palm - seahorse base media. The
seahorse mito stress kit shows that both MN1 and HOXA9/MEIS1 conditioned media
altered the OCR of hepatocytes (Figure 4.16A & B). Analysis showed that both AML
conditioned medias caused reduced basal respiration (Figure 4.16C) as well as
reduced maximal respiration (Figure 4.16D) in the presence of abundant FA,
compared to controls. These data show that AML conditioned media reduces the
capability of the hepatocytes to utilise the FA for metabolism and respiration, thus
suggesting that AML in the BM may act on liver hepatocytes in vivo to alter FA

metabolism capabilities.
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Figure 4.16 Oxygen consumption rate was altered in primary murine
hepatocytes treated with AML conditioned media.

Seahorse metabolic flux mitostress kit analysis of primary hepatocytes treated for 16hrs with
A) MN1 conditioned media (n= 5) or B) HOXA9/MEIS1 conditioned media (n=6) compared to
control treated hepatocytes (n=4). C) Basal and D) Maximal respiration were calculated from
plots. Data are expressed as mean + SD. Statistical significance was calculated using Kruskal-

Wallis H test with Tukey’s multiple comparison test. * p < 0.05.
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4.7 AML conditioned media reduces primary hepatocyte FA
uptake.

One of the major roles of hepatocytes is the uptake of FA from the plasma and the
subsequent storage to prevent lipotoxicity (274). Reducing plasma FA reduces the
availability of FA to other cells in the body, reducing lipotoxicity and promoting the
use of glucose. The uptake and storage of FA by hepatocytes changes with the
metabolic demands of the body which can be altered by dietary intake or by stimuli
such as infection or disease (296). The next experiments aim to test whether AML
impacts these pathways to reduce FA uptake by hepatocytes, with the potential of
increasing the availability of FA for its own uptake when the blood reaches the BM.
To investigate whether AML in the BM reduces hepatocyte FA uptake, hepatocytes
were isolated and pooled from 2 C57BI/6 mice and cultured for 16hrs in AML
conditioned medias. In the final hour of incubation LCFA-BODIPY C12 was added to
the media (1uM). DAPI nuclei dye (5uM) was added for 1 minute before the media
was removed and the cells imaged in fresh control media (Figure 4.17). Images from
this experiment were not analysed. Due to the addition of fresh media for imaging,
uptake and use of the LCFA-BODIPY C12 continued during the imaging which would
likely change results. Images were also taken using a bright field filter and were not
of high enough quality to easily make out the cell membranes of the hepatocytes.
This would have made analysis challenging and therefore further optimisation of the

protocol was required.

Control MN1 HOXA9/MEIS1

Figure 4.17 Primary murine hepatocytes differentially take up LCFA BODPIY
Cl2in response to AML conditioned media.

Representative images of primary hepatocyte isolated from C57BIl/6 mice were treated for
16hrs with control media or media conditioned by MN1 or HOXA9/MEIS1 cells. In the last hour
LCFA BODIPY C12 was added. Cells were washed and fresh media added for imaging. Blue
= DAPI, and Green = LCFA BODIPY C12.
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To improve upon the previous experiment incubation with the conditioned media and
LCFA-BODIPY C12 remained the same. After the full 16hours all media was removed
and the hepatocytes were fixed with formaldehyde (4%, 7.4pH) for 20 minutes, this
prevented any further uptake or utilisation of the LCFA-BODIPY C12. Blocking and
staining with Phalloidin (1:800) prevented background, non-specific staining and
stained the actin cytoskeleton to more easily visualise the cell structure of the
hepatocytes for further analysis. Several washes with PBS and imaging the wells with
fresh PBS further improved the image quality, removing non-specific staining, thus

making this set of images better for analysis (Figure 4.18).

Contrl _ MN1 HOXA9/MEIS1

Figure 4.18 Visibly less LCFA-BODIPY C12 taken up by hepatocytes pretreated
with AML conditioned media.

Representative images of primary hepatocytes isolated from C57BI/6 mice pre-treated with
control media or media conditioned by MN1 cells or HOXA9/MEIS1 cells for 16hrs, prior to
addition of LCFA-BODIPY C12. Blue = DAPI, Red = 3-actin, and Green = LCFA-BODIPY C12.
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Images from the above experiment were analysed by creating a pipeline in
CellProfiler. Images were run through a threshold to remove any lingering
background staining. The DAPI channel was used to identify the nuclei. Hepatocytes
are often multi-nucleated, and it was therefore important to assess what quantified a
cell. The nuclei were masked and expanded to fill the rough size indicated by the B-
actin staining. This mask was added to the LCFA-BODIPY C12 images on the FITC
channel, and only signal within these masks was measured to give the intensity of
LCFA-BODIPY C12 taken up by the treated hepatocytes (Figure 4.19A). Results
show that both MN1 and HOXA9/MEIS1 conditioned medias significantly reduced the
uptake of LCFA-BODIPY C12 when compared with controls (Figure 4.19B). This
further supports the previous data in this project, suggesting that BM AML alter FA

uptake by hepatocytes, disrupting the normal function.
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Figure 4.19 LCFA-BODIPY C12 uptake is decreased in primary hepatocytes
treated with AML conditioned media.

A) CellProfiler pipeline used to analyse images of immunofluorescent stained primary
hepatocytes. B) Intensity of LCFA-BODIPY C12 in wells with primary murine hepatocytes
treated for 16hrs with control media or media conditioned by MN1 cells or HOXA9/MEIS1 cells
(n=6). Data are expressed as mean = SD. Statistical significance was calculated using

Kruskal-Wallis H test with Tukey’s multiple comparison test. ** p < 0.01, and ***x p < 0.0001.
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4.8 Summary

In this chapter | have shown that AML engraftment in the BM alters liver metabolism
pathways. Bulk RNAseq of the livers showed that FA metabolic pathways were
among the most downregulated. RT-qPCR analysis has shown both in vivo and in
vitro that genes associated with different stages of FA metabolism are downregulated
in response to AML secreted factors. Flow cytometry of the liver immune cells further
confirms that this is a cell-cell independent mechanism. Functional analysis and
immunofluorescent imaging of hepatocyte FA uptake indicates that inhibition of gene
expression is carrying over to protein production. AML causes reduced Fatp2 protein
expression in vivo and in vitro AML conditioned media reduces hepatocyte FA uptake
capacity. Furthermore, by altering the FA uptake by the hepatocytes, AML
conditioned media also reduces the FA metabolism and respiration by the
hepatocytes. These data support the hypothesis that AML alters FA metabolism in
the liver, the next chapter aims to elucidate the mechanism by which AML in the BM

is able to act on the liver.
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5. AML secreted HGF inhibits PPARa mediated liver FA

metabolism.

5.1 Introduction

During cycles of feeding and fasting the liver receives a multitude of signals to
regulate the uptake, breakdown, synthesis, storage, and release of FA (269).
Different cell types have been shown to release cytokines in times of stress to signal
an increased need for FA to enter the serum and increase availability as a source of
energy (385, 386). For example, to keep up with the demand for new immune cells,
during an infection HSC upregulate all forms of metabolism, thus requiring an
increase in metabolites (38). It is known that HSC, like AML blasts, are metabolically
plastic and reprogramme BMSC to access metabolites, but in severe cases such as
sepsis, this is not sufficient and mobilisation of metabolites from around the body is
required (11, 387). The liver is the master regulator of circulating FA and as such it
is imperative that it can respond body’s requirements (269). Sepsis induces an
inflammatory response, causing systemic release of pro-inflammatory cytokines such
as IL-1B, IL-6, and TNFa (388, 389), as well as elevating other cytokines such as
HGF (390). The listed cytokines can act on the liver to alter metabolism. During sepsis
reduced liver PPARa signalling aids in a starvation response, elevating serum FFA
(391). Some malignancies have also been shown to alter liver metabolism. For
example, in colorectal cancer release of IL-6 acts on the liver, improving metabolite
availability for use by the tumour (250). Other cancers, such as ovarian cancer, lung
cancer and lymphoma are implicated to have high serum FA, which is often indicative
of a poorer prognosis (346, 392, 393). While not widely researched, it could be

suggested that increased serum FA is linked to altered liver FA metabolism.

In the previous chapter | established that AML acts on the liver to alter FA
metabolism. | showed that AML conditioned media also downregulates liver FA
metabolism genes and impairs FA uptake in primary murine hepatocytes. This
suggests that AML releases factor(s) into the blood that act on the liver. In this next
chapter | aim to elucidate the factor(s) that AML releases, and which of these can
alter liver FA metabolism. Once | ascertain the factor(s), | aim to investigate whether
liver FA metabolism can be restored via these factors. Furthermore, | aim to
understand the mechanism by which AML released factor(s) act on hepatic cells and

whether altering the liver metabolic state can impede AML survival and progression.
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5.2 AML secreted HGF and IL-18 downregulates FA

metabolism genes in hepatocytes.

The experiments from the previous chapters have shown that AML acts on the liver,
via secreted factors, to downregulate FA metabolism genes, reduce FA uptake, and
increase serum levels of FFA for the tumour to access from the blood supply in the
BM. We know it is a secreted factor that is acting on the liver as FIGURE 4.4 shows
that there is <5% engraftment of AML blasts in the liver. This is further supported in
vitro by media conditioned by AML cells downregulating FA metabolism in primary
murine hepatocytes. Therefore, the next step was to investigate the factor/s which
AML secretes, which are involved in FA metabolism. For this Proteome Profiler
Cytokine Arrays were performed on control mouse serum, serum from mice engrafted
with MN1 or HOXA9/MEIS1 cells (as described in the confirmed model), and media
conditioned by MNL1 cells or HOXA9/MEIS1 cells (Figure 5.1A). Pathway analysis of
the cytokines from the array kit were used to create heat maps for FAO, OXPHOS,
and Glycolysis. G-CSF, HGF, and IL-18 were all elevated on the arrays treated with
MN21 (Figure 5.1B) or HOXA9/MEIS1 (Figure 5.1C) mouse serum or conditioned
media when compared to control mouse serum. Interestingly IL-6, a target that was
expected to be high in AML conditions, was not elevated in either AML mouse
serums, and was only slightly elevated in HOXA9/MEIS1 conditioned media. This
experiment highlighted 3 AML secreted cytokines to take forward for further

investigation.
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Figure 5.1 Cytokines associated with FA metabolism are elevated in response
to AML.

A) Schematic of experimental design. Serum from control mice or mice engrafted with MN1 or
HOXA9/MEIS1 cells, or conditioned media from both cell lines were used to perform a
proteome profiler cytokine array. Heat maps were produced for cytokines involved in FAO,
OXPHOS, and glycolysis. Data is of the chemiluminescence for B) MN1 and C) HOXA9/MIES1

serum and conditioned media vs control mouse serum.

Next, primary hepatocytes isolated and pooled from 2 C57BI/6 mice were incubated
with G-CSF (100ng/mL), IL-1B (10ng/mL), or HGF (2ong or 200 ng/mL). HGF was
given at 2 doses as it is known to have pro- and anti-mitotic affects at low and high
doses (394). After 16hrs of incubation media was removed and RNA isolated from
the hepatocytes was used to perform RT-gPCR. Analysis shows that G-CSF had no
significant effect on the FA metabolism genes, and therefore was not taken forward
for any further experiments (Figure 5.2A). Both IL-13 and HGF (at both doses) treated
hepatocytes downregulated 3 of the 4 tested FA metabolism genes when compared
to control treated hepatocytes (Figure 5.2B & C).

133



A Cptia Acadm Hmgcs2 Fatp2
3 3 34 ns 34
o
&2 ns S 2 824 8 24 ns
c c ns c c
© © © (3]
G ° G S o G )
o ° o O] o o Ol
o 1 A o 1 o 1 o 1
L [V (TR 'R
0- N 0- 0- 0- N
S < S > < S <
& P & P & P & P
@) & O @ @) ] ) @
B Cpti1a Acadm Hmgcs2 Fatp2
2.0+ - 2.0+ 2.0+ s 2.0+
% * %
ﬂ31'5_ o qJ1.5_‘ q)1.5_ q)1.5_‘ o
g 2 g 2
240 2.0 244 2404
51.0 51.0 51.0 $1.0
ke ke, 9 = 010 o o
[} (=] o [} [<]
& 0.5+ 0.5 X| “os5- 5| “o0.5 o};
0.0- 0.0 0.0 . 0.0 .
A 3 N
~ R o~ R & R L N
C Cpt1a Acadm Hmcgs2 Fatp2
, s . LLE
2.0+ 2.0+ 2.0+ 2.0+ *
* %k %k ns * 5
o 1.5 o154 o o 1.5 o 1.5
[=)] (=)} © ()} ()}
& olo & & &
51.0 51.04 S 1.0 51.04
o ke ke ke) °
o o o o
% 0.5 % 0.5 0.5 % 0.5
0.0- 0.0- .0-
& 0‘@’19{9 @(@ o“‘o\@@ Q@q C\{‘& fﬁ’(@ QQQQ
Q o KLY v XY v o LY P
(@) ) Q\(o C;( (OXC) C,§< (OO C,§<
S & A

Figure 5.2 Primary murine hepatocyte FA metabolism genes are

downregulated by IL-18 and HGF.
Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. Analysis was performed on RNA

lysates from C57BI/6 primary hepatocytes. Hepatocytes were treated for 16hrs with A) G-CSF
(200ng/mL), B) IL-1B (10ng/mL), or C) HGF (20ng/mL or 200ng/mL) and compared with
hepatocytes treated with control media (n=6). Data are expressed as mean + SD. Statistical
significance was calculated using Mann-Whitney U test or Kruskal-Wallis H test with Tukey’s

multiple comparison test. * p < 0.05, ** p < 0.01 *** p < 0.001, and ns = non-significant.
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The previous experiment shows that both IL-18 and HGF significantly downregulate
the expression of genes at different stages of FA metabolism. Although elevated in
AML literature has shown that IL-1( is found at lower concentrations in the blood than
the dose given in the last experiment (395). Thus, a more clinically relevant dose of
1ng/mL was added to the primary hepatocytes for the next experiment. RT-qPCR of
the RNA from hepatocytes treated for 16hrs with the IL-13 show that Cptla, Hmgcs2,
and Fatp2 but not Acadm are significantly down regulated by the lower dose of IL-1]3

when compared with control treated hepatocytes (Figure 5.3).
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Figure 5.3 Low dose of IL-1B8 downregulates primary hepatocyte FA genes.

Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2 for primary murine hepatocytes
treated for 16hrs with IL-18 (1ng/mL) vs controls (n=6). Data are expressed as mean + SD.
Statistical significance was calculated using Mann-Whitney U test t. *x p < 0.001, *xx p <

0.001, and ns = non-significant.
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The next experiment aimed to investigate whether inhibition of IL-18 would rescue
the expression of FA metabolism genes in hepatocytes treated with IL-13 (Figure
5.4A), MN1 conditioned media (Figure 5.4B) or HOXA9/MEIS1 conditioned media
(Figure 5.4C) or each in combination with mAb when compared to control treated
hepatocytes. RT-gPCR analysis shows that there is no change when the neutralising
monoclonal IL-1B antibody was added to any of the treatment conditions. This is
inconclusive as it suggests that the mAb is not working as it is designed to. It would
be expected that the mAb would have an inhibitory effect on the IL-1[3, as it is
designed against the cytokine. It can therefore not be concluded whether blocking IL-
18 would have a restorative effect on FA metabolism gene expression in primary
hepatocytes treated with MN1 or HOXA9/MEIS1 conditioned media. Further testing

of the antibody or use of another inhibitor would be required for confirmation.
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Figure 5.4 Mouse IL-18 monoclonal antibody (mAb) did not rescue FA
metabolism genes in hepatocytes.

Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. Primary murine hepatocytes were
treated for 16hrs with mAb (5ug/mL), IL-1 B (1ng/mL), media conditioned by MN1 cells or
HOXA9/MEIS1 cells and in combination (n=6) and compared with controls (n=12). Data are
expressed as mean + SD. Statistical significance was calculated using or Kruskal-Wallis H test

with Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01, #** p < 0.001, **** p < 0.0001

and ns = non-significant.
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Additionally, due to limitations around primary hepatocyte supply, while experiments
were conducted for IL-1, so too were further experiments for HGF. Similar to I1L-1[3,
serum levels of HGF are not regularly found in concentrations given in the prior
experiment (396, 397). Therefore, the more relevant dose of 10ng/mL was given to
primary hepatocytes for 16hrs. RT-qPCR from the treated hepatocytes confirmed that
HGF significantly downregulated the expression of Cptla, Hmgcs2 and Fatp2 when

compared with controls (Figure 5.5).
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Figure 5.5 Low dose HGF downregulates primary hepatocyte FA genes.

Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2 for primary murine hepatocytes treated
for 16hrs with HGF (10ng/mL) vs controls (n=6). Data are expressed as mean + SD. Statistical

significance was calculated using Mann-Whitney U test t. *x+x p < 0.001, and ns = non-

significant.
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The next experiment aimed to show that by inhibiting HGF with crizotinib FA
metabolism gene expression could be returned to control levels in primary murine
hepatocytes. For this, hepatocytes were treated for 16hrs with control media,
crizotinib  (100nM) HGF (10ng/mL), MN1 conditioned media, HOXA9/MEIS1
conditioned media, or the treatments were given in combination with crizotinib. RT-
gPCR data analysis from the primary hepatocytes shows that when crizotinib is
added in combination with HGF it has a restorative effect on the FA gene expression.
Data shows significantly elevated expression of Cptla, Acadm, Hmgcs2, and Fatp2
when compared to HGF treated hepatocytes (Figure 5.6A). This effect was not seen
in MN1 conditioned media treated hepatocytes (Figure 5.6B) or HOXA9/MEIS1

conditioned media treated hepatocytes (Figure 5.6C).

In this section | have shown that AML blasts secrete HGF and IL-1B which act on
primary murine hepatocytes, downregulating genes at different stages of FA
metabolism. However, | observe that crizotinib inhibits HGF induced gene regulation
whereas the IL-1B inhibitor did not appear to work biologically. Moreover, both
crizotinib or IL-1B did not reverse the effect of MN1 or HOXA9/MEIS1 conditioned
media on hepatocyte gene expression. This may suggest that these cytokines work

in combination to act on the liver.
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Figure 5.6 Crizotinib rescued FA metabolism expression in HGF treated primary

hepatocytes.
Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. Primary murine hepatocytes were

treated for 16hrs with control media (n=6), crizotinib (100nM) (n=5), A) HGF (10ng/mL) (n=6),
B) MN1 conditioned media (n=6), C) HOXA9/MEISL1 conditioned media (n=6). Each treatment
was also given in combination with crizotinib (n=6). Data are expressed as mean + SD.

Statistical significance was calculated using or Kruskal-Wallis H test with Tukey’s multiple

comparison test. * p < 0.05, ** p < 0.01, **x p < 0.001, and **** p < 0.0001.
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5.3 HGF reduces hepatocyte FA uptake and metabolism.

It is known that both HGF and IL-1(3 play a role in FA metabolism (247, 398-400) and
the previous experiments have confirmed this. Both act to inhibit or activate
downstream effectors which result in downregulation of pathways involved in FA
uptake and lipogenesis (398, 401, 402). Figure 5.1 shows that both AML models in
this project release HGF and IL-18, to further investigate how these cytokines affect
the FA functionality of hepatocytes assays to analyse uptake and respiration were
performed. First primary hepatocytes isolated and pooled from 2 C57BI/6 mice were
treated with HGF (10ng/mL), II-1B (1ng/mL) or control media for 16hrs. In the final
hour LCFA BODIPY C12 was added to the wells (1uM), media was removed and the
cells washed before fixing and permeabilising for staining with phalloidin (1:800). The
wells were then imaged (Figure 5.7A) and analysed using the same pipeline as
Figure 4.19. Interestingly, analysis shows that HGF treatment significantly reduced
the uptake of LCFA BODIPY C12 by hepatocytes (Figure 5.7B) however, treatment
with IL-18 did not have the same affect, showing no significant difference when
compared with control treated cells (Figure 5.7C). These data suggest that it is
predominantly HGF released by AML which is acting on the liver to reduce FA uptake,

thus increasing serum FFA.
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Figure 5.7 Stimulation with HGF reduced LCFA BODIPY C12 uptake in primary

hepatocytes.

A) Representative images of primary murine hepatocytes were pre-treated for 16hrs with IL-
1B (1ng/mL), HGF (10ng/mL), or control media (n=6). LCFA BODIPY C12 (green) was added
for 1hr, followed by fixing and further staining with DAPI (blue), and B-actin (red). LCFA
BODIPY C12 fluorescence intensity was analysed for B) HGF and C) IL-1B treated cells
compared to controls. Data are expressed as mean = SD. Statistical significance was

calculated using Mann-Whitney U test. xx p < 0.001, and ns = non-significant.
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The last experiment showed that HGF reduced FA uptake in primary hepatocytes
and so was further used to stimulate primary hepatocytes to investigate changes in
respiration. Seahorse metabolic flux mitostress kit showed that HGF treatment for
16hrs (10ng/mL) reduced OCR, in comparison to control treatment, of primary
hepatocytes in seahorse base media with palmitic acid as a replacement for glucose
(Figure 5.8A). Analysis of the data showed that HGF significantly reduced both basal
(Figure 5.8B) and maximal (Figure 5.8C) respiration of the primary hepatocytes.
These data show that HGF can reduce hepatocyte capacity for uptake and use of

FA, in keeping with what was seen in AML treatment.
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Figure 5.8 HGF stimulation reduced OCR in primary hepatocytes.

A) Seahorse metabolic flux mitostress kit analysis of primary hepatocytes treated for 16hrs
with HGF (n= 5) control treated hepatocytes (n=5). B) Basal and C) Maximal respiration were
calculated from plots. Data are expressed as mean * SD. Statistical significance was

calculated using Mann-Whitney test. * p < 0.05, ** p < 0.01.
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After performing experiments which suggest that both HGF and IL-1B can inhibit
different mechanisms of liver FA metabolism it was important to confirm that they are
present in the serum of mice with AML. This is important as Figure 5.1 is only one
replicate and therefore could be an outlier. Therefore, serum was isolated from blood
taken at sacrifice from C57BI/6 mice engrafted with MN1 or HOXA9/MEIS1 cells
(1x10°) at the time point where they first showed signs of illness, or control mice.
Samples were frozen at -20°C until analysis could be performed. R&D Elisa assay
kits showed that HGF was significantly elevated in the serum of mice engrafted with
AML when compared to control serum (Figure 5.9A). However, analysis for the IL-13
levels in the serum showed a large spread in the data for each condition and thus no
significant difference with the levels present (Figure 5.9B). This is interesting as the
half-life of HGF is much shorter that IL-1[3, at ~4minutes and ~21minutes respectively
(403, 404). This suggests that HGF is produced in higher quantities and more
consistently than IL-18. However, the detectible limit of the IL-18 ELISA maybe the
problem.
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Figure 5.9 Serum HGF is significantly increased in mice engrafted with AML

Serum was isolated at sacrifice from mice engrafted with MN1 cells or HOAX9/MEIS1 cells
(1x108) as they showed first signs of illness. Serum from mice was used to perform Elisa for
A) HGF and B) IL-1 and compared against control mouse serum (n=4). Data are expressed
as mean + SD. Statistical significance was calculated using Mann-Whitney U test. = p < 0.05,

xx+x P < 0.0001, and ns = non-significant.
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Finally, to ensure that the findings are clinically relevant serum HGF levels were
tested in human serum samples kindly given by patients with confirmed AML and
control patients. Blood was collected from patients at the Norfolk and Norwich
University Hospital by Dr Charlotte Hellmich, and the serum isolate by me. Serum
was stored at -20°C until there were 7 replicates for both groups. Analysis of an Elisa
assay kit shows that some AML patients had elevated HGF in their serum (Figure
5.10).
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Figure 5.10 HGF is elevated in the serum of some AML patients.
Serum was isolated from patient with confirmed AML diagnosis and control patients. Serum
levels of HGF was quantified using ELISA Data are expressed as mean + SD. Statistical

significance was calculated using Mann-Whitney U test. ns = non-significant.
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Table 5.1 outlines the sex, age, HGF serum levels, blast levels and confirmed
mutation for the patient samples. This is a small cohort and therefore nothing
conclusive can be drawn from it. Only 3 of the cohort are female, the average age of
the AML patients is 70.71 years, whereas the control cohort has an average of over
10 years younger at 59.71 years. There is no correlation between the highest blast
percentage and serum HGF levels. It is of interest that 2 of the samples with the
highest HGF levels have tp53 mutations, while the sample with the highest serum
HGF is of unknown mutation. As previously stated, this is too small a cohort to draw

conclusions but shows that some human AML patients have elevated serum HGF.

Table 5.1 Patient details for collected samples.
Confirmed AML and control patients, at the Norfolk and Norwich University Hospital,

consented to donate blood samples for research purposes. Presented is the patient; age, sex,

confirmed mutation, % blasts in BM samples, and serum HGF levels.

Confirmed Blasts Serum HGF
Number = Age .
mutation present (%) (pg/mL)
CEBPA, IDH2,
AML 1 77 M 15 1807.253
SRSF2
AML 2 63 M TP53 68 7314.36
AML 3 73 M TP53 80 5457.238
Trisomy 8 and
AML 4 57 F 88 811.8028
FLT3, TKD
AML 5 80 M not specified 70 13016.34
AML 6 60 M DDX41 66 1112.018
AML 7 85 M not specified 48 1080.944
Control 1 82 M N/A N/A 1281.614
Control 2 61 M N/A N/A 996.4099
Control 3 = 66 F N/A N/A 1201.82
Control 4 47 M N/A N/A 2095.356
Control 5 45 M N/A N/A 2183.05
Control 6 40 M N/A N/A 1541.537
Control 7 77 F N/A N/A 1362.988
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5.41n vivo stimulation with HGF or IL-18 downregulates FA

metabolism genes in mouse livers.

After confirming in vitro that both HGF and IL-1B down regulate gene at different
stages of FA metabolism in primary hepatocytes, the next step was to test this in vivo.
This shows whether the cytokines found in the serum have an effect in the whole
system or whether there are compensatory measures to respond to excess
stimulation. To achieve this C57BI/6 received an IP injection of HGF (0.1mg/kg), IL-
1B (0.025mg/kg), or vehicle control (PBS) at 6 or 3hrs before sacrifice. Livers were
isolated from the mice for RNA extraction (Figure 5.11A). RT-gPCR of the isolated
liver RNA for Cptla, Acadm, Hmgcs2, and Fatp2 showed no significant difference at
either 6 or 3 hours of HGF (Figure 5.11B) or IL-1B (Figure 5.11C) stimulation when
compared to the livers from mice which received the vehicle control. The low n
number may account partially for this as there is a wide range of fold change for some

of the genes and it also reduces the power of statistical analysis.
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Figure 5.11 Mice stimulated with HGF and IL-1B did not have altered liver FA
metabolism genes.

A) Schematic of experimental design. C57BI/6 mice received intraperitoneal injections of B)
HGF (0.1mg/kg) or C) IL-1B (0.025mg/kg) for 6hrs or 3 hrs prior to sacrifice. Whole liver RNA
lysates were analysed for gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. Data are
expressed as mean + SD. Statistical significance was calculated using Kruskal-Wallis H test

with Tukey’s multiple comparison test ns = non-significant.
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One reason the previous experiment may not have garnered the results expected
may have been the duration with which the cytokine treatments were left for. The
half-lives of both cytokines are relatively short (395, 405), and the amount of both
HGF and IL-13 suggest a more continuous and consistent release of them into the
serum, which is not well represented by one acute dose. To mimic a more sustained
production of the cytokines C57BI/6 mice were IP injected every hour for 6hrs with
HGF (0.1mg/kg) or vehicle control. Mice were sacrificed 15 minutes after the final
injection. The same was initially planned for IL-18 dosing (0.025mg/kg) however this
was not well tolerated by the mice and so they received 2 IP injections an hour apart
and sacrificed after a further 4.25 hours with the other treatment groups. This reaction
is likely to have been caused by the inflammatory response that IL-1B can cause.
RNA was isolated from the livers of these mice for gene expression analysis (Figure
5.12A). Figure 5.12B shows that gene expression of Cptla, Acadm, Hmgcs2, and
Fatp?2 is significantly reduced in the mice treated with sustained HGF treatment. The
dual treatment doses of IL-1 caused a significant reduction in expression of Acadm,
Hmgcs2, and Fatp2 but not Cptla (Figure 5.12C). These data show that both HGF

and IL-1B do downregulate liver FA metabolism genes during sustained dosing.
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Figure 5.12 Repeated stimulation of HGF and IL-18 downregulated FA

metabolism genes in mouse livers.
A) Schematic of experimental design. C57BI/6 mice received repeated intraperitoneal

injections of cytokines and were sacrificed at 6hrs followed by analysis of whole liver RNA
lysates for gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. B) HGF (0.1mg/kg) was
injected every hour for 6hrs. C) IL-1B (0.025mg/kg) was injected at hour 0 and 1 prior to
sacrifice at hour 6. Data are expressed as mean + SD. Statistical significance was calculated

with Mann-Whitney test. * p < 0.05, ** p < 0.01, and ns = non-significant.
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55 AML HGF KD rescues liver FA metabolism in vivo.

Both in vivo and in vitro data showed that HGF acts on the liver to down regulate
genes at different stages of FA metabolism, reduce FA uptake, and reduce the use
of FA for respiration by hepatocytes. Figure 5.9 confirms that the AML models used
in this project release HGF. The next step was to investigate whether inhibiting the
serum HGF would rescue the liver FA metabolism. For this, C57BI/6 mice were
injected with MN1 cells (1x10°). 14 days post IV injection mice received OG Crizotinib
or vehicle control and were monitored for a further 24hrs before sacrifice. The livers
of the mice were isolated for gene expression analysis (Figure 5.13A). RT-gPCR for
Cptla, Acadm, Hmgcs2, and Fatp2 showed downregulation between controls and
MN1 engrafted mice, as expected. There was no significant difference between
control mice and mice which received crizotinib only, although there was a downward
trend in expression of Hmgcs2, and Fatp2 which was unexpected. There was no
restorative effect of Crizotinib treatment with MN1 engraftment. When compared to
the gene expression of liver from MN1 engrafted mice, the Crizotinib treatment made
no significant difference and left the mice with significantly reduced expression of
Acadm, Hmgcs2, and Fatp2 when compared with controls (Figure 5.13B). These data
suggest that Crizotinib inhibition of HGF was not sufficient to rescue the alterations

of FA metabolism caused by HGF released by AML.
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Figure 5.13 Crizotinib treatment did not restore mouse liver FA metabolism.

A) Schematic of experimental design. C57BI/6 mice were injected with MN1 cells (1x10%) and
monitored for 14days. Mice received OG of crizotinib (50mg/kg) or vehicle control and
monitored for 24hrs. Livers were isolated for further analysis. B) Gene expression of Cptla,
Acadm, Hmgcs2, and Fatp2 for control mice (n=>5), crizotinib (h=5), MN1 engrafted mice (n=5),
and MN1 engrafted mice with crizotinib (n=6). Data are expressed as mean * SD. Statistical

significance was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test.

* p < 0.05, *x p < 0.01, and ns = non-significant.
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Next, rather than inhibiting HGF the aim was to KD the production of HGF by AML
cells. MN1 cells were cultured with shHGF or shCon lentivirus (as described in
methods) to create MN1*FFHCFKD gp MN1*FF conKD ce|| [ines (Figure 5.14). It should be
noted that these MNL1 cells still have the GFP tag and the FF tag. RT-gPCR of these
cells show that a significant reduction of Hgf mRNA was achieved, resulting in around
40% KD (Figure 5.14B). The aim of the next in vivo experiment was to see whether
HGF KD would reduce the uptake of FA by the tumour. This was achieved with the
FF tag and the use of FFA tagged with luciferin (FFA-SS-Luci). C57BI/6 mice were
IV injected with MN1*FFHCFKD gr MN1*FFconKD cells (1x106). On day 15 mice received
an 1V injection of FFA-SS-Luci (3mg/kg) and were left for 15minutes before live in
vivo imaging. While anesthetised mice received an IP injection of D-luciferin salt
(150mg/kg) and left for 5 minutes before repeating live in vivo imaging, to confirm
engraftment, followed by sacrifice. Livers were isolated for further analysis (Figure
5.14C).
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Figure 5.14 HGF KD was used to assess alterations in tumoural FA uptake.

A) Schematic of experimental design. MN1 *FF cells were cultured with shHGF lentivirus to
obtain KD of HGF (MN1*FFKDHGF) B) Gene expression Hgf for MN1*FF KD HGF ys for MN1+FF con
HGF (n=5). C) schematic of experimental design using HGF KD. Mice were engrafted with
MNZ1*FF KD HGF yg for MN1*FF con HGF cells (1x108) and monitored for l4days. Mice were
intravenously injected with LCFA conjugated luciferin and left for 15minutes prior to live in
vivo imaging for FA uptake by the tumour. While anaesthetised mice received an
intraperitoneal injection of D-luciferin and in vivo live imaging was performed after 5 minutes
to confirm engraftment prior to sacrifice Data are expressed as mean + SD. Statistical

significance was calculated using Mann-Whitney U test. * p < 0.01.
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It would have been desirable to investigate if HGF KD in engrafted AML cells resulted
in increased FA uptake in the livers of engrafted mice. Unfortunately, this was outside
of the scope of this project. The designed experiment investigates the inverse,
whether KD of HGF in the blasts subsequently reduces the blasts uptake of FA. First
the live in vivo images after the IP injection of D-luciferin and flow cytometry for the
GFP* cells in the BM confirm that there was no significant difference in the
engraftment of MN1*FFHEFKD g MN1*FFconkD cels (Figure 5.15A+B). This allowed for
direct comparisons between the treatment groups. Analysis of the live in vivo images
(Figure 5.15C), taken after IV injection with FFA-SS-Luci, shows that mice engrafted
with MN1*FFHGFKD had significantly reduced FA uptake in comparison to MN1*FF con Kb
engrafted mice (Figure 5.15D). This shows reduced FA uptake by the tumour and
suggests that reduced HGF reduces the available FA for the AML cells to utilise.
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Figure 5.15 HGF KD reduced tumoural LCFA uptake.

A) Representative images of live in vivo imaging of mice engrafted with MN1+FF KD HGF (n=g)
vs for MN1*FF conHGF (n=6) cells (1x10°) after IP injection with D-luciferin. B) Engraftment was
further confirmed using flow cytometry C) Representative images of live in vivo imaging of
mice engrafted with MN1*FF KD HGF (n=6) vs for MN1*FF con HGF (n=6) cells (1x108) after IV
injection with LCFA conjugated luciferin. D) LCFA uptake was quantified from bioluminescence
images using Fiji ImageJ. Data are expressed as mean + SD. Statistical significance was

calculated using Mann-Whitney U test. ** p < 0.01, and ns = non-significant.
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Livers from mice engrafted with MN1*FFHGFKD or MN1*FFconKD cells and control mice
were isolated at sacrifice and extracted RNA was used to perform RT-qPCR for
Cptla, Acadm, Hmgcs2, and Fatp2. Results show that HGF KD in engrafted MN1
cells has a positive effect on the liver gene expression of Cptla, and Fatp2 where
gene expression is significantly higher in the liver of mice engrafted with MN1*FFHGF
KD cells when compared to the livers of mice engrafted with MN1*FF con KD ce||s,
However, for Cptla the gene expression is still significantly lower than what is seen
in control mouse livers. Interestingly, although engraftment of MN1*FFHGFKD cells did
not significantly increase expression of Acadm or Hmgcs2, in comparison to MN1*FF
con KD engraftment, the liver gene expression in these mice is not significantly lower
than the expression of Acadm, and Hmgcs2 in control mouse livers (Figure 5.16)The
data from this in vivo KD experiment show that that HGF-KD in AML cells engrafted
into mice improves liver FA metabolism gene expression. Furthermore, the tumour in
these mice has reduced FA uptake. This suggests that improved liver FA metabolism

reduces available FA for AML blasts in the BM to utilise for survival and proliferation.
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Figure 5.16 HGF KD partially rescued liver FA metabolism gene expression.

Gene expression of whole liver lysates from mice engrafted with MN1*FF KD HGF (n=6), MN1+FF
con HGF (n=6) cells (1x108), and control mice (n=6) for Cptla, Acadm, Hmgcs2, and Fatp2. Data
are expressed as mean + SD. Statistical significance was calculated using Kruskal-Wallis H

test with Tukey’s multiple comparison test. * p < 0.05, #* p < 0.01, *** p < 0.001, **** p <

0.0001, and ns = non-significant.
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5.6 AML secreted HGF acts on PPARa to reduce liver FA

metabolism.

The final aim of this project was to investigate the mechanism by which AML secreted
HGF acts on the liver to inhibit FA metabolism. Kegg enrichment pathway analysis of
the RNAseq for livers of AML engrafted mice, highlighted PPAR pathways as
significantly downregulated. PPARs are transcription factors which act on genes
involved in pathways such as proliferation, migration, and FA metabolism. One of the
main groups of activators is FA, creating a positive feedback loop (223). The
predominant PPAR found in the liver is PPARa, and it is a transcription factor for
genes such as Cptla and Fatp2 (314). HGF has been shown to inhibit lipid
accumulation and cholesterol overload in a number of cell types, including
hepatocytes (406-409), and has been used to aid with treatments for insulin

resistance as it can upregulate glucose transport proteins (410, 411).

Little research has been done to connect these pathways in the context of FA
metabolism and therefore the first experiments aimed to investigate whether HGF
secreted by AML or recombinant murine HGF significantly reduced Ppara expression
in the liver. To test this in vivo the previous models were used. Mice engrafted with
MN1 or HOXA9/MEIS1 cells were monitored until the first signs of iliness, at which
point they were sacrificed and their livers isolated (Figure 5.17A). RT-gPCR of the
extracted DNA shows significantly reduced Ppara for both MN1 or HOXA9/MEIS1
engrafted mice in comparison to controls ( Figure 5.17B). Mice that received
sustained HGF IP injections (6x0.01mg/kg) also had significantly reduced liver Ppara
expression when compared with controls (Figure 5.17C+D). The third model utilised
the MN1*FFHGFKD gnd MN1*FFconKD cells to test whether KD of HGF in the AML cells
could restore liver Ppara expression. Although expression was still significantly lower
than control mice, MN1*F HGF KD engrafted mice had significantly higher Ppara

expression than MN1*F con KD engrafted mice (Figure 5.17E+F).
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Figure 5.17 Ppara expression is downregulated by AML and HGF in vivo.

A) Mice were engrafted with MN1(n=7) or HOXA9/MIES1 (n=8) cells (1x106) and monitored
until the individual first sign of illness. B) liver Ppara expression was analysed and compared
with controls (n=10). C) Mice received IP injections of HGF (0.1mg/kg) or vehicle control every
hour for 6 hours (n=5). D) Ppara gene expression of whole liver lysates E) mice were
engrafted with MN1+FFKDHGF gr MN1+FF con HGF cells (1x108, n=6). E) Gene expression for Ppara
was further compared with control mice (n=6). Data are expressed as mean + SD. Statistical
significance was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test
or Mann-Whitney U test. * p < 0.05, ** p < 0.01, and ***% p < 0.0001.

Next, down regulation of Ppara expression was confirmed in vitro using primary
murine hepatocytes. Cells were cultured with recombinant HGF or AML conditioned
media for 16hrs, followed by RNA extraction (Figure 5.18A). RT-gPCR confirmed that
hepatocyte Ppara was significantly reduced by AML conditioned medias, in
comparison to control media (Figure 5.18B). Expression was also significantly
reduced in primary hepatocytes treated with HGF when compared with control
hepatocytes (Figure 5.18C). The data from these experiments confirm that Ppara
RNA expression is inhibited in vivo and in vitro by AML secreted cytokines, of which
HGF has been shown to be a major contributor. This effect can be moderately
rescued by the Hgf-KD in MN1 AML cells, thus providing another potential target for
inhibiting the effect of AML secreted HGF on the liver.
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Figure 5.18 Ppara downregulated in primary hepatocytes by AML conditioned
media and recombinant HGF.

A) Schematic of experiments. Primary hepatocytes isolated from C57BIl/6 mice were
pretreated for 16hrs with B) MN1, HOXA9/MIES1 conditioned media, or control media (n=6)
followed by analysis of gene expression for Ppara. C) Ppara gene expression of primary
hepatocyte pretreated for 16hrs with HGF (10ng/mL). Data are expressed as mean + SD.
Statistical significance was calculated using Kruskal-Wallis H test with Tukey’s multiple

comparison test or Mann-Whitney U test. *x p < 0.01, and s p < 0.0001.
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5.7 PPARa agonism impairs AML progression by rescuing

liver FA metabolism.

The previous experiments have shown us that HGF inhibits Ppara expression in vitro,
HGF inhibitors are not readily available and genetic manipulation is both expensive
and difficult to develop due to the need for it to be targeted. Conversely there are a
number of PPAR agonists already used in treatments (412). One of these is the
fenofibrate, which is PPARa specific. As a readily available drug it was used to
investigate whether agonism of PPARa ameliorates the effect of AML secreted HGF.
This was firstly tested in vitro, primary murine hepatocytes culture plates were set up
with control media, fenofibrate (10uM), MN1 or HOXA9/MEIS1 conditioned media, or
recombinant HGF (10ng/mL), and combinations of fenofibrate with these treatments.
RT-gPCR data shows that PPARa agonism rescues the expression of Cptla, Acadm,
and Hmgcs2 when fenofibrate is added to MN1 conditioned media treatment on
primary hepatocytes (Figure 5.19A). Fenofibrate in combination with HOXA9/MEIS1
conditioned media only significantly improved the expression of Hmgcs2, although
there is an upward trend for the expression of Cptla (Figure 5.19B). Similar to the
combination with MN1 conditioned media, fenofibrate rescued the expression of
Cptla, Acadm, and Hmgcs2 in primary hepatocytes treated with HGF (Figure 5.19C).
It is of interest that fenofibrate alone only upregulated expression of Acadm and
Hmgcs2. This may be due to the duration of the experiment. Both Acadm and
Hmgcs2 are expressed within the mitochondria of cells and are involved in latter
stages of FA metabolism, whereas Fatp2 and Cptla are involved in the uptake and
transport of FA. Another reason may be that the primary hepatocytes treated with
fenofibrate have had no stress stimuli and therefore are likely to have sufficient LD.
Thus, feedback loops may induce downregulation of Fatp2 and Cptla to prevent
further uptake and toxicity that FA accumulation can cause. These data are promising
in showing that PPARa agonism could be used to restore liver FA metabolism to

impede AML progression.
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Figure 5.19 Agonism of Ppararescues some FA metabolism gene expression
in primary hepatocytes stimulated with AML conditioned media or HGF.

Gene expression of Cptla, Acadm, Hmgcs2, and Fatp2. A) Primary murine hepatocytes were
treated for 16hrs with control media (n = 12), fenofibrate (10uM/mL), MN1 conditioned media,
or in combination (n = 6). B) Primary murine hepatocytes were treated for 16hrs with control
media (n = 12), fenofibrate (10uM/mL), HOXA9/MIES1 conditioned media, or in combination
(n = 6). C) Primary murine hepatocytes were treated for 16hrs with control media (n = 12),
fenofibrate (10pM/mL), HGF (10ng/mL), or in combination (n = 6). Data are expressed as
mean + SD. Statistical significance was calculated using or Kruskal-Wallis H test with Tukey’s

multiple comparison test. * p < 0.05, **% p < 0.001, **** p < 0.0001 and ns = non-significant.

Before any in vivo experiments could take place, it was important to ascertain
whether fenofibrate itself was toxic to MN1 AML cells. To do this MN1 cells were
cultured in rising concentrations of fenofibrate (0, 1, 10, and 50uM) for 24hrs. A cell
viability assay confirmed that fenofibrate is non-toxic to MN1 cells (Figure 5.20). For
further in vivo experiments this shows that any differences in engraftment, FA
metabolism and gene expression is due to the actions of the drug and not because

of toxicity to the AML cells.
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Figure 5.20 Fenofibrate is not toxic to MN1 cells.

MNZ1 cells were cultured for 24hrs with rising concentrations of fenofibrate (0, 1, 10, and 50uM).
Cell titre glo assay was performed to assess viability. Data are expressed as mean + SD.
Statistical significance was calculated using or Kruskal-Wallis H test with Tukey’s multiple

comparison test.
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Next, C57BI/6 mice were injected with MN1 cells (1x10°) and monitored, mice were
given OG fenofibrate (50mg/kg) or vehicle control for 7days and sacrificed 24hrs
following the final dose (Figure 5.21A). Flow cytometry of the BM for GFP* MN1 cells
shows that PPARa agonism by fenofibrate treatment significantly reduced the
engraftment of MN1 cells (Figure 5.21B). Flow cytometry of the GFP* population was
also used to assess the neutral lipid content, after incubation with lipidtox (1x). The
results show that MN1 cells from mice treated with fenofibrate had less neutral lipid
content than MN1 cells from mice treated with the vehicle control (Figure 5.21C).
These data show that PPARa agonism reduces AML engraftment and reduces the

storage of neutral lipids, thus suggesting reduced uptake by the AML blasts.
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Figure 5.21 Fenofibrate treatment reduces AML engraftment and neutral lipid
storage.

A) Schematic of experimental design. Mice were engrafted with MN1 cells (1x108) and given
daily OG fenofibrate (50mg/kg) or vehicle control (n=6) for 7 days from day 10. Mice were
sacrificed 24hrs after the final dose. B) Flow cytometry of the BM for the GFP* MNL1 cells. C)
Flow cytometry of the GFP* BM population for HSC lipidtox (1x) neutral lipid staining (MFI).
Data are expressed as mean = SD. Statistical significance was calculated using Mann

Whitney U test. * p < 0.05, and ** p < 0.01.
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To investigate whether PPARa agonism by fenofibrate treatment had a restorative
effect on the livers of mice with MN1 engraftment, livers were isolated for RNA
extraction and RT-gPCR analysis for Cptla, Fatp2, and Ppara. Gene expression
shows that when mice engrafted with MN1 cells were treated with fenofibrate, there
was a significant increase in the expression of Fatp2, and Ppara when compared to
MN21 engrafted mice treated with a vehicle control (Figure 5.22). This shows that
PPARa agonism can supress the alterations induced by AML secreted HGF. Further
analysis of the isolated livers would be valuable to ascertain whether more genes

involved in the FA metabolism pathway can be rescued by PPARa agonism during

AML progression.
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Figure 5.22 Fenofibrate treatment rescues liver FA metabolism genes.

Livers were isolated from control mice or mice engrafted with MN1 cells (1x108) that were
given daily OG fenofibrate (50mg/kg) or vehicle control (n=4) for 7 days from day 10 post
injection. RT-gPCR of extracted RNA was performed for Cptla, Fatp2, and Ppara. Data are
expressed as mean + SD. Statistical significance was calculated using Mann Whitney U test.

* p < 0.05, and ns — non-significant.
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Finally, serum was isolated from the mice treated with either vehicle control or
fenofibrate, in the presence or absence of MN1 engraftment, upon sacrifice. The
serum was analysed for LCFA using mass spectrometry. Statistical analysis of the
total FFA shows that PPARa agonism with fenofibrate significantly reduced the FFA
content in MN1 engrafted mice, similar to levels seen in control mice. It is interesting
to note that the composition of the serum, in regard to the LCFA that make it up, is
altered by MN1 engraftment. MN1 engraftment causes C20.5 to be the most
abundant LCFA in the serum, whereas in control mice have the greatest abundance
of C18.2, unlike the MN1 engrafted, fenofibrate treated mice which had proportionally
more C16 (Figure 5.23).

These last experiments show that the alterations to liver FA metabolism induced by
AML engraftment in mice, can be restored by PPARa agonism. Fenofibrate resulted
in reduced availability of FA in the serum for AML blasts to utilise. Therefore, blasts
had to metabolise their neutral lipid stores for survival, which stalled engraftment and
progression. These data show a potential new target for therapeutics to slow AML

progression.
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Figure 5.23 Fenofibrate treatment restored serum FFA in mice engrafted with AML.
Serum was isolated from control mice or mice engrafted with MN1 cells (1x10°) that were given daily OG fenofibrate (50mg/kg) or vehicle control (n=4) for 7
days from day 10 post injection. Serum was analysed by mass spectrometry for different length LCFA as well as total FFA. Data are expressed as mean +

SD. Statistical significance was calculated using Kruskal-Wallis H test with Tukey’s multiple comparison test. *x p < 0.01, **x p < 0.001, and **x*x p < 0.0001.
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5.8 Summary

In this chapter the data has established that the two models of AML used in this
project secrete HGF and IL-13, which act on primary hepatocytes to down regulate
FA metabolism genes at multiple steps of the pathways. HGF was found to reduce
uptake of FA by primary hepatocytes and when given in vivo a sustained dose time
also down regulated genes associated with FA metabolism. Further investigation is
required to see whether pharmacological inhibition of HGF or IL-13 can have a
restorative effect of FA metabolism both in vivo and in vitro. The data showed that
Hgf KD in murine AML blasts impeded tumour uptake of LCFA in vivo and had a
restorative effect on gene expression in the liver. Together sequencing data from
Chapter 4 and RT-qPCR data, of extracted livers and primary hepatocytes stimulated
with AML or HGF, showed that downregulation in liver FA metabolism was associated
with PPARa. Agonism of PPARa with fenofibrate was able to rescue gene expression
in primary hepatocytes after stimulation with HGF or MN1 conditioned media and had
a modest effect in the livers of MN1 engrafted mice. Moreover, fenofibrate treatment
reduced serum FFA availability, resulting in AML blasts accumulating significantly
less intracellular neutral lipids and stalling progression of the tumour. These data
identify that although AML is a BM malignancy, benefit can be drawn from looking at
other organs of the body. Further research into improving liver FA metabolism may

lead to new combination treatments for improvements to quality of life and prognosis.
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6. Discussion

6.1 General discussion

AML is a fatal haematological malignancy which remains incurable despite decades
of research and improvements to treatments. The current treatments utilise intensive
chemotherapy regimens and stem cell allografts (161). This removes the majority of
the AML cells; however, relapse is common due to some cells being resistant and
remaining within specialised BM niches. Not only are there specialised niches which
protect the blasts, but it has been well documented that AML remodels the niche to
create a more permissive niche. The metabolic plasticity and hijacking of normal HSC
processes allows the blasts to access increased FA, AA and mitochondria (33, 209,
219). Recent advances have created strategies such as the BCL-2 inhibitor
(venetoclax) in combination with hypomethylating agents (168). This targets the
acquired mitochondria to induce apoptosis within the specialised niches, with the aim
to further remove lingering blasts. However, research by Stevens et al, has shown
that AML blasts can be resistant to this strategy by utilising FA metabolism (375). As
such, the present study into how AML acquires more FA is timely. Before performing
this study, current literature shows that AML expands within the BM, greatly reducing
the available FA within the niche and therefore acquires FA from the serum, where
they are significantly elevated during disease progression (233). It has also been
shown that AML has aberrant production of cytokines such as HGF and IL-13. These
cytokines have been shown to mediate growth, survival, and metastasis of AML within
the BM (395, 413). However, little research has been performed to look at the
systemic effect of these secreted cytokines. This further highlights the potential of
therapeutics against these cytokines, both directly against AML progression and
targeting systemic metabolic alterations to further slow AML growth and to improve
patient comfort. Understanding how AML influences the liver, which is the major organ
that controls serum fatty acids, to access FA may illuminate new druggable targets

for novel therapies.

In this thesis | have shown that AML induces systemic metabolic changes and
specifically alters FA metabolism in the liver. | have investigated the mechanism by
which AML secreted HGF acts on the liver to downregulate genes associated with FA

metabolism and reduces FA uptake, resulting in increased serum FA.
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6.2 Key findings

6.2.1 AML alone induces systemic metabolic alteration in a

murine model.

In this thesis | have shown that AML engraftment in mice induces systemic metabolic
changes. Importantly, | have shown that AML alone causes animal weight loss and

raises serum FA.

Studies have investigated the metabolic plasticity of AML and the role it has on AML
progression. Multiple studies have focused on targeting AML metabolism as a method
for delaying disease progression, specifically the ability of AML to hijack functions of
healthy HSC, wherein the tumour is able to reprogramme cells of the BM niche (203,
204, 217, 236, 414). Research has shown that not only is AML able to hijack BMSC
for their mitochondria, but it is also able to induce lipolysis of BM adipocytes (209,
232). In conjunction with this, it has been shown that AML is able to alter which
metabolic pathway is dominant to improve treatment resistance (369). An increasing
body of evidence is showing that that metabolic changes caused by AML are not
isolated to the BM. Research has shown that AML induces a cachectic phenotype,
causing the loss of body mass predominantly in muscle mass and often including the
loss of fat (157, 158). | find that progression of MN1 and HOXA9/MEIS1 cell
engraftment in a murine model induced loss of total body weight, as well as showing
a reduction in the weight of fat pads. Supporting the research indicating that AML,
independent of chemotherapy, induces weight loss. Moreover, studies have shown
that patients with a greater loss of weight or a lower starting weight respond worse to
treatments and have a poorer prognosis (374, 415). These finding support the notion

that AML induces systemic metabolic changes.

The importance of FA metabolism has been highlighted by studies investigating the
role of FA uptake proteins expressed by AML (236, 238). BM adipocytes have
previously been shown to be essential for the survival and proliferation of AML.
Lipolysis of these adipocytes is imperative for the supply of FA to the tumour for
metabolism and production of cellular membranes (188). Blasts have been shown to
upregulate CD36 and FATPs to increase FA uptake, blockade of these processes
impairs proliferation and presents an attractive target for therapeutics (33, 235, 416).

However, evidence suggests that rapid AML expansion leads to patients presenting
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in clinics with minimal BM adipose tissue (189, 417). This suggests that in later stages
of AML progression, blasts access FA from other fat deposits within the body. This is
supported by data in this project showing that AML engrafted mice have reduced
inguinal and gonadal fat pads in comparison to controls. It is unclear what signal, and
mechanism induces the lipolysis of these fat deposits, and was unfortunately outside
of the scope of this project. National statistics indicate that the average person within
the population is getting larger, with an increased incidence of obesity (418). Studies
have shown that there is an increased correlation between obesity and the
development of AML (419), as well as a multitude of other malignancies (420).
Obesity has not only been shown to confer higher chance of developing a malignancy
but has also been shown to increase the risk of dying from the cancer (421).
Furthermore, studies have shown that obese patients diagnosed with AML have a
worse prognosis than their counterparts with healthy BMI measurements (422).
Obese patients have increase adipose tissue and thus a greater source of FA for
malignancy progression. These results indicate the importance of investigating

systemic metabolic changes when targeting cancer metabolism.

The significance of serum FFA has be exemplified in studies outlining the negative
correlation between elevated serum FFA and AML progression and patient prognosis
(233). Similarly, elevated serum FFA has been implicated in other malignancies,
including lung cancer (392), ovarian cancer (350), and B-cell lymphoma (393). These
studies further confirm the requirement of FA from outside of the immediate niche and
highlight the importance of investigating systemic alterations to FA metabolism. In this
study | have shown both by ELISA and mass spectrometry, that AML progression
resulted in elevated serum FFA. Furthermore, lipidomic analysis of the serum FFA
showed that the proportions of different length FA in the serum was different between
control mice and AML engrafted mice. These data may be useful for investigating
which FA AML has a higher dependency on, and whether this is of benefit to more
targeted therapies. This study has shown that even without the addition of AML
treatments, such as chemotherapies, AML induces metabolic changes outside of the

BM microenvironment.
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6.2.2 BM resident AML downregulates liver FA metabolism.

In this study | have shown that AML engrafted in the bone marrow acts on the liver to
downregulate FA metabolism, including FA uptake and FAO.

As outlined above, AML is highly reliant of FA for survival and proliferation. Once
resources are used up in the BM, the mechanism by which FA are acquired is more
complex. The liver is the master regulator of FA metabolism in the body, responding
to different signals to maintain homeostasis or during a stress response, such as
infection (423). During fasting and feeding the liver undergoes cycles of taking up,
storing, synthesising, breaking down, and releasing FA to match with the demands of
the body (269). Studies have shown that this process can be disrupted by metabolic
diseases like NAFLD and diabetes, where excess storage of FA causes toxicity and
systemic inflammation (318, 335). These result in reduced capacity to take up FA and
downregulate the expression of FAO genes and are also associated with elevated
serum FFA (424). In this study bulk RNAseq and RT-gPCR of liver samples have
similarly shown that engrafted AML downregulates FA metabolism and degradation
pathways, despite there being little to no infiltration of AML into the liver. This
alteration to liver FA metabolism highlights the importance of researching the liver in

more than just liver diseases and drug metabolism.

The importance of metabolism in the progression and prognosis of malignancies
cannot be overlooked. High metabolic plasticity is a hallmark of cancers and is an
area of research for developing more targeted and tolerable therapies (425). Some
examples are: Etomoxir, which inhibits FOA by blocking CPT1 (426); Metformin,
although a drug initially developed for the treatment of diabetes it can also target
cancer cell mitochondria function (427). However, these treatments only target the
metabolism within all cells and still affect healthy cells. Studies have shown that
pancreatic and colorectal cancer can both alter host liver FA metabolism, as well as
enhancing their own metabolism (250). Here | have shown that AML conditioned
media reduces FA uptake in primary hepatocytes as well as downregulating FA
metabolism genes. These studies show the potential of malignancies to induce
systemic metabolic changes. Like AML other cancers have high serum FFA
comparative to normal levels, this indicates that these other cancers may also induce
liver metabolic changes. This highlights the importance of the liver when investigating

FA metabolism in cancer research.
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The function of liver FA metabolism is reliant on efficient uptake and secretion of FA.
One of the important uptake proteins is FATP2. In this study immunofluorescent
staining of liver sections showed that the level of FATP2 protein expression was
significantly lower in mice with AML, compared to controls. Studies have shown that
FATP2 is overexpressed in a number of malignant cell types such as breast cancer
and colorectal cancer (230, 377). However, the effect of these tumours on liver FATP2
expression has largely not been studied. In liver diseases, such as NAFLD,
hepatocyte FATP2 protein levels are reduced and uptake of FA into the liver is
reduced and secretion of FA into the serum is increased (377). Reduced hepatic FA
uptake results in higher serum FA which can be utilised by cancer cells for metabolism
and constructing cellular membranes for growth and proliferation. Furthermore,
reduced hepatocyte FA uptake decreases FAO, and ketone body production (248).
Both were seen in the analysis of liver gene expression of Hmgcs2 and Acadm, both
of which were significantly down regulated in AML engrafted mice. These results
highlight that AML has the potential to alter pathways in other organs, rather than just
cells within the immediate niche. Providing the potential for further therapeutic

targeting.

It has been shown that during the course of diseases such as NAFLD, hepatocytes
are unable to respond as efficiently to their metabolic demands for respiration. The
metabolic injury further promotes progression of the disease, creating a cycle of
increased metabolic stress and liver injury (428, 429). In this study | used the
Seahorse metabolic flux mitostress kit to show that AML conditioned media also
disrupts the metabolic response of hepatocytes. This is supported by some rare case
studies in which patients have been reported to exhibit liver injury or failure as an
early presentation of their AML (430-432). It is almost impossible to know whether
liver damage is likely at later stages of the disease progression, as patients are put
on to treatment regimens such as chemotherapy, which are widely acknowledged to
cause some liver damage (433, 434). However, this is an interesting result as it hints
that there are other mechanisms by which the liver damage is occurring, and these

may be targetable for therapeutics.
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6.2.3 AML secreted HGF downregulates liver FA metabolism via

a PPARa mechanism.

One of the major aims of research projects is to identify the mechanism of an
observation. In my thesis | have shown that AML in the BM secretes both HGF and
IL-18 which act on the liver to reduce gene expression of FA metabolism genes,
although only HGF acted to reduce LCFA uptake. | have identified that HGF enacts

these effects via the downregulation of the PPARa signalling pathway.

The cells of the body are constantly communicating with each other via cell-cell
interactions and/or secretion of molecules such as cytokines (435). One of the key
functions of the liver is the ability to respond to these signals within the blood (436,
437). The in vivo and in vitro investigation of AML’s impact on the liver, in this study,
showed that AML secretes factors into the blood which are able to act on the liver.
Cytokine analysis of the serum from mice engrafted with AML and of media
conditioned with AML blasts highlighted HGF and IL-13. This is supported by previous
studies which have shown that human AML secretes HGF (413, 438) and IL-113 (395),
however studies have primarily investigate the role of these cytokines within the niche
as both play a role in the infiltration and progression of AML. Furthermore, studies
show that HGF and IL-1[3 have the capacity to act on the liver and alter FA metabolism
(402, 409). | have shown that stimulating mice and primary hepatocytes with HGF
and IL-1f gene expression of liver FA metabolism, at different stages of the pathways,
is downregulated. Moreover, as in other studies (409), stimulating hepatocytes with
HGF reduced cellular LCFA uptake. These results indicate the importance of HGF
secretion by AML blasts. Not only is it shown to advance the tumour in the BM, but
now in this study it has been shown to aid in the access to FA via interaction with the

liver.

Research has shown that the PPAR signalling pathways are imperative for FA
metabolism in health and in disease (223). Likewise, the balance between PPARaq,
B, and y signalling can provide different responses (439). Downregulation of PPARa
in AML confers protection against apoptosis, as well as improving FA synthesis (440).
Conversely, PPARYy is upregulated in AML blasts and improves FA storage and
promotes the tumour microenvironment via anti-inflammatory regulation (441).
Changes to and balance of PPAR expression is known to be important for the function

of HSC during homeostasis and infection response, altering haematopoieses and FA
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metabolism (442). During sepsis it has also been shown that serum levels of HGF are
elevated and may be secreted with other growth factors in the liver by migratory HSC
(443, 444). In this study | have shown that HGF downregulated the expression of
Ppara in hepatocytes, both in vivo and in vitro. This corroborated with the bulk RNA
sequencing of livers from AML engrafted mice and gene analysis for Ppara in
hepatocytes treated with AML conditioned media. These results suggest that the
inhibitory effect of AML on liver FA metabolism may act via downregulation of the
PPARa pathway. Not only is higher serum HGF found in sepsis, but so too is
disruption to liver FA metabolism and PPAR signalling, resulting in impaired lipid
metabolism in the liver (391, 443). This may suggest that during sepsis HGF secretion
is not only beneficial for liver regeneration and angiogenesis (445), but may also act
on the liver to induce higher serum FA for use by other cells in the body, including
HSC in the BM. The data produced for this project, with other studies, further support
the evidence of HGF production by AML as a potential target for drug development.

Research also shows that other tumours such as gliomas (446), breast cancer (447),
and lung cancer (448) secrete HGF. These studies show that HGF has been
implicated in proliferation, migration and tumour metabolism but research has not
investigated the effect of HGF systemically, especially on the liver. As these cancers
are often associated with high serum FA and body weight loss, it may be an
interesting area for future research. This further highlights the potential of HGF as a
target for therapeutics, not just to delay tumour progression but also to normalise

systemic metabolism, specifically FA metabolism in the liver.
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6.2.4 HGF KD in AML blasts has a restorative effect on AML

induced downregulation of liver FA metabolism.

In this thesis | have shown that altered liver FA metabolism can be rescued via KD of
HGF in AML blasts. Furthermore, data showed that HGF KD in engrafted MN1 cells
reduced their LCFA in the BM.

HGF as a molecule was also separately discovered in hon-hepatic tissues as Scatter
Factor (SF), it was initially thought to be produced by hepatocytes, and only during
development (449). Over the last few decades further research into this molecule,
and its receptor C-MET, have shown that it has multiple roles such as suppressing
apoptosis (450), liver regeneration (451), ECM breakdown (452), and development
of other tissues such as neurones and kidneys (453, 454). As mentioned above HGF
has also been implicated to increase the motility and invasion of tumours including
AML. Therefore, treatments have been developed with the aim to improve
regeneration via increased HGF or conversely to block the HGF/C-MET pathway to
impair cell invasion (455). This study found that AML cells secrete HGF and confirmed
that this alters liver FA metabolism. There is currently no murine blocking or
neutralising antibody for HGF, thus a knockdown was used. | have shown that
knockdown of Hgf in AML blasts restricts their uptake of FA when engrafted into mice.
This may contribute to slower progression of the disease and better survival; however
further investigation is required. Hgf knockdown in AML blasts engrafted into the BM
of mice also restored the gene expression of some FA metabolism associated genes
in the liver of these mice. Analysis of primary human serum samples corroborates
with previous studies that show that some patients present with elevated HGF (456).
This further highlights HGF targeted therapies in combination with traditional
treatments for the treatment of AML. Studies have already started to investigate
blockade or neutralisation of the HGF/C-MET pathway for other cancer treatments.
Anti-HGF antibodies, C-MET inhibitors and HGF gene silencing treatments have
reached clinical trials for cancers such as lung cancer, pancreatic cancer, and breast
cancer, often in combination with chemotherapies or immunomodulators (457-459)
Sadly they could not be used in this study as they have been shown not to bind mouse
HGF. These studies show that there are already human anti-HGF treatments which
may be safe for the treatment of AML. However, it should be noted that the aggressive
nature of AML may mean that blockade of HGF may be of more benefit during

consolidation treatment as it may not benefit the patients at an induction stage.
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6.2.5 PPARa agonism slows AML engraftment and rescues liver

FA metabolism.

The final part of this project showed that the commercially available PPARa agonist
fenofibrate can restore serum FFA levels, moderately rescue liver FA metabolism

gene expression, and reduces both AML engraftment and neutral lipid content.

Not only has it been outlined in cancer cells but impaired PPARa pathway activation
is involved in diseases including Alzheimer’s and liver steatosis (401, 460) Therefore,
research and medical trials have already produced agonists such as fenofibrate, and
other agonists which are less specific and agonise other isoforms of PPAR (412).
PPARa is the most abundant isoform in the liver and is involved in upregulating genes
associated with FA metabolism (314), this makes it an attractive target for many
diseases involved in dysregulated liver metabolism. In this study | showed that liver
Ppara gene expression is downregulated by AML engrafted in the BM, as well as by
the factor it secretes: HGF. Moreover, | showed that in vivo agonism of PPARa with
fenofibrate in AML engrafted mice and on primary hepatocytes treated with
conditioned media or HGF, moderately rescued liver FA metabolism gene
expression, although further genetic analysis would be of benefit for in vivo studies.
High serum FFA is a marker of AML progression (233) and as such it was a positive
result to serum FA levels significantly lower after fenofibrate treatment and more
closely resembling control levels. These results show that PPARa agonism during
AML engraftment can restore liver FA metabolism. This has the potential to impede
AML associated weight loss (158), improving patient tolerance of other treatments
and quality of life.

FA have been shown to be used by AML blasts both for metabolism and as building
blocks for other cellular processes (369, 461). This includes the use of FA to make
cell membrane for extracellular vesicles, which have been shown to be important for
offloading non-functional mitochondria and other metabolic waste (214). In this study
| showed that agonism with fenofibrate resulted in lower neutral lipid content in the
engrafted AML blasts. This is supported by research which that agonism of PPARa
disrupts lipid storage and synthesis (412, 440). This suggests that systemic PPARa
agonism, as seen by OG of fenofibrate, both reduces the available FFA in the serum,
but also disrupts AML FA metabolism and export of vesicles as the reduced stores

are not replenished. Furthermore, FA metabolism has been shown to be a
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mechanism by which AML is resistant to Venetoclax, which targets mitochondrial
proteins to induce apoptosis (462). To this end, research by Xie, et al has investigated
synergising Venetoclax with PPARa agonist Chiglitazar to resensitise AML blasts to
the targeted therapy (463). These results and the results in this project supports the
notion that PPARa agonism could have a dual affect as a therapeutic, target both
AML blasts and liver metabolism. Further investigation is required to which market
PPARa agonist has the best efficacy and whether this could be combined with other

therapeutics.

Having found that PPARa agonism slowed AML engraftment and restored serum
FFA, as well as some liver FA metabolism gene expression, it must be considered
when this treatment may be of benefit. During this study fenofibrate was administered
10 days after IV injection with MN1 cells, at which point Figure 4.7 suggests that
engraftment would have been <40% of the BM. This may not be representative of the
level of AML in the BM of patients at initial presentation at the clinics. The average %
blasts in BM biopsies from the human patients in this study was 62.1% (15%-88%),
although criteria for diagnosis recommends >20% (464). This suggests that further
research into the timings for administrating fenofibrate may be of benefit. The
aggressive nature of AML dictates that induction therapies are highly intensive in the
aim to achieve remission (162). These, primarily, chemotherapy and hypomethylating
agents, in combination, are often unable to fully accomplish clearance, and therefore
consolidation treatments are required to maintain remission and prevent relapse
(179). The use of fenofibrate may have a potential in induction therapy to slow weight
loss by restoring liver FA metabolism. However, as an anti-AML treatment it may be
better suited as a consolidation treatment in combination with targeted therapeutics
such as Venetoclax (168, 463). Some patients are too frail to tolerate intensive
chemotherapies and so induction treatment with Venetoclax has been introduced
(465). The combination of Venetoclax and fenofibrate as induction treatment may
sensitise blasts to Venetoclax and prevent further frailty by reducing weight loss

caused by aberrant liver metabolism.
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6.3 Limitations

There are several limitations that restricted this project. These relate to in vivo and in
vitro studies, as well as difficulties is acquiring and processing primary human
samples. This project aimed to balance the use of in vivo models, with planning in
accordance with the 3Rs (Replacement, Reduction and Refinement) and Home
Office guidelines, and in vitro work for which the acquisition of primary hepatocytes
was limited and sporadic. Experiments were planned with the utmost care to ensure
the largest data output possible while not compromising on statistical power.
However, there were occasions where plans had to encompass ideas for the next
stages of the project at the same time as the previous step, for example testing the
recombinant proteins at the same time as the inhibitors, despite being unclear of their
success in downregulating liver FA metabolism. Although this process was successful
in achieving statistical significance in the results it meant that more in depth time
courses or dose curves could not be performed. The irregular notice and limited
supply of primary hepatocytes also made it impossible to use LSK cells to make
control conditioned media. These would have been a more biologically relevant
comparison to the AML conditioned medias but unfortunately require availability of
mice for isolation and an extended period of time to culture and further condition

control media.

During the analysis of in vitro studies investigating the inhibition of IL-1B on primary
hepatocytes treated with AML conditioned medias or IL-1p itself, it became clear that
the neutralising antibody was most likely not working as expected. This could be seen
by the lack of change caused by the mAb when added to the hepatocytes in
combination with recombinant murine IL-1B. It would have been of benefit to test the
antibody further to see if it would have an inhibitory effect on cells we know produce
IL-1B, for example bone marrow derived macrophages. This would have been
informative about the viability of the antibody. Alternatively, with more time, | would
have liked to test another IL-1f3 inhibitor. One method would have been to use
recombinant murine IL-1Ra, an endogenous inhibitor of the IL-13 family (466).
Without being able to fully investigate the inhibition of IL-1(3 in vitro or in vivo, it cannot
be ruled out that HGF and IL-1p secreted by AML blasts work in combination to
downregulate FA metabolism in the liver. This would have been of interest as both
HGF and IL-1B3 have been shown to act of PPAR signalling pathways (391, 467). It

could be suggested that the concentrations of HGF and IL-1B may have differing
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effects on this signalling pathway, however it could also be suggested that they are
mediating an effect via different mechanisms. Therefore, it could be suggested that
both HGF and IL-18 are required for the downregulation of liver FA metabolism seen

in AML. It would be of interest to try inhibition of both cytokines in an AML model.

Another limitation of this project was the partial success of the Hgf knockdown in MN1
cells. Although multiple MOI were tested to reach a more potent knockdown, it was
only successful in reducing Hgf expression to 60% in the MN1 blasts. While the
results were still promising, with statistical significance, it potentially would have been
clearer, with more confident conclusions, had there been a more substantial
knockdown. This would have allowed for further testing, including a survival curve
that could have brought further strength to evidence that blocking AML secreted HGF
improves FA metabolism in the liver and has the potential to prolong survival. An
alternative to the shRNA lentivirus that was used would be to use a lentivirus
conjugated to a co-transfection such as an antibiotic-resistant promotor. Once the
knockdown protocol has been administered, an antibiotic such as neomycin can be
added to the media (468). This selection pressure will kill any cell without the
integrated knockdown, selecting for only cells with the knockdown and likely achieving

a much lower over gene expression from a sample of the remaining cells.

The in vivo experiment that utilised the generated Hgf knockdown MN1 cells also had
its own limitations. It was not ideal to test the FA uptake of engrafted AML cells as the
investigation was the effect on the liver. However, this was used as a proxy
measurement as the optimal experiment would have required additional mouse
strains, which was outside the scope of this project. To test whether Hgf knockdown
in the engrafted cells restored liver FA metabolism, it would have been ideal to have
a mouse strain with a liver specific luciferase tag. This could be achieved using a liver
specific Cre mouse line such as Albumin-Cre and a mouse strain with firefly luciferase
preceded by a LoxP-stop-LoxP cassette. When these mice strains are crossed,
successful Cre recombination would result in liver specific luciferase expression
(469). With this new mouse strain, it would be possible to use the FFA-ss-luc to
visualise the FA uptake in the liver of these mice with live in vivo imaging. Engraftment
with AML cells without the firefly luciferase tag would allow for imaging of AML

mediated changes to the FA uptake in the liver.

Finally, there was a limitation to the number of primary human AML samples that

could be collected. Despite the hard work of Dr Hellmich samples are understandably

182



limited by the number of patients being diagnosed, those that are happy to consent
to their samples being used for research, and the time available to doctors and nurses
performing blood tests and/or BM aspirates. More primary samples would have
allowed for more robust analysis due to the heterogeneity of patients. Increase
statistical power would have allowed for definitive conclusions whereas, with the
limited number of samples available, no clear conclusions can be drawn from analysis
of the samples. Furthermore, samples are precious and had to be used sparingly,
thus more samples would have allowed for further testing for other parameters such
as lipidomic analysis. Although it has been shown that both HGF and IL-13 can
elevated in human samples (395, 413), it remains to be investigated if certain
mutations as associated with these. Moreover, it would be of interest to see whether
these patients have altered liver function markers, serum FFA and if serum samples

similarly downregulate FA metabolism genes in human liver cell lines.
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6.4 Future work

While this project achieved all the primary objectives there are new questions that
have arisen from this research. This study advances our understanding of how AML
alters liver metabolism to access FA from outside the niche however, there remains

aspects which are unknown or unclear.

Firstly, it would be of interest to see whether HGF and IL-1 act to alter liver FA
metabolism. Inhibition of HGF with Crizotinib and knockdown of Hgf in the AML blasts
did not fully restore FA metabolism in the livers of AML engrafted mice. This suggests
that other molecules may be acting alongside HGF to affect the liver. Data in this
thesis has shown that IL-1p does alter liver FA metabolism, although it did not cause
downregulation of FA uptake by hepatocytes, whereas HGF affected both gene
expression and function of the hepatocytes. It is known that IL-18 has an inhibitory
effect on PPAR signalling pathways and therefore it may be involved in the
downregulation of Ppara seen in this project (467). To test the combination of IL-13
and HGF, recombinant proteins could first be used on primary hepatocytes, as well
as combined inhibition before further being tested in vivo. These experiments would
help to answer whether AML secreted IL-1( plays a role in downregulating liver FA

metabolism and if this effect is in combination with HGF.

Although this study showed that some human patients with AML also had elevated
serum HGF, no conclusions could be drawn from this small dataset. It would be
beneficial to increase the sample size to improve the statistical power to ascertain
whether some AML mutations secrete HGF. However, this would require a
significantly larger pool of patients which could take a long time to collect. A potential
alternative would be to use online data sets of AML patients such as Bloodspot (470)
or The Cancer Genome Atlas (471). This way much larger sequencing data sets could
be used to create a much greater statistical power to elucidate which AML mutations

increase HGF expression and secretion.

This study found that both the MN1 and HOXA9/MEIS1 murine AML cell lines
secreted HGF that acted to impair liver lipid metabolism. To further consolidate the
data shown in this thesis, it would be beneficial to investigate another model type.
One possible model would be to use a patient derived xenograft (pdx) model. After
confirmation that the patient mutation results in elevated HGF secretion, AML blasts

can be isolated from BM aspirates and engrafted into immunodeficient mice, such as

184



NSG mice (472). A humanised model will aid in confirming that AML secreted HGF
downregulates liver FA metabolism and will be more relevant to human studies. This
model would also need to be tested in vitro on human hepatocytes. Sadly, the HepG2
cell line is not a good model for this study as it is an immortalised cell line from
hepatocellular carcinoma and therefore will not act in the same manner as healthy
cells (271). Another model would be to test the potential of media conditioned by
patient AML blasts on induced pluripotent stem cells (iPSC) that have been
differentiated into hepatocytes (473). This humanised model is more likely to act like
healthy hepatocytes and could be used to further discover if human AML similarly

downregulates FA metabolism in human hepatocytes.

It is well documented that AML occurs predominantly in older patients and increasing
evidence indicates that obesity confers a predisposition to and alters treatment
response in malignancies, including AML (182, 422). This project has only
investigated the effects of AML engraftment on healthy young adult mice. The data
from these experiments is a good starting place but it would potentially be more
biologically relevant to use aged mice and/or mice placed on a high fat diet to mimic
obesity. Utilising these models would provide better insight in to whether aging or
obesity alter the changes to FA metabolism caused by AML engraftment in the BM.
Obesity itself causes systemic changes to metabolism and comes with an excess of
adipose deposits (474). It would therefore be interesting to interrogate whether the
altered energetic state effects the potential for downregulating FA metabolism genes
in the liver and whether these occur at different time points. Furthermore, obesity can
also induce liver damage (291) and this may have an interesting effect on the efficacy
of the cytokines released by AML in the BM. Aging would also be interesting to model
to further the work of this study. Aging not only causes frailty but also influences
metabolism and tolerance of treatments (475). This may alter the liver response to
AML cytokine release, as well as potentially altering the response to interventions
such as the fenofibrate. It is important to use models which are likely to be seen in
human patient populations as these experiments may be more accurate in

representing the potential druggable targets.

The bulk RNA sequencing, performed for this study, is a huge source of information
which could further inform research into the effect of AML on the liver. Due to the
scope of this project only the pathways and genes involved in FA metabolism were

used, especially those that were downregulated. This resulted in much of the
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sequencing data being largely ignored. Future work could be informed by the use of
this data. For example, high on the list of significantly downregulated pathways was
drug metabolism. It has previously been shown in infectious diseases and liver
tumours, that cytochrome P450 mediated drug metabolism can be impaired (476,
477). These data suggest that multitude of factors which contribute to patient
response to drugs may also include their disease type. Making it a potentially
interested area to investigate. It should also be noted that this project did not study
any of the pathways that were upregulated in the liver in response to AML
engraftment. The volcano plots (Figure 4.1) for both show that there are a large
number of proteins which are significantly upregulated in the livers of mice engrafted
with AML when compared to control mouse livers. Further use of the bulk RNA
sequencing data could be of benefit to future research, this would allow the dataset
to be more exploratory in informing projects of the alterations caused by AML, in the

BM, on the liver.

Finally, emerging research has shown that AML induces changes in other organs of
the host such as the heart (478, 479). Cancer-related heart failure has long been
attributed to the use of chemotherapies (480). However, further studies have shown
that the incidence of heart failure in cancer patients differs between cancer type, those
with haematologic malignancies had the highest rate of failure in the studies
performed by Wang, L. et al and Hibler, E. et al (481, 482). Furthermore, leukaemia
patients have presented with cardiac alterations prior to treatment with
chemotherapies (483). This suggests that AML directly contributes to cancer-related
heart failure. Cardiac tissues utilise FA for metabolism over other metabolites (484),
and this study has shown that AML secretes cytokines which can alter FA
metabolism. It would therefore be of interest to see whether the hearts of mice
engrafted with AML have altered FA metabolism gene expression and whether HGF
similarly alters the expression. This research could greatly improve our understanding
of AML action on the wider system outside of the BM niche, with the potential to find

new druggable targets to improve treatments for patients.
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6.5 Conclusions

In this thesis | have shown that AML induces cachexia, independent to treatment with
chemotherapy. | determined that AML progression causes bodyweight loss, leads to
reduce fat pad size, and results in high serum FA. Moreover, | have demonstrated
that AML downregulates FA metabolism genes within the liver and slows the uptake
of LCFA. This investigation confirmed that alterations are cell-cell independent and
highlighted HGF secreted by AML cells. | showed that HGF similarly downregulates
liver FA metabolism and LCFA uptake. Interestingly | found that some human
patients, diagnosed with AML, have elevated serum HGF. Furthermore, my data
demonstrates that knockdown of Hgf in AML blasts can rescue FA metabolism in the
liver and reduce FA uptake in the AML blasts. Importantly, | established that the
mechanism by which HGF, secreted by AML blasts, downregulates FA metabolism
in the liver, is via the PPARa signalling pathway. Lastly, | showed that agonising this
pathway, with currently available drugs, could rescue serum FA levels and restore FA
metabolism gene expression. | confirmed that PPARa agonism slowed tumour
progression and discovered that it depleted blast neutral lipid content. This study is
another example of how AML is capable of hijacking healthy processes. | have
highlighted important mechanisms by which AML alters liver FA metabolism to
improve survival and progression. Although unlikely to provide any curative drugs,
this research may aid in the discovery of drugs which could be used in combination
with new and current treatments which to slow or prevent weight loss and improve

the clearance of AML blasts to prolong disease-free periods.
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