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Abstract

Chronic Myeloid leukaemia (CML) is a stem cell driven disease, and a paradigm for
cancer stem cell biology and targeted therapy. The BCR-ABL oncoprotein is
expressed in the most primitive leukaemic stem cells (LSCs) and drives myeloid
expansion and accumulation of mature blood cells. Front line treatment for CML,
using tyrosine kinase inhibitors (TKIs), still represents one of the most effective
treatment for cancer. However, autophagy embodies a key role in LSC persistence
following TKI treatment. Therefore, autophagy represents an attractive target for
LSCs eradication. Our study using patient-derived CD34* CML cells indicates that
ULK1, an autophagy-inducing kinase, is activated following TKI treatment,
demonstrated by phosphorylation of its downstream target ATG13. Using a CRISPR-
Cas9-mediated ULK1 knock-out (KO) we show that TKI treatment does not induce
autophagy in ULK1 KO cells, thereby sensitising CML cells to TKI treatment in vitro

and in vivo.

Here we also uncover a new combination treatment option, by exploiting a novel
ULK1 kinase inhibitor (MRT403) that is under pre-clinical development. MRT403
treatment inhibited ULK1-mediated autophagy in a concentration-dependent
manner, monitored by mitochondrial degradation in Parkin-dependent “enhanced
mitophagy” assay. This correlates with increased mitochondrial respiration,
measured by oxygen consumption rate, increased level of mitochondrial reactive
oxygen species (ROS), and decreased level of glycolysis. Interestingly, using
autophagy deficient cells (i.e. ATG7 KO) we show that while the effect of ULK1i
treatment on mitochondrial respiration is autophagy-dependent, the effect on

glycolysis is independent of autophagy.

Of clinical relevance, using robust patient-derived xenograft model, MRT403
targeted human CML CD34*133* LSCs in vivo when used in combination with TKI

treatment.

Moreover, inhibiting ULK1 kinase activity in an inducible BCR-ABL mouse model
promotes differentiation of LSCs when combined with imatinib. Loss of of long-
term leukaemic stem cells (LT-LSCs) resulted in increased megakaryocyte-
erythroid progenitor (MEP) which contributed to rescue both disease and TKI-

induced disfunction in erythroid maturation.



In conclusion, our findings describe a novel metabolic role for ULK1 in LSCs and
provide a strong rationale for further clinical development of specific autophagy
inhibitors as a therapeutic strategy to more effectively target TKIl-resistant LSCs

in CML patients.
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1.1 Haematopoiesis and haematopoietic stem cells
(HSCs)

1.1.1 Ontogeny of haematopoiesis

Haematopoiesis, as bound in the Greek aipa, "blood” and moleiv "to make”, is the
process that leads to generation of the entire blood cell repertoire throughout an
individual’s lifetime. Human haematopoiesis first takes places in the yolk sac, in
a process known as primitive haematopoiesis’. Evidence indicates that circulating
blood cells during the yolk sac phase are short lived cells limited to the myeloid
compartment, mainly erythrocytes to support high oxygen demand, lacking the
lymphoid lineage?:3. The second phase of haematopoiesis occurs within the embryo
in the aorta-gonad-mesonephros region, where the first multipotent myelo-
lymphoid stem cells are generated?. Haematopoiesis is temporarily hosted in the
liver to finally establish in the thymus and mainly in the bone marrow (BM) as

definitive haematopoiesis®.

1.1.2 HSCs hierarchy

The mammalian hematopoietic system is maintained by self-renewal of quiescent
long-term (LT)-HSCs, which subsequently can differentiate into short-term (ST)-
HSCs or multipotent progenitors (MPPs), which no longer carry self-renewal
potential. HSCs fate is dictated by their decision to undergo symmetric or
asymmetric cell division when HSCs leave quiescence. Asymmetric division
generates two daughter cells of which one will show same features of the initiator
cell, such as self-renewal and quiescence, and the other will differentiate and
enter the circulatory system. Otherwise, symmetric division will generate two

daughter cells that will only be able to undergo cell cycling and differentiation.

MPPs can give rise to two different lineages, myeloid and lymphoid, depending on
MPPs segregating into common myeloid progenitor (CMP) or common lymphoid
progenitor (CLP) cell. CLPs can give rise to all cells within the lymphoid
compartment such as B and T cells, natural killer and dendritic cells. From CMPs
can originate MEPs, which will differentiate into platelets and mature

reticulocytes, and granulocyte-macrophage progenitors (GMPs), which
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Haematopoiesis

NK cells
Myeloid

Erythrocyte

Platelets

Figure 1.1: Schematic overview of haematopoiesis

Long-term haematopoietic stem cell (LT-HSC); short-term haematopoietic stem cell (ST-HSC);
multipotent progenitor (MPP); common lymphoid progenitor (CLP); common myeloid progenitor
(CMP); megakaryocyte/erythroid progenitor (MEP); granulocyte-macrophage progenitor (GMP).
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differentiate into megakaryocytes, basophils, eosinophils, neutrophils,

monocytes, macrophages and dendritic cells (Figure 1.1).

1.1.3 HSCs isolation and identification

Human haematopoietic stem and progenitor cells were identified, isolated and
characterized using FACs analysis against surface markers (Table 1-1). In vitro
colony forming cell (CFC) assay have helped to establishe loss of quiescence and
the ability of progenitor cells to proliferate and differentiate giving rise to specific
type of colonies\. As well, in vivo transplantation of human HSCs into immune-
compromised recipient mice has established as a measure of BM repopulating

ability of stem and progenitor cells.

First transplantation experiments used CD34* cells. However, Baum et al.
demonstrated that cells expressing CD34 marker is a heterogeneous population.
Of the CD34* cells only CD90*Lin" cells were able to generate both myeloid and
lymphoid lineages following in vivo transplantation of CD34*CD90*Lin>. Following
studies demonstrated that CD34*CD38" cells represents population enriched for

LT-HSCs, able to repopulate both lineages respectively®.

Latest finding using single cell assays have however proposed a different
representation of the hierarchical organization of haematopoiesis. Dick and
Jacobsen studies indicate that during the first lineage restriction there isn’t a
complete separation between the myeloid and the lymphoid compartment but
they propose a myeloid-lymphoid progenitor which shares features common to
both lineages’-°. RNA-seq analysis on human bone marrow propose that lineage
commitment doesn’t require transition between different stages of progenitors
but is a flow that occurs in uncommitted and unipotent HSPCs'?. Together with
that Laurenti et al. in a recent review propose a new representation of the
haematopoietic tree, in which the destiny of a cell is dictated to an earlier stage
than at the level of MPP''. However, combination of surface marker expression
and functional assay together with signle cell RNA-seq are still not exhaustive

analysis to clarify specific lineage commitment.
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1.1.4 HSCs regulation

1.14.1 Hypoxia, a key role in the regulation of HSCs quiescence

Because of their vital and long-term function, HSCs are provided with unique
survival mechanisms. In this context, their localization in a complex endosteal
niche, that is characterized by low levels of oxygen, is central'2. Changes in the
BM niche, such as increased production of growth factors and cytokines, as well
as transplantation procedures and injuries, can stimulate HSCs to proliferate and
differentiate. Once recovery is restored, HSCs return to a dormant state. Despite
the fact that hypoxia tolerance in HSCs is poorly understood, it has been proposed
to be responsible for the quiescence and slow cell cycling of HSCs'3:14, Takubo et
al. elucidated this mechanism by demonstrating that hypoxia-inducible factor-1a
(HIF-1a), a transcriptional factor that plays a central role in cellular response to
oxygen levels, is stabilized by hypoxia in LT-HSCs">. In HIF-1a deficient mice, loss
of LT-HSCs numbers is directly proportional to loss of quiescence. This now raises
the question: in what ways can hypoxia assume a protective role and assure LT-
HSCs maintenance? HIF-1a and hypoxia have in fact, been linked with the distinct

metabolic phenotype of HSCs'® (Figure 1.2).

1.1.4.2 HIF-1a and the regulation of HSC metabolism

Metabolomic approaches indicate that LT-HSCs, when compared to MPPs and more
differentiated cells, specifically upregulate glycolysis and repress influx of
glycolytic metabolites into mitochondria, via regulation of pyruvate
dehydrogenase kinase (PDK) activity by HIF-1a'. Furthermore, glycolytic
adenosine triphosphate (ATP) production, commissioned by the HIF-1a/PDK
regulatory system, is necessary to maintain HSCs during cell cycle quiescence. A
recent discovery demonstrates that mitochondrial protein mitofusin 2 (MFN2),
which has roles in mitochondrial fusion and in tying mitochondria to the
endoplasmic reticulum, is essential for the maintenance of HSCs with wide
lymphoid potential8. A different study identified that the mitochondrial unfolded

protein response (UPRmt) is activated upon transition from quiescence
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Cell type Phenotype

Self-renew"e"
CDh34*

CD38

CD90*
CD45RA"

LT-HSC

Lin

Self-renew'™"
CDh34*

CD38

CDaO
CD45RA"

ST-HSC

Lin

Self-renew
CD34*
CD38*
CD90O
CD45RA

MPP

Lin®
CD34*
CD38*
CLp CD123°
CD45RA*

Lin
CD34*

CD38*
cmp CD123%

CD45RA
Lin
CD34*
CD38*
MEP CD123
CD45RA’

Lin
CD34*

CD38*
GMP CD123*

CDA45RAY

Lin

Table 1-1: Human haematopoietic stem and progenitor cell phenotypes
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to proliferation in HSCs'. Remodelling the activity of sirtuin 7 (SIRT7), a
component of the UPRmt, is translated into reduction of quiescence, higher
mitochondrial unfolded protein stress, and insufficient self-renewal ability of
HSCs. Furthermore, SIRT7 expression is lower in more mature HSCs whose
regenerative capacity is improved following upregulation of SIRT72°. Kim et al.,
using a cationic fluorescent dye that selectively accumulates in the mitochondria
of eukaryotic cells, demonstrated that HSCs have relatively less mitochondria
when compared to proliferating progenitors?!. A subsequent study showed that
differentiation of primary human HSCs (quantified by CD34 loss) is connected with
increased mitochondrial content?2. In agreement with this, Simsek et al. showed
that LT-HSCs are characterized by low mitochondrial potential and utilize
cytoplasmic glycolysis for ATP production?3. Contrarily, cells that need to cycle
and expand do not rely on anaerobic glycolysis. This may be because pyruvate
produced during glycolysis will generate only 2 ATPs per molecule of glucose
following anaerobic respiration (with lactate being the by-product), while it will
produce 32 ATPs per molecule of glucose upon entering in the mitochondria to be
used for oxidative phosphorylation (OXPHOS). However, de Almeida et al. using
dye-independent methods, such as mitochondria DNA quantification and
enumeration of mitochondria nucleoids, have recently suggested that while HSCs
have high mitochondrial content, they have compromised respiratory and turnover
capacity, concluding that mitochondria may perform an essential and yet unknown

function in HSCs, which may not be directly linked with ATP production'6-24,
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Figure 1.2: Overview of metabolic features contributing to HSCs maintenance and
differentiation in the endosteal niche.

HSCs are characterized by the expression of the surface marker CD34 and utilize anaerobic
glycolysis and fatty acid oxidation (FAQO) as the sources of energy. Nutrient sensor peroxisome
proliferator-activated receptor delta (PPARS) promotes FAO, contributing to their self-renewal
capacity. HIF-1a represents a fundamental feature in regulating oxidative metabolism via
regulation of pyruvate dehydrogenase kinase (PDK) (a). Transplantation procedures, cytokines and
injuries can promote HSCs to proliferate and differentiate (b). Differentiated HSCs lose their
stemness surface marker CD34 and adapt their energy source to address energy demand for
proliferation. CD34 haematopoietic cells, rely on increased oxidative metabolism that provides a
higher production of ATP compared to anaerobic glycolysis. Oxidative metabolism can result in
increased production of reactive oxygen species (ROS), which can contribute to differentiation.
PDH, pyruvate dehydrogenase; MFN2, mitofusin 2 (c). Image from lanniciello et al.’®
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1.1.5 Stem cell proliferation and maintenance, a key role for fatty
acid oxidation (FAO)

LT-HSC glycolytic phenotype can be seen as a protective mechanism to reduce
reactive oxygen species (ROS) generation, which would cause oxidative stress and
induce differentiation?>. Based on this, a recent study demonstrated that while
mitochondrial complex Il subunit Rieske iron sulphur protein (RISP), in foetal HSCs
is not essential for mitochondrial membrane potential maintenance, it is crucial
for stem cell genes and multilineage potential retainment?¢. Based on the critical
role of mitochondria in driving cell differentiation, RISP null foetal HSCs were
unable to generate an adequate number of MPPs indicating compromised HSC
differentiation. In addition, products of the tricarboxylic acid (TCA) cycle, such as
citrate, could be exported to the cytosol to contribute to lipid metabolism that is

required for cell growth, proliferation and differentiation?’.

FAO, which occurs in the mitochondria, also plays an important role in HSCs
maintenance. FAO metabolism prevents HSC exhaustion when HSC proliferation
and division are required, resulting in asymmetric division and thus assuring self-
renewal?®. A role for peroxisome proliferator-activated receptor delta (PPARJ),
which is a member of a nuclear receptor superfamily of transcription factors that
controls nutrient sensing and FAO, has been reported in HSCs. PPARS deletion or
pharmacological inhibition of FAO stimulates the symmetric commitment of HSCs
leading to stem cell depletion, while PPARS activation, via use of an agonist,
increased asymmetric cell division. In agreement with this, a subsequent study
showed that weakening the mitochondrial phosphatase protein tyrosine
phosphatase 1 (PTPMT1), drives the conversion from glycolysis and FAO to
mitochondrial aerobic metabolism, resulting in unsuccessful haematopoiesis?’.
This is linked with accumulation of HSCs unable to differentiate due to increased
entry of quiescent stem cells into the cell cycle and a following pause at the G1

phase'®.

1.1.6 HSCs maintenance: Glycolysis versus OXPHOS

As introduced above, HSC maintenance is affected by a balance between HSC
metabolic status and ROS levels. In fact, dormant HSCs seem to rely on glycolysis

to avoid a decline in HSC maintenance and HSCs with defective glycolysis will
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switch to a mitochondrial metabolic profile with increased production of ROS3°.
ROS have been largely found to contribute to BM failure and are one of the main
sources for DNA damage and genome instability3', thus ROS can play a role as
sensor dictating HSCs fate. Mitochondria, which are the main source of energy and
indirectly of ROS, are considered as minor player in the maintenance of HSCs
maintenance. However, HSCs highly rely on mitochondria when a metabolic switch
is required (i.e., HSCs need to increase their proliferation rate). FOX03, a
transcriptional factor that shows multiple functions associated with longevity, is
a regulator of HSCs metabolism. Loss of FOXO3 alters mitochondria function,
inducing deleterious accumulation of ROS3%33, Specifically, deletion of FOXO3 in
HSCs compromise DNA repair pathway leading to DNA damage, which compromises
HSCs function. Mutation in tuberous sclerosis complex 1 (TSC1), a negative
regulator of mTOR and a key regulator for cellular metabolism, induces levels of
ROS and loss of quiescence in HSCs34. Additionally, mTOR activity contributes to
erythroid differentiation favouring mitochondria activity and is also increased with
aging3>3. Moreover, mTOR is one of the main regulators of autophagy, a process

that itself has a critical role in HSCs biology'®.

1.2 Leukaemic stem cells (LSCs)

1.2.1 Origin of LSCs

The ground-breaking discovery of the HSCs niche was made by Schofield (1978)%.
Since then, significant advances have been made in describing what orchestrates
HSC maintenance, as previously described. Mutagenesis or epigenetic changes in
HSCs, together with fluctuations in the BM microenvironment, are important
events to cause blood malignancies as leukaemia. Based on functional and
immunophenotypic investigation of various subtype of cells, the existence of
cancer stem cells (CSCs) was firstly described in the haematopoietic system and
it is proposed that leukaemia is a stem cell disorder, initiated by as little as a
single LSC. These cells can originate either from rare transformed HSCs or from
more abundant and more differentiated progenitor cells. The origin of LSCs can
vary with the stage of the disease, whether the leukaemia is chronic or acute, its
immunophenotype, myeloid or lymphoid, and the nature of the transforming
event. HSCs are equipped with intrinsic self-renewal activity that persists for the

whole life of an individual. In this context, HSCs have much higher chance to

10
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accumulate mutations than less primitive cells, which are not as long lived. LSCs
initiation and maintenance is based on enhanced self-renewal activity3%:3%, In the
case of leukaemic cells, they could potentially originate from more restricted
progenitors by acquiring mutations that allow them to self-renew, or from HSCs
that accumulate genetic and epigenetic changes that down-regulate cell death

and maintain their self-renewal capability®.

1.3 Chronic myeloid leukaemia (CML) is a stem cell
driven cancer

CML is a myeloid-proliferative disease that originates from a LT-HSCs, making it

an ideal model to study CSCs (Figure 1.3).

Almost 100% of CML patients are positive for the Philadelphia (Ph) chromosome, a
shortened chromosome 22 that arises from a reciprocal translocation
t(9q34,22q11)#41, The Ph chromosome is the hallmark of the disease, in which
fusion of BCR and ABL genes encode for a constitutively active protein kinase*43,
Since BCR-ABL fusion can occur in myeloid, B lymphoid, erythroid and sporadically
T lymphoid cells in the majority of CML patients, the consensus is that the original
translocation takes place in LT-HSCs*. The presence of BCR-ABL in endothelial
cells originating from CML patient, raises the question: does the aberration take
place even in more primitive cells than LT-HSC*? An elegant experiment
conducted by Fialkow et al. using patterns of inactivation in X-linked genes,
showed that erythrocytes and myeloid cells in female CML patients with
heterozygous X-linked glucose-6-phosphate dehydrogenase (G6PDH) had the same
single isoenzyme type for G6PDH in contrast to normal cells, which were
heterogeneous*#’. These results suggested that both erythrocytes and

granulocytes share a common stem cell, demonstrating that CML is a clonal disease

11



Chapter 1 Introduction

# 22 Ph
Self-renewal Ber Abl
Rissi ko
----- -ﬂ (s 1
- ‘ .
-i”B u it ”—-ﬂ-@
...... . _‘ ’_! 348 ‘ ‘_ 3 ’_‘
..... _.5_8_ _a_&_ %_ﬁ aﬂ,{ ‘_ 3

Figure 1.3: Reciprocal translocation of BCR-ABL genes within LT-HSCs

Representation of BCR-ABL reciprocal translocation within LT-HSC (a). Human chromosomes panel

highlighting gene translocation between chromosome

https://webpath.med.utah.edu/jpeg2/CYTOG010.jpg (b).
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with a stem cell origin. A recent study showed that while BCR-ABL expressing
progenitor cells were eliminated following imatinib treatment (discussed below)
in patients with a major molecular response (MMR), BCR-ABL expressing LSCs were
still detectable®®. In chronic phase (CP), the leukaemic clone seems to be
maintained by a small number of BCR-ABL positive CD34*CD38" cells, a population
enriched for LSCs*. These LSCs differentiate normally and proliferate slowly like
normal HSCs. However, as these cells progress into intermediate phases of lineage
restriction, their progeny proliferate losing their primitive marker CD34. By
analysing different subpopulation of primitive CML cells it has been shown that an
unusual autocrine IL-3-granulocyte colony-stimulating factor mechanism can
provide a strong rational for the unusual performance of BCR-ABL expressing stem
and progenitor cells*»>°, This mechanism only moderately offsets the in vivo
signals, which maintain normal HSCs quiescence but, when active in BCR-ABL
expressing LSCs, drives their differentiation at the expense of their self- renewal.
In less primitive CML progenitors, the same mechanism has a more potent
mitogenic effect that is then quenched when the cells progress into the final

phases of differentiation.

1.3.1 CML epidemiology, diagnosis and disease progression

Occidental countries have a record of CML incidents between 0.7 and 2.0
cases/100.000 persons each year®'. CML is not a genetic disease and no evidence
of factor of risk that could increase chances to develop CML are available.
Pesticides and benzene exposure, as well as the radiation exposure as the atomic
bomb, increases the chance to develop leukaemia including CML>%33, The diagnosis
of CML is more prevalent in males with an age average between 45 and 55 years
old®'. Most of the patients have no evident symptoms of the disease and diagnosis
often occurs during routine check-ups. Minor symptoms are represented by
fatigue, fever and loss of weight. Presence of the Ph chromosomes, blood counts
and cytogenetic analysis of the BM, splenomegaly and anaemia, confirm diagnosis
of CML. CML develops as an expansion of myeloid lineage, with myeloid cells losing
their ability of fully differentiation into a mature granulocyte, resulting in

accumulation of immature blasts in the blood stream.

Most of CML patients are diagnosed as CP CML. CML is in fact a tri-phase disease.

Mild symptoms previously described are characteristic of CP, with patients and a
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10% of blasts accumulation in the peripheral blood>#>>. CP can advance in
accelerated phase (AP), characterised by a 10% increase in blast’s accumulation
in the blood compared to CP, together with increased basophil and white blood
cells counts. However, if left untreated, most patient will progress to blast crisis
(BC) phase, with 20% increase in immature blast compared to CP with enhanced
proliferation and ability to evade cell death®®. Progression to BC is also increased
by genomic instability and accumulation of chromosomal aberrations as trisomy
840, Over-expression of BCR-ABL in committed progenitors, can lead to CML
progression. This can result in altered signalling pathways which normally would

control tumour suppression such as p53 and PP2A, apoptosis and differentiation®’.

1.3.2 BCR-ABL signalling pathway

ABL-is a tyrosine kinase which transfers a phosphate from ATP to a tyrosine residue
of a protein, switching on or off a signal pathway. In CML, ABL kinetic activity is

constitutively active, up- or down-regulating a wide range of signalling pathways.

BCR-ABL binding with GRB2 and Son of Sevenless (SOS) forms a complex which
leads to activation of Ras, responsible for cell growth, cell survival, cell migration
and adhesion®®. Activation of Ras leads to activation of MAPK signalling. Effects on
MAPK results in mis-regulation of cell cycle, promoting tumour expansion and
advancement in a more severe phase of the disease. As well, Ras induces
activation of phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway,
which switches off apoptotic stimuli endorsing cell survival®®. PI3K is an
intracellular lipid kinase that phosphorylates phosphatidylinositol converting
phosphoinositide4,5-bisphosphate (PIP2) to phosphoinositide-3,4,5-trisphosphate
(PIP3). PIP3 can bind AKT leading to its activation. Within all AKT functions, its
activity on mTOR represents a major driver for leukemogenesis, increasing cell
proliferation and growth®. Even though Crkl function for CML is still unknown,
Crkl interacts with BCR-ABL working as an protein adaptor®’. One of the
hypotheses is that Crkl can be involved in cytoskeleton re-organization signalling
pathway through interaction with paxillin®2. BCR-ABL also functions as a growth

factor mimicking, supporting cell proliferation and malignant transformation®°.
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1.3.3 CML treatment: a historical point of view

In the first place, due to limited knowledge of CML and restricted option to treat
CML patients, anti-malaria agents such as arsenic and quinine were thought to
have some potential for treatment of CML%3. Both regimen gave poor response and
since World War Il weapons had some anti-myeloproliferative effect, mustard gas
was used for leukaemic patients®4. Despite the fact it resulted with a wide range
of toxic effects making it not applicable to treat cancer patients, it reduced blood
cell counts which encouraged researchers to develop alkylating agents and
microtubule destabilizers with reduced toxicity to treat CML patients. This led to
the introduction of agents such as busulfan and hydroxyurea®. Both treatments
were combined with the use of radiotherapy to reduce spleen size. While x-ray
reduced splenomegaly, chemotherapeutic agents did not seem to have significant

effect in reducing progression of the disease to BC phase.

At the time, allogenic stem-cell transplantation (allo-SCT) represented the only
option for CML patients. Even though allo-SCT still remains the only cure for CML
patients, transplantation success still remains very poor. In first instance,
uniquely patients below 60 years old and with no history of comorbidities, are
eligible for allo-SCT and in most cases it is very difficult to find a donor®’.
However, most of patients with an available donor, are still associated with a high

risk of transplantation rejection, infections and host/graft reactions.

In the early 1980s, interferon-alpha (IFN-a) had shown anti-proliferative effect
against other malignancies, making it a good candidate for cancer treatment.
Leukopenia effect shown using IFN-a, led the cytokine to be tested against CML
as well®. IFN-a significantly increased survival rates of CML patients, making it
together with allo-SCT the only option to sustain complete cytogenetic response
(CCyR) following discontinuation of treatment®®. However, long-term treatment
using IFN-a resulted in adverse effect probably due to its effect in enhancing an

immune-response.

1.3.4 TKI as a new treatment for CML

Since prognosis for CML patients was very low, in the late 1980 biochemists Lydon

and Matter from Novartis, introduced new projects to identify molecules with a
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kinase inhibitor effect. Success from those studies came in the late nineties when
the attachment of a highly polar side chain, N-methyl-piperazine for solubility,

made imatinib a new promising treatment for CML patients.

Imatinib (STI571, Gleevec®, Glivec®, formerly CGP 57148B) has high boundary
affinity with the catalytic centre of ABL, making kinase ABL inactive when bound
to the inhibitor and inhibits autophosphorylation and the subsequent

phosphorylation of key downstream substrates.

In vitro and in vivo data sustained imatinib efficacy to inhibit BCR-ABL onco-
protein, which resulted in anti-proliferative and apoptotic effect on CML cells’®"",
A randomized phase Il study in 2001, The International Randomized Study of
Interferon and ST1571 (IRIS), proved higher efficacy of imatinib versus IFN-a. A
400 mg/day dose of imatinib or the standard treatment of IFN-a and cytarabine,
an inhibitor of DNA synthesis, was achieved in patients’? (Figure 1.4). Following
19 months trial, the 1106 patients recruited from 16 different countries, showed
that imatinib arm resulted in 87% major cytogenetic response (MCyR) versus 34.7%
in the IFN-a and cytarabine treated arm. Furthermore, 76% of the imatinib arm
had achieved CCyR compared to the 14% of the IFN-a and cytarabine arm. The
impressive results together with increased tolerability and reduced toxicity

effect, made imatinib the front-line therapy for CML patients’3.74,

To assess treatment response, blood counts, splenomegaly and quantification of
mRNA levels of BCR-ABL, are routinely performed on CML patients. Treatment
response has been officially categorised by the European Leukaemia Net (ELN) and
the U.S. National Comprehensive Cancer Network (NCCN) guidelines. Complete
haematological response (CHR) is achieved when white blood cell counts are below

1x104/mm?3 with non-palpable spleen are maintained for at least 4 weeks”>.
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Survival of CML Patients
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Figure 1.4: CML patient’s survival curve

Overall CML patient’s survival curve following treatment using standard chemotherapeutics,
interferon or imatinib. Adapted from Tura et al. and Druker et al.”37¢
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MCyR is achieved when BCR-ABL transcript is less than 35% in the BM. CCyR is

defined as BCR-ABL transcript is non-quantifiable or non-detectable in the BM.

Major molecular response (MMR) is achieved when BCR-ABL transcript is less than
0.1% in the BM”7,

The ELN has also offered guidelines for time frame expected to reach a specific

response and warning for suboptimal response or relapse. CHR is expected

following 3 months imatinib treatment, and CCyR and MMR should be achieved

within six and twelve months of treatment.

1.3.5 Imatinib resistance

Nowadays, CML is a malignancy with the most successful treatment history.
However, even though the majority of patients respond to front line treatment
using imatinib, some cases do not respond or acquire resistance following

treatment.

Resistance mechanism can be classified as BCR-ABL dependent mechanism, which

include:

e Point mutations in the BCR-ABL catalytic domain: are found in 80% of
resistant patients, causing conformational changes in the catalytic domain,
impeding binding with imatinib, impairing efficacy of the treatment. The
most common point mutation is the substitution of threonine to isoleucine

at position 315 (T315l), also known as the ‘gatekeeper’ mutation’87°,

e BCR-ABL oncogene amplification: it does not represent a major form of
imatinib resistance since it has been assessed in few CML patients®.
Analysis in those patients indicated a higher copy of BCR-ABL with
increased level of BCR-ABL signalling and genomic instability, making

standard imatinib dose to be ineffective against the increased signal.

Other forms of resistance mechanism are classified as BCR-ABL independent,

which include:
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e Pharmacokinetics adverse effect: cytochrome P450 (CYP) system is in
charge of imatinib metabolism. Differences in levels of the CYP between
patients affects plasma level of imatinib, leading to a shortage of delivery

of the compound in the BM and imatinib resistance?®'.

e Drug efflux: Member of the ATP-binding cassette (ABC) transporter family,
such as P-glycoprotein (P-gp; ABCB1), is particularly high in CML cells®2. It
has been reported that ABC proteins can actively export imatinib from the
intracellular compartment, leading to a decrease in the intracellular

concentration of the compound, resulting in reduced cytogenetic response.

Clonal evolution has been associated with genome instability promoting CML
progression from CP to BC. Most recurrent genomic instability are represented by
trisomy 8 and 19, aberration of chromosome 17q, loss of p53 and presence of a

second copy of the Ph chromosome?3.

Epigenetic aberrations play a critical role in modulating imatinib treatment
response which could leading to resistance®. Epigenetic modifications include
DNA methylation, histone acetylation, deacetylation and phosphorylation. Using

histone deacetylation inhibitor has shown to improve treatment for CML?>.

1.3.6 Approaches to face imatinib resistance

As described in the previous paragraphs, many are the reason that could cause

imatinib resistance.

One of the approaches to overcome imatinib resistance is represented by treating
CML patients with increased dose of TKI. Daily rising imatinib dose from 400 to
600 and 800 mg has resulted in increasing patients’ response and reduced chance
to progress from CP to BC8. However, in most cases, specifically in the event of
point mutations, imatinib dose escalation was not beneficial, which lead to

development of 2" and 3" generation TKiIs.

1.3.6.1 Nilotinib, a 2"d generation TKI

Nilotinib (Tasigna) was developed by Novartis to overcome imatinib resistance. It
is structurally very similar to imatinib, except for the additional of an N-methyl-
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piperazinyl group, which conferred to nilotinib the ability of better fit within the
kinase domain of BCR-ABL, increasing affinity to BCR-ABL of 30 times compared
to other kinases. The ENESTnd phase Il clinical trial compared nilotinib treatment
versus imatinib in newly diagnosed CP CML patients. A 2-year follow-up from the
study proves that 86% of the patients treated with nilotinib achieved CCyR against
the 74% in the imatinib arm®. A 5-year follow-up further underlined nilotinib
efficacy with more than 50% of the patients achieved deep molecular response
(DMR) compared to the 30% in the imatinib arm8. Based on the high impact of
patient’s response, food and drug administration (FDA) approved nilotinib
treatment for patients diagnosed with CP CML. However, nilotinib did not seem

to have efficacy against T315] mutation and in eradicating LSCs®.

1.3.6.2 Dasatinib, a 2"d generation TKI

Dasatinib (Sprycel®; Bristol Myers Squibb) is a 2"d generation TKI that is 325 times
more potent inhibitor than imatinib against BCR-ABL. The increased potency
confers to dasatinib a more stringent binding to the kinase pocket, being able to
bind both active and inactive conformation of ABL catalytic fraction. Dasatinib has
been proved to target imatinib resistant cells with the exception of T315I
mutation. DASISION phase Il clinical trial measured the efficacy of dasatinib
versus imatinib in newly diagnosed CP CML patients®. A 2-year follow-up indicated
that 77% of patients treated with dasatinib achieved CCyR against 66% of the
imatinib treated arm®'. A 5-year follow-up study confirmed higher efficacy of
dasatinib compared to imatinib in increasing both CCyR and MMR, leading the
compound to approval from FDA as a new treatment for newly diagnosed CP CML

patients and patients resistant or not responding to imatinib treatment®2,

1.3.6.3 Bosutinib, a 2"d generation TKI

Bosutinib is a 2" generation TKI developed by Pfizer which inhibits ABL and SRC
kinases. Compared to imatinib, bosutinib shows increased ability to target ABL at
much lower concentration. Bosutinib targets unmutated and mutated BCR-ABL
cells with the exception of T315] mutation®. Phase IIl BELA clinical trial indicated
no difference in CCyR between bosutinib and imatinib treatment, however,
bosutinib treated patients achieved a 40% MMR rate compared to 25% in the

imatinib treated arm®. A different trial instead proved that bosutinib raised MCyR
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to 60% in imatinib non-responding patients®. Bosutinib was approved by FDA in

2012 as second line treatment for imatinib non-responding CML patients.

1.3.6.4 Ponatinib, a 3" generation TKI

The development of imatinib and 2" generation TKI was an extraordinary success
for CML treatment. However, a major challenge remained and was represented
by the T315] mutation. Ponatinib, formally developed by ARIAD, together with
inhibiting BCR-ABL and targeting imatinib resistant cells, also showed efficacy in
targeting T315] mutated cells, making ponatinib a pan-TKI, targeting all forms of
known ABL mutation %. Phase Il clinical trial, PACE, showed that 45% of patient
non-responding to imatinib achieved CCyR and 34% achieved MMR®’. However, a
subsequent phase Il clinical trial, EPIC, was terminated in advance due to heart
complications and cardiovascular risk in the ponatinib treated patients®. Due to
these side effects, ponatinib was withdrawn from the market in 2013, but re-
introduced few months later as treatment option for CML patients with T315I

mutation and non-responding to other available TKils.

1.3.6.5 Omacetaxine

A 40 years development history led to introduction of omacetaxine. It was firstly
introduced by Chinese as an anti-cancer herbal extract from the bark of species
of the Chinese plum yew, Cephalotaxus harringtonia®®. Omacetaxine is an
inhibitor of protein translation and has also properties to induces cell cycle arrest,
two mechanism highly upregulated in cancer cells. Omacetaxine, even though it
targets imatinib resistant and T315] mutated cells, is proposed as an ultimate
option for non-responding patient or acquire resistance to other available TKis,

due to its adverse effect on normal cells.

1.3.7 LSCs persistence

Despite the fact that a wide range of TKls have been developed to overcome TKis
resistance in CML, LSCs persistence and relapse following TKls treatment has
raised the question if treatment of TKIs allows complete LSCs eradication'90.101,
Both patients with MMR and CMR still exhibit the presence of BCR-ABL. Evidence
indicates in fact that TKis fail to target LSCs which may explain the presence of
BCR-ABL" cells in the BM of patients with MMR and CMR and in the cases in which

21



Chapter 1 Introduction

BCR-ABL is not detectable its thought to be because of technical limitation. This
has raised the question if LSCs might be addicted to BCR-ABL signalling. However,
Corbin et al. indicate that LSCs are not dependent on BCR-ABL expression and can
survive in a BCR-ABL independent manner'%2, This evidence was further supported
by other studies were removal or inhibition of BCR-ABL showing that persistence
occurs in absence of the oncogene'®:1%4 Understanding which are the survival
mechanism that CML activates to persist might result in discover new promising
combination treatment to eradicate LSCs'%>1%_ Inhibiting of BCR-ABL re-localises
transcriptions factors FOXO1 and FOXO3a in the nucleus resulting in anti-apoptotic
effect and cell cycle arrests'-1%, The signal pathway activated by BCR-ABL is a
source of ROS, causing genomic instability and DNA damage. Furthermore, BCR-
ABL also prevents mismatch repair, enhancing an anti-apoptotic effect in BCR-ABL
expressing cells'?. Among those, modulation of immune-response and the bone
marrow micro-environment also have been proposed as a mechanism that LSCs
use to escape eradication''. Upregulation of autophagy following BCR-ABL
inhibition has also been indicated as a mechanism that CML LSCs use to sustain

survival'1Z,

1.3.8 LSCs metabolism

LSCs as most CSCs are highly proliferating cells exhibiting increased metabolism
to sustain their energy demand. Also, since HSCs exhibit a unique metabolic
phenotype, with low mitochondrial metabolism to repress differentiation, LSCs

instead seem to have an opposite metabolic profile.

1.3.8.1 Mitochondrial metabolism and LSCs

LSCs are resilient cells and able to exploit multiple metabolic pathways in order
to survive. In fact, LSCs can, in addition to glucose, utilize fatty acids and amino
acids such as glutamine in order to provide precursors of the TCA cycle to sustain
mitochondrial metabolism in LSCs. Most CSCs that are dependent on OXPHOS
generally upregulate this energy source. For this reason, CSCs can be sensitive to
mitochondrial inhibition. Since higher oxysterol binding protein-related protein 4L
(ORPA4L) is associated with higher OXPHOS rate and it is upregulated in 80% of CML
cases, CML cells are thought to have higher levels of oxidative metabolism

compared to their normal counterparts''3. This was further investigated by Kuntz
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et al."4. Performing metabolic analyses on both stem cell-enriched CD34*CD38"
and CD34* and differentiated CD34 cells derived from patients with CML, the
authors demonstrated that most primitive LSCs have higher mitochondrial activity
than more differentiated LSCs and normal CD34*CD38" cells. Importantly, they
show that primitive CML cells are reliant on higher rates of oxidative metabolism

for their survival.

1.4 Autophagy

1.4.1 Overview

Autophagy, from the Greek auto-self and -phagy eating, is an evolutionally
conserved process first described in mammalian cells in 1963 by Christian de Duve.
Studies from the recent nobel prize Ohsumi, clarified the role of autophagy
unravelling the key regulators of the process in yeast'>'"7, It is a lysosomal
catabolic process that has several functions. First of all, it has a role as a cell
cleaner by reducing the chance of cell misfunction due to accumulation of
damaged cellular components and organelles. It is also involved in microbe’s
demolition and sustains metabolism during stressful situations, such as starvation,
providing building blocks for energy production and cellular homeostasis.
Autophagy is also associated with a subtype of non-apoptotic cell death, known as

type Il programmed cell death'8,

The assembly of the catabolic machinery of autophagy takes place in the
cytoplasm, in double membrane vesicles known as autophagosomes. The origin of
the autophagosomes in mammalian cells most of the time starts within an
extension of the endoplasmic reticulum known as omegasome''®. Other potential
sources of the double membranes are the mitochondrial outer membrane, the

plasma membrane and the nuclear envelope'?%'2', Numerous autophagy-related
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Figure 1.5: Schematic representation of autophagy activation

Following stress and/or growth signals, AMPK and mTOR guide autophagosome formation though
regulation of ULK1 activity. Active ULK Complex drives early stages of autophagy (initiation and
early elongation) and the recruitment of the VPS34 Complex. Sealing and LC3-Il attachment to the
double membrane require two ubiquitin-like conjugation systems. Firstly, ATG12 is activated by
the E1 like enzyme, ATG7. Activated ATG12 is then conjugated to ATG5 in a process that requires
ATG10 acting as an E2-like enzyme. ATG5-ATG12 then forms a complex with ATG16, which
functions as an E3 enzyme in the next ubiquitin-like conjugation system. LC3-1l is produced as a
“pro-protein” that is cleaved by ATG4 and then activated by the E1-like ATG7 and is conjugated
to phosphatidylethanolamine (PE) in the autophagosomal membrane by ATG3 and the ATG5-
ATG12-ATG16 complex. Fusion with lysosomal provides the necessary enzymes for autophagosomal
content degradation.
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(ATG) genes are involved in their biogenesis and function that can be organized in
three main stages'?2. The very first step consists in the autophagy initiation and
formation of the phagophore. Signals of cellular nutrient status are sensed by the
unc-51 like autophagy activating kinase 1 (ULK1) initiation complex which then
activates autophagy and recruits a second complex, known as vacuole protein
sorting 34 (VPS34) complex, resulting in the formation of a flat unique membrane
known as phagophore'23:124, Phagophores will then elongate and expand leading to
autophagosomal maturation. The last step is represented by their fusion with

lysosomes where proteases will be in charge of their content demolition.

1.4.2 ULK1 initiation complex

The ULK1 complex controls the initiation of the autophagosomal formation and is
mainly regulated by ULK1/2 (yeast ATG1), ATG13 and FIP200 (yeast ATG17)'%>,

ULK1 activity it’s dictated by mTOR and AMPK, two sensors of the nutritional
status of the cell. mTOR signalling pathways integrate biosynthetic pathways to
stimulate protein translation and cell growth. AMPK is a main regulator of cellular
metabolism which senses changes in level of nucleotides such as ATP, AMP and
ADP, promoting pathways that will lead to ATP synthesis and breakdown to support
energy demand'?®. mTOR and AMPK can have an opposite function in regulating
central metabolism. Abundant nutrients conditions lead to interaction between
ULK1 and mTORC1'2, In this scenario, mTOR represses autophagy with an
inhibitory phosphorylation of ULK1 on ser757 and ATG13'23.'?7 (Figure 1.6). During
conditions of low nutrients, AMPK directly inhibits mTORC1 to mainly repress
waste of energy for protein synthesis. AMPK repression of mTOR also releases ULK1
inhibition from mTOR itself. Furthermore, AMPK directly phosphorylates ULK1 on
ser555 activating it, triggering the initiation of the autophagic cascade'*° (Figure
1.6). Furthermore, inhibition of mTOR can also result in localising the E3-ligase
TRAF6 to ULK1, where K63 ubiquitylate and stabilise ULK1, which results active'3'.
Activation of ULK1 can also occur independently from mTOR or AMPK. Activation
of acetyl transferase TP60 by glycogen synthase kinase 3 (GSK3), induces
activation of ULK1 following its acetylation'32. Insulin it is proposed to be a
regulator of ULK1 phosphorylation on ser774 through an AKT-dependent
phosphorylation’®3. Once ULK1 is active, it phosphorylates and interacts with

ATG13 and FIP200, which leads to recruitment of the ULK1-complex to the
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phagophore formation site within the cytoplasm '3* (Figure 1.5). Auto-
phosphorylation on T180 in its kinase domain it’s a key phosphorylation for ULK1
activation'33:13>, ULK1 activation, however, has also been associated with
autophagy-independent mechanism. As indicated in (Table 1-2) ULK1 can
phosphorylates different substrates, leading to autophagy induction but also
regulation of glycolytic flux and cellular homeostasis'?4133,136-151  Nowadays 5
homologues of ULK1 have been identified (ULK1, ULK2, ULK3, ULK4 and STK36).
Among them, only ULK1 and ULK2 have been proposed as regulator of autophagy.

They are also the most similar and ULK2 can compensate loss of ULK1.
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Figure 1.6: ULK1 domain structure with location of phosphorylation sites

AMPK phosphorylation of ULK1 on S317, S467, S555, S574 and S777 is necessary for the kinase
activity of ULK1; AMPK phosphorylation of ULK1 on S555 is necessary for ATG13-ULK1 interaction
and for autophagy mediated by ULK-complex; mTOR phosphorylation of ULK1 on S757 prevents
ULK1 interaction with AMPK; mTOR phosphorylation of ULK1 on S758 facilitates ULK1 interaction
with AMPK; AKT phosphorylation of ULK1 on 5774 activates ULK1; mTOR and AMPK phosphorylation
of ULK1 on S637 facilitates ULK1 interaction with AMPK. Auto-phosphorilation on T180 important
for ULK1 activation.
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Protein Residue(s) Function
Induces dissociation of AMBRA1 from
AMBRA1 5465, 5635 the dynein complex in favour of its
interaction with the ULK1-complex
$360/5368, 5397 .
AMPKal $486/T488 Negatively regulates AMPK
538, T39, 568, .
AMPKP2 5173 Megatively regulates AMPK
AMPKy1l |5260/T262, 5269 Negatively regulates AMPK
ATGAB $316 Inhibits ATAB .actnn.t\rdunng LC3
conjugation
ATGO 14 Promotes ATGY traf‘flcl.ung inresponse
to starvation
ATG13 5318, 5355 5318 requ.lredfo.r clearanc,e of
depolarized mitochondria
Promotes autophagy by increasing
ATG14L 529
VP534 complex activity
ATG101 511, 5203 Unknown
BECLIN-1 514 Activates VP534
Cdc37 5339 Disrupts Cdc37 client proteins stability
DENND3 5554, 5572 Activates Rab12 to fac.lllt.ate
autophagosome trafficking
During amino acid and growth factor
starvation in orderto maintain
ENDO1 5282 .
homoeostasis of cellular energy and
redox levels
During amino acid and growth factor
FBP1 63 5tanrat|on.|n orderto maintain
homoeostasis of cellularenergyand
redox levels
Promotes mitophagy by enhancing
FUNDC1 s17 FUNDC1 binding to LC3
5043, 5086,
FIP200 <1323 Unknown
During amino acid and growth factor
starvation in orderto maintain
HK1 5124 .
homoeostasis of cellular energy and
redox levels
Promotes aggregate clearance during
p62/5QSTM1 proteotoxicstress
During amino acid and growth factor
starvation in orderto maintain
PFK1 5762 .
homoeostasis of cellular energy and
redox levels
Raptor 5855, 5859, 5792) Inhibitis mTORC1 during starvation
Sec2IA 5207, 5312 Inhibitis ER to Golgi t.raf'flcklng during
starvation
5400, 5492,
Smrcd 5562, T666 Unknown
Inhibits excessive transcription of innate
Sting 5366 immune genes during their activation
by cyclic dinucleotides
IT1280 important for ULK1 kinase activity.
ULKL T180, 51042, 51042 and T1046 regulate ULK1
T1046 ubiquitylation and degradation during
prolonged starvation
VPS34 5249 Unknown

Table 1-2: List of known ULK1 substrates and function

Adapted from Zachari et al.’?
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1.4.3 VPS34 complex

Upon activation of ULK1, it phosphorylates Beclin-1 and AMBRA to recruit a new
complex to autophagosome formation, known as the VPS34 complex'®. The main
component of this complex is a class Il PI3K VPS34, a lipid kinase that
phosphorylates phosphatidylinositol (Pl) to form phosphatidylinositol-3’phosphate
(PI3P)133:134_ |nhibition of autophagy is associated with the interaction of the BH3
domain of Beclin-1 with the anti-apoptotic protein BCL-2. However, starvation
condition will release Beclin-1 from BCL-2 making it available to form a complex
with VPS34. Other members of the complex are UVRAG and ATG14, that positively
regulate autophagy (Figure 1.5).

1.4.4 Autophagosome completion

The final stages to enclose the double membranes vesicles, leading to
autophagosomes maturation, depends on two ubiquitin like conjugation system.
The process of ubiquitin conjugation occurs when a small protein modifier,
ubiquitin, is directly conjugated to substrate proteins by three sequential
enzymatic activities. The first conjugation system occurs by transfer of PE
(phosphatidylethanolamine) to ATGS8, yeast orthologues of LC3 (microtubule
associated protein 1 light chain 3), converting the cytoplasmic isoform of LC3,
LC3-1, to the PE conjugated isoform bound to the autophagosomal membrane, LC3-
[1"5> (Figure 1.5). ATG8 is firstly cleaved by ATG4 to reveal a C-terminal glycine
residue. This is then activated by ATG7, an E1 ubiquitin-activating enzyme, and is
conjugated to PE membrane by ATG3, an E2 ubiquitin-conjugating enzyme. The
second conjugation system is represented by the complex ATG12-ATG16-ATG5
(Figure 1.5). The process begins with ATG7, an E1, which activates the C-terminal
glycine of ATG12, which ATG10, an E2, conjugates with a covalent binding to
ATG5"® (Figure 1.5). The ATG12-ATG5 system finally conjugates with a non-
covalent binding to ATG16, forming a ubiquitin like conjugation system, which is
directed to the double membrane and acts as an E3 ubiquitin ligase enzyme,
binding LC3-1l to the autophagosomal membrane. ATG4, in a process known as de-

lipidation, cleaves LC3 removing it from the outer membrane.

In human have been described at least 6 orthologues of ATG8 which can be
organised in two distinct families. GABARAPs family (members GABARAP,

29



Chapter 1 Introduction

GABARAPL1 and GABARAPL2/GATE-16) and LC3 family (members LC3A, LC3B and
LC3C). LC3 function has been strongly investigated and together with GABARAB
and GATE-16 is a ubiquitin like protein which their function is mainly linked with
the previous described autophagosomal conjugation system. Less is understood

about whether there are divergent functions for other Atg8 orthologues'*’.

1.4.5 Autolysosome formation

The completion of the autophagic biogenesis requires the fusion of the outer
membrane of autophagosomes with lysosomes, organelles that contain pH-
sensitive proteases, to form autolysosomes. Within autolysosomes, the inner single
membrane of the autophagosome and its content are lysed by lysosomal
hydrolases, especially cathepsins. This fusion process between autophagosomes
and lysosomes to generate autolysosomes is not fully understood, although it has
been shown to require LAMP-2, the small GTPase RAB7 and UVRAG"8, However,
signalling pathway such as the PI3K/Akt/mTORC1, seem to have a major role.

1.4.6 Cargo receptor proteins: p62

During autophagy, a class of cargo receptors act as a bridge to conjugate cargos
to lipidated LC3 on the double membrane. The most abundant class of cargo
receptors for selective autophagy are related by the presence of one or more
linear peptide motifs that mediate direct interaction with LC3-Il, called LIR motifs

(LC3-interacting region).

p62 (also known as sequestosome-1, SQSTM1) is an autophagy cargo receptor
involved in the removal of protein aggregates, mostly associated in neurological
and hepatic diseases such as mutant Huntingtin and Lewy bodies'°. p62 interacts
with LC3-II within its LIR motif and is able, with its C-terminal ubiquitin associated
domain, to recognise protein aggregates which are highly ubiquitinated. This
double interaction allows delivery of ubiquitinated substrates to the
autophagosome for autophagic degradation. Since LC3-Il is also internalised in the
double membrane, this internalisation involves also cargo receptors and cargo
proteins destined to degradation. For this reason, p62 is a major marker for

autophagy flux.
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1.5 Autophagy and HSCs

Although, keeping LT-HSCs in their hypoxic niche seems to satisfy maintenance of
their “dormant” state, it may not be the only factor that contributes to their
metabolism adaptation. Lately, autophagy has been shown to be essential in
preserving the organization and the welfare of this small cell compartment'60.161,
The maintenance of cell health and prevention of stem cell aging is also vital for
haematopoiesis, and the role of autophagy in degrading damaged cellular
components and organelles may be essential in this context. Furthermore,
autophagy flux negatively correlates with cell decline in several cell subtypes
including HSCs'62,

1.5.1 Autophagy, key player in HSC maintenance

The fact that HSCs have a slow turnover decreases the chance to reduce or dilute
damaged cellular components and autophagy might be indispensable for the
necessary increase in catabolic rate. Several studies propose that autophagy can
sustain glycolytic flux, protecting HSCs from metabolic stress and expansion
stimulus in the BM, thereby reducing the chance of HSCs exhaustion. FOXO3a, a
transcriptional factor that shows multiple functions associated with longevity,
regulates levels of autophagy in HSCs in case of metabolic stress'®3. Specifically,
FOX03a deficient mice showed a pronounced reduction in autophagy capacity in
protecting HSCs. FIP200, a component of the ULK1 initiation complex, has also
been associated with maintenance of HSCs'®4. This study found that mice depleted
of FIP200 resulted in increased HSC proliferation, in which mitochondrial mass was
higher when compared with HSC with no depletion. ATG7, whose role is only
associated with autophagy, regulates mitochondrial homeostasis of HSCs, as well
as ROS production and cell differentiation'®. Deleting ATG7 in the hematopoietic
compartment results in the loss of normal HSCs functions and severe myeloid-
proliferation, causing mice death. The authors also show that the HSPC
compartment exhibit accumulation of mitochondria and ROS, in addition to an

increased proliferation rate and DNA impairment.

1.5.2 Autophagy and HSC cell cycle

Orientating HSCs to quiescence and a slow cell cycle ensure preservation and

health of long-lived stem cells. Fewer replication cycles with minimum telomere
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shortening ensure that HSCs age more slowly'®®. Despite the fact that cyclin D
family members, including cyclins D1-D3, are expressed at different levels in
HSPCs, Cao et al.’%” showed that only cyclin D3 responds to nutrient stress and
identified autophagy as a driving force for cell cycle entry. Therefore, they
suggest that the lower levels of autophagy activity observed in aged mice may be
due to lower cyclin D3 levels, and thus a postponed HSCs entry into the cell cycle.
This ultimately results in a defect in self-renewal. The most common way to test
HSCs ability to undergo self-renewal is represented by serial transplantation of
murine HSCs from an original donor to a recipient, whose own HSCs are ablated
before transplantation. Recent studies indicate that autophagy is an essential
process for self-renewal. Ho et al.’®®, demonstrated that mice with
hematopoietic-specific deletion of the essential autophagy factor ATG12 had
increased numbers of cells in the peripheral blood and spleen. The authors then
performed serial transplantation of ATG12 deficient HSCs into recipient mice. The
mice receiving the ATG12 deficient HSCs showed dramatically impaired

engraftment and reduced number of regenerated HSCs.

1.5.3 Mitophagy

Nowadays, mitophagy is one of the most investigated process for mitochondrial
clearance'. The term mitophagy was proposed in the late nineties by Klionsky
and within the years its critical function has been clarified'”°. The removal of
mitochondria using the autophagic machinery is used by a cell not only for the
removal of damaged and aged mitochondrion but also to sustain several conditions
such as cellular stress, differentiation and cell death as well as it’s implicated in
several diseases such as Parkinson''-173, Multiple signal events are required to
induce autophagy, of which signals of eat me or ubiquitin-dependent receptors

such as Parkin and PTEN-induced putative kinase 1 (Pink1).

1.53.1 Parkin dependent mitophagy

Parkin is a cytosolic E3 ubiquitin ligase that is mutated in familial forms of
Parkinson disease'4 which is required to address mitochondrial clearance.
Together with Parkin, Pink1 is an essential kinase required to mitochondrial
degradation'>. Pink1 is a serine/threonine kinase that functions with a protective

role towards cells against stressed induced following mitochondrial disfunction.
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Physiologically, Pink1 expression and its kinase activity recruits Parkin to
depolarized mitochondria inducing mitophagy'’. Using agents that depolarise and
reduce the mitochondria membrane potential, force the exposure of Pink on the
cytoplasmic side of the mitochondrial membrane, enhancing its effect on Parkin
recruitment'”’. Furthermore, Baudot et al. demonstrated that overexpressing
Parkin enhances mitophagy, making Parkin-enhanced mitophagy as a suitable

assay to measure autophagy flux'”® (Figure 1.7).

1.5.4 Mitophagy controls oxidative stress in HSCs

It is likely that to maintain latency in HSCs, it is fundamental to have low
mitochondrial activity. A phenomenon known as mitophagy is the only known
process for mitochondrial clearance, and this function has been demonstrated to
control levels of oxidative stress. One of the key regulators of mitophagy is Pink1
that interacts with the outer mitochondrial membrane and with Parkin, an E3
ubiquitin ligase, guiding mitochondria to autophagosomal degradation'®179, In
their study, Jin et al.’® reported that ATAD3A is a major regulator of mitophagy.
During mitophagy in the haematopoietic system, ATAD3A functions as a bridge
between the translocase of the outer membrane complex and the translocase of
the inner membrane complex to facilitate the import of Pink1 into mitochondria.
Deletion of ATAD3A results in enhanced mitophagy with mitochondria depletion
and blockage in differentiation, restoring HSCs pool. Another study showed that
PPAR-FAO pathway mediates clearance of damaged mitochondria, an important
process in the self-renewing population expansion of Tie2* HSCs in mice'®'. Tie2,
a receptor tyrosine kinase, expression on HSCs is a marker of quiescence'8?183,
Additionally, ATG5 and ATG7 have been shown to regulate mitophagy and
oxidative stress'. A robust increase in mitochondrial mass is detected in mice
with conditional depletion of ATG5 or ATG7. This is translated in increased
production of ROS and higher DNA damage in ATG7 deficient cells than that of
their wild-type counterparts. Authors therefore highlight mitophagy as a critical
mechanism for normal HSPC function. Furthermore, it has been reported that mice
deficient in ULK1 have compromised mitochondrial clearance during the stages of
erythrocyte maturation'®. As previously mentioned, ROS have a major role in HSCs
decline. Since mitochondria are the main source for ROS, mitophagy might also

represent a crucial regulator for HSCs aging. Reducing oxidative stress via
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Figure 1.7: Overview of Parkin-dependent mitophagy

Overexpression of Parkin mediates autophagy-dependent mitochondrial degradation, mitophagy,
upon mitochondrial damage induced with oligomicyn/antimycin A treatment. Recruitment of
Parkin to damaged mitochondria requires kinase activity of Pink1.
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mitochondria degradation might therefore prevent HSCs exhaustion and immature

aging, although further investigation to address this hypothesis is needed.

1.6 Autophagy and LSCs

In the last few decades the hypothesis that LSCs, as many other CSCs, have a high-
energy demand has been supported by the results of a large humber of studies.
High rates of metabolism also correspond to high levels of cellular stress and this
can damage cellular components. In this scenario, LSCs take advantage of the
survival “sustainer” process, autophagy, by using it as a building block provider to
address their metabolic requirements. As well as this, autophagy contributes to
keeping cells healthy by reducing oxidative stress. Watson et al.’8 indicated that
human and mouse HSPCs exhibited lower mitochondrial stress and increased
mitochondrial clearance due to increased autophagy when compared to more
differentiated cells. Loss of ATG7 impaired glycolysis and induced a distinctive
mitochondrial metabolism profile, and the subsequent induction of ROS
encouraged differentiation of CD34* CML cells in the erythroid lineage. Further
investigations are still required to understand the metabolic profile of LSCs, which
will also provide additional tools to elucidate the role of autophagy in sustaining

leukaemic metabolism.

1.6.1 Mitophagy and LSCs

As described previously, mitochondrial metabolism is one of the main sources of
energy for LSCs. To ensure that oxidative metabolism can meet LSCs energetic
demand, their mitochondria need to be conformed to meet this. We have
previously indicated mitophagy as the mechanism that removes injured
mitochondria and, in this context a high demand for mitophagy will probably
assure the replenishment of functioning mitochondria. However, this still remains
to be investigated in detail. One of the few studies conducted in leukaemia
regarding mitophagy is a recent study in acute myeloid leukaemia (AML)'®. In
their manuscript authors indicate that AML LSCs have increased level of mitophagy

compared non-LSCs. However limited evidence is available about CML LSCs.
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1.6.2 Autophagy in the initiation of leukaemia

Understanding what are the main features in the initiation of leukaemia is still of
high importance. Remodelling of autophagy function hasn’t been largely
investigated in the transformation of HSCs to LSCs. Autophagy genes are
upregulated in CML and loss of autophagy in CD34* CML cells results in
compromised initiation of leukaemia'®:18%, A high-energy demand is also required
for leukaemia expansion. lanniciello et al.’® indicates that CD34* LSCs when exit

hypoxia have increased autophagy compared to normal cells.

1.6.3 Autophagy in LSC drug resistance

Several studies have shown that LSCs escape from drug treatment by upregulating
autophagy. TKis, the front-line treatment of CML, inhibit the oncogenic BCR-ABL
tyrosine kinase activity and this induces autophagic flux'' %4, Arsenic trioxide is
an alternative way to remove BCR-ABL, which requires induction of the cathepsin
B, a lysosomal protease'?>1%, Interestingly, CML LSCs balance autophagy between
a survival and apoptotic function. Autophagy is induced for BCR-ABL degradation
upon TKIs treatment and at the same time promotes leukaemic cell recovery
following cessation of treatment'?’. Additionally, Helgason et al. ?® highlighted
autophagy inhibition with TKIs treatment as a strategic approach to eradicate
LSCs.

1.6.4 CHOICES clinical trial and new generation of autophagy
inhibitors

The relevance of combining current treatment with autophagy inhibition in LSCs
have come to a phase Il clinical trial. The name of the study is CHOICES
(CHLOroquine and Imatinib Combination to Eliminate Stem cells) and combines
first line treatment for CML patients with HCQ. However, HCQ is a non-specific
autophagy inhibitor and high doses are required to target autophagy in patients
that might not be achievable, thus there is a need to develop more specific
autophagy inhibitors to target autophagy in patients. ULK1 and VPS34 inhibitors
have been established and in vitro results are promising'38193,199,.200  However,
further analysis and in vivo studies using suitable robust pre-clinical models are
still necessary to validate their ability to target autophagy in cancer patients and
specifically in the context of leukaemia.
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1.6.5 Inhibition of ULK1 as a new emerging tool in the treatment of
cancer and other diseases

The implication of autophagy in cancer resistance has been of high debates in the
past years and evidence gives a crucial role to ULK1 in the process. ULK1 plays a
critical role in induction of protective autophagy in oesophageal squamous cell
carcinoma (ESCC)%', ULK1-mediated autophagy has been proved to be responsible

in the resistance of AML LSCs following treatment using BET inhibitors2°2,

A better understanding of the function and the mechanism regulated by ULK1 has
led in adopting pharmacological and genetical inhibition of ULK1 approach to
target autophagy in the treatment of cancer and other disorders. At the moment,

a wide range of small molecules to target ULK1 are available (Table 1-3).

The importance of targeting ULK1 has now been highlighted in recent publications.
Radhi et al. indicates that targeting ULK1 using both MRT68921 or SBI-0206965
leads to inhibition of autophagy and reduced Staphylococcus ability of infection
and induce death of the host?%. Inhibition of ULK1 using ULK1-101 sensitise KRAS
mutated lung cancer cells to nutrient stress?®*. Zhang et al. also show the
importance of targeting ULK1 in the treatment of triple negative breast cancer?®.
Using approach to target components of the early stages of autophagy such ULK1
and VPS34, results in enhancing BRAF inhibitors in the treatment of central

nervous system (CNS) tumours2%,

1.7 Erythroid maturation

Erythropoiesis from the Greek pu6po, red and moinon, to make, is a physiological
process originating within the BM that gives rise to mature red blood cells (RBCs).
The process starts from HSCs, that differentiating lose their self-renewal ability,
commit to erythroid lineage first as multipotent progenitors and then as MEP.
From a MEP every second 2 million of RBCs are produced in an adult person??’. The
transition from MEP to RBCs is a fine regulated process, involving several cell
divisions steps, removal of intracellular compartment and acquiring a red

phenotype due to increased concentration of haemoglobin.
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Compound Targets Potency Reference
SBI-0206965 | ULK1and ULK2 | i’ 00 %MW | Egan et al
MRT67307 | ULK1 and ULK2 3t$ :EZ’Z 2: gg "V | Petherick et al
MRT68921 | ULK1 and ULK2 Bti; :g:z g]‘: ij’ :'\,\2 Petherick et al.?®
Compound 1 | ULK1 and ULK2 LdtKKlz llf:i(; c;ffSl: :'\'\//II Lazarus et al.'*
Compound 3 ULK1 ULK1:ICsoof 120 nM | Lazarus et al.*®
SR-17398 ULK1 ULK1: ICso of 22 nM Wood et al.*®
SR-20295 ULK1 ULK1: ICsoof 45nM |  Wood et al.2%
ULK-101 | ULK1 and ULK2 LLJJLLKé 'lcci‘; ‘;ffig :,'\\A" Martin et al.2®

Table 1-3: ULK1/2 inhibitors. Adapted from Limpert et al.20820°
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More in details, the maturation process of MEP occurs in the erythroblastic islands,
a specialised region of the BM mainly populated by immature erythroblasts and
macrophages. In this defined area, MEP starts decreasing cell volume, with a total
of five cell division cycles. MEP first becomes a pro-erythroblast, to gradually
move to basophilic, polychromatophilic and ortho-chromatophilic erythroblasts
(Figure 1.8). Within those morphological changes, there is a gradual decrease in
ribosomes, which causes a reduction in basophilia, followed by removal of
mitochondria and other cytoplasmic organelles. Chromatin becomes increasingly
denser until the nucleus presents a pyknotic appearance and is finally extruded
from the cell, with reticulocytes become mature and terminal erythrocytes.
Macrophages that populate the erythroblastic islands, feeds on extruded
organelles?®. Furthermore, macrophages interact with the erythroblasts to
provide iron, which will facilitate proliferation and terminal differentiation

preventing premature erythroblastic death.

Many cytokines are involved in the process, but erythropoietin (EPO), a growth
factor produced in the kidneys, promotes the synthesis of globin, the protein

counterpart of haemoglobin, essential during RBCs maturation?'©,

1.7.1 Autophagy and terminal erythropoiesis

Autophagy appears to play a major role during RBCs maturation, contributing to
clearance of organelles such as ribosomes and mitochondria (mitophagy). ULK1
and ATG7 dependent mechanism are involved in organelles removal during
terminal erythropoiesis, with ULK1 and ATG7 deficient mice showing signs of
anaemia and deficiency in maturation of reticulocytes'84.185.21" However, evidence
indicate that autophagy-independent mechanism can occur when canonical
autophagy is impeded?'%2'3, Furthermore, Karvela et al. indicate that inhibition
of autophagy using HCQ or removal of ATG7 promote erythropoiesis in the contests

of CML'®, However further studies are required to fully elucidate this process.
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Orthochromatophilic
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Figure 1.8: Erythrocyte maturation

Summary of erythroid maturation during which changes in cellular size and morphology occurs,
including loss of nucleus reaching the terminal stage of erythrocyte. Increase in haemoglobin
concentration and RNA level is recorded during erythropoiesis.
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Aims
The aims of this study were to:
1. ldentify targetable mediators of TKl-induced autophagy in LSPCs

2. Target TKI-induced autophagy using pharmacological approaches

3. Unravel the role that ULK1 plays in regulating LSPCs’ “function”
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Materials and methods
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2.1 Human primary samples

2.1.1 Human primary sample origin

Prior to use surplus human tissue in my research (REC 10/50704/60) and for bank

human tissue (REC 15/WS/0077), ethical approval has been given. CML samples

were leukaepheresis products from patients in CP-CML at the time of diagnosis,

with informed consent in accordance with the Declaration of Helsinki and approval

of the National Health Service Greater Glasgow Institutional Review Board (Table

2-1). Normal samples were: i) surplus cells collected from femoral head BM,

surgically removed from patients undergoing hip replacement (with written

patient consent and approval from the NHS Greater Glasgow and Clyde

Biorepository), or ii) leukapheresis products from patients with non-myeloid Ph)

chromosome-negative haematological disorders (Table 2-2). The presence of the

Ph chromosome in CML samples was confirmed by cytogenetic analysis.

Sample ::rtr:;?: Age | Gender | Disease and Phase I?ACBT.
CML454 #1 58 Male CML-CP +
CML380 #2 69 Male CML-CP +
CML470 #3 - - CML-CP +
CML483 #4 46 Male CML-CP +
CML407 #5 63 Female CML-CP +
CML456 #6 CML-CP +
CML476 #7 - - CML-CP +
CML465 #8 46 Male CML-CP +
CML484 #9 - CML-CP +
CML461 #10 52 Female CML-CP +
CML468 #11 - - CML-CP +
CML462 #12 68 Male CML-CP +
CML472 #13 - - CML-CP +
CML465 #14 62 Male CML-CP +
CML349 #15 40 Male CML-CP +
CML428 #16 CML-CP +
CML482 #17 CML-CP +
CML480 #18 CML-CP +

Table 2-1: List of CML samples
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Sample Patient sample Age Gender BCR-ABL
HIP57 1
HIP41 2
HIP55 3
BB171281 4 40 Female
BB171030 5 50 Male
BB171229 6 72 Male
BB180071 7 68 Male
BB171535 8 51 Male
BB180300 9 62 Male
BB180092 10 77 Female
PGT 11
BB181041 12 65 Male
BB181959 13 51 Female

Table 2-2: List of normal samples

2.1.2 Enrichment of CD34* cells from individuals diagnosed with
CP-CML

Leukapheresis bag containing peripheral blood from patients diagnosed with CML
were used to isolate CD34* cells using CD34 Microbeads Kit or Clini-MACS.
Following isolation, samples were stained with anti-human CD34 Ab (APC) and
positivity of cells was confirmed by FACs. Cells were freshly used or stored in the

Paul O’Gorman Leukaemia Research Centre bio-bank at -80°C

2.1.3 Enrichment of Ph chromosome negative CD34" cells

Solutions

DAMP buffer

For 500 mL:

2 mL DNase | (2500U/mL) (Roche#11284932001)

1.25 mL Magnesium chloride (400X, 1.0 M)

53 mL Trisodium citrate (0.155M) (Sigma#s5770)

25 mL Human Serum Albumin (20%, Scottish National Blood Transfusion Service)
419 mL PBS (Invitrogen#14190)
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SFM

For 50 mL:

500 pL of Pen/Strep (10000 UmL'/10000 pgmL") (Invitrogen#15140-122)
10 mL BIT (Stem Cell Tech.#09500)

200 pL low density lipo-protein (10mg/mL) (Sigma#L4646)

2 Mercapto-ethanol (50nM) (/nvitrogen 31350-010)

25 pL LIF (0.05ng/mL) (PeproTech#300-05)

34 pL PGF cocktail (Table 2-3)

39 mL IMDM (Invitrogen#12440-053)

GF Supplier Cat. Number Sto:gk/;ﬁ_nc coteccfurigigm 5\60:::[‘1 S?F);A
SCF Biolegend #573902 5 0.2 2
G-CSF Biolegend #578602 20 1 2.5
GM-CSF | Biolegend #572902 1 0.2 10
IL6 Biolegend #570802 5 1 10
MIP-a PeproTech #300-08 1 0.2 10

Table 2-3: Preparation of PGF cocktail

BM sample, obtained from femoral head of individuals undergoing hip
replacement, was used to isolate normal CD34* cells (Figure 2.1a). BM tissue was
crushed using a mortar and pestle and resuspended in DAMP buffer (Figure 2.1b).
Following spin, a 1200rpm/10min cells were resuspended in 6 mL of DAMP buffer
and accurately resuspended in 15 mL tube containing 6 mL Histopaque
(Sigma#H8889) proceeding with a ficoll separation at 400g/30 min without break
(Figure 2.1c). Mononuclear layer of cells was collected and washed in 20 mL of
DAMP buffer (Figure 2.1d). Cells were than resuspended in 5 mL DAMP buffer and
stained with CD34* beads (MiltenyiBiotec#130-100-454) for 30 min at 4°C. Cells
were than washed in 15 mL DAMP buffer and purified using magnetic separation
(Figure 2.1e). LS column (MiltenyiBiotech#5180608045) was washed with 3 mL of
PBS and cell suspension was applied onto the column. Following 2 washes with 5
mL PBS, column was placed into a 15 mL tube and 7 ml of PBS were pipetted in
the column and cells immediately flushed out of the column by firmly pushing a
plunger into the column (Figure 2.1f). This step was repeated twice. Positivity of

cells expressing CD34 marker was assessed by FACs (Figure 2.1g).
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Figure 2.1: Schematic diagram for selection and enrichment of BM-derived normal CD34*
cells.
BM was collected from residual tissue obtained from patient undergoing hip replacement (a). BM

cells were extracted using a mortar and pestle (b), resuspended in PBS and placed on top of
histopaque solution (c). Mononuclear cells were separated from the rest of the cells (d) and CD34*
cells were enriched using beads (e, f). Positivity to CD34 expression was assessed by FACs (g). Cells

were left recover ON at 37°C (h)
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Cells were centrifuged at 1200 rpm/10min and resuspended in serum free media
(SFM Enrichment of CD34* cells from leukapheresis bag isolated from patient
diagnosed with CMLCD34" cells were isolated using CD34 Microbeads Kit or Clini-
MACS; the flow through consisting of CD34" cells. For positive selection of human
CD34 cells with Microbeads, cells were centrifuged at 1200 rpm/10 min in 5 mL
DAMP buffer and stained with CD34* beads for 30 min at 4°C. Cells were than
washed in 15 mL DAMP buffer and cells were purified using magnetic separation.
LS column was washed with 3 mL of PBS and cell suspension was applied onto the
column. Following 2 washes with 5 mL PBS, column was placed into a 15 mL tube
and 7 ml of PBS were pipetted in the column and cells were immediately flushed
out of the column by firmly pushing a plunger into the column. This step was
repeated twice. Cells were centrifuged at 1200 rpm/10min and resuspended in
SFM ON to recover.

2.1.4 Thawing of primary cells

Human CD34* cells were defrosted in a 37°C water bath. The cell suspension was
then transferred to a 50 ml falcon tube. DAMP solution was added drop by drop
(10 ml DAMP +10% FB (Invitrogen#10500064) was added over 20 min) while gently
shaking. The cells were then centrifuged at 1200 rpm/10 min and washed with
DAMP. This procedure was repeated twice. The cells were then suspended in SFM

at a concentration of 1.0x10° cells/ml for ON recovery.

2.2 Human Long- and Short- Term Culture-Initiating Cell
Assays

2.2.1 Colony Forming Cell (CFC) assay

Colony-forming cell (CFC) assay is invitro assay that is commonly used in the
hematopoietic field to study hematopoietic stem cells. The assay measures the
ability of hematopoietic progenitors to proliferate and differentiate into colonies

in a semi-solid media in response to cytokine stimulation.

Primary CML and normal cells were seeded at a concentration of 2.0x103 cells/mL
in SFM and treated for 3 days in the presence of indicated drugs. After 3 days,
3x103 cells in the untreated arm were counted and transferred in 1.5 mL of semi-

solid medium, Methocult H4034 Optimum, (StemCell#04034) and vortexed. The
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same volume as the untreated was harvested from the rest of the conditions. The
mixture of cells and semi-solid media was transferred to a 35 mm dish and
incubated for 12-14 days at 37°C, 5% CO, following which colonies were then

manually counted.

CFC was also performed using CML cell lines. Following 3 days treatment, 1x103
cells were harvested and seeded for 13-14 days in Methocult 4230
(StemCell#04230).

2.2.2 Long-term culture-initiating cell (LTC-IC) assay

Long-term culture-initiating cell (LTC-IC) assay measures the ability of primitive
haematopoietic cells to generate progenitor cells capable of initiate and sustain

myelopoiesis for 5 weeks in vitro.

Genetically engineered mouse cell lines expressing human cytokines, specifically
M2-10B4 (expressing IL-3 and G-CSF) and S1/51 (expressing IL3 and SCF) were
selected using hygromycin B (final concentration 62.5ug/mL for M2-10B4 and
125ug/mL for $1/S1 fibroblasts) and G418 (final concentration 400ug/mL for M2-
10B4 and 800ug/mL for S1/S1 fibroblasts) in DMEM using Collagen | coated plate
(Thermo#A1142802) (Figure 2.2). Following selection, both cell lines were
irradiated at a dose of 80 Gy to inhibit cellular expansion. One day prior the assay,
7x10* cells from each feeder cell line were resuspended in 500 pyL myelocult
supplemented with hydrocortisone and let adhere ON (Figure 2.2). The following
day, 5x10* primary CML cells (pre-treated for 6 days) were harvested, resuspended
in 500 pL of Myelocult H5100 (StemCell#05150 and seeded on top of the feeder
cell layer (Figure 2.2). Feeder cells and primary cells were cultured for additional
5 weeks with a weekly refresh of half of the media (Figure 2.2). Both feeder and
CML cells were then harvested and transferred to 1.5 mL of semi-solid medium,
Methocult H4034 Optimum, (StemCell#04034) and vortexed (Figure 2.2). The
mixture of cells and semi-solid media was transferred to a 35 mm dish and
incubated for 12-14 days at 37°C, 5% CO2, and colonies manually counted (Figure
2.2).
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Figure 2.2: Schematic diagram illustrating LTC-IC assay (adapted from
https://cdn.stemcell.com/media/files/manual/MA28412Human Long Term Culture Initiating

Cell Assay.pdf)
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2.3 Erythroid maturation study using CD34* CML cells

CD34* CML cells were seeded at a concentration of 2.0x10° cells/mL in SFM
supplemented with 3 u/mL of erythropoietin (EPO). Cells were treated for 3, 6
and 9 days, and media was refreshed every 3 days. A positive control using 10
u/mL of EPO was performed and treatment with N-acetyl cysteine (NAC) was used

to rescue erythroid maturation.

2.4 Culturing of cells

2.4.1 Maintenance of cell lines

RPMI
For 500 mL:
5 mL of Pen/Strep (10000 UmL""/10000 pgmL ")
5 mL of Glutamine (200 mM)
50 mL of FBS
440 of RPMI (Thermo#11875-093)

K562 and KCL22 CML cell lines were cultured in RPMI at a concentration of 2x10°/
mL and passaged every 2-3 days. Cells were maintained at 37°C with 5% CO2.

2.4.2 Cryo-preservation of cell lines

Freezing media

90% FBS

10% DMSO

Cell lines were resuspended in freezing media at an approximate concentration of
5x10° cells/ml and 1 ml aliquoted into individual cryovials. The cryovials were
rapidly transferred into the Cool-Cell to allow a steady decrease in temperature

and placed into a -80°C freezer for 24h before transfer into liquid nitrogen.

2.4.3 Thawing of cell lines

Cryovials were placed into in a 37°C water bath for approximately one minute.
The cell suspension was then transferred into a 15mL tube containing 10 ml of
pre-warmed complete growth media. Cells were centrifuged and then suspended

in complete growth media at a concentration of 2.5x10 cells/ml.
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2.5 Drugs preparation

For in vivo study, drugs were freshly prepared twice per week and stored at 4°C.
For in vitro assays, compounds were resuspended in specified (Table 2-4) vehicle
and stored ad -20°C.

. . Required Dose x Route of
Drug RN T D LIl conc. Day administration
MRT403 in . . 1to 10
vitro Supplied by LifeArc DMSO UM - -
MRT921 Supplied by LifeArc | DMSsO | 1 L"Mlo - -
ltol
MRTO16 Supplied by LifeArc | DMSO LC’M 0 - -
ltol
MRT993 Supplied by LifeArc | DMSO LOM 0 - -
SBI-0206965 Sigma DMSO 11010 - -
uM
HCQ uUsP PBS 10 uMm - -
BAF Donation from Kevin OMSO | 100 nM i i
Ryan lab.
S . 03-3
Nilotinib LC Laboratories DMSO M - -
Omacetaxin Sigma DMSO 10 nM - -
. . 50
Imatinib LC Laboratories Water 2 Oral gavage
mg/Kg
MRT403 in . . 40
Vivo Supplied by LifeArc DMSO me/Ke 1 Oral gavage

Table 2-4: Drugs details

2.6 Immunoblotting

2.6.1 Protein lysis and quantification

Prior to protein lysis, stock solutions were made as indicated below.

SDS 10%
Dissolve 10g SDS (Sigma#L5750)
in 100mL deionized water

PhoshoSTOP solution
Dissolve 1 tablet PhosphoSTOP (Roche#04906837001)
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in 1mL deionized water

Complete Solution
Dissolve 1 tablet Complete (Roche#05892970001)
in 1mL deionized water

Ripa buffer mix

Ripa buffer (Thermo#89901)

10% PhosphoSTOP solution

10% Complete solution

10% SDS 10%

Cells were harvested from each condition in a 15 ml tube and counted. Following
centrifugation at 1200 rpm/5min, media was discarded, and cell pellet was
washed with PBS and placed in a fresh 1.5 ml Eppendorf. Cells were spin at 1200
rpm/5min, PBS was accurately removed, and cells were resuspended in RIPA
buffer mix and place inice. The use a syringe and 25G needle facilitated cell lyses.
Lysates were centrifuged at 16000 rpm/30min at 4°C and collected in a fresh 1.5
ml Eppendorf and stored at -80 °C. Quantification of protein was evaluated using
Bicinchoninic acid (BCA) protein assay. Following defrosting of lysates on ice, 2 pL
x3 of each sample was place into a 96 well plate. Standard curve was generated
using 0-0.1-0.25-0.5-0.75-1.0-1.5-2.0 mg of standard albumin. For protein
quantification, the Pierce™ BCA Protein Assay Kit (Thermo#23228) was used
according to manufacturer’s instructions. In brief, 98% (v/v) Reagent A was mixed
with 2% (v/v) Reagent B and 198 pl of the Reagent A+ Reagent B was distributed
into each sample previously spread in a 96-well plate. Following incubation of the
plate at 37°C for 30 min, absorbance was measured at OD 562 nm using a
spectrophotometer plate reader. The concentration of each samples was
determined by interpolating their absorbance values with the standard curve.
Equal amounts of proteins (5-20 pg) were resuspended in Nupage SB4X
(Invitrogen#NP007) and appropriate amount of water was added to each sample
to dilute SB to 1X and 0.1% DTT (Sigma#43819) for a final volume of 30uL

respectively.

2.6.2 Hand casting polyacrylamide gels

Prior to gel preparation, stock solutions were made as indicated below.

Stock solutions
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1.5 M Tris-HCI pH 8.8

18.15 g Tris (Sigma#T1378)

60 mL deionized water

Adjust to pH 8.8 with HCl

Make to 100mL with deionized water

0.5 M Tris-HCl pH 6.8

6g Tris

60 mL deionized water

Adjust to pH 6.8 with HCl

Make to 100mL with deionized water

APS 10%
1g APS (Sigma#2486-14
10ml deionized water

Resolving gel
7.50% 12% 15% X%
30% Acrylamide (Biorad#88520) 1.98 mL 3.75mL| 6.0mL | 7.5 mL 0.33*XmL
0.5 M Tris-HCl pH 6.8 3.78 mL - - - -
1.5 M Tris-HCl pH 8.8 - 3.75mL|3.75mL|3.75 mL 3.75 mL
10% SDS 150pL 150pL | 150pL | 150pL 150pL

Components Stacking gel 4%

Deionized water 9 mL 7.28 mL|5.03 mL| 3.5 mL |11.03-(0.33*X) mL
TEMED (Sigma#T9281) 15uL 15uL 15uL 15uL 15uL
10% APS 15uL 15uL 15uL 15uL 15uL
Total volume 15 mL 15mL | 15mL | 15 mL 15 mL

Table 2-5: Preparation of acrylamide-gels

Resolving gel acrylamide solution was prepared following recipe in Table 2-5.
Quickly pore solution in an empty cassette (LifeTech.#NC2015) and use 2-Propanol
(Sigma#24137) to help remove bubbles and initiate polymerization. Allow
polymerization for at least 20 min. After that, properly remove 2-Propanol and
prepare stacking acrylamide 4% gel solution and pore on top of the resolving
solution. Add a comb and let polymerize for at least 20 min. Store at 4°C for no
longer than a week. In specific cases, pre-cast gels were used (Invitrogen#NP0321-
2).

2.6.3 SDS-PAGE separation of proteins

Prior to protein separation, stock solutions were made as indicated below.

Running buffer
For 1L 10X stock solution:
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Dissolve 30.3 g Tris and 144.1 g of glycine (Sigma#G8898) in 800 mL deionized
water. Use a magnetic stir to help powder to dissolve. Adjust volume to 1L with
deionized water. Previous to use dilute stock solution to 1X and add 10 mL of 10%
SDS.

Samples were defrosted and placed at 95°C for 5 min for denaturation. Pre-made
gels were placed into running buffer and comb was removed. For pre-cast gels
Nupage Mes buffer was used (Invitrogen#2010944). Samples were accurately spun
down for few second and then loaded in each well, reserving one well for protein
size marker (Biorad#161-0377). Any empty well was filled with 1xSB. Proteins were

allowed to separate for 1.5-2 h.

2.6.4 Transfer to PVDF membrane

Prior to protein transfer, stock solutions were made as followed indicated.

Transfer buffer

For 1L solution (made fresh at the time of use):
700 mL of deionized water

100 methanol (Fisher#67-56-1)

100 mL running buffer

2 ml SDS 10%

Activate PVDF membrane (Thermo#88520) for 5 min in 5 mL methanol. Following
protein separation, proteins were transferred to a PVDF membrane enclosed in a
western blot « sandwich » made as follows: 1 sponge - 2 Whatman paper - PVDF
membrane - 2 Whatman paper - 2 sponge. All components were soaked in transfer
buffer before assembly of the « sandwich ». The proteins were then transferred
for 2 h at 400 mA.

2.6.5 Blocking and immunolabelling

Prior to membrane blocking and immunolabelling, stock solutions were made as

followed indicated.

TBS10x
For 1L solution:

54



Chapter 2 Materials and methods

Dissolve 6.05g Tris and 8.76g NaCl (WWR#7647-14-5) in 800 mL of deionized water.
Use a magnetic stir to mix the solution and accelerate powder dissolving. Adjust
pH to 7.5 with HCL. Adjust volume to 1L with deionized water

TBST1X

For 1L solution:

Dilute TBS10x to TBS1x using deionized water and add 1ml of TWEEN
(Sigma#P1379) for 1 L solution.

Blocking solution

For 250 mL solution:

Dissolve 2.5 g BSA (Sigma#A7906) in TBST1x. Use a magnetic stir to accelerate BSA
dissolve.

Membrane was incubated for 1 h with 5 mL blocking buffer at RT followed by ON
incubation with primary Ab diluted in blocking solution (Table 2-6). The following
day, membranes were washed 3 times 15 min each in TBST1x and incubated for 1
h RT with specific secondary Ab, appropriately diluted in blocking solution.
Membranes were then washed 3 times 15 min each in TBST1x and revealed by
chemiluminescence using LICOR. Precisely, the membrane was incubated for 1
min with a working solution made of equal part of luminol-enhancer and peroxide
solution using Pierce™ ECL Western Blotting Substrate (Thermo#32106-34095).
When occurred, membrane was stripped in Ponceau red solution (Sigma#P7170)
and re-incubated ON with primary Ab. When occurred, quantification was
performed using Image studio software

https://www.licor.com/bio/products/software/image studio/.
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Target ‘ Species ‘ Supplier Cat. Number Usage
Primary
ACC Rabbit Cell signalig #3662 IB: 1:1000
AMPKa Rabbit Cell signalig #2532 IB: 1:1000
Arginase-1 Rabbit Cell signalig #93668 IB:1:1000
ARA70 Mouse SANTA CRUZ #sc-373739 IB: 1:500
ATG13 Rabbit Cell signalig #13468 IB: 1:1000
ATG7 Rabbit Cell signaling #8558 IB: 1:1000
c-ABL Rabbit Cell signaling #2862 IB:1:500
Crukl Rabbit Cell signaling #3182 IB: 1:500
GAPDH Rabbit Cell signaling #5174 IB: 1:1000
GFP Mouse Roche #118144600001 IB: 1:1000
LC3B Rabbit Cell signaling #2775 IB:1:500
MT-CO2 Mouse Thermo Fisher Scientific #A-6404 IB: 1:2000
MTOR Rabbit Cell signaling #2983 IB:1:500
NBR1 Mouse ABNOVA #HO00004077-M01 | IB: 1:500
OXPHOS cocktail Mouse Abcam #ab110413 IB:1:2000
P62 Mouse BD #610833 IB: 1:1000
p-ACCse”® Rabbit Cell signaling #3661 IB: 1:1000
p-AMPKYri72 Rabbit Cell signaling #2531 IB:1:1000
p-ATG13%em318 Rabbit ABNOVA #PAB19948 IB: 1:1000
p-Crukl®r207 Rabbit Cell signaling #3181 IB:1:1000
p-MTQRser2448 Rabbit Cell signaling #2971 IB:1:500
p-S6er240/244 Rabbit Cell signaling #5364 IB: 1:1000
p-ULK1se757 Rabbit Cell signaling #6888 IB:1:500
S6 Rabbit Cell signaling #2317 IB:1:1000
ULK1 Rabbit Cell signaling #8054 IB: 1:1000
Flotillinl Rabbit Abcam #ab41927 IB:1:1000
TSG101 Rabbit Abcam #ab30871 IB:1:1000
B-tubulin Rabbit Cell signaling #2146 IB:1:1000
Secondary
Mouse IgG HRP Cell signaling #7076 IB: 1:5000
Rabbit IgG HRP Cell signaling #7074 IB: 1:5000

Table 2-6: List of western blotting antibody
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2.7 Flow cytometry analyses

Flow cytometry analysis are used to determine morphological and phenotypical
parameters of single cells. Based on fluidic system, flow cytometers separate cell
samples into a flow stream, allowing system of optics and filters to identify size
and granularity of single cells. Flow cytometers are also composed of lasers that
can be used to resolve expression of extracellular or intracellular markers using

specific fluorophore-labelled antibodies.
Solutions

Fc block
1 pL Fc block
49 L PBS 2% FBS (v/v)

Lin- cocktail MIX1

0.8 pL Biotin anti-mouse CD4

1.6 pL Biotin anti-mouse CD5

1.6 pL Biotin anti-mouse CD8a

6.2 pL Biotin anti-mouse Mac-1

6.2 pL Biotin anti-mouse CD45R/B220
25 pL Biotin anti-mouse TER119

12.5 pL Biotin anti-mouse GR-1

71.1 uL PBS

1 pl Streptavidin
100 pl 2% FBS (v/v)

Lin- cocktail MIX2

6.2 pL Biotin anti-mouse Mac-1
12.5 pL Biotin anti-mouse GR-1
106.3 pL PBS

1 pl Streptavidin
100 pl 2% FBS (v/v)

Murine ST/LT/MPP HSC-LSC mix

11 uL Pacific Blue Lin" cocktail MIX1
1 pL Sca anti-mouse PeCy7

1 pL cKit anti-mouse APC/780

3.2 pL CD48 anti-mouse PE

1 puL CD150 anti-mouse APC

1 pL FITC anti-mouse CD45.1

3 pL PerCP/Cy5.5 anti-mouse CD45.2
17.8 uL PBS

Myeloid progenitors mix
11 pL Pacific Blue Lin" cocktail
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1 pL cKit anti-mouse APC-Cy7

3.2 pyL CD48 anti-mouse PE

1 pL CD16/32 anti-mouse APC

1 pL PE anti-mouse CD45.1

3 pL PerCP/Cy5.5 anti-mouse CD45.2
16.8 uL PBS

Murine myeloid cells mix

1 pL FITC anti-mouse CD45.1

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

0.5 pL PeCy7 anti-mouse Mac-1

1 pL FITC anti-mouse TER119

Murine erythroid cells mix

1 pL PE anti-mouse CD45.1

2 uL PerCP/Cy5.5 anti-mouse CD45.2
11 uL Pacific Blue Lin" cocktail MIX2
1 pL FITC anti-mouse TER119

1 puL APC anti-mouse CD44

Murine B cells mix

1 pL FITCH anti-mouse CD45.1

1 pL Pacific Blue anti-mouse CD45.2

2 pL Streptavidin-Biotin anti-mouseCD45R/B220
1 pyL APC-Cy7 anti-mouse CD19

Murine T cells mix
1 pL FITCH anti-mouse CD45.1
1 pL Pacific Blue anti-mouse CD45.2
1 pL Streptavidin-Biotin anti-mouseCD8a
1 pL PE anti-mouse CD4

2.7.1 FACs staining procedure

Following collection and washing using PBS, cells were stained with specific
antibody mix (Table 2-7) for 30 min in the dark. Cells were then washed twice
using 2 mL PBS and resuspended in 200 pyL of PBS and analysed by FACs.

2.7.2 Cell Trace Violet staining

2.7.2.1 Background

Cell Trace Violet is a kit used to monitor cell proliferation. It’s a fluorescent dye
that labels cells by covalent binding of amino acids residue intra-cellularly. Based

on that, it is used to monitor over-time cell division by FACs.
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2.7.2.2 Method

CD34* CML cells were stained at day 0 using 1 uM of Cell Trace Violet dye for 30
min at 37°C. Cells were then washed and suspended in SFM. Cell division was

assessed by FACs at day 3 and day 6.

2.7.3 Apoptosis staining

Apoptosis is a programmed cell death mechanism that proceeds through several
stages, characterized by distinct changes in cell morphology. During early
stages of apoptosis, phospholipid phosphatidylserine is exposed to outer
membrane surface which can be recognised using Annexin V. Staining using
Annexin V in presence of Ca is therefore used as a measurement of early
apoptosis. Late stages of apoptosis can be detected by binding of GC regions
of DNA with 7-Aminoactinomycin D (7AAD).

2.7.4 MitoSOX staining

MitoSOX is a fluorescent dye that can be used to monitor mitochondrial reactive

oxygen species in live cells.

Cells were seaded at a concentration of 2x10°/ mL and treated for 72h. Cells were
harvested and washed in PBS and stained using 1 mL (10 pM) of MitoSOX and
incubated for 30 min at 37°C. 1 h treatment with 100 nM NAC and H,0; were used
as negative and positive control, respectively. Cells were then washed twice in 2
mL of PBS and analysed by FACS.

2.8 NADPH measuremnts

Cells were seaded at a concentration of 2x10°/mL and treated for 72h. Cells were
harvested and washed in PBS and NADPH was measured and analysed as
indicacated by the manufacturer (Abcam#ab65349).
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Target Species Dye Supplier Nu;al:.er 4 Uijaljge
Annexin-V FITCH BD 640906 3
Annexin-V APC BD 550475 3

7-AAD - BD 559925 3
CD45 Human APC BD 559864 1
CD34 Human APC BD 558224 1
CD38 Human PerCP Biolegend 303519 2

CD133 Human PE Miltenyi 130-080-801 2

CD45.1 Mouse PE Biolegend 110708 2

CD45.1 Mouse FITCH Biolegend 110706 2

CD45.2 Mouse | PerCP-CY5.5 Biolegend 552950 1

CD45.2 Mouse | Pacific blue Biolegend 109820 1

CD45.2 Mouse APC Biolegend 109814 1

CD11b (Mac-1) Mouse PE Biolegend 101216 2

CD150 Mouse APC Biolegend 115910 2

CD235a Human | PerCP-CY5.5 Biolegend 349110 5

TER119 Mouse FITCH Biolegend 116206 3

CD71 Human PE BD 555537 5
CD71 Mouse PE Biolegend 113808 3
CD44 Human FITCH Biolegend 338804 1
CD44 Mouse APC Biolegend 103012 1
Sca Mouse PE-CY7 Biolegend 122514 2
c-kit Mouse APC-CY7 Biolegend 105826 2
Gr-1 Mouse APC Biolegend 108412 2
CDh4 Mouse PE Biolegend 100408 2

CD8a Mouse PE Biolegend 100707 2
Gr-1 Mouse APC Biolegend 108412 2

Mac-1 Mouse PE-CY7 Biolegend 101216 2
CD48 Mouse PE Biolegend 103412 2

CD45R Human FITCH BD 347723 3

CD123 Human PE-CY7 Biolegend 306010 3
CD36 Human PE-CY7 Biolegend 336222 3
CD34 Mouse FITCH Bioscience 11-0341-82 2

CD16/32 Mouse APC BD 553142 2

Biotin-TER119 Mouse BD 553672
Biotin-Gr-1 Mouse BD 553125
B‘O(tA‘A';'CC_?; 151 Mouse BD 553309
oo 5| Mouse BD 553086
Biotin-CD4 Mouse BD 553649
Biotin-CD5 Mouse BD 553019
Biotin-CD8a Mouse BD 553029

Table 2-7: List of FACS antibodies
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2.9 Immunohistochemistry

At day 0, coverslips were incubated for 5 min in poly-lysine (Sigma# P4707) and
then washed twice with deionized water. At day 1, coverslips were allocated in a
25 mm dish covered with parafilm. 5x10° cells were resuspended in 300 pL of RMPI
and placed on coverslips coated with poly-lysine for 2 h. Parafilm was used for his
hydrophobic capacity, making cells stay on top of the coverslips. Media was
aspirated, and cells were fixed for 10 min using 300 pL of 4% freshly prepared PFA.
PFA was then removed and coverslips were washed using PBS and mounted on
slides. Mounting media containing DAPI was used (Vectashield#H1200). Slides were

sealed and stored at 4°C prior to confocal microscopy analysis.

2.10 RNA isolation and gPCR

2.10.1 RNA extraction

Primary cells: Cells were harvested in a 1.5 mL tube, spun down at 3000 g/10min
and resuspended in 0.9 mL of PBS/10% BSA. Cell suspension was centrifuged at
3000 g/5 min and supernatant discarded. For RNA extraction, PicoPure™ RNA
Isolation Kit (Thermo#KIT0204) was used. In brief, pellet was gently resuspended
in 100 pL Extraction Buffer and incubated at 42°C for 30 min. Sample was
centrifuged at 3000 g/2min. Supernatant was then pipetted into a new tube and

proceeded for RNA isolation, or sample stored at -80°C.

2.10.2 RNA isolation

Prior to RNA isolation, RNA isolation columns were pre-conditioned as follows.

250 pL of Conditioning Buffer was added to the purification column and incubated
for 5 min at RT. Column was then centrifuged at 16000 g/1min. Sample was mixed
with 50 pL of 70% ethanol. The mix was then transferred into RNA isolation column
and centrifuged at 100g/2min followed by a centrifugation of 16000g/30 sec.
Supernatant was discarded and column washed with 100 pL of Wash Buffer and
centrifuged at 8000g/1min. Sample was then treated with 40 pL of DNAse
treatment (5 pL DNAse + 35 uL Buffer RDD; Qiagen#79254) and incubated at room
temperature for 15 min. 40 pL of the Wash Buffer 1 were then added to the column

and sample was centrifuged at 8000 g/15sec. Sample was washed twice with 100
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ML of Wash Buffer 2, centrifuged at 8000 g/1min, washed again and then
centrifuged at 16000 g/1min. Column was then transferred into a new 0.5 mL tube
and 11 pL of Elution Buffer added. Following 1 min incubation at RT, sample was
centrifuged at 1000 g/1min to distribute the buffer and finally the sample was
eluted by centrifuging sample at 16000g/1min. Sample was then stored at -80°C.

2.10.3 RNA quantification and cDNA synthesis

Sample stored at -80°C was defrosted in ice and RNA content was quantified using
NanoDrop spectrophotometer, followed by cDNA synthesis. For cDNA reaction 2x

RT master mix was prepared as indicated in Table 2-8.

Kit components were allowed to thaw in ice:

2X RT MASTER MIX

Volume
Component (LifeTech#00716543) (uL)
10X RT Buffer 2
25x dNTP mix (100nM) 0.8
10x Random Primers 2
Reverse Transcriptase 1
RNAse inhibitor (LifeTech#00725733) 1
Nuclease Free water 3.2
Total Volume 10

Table 2-8: 2X RT MASTER MIX

10 pL of 2xRT master mix was pipetted into tubes containing equal concentration
of RNA. Nuclease free water was added to reach final volume of 20 pL. Tubes were

centrifuged and loaded in the thermal cycler.

cDNA was than frozen at -20°C.

2.10.4 gPCR reaction

TagMan® Array Fast Plates (10 pL reaction) were designed as followed
(Thermo#4413255-57).
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4413255

1 2 3 4 5 6 7 8 9 10 11 12
A 185 AKT1 AMBRA | ATG10 | ATG12 | ATGI6L1 | ATGI6L2 | ATG2A | ATG2B | ATG3 ATG4A | ATG4B
B | ATG4c ATG4D ATGS ATG7 ATG9A | ATGOB BECN1 BNIP3 DRAMI GABFj*RA GA?,ARA GA?,ARA
C | MG | WPILE | uTor | PIK3C3 | PIK3RA RHEB SQSTMI ULKT1 ke | uvrag | WPEYSA L wipn
D| wr2 RBICC1 | ATG13 | BCL2 BNTP3L | RPS6KB1 | Ci2orfd4 P53 PRIAA 1 aTG14 PTEN GAPDH
E 185 AKT1 AMBRA | ATG10 | ATG12 | ATGH6L1 | ATGI6L2 | ATG2A | ATGZB | ATG3 ATG4A | ATG4B
F | ATc4c ATGAD | ATGS ATG7 ATG9A | ATG9B BECN1 BNIP3 | DRawr | GABARA | GABARA | GABARA
G | WPILG | MWAPILCS 1 yror | PIK3C3 | PIK3Ra RHEB SQSTMI ULKT1 ukz | uvrag | WPEVA L wips
H| wp2 RBICCI | ATG13 | BCL2 BNIP3L | RPS6KBI | Ci2orf44 P53 PRKAM | ATG14 PTEN GAPDH
4413257

1 2 3 4 5 6 7 8 9 10 11 12
A 185 AKT1 AMBRA | aTGto | ATGT2 | ATGI6LY 185 AKTA AMBRA | atGto | ATG12 | ATGI6LY
B | ATGi6L2 | ATG2A | ATG2B | ATG3 ATG4A | ATG4B | ATG16L2 | ATG2A | ATG2B | ATG3 ATG4A | ATG4B
C | ATG4ac ATGAD | ATGS ATG7 ATGOA | ATG9B | ATGAC ATGAD | ATGS ATG7 ATG9A | ATG9B
p| seon BP3 | DRt | CABARA | GABARA | GABARA | gy BP3 | DR | CABARA | GABARA | GABARA
E | WPILCG | MPILC 1 pror | pikacs | pikarg rugs | MAPILG3 | MAPILCS 1 yror | pikacs | Pikara RHEB
F | sastmi ULK1 ULK2 | UVRAG W'fsw' WIPH SQSTM1 ULK1 ULK2 | UVRAG W[LFS”' WIPI1
G| wen RBICCI | ATG13 | BCL2 BNIP3L | RPS6KB1 |  wiP2 RBICC1 | ATG13 | BCL2 BN1P3L | RPS6KBT
H | c12orfa4 P53 PREAA 1 ATG14 PTEN GAPDH | Ci2orfd4 P53 PREAA 1 aTG14 PTEN GAPDH

cDNA was de-frosted, and the mix was prepared as indicated in Table 2-9.

Plates were sealed and spin to collect sample at the bottom and gqPCR reaction

was started.

Component VELTTI
uL)

cDNA 5ng (XuL)

TagMan® Fast Advanced Master Mix (2X) (LifeTech#1804162) 5

Nuclease Free water X

Total volume 10

Table 2-9: TagMan qPCR mix
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2.11 Viral particles production and transfection

2.11.1 Viral particles production

Prior to viral particles production, following solutions were prepared as indicated

HBS2X pH 7.0
2.5M CacCl;

DMEM

For 500 mL:

5 mL of Pen/Strep (10000 UmL""/10000 pgmL™)

5 mL of Glutamine (200 mM)

50 mL of FBS

440 mL of DMEM (Thermo# 11965-084)

At Day 0 5x10° HEK 293 FT (lentivirus) or Phoenix-Ampho HEK cells (retrovirus)
were seeded in cell culture plate (100cm?) with 10mL DMEM. 6X10° can be plated
if virus production starts the day after. At Day 4 cells will be 70-80% confluent and
well adherent to cell plat and media was refreshed on each plate. Into a sterile

tube were added respectively lenti/retro-viral mix as indicated in Table 2-10.

Lentivirus | Retrovirus
mix mix

Packaging PSPAX 12.45ug

Envelope VSVG 4.5ug -
Plasmid 14.2pg 14.2pg
ddH,0 1.3 mL 1.3 mL
2.5M CaCl; 183uL 183uL
2xHBS Ph 7.0 1.5mL 1.5mL

Table 2-10: Virus mix

Mix were incubated for 30 min. at RT after what mix was added to cells. HEK cells
were incubated with lenti- or retro- viral mix for 6-7h following which media was
changed adding 10mL fresh DMEM. At Day 5 media was refreshed adding 5 mL
DMEM. At Day 7 media was harvested and filtered using 0.45pum filter. Virus
particles were freshly added to 5x10° cells or frozen. At Day 8 following 24h
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incubation with virus particles, media was re-freshened, and cells were left to

recover for 48h. At Day 10 specific selection was started.

2.12 Plasmid vectors

2.12.1 LentiCRISPR V2 vector Plasmid #52961 addgene

(14,248} SnaBl CMV-F (154 .. 174}
14,507} Spel
(14,302 .. 14,321} pRS-marker N\
114,256) SgrDl
(13,885 .. 13,904} Amp-R —__

113,705) Pwvul —__
113,557) Fspl —

Notl (207)

BbvCl (1183)
Y Alel (1336)

Pacl (1980)
| Acce5l (1934)
Kpnl (1928)

Iy

' enhancer oo fo
[el} H.'y_J w ;_\./
Re

30 0
( .. 2180)

(12,583 .. 12,602) pBR32Zori-F _
.

(12,332 . 12,349} L4440 _

(12,114 .. 12,136} M13/pUC Reverse
01 ..12,117} Reverse '-\
(12,063} BstZ171 .
122 .. 12, } EBV-rev -
. 11.987) SV40pA-R ~

(11,703} Fsel

_ BstBl (2840

(11,541} SgrAl
(11463} MauBl —

11.298) Avrll
(11,226 .. 11.245) 5V40pro-F —

lentiCRISPR v2 —— Swal {3632}
14,873 bp

(10,979 .. 10,999} pBABE 3" —
(10.839 .. 10,860} Flori-F —
___ EcoRl (4202)
“— Nhel (4208)
Bmtl (4212}
ff— Agel (4470)
~. Xbal (4476)
Afel (4433)

10,629 .. 10,648} Flori-R ~

(10,266 .. 10,283} BGH-rev
(10,250} Pmel

-

0] WPRE-R
(9228 .. 9248) Puro-F
(8866) BsStENl —
(2848) Rsril

(8783) BsiWl

(8774) PfIFI - Tth111l
(2669) BamHI EcoRV (6346)

-~

_— BspDI - Clal (3277)
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2.12.2 RFP-GFP LC3 puromycin vector Plasmid #84572
addgene

8157 .. 8175) pBRforEco

(8001) Sspl . PshAl (833)
. /
Srfl (1077)

(7774) Dral
./ _Bsu36l (1111}

(7747 .. 7766) Amp-R
(7677) Scal —_

pLXSN 5' (1425 ..1447)
/" PBABE 5 3..1479)
( -~

_— EcoNI (1aa5)

~— Bglll 1512}

_Agel (1675}

(7073) Fsel - — PBMN 5" (1817 .. 1833)

PMRX-IP-GFP-LC3-RFP-LC3AG
Bag

7 bp — EXFP-R (2227 .. 2246)

(6452 .. 6471) pBR3Z22ori-F —
6201 .. 6218) L4440

(6105) BspQl - Sapl ~

" FspAl (3100

“mCherry-R (3191 .. 3209)

~

-,
-,

Y
Ny mCherry-F {3450 .. 3478)
\ ™ DsRed1-C (3653 .. 36
SgrAl (3727)
“ BamHI (4114)

(5275 .. 5205) Puro-F
(4895) Rsril —

%) Teiwt // /| . st sy
14779 .. 4798) Puro-R /o N\ ™~ Notl 14169)
4735) BmgBI / | | N Avrll (4343)
(4586 .. 4605) IRES-F | | IRES reverse (4359 .. 4376)
4531) Aarl - BfuAl - BspMI Hindlll (4416)
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2.12.3 pLenti CMV V5-LUC blasticydin vector Plasmid #21474
addgene

(9239) Dralll Flori-F (9303 .. 9324)
(9003 .. 9112) Flori-R

1 M13jpUC

Amp-R

EBV-rev
SVA0pAR —
—

Ahdl (919)
(8215) Bmtl
8211) Nhel
(8137) Kpnl
18133) Acc65l _
(8114) Blpl —

- PBR32Zori-F (1

(7722) Mscl
(7650) Pmill
(7613) Smal

- Pcil (1807}
(7611) TspMI - Xmal —

(7357) SexAl*

_~M13/plC Reverse (2118 )
g l=— M13 Reverse (2137..2
{7270 .. 7200) pBABE 3' — £ 5 .5 rF:_ T .:291\;; =
a [ =
(7134) Sacll —— § —_ pLenti CMV V5-LUC Blast (w567-1) S
1
n [ 0463 bp L.
a T[]
g g1
% e
(6872) PAIMI — ] g?f'.-‘
% &b
o a
(6684 .. 6704) WPRE-R — =

(6571) Xbal ~

(6345) SgrAl

&
923k sequence
16306) Aarl

L

el

My prom@tl, e
Vstag | S

“BbvCl - Bpulol (3111)

Alel (3364)

(3652) Xeml

Kl (3920)
\ Hpal (4008)
, BspDI - Clal (4131)
(5086) BstBl | \ Ndel (4325)
(4983 .. 5001) LucNrev NN SnaBl (4431)
(4842) BamHI n CMV-F {4610 .. 4630)
14731) PshAl LNCX ¢ )
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2.12.4

YFP-Parkin-IRES-zeocin Plasmid #61728 addgene

BamHI
eYFP

YFP-Parkin-IRES-zeocin
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2.12.5 psPAX2 Plasmid #12260 addgene

(10,639) Mrel - SgrAl

(10,513} BsiWl
(10,421} Bipl \
(10.337) Eagl = ™

pCAG-| 1.. 360}
/ BspDI *- Clal * (480)

(9724) BsaAl - SnaBl

Sphl (1095)

5) Amp-R “
(8816) Pvul _
(86631 Fspl
_~ Bell * {2078)
——— Sbfl (2492)

—— BstZ171 (2578)
— EcoRV (2628)

- PfIFI - Tth111l

psPAX2
2_ 10,668 bp

(7861) PspFl —___
(7857) Bse¥Yl —

(7694 .. 7713) pBR322ori-F
(7661) Drdl —

(7443 .. 7460) L4440 ——
(7332 .. 7351) EBV-rev _
(7278 .. 7297} SV40pA-R T3

(7260) Psil
(7219) Stul
(7173) Sfil

(7142 .. 7167) SV40pro-F
(7039) BsaBl *
(6880 .. 6302) M13/pUC Reverse
(GBET .. 6283) M13 Reverse
(6520) PAMI —
24) rbglobpA-R T -
.. 6405) Bglob-pA-R ~

(6381) Bmtl
(6377) Nhel

T swal (3365)

S

Aflll (4392)

Xecml (4734)

(3593) Alel " Bsu36l (4964)
(5012) Sacl  Eco53kl (5010

12730)
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2.12.6

pCMV-VSV-G Plasmid #8454 addgene

(29) BspQl - Sapl
(6324 .. 6346) M13/pUC Reverse

L4440 (35..52)

/
(6311 .. 6327) M13 Reverse y flpBR322c>r|-F (286 .. 305)

| / BseYl (449)

/ / /' PspFl (453)
(5952 .. 5971) rbglobpA-R 5\ / ’
\
(5833 .. 5852) Bglob-pA-R %\
\ LY
(s830) Bgll

(5801) Mscl
(5760) Bsu36l

Wi

oter| ) —
0 \o< Q'Erp pinding site
M

(5332) BstBI
(5323) Bpulol ——

(5213) BmgBIl __
(5155) Bell* __
(5083) Kpnl
(5079) Acc65l —
(5052) Agel —

_Ahdl (1038)

(4859) Pstl
(4819) Xcml

pCMV-VSV-G
6507 bp

— Amp-R (1588 .. 1607)
= Xmnl (1637)

_Flori-F (2093 ..2114)
_NgoMIV (2281)
Nael (2283)

(4207) Swal

Oy cmy
%ip ; CMy promote
’?tro,’ e _]—-
(3944) Apal  / :
(3940) PspOMI

Flori-R (2305 .. 2324)

—

- M13/pUC Forward (2538 .. 2560)
_~~M13 Forward (2552 .. 2569)
L

— BssHIl (2572)

—T7 (2579 .. 2598)
"~ Alel (2616)
|\ Sacll (2617)
, ‘ || MNotl (2623)
y | Xbal (2630
(3765) Mfel BsrGl (2676)
(3423) Kfll - PpuMI - | Spel (2732)
(3389) Accl . \
(3388) Sall /
(3322) BsmBI

SnaBl (3073)
(3298 .. 3322) LNCX

CMV-F (3252 ..3272)
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2.13 CRISPR cas9-mediated knock-out

2.13.1 Background

In 2012 Professor Emmanuelle Charpentier and Dr. Jennifer Doudna translated the
molecular mechanism of the bacterial Class 2 Clustered Regularly Interspaced
Short Palindromic Repeat (CRISPR)-cas9 immune system into a tool for genome
editing. Microbes use the nuclease CRISPR to defend themselves from phages and
plasmids raids. CRISPR loci also contains a CRSISP associated (cas) genes and non-
coding RNA fragments which specify the cleavage of the CRISPR. Based on that
principle, engineered CRISPR-cas9 systems, containing a CRISPR-cas9 and a guide
RNA, can be used to specifically edit DNA and RNA (Figure 2.3).

Gene of interest

Figure 2.3: Genome engeneering using CRISPR cas9

To generate CRISPR-cas9 mediated knock-out models, we used the one vector

system using the plasmid lentiCRISPRv2.

2.13.2 How to design Target Guide Sequence to generate
knock-out

LentiCRISPRv2 contains two expression cassettes, hSpCas9 and the chimeric guide
RNA. This plasmid can be digested using BsmBI (Figure 2.4), and a pair of annealed

oligos can be cloned into the single guide RNA scaffold.
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cPPT
psi+ RRE | U6 2kbfiler EFS SpCas9 FLAG P2A Puro WPRE

¢ X 1 \ /
lentiCRISPRv2 :(5&[ ﬁ{]

BsmBI BsmBl|

Figure 2.4: BsmBI digestion restiction fragment on lentiCRISPRv?2.

Figure adapted from
https://media.addgene.org/data/plasmids/52/52961/52961attachment B3xTwl

a0bkYD.pdf

To clone the target sequence into the lentiCRISPRv2 or backbone, a 20pb forward
and reverse oligo were synthesized based on the sequence of firsts exons of gene
of interest. Sequence were than scanned using (BLAST),

https://blast.ncbi.nlm.nih.gov/Blast.cgi, to find regions of similarities between

biological samples. The follow website was also used for oligos design,

https://www.genscript.com/gRNA-database.html.

Following scheme shows how to design oligos (Figure 2.5).

Oligo 1 » 5/ — CACCGNNNNNNNNNNNNNNNNNNNN - 37
37 - CNNNNNNNNNNNNNNNNNNNNCAAA - 57« Oligo 2

Example oligo design: Note that the NGG PAM is not included in the designed oligos.

Genomic 5’ —...GACCACAGTCTGATCAGTTTTCCTTGGGCTGCAA. ..~ 37
Sequence 3’ —...CTGGTGTCAGACTAGTCAAAAGGAACCCGACGTT. ..— 5
Oligo 1 » 5/ — CACCGCAGTCTGATCAGTTTTCCTT - 37

L CGTCAGACTAGTCAAAAGGAACAAA — 5/« Oligo 2

Figure 2.5: Example of oligos design.

Figure adapted from
https://media.addgene.org/data/plasmids/52/52961/52961attachment_B3xTwlaObkYD.pdf
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Name Sequence Exon Quality score (%)
CACCGCGAAGGCGCCGTGGCCGATC
ULK1#1 1 92
AAAC GATCGGCCACGGCGCCTTCGC
CACCGGCAGCGTCTGAGACTTGGCG
ULK1#2 2 87
AAACCGCCAAGTCTCAGACGCTGCC
CACCGAGCAGATCGCGGGCGCCATG
ULK1#3 6 88
AAACCATGGCGCCCGCGATCTGCTC
CACCGAACTCCAATGTTAAGCGAGC
ATG7 3 91
AAACGCTCGCTTAACATTGGAGTTC

Table 2-11: ULK1 and ATG7 oligo sequences

2.13.3

Lentiviral vector digestion, oligo annealing and cloning

LentiCRISPR-cas9 was digested ON using BsmBI at 37°C, as indicated below.

5 pg lentiCRISPRv2

3 pL FastDigest BsmBI (Fermentas)

3 yL FastAP (Fermentas)

6 pL FastDigest buffer (Fermentas)

0.6 puL 100 mM (freshly prepared)

X uL of deionized water to reach 60 pL total volume

Digested plasmid was isolated using 2%Agarose gel plus 10 uL DNA syber-safe.

Undigested backbone

Digested fraction

o~ o o
S Y S
'S -3 & -3 S
© &3 8 g &
k] < &5 & v & v >
N ] L OO0 R
< o g o F& T
5 g8 I§& $& &

Base pairs

- 10000

- 2000
- 1500

- 200

Figure 2.6: lentiCRISPRv2 following BsmBI digestion
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Digested fractions were cut from gel and gel purified using QlAquick Gel Extraction
Kit and elute in EB buffer (Figure 2.6).

Each pair of oligos designed were phosphorylated and annealed as indicated

below.

1 pL Oligo1 (forward)

1 pL Oligo2 (reverse)

1 pL 10X T4 Ligation Buffer (NEB)
6.5 L deionized H,0

0.5 uL T4 PNK (NEB#M0201S)

Annealing reaction

37°C 30 min
95°C 5min
Ramp down to 25°C at 5°C/min

Annealed oligos were diluted in deionized water at 1:200.

Digested lentiCRISPRv2 was then ligated with annealed oligos at room temperature

for 10min as indicated below.

50 ng BsmBlI digested lentiCRISPRv2 Oligo1

1 pL diluted duplex oligos

5 pL 2X Quick Ligase Buffer (NEB)

X L deionized H;0 to reach 10 pL total volume
1 pL Quick Ligase (NEB#M2200S)

A negative control ligation (vector-only with water in place of oligos) and

transformation was performed.

2.13.4 Transformation into Stbil3 bacteria

Ligated product was transformed into Stbl3 bacteria (/nvitrogen C7373-03). Stbl3
were thaw on ice and 5 pL of the DNA was added int the vial containing the Stbl3
and gently mixed. 1 pL of pUC19 and 5 pL of digested and not ligated lentiCRISPRv2
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were used respectively as positive and negative control. Vials were incubated on
ice for 30 minutes. Bacteria were than heat-shocked for 45 sec at 42°C followed
by 2 minutes on ice. 250 pL of pre-warmed S.0.C. medium (Sigma#51797) was
added to each vial. Vials were than shaken at 37°C for 1 h at 225 rpm in a shaking
incubator. 100 pL of each vial were then spread in pre-warmed ampicillin selective
plates and incubated ON at 37°C. Following day 3 colonies each plate was collect
and a pre-inoculum was performed using 5 mL LB medium plus ampicillin. Pre-
inoculum was incubated at 37°C for 8 h at 225 rpm in a shaking incubator. Pre-
inoculum was then added to 200 mL of LB medium supplemented with ampicillin
and incubated ON at 37°C ON at 225 rpm in a shaking incubator. Next day cells
were collected and centrifuged at 12000 g x 30 min. Supernatant was than

discarded and pellet was maxi-prepared for DNA extraction.

2.14 Parkin-enhanced mitophagy assay

YFP-Parkin was established in K562 cells following retroviral transfection of YFP-
Parkin-IRES-zeocin Plasmid. Cells were selected using 150ug/mL of zeocin
(Invivogen# ant-zn-1). Following selection cells were treated using 1nM of
oligomycin and 1nM of antimycinA for 24 h. Oligomycin and antimycinA were
refreshed every 12 h. Cells were than lysed and mitophagy was assessed by

western blot.

2.15 Single cell cloning

Cells were harvested and adequately diluted to ensure accurate cell count.
1.6X105 cells were collected in a 1.5 mL tube and 1:5 serial dilutions were
performed to reach 50 cells in the final dilution (Figure 2.7). 50 cells were
resuspended in a final volume of 12 mL of media and 200 uL/well were distributed
in a 96 well plate. Cells were incubated a 37°C till confluency was reached. Cells
were then collected from each well and plated in 24 well plate using media
enriched with specific resistant selection. Following growth in specific selection,

cells were harvested and lysed, and KO was ensured by western blot analysis.
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|i__ |i__ |i__ |i__ 0]

1.6x10° cells 50 cells

Figure 2.7: Serial dilution scheme for single cell cloning

2.16 Animal work

2.16.1 Ethical approval

All animal studies were conducted in accordance with the Animals Scientific
Procedures Act 1986 and UK Home Office regulations. Animals were housed at the
Beatson Institute for Cancer Research. All studies were carried out under Dr.
Alison Michie’s project licence (PD6C67A47) and my personal licence (IA68AFD03)
and Statistical power analysis was conducted to evaluate number of animals used.

Number and gender for each experiment is provided in each figure legend.

2.16.2 Mouse models and in vivo studies

2.16.2.1 NSG mice background

NOD.Cg-Prkdcs<9l(2rgt™il/SzJ is an immunocompromised mouse model and the
most widely used for PDX studies. NSG mice have defects in multiple cytokines,
as IL2 receptor gamma chain, disabling signalling pathways. They also deficient in

innate immunity lacking mature T cells, B cells and functional NK cells.

2.16.2.2 NRGW* mice background

NOD.Cg-Rag1tmiMom KijtW-41J |[2rgtmIWil/Eav] 214 s an immunocompromised mouse
model lately established in Dr. Connie Eaves lab. These mice don’t carry the
Prkdc<i? allele which increases sensitivity to ionizing radiation, supporting
engraftment of human cells for PDX studies with or without sub-lethal irradiation.
This model, in addition to the IL2 receptor gamma chain lack, are also defective
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of Rag1, a protein involved in activation of immunoglobulin, impairing T and B
cells maturation. They also lack the stem cell growth factor receptor KIT, resulting
in higher levels of human chimerism to be obtained by impairing the
competitiveness of the primitive hematopoietic cells of the recipient. This latter
genetic alteration also enhances the output of human erythroid precursors
selectively due to the important role of KIT in sustaining erythropoiesis in both

mice and humans?'>:216,

2.16.2.3 Layout of in vivo PDX experiment using NSG or NRGW*! mice

8 weeks old NSG or NRGW#! females and males’ mice were irradiated (2.5 Gy for
NSG and 2 x 100 cGy for NRGW#'). Following 24 h mice were transplanted with 200
uL of PBs 2% BSA containing 1x10¢ human CD34* CML cells via tail vein. 4 weeks
post-transplant, 20 pL of tail vein blood was collected from each mouse and red
cells were lysed to allow measurement of human cells engraftment. Between week
8 and 12, mice were divided into 4 arms (vehicle, Imatinib, MRT403 and
combination of MRT403 plus Imatinib) and mice were treated for 4 weeks using a
concentration of 40mg/Kg of MRT403 daily and 50mg/Kg twice per day for
Imatinib. At the end of the treatment mice were sacrificed and spleen, blood,
tibia, femurs and hips were harvested to allow analysis in the human

compartment.

2.16.2.4  Double transgenic (DTG) mice

CD45.2 SCLtTA/BCR-ABL (DTG) mice were generated crossing male SCLtTA Tet-O-
cre trans-responder mice female TRE-BCR-ABL mice. BCR-ABL transcription in
TRE-BCR-ABL mice is controlled by a tetracycline-responsive element (TRE; Tet-
0) fused to a minimal cytomegalovirus (hCMV) promoter'%4, Removing tetracycline
from the drinking water of the mice, the tretracycline transactivator protein (tTa)
binds TRE, inducing expression of BCR-ABL. Moreover, due a 3’ region of the SCL

gene the tTa expression is restricted to HSPCs and megakaryocytes.

2.16.2.5 Layout of in vivo experiment using CD45.2 SCLtTA/BCR-ABL
(DTG) mice

At day0 Frozen CD45.2 SCLtTA/BCR-ABL BM cells were defrosted and left recover
ON in DMEM 20% FBS, 1% P/S,1% Glut. Same day, CD45.1 wild type (WT) C57BL/6
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mice sub-lethally irradiated. Following day, 200 pL of PBS 2% BSA containing 1x10°

murine BM cells were injected via tail vein. 2 weeks recovery from irradiation
were allowed prior of induction of the disease at the end of what engraftment
was measured in the blood. Following recovery, tetracycline was removed from
the drinking water inducing BCR-ABL expression. 1-week post BCR-ABL induction,
mice were divided into 4 arms (vehicle, Imatinib, MRT403 and combination of
MRT403 plus Imatinib) and mice were treated for 4 weeks using a concentration
of 40mg/Kg of MRT403 daily and 50mg/Kg twice per day for Imatinib. At the end
of the treatment mice were sacrificed and spleen, blood, tibia, femurs and hips

were harvested to allow analysis.

2.16.3 Plasma extraction from fresh blood

Blood was harvested from each mouse performing cardiac puncture and was
immediately poured in appropriate tubes containing EDTA. Tubes was inverted 3
times to avoid blood cloth. Samples were centrifuged at 2000 g/20 min at RT to
separate plasma from each sample. Plasma was then collected into a fresh tube
and stored at -80°C.

2.16.4 In vivo imaging of tumour-initiating CML cells

KCL22 control and ULK1 deficient cells were labelled with lentiviral firefly
luciferase using retroviral transfection and selected based on antibiotic
resistance, blasticydine. Luciferase activity was measured in vitro using
luminescent plate reader. 4x106 cells were resuspended in 200 pyL of PBS/0.5% FBS
and transplanted via tail vein into an 8-12-week-old male NRGW#' mice. 30
minutes after the transplantation of the cells the mice were injected
subcutaneously with D-luciferin and analysed by luciferase biocimaging via an IVIS
Spectrum In Vivo Imaging System to measure the efficiency of transplantation. A
dose of 3mg (200 pL) of the substrate D-Luciferin (Perkin Elmer#122799) was
subcutaneously injected in the mice. The luciferin oxidises under catalytic effects
of the firefly luciferase and ATP and emits light, which is captured by the IVIS
spectral range between 550 nm and 620 nm. Tumour growth was weekly monitored
using the in vivo imaging until tumour burden reached the threshold and the

animals were sacrificed using appropriate schedule 1 methods.
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2.17 Live-cell Metabolic Assay using Seahorse Analyser

Seahorse XF Analyzer is an instrument developed from Agilent able to estimate

repeated measurements of oxygen consumption rate (OCR) and extracellular

acidification rate (ECAR), examining key cellular metabolic processes such as

mitochondrial respiration and glycolysis in real time.

Prior to assay following reagents were prepared.

Cell Tak mix
38 pL of Corning cell Tak (Sigma#354240)
2.5 mL Sodium bicarbonate 0.1 M pH8

Myto-stress XF Assay Media* for primary cells

For 50 mL:

200 pL low density lipo-protein (10mg/mL) (Sigma#L4646)
2 Mercapto-ethanol (50nM) (Invitrogen 31350-010)

25 pL LIF (0.05ng/mL) (PeproTech#300-05)

34 uL PGF cocktail*®

377 pL Glucose (1.66 M)

49 mL XF Base Media

Chamber Voltfmeto
. load in each
Volume in the .
Stock | pequired | x4mL | XFo6 well of in
Drug Activity conc. q . the XF96
conc. UM | XF media Sensor
uM . Sensor
(pL) cartridges .
cartridges
to load
(nt)
FCCP ATP synthase 10 1.6 6 A 25
inhibitor
Oligomycin | 'Vlitochondrial 5 0.7 6.4 B 25
uncloper
Antimycin | mnibitor of 10 1 4 C 25
complex |
Rotenone Inhibitor of 10 1 4 C 25
complex llI

Myto-stress XF Assay Media* for cell lines
For 25 mL:

167 pL Glucose (1.66 M)

250 pL Glutamine (200 mM)

24.3 mL XF Base Media
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Chamber Volutne to
. load in the
Stock Required Volume x in the XF96
Drug Activity conc. 9 4 mL XF XF96
conc. pM . Sensor
uM media (uL) Sensor .
EHEE cartridges
(L)
FCCP ATP synthase 10 16 4 A 25
inhibitor
Oligomycin | itochondrial 0.7 6.4 B 25
uncloper
Antimycin | Mhiitor of 10 1 4 C 25
complex |
Rotenone | mnibitorof 10 1 4 C 25
complex Il

Glycolytic-stress XF Assay Media* for primary cells

For 50 mL:

200 pL low density lipo-protein (10mg/mL) (Sigma#L4646)
2 Mercapto-ethanol (50nM) (/nvitrogen 31350-010)

25 pL LIF (0.05ng/mL) (PeproTech#300-05)
34 uL PGF cocktail*®
49 mL XF Base Media

Glycolytic-stress XF Assay Media* for cell lines

For 25 mL:
Required | Volume x4 | Chamber in the LU e Io.ad n
Stock each well of in the
Drug conc. mL XF | XF96 Sensor
conc. mM M media cartridees XF96 Sensor
H & cartridges (pL)
Glucose 1.66 1x10° 221 A 25
Oligomycin 5 0.7 6.4 B 25
2-Deoxy-
glucose - 1x10° - C 25
250 pL Glutamine (200 mM)
24.3 mL XF Base Media
Stock Require | Volume x4 | Chamber in the Volume to Io.ad n
each well of in the
Drug conc. d conc. | mL XF | XF96 Sensor
mM M media cartridges XF96 Sensor
H & cartridges (pL)
Glucose 1.66 1x10° 221 A 25
Oligomycin 5 0.7 6.4 B 25
2-Deoxy-
glucose - 5x10° - C 25
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Procedure: At Day 0 Seahorse XF96 Cell Culture Microplate was coated with 25 pl
of Cell-Tak mix/well and incubated at RT for 30 min. following what microplate
was washed using deionized H20. The XF96 Sensor cartridges was hydrated using
200 pL/well of Seahorse Bioscience XF96 Calibrant solution pH 7.6 and placed at
ON at 37 °C and 0% COx.

The XF96 Sensor cartridges were hydrated overnight by adding 200 ul Seahorse
Bioscience XF96 Calibrant solution pH 7.6 to each well of a Seahorse-96 utility
plate. The sensor cartridge was then placed on the top of the utility plate, sealed
with paraffin film to prevent evaporation overnight, and stored in a CO2-free
incubator overnight at 37 °C. At Day 1 prepare as indicated above XF Assay Media
and place them at 37 °C. Cells were counted and resuspended in warm XF Assay
Media at a concentration of 2.9x10° for primary CML cells and 1.7x10° for CML cell
lines and 175 pL of which were distributed to each well of the Seahorse XF96 Cell
Culture Microplate. Microplate was centrifuged at 60 x g for 10 sec with no break
following what microplate was placed at 37 °C and 0% CO2. To measure Myto-stress
and Glycolytic-stress specific drugs were prepared and loaded in the XF96 Sensor
cartridge. XF96 Sensor cartridges were placed for 10 minutes at 37 °C and 0% CO>
for 10 min. following what was loaded in the Seahorse Analyser for calibration.
Following XF96 Sensor cartridges calibration, microplate containing cells was

loaded in the Seahorse Analyser and proceeded with measurements.

2.17.1 Basal respiration, maximal respiration and ATP linked
analysis

Basal respiration relative to UT was calculated as average of last rate
measurements before oligomycin injection minus average of non-mitochondrial
respiration rate. Maximal respiration relative to UT was calculated as average of
maximum rate measurements after FCCP injection minus average of non-
mitochondrial respiration. ATP linked relative to UT was calculated as average of
maximum rate measurements before oligomycin injection minus average of

minimum rate measurements after oligomycin injection (Figure 2.8).
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Mitochondrial Respiration

Oligomycin FCCP Antimycin A
& Rot.enone

&

g
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Time (min)

Figure 2.8: Mitochondrial respiration profile

2.17.2 Glycolytic function analysis

Glycolysis relative to UT calculated as average of maximum measurements before
oligomycin injection minus average of last rate measurements before glucose
injections. Glycolytic capacity relative to UT calculated as average of maximum
measurements after oligomycin injection minus average of last rate measurements

before glucose injections (Figure 2.9).

Glycolytic Function
Glucose Oligo:nycin 2- PG

Glycolytic
Reserve
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0 10 20 30 40 S50 60 70 80 90 100
TIME [minutes)

Figure 2.9: Glycolytic function profile
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2.18 Cell viability assays

2.18.1 XTT assay

2.18.1.1 Background

XTT assay is a colorimetric assay that uses 2,3-bis-(2-methoxy-4-nitro-5-
sulphenyl)-(2H)-tetrazolium-5-carboxanilide (XTT) dye first described in 1988 by
Scudiero et al.?'” and it’s used as a technique to measure cell growth and drug
sensitivity in tumour cells. Oxidoreductase enzymes reduce XTT into the coloured
derivative formazan that absorbs between 450-500 nm. The formazan product of
XTT reduction is soluble and can be used in real-time assays. XTT is combined to
an intermediate electron acceptor, such as N-methyl dibenzo pyrazine methyl
sulphate (PMS). PMS mediates XTT reduction by picking up electrons at the cell
surface, or at a site in the plasma membrane that is readily accessible and forms
a reactive intermediate that then reduces XTT to its highly pigmented formazan

product.

2.18.1.2 Method

At day0 2 x highest desired drug concentration was prepared in RPMI and 100 pl
were distributed in each well 12 (to have 8 replicates of each drug concentration)
of a 96 well plate (Figure 2.10). 50 pl of media was distributed in the remaining
wells. Using a multichannel pipette, 50 ul were aspirated from each well12 and
resuspended in well 11 assessing a 1:2 dilution. Same was performed till well 3
(Figure 2.10). Cells were accurately counted and 1x10° cells/well were resuspend
in 50 pl of RPMI/well (concentration of 2x10° cells/mL) and 50 pl were distributed
in the 96 well plate previously prepared with appropriate drug from each well 12
till each well 2 (Figure 2.10). Each well 1 was topped with 50 ul RPMI only. Plate
was incubated for 72 h at 37°C. At day3, 3 mg of XTT salt was added in 3 mL of
RPMI and placed at 37°C for 20 minutes. After dissolution of the salt, 15 pL of PMS
stock solution (7 mg of PMS in 5 mL of PBS; aliquots kept at 20°C in the dark) were
added to the XTT solution. 25 pL of the resulting solution was added to each well
and plate was incubated at 37°C for 4 h. Absorbance was then read at 492 nm

using Tecan plate reader (Figure 2.10).
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2.18.2 Resazurin assay

2.18.2.1 Background

Similarly to XTT assay, resazurin is used to assess cell growth and drug sensitivity
in tumour cells. It’s a non-fluorescent dye that can be reduced to resorufin, pink
and highly fluorescent, in live cells?'®. In presence of NADPH dehydrogenase or
NADH dehydrogenase, NADPH or NADH is the reductant converts resazurin to

resorufin.

2.18.2.2 Method

At day0 2 x highest desired drug concentration was prepared in RPMI and 100 pl
were distributed in each well 12 (to have 8 replicates of each drug concentration)
of a 96 well plate (Figure 2.10). 50 pl of media was distributed in the remaining
wells. Using a multichannel pipette, 50 pl were aspirated from each well12 and
resuspended in well 11 assessing a 1:2 dilution. Same was performed till well 3
(Figure 2.10). Cells were accurately counted and 1x10° cells/well were resuspend
in 50 pl of RPMI/well (concentration of 2x10° cells/mL) and 50 pl were distributed
in the 96 well plate previously prepared with appropriate drug from each well 12
till each well 2 (Figure 2.10). Each well 1 was topped with 50 ul RPMI only. Plate
was incubated for 72 h at 37°C. At day3, resazurin stock solution (25 mM, 0.313g
in 50 mL of distilled water) was dilute to 500 pM in prewarmed serum free media
(1:50 dilution) and 10 pL were added to each well. and plate was incubated at
37°C for 4 h. Absorbance was then read at 590 nm using Tecan plate reader
(Figure 2.10).

84


https://en.wikipedia.org/wiki/NADPH_dehydrogenase
https://en.wikipedia.org/wiki/NADH_dehydrogenase
https://en.wikipedia.org/wiki/NADPH
https://en.wikipedia.org/wiki/NADH

Chapter 2 Materials and methods

Figure 2.10: 1:2 serial dilution of compounds used for cell viability assay
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3.1 Introduction

Our first aim was to study the role of autophagy in primitive normal and CML cells.
To assess levels of autophagy in cells enriched for HSPCs and LSPCs, we initially
measured the basal level of autophagy in the CD34* compartment. One approach
to this is to measure autophagy gene expression in normal and CD34* CML patient-
derived cells. Since measuring autophagy flux is a direct measure of autophagic
degradation activity, autophagy flux was also assessed in CD34* normal and CML
cells. These data were consistent with previous published data indicating
autophagy as a survival mechanism following TKls treatment for CML
patients''%1%8, Specifically, we aimed to investigate the mechanism and identify
the key players of autophagy following TKis treatment in CD34* CML cells, which
indicated ULK1 as potential key player to target in CML. ULK1, in fact, not only
represents one of the first step to activate autophagy, but is also one of the few
autophagy proteins that has led companies in developing small molecules to
specifically and pharmacologically target autophagy. In this context we aim to
validate our preliminary data indicating ULK1 as a potential autophagy protein to
target in CML.

To study the role of ULK1 in regulating autophagy in CML, we generated ULK1
deficient cell lines using the frontier genome engineering CRISPR-cas9 system
established in 201229220, Using ULK1 deficient cells, we first aimed to investigate
whether absence of ULK1 lead to a reduction of autophagy level in CML cells. We
then studied if TKIs were able to induce autophagy in ULK1 deficient cells and
whether ULK1 shortage would sensitise CML cells to TKls treatment in vitro and in

vivo.
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3.2 Results

3.2.1 Second generation TKls are not able to eradicate CML
LSPCs

The introduction of TKls in the late nineties as a front-line therapy for CML
patients has revolutionised the history of cancer treatment. However, TKis fail to

eliminate LSPCs.

To determine the effect of nilotinib, a second generation TKls, we optimised
techniques to process leukapheresis product from patients diagnosed with CML
from which primitive cells were enriched by positive selection of the surface
marker CD34 (2.1.2). CML cells were cultured for 3 or 6 days with 2 yM nilotinib.
We established that 38% of the cells were positive for both CD34 and CD133 stem
cell markers at day 0. While only 8% of the UT cells remained positive for both
primitive markers following 3 days in culture, 17% of the cells were positive for
CD34 and CD133 when treated with nilotinib (Figure 3.1a). Furthermore,
following 3 days in culture, 42% of cells became CD34", while only 12% of the cells
lost CD34 marker when treated with nilotinib. Using a fluorescent dye, Cell Trace
Violet, we also tracked cell division, showing that only a small fraction of the
untreated cells remained un-divided with most of them being in division 2 and
division 3 (Figure 3.1b). Instead, around 50% of nilotinib treated cells remained
un-divided or in division 1 (Figure 3.1b). Measurements of apoptosis revealed that
nilotinib targeted CML cells by increasing apoptosis to 40% at day 3 and 50% at day
6 of treatment (Figure 3.1c, d). More detailed analysis revealed that nilotinib-
induced apoptosis was higher in the CD34" fraction, respectively 13% at day 3 and
17% at day 6, compared to apoptosis measured in the CD34* fraction (respectively
7% at day 3 and 5% at day 6 (Figure 3.1e). Performing a CFC assay after 3 days
treatment with nilotinib, we show that nilotinib targeted progenitor cells by
reducing CFC by 40% (Figure 3.1f).

In line with previous published data, these results indicate that TKI treatment

does not target LSPCs, while CD34 cells are more sensitive to TKI treatment.
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Figure 3.1: Nilotinib only targets differentiate CML cells and enriches for CML LSPCs

FACs plots showing expression levels of CD34/CD133 stem cell markers following 3 days treatment
with nilotinib (a). FACs plots obtained from CD34* CML cells stained with Cell Trace Violet following
72 h treatment (b). Graphs showing % of apoptosis following 3-(c) or 6-days (d) treatment with
nilotinib. Mean + S.E.M. n=9 CML samples (c), n=7 CML samples (d). FACs plot showing positivity
to late stage cell death marker, 7AAD, and CD34 following 3- or 6-day treatments (e). Relative
number of colonies measured by CFC assay following 3 days treatment. Mean + S.E.M. n=9 CML
samples (f). p values were calculated using paired Student T test.
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3.2.2 Autophagy level in normal and leukaemic stem cells

Several studies have identified autophagy with a protective role in HSPCs,
sheltering them from metabolic stress and expansion stimuli in the BM16:19,163,164
In the case of CML, it is well established that BCR-ABL oncogene drives expansion
and accumulation in the blood of the myeloid compartment. It has recently been
shown that primitive CML cells have higher oxidative metabolism compared to
normal cells''4. Furthermore, among the multiple pathways regulated by BCR-ABL
onco-protein, it is indicated that the mTOR signalling pathway is activated by BCR-
ABL?2"-223 mTOR is a negative regulator of autophagy, whose inhibitory
phosphorylation of ULK1 decreased autophagy'?¢ (Figure 3.2). Based on that, we
hypothesised that BCR-ABL, through its activity on mTOR, controls and regulates
autophagy.

To measure autophagy levels in primitive normal cells, we optimised a technique
to isolate viable cells from BM of individuals undergoing hip replacement and to
process leukapheresis products from patients diagnosed with CML. In both cases,
primitive cells were enriched by positive selection of the surface marker CD34
(2.1.3) (Figure 3.3a). Following 24 h culture with PGF, RNA was extracted from
normal and CD34* CML cells and autophagy gene expression was evaluated in both
populations. Gene expression analysis revealed that CD34* CML cells have lower
expression of autophagy genes compared to normal CD34* cells (Figure 3.3b),
(Table 3-1). Specifically, results comparing AACT values versus the average of the
normal indicate that genes such as ULK1, a component of the autophagy initiation
machinery'?®, UVRAG, which interacts with Beclin1 promoting autophagosomal
maturation??4, ATG4 which is involved in the ATG8 conjugation system important
in the autophagosome formation?%>226, and ATG7 and ATGS5, involved in the ATG12
conjugation system important for ensuring LC3 lipidation??7-228 are significantly

upregulated in normal CD34* cells.
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LSCs

BCR-ABL
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Figure 3.2: Autophagic function in HSCs and LSCs

Schematic diagram indicating that HSCs maintain high levels of autophagy to reduce loss of
quiescent cells and reducing oxidative stress which can drive differentiation of primitive HSCs. On
the other hand, BCR-ABL has a negative effect on autophagy in LSCs, showing elevated
mitochondrial metabolism. One of the main characteristics of LSCs is the myeloid expansion.
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we have decided that there is no accurate statistical test to compare expression
of a single gene between normal and CML cells. In this regard, lab bio-
informatician (Dr Brabcova) recommended to use Unpaired Student’s T test which
is still the most appropriate for this type of analysis. To validate the data and
further test my hypothesis that BCR-ABL oncogene negatively regulates
autophagy, we performed autophagic flux measurement in both normal and CML
CD34* cells. LC3B-1l and p62 represent the most widely used markers to monitor
autophagic activity. LC3B-I is the cytoplasmic form or LC3; lipidation of LC3B-I
with a PE generates LC3-Il, which is recruited to the autophagosomal membrane
upon autophagic activation'>22%.230_ To measure autophagy flux, it is necessary to
determine the amount of LC3B-Il or p62 turnover in a lysosomal dependent
manner. To achieve autophagic flux measurement, it is necessary to inhibit the
latest stages of autophagy, suppressing maturation of autophagic vesicles, to
prevent degradation of the autophagosomal content. Treatment with HCQ, a
lysosomotropic agent that increases lysosomal pH, inhibiting enzyme activity, or
Bafilomycin A1, an inhibitor of H* ATPase activity and an inhibitor of the fusion
between autophagosomes and lysosomes, are generally used to ensure
accumulation of the autophagosomal content. CD34* normal and CML cells were
lysed following 12 h treatment with 10 pyM HCQ or 100 nM Bafilomycin. Western
blot analysis was performed indicating that while in normal CD34* cells Balilomicyn
and HCQ induce LC3B-II levels, in the leukaemic counterpart, levels of LC3B-II

following treatment were similar to UT cells (Figure 3.4a, b, c).

The increase in LC3B-IlI following treatment with HCQ or Bafilomycin in CD34*
normal cells, indicates that primitive normal cells have a greater turnover of
macromolecules via autophagy. However, even though protein content had been
quantified to load same amount of proteins in each condition, the loading control
GAPDH and beta-tubulin showed lower levels and, in many cases, undetectable in
normal cells. This might due to the fact that normal cells are generally smaller
than LSPCs and might have a lower content in B-tubulin, which is usually

considered as a loading control for western blotting analysis (Figure 3.4b, c).
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Figure 3.3: Primitive CML cells show a decrease in autophagy genes expression compared

to normal cells.

Representative FACs plot showing normal and CML patient-derived cells positivity for the primitive
marker CD34 (a). Comparative gene-expression analysis of CD34* CML and normal cells. Mean n=3
normal patient samples and n=3 CML samples (b).
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CD34* CML1 CD34* CML2 CD34' CML3 Unpaired t | Adiusted
Gene RELATIVE TO RELATIVE TO RELATIVE TO AVERAGE e Y le
CD34'NORMAL | CD34'NORMAL | CD34°NORMAL

ATG7 0.05769292 0.04277324 0.16833348 0.08959988 <0.0001 <0.0004
ATG16L2 0.1177844 0.04344115 0.121421751 0.094215767 <0.0001 <0.0004
MAP1LC3A 0.1195116 0.02301983 0.148391567 0.096974332 <0.0001 <0.0004
BN1P3L 0.1394924 0.09546337 0.177931167 0.137628979 <0.0001 <0.0004
UVRAG 0.1226149 0.07182296 0.257207885 0.150548582 0.0001 0.0004
ULK1 0.10914 0.08296555 0.282861993 0.158322514 0.0002 0.0005
MAP1LC3B 0.1193209 0.09361995 0.273246684 0.162062511 0.0001 0.0004
ATG2A 0.1288713 0.07443234 0.388736801 0.197346814 0.0012 0.0018
ATGA4D 0.2026356 0.09447014 0.3084018 0.201835847 0.0002 0.0005
ATGS 0.1889133 0.09093208 0.328024222 0.202623201 0.0003 0.0007
RB1CCT 0.1746489 0.120702 0.318632839 0.204661246 0.0002 0.0005
ATG16L1 0.1635243 0.1167967 0.354232607 0.211517869 0.0004 0.0008
ATGOA 0.1518258 0.1058021 0.404000768 0.220542889 0.0011 0.0018
ATG12 0.1993152 0.1302523 0.35280453 0.227457343 0.0003 0.0007
ATGAC 0.165717 0.1084674 0.430206706 0.234797035 0.0015 0.0022
BECN 0.1608202 0.0938333 0.465319351 0.23999095 0.0027 0.0037
PIK3R4 0.1938243 0.1603193 0.511246208 0.288463269 0.0031 0.0040
PIK3C3 0.326752 0.1360534 0.395460092 0.286088497 0.0008 0.0015
AMBRAT 0.1838676 0.1171224 0.61341356 0.304801187 0.0111 0.0125
ULK2 0.1537685 0.139015 0.61859706 0.30379352 0.0115 0.0125
ATG10 0.2336886 0.141476 0.60709071 0.327418437 0.0091 0.0108
RPS6KB1 0.1069644 0.1020631 0.940405636 0.383144379 0.0912 0.0948
ATGOB 0.1640392 0.8323584 1.753546401 0.916648 0.8652 0.8652

Table 3-1: Autophagy gene expression in CD34* CML and normal cells measured by qPCR.

AACT of transcript levels in CD34* CML cells relative to average of three CD34* normal cells. n=3
normal samples and n=3 CML patient samples. P values were calculated using unpaired Student’s
T test with significance below p=0.05. Sometimes small p-values (less than 0.05) happen to lead
by chance to incorrectly reject the true null hypotheses. To correct for multiple testing, p-values
were adjusted using Benjamin-Hochberg method. It controls the false discovery rate
(FalseDiscoveryRate (FDR)=Expected (FalsePositive/ (FalsePositive +TruePositive))). FDR is the
expected proportion of false positives among all positives which rejected the null hypothesis and
not among all the tests undertaken. The most preferable approach is controlling FDR as it not only
reduces false positives, but also minimises false negatives.

94




Chapter 3 Autophagy as a survival mechanism sustain LSPCs persistence

. cML#L Normal 1
- -+ - -+
-+ - -+ -
62-| — o — a—
16-| w—— -
14| ———— —

55_1....!..---

Baf.
HCQ

p62

LC3B-1
LC3B-II

GAPDH

CML#3 Normal 3
- - + - - +
- + - - + -
62-| w— O— ——
16-
14- - | — —
551 0 e s . S —

CML CD34" cells

T

1.0

0.54

LC3-ll fold change

Baf.
HCQ

p62
LC3B-I
LC3B-II

B-tubulin

0.0-

uT HCQ Baf

Figure 3.4: CD34* CML cells show lower level of autophagy flux than normal CD34* cells.
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Western blot showing p62, LC3B-I and LC3B-II protein expression following 12h treatment with 100
nM Baf. and 10pM HCQ in CD34* CML and normal cells (a). LC3B-1I-fold change relative to UT Mean
+ S.E.M. n=3 normal samples (b). LC3B-lI-fold change relative to UT Mean = S.E.M. n=3 CML
samples. p values were calculated using non-parametrical one-way Anova multiple comparison

analysis (c).
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3.2.3 Nilotinib treatment induces protective autophagy in LSPCs

We next aimed to confirm previously published data demonstrating that CD34*
cells exhibit increased autophagic levels following TKls treatment''2198,  |n
addition, our hypothesis is that inhibition of BCR-ABL using TKls induces AMPK
activation. AMPK is a cytoplasmic energy sensor, which is a positive regulator of
autophagy activating its signalling by phosphorylation of ULK1 at serine 555
(ser555). In the case of CML, autophagy sustains survival of LSPCs during TKI
treatment providing building blocks and reducing intracellular stress (Figure 3.5).
To achieve this, we first generated K562 cell line expressing RFP-GFP-LC3 by
retroviral transfection (2.11). K562 cells are challenging to transfect with
retroviral particles and positivity to RFP and GFP was assessed by FACS. Since only
40% efficiency was achieved followed transfection, we sorted K562 mRFP*"i¢h and
GFP*i¢h (Figure 3.6) to obtain stable cell line expressing RFP-GFP-LC3.

mMRFP-GFP-LC3 is a widely used technique to monitor the different stages of
autophagy. RFP-GFP-LC3 puncta are detectable when LC3 binds to the
autophagosomes in which, a yellow signal can be visualised resulting from the RFP
and GFP merged signals. Following autophagic induction, LC3 is internalised in the
autophagosomes that will then fuse with lysosomes. Low lysosomal pH quenches
the GFP signal, making only the RFP detectable. Based on this, increased level of
RFP reflects higher levels of autophagy flux (Figure 3.7a). K562 expressing RFP-
GFP-LC3 were treated for 4 h using 2 uM nilotinib. Following fixation and nuclear
staining, autophagy induction was measured using confocal microscopy. As
expected, nilotinib increased levels of red LC3 puncta compared to UT cells
suggesting enhanced autophagy in the treated cells (Figure 3.7b). In order to
validate and further prove these findings, we treated CD34* CML cells for 24 h
with 2 pM nilotinib and RNA was extracted. Autophagic gene expression analysis
showed that treated CD34* CML cells exhibit greater levels of autophagy gene
expression compared to UT cells (Figure 3.8). In particular, we established that
“drug-able” autophagy genes such as ULK1 and VPS34 are expressed significantly
higher after nilotinib treatment (Figure 3.8), (Table 3-2).
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Figure 3.5: Mechanistic hypothesis of TKls-induced autophagy in CML cells.
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Figure 3.6: Efficiency of retroviral transfection in K562 cells.

FACs plots showing K562 expressing RFP-GFP-LC3 following retroviral transfection. Cells were FACS
selected to enrich for double positive cells.
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Figure 3.7: Autophagy is induced in K562 following TKI treatment.

Schematic representation of the RFP-GFP-LC3 assessment of autophagy at different stages (a).
Representative confocal microscopy images of K562 RFP-GFP-LC3 showing LC3 puncta following 4
h UT and treatment with nilotinib (b).
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Figure 3.8: Primitive CML cells show an increase in autophagy genes expression following
nilotinib treatment.

Comparative gene-expression analysis of CD34* CML cells treated and untreated with nilotinib.
Mean n=3 CML patient samples.

100



Chapter 3 Autophagy as a survival mechanism sustain LSPCs persistence

CD34*CML1 | CD34*CML2 | CD34*CML3
Gene Treated Treated Treated AVERAGE Paired t
RELATIVE to | RELATIVE to | RELATIVE to AACT Test
uT uT uT

ATGOYB 0.574832 0.583487 1.413658 0.857325667 0.6591
MAP1LC3B 1.068377 0.758863 0.850125 0.892455 0.3622
MTOR 0.898662 0.893863 0.926974 0.906499667 0.012
ATG10 1.146673 1.052759 1.090839 1.096757 0.0711
BCL2 1.082673 0.890633 1.56325 1.178852 0.4656
ATG5 1.044352 1.045331 1.459988 1.183223667 0.3165
PRKAAT 1.097728 1.124783 1.375464 1.199325 0.1529
ATG3 1.53504 1.005975 1.179245 1.240086667 0.2631
AMBRA1 0.953061 1.633454 1.157911 1.248142 0.3433
UVRAG 1.620704 0.850357 1.393223 1.288094667 0.3346
ATG4D 1.205903 1.176494 1.565438 1.315945 0.1274
ATG16L2 0.713774 0.893309 2.422279 1.343120667 0.5915
ATG14 1.252954 1.163214 1.707912 1.374693333 0.1563
ATG9A 1.081816 1.69755 1.412845 1.397403667 0.1551
PIK3R4 1.494453 1.208116 1.54651 1.416359667 0.0583
AKT1 1.827744 1.161022 1.264851 1.417872333 0.1811
ATG12 1.402006 1.511688 1.368715 1.427469667 0.0101
C120RF44 2.149368 1.063536 1.146364 1.453089333 0.3237
PIKC3 1.605403 1.115817 1.650135 1.457118333 0.1162
BENC1 0.921206 1.212615 2.501167 1.544996 0.3782
ATG4B 1.663405 1.998279 1.128201 1.596628333 0.1427

RB1CC1 1.706374 1.227347 1.88638 1.606700333 0.091
ULK1 1.681503 1.480533 1.764971 1.642335667 0.0168
ATG4A 1.562957 2.005334 1.391247 1.653179333 0.0703
UKL2 1.503639 2.075382 1.431403 1.670141333 0.0813
ATG16L1 1.825873 1.961868 1.291954 1.693231667 0.0771
RPS6KB1 2.321874 1.812199 0.957187 1.697086667 0.2221
GABARAP 1.687799 1.705054 1.886615 1.759822667 0.0069
ATG2A 1.648386 2.122347 1.460927 1.743886667 0.0634
WIPI2 1.579628 1.947965 1.710839 1.746144 0.0202
GABARAP 1.704017 2.340589 1.18612 1.743575333 0.1558
ATG7 2.146376 1.819546 1.317981 1.761301 0.0872
SQSTM1 1.999978 1.690912 1.822505 1.837798333 0.0112
ATG2B 1.916333 1.961288 1.730101 1.869240667 0.0066
ATG4C 1.469413 2.569676 2.260277 2.099788667 0.0784
WIPI1 2.093694 3.398827 1.282779 2.258433333 0.178
ATG13 3.37515 2.487777 1.553163 2.47203 0.1075
GABARAP 1.934784 4,374382 2.098886 2.802684 0.1492
MAP1LC3A 2.793409 3.787997 2.490457 3.023954333 0.0355

Table 3-2: Autophagy gene expression in CD34* CML treated and untreated with nilotinib for
24h measured by qPCR.

AACT of genes levels in CD34* CML cells treated with nilotinib relative to untreated. n=3 CML
samples. Significant differences in gene expression between CML treated and untreated cells are
highlighted in red.
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To validate our hypothesis that AMPK and mTOR play a role in regulating
autophagy upon BCR-ABL inhibition we performed time point treatment of CD34*
CML cells using 2 pM nilotinib. Western blot analysis demonstrated that nilotinib
treatment reduced BCR-ABL signalling measured by reduced phosphorylation of
Crkl (Figure 3.9a, b). As hypothesised, this resulted in activation of AMPK assessed
by phosphorylation of AMPK on Thr-172 (Figure 3.9a). To assess the effect of BCR-
ABL inhibition on mTOR activity, we measured levels of p-mTOR and its
downstream S6 protein-kinase that was dephosphorylated following nilotinib
treatment, demonstrating that mTOR signalling was inhibited, which correlated
with autophagy activation, indicated by reduced levels of p62 (Figure 3.9b). Since
both AMPK and mTOR regulate autophagy through ULK1, phosphorylation of ATG13
was measured as a direct indicator of ULK1 activity. As expected, ATG13
phosphorylation was induced following nilotinib treatment demonstrating that
ULK1 represents one of the main features in the activation of autophagy following

nilotinib treatment (Figure 3.9a, b).
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Figure 3.9: AMPK and mTOR regulates autophagy in CD34* cells following nilotinib treatment.

Western blot analysis using CD34* cells exposed to 2 pM nilotinib from 4 to 24 h using 5 independent
patient samples (a, b).
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3.2.4 Deletion of ULK1 using CRISPR-Cas9 technology reduces
autophagy levels in CML cells

To study the role of ULK1 in CML we generated ULK1 deficient cells using a CRISPR-
CAS9-mediated gene editing. Three different guide-RNAs were designed as
described in material and methods to specifically target ULK1. Each of these
sequences were cloned into Lenti-CRISPR-V2 plasmid previously digested with
BsmBIl restriction enzyme. Lentiviral infection was used to independently
transduce each sequence in KCL22 or K562 CML cell lines. Following selection with
3ug/mL puromycin, cells were lysed, and western blot performed to confirm
absence of ULK1 protein. Results indicate that sequence #3 and #2 significantly
reduced levels of ULK1 in both KCL22 or K562 cells compared to control cells (a,
b). Furthermore, increased levels of p62 were detected in ULK1 deficient cells,
indicating that depletion of ULK1 results in inhibition of basal level of autophagy
in CML cells (Figure 3.10a, b). However, both KCL22 and K562 showed increased
levels of ULK1 if cells were not kept under puromycin selection. This was probably
due to resistant puromycin clones in the bulk cells that have a growth advantage
compared to ULK1 deficient cells in the absence of puromycin. Single cell cloning
was therefore performed revealing presence of resistance clones still expressing
ULK1 confirming the hypothesis (Figure 3.10c). Based on LC3B-Il accumulation
and increased levels of p62, Clone#5 and Clone#8 were chosen for further studies
(from this point forward referred to as Clone#1 and Clone#2, respectively). As
expected, had no phosphorylation on ULK1 was visible in KCL22 ULK1 deficient
cells (Figure 3.10d). Furthermore, we also show that ULK1 deficient cells have
reduced phosphorylation of ATG13 compared to control cells resulting in inhibition

of autophagy (Figure 3.10d).

3.2.5 ULK1 deficiency sensitises CML cells to TKis treatment in
vitro

Next, we wanted to address if nilotinib would have had an enhanced effect on
autophagy deficient cells. We treated control and ULK1 deficient cells for 72 h
with 2 pM nilotinib and measured the effect of nilotinib treatment on apoptosis

colony formation in
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Figure 3.10: Using CRISPR cas9 to knock-out ULK1 in CML cells

Western blot analysis showing deletion of ULK1 using 3 different guides in KCL22 cells (a) and K562
cells (b). Western blot analysis showing deletion of ULK1 following single cells cloning in KCL22
cells (c). Western blot analysis of autophagic markers in KCL22 ULK1 deficient (d).
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both cell lines. Results show that apoptosis was increased by almost 20% in ULK1
KO when treated with nilotinib (Figure 3.11a). As well, colony forming ability was
reduced by 20% in ULK1 deficient cells in the presence of nilotinib (Figure 3.11b).
From these results we conclude that ULK1 deficient cells are more sensitive to

nilotinib treatment compared to autophagy competent cells.

3.2.6 Nilotinib fails to induce autophagy in ULK1 deficient cells

As discussed in the previous paragraph, ULK1 deficient cells exhibit lower basal
level of autophagy compared to control cells. Furthermore, ULK1 KO cells show
enhanced sensitivity to nilotinib treatment compared to cells expressing ULK1.
Encouraged by these results we tested if nilotinib induced autophagy in ULK1 KO
cells. Western blot analysis performed in control and ULK1 KO cells show that
treatment with 2 pM nilotinib for 24 h reduced inhibitory phosphorylation of ULK1
on serine757 in control cells (Figure 3.12). Control cells increased
phosphorylation of ATG13 while this was undetectable in ULK1 null cells (Figure
3.12). Furthermore, while nilotinib reduced levels of p62 in control cells, this was
not detectable in ULK1 deficient cells (Figure 3.12).

All together these results highlighted that removal of ULK1 in CML cells inhibited

nilotinib-induced autophagy and sensitised CML cells to nilotinib treatment.
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Figure 3.11: ULK1 deficient cells are more sensitive to TKIs treatment.

Graphs showing % of apoptosis following 3 days treatment with nilotinib (a). Number of colonies
measured by CFC assay following a 3 days treatment with 2 pM nilotinib (b). ULK1 represents bulk
cells following KO of ULK1 and selection with puromycin; Cl#1 and Cl#2 represent the 2 ULK1 KO
clones chosen following single cell cloning. Mean + S.E.M. P values were evaluated using unpaired
Student T test.
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Figure 3.12: Nilotinib fails to induce autophagy in ULK1 deficient cells

Representative western blot analysis showing autophagic markers in KCL22 control or ULK1
deficient cells following 24 h treatment with nilotinib. n=3 independent experiments.
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3.2.7 ULK1 deficiency sensitises CML cells to TKis treatment in
vivo

To further study the effect of TKls in targeting ULK1 deficient cells, a
bioluminescent xenograft mouse model for CML using KCL22 cells was established.
KCL22 were transfected with pLenti-CMV-V5 luciferase-expressing plasmid. After
transfection, luciferase activity was measured in KCL22 control and ULK1 KO cells
using a luminescence plate reader. Following lysis and injection of luciferin, we
established emission of luminescence from both control and ULK1 KO clones
(Figure 3.13). Since control and ULK1 KO Clone#1 expressed the same intensity
of fluorescence, Clone#1 was chosen for downstream studies. Four million control
and ULK1 KO Clone#1 cells where transplanted via tail vein injection into NRGW#!
recipient mice (Figure 3.14a). 30 minutes following transplant mice were
subcutaneously injected with 200 pL of luciferin and imaged using a
bioluminescent imager, IVIS, to determine success of equal transplant of both
control and ULK1 KO cells. 13 days post-transplant, mice receiving control or ULK1
deficient cells were respectively allocated in 2 arms each. Mice were treated
twice per day with vehicle or imatinib, front-line treatment for CML patients, and
imaged weekly to monitor tumour growth. By week 4, mice receiving ULK1
deficient cells and treatment with imatinib had significantly reduced tumour
growth compared to mice receiving control cells (Figure 3.14b). Combining ULK1
deficiency and imatinib treatment significantly extended survival of mice
compared to control cells treated with imatinib (Figure 3.15). In fact, mice
receiving ULK1 KO cells and treatment with imatinib survived 23 days longer than

mice receiving control cells (Figure 3.15).

Furthermore, number of tumours in each mouse was counted upon mouse
sacrifice. As expected, a statistically significant reduction in number of tumours
was observed in mice receiving ULK1 KO cells compared to control cells (Figure
3.16a, b). This reduction was further enhanced when ULK1 KO was combined with

imatinib treatment (Figure 3.16a, b).
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Figure 3.13: Luminescence of CNTR. and ULK1 KO cells following transfection with luciferase
expressing plasmid.

Assessment of luciferase activity in control and ULK1 KO cells after transfection of luciferase
expressing plasmid with and without luciferin.
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Figure 3.14: Xenografted NRGW41 mice with ULK1 deficient cells are more sensitive to
imatinib treatment compared to mice receiving control cells.

Control and ULK1 KO cells Luciferase+ were transplanted via tail vein into recipient NNGW*' male
mice, followed by 30 days in vivo treatment (a). Weekly luciferase bio-imaging of mice receiving
control or ULK1 deficient cells, treated or untreated with imatinib (b).
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Figure 3.15: Imatinib extend survival of NRGW*' mice receiving ULK1 KO cells.

Overall survival measured by Kaplan-Meier analysis. P values were evaluated using unpaired
Student T test.
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Figure 3.16: ULK1 KO cells significantly reduce number of tumours following imatinib
treatment.

Image showing number of tumours in each mouse at the time of cull (a). Graph showing number
of tumours in each mouse at time of death (b). Mean + S.E.M. P values were evaluated using

unpaired Student T test.
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Furthermore, we also wanted to address if the observed reduction in number of
tumours, leading to an extension of mice survival, was due to reduced autophagy
levels in ULK1 deficient cells.

We firstly confirmed absence of mouse cells in the tumours, which totally
constituted of human cells (Figure 3.17a). Secondly, we confirmed absence of
ULK1 in ULK1 deficient tumour, and showed that tumours derived from ULK1
deficient cells had reduced levels of autophagy, measured by increased level of
p62. Interestingly, p62 levels were enhanced in some of the control and ULK1 KO
tumours following treatment with imatinib (Figure 3.17b), which could be
explained by increased gene transcription in line with Figure 3.8.

All together these results show that mice receiving ULK1 deficient cells are
insensitive to imatinib-induced autophagy, leading to a higher sensitivity to
imatinib treatment in vivo.
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Figure 3.17: ULK1 deficient tumours show reduced level of autophagy following imatinib
treatment.

FACs plot showing positivity of tumours to human CD45 (a). Western blot analysis for autophagic
markers of tumours derived from control or ULK1 KO cells (b).
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3.3 Discussion

In this chapter we first investigated the dependency of HSPCs and LSPCs on
autophagy. As per previously published data, we show that CD34* normal cells
possess an elevated turnover of cytoplasmic organelles and compartments using
autophagy as a recycling and cleaning process. This results in
minimising/controlling intracellular stress that represents a major obstacle to
HSPCs maintenance. It’s in fact known that HSPCs enhance fatty acid oxidation
and glycolysis to sustain their metabolic rates, avoiding oxidative metabolism that
might increase ROS levels and induce differentiation with loss of the most
primitive population3%3!, In the CML counterpart, cells exhibit high proliferative
rates and BCR-ABL drives expansion of the myeloid compartment resulting in cell
accumulation in peripheral blood of CML patients. BCR-ABL is also responsible for
the de-regulation of intracellular survival and metabolic sensors such as AMPK and
mTOR. We demonstrate that CD34* CML cells show a reduced autophagic transcript
signature compared to normal cells and CML cells exhibit lower autophagic flux

than their normal counterpart.

Following BCR-ABL inhibition using nilotinib, autophagy gene expression was
increased. Previously published data indicate that autophagy represented a
survival mechanism for LSPCs following TKI treatment, balancing intracellular
stress and cell survival. AMPK and mTOR are the main proteins in regulating energy
metabolism and autophagy in these cells. AMPK behaves as a regulator of cellular
growth in conditions where nutrients are limited. AMPK controls cell growth by
supressing mTOR, a negative regulator of autophagy. Suppression of mTOR not
only results in cellular growth inhibition but also in activation of autophagy. In the
case of CML, where BCR-ABL activates growth factor signalling and TKI treatment
can mimic a situation where nutrients are limited and the ratio between AMP and
ATP can reach elevated levels. In this environment elevated levels of AMP or ADP
will promote AMPK activation, which can suppress mTOR and activate autophagy
to enhance building block recycling. We show that upon TKls treatment, AMPK is
active, driving autophagic flow via activation of ULK1 measured by increased

phosphorylation of its down-stream effector protein ATG13 (Figure 3.5).
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Furthermore, deletion of ULK1 confirmed our hypothesis. In fact, inhibiting BCR-
ABL with TKls does not lead to autophagic induction in ULK1 deficient cells. As a

result, ULK1 deficient cells show increased sensitivity to TKls in vitro and in vivo.

Despite the promising results showed in this section, we also want to highlight the
limitations of using K562 and KCL22 cell lines. These have in fact been isolated
from BC phase patient and not from CP, a more advanced and aggressive stage of
the disease. To properly study CP-CML it would be ideal to use cell lines derived
from this stage of the malignancy. However, this has not yet been achieved.
Furthermore, performing CRISPR cas9-mediated knock-out also has its own
limitations. Even though in our case sequence to target ULK1 where accurately
checked on the BLAST platform for off-targets effect, the use of multiple clones
higher than 2 would have been ideal to increase the confidence of the results. As
well, rescue experiments re-introducing the ULK1 would have allowed us to
confirm the specificity of our results in a ULK1-dependent manner. However,

these experiments still remain very challenging.

In summary we demonstrate that on one hand CML cells exhibit lower turnover of
autophagic flow compared to normal cells, and on the other hand, following
nilotinib treatment CML cells upregulate autophagy to sustain survival. Our results
indicate that ULK1 represents one of the main features in the activation of
autophagy and might represent a strategic target to suppress autophagy during
TKI treatment and to eradicate CML cells. ULK1 is also one of few druggable

proteins of the autophagic process.
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4.1 Introduction

Thus far, we have shown that treatment with TKls induce protective autophagy in
CD34* CML cells and promotes cell survival and persistence of CML LSPCs. Our
preliminary data suggest that the link between autophagy activation during TKils
treatment is due to BCR-ABL modulation of mTOR and AMPK, which represent two
of the main regulators of autophagy and cellular energy homeostasis. We show
that following TKls treatment, inactivation of mTOR and enhancement of AMPK
activity positively regulates ULK1, an essential stem feature during autophagy
initiation, measured by phosphorylation of ATG13 on ser318. We also show that
removal of ULK1 using CRISPR-cas9 inhibited TKI-induced autophagy in vitro,
sensitising CML cells to death.

Combining current standard-of-care (TKI treatment) with autophagy inhibition in
CML is of clinical relevance. CHOICES (CHLOroquine and Imatinib Combination to
Eliminate Stem cells), a recently completed phase Il clinical trial, combined front
line treatment for CML patients (imatinib) with HCQ. However, HCQ is a non-
specific autophagy inhibitor that targets lysosomes and requires high doses to
inhibit autophagy in vivo that might not be achievable in patients. This underlines
the need to develop more specific autophagy inhibitors to target autophagy in
cancer patients. Thus far, pre-clinical ULK1/2 and VPS34 inhibitors have been
developed, with in vitro results suggesting that these compounds are promising

candidates to target autophagy in CML patients'38,193,199,200,

Based on our findings showing a potential role of ULK1 in regulating autophagy in
CML, we have established a purposeful collaboration with LifeArc, an independent
medical research company that has recently developed pre-clinical ULK1/2
inhibitors, including MRT689212%, Petherick et al. demonstrated that MRT921
targets ULK1, enabling autophagy initiation and leading to accumulation of

immature autophagosomes.

In this chapter we show the effect of MRT921 in the context of leukaemia in
combination with TKls. We indicate that MRT921 targets autophagy as a single
agent in CML cells measured by inhibition of Parkin-dependent mitophagy.

Furthermore, we found that the MRT921-mediated effect on inhibition of
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mitophagy correlates with increased mithocondrial content, increased

mithocondrial respiration and increased levels of ROS.

According to recent publication indicating that ULK1 regulates glycolysis by direct
phosphorylation of glycolytic enzymes'#, we show that following inhibition of
ULK1 using MRT921, glycolysis and glycolytic capacity is diminished CML cells.

We also showed that MRT921 significantly inhibited TKI-induced autophagy,
resulting in increased nilotinib-induced death in CML cells. However, we
demonstrated that MRT921 treatment, at a 1 yM concentration induced cell death
and reduced CFC in ULK1 KO cells, probably due to off-target effect. As well,
undesirable toxic effects were detected following MRT921 treatment of normal
CD34* cells. As suggested by Petherick et al., this might correlate with the fact
that 1 pM of MRT921 affects the activity of a wide range of kinases and its

cytotoxic effect may be independent from inhibition of ULK1/2.
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4.2 Results

4.2.1 MRT921 treatment inhibits CML cells proliferation in a
concentration dependent manner

Given the role ULK1 plays in inducing autophagy following TKls treatment in CML,
we hypothesise that restraining autophagy by pharmacological inhibition of ULK1
may enhance the TKis effect in targeting CML cells.

As previously mentioned, pharmacological inhibition of ULK1 has been studied
using MRT921. Petherick et al. demonstrated that 1 pM of MRT921 effectively
targets mTOR dependent-autophagy?®. Before assessing autophagy inhibition, we
first aimed to determine the concentration of MRT921 that giving half-maximal
cell growth response (EC50) in our CML model. CML cells were treated for 72 h
with increased concentration of MRT921 and inhibition of growth measured by
colorimetric XTT assay. Using a concentration range between 0 and 10 pM we
established that MRT921 EC50 was ~ 5 pM in KCL22 CML cell line (Figure 4.1a).
Similar results were obtained using TKl-resistant KCL22 cells (KCL22™"!), with
EC50 value remaining = 5 yM (Figure 4.1b). This suggest that both TKI-sensitive
and TKI-resistant KCL22 cells are sensitive to MRT921 treatment with EC50 = 5 pM.
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Figure 4.1: MRT921 inhibits growth of TKI-sensitive and TKl-resistant CML cell lines
Measurements of proliferation in KCL22 TKI-sensitive upon exposure to increased concentrations
of MRT921. n=4 independent experiments (a). Measurements of proliferation in KCL22 TKI-resistant
(KCL22™"3") cells upon exposure to increased concentrations of MRT921. n=2 independent
experiments (b).
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4.2.2 MRT921 induces cell death in WT and ULK1 deficient cells

To study whether the cytotoxic effects of MRT921 were selectively mediated
through ULK1 inhibition, we measured apoptosis and colony forming ability
following treatment with increased concentration of MRT921 in WT and ULK1
deficient KCL22 cells.

We treated KCL22 cells using 1, 3 and 5 uM of MRT921. Results show that while 1
UM of MRT921 did not induce apoptosis in KCL22 WT cells, a 10% increase in
apoptosis was obtained in KCL22 ULK1 KO using 1 uM of MRT921 (Figure 4.2a, b).
Furthermore, concentrations higher than 1 pM induced 80% increase in apoptosis
in both KCL22 WT and ULK1 deficient cells (Figure 4.2a, b). Treatment using 1 uM
MRT921 resulted in a 10% decrease of CFC in KCL22 WT and a 20% decrease in
KCL22 ULK1 deficient cells (Figure 4.2a, b). However, increasing MRT921
concentration resulted in reduction of CFC of 80% in both KCL22 WT and ULK1

deficient cells.

These results demonstrate that ULK1 activity is not required for MRT921-induced
cell death, indicating that either inhibition of ULK2 is critical, or the cytotoxic

effect of MRT921 is mediated through off target effect on other proteins/kinases.
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Figure 4.2: ULK1/2 inhibitor affects apoptosis and CFC in WT and ULK1 deficient CML cells

Measurements of apoptosis following 72 h treatment using 1, 3 e 5 pM of MRT921 in KCL22 WT (a)
and ULK1 KO cells (b). Measurements of CFC following 72 h treatment using 1, 3 e 5 yM of MRT921
in KCL22 WT (c) and ULK1 KO cells (d). Mean + S.E.M. P values were calculated using unpaired

Student T-test. n=3 independent experiment in each case.
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4.2.3 ULK1 and ATG7 deficient CML cells exhibit lower level of
basal and stressed-induced Parkin-dependent mitophagy

Since accurate measurements of basal autophagic flux is challenging, we
monitored the autophagic degradation of mitochondria to determine the efficacy

of MRT921 treatment on the autophagic cargo digestion.

Using retroviral system, we infected K562 CML cells, resulting in stable over-
expression of Parkin conjugated to YFP. We tested whether exogenous Parkin
expression could be used to measure autophagic degradation of mitochondria'’®
in CML cells. We treated control and YFP-Parkin expressing K562 cells for 24 h with
antimycinA, an inhibitor of complex Il of the electron transport chain, and
oligomycin, an inhibitor of the ATP synthase. Since both compounds are unstable
in culture, drugs were refreshed every 12 h. Western blot analysis revealed that
following treatment with antimycinA and oligomycin, depletion of mitochondrial
protein in K562 control cells was barely detectable, whereas expression of
exogenous Parkin dramatically increased removal of mitochondria complexes
including YFP-Parkin (Figure 4.3). Reduction was visible for mitochondrial
complexes II-V (CII, CllI, CIV and CV), demonstrating suitability of this assay to

assess autophagy flux.

We then used ULK1 and ATG7 deficient K562 cells over-expressing Parkin to
measure levels of basal and stressed induced Parkin-dependent mitophagy in
autophagy deficient cells. ULK1 and ATG7 KO cells were treated for 12 h using
antimicynA and oligomycin following what cells lysates were prepared. Western
blot analysis revealed that both ULK1 and ATG7 deficient cells exhibit increased
levels of mitochondrial complexes even following treatment with antimycinA and
oligomycin (Figure 4.4). Moreover, using ULK1 KO lines, it resulted in decreased
mitophagy (Figure 4.4). Furthermore, while ATG7 cells completely inhibited
mitophagy, ULK1 KO cells still exhibited partial Parkin-dependent mitophagy
which might be due to incomplete removal of ULK1. In fact, even using guide #3,
K562 cells still show residual expression of ULK1 (Figure 4.4). However, it is also
possible that the clearance of specific complex might occur in a ULK1 or ATG7
dependent manner. In fact, accumulation of complex IV was more robust in ULK1
deficient cells, while complex | and complex Il was higher in ATG7 deficient cells
(Figure 4.4).
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Figure 4.3: Over-expression of Parkin enhances mitophagy in CML cells

Western blot analysis showing mitochondrial complexes levels following 24 h treatment with 1 nM
of antimycin A and 1 nM of oligomycin in K562 control and YFP-Parkin overexpressing cells.
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Figure 4.4: ULK1 and ATG7 deficient cells exhibit decreased Parkin-dependent mitophagy

Representative western blot analysis showing mitochondrial complexes levels following 12 h
treatment with 1 nM of antimycin A, 1 nM of oligomycin in control, ULK1 and ATG7 deficient cells;
n=2 independent experiment.
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Even though a more efficient KO of ULK1 is required, we established reduced
Parkin-dependent mitophagy in both ULK1 and ATG7 deficient CML cells.

4.2.4 MRT921 treatment inhibits stressed-induced Parkin-
dependent autophagy

To understand if the effect of MRT921 in inhibiting cell growth and CFC in CML
cells was due to inhibition of autophagy, we measured autophagy flux following
treatment with MRT921.

Established that overexpression of Parkin can be used to measure autophagic flux
and mitochondrial degradation, we used this approach as a measure of autophagy
inhibition following MRT921 treatment. We treated K562 control and YFP-Parkin
cells with a range of concentrations of MRT921 between 0 and 3 pM for 24 h and
in combination with antimycin A and oligomycin. As shown in (Figure 4.4),
removal of mitochondria is minimum in K562 control cells when treated with
antimycin A and oligomycin (Figure 4.5a), (lane 1 and lane 7). Likewise, inhibition
of mitophagy is undetectable in K562 control cells when treatment with
antimicynA and oligomycin is combined with increased concentration of MRT921
(Figure 4.5a). Instead, enhancing mitophagy using YFP-Parkin and mitochondrial
stressors, we show that MRT921 significantly inhibited autophagic flux (Figure
4.5b, c). Furthermore, we established that complex Il, Ill, IV and V levels were
restored following treatment with increasing concentration of MRT921 (Figure
4.5b). Since complex V was the more abundant protein, complex V was used for

quantification analysis (Figure 4.5c).

Thus far, our results indicated that MRT921 inhibited autophagy-mediated

degradation of stressed mitochondria (mitophagy).
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Figure 4.5: MRT921 inhibits Parkin-dependent mitophagy

Representative western blot analysis showing mitochondrial complexes levels following 24 h
treatment with 1 nM of antimycin A, 1 nM of oligomycin and increasing concentration (0-3 pM) of
MRT921 in K562 control (a) and YFP-Parkin cells (b). CV-ATPsA fold change relative to UT Mean +
S.E.M. P values were calculated using unpaired Student T-test. n=3 independent experiment (a)
and n=4 independent experiments (b).
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4.2.5 MRT921 treatment increases accumulation of mitochondria
and increases oxidative metabolism in CML cells

Here we aim to assess if MRT921-mediated mitophagy inhibition correlates with

changes in mitochondrial quantity and function.

Based on our previous findings, we performed these studies using 1 yM MRT921 to
reduce undesired off target effects. Following 72 h treatment using 1 yM MRT921,
mitochondrial mass was measured using the fluorescent dye MitoTrackerGreen
(MTG). As reflected by the representative histograms (Figure 4.6a), the
mitochondrial content in CML cells was increased following treatment with
MRT921 compared to untreated cells suggesting impairment in mitochondrial
degradation. Furthermore, to assess if inhibition of mitophagy leads to changes in
mitochondrial respiration following pharmacological ULK1/2 inhibition, we
measured cellular OCR in real time in live cells following 72 h treatment with 1
MM MRT921 (Figure 4.6b). Results show a significant increase in basal and maximal
OCR following ULK1/2 inhibition, correlating with increased mitochondrial content
(Figure 4.6c, d). ATP-linked OCR was also increased following inhibition of
ULK1/2, although this did not reach statistical significance (Figure 4.6e).

Incompletely reduced oxygen in the mitochondrial electron transport chain can
result in electron leakage that can give rise to superoxide anion, the most
abundant ROS produced in mitochondria. An increase in basal mitochondrial
respiration can lead to an increase in ROS?3'. We treated CML cells for 72 h with 1
HM MRT921 and ROS levels were measured using MitoSOX, a fluorescent dye that
specifically measures mitochondrial ROS. Results show that treatment with
MRT921 significantly increased ROS (from 5 to 40%). Treatment with 3.7% H,0, for
1 h was used as a positive control, which results in 80% increase in ROS. NAC is an
aminothiol and a precursor of cysteine and glutathione (GSH) and is considered as
an important antioxidant?32. Treatment with 100 nM NAC for 1 h reverted

increased ROS to basal levels.

All together, these results showed that MRT921 treatment increased mitochondrial
content, mitochondrial respiration and ROS levels, possibly through impairment of

mitophagy.
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Figure 4.6: MRT921 induces accumulation of mitochondria and affects mitochondrial

metabolism

Graph showing mean fluorescence intensity (MFl) of MTG stained cells following 72 h treatment
with 1 pM MRT921 (a). Representative OCR profile measured using Seahorse Mitostress Analyser
following 72 h treatment with 1 pyM MRT921 (b). Graphs showing basal respiration relative to UT
(c). Maximal respiration relative to UT (d). ATP linked relative to UT (e). Representative FACs
plots showing measurements of ROS following 72 h treatment with 1 yM MRT921 (f). Measurements
of ROS following 72 h treatment with 1 pM MRT921 (g) Mean + S.D. n=2 independent experiments
for MTG measurements. n=3 independent experiments each. P values were calculated using

unpaired Student T-test.
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4.2.6 MRT921 treatment reduces glycolytic rate in CML cells

Recent study highlights ULK1 as a regulator of glycolysis by directly activating or
inhibiting glycolytic enzymes and by balancing glycolysis and pentose phosphate
pathway (PPP) for NADPH production, preventing accumulation of ROS during

stressful condition (such as amino acids starvation)'#,

To further understand the metabolic changes in CML cells following inhibition of
ULK1/2 using MRT921 we measured glycolysis using Seahorse Extracellular Flux
analyser. Following 72 h treatment with 1 yM MRT921, KCL22 exhibit a significant
30% decrease in basal glycolysis and glycolytic capacity (measured by extracellular
acidification rate; ECAR) (Figure 4.7b, c).

4.2.7 MRT921 treatment inhibits TKI-induced autophagy in CML

Inhibition of Parkin-dependent mitophagy using MRT921 suggested that it might

represent a good candidate for inhibition of TKI-induced autophagy in CML cells.

To test this hypothesis, K562 and KCL22 cell lines were treated for 24 h with 1, 3
and 5 pM of MRT921 and in combination with 2 pM nilotinib. Western blot analysis
on KCL22 indicated that nilotinib repressed phosphorylation of ULK1 on ser757
(activating ULK1) (Figure 4.8a). Accordingly, nilotinib treatment increased
phosphorylation of ATG13 on ser318 and induced autophagy measured by
reduction of p62 and increased conversion of LC3B-I to LC3B-1l (Figure 4.8a).
MRT921 treatment inhibited phosphorylation of ATG13 on ser318 and increased
levels of p62 even at the lowest concentration, resulting in inhibition on TKI-
induced autophagy (Figure 4.8a). Western blot analysis performed on K562
confirmed these data showing that treatment with MRT921 was inhibiting TKI-
induced autophagy measured as accumulation of p62 (Figure 4.8b). Furthermore,

accumulation of LC3B-1I was observed when cells were treated with MRT921 alone
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Figure 4.7: MRT921 impairs glycolytic capacity in CML cells

Representative ECAR profile measured using Seahorse Extracellular Flux Analyser following
treatment with 1 yM MRT921 for 72 h (a). Graphs showing glycolysis relative to UT (b). Glycolytic
capacity relative to UT (c). Mean * S.D. n=3 independent experiments. P values were calculated
using unpaired Student T-test.
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Figure 4.8: MRT921 inhibits TKI-induced autophagy in CML cells

Representative western blot analysis showing autophagy related protein expression following 24 h
treatment using increased concentration of MRT921 alone and in combination with nilotinib in

KCL22 (a) and K562 (b). n=2 independent experiments in KCL22 and n=1 in K562.
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or in combination with nilotinib indicating accumulation of autophagosomes in
botK562 and KCL22 (Figure 4.8a, b).

All together those results indicated that MRT921 inhibited TKI-induced autophagy
at a concentration of 1 uM in both K562 and KCL22 cells.

4.2.8 MRT921 treatment enhances TKis effect in targeting CML
cells

In the previous paragraph, we showed that MRT921 inhibited TKI-induced
autophagy. Here we aim to investigate if inhibition of autophagy using MRT921 in

combination with TKI potentiates TKI-induced death in targeting CML cells.

KCL22 cells were treated for 72 h with 1, 3 and 5 pM of MRT921 and in combination
with 300 nM nilotinib. As previously indicated, measurements of apoptosis show
80% increase with concentration of MRT921 above than 1 pM (Figure 4.9a). While
treatment with 300 nM nilotinib induced 30% apoptosis, combining nilotinib
treatment with 1 pM MRT921 induced 15% cell death compared to nilotinib alone
(Figure 4.9a). No additive affect was measured with concentration above than 1
MM in combination with nilotinib compared to single dose MRT921 treatment
(Figure 4.9a). CFC assay show that 1 yM MRT921 treatment reduces the number
of colonies by 10%, compared to UT cells, while using 3 and 5 pM concentration,
a 25 and 90% reduction in number of colonies is seen, respectively (Figure 4.9b).
Treatment with nilotinib results in 25% reduction in CFC ability, while combining
nilotinib with 1 pM MRT921 it further reduces CFC output by 20% (Figure 4.9b). In
line with high levels of apoptosis following 3 and 5 pM MRT921 treatment, the
combination does not enhances nilotinib effect on CFC potential, which may be

explained by the dramatic effect when used as a single agent (Figure 4.9b).

These results indicate that using 1 pM MRT921 in combination with nilotinib

enhances nilotinib effect in targeting CML cells.
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Figure 4.9: Combination treatment using nilotinib and MRT921 targets CML cells

Measurement of apoptosis following 72 h treatment using 1, 3 and 5 pM MRT921 in combination
with 300 nM nilotinib (a). Measurement of CFC following 72 h treatment using 1, 3 5 yM MRT921 in
combination with 300 nM nilotinib (b). Mean + S.E.M. n=3 independent experiments. P values were
calculated using unpaired Student T-test.

136



Chapter 4 Using MRT921 to target CML LSPCs

4.2.9 MRT921 treatment affects cell viability of CD34* CML cells in
a concentration dependent manner

To move to more clinically relevant in vitro model, we tested the effect of MRT921

on patient-derived CML cells.

We first aimed to establish EC50 in mononuclear cells (MNCs) and stem cell-
enriched (CD34*) CML cells. Following 72 h treatment using concentrations range
between 0 and 10 uM of MRT921, the calculated EC50 was = 100 nM (using MNCs
from 3 independent patient samples) (Figure 4.10a). Using same patient samples,
we also isolated more primitive CD34* cells. As for MNC, variability in responses
of individual CD34* patient samples to MRT921 was evident with 50% growth
inhibition of CD34* cells ranging between 4 and 300 nM when treated with MRT921
(Figure 4.10b). Interestingly, primitive patient-derived CML cells had increased
sensitivity to MRT921 compared to CML cell lines.

To confirm cell viability data derived from treatment of CD34* CML cells and
previous data using CML cell lines, we measured apoptosis and CFC following 72 h
treatment using 5 different concentration of MRT921, specifically from 0.5 to 10
HM. We used 10 nM omacetaxine, a cytotoxic protein translation inhibitor (used in
some TKI-resistant CML patients), as a positive control to asses enhanced toxicity.
Measurements of apoptosis, using CD34* cells derived from 3 CML patients, show
that concentrations above 1 pM of MRT921 enhanced apoptosis to almost 60%
(similar to omacetaxine treatment) (Figure 4.11a). Likewise, concentration
between 2.5 and 10 pM of MRT921 inhibited ability of colony forming by almost
100% (Figure 4.11b). Similar results were obtained with treatment of

omacetaxine.

Here we establish than MRT921 reduced cell viability in a concentration dependent
manner in CD34* CML cells. Furthermore, concentrations above 1 pM dramatically
increased apoptosis and reduced CFC in CML cells, which may result from

unspecific inhibitory effects when using elevated concentrations of MRT921.
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Figure 4.10: MRT921 effect on inhibition of growth of CML CD34"* cells

Measurements of proliferation in patient-derived CD34* cells upon exposure to increased
concentrations of MRT921. n=3 CD34* CML samples (a). Measurements of proliferation in patient-
derived MNC cells (b) upon exposure to increased concentrations of MRT921. n=3 MNC CML samples.
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Figure 4.11: MRT921 induces apoptosis and inhibits CFC in a concentration dependent
manner in CML cells

Measurements of cell death upon 72 h treatment with increased concentration of MRT921 using
Annexin V and 7AAD staining (a). Colony number following 72 h drug treatment using increased
concentration of MRT921 (b). n=3 CML samples. All data are presented as Mean + S.E.M.
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4.2.10 MRT921 inhibits TKl-induced autophagy in CD34" CML
cells

Encouraged by our results in cell lines, we tested the effect of MRT921 on TKI-
induced autophagy in CD34* CML cells at 1 and 2.5 pM. CD34* CML cells were
treated for 24 h with 1 and 2.5 pM of MRT921 and in combination with 2 pM
nilotinib. Analysis of p62 in 4 individual CML patient samples shows that treatment
with nilotinib reduces p62 levels (Figure 4.12a, b). However, treatment with
MRT921 significantly inhibited the nilotinib effect on p62 levels (Figure 4.12a, b).
Furthermore, measurements of additional autophagy substrates as NBR1%33, an
autophagy receptor that contains LC3 and ubiquitin (Ub)-binding domains,
ARA70%34, androgen receptor associated protein 70, was decreased following
treatment with nilotinib (Figure 4.12a). As well, we revealed in 1 of the 4 samples
an increase in phosphorylation of ATG13 on ser318 following treatment with
nilotinib (Figure 4.12a). However, combining nilotinib with MRT921 rescued TKI-
induced autophagy, measured by increasing levels of previously mentioned

autophagic markers (Figure 4.12a).
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Figure 4.12: MRT921 inhibits TKI-induced autophagy in patient-derived CD34* CML cells

Western blot analysis of autophagic markers following 24 h treatment with 1 and 2 pM of MRT921
and combination with 2 uM nilotinib (a). p62 fold change Mean + S.E.M. n=4 CML samples. P values

were calculated using unpaired Student T-test (b).
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4.2.11 MRT921 enhances nilotinib-induced cell death in CD34*
cells

We next aimed to assess if MRT921-mediated of autophagy inhibition would lead
to enhancement in TKl-induced LSPCs eradication. CD34* CML cells were plated
for 72 and 96 h in presence of MRT921, nilotinib or the combination, and the
percentage of Annexin V/ 7AAD positive cells evaluated by flow cytometry at day
3 and day 6. Analysis at day 3 indicated that using 1 yM MRT921 as a single agent
did not show any increase in apoptosis (Figure 4.13a, b). As expected, 3 pM
MRT921 induced 60% cell death (Figure 4.13a, b). Nilotinib treatment induced
45% apoptosis which increased to 60% when combined with 1 yM MRT921 (Figure
4.13a, b). Similar results were obtained at day 6 with no further increase in
apoptosis compared to day 3 (Figure 4.13c). The effect of the combination of
nilotinib with ULK1/2 inhibition was assessed performing CFC assay. As for
measurements of apoptosis, treatment with 1 yM MRT921 did not significantly
reduce the number of CFC (Figure 4.14a, b). Toxicity effect was evaluated when
MRT921 was used at 3 pM with almost 100% reduction in CFC (Figure 4.14a, b).
Treatment with nilotinib reduced CFC of 50% which was enhanced in combination
with 1 yM MRT921 (Figure 4.14a, b).

To complement these results and further characterise the effect of inhibition of
ULK1 in primitive stem cells, we performed an LTC-IC assay. CD34* CML cells were
treated for 6 days using MRT921 alone and in combination with nilotinib, followed
by co-culture with feeder cells and CFC assay. Analysis in primitive LSPCs indicates
that 1 yM MRT921 treatment significantly reduces CFC derived from primitive cells
(Figure 4.14c). Strikingly, the effect of nilotinib, which reduces CFC following
LTC-IC assay by 60%, was further reduced by 90% when combined with MRT921
(Figure 4.14c).

Taken all together, these results indicate that inhibition of ULK1/2 using MRT921

enhances nilotinib effect in targeting CD34* CML cells. Furthermore, we show
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Figure 4.13: MRT921 targets CD34* CML cells in combination with nilotinib

Representative FACs plots showing measurements of apoptosis following 72 h treatment using
MRT921 alone and in combination with nilotinib (a). Measurements of apoptosis following MRT921
treatment alone or in combination with nilotinib after 3 (b) or 6 (c) days. Mean + S.E.M. n=5 CML
samples. P values were calculated using unpaired Student T-test.

143



Chapter 4 Using MRT921 to target CML LSPCs

a.
- nil
+ nil
b.
1507 | p<0.0001 .
= = CML#11
g : p<0.0001 p" 0.013? 8",6',',:%
w100 = . CML#1
2 - CML#2
®
&)
0 T T T T . .%_
- 1 3 - 1 3 MRT921 (uM)
- - - + + + nil (2um)
| p<0.0001 |
p<0.0001 p=0.002
C 4 1
F=o.0022
100= eomes
u CML#7
CML#6
g CML#1
£ oe CML#2
B
(=}
e 50
o'
=
- | | _.—
0 T T ~m T .0._“"_
- 1 3 - 1 3 MRT921 (uM)
- - - + + + nil (2uM)

Figure 4.14: MRT921 targets LSPCs

Representative CFC pictures following 72 h treatment using MRT921 alone and in combination with
nilotinib (a). CFC relative to UT following MRT921 treatment alone or in combination with nilotinib
(b). CFC relative to UT following LTC-IC using MRT921 treatment alone or in combination with
nilotinib for 6 days (c). Mean + S.E.M. n=6 CML samples for CFC and n=4 CML samples for LTC-IC.
P values were calculated using unpaired Student T-test.
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that combination treatment significantly enhances nilotinib effect in reducing

LSPCs survival.

4.2.12 MRT921 at 1 yM has minimal effect on normal CD34"
CML cells

To investigate the selectivity of MRT921 against CML cells, (Figure 4.13), (Figure
4.14), we measured the effect of targeting ULK1 in normal HSPCs performing

measurements of apoptosis and analysis on LT- and ST- HSPCs.

Following 72 h treatment using MRT921 as a single agent and in combination with
nilotinib, measurements of Annexin V/7AAD positive cells show that 1 pM MRT921
induces a 10% cell death (Figure 4.15a). As expected, nilotinib doesn’t induce
apoptosis in normal CD34* cells, however combination treatment with 1 pM
MRT921 has minimal residual effect (Figure 4.15a). Toxicity effect of 3 pM was
measured as a single agent or in combination with nilotinib, showing levels of
apoptosis close to those induced by omacetaxine (OMA) used as a positive control
(Figure 4.15a). To further confirm our data, we measured effects in progenitor
and HSPCs. CFC assay confirmed cytotoxic effect of 3 yM MRT921 alone or in
combination of nilotinib (Figure 4.15b, c¢). Furthermore, 10% decrease in
progenitors and 25% decrease in HSPCs was assessed following treatment with 1
MM MRT921 (Figure 4.15b, c). Minimal effect was seen in both progenitor and
HSCs when treated with nilotinib, with no additional effect when combined with
1 UM MRT921 (Figure 4.15b, c).

Taken together, these results revealed that MRT921 has minimal effect on normal
HSPCs alone or in combination with nilotinib when used at 1 pM concentrations.

However, 3 M concentrations are cytotoxic to normal progenitor and stem cells.
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Figure 4.15: Effect of MRT921 alone and in combination with nilotinib in CD34" normal cells

Measurement of apoptosis following 72 h treatment using MRT921 alone and in combination with
nilotinib (a). CFC relative to UT following MRT921 treatment alone or in combination with nilotinib
(b). CFC relative to UT following LTC-IC using MRT921 treatment alone or in combination with
nilotinib for 6 days (c). Mean + S.E.M. n=8 normal samples for apoptosis, n=6 normal samples for
CFC and n=4 normal patients for LTC-IC. P values were calculated using unpaired Student-test.
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4.3 Discussion

In this chapter we assessed the effect of MRT921, a ULK1/2 inhibitor, on survival
of CML and normal cells, including HSPCs and LSPCs.

We first identified concentration that would induce cytotoxic effect in CML cell
line and showed that 3 - 5 pM concentrations of MRT921 almost targeted 100% of
cells, measured by induction of apoptosis and reduction CFC potential. Using
Parkin-enhanced mitophagy assay, we showed that MRT921 reduced mitochondrial
clearance resulting an increase in numbers of mitochondria and an increase on
OCR. However, even though basal and maximal respiration was significantly
increased, no statistically significant changes measured in ATP-linked. Since we
have previously shown that inhibition of ULK1/2 reduces clearance of
mitochondria, the increase in OCR might be due to increase in uncleared
mitochondria. However, since those mitochondria were addressed to mitophagy
they might be damaged and even though they seem to consume oxygen, this might
only result in proton leak though the electron transport chain and production of
ROS within the complex IV, which does not translate in ATP production. However,

further analysis is required to confirm this hypothesis.

In agreement with previous published data we observed a decrease in glycolysis
following pharmacological inhibition of ULK1/2. We hypothesise that to sustain
CML cells metabolism, the increase in mitochondrial respiration might be due to
a reduced consumption of glucose. Furthermore, we also show that inhibition of

ULK1/2 leads to an increase in mitochondrial respiration and increased ROS.

Furthermore, we show that MRT921 significantly impairs nilotinib-induced
autophagy in CML cell lines and patient-derived CD34* cells, which enhanced
nilotinib effect in targeting LSPCs. However, using ULK1 deficient cell lines we
show that MRT921 still targets CML cells that don’t express ULK1 This may be due
to unspecific effect of MRT921. We hypothesized that since ULK1 deficient cells
are still ULK2 competent, this might compensate ULK1 withdrawal. In this case,
since MRT921 targets both ULK1 and ULK2, the effect we established in ULK1
deficient cells might be mediated by inhibition of ULK2. However, further studies
are necessary to investigate the role of ULK2 in ULK1 competent and deficient

cells and to clarify if the effects seen are ULK1 dependent or independent. In fact,
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MRT921 hits a wide range of kinases. Furthermore, to clarify the specificity of the
results in a ULK1-dependent manner and of relevance on the LSPCs, it would have
been interesting to perform ULK1 KO in CD34* cells. However, these experiments
are still challenging due to limitation of patient-derived cells. Also, ULK2 has
similar functions to ULK1 and could compensate the loss of ULK1. To assess no
compensation effects due to ULK2 it would have been interesting to perform ULK2
KO and ULK1/ULK2 KO to address this question.
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5.1 Introduction

Thus far we have highlighted ULK1 as an important feature for autophagy
activation during TKls treatment in CD34* CML cells. In the previous chapter we
investigated treatment using MRT921, a pre-clinical inhibitor of ULK1/2, in
combination with nilotinib, a second generation TKI. Our results indicate that
MRT921 prevents TKI-induced autophagy, enhancing nilotinib effect towards LSPCs
eradication. However, unspecific effects and cyto-toxic effect where established
using MRT921 treatment on ULK1 deficient cells and normal CD34* cells. We
therefore tested the effect of derivatives of MRT921, with increased ULK
selectivity, kindly provided by LifeArc.

In this chapter we investigate the effect of additional ULK1/2 inhibitors, MRT993,
MRTO016 and MRT403, in terms of cytotoxicity and unspecific targets, to identify
the most suitable candidate to inhibit TKI-induced autophagy and target CML
LSPCs in combination with TKiIs.

Using Parkin-enhanced mitophagy we investigated the effect of new generation
ULK1/2 inhibitors in inhibiting basal and stress-induced mitophagy, and then
measured their ability in targeting TKI-induced autophagy. Based on our results,
we proposed MRT403 as our candidate compound to combine with TKI and measure

combination effect in targeting LSPCs in vitro and in vivo.

Furthermore, exploiting in vitro and in vivo assays, we investigated the effect of
MRT403 in inducing differentiation of LSPCs. Previous published data indicate an
increase in erythropoiesis in CML cells following pharmacological inhibition of
autophagy and genetical removal of key autophagic markers such as ATG7'%,
Based on that, we investigated the role of ULK1 in inducing erythroid maturation
and its potential in rescuing anaemia, a major undesirable effect occurring in CML

patients.
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5.2 Results

5.2.1 Validating new ULK1/2 inhibitors in CML

We previously used a pre-clinical ULK1/2 inhibitor that inhibits ULK1/2 kinases
activity when used at a concentration of 1 uM. In this paragraph we aim to test
the effect of more specific ULK1/2 inhibitors to target CML cells. We treated
KCL22 cell line for 72 h using a concentration range between 1 and 10 pM of
MRT921, MRT993, MRT403 and MRTO16.

52.1.1 Using new generation ULK1/2 inhibitors to target CML cells

Differently from (4.2.1), we measured cell viability exploiting the more widely
used colorimetry Resazurin assay. We used MRT921 to measure accuracy and
reproducibility of the data moving from XTT to Resazurin assay. Results show
similar effects regarding inhibition of growth between the two assays with cells
treated with MRT921 resulting in EC50 = 1 uM (Figure 5.1a). Instead, using MRT993
we established that EC50 was = 10 pM in KCL22 cells (Figure 5.1b) while using
MRT403 or MRTO16 we could not evaluate EC using a concentration range between
0 and 10 pM because of no effect of the inhibitor on CML cells (Figure 5.1c, d).

To further investigate the effect of new ULK1/2 inhibitors in targeting CML cells
and to assess if the effect was specifically through ULK1 inhibition, we measured
apoptosis and CFC ability following treatment with increased concentration of
MRT993, MRT403 and MRT016 in KCL22 WT and ULK1 deficient cells. Specifically,
we treated KCL22 cells using 1, 3 and 5 pM of the 3 inhibitors. Importantly, none
of the drugs resulted in a significant increase in apoptosis except for MRT993,
inducing 10% increase in cell death in WT cells (Figure 5.2a). Furthermore, no
increase in cell death was seen using MRT403 or MRT016 in KCL22 ULK1 KO cells
(Figure 5.2b). However, a 25% increase was measured following treatment with 5
UM MRT993 (Figure 5.2b). Similar results were obtained measuring CFC ability. A
25% decrease in number of CFC was measured following treatment with 5 pM
MRT993, while only moderate decrease was seen following MRT403 or MRT016
treatment (Figure 5.2c). As well, ULK1 KO cells showed reduced number of CFC
following treatment with 5 pM MRT993, while marginal effect was seen using
MRT403 or MRTO016 (Figure 5.2b).
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Figure 5.1: New ULK1/2 inhibitor effect on viability of CML cells

Measurements of proliferation in KCL22 TKI-sensitive upon exposure of increased concentrations

of MRT993 (a), MRT403 (b) and MRT016 (c). n=3 independent experiments in each case.
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Figure 5.2: Effect of ULK1/2 inhibition in KCL22 ULK1-deficient and ULK1-competent cells

Measurements of apoptosis following 72 h treatment using 1, 3 e 5 yM of MRT016, MRT403 and
MRTO016 in KCL22 WT (a). Measurements of apoptosis following 72 h treatment using 1, 3 e 5 uM of
MRTO016, MRT403 and MRT993. in KCL22 ULK1 KO (b). Measurements of CFC following 72 h
treatment using 1, 3 and5 pM of MRTO16, MRT403 and MRT993 in KCL22 WT (c) and ULK1 KO cells
(d). n=3 independent experiment in both cases.
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Taken all together, these results indicate that KCL22 cell lines show reduced off-
target effects in response to new ULK1/2 inhibitors compared to MRT921.
However, increased apoptosis and reduced number of colonies was assessed at a
concentration of 5 yM MRT993 in both KCL22 WT and ULK1 deficient cells probably

due to unspecific target or effect on ULK2.

5.2.1.2 Using Parkin-dependent mitophagy to measure autophagy flux
following treatment with new generation ULK1/2 inhibitors

We now aim, using parkin-dependent mitophagy assay to test the effect of
MRT993, MRT016 and MRT403 in targeting basal and stressed induced clearance of

mitochondria.

K562 YFP-Parkin cells were treated with a range of concentrations of MRT016,
MRT993 and MRT403 between 0 and 3 puM for 24 h, alone and in combination with
antimycinA and oligomycin. In each case we show that treatment with antimycinA
and oligomycin induces mitophagy measured by decreased levels of mitochondrial
complexes (Figure 5.3a, b) and (Figure 5.4a, b). However, using MRT016 doesn’t
increase levels of mitochondrial complexes as a single agent or in combination
with antimycinA and oligomycin, even at the highest concentration (Figure 5.3a).
Using MRT993 has an effect as a single agent and in combination with antimycin A
and oligomycin in inhibiting basal and stressed induced mitophagy, although only
at the highest concentration (Figure 5.3b). However, a significantly change in
basal and stress-induced mitophagy was observed using MRT403 at concentrations
higher than 0.25 pM (Figure 5.4a, b).

These results indicate that mitophagy is not inhibited using MRTO16. Instead,
MRT993 inhibited basal and stressed induced mitophagy at the highest
concentration. Strikingly, MRT403 significantly inhibited basal mitophagy when

used at 3 yM and even at the lowest concentration of 0.5 pM.
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Figure 5.3: Measurements of mitophagy inhibition using MRT993 and MRT016

Representative western blot analysis showing mitochondrial complexes levels following 24 h
treatment with 1 nM antimycinA and 1 nM oligomycin, alone or in combination with a range of
concentration (0-3 pM) of MRT016 (a) and MRT993 (b) in K562 YFP-Parkin cells (b). n=2 independent
experiment in each case
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Figure 5.4: Using MRT403 to inhibit Parkin-dependent mitophagy

Representative western blot analysis showing mitochondrial complexes levels following 24 h
treatment with 1 nM antimycinA and 1 nM oligomycin, alone and in combination with a range of
concentration (0-3 pM) of MRT403 in K562 YFP-Parkin cells (a). CV-ATPsA fold change relative to
UT Mean = S.E.M. n=5 independent experiment. P values were calculated using unpaired Student
T-test.
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5.2.1.3 Using new generation ULK1/2 inhibitors to target TKl-induced
autophagy

We have previously shown the efficacy of new generation of ULK1/2 inhibitors in
targeting basal and stressed induced mitophagy. In this paragraph we aim to

address our hypothesis that ULK1/2 inhibitors target TKI-induced autophagy.

To test this hypothesis, KCL22 cells were treated for 24 h with 1, 3 and 5 pM of
MRT993, MRT403 and MRTO016 as single agents and in combination with 2 pM
nilotinib. Following cell lysates preparation, western blot analysis indicated that
nilotinib repressed phosphorylation of ULK1 on ser757, activating ULK1 (Figure
5.5a, b lane 2). Furthermore, nilotinib increased phosphorylation of ATG13 on
ser318 (Figure 5.5a, b) and induced autophagy measured by reduction of p62 and
increased conversion of LC3B-1 to LC3B-II (Figure 5.5a, b and c). Treatment using
MRT993, even at the lowest concentration, reduced TKI-induced phosphorylation
of ATG13 on ser318 and increased levels of p62 and LC3B-1l (Figure 5.5a).

Treatment with MRT403 in combination with nilotinib, rescued reduction of
phosphorylation of ULK1 on ser757, resulting in inhibition of ULK1 (Figure 5.5a,
b). Furthermore, this revealed that MRT403 inhibited TKI-induced phosphorylation
of ATG13 and increased levels of p62 and LC3B-Il, even at 1 pM concentration
(Figure 5.5b).

However, MRT016 treatment increased phosphorylation on ULK1 on ser757 as a
single agent and in combination with nilotinib but did not induce levels of p62 and
LC3B-1l when combined with nilotinib (Figure 5.5c).

All together these results indicated that MRT993 and MRT403 inhibit TKI-induced
autophagy even at a concentration of 1 yM. However, minimum effect is shown in

targeting TKI-induced autophagy with MRT016.
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Figure 5.5: Using new generation ULK1/2 inhibitors to target TKI-induced autophagy

Representative western blot analysis showing autophagy related protein expression following 24 h
treatment using increased concentration of MRT993 (a), MRT403 (b) and MRT016 (c) as single
agents and in combination with nilotinib in KCL22 WT cells. n=2 independent experiments in each
case.
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5214 New generation of ULK1/2 inhibitors as a potential treatment to
target CML cells

In the previous paragraph we measured the effect of new generation ULK1/2
inhibitors in targeting TKl-induced autophagy. We now aim to investigate if

inhibition of TKI-induced autophagy will increase TKI effect in targeting CML cells.

KCL22 cells were treated for 72 h with 1, 3 and 5 pM of MRT016, MRT403 and
MRT993 as singles agents or in combination with 300 nM nilotinib. Treatment with
nilotinib induced 30% increase in apoptosis (Figure 5.6a). Treatment with new
ULK1/2 inhibitors as a single agent did not induce apoptosis except a 10% increase
using 5 UM MRT993 (Figure 5.6a). Combining nilotinib with new ULK1/2 inhibitors
did not enhances apoptosis levels compared to nilotinib alone, except using 5 pM
MRT993 (Figure 5.6a). To further investigate combination treatment effect on
longer-term cell death, we performed CFC assay, which revealed that nilotinib
reduces CFC ability by 25% compared to untreated cells (Figure 5.6b). Combining
nilotinib with 5 pM MRTO016 reduced CFC by further 10% (Figure 5.6b), although
this was not statistically significant. Instead, 20% reduction in CFC was induced
combining nilotinib with 3 and 5 pM of MRT403 (Figure 5.6b). Using MRT993 in
combination with nilotinib enhanced nilotinib effect in targeting CML cells even
at the lowest concentration, resulting in 20% reduction at 1 pM and 50% reduction

at 3 and 5 pM compared to nilotinib alone (Figure 5.6b).

5.2.2 MRT403 further inhibits TKl-induced autophagy in ULK1 KO
cells

We have previously shown that MRT403 treatment in ULK1 deficient cells induces
less death compared to MRT921. To investigate if MRT403 treatment further
inhibited TKI-induced autophagy in ULK1 deficient cells, we treated KCL22 control
and ULK1 KO cells with 3 yM MRT403 alone and in combination with 2 uM nilotinib.
While treatment with MRT403 inhibited TKI-induced autophagy, measured as
accumulation of p62 and LC3B-Il in control cells, ULK1 deficient cells showed
minimum signs of TKIl-induced autophagy when compared to control cells (Figure
5.7).
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Figure 5.6: Validating new ULK1/2 inhibitors in combination with nilotinib to target CML cells

Measurement of apoptosis following 72 h treatment using 1, 3 and 5 pM MRT016, MRT403, MRT993
in combination with 300 nM nilotinib (a). Measurement of CFC following 72 h treatment using 1, 3
5 uM MRT016, MRT403 and MRT993 in combination with 300 nM nilotinib (b). Mean + S.E.M. n=3
independent experiments.
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Figure 5.7: Effect of MRT403 treatment is dependent on ULK1

Representative western blot analysis of autophagy markers following treatment using 3 yM MRT403

alone and in combination with 2 uM nilotinib in KCL22 control and ULK1 deficient cells.
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5.2.3 Discussion

Thus far we indicate that validating MRT993 in combination with nilotinib inhibited
TKI-induced autophagy and potentiates nilotinib in targeting CML cells. However,
inhibition of mitophagy was measured only when tested at 3 pM with some
unspecific effect shown on ULK1 deficient cells. Using MRTO16 did not show
inhibition of basal or stress-induced mitophagy or inhibition of TKI-induced
autophagy. As well, no enhancement in targeting CML cells was measured.
Instead, using MRT403 we show inhibition of basal and stress-induced mitophagy
as well as increasing TKI-induced autophagy. Furthermore, we show that using
MRT403 at 3 pM enhances nilotinib effect in reducing CFC without affecting ULK1
deficient cells. We conclude that MRTO16 is not a preferred candidate for
combination studies to eradicate CML cells and that effect of MRT993 might be
due to unspecific targets since cytotoxic effect are also measured in ULK1 KO
cells. We indicate that MRT403 is the most suitable candidate to test in
combination with TKI for further studies. Since our data don’t show any cytotoxic
effect on ULK1 KO cells even at 3 pM of MRT403 and since 3 pM significantly
inhibited basal and stressed-induced mitophagy we decided to validate the
concentration of 3 pM MRT403 for further studies. Furthermore, LifeArc also
indicated that MRT403 at a concentration of 3 uM showed less nonspecific kinase
inhibition compared to MRT921.
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5.2.4 Using MRT403 to inhibit TKIl-induced autophagy and
targeting of LSPCs using

Prior to studing the effect of MRT403 in combination with TKI, we have
investigated the role of ULK1 in CML conducting studies using CD34* CML cells and
ULK1 deficient cells treated with MRT403 as a single agent.

5241 MRT403 treatment inhibits basal mitophagy in CD34* CML cells

In this paragraph we aimed to study the effect of MRT403 treatment on basal
mitophagy in CD34* patient-derived cells as a single agent and in combination with

nilotinib.

Following treatment with 3 yM MRT403 for 24 h, accumulation of mitochondrial
complexes in CD34* CML samples (n=6) was assessed performing western blot
analysis (Figure 5.8). MRT403 treatment consistently induced accumulation of
complex Il, or succinate dehydrogenase, located in the mitochondrial inner
membrane, and complex IV, a transmembrane complex also known as cytochrome
¢ oxidase (Figure 5.8). Accumulation of complex V, a transmembrane complex
also known as ATP synthase, was detected in sample#15, #18, #1 and #6 following
treatment with MRT403 (Figure 5.8). However, no increase in complex V is
detected in sample#9 and a decrease is detected in sample#16 (Figure 5.8).
Accumulation of complex lll, a transmembrane complex also known as cytochrome

¢ reductase, was detected in sample#18, #1, #9 and #6 (Figure 5.8).

Treatment with nilotinib showed more variable results. In some cases, nilotinib
treatment induced mitophagy (i.e. sample#1) with visible reduction of
mitochondrial complexes, while in other cases treatment had the opposite effect
on mitochondrial protein levels (Figure 5.8). Combination treatment however,

increased mitochondrial complex levels in all samples (Figure 5.8).

Thus far we have shown that pharmacological inhibition of ULK1/2 using MRT403,
inhibited basal mitophagy in CD34* CML cells. However, the role of nilotinib in the
context of mitophagy still remains unknown and further investigations are

required to elucidate its effect, which might be more patient sample specific.
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Figure 5.8: MRT403 inhibits basal mitophagy in CD34* CML cells

Western blot analysis showing mitochondrial complexes levels following 24 h treatment with 3 pM
of MRT403, 2 pM of nilotinib and the combination of MRT403 and nilotinib.
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5.2.4.2 MRT403 increases ROS and mithocondrial respiration in CD34*

CML cells

In this section, we aim to assess if MRT403-mediated mitophagy inhibition

correlates with changes in mitochondrial function.

To assess if inhibition of mitophagy leads to potential mitochondrial dysfunction

and/or electron leakage following pharmacological inhibition of ULK1/2, we
initially measured levels of ROS following 72 h treatment with 3 yM MRT403 (
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Figure 5.9a, b). Treatment with MRT403 significantly increased ROS levels

compared to

untreated

cells (
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Figure 5.9a, b). As previously described in 4.2.5, treatment with 3.7% H,0, for 1
h was used as a positive control and treatment with 100 nM NAC for 1 h reverted
ROS to basal levels (
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Figure 5.9a, b).

To further test our hypothesis, we measured OCR in real time in live cells following
72 h treatment with 3 UM MRT403 (
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Figure 5.9c). Results show a significant increase in basal OCR following ULK1/2

inhibition (
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Figure 5.9¢, d). Significant increase in maximal OCR was also assessed, however
two of the samples exhibited a modest increase in maximal OCR, while the

remaining two doubled maximal OCR following treatment with MRT403 (
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Figure 5.9e). Moreover, a significant increase was also measured in ATP-linked
OCR (
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Figure 5.9f).

5.2.4.3 ULK1 and ATG7 KO cells show increased OCR in CML cells

To further assess if autophagy inhibition leads to increased mitochondrial
function, we measured OCR in ULK1 and ATG7 deficient CML cells following 72 h
treatment with 3 yM MRT403 (Figure 5.10a). We show that both ULK1 and ATG7
deficient cells had increased basal and maximal OCR (Figure 5.10b, c).
Furthermore, treatment with MRT403 did not increase further basal or maximal
respiration in both ULK1 and ATG7 deficient cells (Figure 5.10b, c).
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Figure 5.9: MRT403 treatment increases ROS levels and OCR in CD34* CML cells

Measurements of ROS following 72 h treatment with 3 pM MRT403; n=5 CML samples (a).
Representative FACs plots showing measurements of ROS following 72 h treatment with 3 pM
MRT403 (b). Representative OCR profile measured using Seahorse Mitostress Analyser following 72
h treatment with 3 yM MRT403 (c). Graphs showing basal respiration relative to UT (d). Maximal
respiration relative to UT (e). ATP linked relative to UT; n=4 CML samples (f). Mean = S.D. n=4 CML
samples. P values were calculated using unpaired Student T-test.
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Figure 5.10: ULK1 and ATG7 KO cells exhibit an increase in mitochondrial respiration

Western blot analysis showing deletion of ATG7 in KCL22 cells (a). Graphs showing basal respiration
relative to CNTR. following treatment using 3 pM MRT403 for 72 h (b). Maximal respiration relative

to CNTR. following treatment using 3 yM MRT403 for 72 h (c) Mean

experiments. P values were calculated using unpaired

+

S.E.M n=3 independent
Student T-test.
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Thus far we showed that treatment with MRT403 increased CD34* CML
mitochondrial function, correlating with impaired mitophagy. We also showed that
this might occur in an autophagic dependent manner since increased OCR was
exhibited in both ULK1 and ATG7 deficient cells.

5.2.4.4 MRT403 reduces glycolysis in CD34* CML cell

To further understand the metabolic changes in patient-derived CD34* CML cells
following inhibition of ULK1/2 using MRT403, we measured glycolysis using
Seahorse Extracellular Flux analyser. Following 72 h treatment with 3 yM MRT403,
CD34* CML samples (n=5) exhibited a significant decrease in basal glycolysis

(measured by extracellular acidification rate; (ECAR) (Figure 5.11a, b).

Previous work demonstrates that ULK1 plays a bifurcate role, regulating glucose
flux between glycolysis and PPP'#, To test the hypothesis that pharmacological
inhibition of ULK1/2 resulted in lower glucose flux, we measured NADPH/NADP*
ratio (as NADPH being a final product of the PPP). Following 72 h treatment using
3 UM MRT403, we measured a decrease NADPH/NADP* compared to untreated
CD34* CML cells (Figure 5.11c).

5245 ULK1 deficient cells exhibit reduced glycolysis in an autophagy
independent manner

Using ULK1 and ATG7 deficient CML cells treated and untreated with 3 pM MRT403
for 72 h, we show that while ULK1 deficient cells exhibit lower glycolysis and lower
glycolytic capacity, no changes were observed in ATG7 deficient CML cells (Figure
5.12a, b). Furthermore, treatment using 3 yM MRT403 decreased both glycolysis
and glycolytic rates in both control and ATG7 deficient cells (Figure 5.12a, b). No
further reduction in glycolysis or glycolytic capacity was observed in ULK1
deficient cells following treatment with 3 yM MRT403 (Figure 5.12a, b).

Based on these results we conclude that treatment using 3 yM MRT403 reduces
glycolytic fluxes and NADPH levels in CD34* CML cells. Interestingly, while ULK1
treated cells exhibit lower glycolysis and glycolytic capacity, this wasn’t observed
in ATG7 deficient cells, suggesting an autophagic-independent effect but a ULK1

specific effect.
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Figure 5.11: MRT403 impairs glycolytic capacity and reduces NADPH in CD34* CML cells

Representative ECAR profile measured using Seahorse Extracellular Flux Analyser following
treatment with 3 yM MRT403 for 72 h n=4 CML samples; n=5 CML samples (a). Graphs showing
glycolysis relative to UT n=5 CML samples (b). Graphs showing NADPH/NADP* relative to UT; n=3
CML samples (c). Mean £ S.D. P values were calculated using unpaired Student T-test.
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Figure 5.12: Pharmacological or genetical inhibition of ULK1 impairs glycolysis independently
from autophagy inhibition.

Graphs showing glycolysis relative to CNTR. following treatment using 3 yM MRT403 for 72 h (a).
Graphs showing glycolytic capacity relative to CNTR. following treatment using 3 yM MRT403 for

72 h (b). n=3 independent experiments. Mean + S.E.M. P values were calculated using unpaired
Student T-test.
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5.2.4.6 MRT403 induces loss of CD34*CD133* levels in patient-derived
CML cells and enhanced erythroid maturation following exposure to low
units of erythropoietin (EPO)

In the previous part we show that following inhibition of ULK1/2 using MRT403
induces increased OCR and ROS, together with reduction in glycolysis. It has been
shown previously that increased ROS and increased mitochondrial metabolism

promotes differentiation'8%235.236,

To test our hypothesis that inhibition of ULK1/2, causing increased ROS and OCR,
might result in enhanced differentiation, we treated CD34* CML cells for 72 h using
3 UM MRT403 and measured levels of LSPC surface markers (i.e. CD34* and
CD34*CD133*). Results indicate that treatment with MRT403 induces a loss of
CD34* cells by 40% compared to untreated cells (Figure 5.13a, b). Furthermore,
inhibition of ULK1/2 using MRT403 also resulted in a 20% decrease of the more
primitive CD34*CD133" cell population (Figure 5.13c).

Since SFM media used to culture CD34* CML cells is supplemented with
physiological concentration of growth factors and cytokines to prevent rapid
differentiation in vitro, we decided to supplement SFM media with low units of
EPO%¥, (i.e. 3u/mL) to further address our hypothesis that loss of CD34* cells
correlates with enhanced differentiation. Positive control was used to assess
erythroid maturation using physiological concentration of EPO (YEPO) (i.e.
25u/mL).

CD34* CML cells were treated for 3, 6 and 9 days with 3 yM MRT403 and erythroid
maturation was measured by FACs using 4 different surface markers.
GlycophorinA, a sialoglycoprotein found in the erythrocytes membrane?3, CD71,
a protein necessary to import iron from the transferrin inside the cellz3?, CD36 a
glycoprotein with several functions expressed on the surface of erythrocytes cells
240,241 and CD44, a glycoprotein mainly involved during cell migration and cell

interaction, which expression is lost on the surface of erythrocytes?3,

Results indicate that following 3 days treatment with 3 yM MRT403, cells had an
increase from 100 to 150% in CD44°GlyA* cells compared to untreated cells,

although this was not statistically significant (Figure 5.14a).
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Figure 5.13: MRT403 treatment reduces percentage of CD34* and CD34*CD133" cells

Strategy of gating and representative graphs showing CD34 surface marker levels, following
treatment with 3 pM MRT403 for 72 h (a). % of CD34* cells relative to total number of untreated
cells following treatment using 3 pM MRT403 for 72 h (b). % of CD34"CD133* cells relative to total
number of untreated cells following treatment with 3 pM MRT403 for 72 (c). n=8 CML samples.
Mean = S.D. P values were calculated using paired Student T-test.
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A non-significant increase from 100 to 120% in CD44 GlyA* was also measured in
cells treated using physiological concentration of EPO (YEPO) (Figure 5.14a).
Treatment with NAC reverted the phenotype in cells treated with either 3 M
MRT403 or YEPO (Figure 5.14a). A more variable expression of CD71*GlyA* was
measured between individual patient samples following treatment with 3uM
MRT403 for 3 days (Figure 5.15a). Sample#1 and #9 had respectively an increase
from 100 to 480 and 390%, while no changes were measured in sample#18 and #6
(Figure 5.15a). Treatment with YEPO didn’t change % of CD71*GlyA* compared to
untreated cells (Figure 5.15a). Similar to CD71*GlyA*, sample#1 and #9 had
respectively and increase from 100 to 620 and 590% in positivity for CD36 and
GlyA, while no changes in CD36*GlyA* cells were measured in sample#18 and #6
(Figure 5.16a). However, treatment with yEPO for 3 days didn’t change % of
CD36*GlyA* compared to untreated cells (Figure 5.16a).

Following 6 days treatment using 3y MRT403, patient-derived CML cells exhibit a
significant increase from 100 to 300% in CD44 GlyA*, while using YEPO, increased
from 100 to 790% CD44 GlyA* (Figure 5.14b). As well, an increase from 100 to
300% was assessed in expression of CD71*GlyA* following treatment with 3p
MRT403, and a change from 100 to 690% using YEPO (Figure 5.15b). Expression of
CD36 and GlyA was shifted from 100 to 500% following treatment using 3y MRT403,
and from 100 to 740% using YEPO (Figure 5.16b). Treatment with NAC inhibited
expression of CD71, CD36, CD44 and GlyA in both MRT403 treated cells and with
YEPO?#? (Figure 5.14b), (Figure 5.15b), and (Figure 5.16b).

Treatment with 3 pM MRT403 for 9 days induced a significant increase of 10% in
CD44-GlyA* positive cells compared to untreated cells (Figure 5.14c, d). A 14%
increase in CD44 GlyA* positive cells was measured following 9 days treatment with
YEPO (Figure 5.14c, d). Percentage of CD71*GlyA* cells significantly increased
following treatment with both MRT403 and YEPO compared to untreated cells,
(respectively 14 and 17% increase) (Figure 5.15c, d). As well, a significant
increase was shown in CD36*GlyA* cells following treatment with both MRT403 and
YEPO compared to untreated cells (respectively 14 and 17% increase) (Figure
5.16c, d). Treatment with NAC inhibited expression levels of CD71, CD36, and
GlyA even following 9 days treatment with both MRT403 and with YEPO (Figure
5.14c, d), (Figure 5.15c, d) and (Figure 5.16c, d). Furthermore, we could
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visually assess increased erythropoiesis following 9 days treatment with both
MRT403 and YEPO and inhibition of erythropoiesis using NAC (Figure 5.14a).

5.24.7 ULK1 deficient cells exhibit increased ROS levels and enhanced
erythropoiesis in CML cells

In the previous paragraph we show that following inhibition of ULK1/2 using
MRT403, LSPCs had enhanced loss of CD34*CD133* and CD34* cell populations when
cultured in the presence of low concentration of EPO. To further address induction
of erythropoiesis following inhibition of ULK1/2, we tested the effect by genetical
inhibition of ULK1 in K562 cells, a CML erythroid cell line.

Following inhibition of ULK1 in 3 independent experiments, we show a 50%
increase in ROS levels (Figure 5.17a). In addition, treatment with NAC decreased
levels of ROS in ULK1 deficient cells (Figure 5.17a). Following KO of ULK1, we
observed that the cell pellets appeared to have a stronger red colour than control
cells, suggesting an increase in erythroid maturation which caused a higher
haemoglobin content and the appearance of a red pellet (Figure 5.17b). To
further support erythroid maturation in ULK1 deficient cells, we measured by FACs
expression of erythroid lineage such as CD71 and GlyA. Results show a significant
increase in both CD71 and GlyA, respectively 70 and 30% increase, in ULK1
deficient cells compared to control cells (Figure 5.17c, d). Furthermore,
treatment with NAC significantly reverted the erythroid phenotype (Figure 5.17c,
d).

Thus far we show that following genetic removal of ULK1, CML cells exhibit an
increased level of ROS which correlates with increased OCR (5.2.4.3) and reduced
mitochondrial clearance (4.2.3). The change in oxidative metabolism might also

explain the induction of differentiation measured in ULK1 deficient cells.

180



Chapter 5 Using MRT403 to target CML LSPCs

[V

3001

N
=3
o

% of CD44'GlyA*
relative to UT

-

o

o
1

% of CD44 GlyA*
relative to UT
'S
(=]

o
o

Day 3 Day 6
p=0.0759 b.
=0.0793 CML#1 1000+ p=0.0109 CML#1
— CML#18 CML#18
p=0.0348 .
n CML#6 e 800+ | — CML#6
'_
&> 600-
‘:r.- ie)
o _'_E_ _ 3 2 400 :|I
O£ -
one = 5B 2004
o ol
3 o me &
T T T T T T -200 T T T T T T
UT MRT403 yEPO UT MRT403 yEPO UT MRT403 +EPO UT MRT403 yEPO
+ + + + EPO (3u/mL) + + + +* EPO (3u/mL)
+ + + NAC + + + NAC
Day9
d.
ut MRT403 YEPO
p=0.1745 CML#1 0.23% 10% 14%
0=0.0347 CML#18
: ! CML#6 » A -
- NAC
<t
al: 2 1
(] 1.01% 0.08% 3.82%
om
-’ L/ . d +NAC
01_emee el s
R T T -1 T I a—
UT MRT403 ;.rEPO UT MRT403 yEPO
+ + + + EPO (3u/mL)
+ + +  NAC >
GlyA
e.
uTt MRT403 YEPO ut MRT403 YEPO
» -
- + + + NAC

Figure 5.14: MRT403 treatment drives an increase in CD44 GlyA* cells

% of CD44'GlyA* cells relative to untreated following 3 days treatment using 3 pM MRT403, or YEPO
and in conbination with NAC (a). % of CD44'GlyA* cells relative to untreated following 6 days
tratment using 3 pM MRT403, or YEPO and in conbination with NAC (b). % of CD44 GlyA* cells
relative to untreated following 9 days treatmentusing 3 yM MRT403, or YEPO and in conbination
with NAC (c). Graph plots showing % of CD44'GlyA* cells following 9 days treatment using 3 pM
MRT403, or YEPO and in conbination with NAC (d). Picture of cell pellets following 9 days treatment
using 3 UM MRT403, or YEPO and in the conbination with NAC (e). n=4 CML samples. Mean + S.D. P
values were calculated using paired Student T-test.
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Figure 5.15: MRT403 treatment drives an increase in CD71*GlyA* cells

% of CD71*GlyA* cells relative to untreated following 3 days treatment using 3 yM MRT403, or YEPO
and in conbination with NAC (a). % of CD71*GlyA* cells relative to untreated following 6 days
tratment using 3 yM MRT403, or YEPO and in conbination with NAC (b). % of CD71*GlyA* cells
relative to untreated following 9 days treatmentusing 3 pM MRT403, or YEPO and in the conbination
with NAC (c). Graph plots showing % of CD71*GlyA* cells following 9 days treatment using 3 pM
MRT403, or YEPO and in conbination with NAC (d). n=4 CML samples. Mean + S.D. P values were
calculated using paired Student T-test.
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Figure 5.16: MRT403 treatment drives an increase in CD36*GlyA* cells

% of CD36*GlyA" cells relative to untreated following 3 days treatment using 3 uM MRT403, or YEPO
and in conbination with NAC (a). % of CD36*GlyA* cells relative to untreated following 6 days
tratment using 3 yM MRT403, or YEPO and in conbination with NAC (b). % of CD36*GlyA* cells
relative to untreated following 9 days treatmentusing 3 yM MRT403, or YEPO and in conbination
with dNAC (c). Graph plots showing % of CD36*GlyA* cells following 9 days treatment using 3 pM
MRT403, or YEPO and in conbination with NAC (d). n=4 CML samples. Mean + S.D. P values were
calculated using paired Student T-test.
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Figure 5.17: ULK1 deficient cells exhibit an increase in ROS levels and in erythropoiesis
markers such as CD71 and GlyA*

% of ROS relative to control following ULK1 KO and/or treatment with NAC (a). Picture of cell
pellets in control and ULK1 deficient cells (b). % of CD71* cells relative to control following ULK1
KO and/or treatment with NAC (c). % of GlyA* cells relative to control following ULK1 KO and/or
treatment with NAC (d). n=3 independent experiments. Mean + S.D. P values were calculated using
unpaired Student T-test.
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5.2.4.8 NSG mice show high tolerability of MRT403 following in vivo drug
escalating study

To determine whether MRT403 could be applied in vivo, a dose escalating study
was performed in NSG mice. Mice were treated daily for a length of 2 weeks with
dose being doubled every 5 days (with a starting dose of 5 mg/Kg and highest dose
of 40 mg/Kg) (Figure 5.18a). At the end of the treatment, mice were sacrified
and the spleen from each mice was collected showing no increase in spleen size
(Figure 5.18b). Mice did not exhibit any dramatic body weight loss, indicating
good tolerability of the drug and mice were looking healthy while dosed (Figure
5.18c). Furthermore, plasma from circulating blood was extracted after 24 h from
lowest dose (i.e. bmg/Kg), after 5 days treatment with 10mg/Kg and following 5
days treatment using 40mg/Kg (Figure 5.18d). Results indicate that no significant
changes in MRT403 plasma concentration’ were achieved between lowest and

highest dose.

Further investigation are required to give a more detailed tolerability of the
coumpound in vivo. However preliminary data doesn’t highlight any undesireble

effect in terms of toxicity in vivo and drug accumulation in the plasma.
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Figure 5.18: MRT403 is well tolerated in NSG mice

— Mice were
sacrificed

Experimental plan; MRT403 dose was doubled following 5 days in vivo treatment until a highest
dose of 40 mg/Kg (a). Image of spleen size harvested from treated and untreated mice (b). Graph
showing mice body weight during dosing using MRT403 (c). Table indicating concentration of
MRT403 in plasma following 24 h and 5 days in vivo treatment (d).
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5.2.4.9 Using a BCR-ABL in vivo model to study leukemogenesis

As mentioned in 2.16.2.4, the CD45.2 SCLtTA/BCR-ABL DTG mouse model is
suitable for studying leukemogenesis following removal of tetracycline from the
drinking water. Mice develop leukaemia which highly resembles the human
disease, with mice showing signs of splenomegaly, anaemia and accumulation of

myeloid cells in the blood and in the spleen.

To determine whether MRT403 treatment induces differentiation of LSPCs in vivo,
decreasing number of LSPCs, two experiments using separate BCR-ABL DTG mouse

cohorts were performed.

In the first experiment, following sub-lethal irradiation a co-transplant of 50%
CD45.1 cells (WT, BCR-ABL) and 50% CD45.2 cells (BCR-ABL*) were tail vein
injected into blacké mice (C57BL/6 mice) (Figure 5.19a). To allow transplanted
cells to engraftment and recovery from the irradiation toxicity, mice were kept
for 2 weeks on tetracycline (ON Tet, i.e. BCR-ABL OFF). Following that, the
antibiotic was removed from the drinking water for 10 days to induce the disease
(Figure 5.19a). Following disease induction, mice were distributed into 2 arms,
vehicle and MRT403, and treated daily with a dose of 40 mg/Kg of MRT403 (Figure
5.19a). As a BCR-ABL negative control, 2 mice were kept ON TET for the entire
length of the study.

In the second experiment, following sub-lethal irradiation, CD45.2 cells (BCR-
ABL*) were tail vein injected into C57BL/6 mice (Figure 5.19b). To allow cell
engraftment and recovery from the irradiation toxicity, mice were kept for 3
weeks on tetracycline (ON Tet, i.e. BCR-ABL OFF), following what the antibiotic
was removed from the drinking water for 10 days to induce the disease (Figure
5.19b). Following the disease was induced, mice were distributed into 4 arms,
vehicle and MRT403 and treated daily with a dose of 40 mg/Kg of MRT403 and
twice/day with 50mg/Kg imatinib (Figure 5.19b). As well, as a BCR-ABL negative
control, 2 mice were kept ON TET for the entire length of the study.

Following 4 weeks of treatment, mice were sacrificed, and bone, spleen and blood
were harvested for analysis. The use of CD45.1 and CD45.2 specific antibodies

allowed us to separate normal from leukaemic cells and specifically study the
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effect in both normal and leukaemic cells (Figure 5.19c). However, even though
in the first experiment normal cells were co-transplanted, the engraftment of
those cells wasn’t high enough to allow us to perform any further FACs analysis

than measuring the percentage of CD45.1 (i.e. normal cells) (Figure 5.19c¢).

5.2.4.10 Treatment using MRT403 reduced number of CD45.2 engrafted
cells in vivo without having an effect on myeloid cells

Since leukaemic patients develop splenomegaly, we harvested the spleen and
measured size and weight following 4 weeks treatment with either vehicle or
MRT403 as a measure of disease progression. Both vehicle and MRT403 treated
mice had a 30% increase in spleen weight compared to BCR-ABL OFF mice, with
no sign of spleen size reduction in the MRT403 arm (Figure 5.20a, b). Analysis of
the transplanted CD45.2 in the bone marrow showed a significant reduction of 10%
in CD45.2* cells compared to vehicle mice (Figure 5.20c). Increase in the number
of myeloid cells in the BM (measure as granulocytes and macrophages, GR1-Mac1
cells), represents another sign of leukaemia burden. A 40% increase in GR1-Mac*
cells was observed in the vehicle mice compared to BCR-ABL OFF mice (Figure
5.20d). However, treatment using MRT403 induced a further 10% increase in GR1-

Mac1* cells compared to vehicle mice (Figure 5.20d).

5.2.4.11 MRT403 treatment increases MEPs inducing BM erythropoiesis
in leukaemic mice

As mentioned before, anaemia represents a major disease adverse effect for
leukaemic patient?#244, Even though treatment using EPO has represented a
valuable option to ameliorate the symptoms of anaemia not every patient
responds to EPO 245246, Qur in vitro studies (5.2.4.7) show that treating patient-
derived CML cells with 3 uM MRT403 in the presence of low concentration of EPO,
induced erythroid maturation in CD34* CML cells. Based on that, we next assessed
the number of megakaryocytes/erythroid progenitors (MEPs) in vivo following
treatment with MRT403 (Figure 5.21a, b).
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Figure 5.19: Experimental plan of in vivo study treating DTG mice using MRT403

Experimental plan: in experiment 1, black 6 mice were co-transplanted with 1x10° STG cells and
1x10° DTG cells; engraftment was allowed to take place for 2 weeks. Tetracycline was then
removed from the drinking water to switch on BCR-ABL. In experiment 2 black 6 mice were co-
transplanted with 2x10% DTG cells; engraftment was allowed to take place for 2 weeks.
Tetracycline was then removed from the drinking water to switch on BCR-ABL. In both
experiments, mice were kept on tetracycline for 10 days and then treated for 4 weeks with vehicle
or 40 mg /Kg daily of MRT403 (a). Schematic representation using BCR-ABL+ mice with strategy of
gating using CD45.1 as a surface marker of normal cells and CD45.2 as a surface marker of
leukaemic cells (b).
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Figure 5.20: MRT403 treatment reduces percentge of transplanted leukaemic cells without
affecting myeloid cells

Graph showing spleen weight from each mouse following in vivo treatment using vehicle, MRT403
and BCR-ABL OFF mice (a). Representative picture of spleen from 2 mice from each treatment arm
(b). % of CD45.2 cells in the BM of mice treated with vehicle or MRT403 (c). % of BM GR1-Mac1
relative to average of absolute number of vehicle treated mice (d). Mean = S.D. P values were
calculated using unpaired Student T-test.
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Following gating on CD45.2* cells, lineage specific surface markers conjugated to
streptavidin was used to exclude lineage committed cells (Figure 5.21a). Within
the Sca1*C-KIT* cells, also known as LK cells, the use of CD16/32 and CD34 allowed
us to separate CMP, GMP and MEP cells (Figure 5.21a).

Flow cytometry analysis indicated no changes in the number of CMP between
vehicle and MRT403 treatment mice (Figure 5.21c). The % of MEPs was
significantly increased (60%) in the BM of leukaemic mice treated with MRT403
(Figure 5.21d). However, no significant changes in the number of GMPs was
induced in the BM of BCR-ABL expressing mice following treatment with MRT403
(Figure 5.21e).

To further analyse these data, we also assessed number of mature erythrocytes
within the total BM, measuring the expression of the surface marker Ter119 in
CD45 BM cells by FACs. Results indicate that mice treated daily with MRT403
showed a significant increase in number of erythroid cells (Figure 5.22a).
Furthermore, we visually assessed an increased erythropoiesis as shown in the red
colour appearance in the BM of the MRT403 treated mice (Figure 5.22b).
Furthermore, we also resolved the distinct stages of the erythroid maturation by
FACs combining expression of Ter119 and loss of CD44 surface markers (Figure
5.22c). Cells appearing in region | are positive to both CD44 and Ter119 which is
an indication of primitive and less mature erythrocytes?®® (Figure 5.22c). Moving
from region | to region V, cells lose expression of CD44 marker remaining positive
to Ter119, which is an indication of erythroid maturation (Figure 5.22c). Based
on that, cells in region V represents pronominally mature red cells (Figure 5.22c).
As expected, vehicle treated mice had a decrease in BM cells belonging to region
V compared to BCR-ABL OFF mice while MRT403 treated mice showed same level
of population V when compared with BCR-ABL OFF mice (Figure 5.22d). Accurate
analysis of cells belonging to each specific stage of the erythroid maturation,
showed that treatment with MRT403 significantly reduced (by 50%) BM cells of
region | compared to vehicle mice (Figure 5.22e). Furthermore, treatment using
MRT403 decreased BM cells in region IV and increased BM cells in region V (Figure

5.22f, g), although this was not statistically significant.
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Figure 5.21: MRT403 treatment increases percentage of leukaemic MEP

Graph showing startegy of gating used to measure by FACs levels of CMP, GMP, MEP. Cells were
first gated on CD45.2 and then using a in house made lineage cocktail, lineage* cells were
excluded. From lineage™ cells, LK cells were selected as C-KIT* and Sca1- cells. Within the LK cells
CMP, GMP and MEP were identified based on expression of CD16/32 and CD34 surface marker (a).
Schematic diagram of the differen myeloid progenitor expansion during erythropoiesis (b). % of
CMP (c), MEP (d), GMP (e) cells in the BM relative to average of absolute number of vehicle treated
mice. Mean = S.D. P values were calculated using unpaired Student T-test.
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Figure 5.22: MRT403 treatment increases number of Ter119* cells in the BM of leukaemic mice

Representative picture of BM cells following 4 weeks in vivo treatment using vehicle or MRT403
and in BCR-ABL OFF mice (a). Graph showing startegy of gating used to measure by FACs levels of
erythroid maturation. Cells were first gated on CD45 cells and then using an in house made lineage
cocktail, GR1* and CD11b* cells were excluded. From lineage™ cells (GR1°CD11b") Ter119* cells were
gated and using expression of CD44 surface marker, cells belonging to different stages of
erythropoiesis were selected (b). % of Ter119* cells in the BM relative to average of absolute
number of vehicle treated mice (c). % Ratio of different erythroid precursors followign treatment
with vehicle or MRT403 and in BCR-ABL OFF mice (d). % of cells within region | (e), IV (f) or V (g)
of erythroid maturation Mean + S.D. P values were calculated using unpaired Student T-test.
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Even though the analysis performed on the erythroid maturation was performed
on the CD45" BM cells, which is a mix of leukaemic and normal cells, we anticipate
that since the majority of the BM cells were CD45.2*, the same trend might occur
within the CD45  cells. Based on that, we show that leukaemic mice express an
anaemic phenotype reducing number of MEPs and most mature erythroid cells
(region V). Interestingly, treatment using MRT403 rescued induced BM
erythropoiesis in leukaemic mice increasing both MEPs and most mature BM red

cells.

5.2.4.12 MRT403 treatment has marginal effect in long-term (LT) and
short-term (ST) LSCs in vivo

We next investigated whether treatment using MRT403 affected survival of CML
LSPCs. To distinguish the different population within the BM harvested from
leukaemic mice, FACs multicolour analysis was performed (Figure 5.23a).
Following gating on live cells and CD45.2* cells, lineage specific and differentiated
cells were excluded using of streptavidin conjugated antibodies against lineage"
surface markers (Figure 5.23a). Within the lineage” BM cells, we identified
primitive murine cells as the Sca* and C-KIT* cells, commonly known as LSK cells.
Finally, within the LSK BM cells, LT, ST and MPP subpopulations were identified
performing stainings of the surface markers CD48 and CD150, also known as SLAM

family markers?47-248 (Figure 5.23a).

Results indicate that treatment using MRT403 did not have any significant effect
in targeting primitive leukaemic cells such as LT, ST or MPP HSCs (Figure 5.23b,
c and d). However, a trend of increased MPP is shown following MRT403

treatment.
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Figure 5.23: MRT403 treatment has marginal effect on LT- and ST-LSCs and on MPP
subpopulation

Graph showing startegy of gating used to measure by FACs levels of LT-LSCs, ST-LSCs and MPP
following treatment using MRT403. Cells were first gated on CD45.2 cells and then using an lineage
cocktail, lineage* cells were excluded. From lineage™ cells, LSK cells were selected as C-KIT* and
Sca1* cells. Within the LSK cells, LT-LSCs, ST-LSCs and MPP were revealed based on expression of
CD48 and CD150 surface marker (a). % of MPP (b), ST-LSCs (c) and LT-LSC (d) in the BM relative to
average of absolute number of vehicle treated miceMean + S.D. P values were calculated using
unpaired Student T-test.
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5.2.4.13 MRT403 inhibits TKl-induced autophagy in CD34* CML cells

Encouraged by our results using MRT403 as a single agent in inducing
differentiation both in vitro and in vivo, and its effect in inhibiting TKI-induced
autophagy in cell lines, we tested the effect of MRT403 on TKI-induced autophagy
in CD34* CML cells at 3 pM.

CD34* CML cells were treated for 24 h with 3 pM of MRT403 and in combination
with 2 pM nilotinib. Analysis of p62 in 4 individual CML patient samples shows that
treatment with nilotinib reduced pé62 levels and increased lipidation of LC3,
converting it from LC3B-I to LC3B-Il, in 4 different CML samples (Figure 5.24).
Reduction of p62 and conversion of LC3B-I to LC3B-II confirmed our previously
published work that TKI treatment induces autophagy. Depending on the level of
autophagy in the individual patient-samples, treatment with MRT403 induced
accumulation of p62, specifically sample#9, #6 and#15 (Figure 5.24). No clear
accumulation of p62 was detected in sample#1, highlighting the need for using
additional autophagy marker for autophagy assessment in primary cells. In
addition, treatment with MRT403 induced accumulation of both LC3B-I and LC3B-
Il (Figure 5.24). Based on previously published data we expected that following
inhibition of early stages of autophagy, lipidation of LC3 might still occur?®. In
this scenario, autophagy is inhibited following treatment with MRT403 and
autophagic turn-over of proteins reduced, possible leading to stalled
autophagosomes and accumulation of LC3B-Il. Finally, combination treatment
using MRT403 and nilotinib, inhibited nilotinib-induced autophagy, leading to
accumulation of p62 and LC3B-Il (Figure 5.24).
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Figure 5.24: MRT403 inhibits TKI-induced autophagy in CD34* CML cells
Western blot analysis of autophagic markers following 24 h treatment with 3 pM of MRT403 and

combination with 2 pyM nilotinib. n=4 CML samples.
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5.24.14 MRT403 enhances nilotinib-induced cell death in CD34* cells

Having demonstrated that MRT403 inhibits TKI-induced autophagy in 4 separate
CML samples, we next aimed to assess if MRT403-mediated autophagy inhibition
would lead to enhancement in TKI-induced LSPCs eradication. CD34* CML cells
were plated for 72 and 96 h in presence of MRT403, nilotinib or the combination,
and the percentage of Annexin V/7AAD positive cells evaluated by flow cytometry
at day 3 and day 6. Analysis at day 3 indicated that using 3 yM MRT403 as a single
agent did not show any significant increase in apoptosis (Figure 5.25a, b).
Nilotinib treatment induced 45 % apoptosis which increased to 55 % when
combined with 3 pM MRT403 (Figure 5.25a, b). Similar results were obtained at
day 6 with no further increase in apoptosis compared to day 3 (Figure 5.25c). The
longer-term effect of the combination of nilotinib with ULK1 inhibition was further
assessed performing CFC assay. As for measurements of apoptosis, treatment with
3 UM MRT403 did not significantly reduce the number of CFC (Figure 5.26a, b).
Treatment with nilotinib reduced CFC by 50 % which was significantly enhanced in
combination with 3 pM MRT403 (Figure 5.26a, b). To further confirm these
results, we measured the number of CD34* cells following treatment with MRT403,
nilotinib or the combination. As shown in paragraph 5.2.4, treatment using 3 pM
MRT403 reduced number of CD34* cells by 40 %. As well treatment with nilotinib
targeted CD34* cells with similar efficacy as MRT403, which was significantly
enhanced in combination with MRT403 with a 60 % reduction in CD34* cells (Figure
5.26¢).

Furthermore, we measured number of CD34*CD133* to complement these results.
Treatment with MRT403 for 3 days, significantly reduced number of CD34*CD133*
cells (Figure 5.26d). Treatment using nilotinib resulted in variable responses
between samples in targeting most primitive LSPCs, showing overall no significant
decrease. However, effect of nilotinib was significantly enhanced when combined
to MRT403 (Figure 5.26d). To complement these results and further characterise
the effect of inhibition of ULK1 in primitive stem cells, we performed an LTC-IC
assay. CD34* CML cells were treated for 6 days using MRT403 alone and in
combination with nilotinib, followed by co-culture with feeder cells and CFC

assay. Analysis on LSCs indicates that 3 yM MRT403 treatment significantly reduces
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Figure 5.25: MRT403 targets CD34* CML cells in combination with nilotinib

Representative FACs plots showing measurements of apoptosis following 72 h treatment using
MRT403 alone and in combination with nilotinib (a). Measurements of apoptosis following MRT403
treatment alone or in combination with nilotinib after 3 (b) or 6 (c) days. Mean + S.E.M. n=5 CML
samples at day 3 and n=6 CML samples at day 6. P values were calculated using unpaired Student
T-test.
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Figure 5.26: MRT403 targets patient-derived stem and progenitor CML cells

Representative CFC pictures following 72 h treatment using MRT403 alone and in combination with
nilotinib (a). CFC relative to UT following MRT403 treatment alone or in combination with nilotinib
(b). % of CD34* cells relative to total number of untreated cells following treatment using 3 uM
MRT403 and in combination with nilotinib for 72 h (c). % of CD34*CD133* cells relative to total
number of untreated cells following treatment using 3 yM MRT403 and in combination with nilotinib
for 72 (d). CFC relative to UT following LTC-IC using MRT403 treatment alone or in combination
with nilotinib for 6 days (e). Mean + S.E.M. n=6 CML samples for CFC, n=5 CML samples and n=4
CML samples for LTC-IC. P values were calculated using unpaired Student T-test.
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CFC derived from primitive cells (Figure 5.26e). Strikingly, the effect of nilotinib,
which reduces CFC following LTC-IC assay by 60 %, was further reduced to 95 %
when combined with MRT403 (Figure 5.26e).

Taken all together, these results indicate that inhibition of ULK1/2 using MRT403
enhances nilotinib effect in targeting CD34* and CD34*CD133* CML cells.
Furthermore, we show that combination treatment significantly enhances

nilotinib effect in reducing LSPC survival.

5.2.4.15 Using MRT403 at 3 uM has minimal effect on normal CD34* CML
cells

To investigate the selectivity of MRT403 against CML cells, we measured the effect
of targeting ULK1/2 in normal HSPCs performing measurements of apoptosis and

analysis on LSPCs.

Following 72 h treatment using MRT403 as a single agent and in combination with
nilotinib, measurements of Annexin V/7AAD positive cells show that 3 pM MRT403
induces no changes in cell death compared to untreated cells (Figure 5.27a, b).
As expected, nilotinib doesn’t induce apoptosis in normal CD34* cells (Figure
5.27a, b). Strikingly, combination treatment with 3 pyM MRT403 did not induce any
increase in cell death either (Figure 5.27a, b). To further confirm our data, we
measured effects in progenitor and HSCs. CFC assay confirmed no decrease in
progenitors following treatment with 3 yM MRT403 with a 20% decrease in HSPCs
(Figure 5.27c, d and e). Minimal effect was seen in both progenitor and HSCs
when treated with nilotinib, with no additional effect when combined with 3 pM
MRT403 (Figure 5.27c, d and e).

Taken together, these results show that MRT403 has no effect in normal progenitor
cell survival and minimal effect on normal HSC survival alone or in combination

with nilotinib. We used treatment with OMA as a positive control.
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Figure 5.27: MRT403 has minimal effect in normal stem and progenitor cells

Measurement of apoptosis following 72 h treatment using MRT403 alone and in combination with
nilotinib (a). CFC relative to UT following MRT403 treatment alone or in combination with nilotinib
(b). CFC relative to UT following LTC-IC using MRT403 treatment alone or in combination with
nilotinib for 6 days (c). Mean + S.E.M. n=8 normal patients for apoptosis, n=6 normal samples for
CFC, n=5 normal samples and n=4 CML sample for LTC-IC. P values were calculated using unpaired

Student-test.
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5.2.4.16 MRT403 inhibits basal autophagy in CD45* CML cells in vivo

Thus far our promising in vitro results indicate that MRT403 inhibited TKIl-induced

autophagy in vitro, enhancing TKI in targeting LSPCs.

To study the effect of MRT403 in targeting autophagy in transplanted patient-
derived CML cells, we conducted a state-of-the-art patient-derived xenograft
(PDX) study transplanting CD34* CML cells in immune-compromised NRGW#
mice?'4. Following 4 weeks after transplant, mice were treated daily with
40mg/Kg for 5 days (Figure 5.28a, b). Mice were than sacrificed and hips, femur
and tibia were harvested from each mouse (Figure 5.28a, b). hCD45* cells were
FACs sorted and lysed (Figure 5.28b). Western blot analysis showed that hCD45*
transplanted into NRGW#' mice exhibit accumulation of p62 and measurable
increase in levels of complex IV of the electron transport chain following
treatment using MRT403 (Figure 5.28c, d and e).

Here we have shown for the first time that treatment using a ULK1/2 inhibitor

targeted autophagy (and potentially mitophagy) in vivo.

5.2.4.17 MRT403 targets LSPCs in vivo in combination with imatinib

Following showing that treatment using MRT403 in vivo could target autophagy in
hCD45 in vivo, we wanted to confirm that combination treatment using MRT403
and imatinib would target CML LSPCs in a PDX study.

Two separate PDX studies were performed using 2 independent patient samples
(Figure 5.29a, b). In experiment 1, CD34* CML coming from sample#15 were
transplanted in sub-lethally irradiated and immuno-deficient
NOD.CgPrkdcscidil2rgtm1Wjl/SzJ (NSG) female mice (Figure 5.29a). Following 6
weeks post-transplant, engraftment of human cells was confirmed by FACs
analysis of the human leucocyte surface marker (CD45) in the blood of the animals
(Figure 5.29a). Based on level of engraftment, mice were then split into 4
treatment arms (i.e. vehicle, MRT403, imatinib and combination of MRT403 and
imatinib) and at week 12 post-transplant, mice were treated for 4 weeks (Figure

5.29a). In experiment 2, CD34* CML sample#6 were transplanted in
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Figure 5.28: MRT403 inhibits autophagy in vivo in transplanted hCD45

Experimental plan a PDX study using MRT403 treatment (a, b). Males NRGW*' mice were
transplanted with hCD34* CML cells and engraftment was allowed to take place for 4 weeks. Mice
were then treated in vivo for 5 days using MRT403 (a, b). Mice were then sacrificed and hCD45*
were sorted and lysed (a, b). Western blot analysis of autophagy marker and mitochondrial
complex 1 levels (c). Graph showing levels p62/GAPDH (d). Graph showing levels CIV-MTCO-
1/GAPDH (e). Mean + S.D.
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Figure 5.29: Experimental plan of 2 independent PDX studies using 2 different CML samples

Experimental plan of 2 independent PDX studies combining imatinib treatment with MRT403 (a,
b). Females NSG mice (a) and females and males NRGW*' mice (b) were transplanted with hCD34*
CML cells and left to engraft for 12 (a) and 9 (b) weeks. Mice were then treated in vivo for 4 weeks

following what mice were sacrificed (a, b)
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sub-lethally irradiated and immuno-deficient NRGW#' female and male mice (that
are more irradiation resistant compared to NSG mice and mutation of C-KIT
enhances engraftment)?'# (Figure 5.29b). The use of different mouse models was
in an attempt to reduce the effect of irradiation and potentially increase
engraftment efficiency, which is often low using the NSG model. Following 4
weeks post-transplant, engraftment of human cells was confirmed by FACs
analysis of the human leucocyte surface marker CD45 in the peripheral blood
(Figure 5.29b). Based on level of engraftment, mice were split into 4 treatment
arms (i.e. vehicle, MRT403, imatinib and combination of MRT403 and imatinib)
and at week 9 post-transplant mice were treated for 4 weeks (Figure 5.29b).
Following treatment, mice were sacrificed, and spleens, hips, femur and tibia

were harvested from each mouse.

Since the difference between the experiment was marginal and showed similar

trend, the results from both experiments were combined as presented.

Using a hCD45 specific antibody, human transplanted cells were identified (Figure
5.30a). Treatment using MRT403 did not show any significant difference in number
of hCD45* cells compared to vehicle treated mice. Even though treatment with
imatinib had no significant effect, variability in engrafted hCD45 was reduced and
decreased to 5x10° number of cells (Figure 5.30a, b). No significant additive
effect was reached combinig imatinib with MRT403 (Figure 5.30a, b). To
investigate the effect of combination treatment using imatinib with MRT403 in
human progenitor cells, hCD45 was combined with expression of the surface
marker hCD34 (Figure 5.30c). Analysis on hCD45*CD34* showed that MRT403 had
no significant effect on human progenitor cells (Figure 5.30c, d). Treatment with
imatinib decreased number of hCD45*CD34*, which was further enhanced in
combination with MRT403, significantly reducing number of hCD45*CD34* in
comparison to vehicle treated mice (Figure 5.30c, d). Combining hCD34 with
hCD133 stem cell markers, we measured the effect of primitive LSCs (Figure
5.30e, f). Strickingly, while imatinib had only modest effect when used alone, the
combination treatment significantly reduced hCD45*CD34*CD133* cells compared

to both vehicle and imatinib treated mice (Figure 5.30f).
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Figure 5.30: MRT403 targets human LSPCs in vivo in combination with TKI

Graphs showing % of hCD45* cells within mouse BM cells (a). % of hCD45* relative to total number
of BM cells following in vivo treatment using vehicle, MRT403, imatinib and combination of imatinib
and MRT403 (b). Graphs showing % of hCD45'CD34* cells within mouse BM cells (c). % of
hCD45*CD34" relative to total number of BM cells following in vivo treatment using vehicle,
MRT403, imatinib and combination of imatinib and MRT403 (d). Graphs showing % of
hCD45*CD34*CD133* cells within mouse BM cells (e). % of hCD45*CD34*CD133* relative to total
number of BM cells following in vivo treatment using vehicle, MRT403, imatinib and combination
of imatinib and MRT403 (f). Mean + S.D. P values were calculated using unpaired Student T-test.
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Thus far we have shown that combining treatment of first and second generation
TKls with MRT403 increased TKIis effect in eradicating primitive leukaemic stem

cells.

5.2.4.18 MRT403 treatment reduces number of CD45.2 as a single agent
and in combination with imatinib increasing the ratio of normal cells

The study conducted in this Chapter showed that combining TKI treatment with a
specific autophagy inhibitor, human LSPCs were significantly reduced both in vitro
and in vivo. Since treatment using MRT403 in the human PDX model showed
promising results, we next aimed to test the combination of imatinib and MRT403

using an inducible murine leukaemic model.

Experiment was conducted transplanting CD45.2* cells in sub-lethally irradiated
mice. A time frame of 3 weeks was given to establish engraftment of transplanted
leukemic cells (keeping BCR-ABL OFF). Tetracycline was then removed from the
drinking water, inducing BCR-ABL. Following 10 days BCR-ABL induction, mice
were allocated into 4 arms (i.e. vehicle, MRT403, imatinib and the combination
of imatinib and MRT403) and treated for 4 weeks. At the end of the treatment,
spleen, bone and blood were harvested and analysed measuring the level of the

disease.

Measure of the spleen size in the vehicle mice compared to BCR-ABL OFF mice
confirmed leukaemia burden in these animals (Figure 5.31a, b). As previously
shown in 5.2.4.10, MRT403 treatment did not decrease spleen size, which
however was reduced in both imatinib and in combination with MRT403 compared
to vehicle treated mice (Figure 5.31a, b). Asin 5.2.4.10, treatment with MRT403
significantly reduced the percentage of cells expressing the leukocyte common
antigen CD45.2 (Figure 5.31c). While imatinib had no effect on the percentage of
CD45.2 cells, the combination with MRT403 significantly reduced these cells
compared to both imatinib and vehicle mice (Figure 5.31c). Moreover, treatment
with MRT403, as a single agent or in combination with imatinib, affected the
chimerism of CD45.1 and CD45.2 cells by increasing the ratio of CD45.1 normal
cell (Figure 5.31d).
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Figure 5.31: MRT403 reduced percentage of leukaemic cells increasing ratio of normal cells
as a single agent and in combination with TKI

Graph showing spleen weight from each mouse following in vivo treatment using vehicle, MRT403,
imatinib and the combination of imatinib and MRT403 and BCR-ABL OFF mice (a). Representative
picture of spleen from 2 mice from each treatment arm (b). % of CD45.2 cells in the BM of mice
treated with vehicle or MRT403 (c). % Ratio of CD45.1 and CD45.2 cells in the BM of mice treated
using vehicle, MRT403, imatinib and the combination of imatinib (d) % of BM GR1-Mac1 relative to
average of absolute number of vehicle treated mice (e). Mean + S.D. P values were calculated
using unpaired Student T-test.
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(Figure 5.31d). Measurement of myeloid cells, GR1-Mac1*, showed an increase in
these cells in both vehicle and MRT403 mice, indicating leukaemia induction
(Figure 5.31e). Neither treatment with imatinib nor the combination with MRT403
significantly reduced number of myeloid cells, although a trend of reduction is
shown in the combination arm (Figure 5.31f).

5.2.4.19 MRT403 in combination with imatinib inducing BM
erythropoiesis in leukaemic mice

To further elucidate the effect of MRT403 in combination with imatinib in vivo,
we measured levels of the 3 different myeloid progenitor populations. Results
showed no significant difference between the 4 arms in the number of CMPs
(Figure 5.32a). Interestingly, while both MRT403 and imatinib as a single agent
had only a marginal effect on MEPs, the combination of MRT403 and imatinib
significantly increased MEPs compared to vehicle treated mice (Figure 5.32b).
However, no significant effect was shown between the 4 arms in the percentage
of GMPs (Figure 5.32c).

As described in 5.2.4.11, anaemia remains a problem for leukaemic patients.
Furthermore, several studies indicate that anaemia represents one of the side
effects induced by treatment with imatinib?4°-252, Treatment using EPO has shown
to improve anaemia induced by imatinib treatment in patients however, a variable
response has been shown between patients?>3. We now aim to investigate if
increased MEPs, induced by MRT403 treatment, results in increased erythroid

maturation when MRT403 is used in combination with imatinib.

FACs analysis of number of Ter119* cells confirmed our previous data indicating
that MRT403 increased number of erythroid cells compared to vehicle mice
(Figure 5.33a). While treatment with imatinib had no significant effect on the
percentage of Ter119* cells, combination of imatinib and MRT403 significantly
increased number of erythroid cells compared to both vehicle and imatinib treated

mice (Figure 5.33a).

Analysis of each stage of the erythropoieisis, combining Ter119 with CD44 surface
marker, showed that MRT403 as a single agent and in combination with imatinib
increased the percentage of cells within region V, which represents mostly mature

red cells (Figure 5.33c).
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Figure 5.32: MRT403 and imatinib combination treatment increases percentage of leukaemic
MEP in vivo

% of CMP (a) MEP (b) and GMP (c) cells in the BM relative to average of absolute number of
vehicle treated mice. Mean = S.D. P values were calculated using unpaired Student T-test.
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Analysis on the most immature population, representated by cells in region I,
showed that treatment with MRT403, imatinib and the combination of MRT403
with imatinib significantly decreased this population (Figure 5.33c). Combination
treatment significantly decreased the % of cells within region IV compared to both
vehicle and imatinib treated mice (Figure 5.33d). Finally, MRT403 as a single
agent and in combination with imatinib increased percentage of mature red cells

within region V (Figure 5.33e).

Thus far we conclude that MRT403 has potential beneficial effect when used in
combination with imatinib, by increasing the number of MEP cells. Since the
majority of the cells is represented by the leukemic population (CD45.2%), we
propose that the erythroid differentiation, induced by treatment of MRT403 as a

single agent and in combination with imatinib, occurs within the leukaemic cells.

5.2.4.20 MRT403 treatment targets LT-LSCs when used in combination
with imatinib

Finally, we investigated whether combination treatment using MRT403 and
imatinib could target LCPCs using the BCR-ABL mouse model. Measurements of
MPPs indicates that while imatinib treatment showed no significant effect,
combination with MRT403 significantly increased number of MPPs (Figure 5.34a).
A significant increase was also induced in number of ST-LSCs following
combination treatment with MRT403 and imatinib compared to both vehicle and
imatinib treated mice (Figure 5.34b). Strikingly, while treatment with imatinib
significantly enriched for LT-LSCs, combination of imatinib with MRT403
significantly reduced LT-LSCs.

These results suggest that imatinib does not target LT-LSCs. However, combining
imatinib with MRT403 significantly reduced LT-LSCs. As suggested by increased
number of MPPs and ST-LSCs when imatinib is combined with MRT403, we
hypothesis that treatment using MRT403 might induce differentiation of most
primitive LSPCs, potentiating imatinib effect in eradicating LT-LSCs.
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Figure 5.33: MRT403 treatment increases number of Ter119* cells in the BM of leukaemic mice

Representative picture of BM cells following 4 weeks in vivo treatment using vehicle, MRT403,
imatinib and the combination of imatinib and MRT403 and in BCR-ABL OFF mice (a). % of Ter119*
cells in the BM relative to average of absolute number of vehicle treated mice (b). % Ratio of
different erythroid precursors followign treatment with vehicle or MRT403 and in BCR-ABL OFF
mice (c). % of cells within region | of erythroid maturation (d). % of cells within region IV of
erythroid maturation (e). % of cells within region V of erythroid maturation (f). Mean + S.D. P
values were calculated using unpaired Student T-test.
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Figure 5.34: MRT403 treatment in combination with imatinib targets imatinib-resistant LT-

LSCs in vivo

% of MPP (a) ST-LSC (b) and LT-LSC (c) cells in the BM relative to average of absolute number of

vehicle treated mice. Mean + S.D. P values were calculated using unpaired Student T-test.
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5.3 Discussion

In this chapter we tested the effect of new inhibitors of ULK1/2 since previously
used MRT921 had shown off-target and toxicity effects (4.2.2), (4.2.12.)

A number of 3 inhibitors provided by LifeArc were tested in WT and ULK1 deficient
cells, showing reduced cytotoxicity effect. However, Parkin-dependent mitophagy
assay revealed that only MRT993 at high concentration and MRT403 at
concentration higher than 0.25 pM inhibited basal and stress induced mitophagy.
These results, together with measurements of TKI-induced autophagy, led us to

choose our top candidate to test in combination with TKI in vitro and in vivo.

Using patient-derived CD34* CML cells we showed that MRT403 treatment used at
a concentration of 3 pM inhibited basal mitophagy, increased OCR and ROS levels,
and reduced glycolysis. Using ULK1 and ATG7 deficient cells, we showed that while
the increase in OCR was occurring in both autophagy deficient cells, reduced
glycolysis was observed only in ULK1 deficient cells. However, ATG7 deficient cells
exhibit reduced glycolysis following treatment with MRT403. Based on that we
propose that the reduced glycolysis is an ULK1-dependent effect.

Loss of CD34*CD133* expressing cells following treatment with MRT403 prompted
us to hypothesise that an induction of differentiation might occur as a result of
increased mitochondrial respiration and increased ROS levels. Combination
treatment using 3 pM MRT403 with low concentration of EPO, confirmed our
hypothesis showing that while untreated cells did not respond to EPO, treatment
with MRT403 enhanced erythropoiesis measured with increased level of CD44
GlyA*, CD71*GlyA* and CD36*GlyA* cells.

Using ULK1 deficient cells we showed same results as obtained using primary cells,

with ULK1 exhibiting increased ROS and erythroid maturation in K562 cells.

Using a leukaemic model expressing inducible BCR-ABL, we showed that following
treatment with MRT403, mice exhibit increased MEPs, which led to increased

erythroid maturation, inducing BM erythropoiesis.
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Encouraged from our positive results, we tested the combination of MRT403 with

TKI in vitro, using nilotinib and in vivo, using imatinib.

Using 4 different CD34* CML samples we showed that treatment with MRT403
inhibited TKIl-induced autophagy, measured by accumulation of p62 and LC3B-II.
Furthermore, MRT403 treatment enhanced TKI effect in targeting LSPCs with

marginal effect on normal CD34* cells.

Promising results in vitro let us to test the effect of the ULK1/2 inhibitor in vivo.
A PDX study transplanting CD34* CML samples in immune-compromised mice
showed that following 5 days treatment, MRT403 was able to target autophagy in
transplanted human cells in vivo, measured by accumulation of p62 and complex
IV of the electron transport chain. Strikingly, combination treatment increased
imatinib effect in targeting CD34*CD133* cells in 2 independent PDX studies using

2 separate CML samples.

Finally, combination treatment using MRT403 and imatinib significantly reduced
LT-LSCs (95 %), possibly due to differentiation effect induced followed MRT403
treatment. Furthermore, an increase in MEPs and mature red cells was observed
in the BM of treated mice with the combination of MRT403 and imatinib with the

mice showing no sign of reduced BM erythropoiesis.

Despite the promising results obtained in this section, it would be interesting to
perform some kinetic analysis comparing effect between MRT403 and MRT921 and
show reduced unspecific effect with the MRT403. Together with that it would be
relevant to perform RNA-seq following treatment using both MRT403 and MRT921
to clarify which gene signature is affected in each treatment and assess any

variation.

ULK1 inhibition has been shown to inhibits erythroid maturation during normal
haematopoiesis. However, in our study we observe a different phenotype.
Understanding if ULK1 has a different role in the contest of CML is a rlevant
question. It might be that in the case of CML ULK1 is not required for erythroid
maturation or LSPCs might adapt the lack of ULK1 switching to different pathways

to remove mitochondria such as delivering mitochondria to the lysosomes using

216



Chapter 5 Using MRT403 to target CML LSPCs

mitochondrial vesicle bodies. Performing treatment using MRT403 in normal mice

might clarify this question.

In this section we show for the first-time inhibition of autophagy using a ULK1
inhibitor in vivo. However, due to limitation of engraftment, our studied measured
accumulation of p62 only in hCD45 compartment. Despite the progress made with
the mouse model to enhance engraftment, human CML cells still have a poor
engraftment level which limits our studies. It would be of interest to measure the
level of inhibition in more primitive LSCs and compare it with less primitive cells
such as CD45. Furthermore, irradiation of NRGW#! is necessary for engraftment of
human CML cells which represent a limitation for our studies since mice never

develop the disease but only represent a disease recipient.
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6.1 Conclusions

In this thesis we investigate the effect of inhibiting ULK1-dependent autophagy in
CML LSPCs as a potential treatment for CML patients in combination with TKils. In
the paragraphs below we will discuss our findings in relation with latest literature

and propose future direction for the work presented in this thesis.

6.1.1 Autophagy in HSCs and LSCs

The relevance of autophagy in normal and malignant cells has been of great focus
in the past 20 years. Autophagy plays a critical role physiologically, representing
one of the main mechanisms that cells use to remove damaged and potentially
dangerous waste from the cytoplasm, and provide new building blocks/energy
following starvation. However, malignant cancer cells, may highjack this process

to sustain their own survival and thereby promote progression of the disease?**
258

HSCs are required to produce all the cells circulating in the blood stream for the
entire length of an individual life. For that reason, HSCs are protected from any
unnecessary need of expansion, located in the hypoxic niche of the BM. Autophagy
has been shown to play an important role in normal HSCs. Indeed, autophagy is
highly upregulated in quiescent HSCs and plays a critical role in regulating
oxidative metabolism and their maintainence’63.16>168  Evidence indicates that
autophagy contributes to mitochondrial removal (to favour glycolytic metabolism)
to repress differentiation induced by elevated mitochondrial RQS30,31,160,163,165,181
Autophagy not only orientates HSCs to quiescence but also promotes slow cell
cycle to ensure preservation and health of long-lived stem cells'¢”%>°, In fact,
fewer replication cycles with minimum telomere shortening ensure that HSCs age

more slowly.

CML is a myelo-proliferative disorder which causes the expansion preferentially of
granulocytes belonging to the myeloid lineage. The role of autophagy is not as
clear in the context of CML. In first instance CML is a 3 stages disease and the role
of autophagy could be different, not only within the large heterogeneity of LSPCs,
but also in relation to disease progression from CP to AP and finally to BC phase.

Recent studies propose that CP LSCs have a higher mitochondrial content together
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with an elevated oxidative metabolism compared to HSCs''4. Based on these
findings we hypothesise that CP CML LSPCs have reduced levels of autophagy to
favour myeloid expansion and a more pronounced mitochondrial metabolism in
comparison to normal HSCs. Furthermore, Baquero et al. proposed that the
primitive murine LSCs have higher level of autophagy compared to more

differentiated cells'?.

To address our hypothesis and to clarify levels of autophagy between normal and
LSPCs, we used CD34* normal and CML cells and measured expression of autophagy
related genes in both populations. Our result suggests an overall increase in
autophagy gene expression in normal CD34* cells, with ATG7, ATG16L2 and
MAP1LC3A having the highest expression levels. Both ATG7 and ATG16L play an
essential role in LC3 lipidation and binding to the autophagosomal
membranes’>>1%6, Significant increase is also observed in SQSTM1 (p62), a cargo
receptor which function is involved in removal of protein-aggregates by direct
binding to LC3-Il. No significant changes were observed in ATG9 and RPS6KB1.
ATG9 has been reported to contribute to lipids supply for the formation of the
double membrane vesicles and play a key role in autophagy initiation26%.261,
However, this might not be the case in CD34* normal and LSPCs. RPS6KB1 encodes
for RPS6K, a down-stream of mTOR, which negatively regulates autophagy?%. RBS6
is the direct down-stream of RPS6K. mTOR phosphorylation of RPS6K, routinely
used to measure of mTOR activity, activates the kinase which phosphorylates RPS6
inducing protein synthesis at the ribosomes. However, kinase activity might not
correlate with its gene expression. In this regard it would be informative to
measure phosphorylation of mTOR and its down-stream RPS6K and RPSé to clarify

its role in normal and LSCs.

We next performed measurements of autophagic flux, using treatment with
lysosomotropic agents, such as HCQ, and inhibitor of the fusion between
autophagosome and lysosomes, such as bafilomycin, to repress degradation of
LC3-1l. Our results indicate that normal CD34" cells have higher accumulation of
LC3B-1l than the leukaemic counterpart. However, these experiments were
performed in CD34* cells consisting of a mixture of stem and progenitor cells. In
this context, it would have been interesting to evaluate in which way HSCs and
LSCs upregulate autophagy and to compare it with more differentiated cells. One

way to assess this would have been to FACs sort stem and progenitor cells in both
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leukemic and normal cells. Comparison of their surface marker expression and
evaluation of autophagy in each of these populations. However, the restricted
number of primary cells made these experiments challenging and difficult to
perform. Further studies are still necessary to elucidate the role of autophagy in
CML LSCs and to determine level of autophagy between normal and leukaemic

stem and progenitor cells.

6.1.2 TKl-induced autophagy in CML

The introduction of imatinib, first generation TKIis, in the early 2000 for the
treatment of CML was defined as “a magic bullet” in the war against cancer.
Despite the great success of TKI treatment, leukaemia is not eradicated in the
vast majority of patients, and patients can develop sign of resistance and
persistence of the disease with time. Among all the signal pathways affected by
inhibiting BCR-ABL, leading to inhibition of uncontrolled proliferation of myeloid
cells, imatinib activated protective autophagy?®3. Autophagy was therefore
proposed to adapt leukaemic cells to the metabolic stress induced by imatinib

treatment.

Our attempt to compare level of autophagy between normal and LSCs, showed
reduced level of autophagy in leukaemic cells. We hypothesised that this might
be due to BCR-ABL signal on mTOR, which negatively regulates autophagy by
phosphorylation of ULK1. In this regard, ULK1 might represent the direct link
between BCR-ABL, mTOR and autophagy inhibition.

To address the hypothesis that inhibition of BCR-ABL using TKls leads to an
induction of autophagy, we used a second generation TKI, nilotinib (a more potent
and cleaner inhibitor of BCR-ABL)%?%42% and showed an increase expression of
autophagy genes together with a decrease in p62 levels and an increase in
lipidation of LC3 (LC3B-1l). Based on that, we confirm that using TKls to target
BCR-ABL results in increased levels of autophagy. We then wanted to clarify the
link between BCR-ABL inhibition and autophagy activation. ULK1 was among all
the genes that showed a higher expression following nilotinib treatment.
Furthermore, we showed that inhibiting the kinase activity of BCR-ABL resulted in
activation of AMPK and inhibition of mTOR. Both AMPK and mTOR are the master

regulator of cellular energy sensing, emphasising the metabolic stress induced by
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TKI treatment'”®. AMPK and mTOR are also the main regulators of
autophagy'26:127,266  |ndeed, we showed that inhibition of mTOR and activation of
AMPK resulted in increased ULK1 kinase activity measured by its direct

phosphorylation of ATG13.

To validate our data, we generated ULK1 deficient cells. Our results indicate that
genetic removal of ULK1 leads to a deficiency in autophagy in CML cells, measured
with increased level of p62 and accumulation of LC3B-Il. Even though we suspect
that ULK1 deficient cells might still have residual autophagy, this might not be

enough to sustain TKI-induced stress'®.

Our data, suggesting activation of ULK1 following TKI treatment, are in line with
recent publication by Han et al.?%’. In their study authors describe a new signalling
pathway that leads to ULK1 and autophagy activation following imatinib
treatment. They propose that grancalcin (GCA) is highly expressed in imatinib-
resistant CML cells, demonstrating that GCA results in activation of ULK1 through
a positive regulation of the ubiquitin ligase TRAF6.

6.1.3 Inhibition of autophagy induces phenotype changes in
LSPCs

Thus far, the limited drugs available to specifically inhibit autophagy has led to

use lysosomothrophic agents such as HCQ and its derivatives to target autophagy.

In this thesis we investigate for the first time the effect of specific inhibition of
autophagy in CML targeting ULK1, a serine/threonine kinase required in the

initiation complex of autophagy.

In line with previous published data suggesting that ULK1 plays a central role in
regulating clearance of mitochondrial’30:268.26°  we wuse Parkin-dependent
mitophagy to measure autophagic flux following genetic removal of ULK1 and
ATGY7. In addition to the fact that defective mitophagy was observed in ULK1 and
ATG7 deficient cells, we also observed that the clearance of each individual
complex of the electron transport chain might be specifically dependent on ULK1
or ATG7. We observed that removal of complex IV is more enhanced in ATG7
deficient cells while a higher accumulation is observed in ULK1 deficient cells.

Instead, removal of complex | and Il might be more dependent on ATG7. However,
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further investigations are required to clarify how individual electron chain

complexes are affected by mitophagy.

Measurements of inhibition of basal and stressed induced Parkin-dependent
mitophagy was adopted in this study to validate 4 different ULK1 inhibitors
provided by LifeArc. Our results indicate that MRT016 has no effect in targeting
mitophagy at any concentration used while MRT993 has an effect at the highest
concentration used. However, the greatest effect where obtained using MRT921

and MRT403, with significant inhibition of autophagic flux.

Despite the effect shown by inhibition of mitophagy, treatment with MRT921
showed unspecific effects in targeting ULK1 deficient cells. In agreement with the
off-targets effect shown using MRT921 at 1 uM by Petherick et al., and the reduced
toxicity in ULK1 KO cells following treatment with MRT403, we selected MRT403
as our top candidate to inhibit ULK1 in CD34* CML cells?%,

In line with inhibition of mitophagy, pharmacological inhibition of ULK1/2 in CD34*
CML cells using MRT403, resulted in increased OCR and ROS levels. Similar results
were observed using MRT921 in KCL22 cells. Furthermore, previous work from our

lab showed comparable effect in ATG7 deficient cells and using HCQ treatment'8°,

An autophagy-independent role of ULK1 in regulating glucose fluxes between
glycolysis and PPP was credited to ULK1'®. In line with that, we showed that
pharmacological inhibition of ULK1/2 using MRT403 reduces glycolysis and NADPH
in CD34* CML cells. Similar effect in glycolysis was observed in ULK1 KO cells and
using MRT921 in KCL22 cell line. Since ATG7 deficient cells had no changes in
glycolysis compared to control cells and that reduction was induced following
treatment using MRT403, we also confirmed the specificity of ULK1 in regulating

glycolysis.

Increased oxidative stress and ROS are often associated with induced
differentiation8%235.236_|n agreement with previous work from our lab shown using
HCQ, or its derivative Lys05, we showed that increase in oxidative metabolism
following inhibition of autophagy, led to increased differentiation'®1%3, Using
MRT403 treatment induced a rapid loss of CD34*CD133" cells. We demonstrate that

loss of primitive LSPCs was associated with increased response to low units of EPO
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following inhibition of ULK1/2, leading to increased erythroid maturation. Same
phenotype was observed in leukemic mice, in which anaemia represents a critical
side effect of the disease. Despite the fact that rescuing anaemia might be
beneficial for CML patients, these results are in disagreement with previous
published data'. Kundu et al. demonstrated that accumulation of immature
reticulocytes is observed in ULK1 deficient mice. Given to ULK1‘s role during red
blood cell maturation in normal haematopoiesis, we propose that the scenario
might be different during leukemogenesis. Taken into account the anaemic
phenotype observed in CML patients and that increased erythroid maturation is
observed in an autophagic dependent manner (increased erythropoiesis is
observed in ATG7 or ULK1 deficient cells and following treatment with HCQ), we
can suggest that the metabolic switch towards oxidative respiration in autophagy
deficient CML cells might overcome loss of ULK1 inducing erythroid maturation. It
is also possible that erythroid maturation might not be dependent on ULK1 during
leukemogenesis and removal of cellular component (such as mitochondria and
nucleus) might be happening in an ULK1 independent manner, or other unknown
mechanism might overcome loss of ULK1. However further investigations are

required to clarify the effect observed.

6.1.4 Inhibition of ULK1 to target TKl-induced autophagy and
overcome TKI sensitivity in CML LSPCs

Inhibition of TKI-induced autophagy is considered an attractive target to eradicate
LSPCs192,194,198,270,271 " The value represented by a combination treatment using
front line treatment for CML, imatinib and HCQ, an indirect inhibitor of autophagy,
provided the rationale for the CHOICES (CHlOroquine and Imatinib Combination to
Eliminate Stem cells), a phase Il clinical trial. However, recent evidence shows
that doses required to target autophagy are not achievable in patience, resulting
in limited effectiveness for CML. Furthermore, Baquero et al. highlighted the
limited efficacy of HCQ when compared to Lys05, a more potent derivate of
HCQ'3. However, targeting lysosomes still remains only an indirect way to block

autophagy.

In this study we have tested for the first time the efficacy of targeting TKI-induced
autophagy using an inhibitor of the initiation complex of the catabolic process,

precisely ULK1.
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Using MRT403 treatment, we showed inhibition of TKI-induced autophagy in CD34*
CML cells. MRT921 treatment also showed similar results. Strikingly, efficacy of
MRT403-mediated inhibition of TKI-induced autophagy resulted in enhanced
efficacy of combination treatment in targeting LSCs. Together with that, cyto-

toxic effect shown by MRT921 on normal CD34* cells were reduced using MRT403.

Using a PDX model, we showed for the first time that treatment using a ULK1/2
inhibitor, MRT403, targeted autophagy in vivo in transplanted human cells.
Furthermore, inhibition of ULK1/2 using MRT403 significantly sensitised
CD34*CD133* engrafted cells to imatinib treatment. Of high significance, using a
BCR-ABL* mouse model, we demonstrate that MRT403-mediated inhibition of ULK1
significantly decreased LT-LSCs when combined with imatinib, increasing number
of more differentiated ST-LSCs and MPP cells (Figure 6.1).

Of clinical relevance, treatment with MRT403 significantly overcame the reduction

of BM erythropoiesis disease and imatinib-induced (Figure 6.1).

6.2 Future directions

Inhibiting ULK1 has resulted in great success in enhancing TKls effect both in vitro
and in vivo, making it a good candidate to eradicate LSCs in CML patients (Figure
6.1).

Despite the fact that removal of ULK1 has been shown to be deleterious for muscle
and brain development, using an inhibitor of ULK1 might not induce similar
effects?68:272_|n first instance treatment of a disease would not be permanent, but
only for a period of time, and inhibition of ULK1 and autophagy would probably
only be partial. In this regard, we must underline the achievability and lack of
toxicity effect of the molecule when used in vivo. Both normal and leukaemic

mice, following a month regime of the inhibitor did not
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Figure 6.1: Inhibition of ULK1-dependent autophagy induces differentiation of LSCs
potentiating TKI treatment and inducing BM erythropoiesis.

Schematic representation of main features involved in TKI-induced autophagy in LSCs and how the
differentiation induced following treatment using MRT403 enhances TKI efficacy. LSCs upregulate
autophagy through activation of ULK1 as a protective mechanism against TKI treatment. Inhibition

of ULK1 using MRT403 enables TKI-induced autophagy inducing differentiation of LSCs towards
erythroid lineage improving TKI treatment and rescuing TKI-induced reduction of BM

erythropoiesis.
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show any adverse effect, which further enhance its applicability for treatment of

leukaemia, and possibly other malignancies such as anaemias.

Of interest, it would be valuable to further define the effect of using MRT403 on

HSCs and erythroid maturation using robust and physiological disease models.

Furthermore, uncover the unknown mechanisms that regulates clearance of
mitochondria and other organelles to lead to a mature red cell following inhibition
of autophagy is of great interest. This may also reveal novel mechanism(s) that

might overcome mitophagy when autophagy in impaired.
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