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Abstract

Acute myeloid leukaemia (AML) is the most common acute leukaemia in adults
and is characterised by the accumulation of immature malignant precursors in
haematopoietic and other tissues. Even though next-generation sequencing has
dramatically advanced our understanding of the genomic landscape of AML and
identified many leukaemia-associated gene signatures, intensive chemotherapy re-
mains the mainstay of the general therapeutic strategy without much progression
over decades. In addition, AML still has the worst overall survival among adult
haematological malignancies. The prognosis and survival for elderly patients who
are too frail to be eligible for intensive chemotherapy can be even poorer. There-
fore, the identification of novel AML dependencies is urgently needed to develop less
toxic therapeutic strategies that can potentially eliminate AML cells, especially the

self-renewing leukaemia initiating cells (LICs).

One potential therapeutic target could be the cell surface receptors on LICs, which
covey autocrine and paracrine signals existing in the bone marrow (BM) microenvi-
ronment, as there is considerable evidence that de-regulated BM microenvironmental
factors could contribute to AML development. In order to identify cell surface re-
ceptors essential for LIC maintenance, I performed in vivo CRISPR-based screens
focused on the cytokine and chemokine receptor genes in the context of a murine
model of bi-allelic CEBPA mutant AML. This murine AML model, as opposed to
the commonly used MLL-AF9 model, is strictly BM microenvironment-dependent,
which allows better characterisation of the interplay between LICs and the microen-
vironmental factors. By doing this, I identified and successfully validated 2 cytokine
receptor genes, Cerl and Il7r, as in vivo AML dependencies. Of note, these 2 genes
are highly overexpressed across different subtypes of human AML cells, indicating

their potential use as therapeutic targets for patients with AML.

Besides, in light of previous evidence suggesting the aged BM microenvironment’s
implication in AML propagation, I sought to investigate further the biological basis
for the aged BM microenvironment’s ability to facilitate AML progression. Several
inflammation-related process networks were simultaneously enriched in BM stromal
cells during ageing and AML development. In particular, I demonstrated that both
physiological ageing and CEBPA mutant AML progression induced elevated protein
levels of the pro-inflammatory CCR1 ligands, CCL3 and CCLb5, in the BM cavity.
This implied the role of CCR1 signalling as an ageing-associated AML dependency.
Indeed, expansion of the murine Cebpa mutant AML cells in the unperturbed aged
BM was significantly impaired by a selective CCR1 inhibitor. This suggests that
physiological ageing harnessed CCR1 ligands as a critical mediator in age-associated

AML predisposition, and targeting CCR1 can potentially benefit elderly patients
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Chapter 1

Introduction

1.1 Acute myeloid leukaemia (AML)

AML is a form of myeloid malignancy characterised by clonal expansion of ab-
normal, immature myeloid precursors, resulting in infiltration of the bone marrow
(BM), spleen, peripheral blood (PB) and other tissues [1]. These malignant cells can
proliferate in an uncontrollable fashion but are not able to terminally differentiate
into mature red cells, neutrophils, monocytes, and platelets [2]. The lack of normal
cells eventually leads to BM failure, which is the most common cause of death in

AML [2].

1.1.1 Incidence of AML among adults

Even though AML only accounted for less than 1% of all new cancer cases in the
UK in 2016-2018 (https://www.cancerresearchuk.org/health-professional/
cancer-statistics/statistics-by-cancer-type/leukaemia-aml#heading-Zero),
it is the commonest myeloid malignancy among adults [3, 4]. The age-adjusted in-
cidence of AML is around 4-5 per 100,000 person-years in the developed world and
is slowly increasing over time. In addition, among all subtypes of leukaemia, AML

contributes to the highest percentage of mortalities [4].


https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/leukaemia-aml#heading-Zero
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/leukaemia-aml#heading-Zero

1.1.2 AML pathogenesis

The pathogenesis of AML is believed to be initiated by a series of genetic perturba-
tions in the haematopoietic stem and progenitor cells (HSPCs). There are various
types of these leukaemia-driving genetic changes, such as chromosomal transloca-
tions, aneuploidies, and gene mutations [5]. Although AML is heterogeneous in
terms of the driver event, general mechanisms underlying leukaemic transformation
have been identified, which include impaired myeloid differentiation, increased cell
survival, acquisition of self-renewal, uncontrolled proliferation, altered metabolic

properties, epigenetic dysregulation, and specific BM niche interactions [6-8].

Originally, the leukaemic genetic changes were classified into 2 types. The first type
(class 1) mutations result in the activation of signal transduction pathways [2, 9],
conferring a proliferative and/or survival advantage of haematopoietic progenitors.
Class 1 mutations can occur in genes including KIT, FLT3, RAS, etc. Class 2
mutations occur in genes encoding transcription factors or components of the tran-
scriptional coactivation complex, which result in impaired differentiation and/or
aberrant acquisition of self-renewal capabilities [2, 9]. These include transcription-
factor fusions such as MYH11-CBFB and RUNX1-RUNX1T1 and point mutations
such as CEBPA. It has been shown in mouse models that class 1 mutations alone
(such as K-ras mutations) only induce a myeloproliferative disorder but not a full-
blown AML [10], and class 2 mutations leading to myeloid maturation block alone
are not sufficient to cause leukaemia [11]. Likewise, in patients with AML, mutations
within each class rarely occur in the same patient, whereas mutations between dif-
ferent classes often occur together in the same AML patient [9, 11]. These findings
indicate that mutations from at least 2 classes are required for AML development
as the two-hit model proposed by Gilliland and colleagues [12]. In addition, studies
of patients with AML relapse demonstrated that the class 2 mutations were gener-
ally conserved in the relapse tumours. In contrast, the class 1 mutations frequently
differ between the initial and relapse tumours [13]. This suggests that the relatively
conserved class 2 mutations occur early in the disease trajectory, and the class 1
mutations are subsequent events. In addition, this implies that the development of

AML follows specific and ordered patterns of driver mutation acquisition [5].
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However, this two-hit hypothesis has been greatly challenged, especially by the de-
velopment of whole-genome sequencing, which enables the identification of novel
leukaemia-initiating genes. For example, novel driver genes regulating RNA splicing
(such as SRSF2 and SF3B1) or encoding epigenetic modifiers (such as DNMTS3A
and IDH1/2) have been identified [5]. In 2013, a study performed by the Can-
cer Genome Atlas Research Network identified 9 categories of genetic mutations
that were related to AML pathogenesis. These include mutations in the gene en-
coding nucleophosmin (NPM1), tumour-suppressor genes, DNA-methylation-related
genes, signalling genes, chromatin-modifying genes, myeloid transcription-factor
genes, cohesin-complex genes, spliceosome-complex genes, and transcription-factor
fusions [14]. In reality, mutations in genes encoding signalling proteins (class 1
mutations) have only been found in 59% of AML patients included in the study,
even though it was believed to be a requirement of AML pathogenesis according to
the traditional two-hit model [14]. In addition, it is discernible that many of the
recently identified mutations do not fit within either of the 2 traditional classes.
Following this study, by performing genetic profiling, including cytogenetic analyses
and sequencing of 111 genes to samples from 1540 AML patients, Papaemmanuil
and colleagues developed a new genetic classification of AML based on the pattern
of co-occurrences of the previously described mutations, which included 11 genetic
subgroups and had prognostic implications [5]. Co-mutation of specific genes has
been shown to be associated with the prognosis [5]. These discoveries demonstrate
the biological complexity of AML and refute the use of the oversimplified two-hit
hypothesis to model leukaemogenesis. Also, the advanced understanding of the mu-
tational profile and heterogeneity of AML prompts the need for discovering common
AML characteristics and developing novel AML therapies that would transcend dif-
ferent genetic subgroups of AML.

1.1.3 Leukaemic stem cells (LSCs) in AML

A hierarchical organisation of cells carrying oncogenic mutations exist in cancers,
where self-renewing cancer stem cells (CSCs) reside at the top of the hierarchy. The
CSCs are able to sustain long-term maintenance of cancer and drive relapse [15, 16].

LSCs in AML have been a paradigm for the field of CSCs. The LSCs can initiate and
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maintain AML by generating the whole population of non-LSC AML blasts which
have limited self-renewal capacity [17, 18]. The AML LSCs were originally defined by
Dick and colleagues as the only population that could engraft immunocompromised
mice. They also showed that the AML LSCs, similar to haematopoietic stem cells
(HSCs) and multipotent progenitors (MPPs), were solely CD344CD38- [19]. How-
ever, the original functional and immunophenotypic definitions of the AML LSCs
have been challenged in recent years. First, due to recent improvements in the im-
munocompromised mouse strains, the proportion of AML samples that engraft and
the engraftment level both have increased. This results in the inconsistent estima-
tion of the frequencies of AML LSCs in patient samples [17]. In addition, AML cells
with leukaemia-initiating capacity have also been identified in the CD34+CD38+
[20] and CD34- fractions [21, 22]. This suggests the heterogeneity in the phenotype
of LSCs. Understanding of the AML LSCs was further advanced by RNA sequencing
(RNAseq), which showed that both CD34+ and CD34- LSCs were similar to pro-
genitors/precursors instead of HSCs in most primary human AML patients. This
indicated that leukaemic transformation occurred at the progenitor/precursor stage,
imparting self-renewal capacity to the progenitors/precursors [22, 23]. Even though
AML LSCs do not arise from HSCs directly in most primary human AML patients,
extensive evidence has shown that early mutations probably happen in HSCs, giv-
ing rise to expanded clonal populations of pre-leukaemic HSCs in patients, from
which AML evolves [24]. These early mutations are often found in genes encoding
epigenetic modifiers such as DNMTS3A, ASXL1, IDH1/2, and TET2, which are not
sufficient for overt leukaemia and need additional mutations, which occur later, to

drive leukaemogenesis [5].

LSCs or leukaemia-initiating cells (LICs) have also been identified in mouse models of
AML. In a knockin mouse model of biallelic CEBPA mutations, transplantable LICs
were identified only from a myeloid progenitor fraction (Sca-1-Mac-1"°c-Kit+) rather
than from a more differentiated fraction (Sca-1-Mac-1"c¢-Kit-) or HSC-containing
fraction (Sca-14) [13]. Using a mouse model of MLL-AF9 leukaemia, Krivtsov and
colleagues found that LSCs were enriched in a granulocyte-macrophage progenitor
(GMP)-like population [25]. Even though the MLL-AF9 leukaemia could be initi-
ated by retroviral transduction of the MLL-AF9 oncogene into either murine GMPs
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or HSCs, the LSCs were always enriched in the GMP-like population [26]. Using a
similar mouse model of MLL-AF9 leukaemia, Somervaille and colleagues detected
leukaemia-initiating activity in cells expressing myeloid lineage-specific antigens,
downstream of the GMPs [27]. Despite the differences in the findings of Krivtsov
and Somervaille, both of them suggested LSCs were more similar to progenitors/pre-
cursors rather than HSCs [25, 27]. This is consistent with the conclusion drawn by

using patient AML samples as previously described.

It is crucial to characterise the LSCs as AML patient survival should be more closely
related to the properties of LSCs than the blasts according to the CSC model [16, 18].
Indeed, in AML patients, a high percentage of CD344CD38- cells at diagnosis di-
rectly correlated with a high minimal residual disease frequency and poor survival
[28]. Gentles and colleagues also developed an LSC gene signature and found that
high expression of the LSC gene signature was associated with poorer outcomes
among AML patients with either normal karyotypes or chromosomal abnormalities
[29]. In addition, the elimination of the LSCs should be essential for the cure of
AML as according to the CSC model any remaining LSCs that survive the therapy
would be able to drive relapse [30]. Hence, it is important to develop AML ther-
apies that can either selectively eradicate LLSCs or eradicate both the AML blasts
as well as the LSCs [7]. In agreement with the putative CSC model, Shlush and
colleagues demonstrated that therapy-resistant AML cells already existed at diag-
nosis and AML relapse originated from either LSCs or AML cells with a committed
immunophenotype that retained strong stemness transcriptional signatures [31]. It
has also been shown that pre-leukaemic HSCs can survive chemotherapy, which may

contribute to AML relapse [1, 24].

1.1.4 Current therapeutic strategies in patients with AML

The standard therapeutic strategy in patients with AML has not changed substan-
tially in decades [32]. Initial assessment evaluates whether a patient is eligible for
intensive induction chemotherapy. Although age is associated with a higher risk
of treatment-related mortality after intensive therapy, it has been shown that el-
derly patients who are medically fit may still benefit from the intensive induction

chemotherapy. It has been recommended that older patients should still be con-

Page 5 Chapter 1



sidered as candidates for intensive induction chemotherapy unless they have poor
performance status and significant comorbidities [32]. The combination of 7 days of
cytarabine and 3 days of anthracycline (the “7+3” regimen) remains the standard
induction therapy although better regimens have been proposed [1, 33]. It leads to
a complete remission rate of 60-85% in patients who are 60 years or younger and
40-60% in patients older than 60 years of age [1]. Most patients who are in complete
remission ultimately have a relapse without consolidation therapy. Post-induction
consolidation therapies comprise intensive chemotherapy and haematopoietic cell
transplantation (HCT). Consolidation chemotherapy includes several cycles of in-
termediate or high doses of cytarabine [34]. Whether higher doses of cytarabine are
superior to intermediate doses and the optimal number of cycles remains unknown,
especially for patients with older age. Currently, it is recommended that patients
who are older than 60 years of age and with favourable European LeukemiaNet
(ELN) genetic risk should receive 2-3 cycles of intermediate-dose cytarabine; older
patients with intermediate or unfavourable genetic risk are less likely to benefit from

the cytarabine-based consolidation regimen [1].

Allogeneic HCT is reserved for patients unlikely to achieve long-term remission with
other conventional therapies. The procedure has a strong anti-leukaemic effect be-
cause of pre-transplant chemoradiotherapy conditioning and an immune-mediated
graft-versus-leukaemia effect [1]. The selection of candidates for HCT is compli-
cated, based on the patient’s genetic risk, response to induction chemotherapy, pa-
tient fitness, donor factors, etc [32, 34]. Reduced-intensity conditioning allows older
patients aged up to 75 years to undergo HCT, but, in reality, a large number of
elderly patients may still not be appropriate candidates for HCT due to comor-
bidities, inability to achieve a complete remission, etc [32]. Even though allogeneic
HCT provides the strongest anti-leukaemic effect, relapse after transplantation is
still common and can cause dismal outcomes. In particular, a recent study sug-
gested relapse after transplantation was associated with dysregulation of pathways

that influence immune function [35].
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1.1.5 Emerging therapeutic strategies in patients with AML

Patients with AML are still in great need of novel therapies, given the limitation
of current treatments. Increased understanding of the heterogeneity of AML also
partly explains why only a subpopulation of AML patients can achieve prolonged
remission with the “743” regimen followed by consolidation therapy. The devel-
opment of novel and less cytotoxic AML treatment is particularly important for
patients at high risk of relapse and elderly patients who are ineligible for intensive
therapy. Novel targets of AML treatment involved diverse pathways promoting the
survival of AML cells, such as pro-apoptotic pathways, cell cycle regulation, immune
evasion, interaction with the microenvironment, etc [36, 37]. Thanks to a better
characterisation of the LSCs, several novel AML treatments targeting LSCs have
also been described, which may eradicate this chemotherapy-resistant and relapse-
driving population [7]. First, LSC-specific immunophenotypes have been identified,
and antibody-based treatment can be used to target LSCs. For example, anti-CD123
and anti-CD33 antibodies are under investigation [7, 34]. Secondly, LSCs have dis-
tinct metabolic and epigenetic properties, based on which LSC-targeting treatment
may be developed [7]. For example, IDH1/2 mutations result in the overproduction
of the oncogenic metabolite 2-hydroxyglutarate and subsequent epigenetic changes
[38]. Several small molecule inhibitors of mutant IDH have been approved for treat-
ing patients with relapsed or refractory AML harbouring IDH1/2 mutations [39].
Besides, interactions between LSCs and the BM microenvironment may be tar-
geted to suppress LSC growth. There is considerable evidence suggesting that BM
microenvironmental changes can contribute to the initiation of haematological ma-
lignancies, and leukaemia can induce BM microenvironment remodelling, which, in
turn, promotes leukaemia development [40]. For example, NF-xB signalling has
been shown to be upregulated in LICs, suggesting that TNF-o in the BM microen-
vironment could be a promising therapeutic target [41]. However, currently, no
therapy targeting the AML BM microenvironment, but several inhibitors that may
block the interaction between LSCs and the niche cells are under study such as a
small-molecule inhibitor of E-selectin [42]. These novel therapeutic strategies can
be used in combination with current chemotherapy, eradicating the bulk AML cells

and relatively rare LSCs simultaneously [7, 36].
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1.1.6 Survival of patients with AML

Among all types of acute leukaemia, AML has the shortest survival with a 5-year
overall survival (OS) of 24.0% as of 2016 [4]. Despite recent progress in understand-
ing the pathophysiology of AML and novel therapeutic targets being proposed, a
significant decrease in the mortality rate of AML has not been observed during
2005-2016 [4]. The older patients (60 years and older) have a 5-year survival rate
of < 10-15% according to data from MD Anderson [33]. This indicates there is still
a significant gap between the findings from the bench and improved clinical out-
comes from the bedside. Further translational studies are still needed to improve

the survival of patients with AML, especially elderly patients.

1.2 Murine models of AML

1.2.1 A murine model of bi-allelic CEBPA mutant AML

CEBPA mutations exist in 7-15% of normal karyotype AML patients [43]. Among
AML patients with normal karyotype, biallelic CEBPA mutations are associated
with improved survival compared with monoallelic mutations and CEBPA-wild-type
[44]. The recent World Health Organization (WHO) classification of tumours of the
haematopoietic and lymphoid tissues has classified AML with biallelic mutations of
CEBPA as an independent disease entity [45]. When Papaemmanuil and colleagues
were classifying AML into mutually exclusive genomic subtypes based on patterns of
co-mutation, AML with biallelic CEBPA mutations was also identified as a distinct

genomic subtype, which made up 4% of the 1540 patients studied [5].

CEBPA is a transcription factor that coordinates cellular differentiation with cellu-
lar proliferation [46]. CEBPA has 2 translation isoforms: a full-length form, known
as p42, and a shorter form, known as p30. These isoforms share the same carboxyl
terminal, which contains the basic region-leucine zipper (BR-LZ) DNA-binding do-
main, but the p30 lacks the amino-terminal 117 amino acids [47]. CEBPA can
directly activate the transcription of lineage-specific genes, such as granulocyte-
specific genes and eosinophil-specific genes [48, 49]. Only the full-length p42 can
interact with TBP/TFIIB and CBP/p300. But both CEBPA isoforms can interact
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with SWI/SNF, and other transcription factors such as PU.1, GATA1 and RUNX1
(by the BR-LZ domain) (Figure 1.1) [47]. As a result, the p30 is still able to in-
duce eosinophil lineage commitment, despite failing to induce terminal eosinophil
differentiation [50]. In terms of CEBPA’s ability to block cell proliferation, it has
been shown that it is due to CEBPA-mediated repression of the E2F complex, which
can regulate genes required for cell-cycle progression [51]. Since the p30 lacks the
E2F-repressing activity, the ability to arrest cell proliferation seems specific to the

p42 [47].

GSK3 PKC
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C/EBPap42 | - ] Cl
118 358
C/EBPa p0 - | L]
| | | J
E2F repression SWI/SNF DMA-hinding
TBP/TFIB CDK2/CDK4 E2F, GATAI
CBP/p300 ETS1, PU.1
c-JUN, RUNXT1

Figure 1.1. Structure of the CEBPA translation isoforms

Schematic depicting the location of specific functional domains within the CEBPA protein.
The basic region leucine zipper (BR-LZ) DNA-binding domain has been highlighted and
the transcription factors it can interact with were also shown. Besides, the 3 transactiva-
tion elements (TE-I, TE-II and TE-III) are labelled, and the transcription apparatus they
can interact with is listed. The numbers represent the position of the relevant start/stop
codon within the open reading frame. Adapted from (Nerlov, 2004)[47].

There are 2 types of CEBPA mutations that have been described in AML. The
first type of mutation is a frameshift at the N-terminal of CEBPA that is unique
to the p42, preventing expression of the p42 but allowing expression of the p30
[52]. The second type is C-terminal mutations that affect the BR-LZ domain, lead-
ing to a deficiency in the DNA-binding ability of the mutant protein [53]. Most
AML patients with CEBPA mutations carry biallelic mutations, and most of the
biallelic mutations are 2 heterozygous mutations [54]. Usually, one allele contains
the C-terminal mutation in the BR-LZ DNA-binding domain, whereas the other
contains the N-terminal ‘p30-only’ mutation [47]. To better understand how the
N-terminal and C-terminal CEBPA mutations collaborate to promote leukaemogen-
esis, the Nerlov laboratory previously generated a genetically accurate murine model

of bi-allelic CEBPA mutant AML by combining knock-in mutations that mimic the
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common N- and C-terminal mutations, respectively [13, 55]. The Cebpa mutant
AML was initiated by transplanting foetal liver (FL) cells carrying the bi-allelic
Cebpa knock-in mutation together with wild-type (WT) competitor BM cells into
lethally irradiated recipient mice [13]. Using this murine model, the Nerlov labora-
tory demonstrated that the C-terminal Cebpa mutation could induce preleukaemic
expansion of HSCs/MPPs. In contrast, the N-terminal Cebpa mutation contributed
to residual myeloid lineage commitment, which explained why the combination of C-
and N-terminal CEBPA mutations were commonly found in CEBPA mutant AML

patients [13].

Even though this murine model of CEBPA mutant AML can accurately model the
clinical pattern of biallelic CEBPA mutations, it still has several limitations which
prevent its further use in studying the disease trajectory in a reproducibly way
and better understanding the dynamic change of BM microenvironment throughout
leukaemogenesis. In detail, the recipient mice became moribund after a long latency
of 20-50 weeks after transplantation without consistent kinetics. In addition, to
allow more efficient engraftment of the Cebpa mutant FL cells, the recipient mice had
to be lethally irradiated, causing significant damage to the BM microenvironment
[13]. To overcome these hurdles, the Nerlov laboratory further developed this murine
model by transplanting purified Cebpa mutant LICs (Sca-1-Mac-1°c-Kit+) into sub-
lethally irradiated recipient mice. In this way, AML reproducibly progressed over 4
weeks to a terminal phase that included leukocytosis and anaemia, loss of normal
haematopoietic cells in BM, spleen infiltration by leukaemic cells and splenomegaly

[56).

Additionally, sub-lethal irradiation minimised damage to the BM microenvironment,
particularly to the BM stromal cells [56]. More importantly, when the LICs were pu-
rified from this murine model, they completely lost the ability to re-initiate leukaemia
development after 48 hours of ex vivo culture, demonstrating their need for an ade-
quately conditioned in vivo environment to maintain their leukaemogenic potential
[56]. Therefore, this murine model of CEBPA mutant AML is kinetically tractable
and strictly dependent on the BM microenvironment to maintain its malignant phe-

notype. It allows AML-induced BM microenvironmental changes to be characterised
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during distinct phases of disease development.

1.2.2 Other mouse models of AML, including xenograft mouse

models

Modelling of AML in the mouse has largely relied on introducing AML-driving onco-
genes into the HSPCs. One of the commonly used viral transduction-based models
is a murine model of MLL-AF9 leukaemia. In this model, leukaemia is initiated by
transplanting HSCs or progenitors transduced by MLL-AF9-encoding retroviruses
into sub-lethally irradiated recipient mice [25, 26]. Viral vectors encoding AML-
associated MOZ-TIF2, MLL-ENL, AML1-ETO, and MLL-GAS7 fusion genes have

also been used to transform murine HSPCs and initiate AML in the mouse [57].

Another way of modelling human AML in the mouse is by transplanting human-
derived AML cells into immune-compromised recipient mice. The xenografts can
be derived from either human primary AML cells or AML cell lines [58]. Since
maintenance of primary human AML cells for even a few days remain challenging
[59], the patient-derived xenograft (PDX) mouse model enables recapitulation of
the histology, genomic pattern, and heterogeneity of the original disease [60]. Most
importantly, the PDX mouse model can be used to evaluate the efficacy of novel ther-
apeutic strategies and standard chemotherapies n vivo and explore the mechanisms
by which patient AML cells survive specific therapies [61, 62]. The development
of more immune-compromised mouse strains such as the severe combined immun-
odeficient (SCID)-non-obese diabetic (NOD)-IL2ry™! (NSG) strain facilitated the
engraftment of primary AML patient samples, allowing more widespread use of the
PDX mouse model of AML [63]. One limitation of such a PDX mouse model of
AML is that some human-specific BM microenvironmental factors can not be pro-
vided by the mouse microenvironment [64]. This might be circumvented by the use
of material scaffolds to create a humanised microenvironment or co-transplanting

patient-derived mesenchymal stromal cells (MSCs) with the AML cells [64].
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1.3 The BM microenvironment and myeloid ma-

lignancies

1.3.1 The BM microenvironment and its implications in

normal haematopoiesis

Niches are local microenvironments that maintain and regulate stem cells [65]. HSCs
also reside in a specific BM microenvironment, which is known as the HSC niche.
The HSC niche comprises both BM stromal cells and haematopoietic cells such as
megakaryocytes, which regulate the quiescence, proliferation and differentiation of
HSCs (Figure 1.2) [66]. The BM niche can be divided into 2 anatomically different
niches, the central bone marrow (CBM) niche, which is located in the inner BM, and
the bone-lining (BL) niche, which is proximal to the bone surface. The perivascular
stromal cells (PVCs) and vascular endothelial cells (VECs) are the main cellular
components of the BM niche, which are also the main source of SCF and CXCL12,
2 critical secreted factors for HSC maintenance [67, 68]. The PVCs were also known
as CXCL12-abundant reticular (CAR) cells [69], which were shown to largely over-
lap with leptin receptor-expressing (LEPR+) cells [70]. The PVCs have also been
identified using the expression of other marker genes, including Nestin [71] and NG2
[72]. Recent single-cell RNAseq revealed that there was considerable heterogene-
ity and overlapping among these BM niche cell types. For instance, LEPR+ cells
could also be found in VECs, and a large number of the sinusoidal VECs mini-
mally expressed CXCL12 and SCF. In addition, it was shown that LEPR+, NG2+,
and Nestin+ cells were molecularly distinct, even though LEPR, Nestin, and NG2
had all been identified as markers of PVCs [73]. Other cellular components of the
BM niche include the osteoblasts (OBs), sympathetic nerves, macrophages, and
megakaryocytes [66, 74]. Even though a clear delineation and precise function of
distinct cellular components of the BM niche remains controversial, several imaging
studies have shown that in both the CBM and BL niche, HSCs localise adjacent
to the endothelial cells and their associated PVCs (a so-called perivascular niche)
[69, 72] . This strongly supports the role of the BM niche, especially the perivascular
niche, in HSC maintenance. By contrast, the OBs expressed SCF and CXCL12 at
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much lower levels and few HSCs were in contact with the OBs, which refuted that

the OBs were an important HSC regulator [66, 72, 75].
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Figure 1.2. Schematic of the BM microenvironment

Common haematopoietic and non-haematopoietic cells that reside in the BM are shown.
The perivascular stromal cells (PVCs) are in black circles, including CXCLI12-abundant
reticular cells (CAR cells)/leptin receptor-expressing cells (LEPR+- cells) and NG2+- cells.
Vascular endothelial cells (VECs) are in black squares, including sinusoidal and arteriolar
endothelial cells. Adapted from (Crane et al., 2017) [74].

Similar to the HSCs, the maintenance of LSCs is also dependent on their local niche,
which could contribute to disease progression, resistance to therapy, and relapse
[76]. Two mechanisms whereby the BM niche contributes to leukaemogenesis have
been proposed: primary functional or genetic changes in the BM niche may induce
leukaemia; the niche which has been remodelled by malignant haematopoietic cells

may further support leukaemia progression and survival [77].
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1.3.2 Myeloid malignancies can originate in the BM niche

There is considerable evidence that genetic modification of the BM niche cells can
induce myeloid lineage defects such as myelodysplastic syndromes (MDS) and myelo-
proliferative neoplasms (MPN) that can progress to transplantable leukaemia. In
2007, Walkley and colleagues observed that retinoic acid receptor y deficiency in
the BM niche induced MPN, revealing the capability of the BM niche to be the
initiator of haematological malignancies [78]. In 2010, Raaijmakers and colleagues
deleted Dicerl, specifically in mouse osteoprogenitors, which resulted in MDS and
AML [79]. This again supports the BM niche as the site of the initiating event that
leads to haematological malignancies. Subsequent studies demonstrated that the
genetically modified BM niche cells contributed to disease development by produc-
ing pro-inflammatory cytokines or chemokines such as TNF-o, G-CSF, and CCL3
[78, 80, 81].

In terms of patients with MDS or AML, Blau and colleagues also detected chro-
mosomal aberrations in mesenchymal stromal cells isolated from the patients and
the genetic alterations in the stromal cells were distinct from those in the leukaemic
cells [82, 83]. Even though this is not direct evidence that proves the pathogenesis of
MDS and leukaemia in human patients can be initiated by genetic alterations in the
BM niche cells, this still raises the possibility that BM microenvironmental changes

may precede and induce the leukaemic transformation of the haematopoietic cells.

1.3.3 AML cells can cause niche remodelling

It is well-established that AML progression induces BM microenvironmental changes
and such niche changes are able to favour AML growth but impair normal haematopoiesis
[84, 85]. At the cellular level, changes to different types of BM niche cells have been
observed in different studies. In 2014, Hanoun and colleagues used a murine model
of MLL-AF9 AML and showed that the development of leukaemia led to increased
sinusoidal VEC frequencies, expansion of Nestin-GFP+ PVCs, and disruption of
sympathetic nervous system (SNS) nerves. In particular, they showed that the dele-
tion of B2 adrenergic receptors in the BM niche promoted leukaemic BM infiltration,

indicating the remodelled BM niche (the SNS network at least) had the ability to

Page 14 Chapter 1



support AML development [86]. In 2014, Krevvata and colleagues showed that the
number of OBs decreased significantly during AML, and the depletion of OBs was
shown to be supportive of AML progression by using both AML patient samples
and mouse models [87]. In 2018, Duarte and colleagues also used the mouse model
MLL-AF9 AML, where they observed a significant reduction in endosteal VECs by
both imaging and flow cytometry, even though the total number of VECs in the
overall BM stroma was preserved. In addition, they suggested that normal HSC
numbers can be increased, and chemotherapy efficiency could be improved by res-
cuing this loss of endosteal VECs [85]. This uncovers the change in BM vasculature
during AML and its implication in leukaemogenesis. The importance of VECs for
AML progression and chemoresistance was further supported by the finding that
the direct interaction of AML cells with endothelial VCAM-1 (via CD98) [88] and
E-selectin [89] supports leukaemia progression and chemoresistance. Collectively,
these findings suggest that AML cells can induce adaptive changes to the BM mi-

croenvironment they reside in, which in turn support their expansion and survival.

The underlying mechanisms by which the malignant cells remodel the BM niche
have been widely investigated. First, cytokines or chemokines expressed by the
malignant haematopoietic cells can remodel the BM nice. For instance, Duarte and
colleagues showed that CXCL2 and TNF, which were upregulated in the endosteal
AML cells, contributed to the remodelling of endosteal vessels [85]. Frisch and
colleagues also observed that an increased expression level of CCL3 in malignant
haematopoietic cells could play a role in the AML-related inhibition of OBs [90].
Besides, Schepers and colleagues identified a role of thrombopoietin (TPO) and
CCL3 in chronic myelogenous leukaemia (CML)-associated expansion of osteoblastic

lineage cells in a mouse model of CML [91].

Second, exosomes secreted by the malignant haematopoietic cells can transform the
BM nice. Exosomes are microvesicles containing mRNA, miRNA and angiogenic
proteins which can be secreted by both normal and malignant cells [92]. In 2018,
Kumar and colleagues demonstrated that AML-derived exosomes could target the
mesenchymal stromal progenitors and lead to their decreased osteoblast lineage dif-

ferentiation potential [84]. Third, Passaro and colleagues demonstrated that an
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AML-induced hypoxic environment was able to drive an expansion of the VECs,
alter vascular permeability in the BM, and change the transcriptome of VECs. This
supports AML-induced hypoxia as one of the mechanisms by which AML cells re-
model the BM niche cells [93].

1.3.4 The BM microenvironment is a pro-inflammatory en-

vironment during myeloid malignancies

The pro-inflammatory milieu is a common feature of the BM microenvironment
conditioned by the various types of myeloid malignancy. Elevated levels of pro-
inflammatory cytokines and chemokines such as IL-1B, IL-6, TNF-«, and CCL3
have been observed in the BM or PB of patients with AML [94-97]. The source
of the increased level of pro-inflammatory secreted factors can be both the non-
haematopoietic BM niche cells and malignant haematopoietic cells. First, as de-
scribed above, several studies have implicated the aberrant production of pro-inflammatory
factors by the genetically altered BM stromal cells as a contributing mechanism of
haematological malignancy initiation [78, 80, 81]. Second, the AML-exposed hu-
man BM stromal cells showed increased expression of pro-inflammatory factors such
as IL-1B, IL-8, and IL-6 [98, 99]. A similar trend of increased production of pro-
inflammatory cytokines such as IL.-6 and TNF-a by the BM stromal cells has also
been identified in patients with MDS [100]. More importantly, AML cells overpro-
duce a similar range of pro-inflammatory cytokines and chemokines as the leukaemic
BM stromal cells: Steinbach and colleagues showed that CCL23 was over 50-fold
overexpressed in the AML cells compared to normal BM cells using Tagman assays
[101]; Wang and colleagues also reported overexpression of CCLS in human AML
cells [97]. Besides, in 2020, Zhang and colleagues demonstrated overexpression of
IL-6 in human AML cells at both the mRNA and protein levels [102]. These pro-
inflammatory factors were shown to be capable of promoting AML cell expansion
whilst inducing BM failure [94, 97, 102]. Similar phenomena have been observed in
AML mouse models as well. For instance, the Nerlov laboratory has performed bulk
RNAseq in AML cells and AML-exposed BM stromal cells isolated from the murine
model of CEBPA mutant AML. By comparing the transcriptome of leukaemia cells

and leukaemic niche cells to the non-leukaemic controls, we also observed the upreg-

Page 16 Chapter 1



ulation of different cytokine and cytokine receptor genes during AML development

[56]. More details of the RN Aseq result are described in the following result chapters.

The above findings not only confirm the role of the leukaemic BM niche as a pro-
inflammatory environment but also suggest that AML-associated BM niche modifi-
cations can generate AML-promoting paracrine signals that mimic autocrine sig-
nalling by the AML cells themselves. This emphasises the engagement of the
AML secretome and BM microenvironment in leukaemogenesis. Therefore, the de-
regulated AML secretome and pro-inflammatory BM microenvironment may repre-

sent a potential therapeutic target for AML.

1.4 AML in the elderly

1.4.1 Characteristics of AML in the elderly

AML is a disease of elderly adults. According to the statistics from the National
Comprehensive Cancer Care Network (NCCN), the median age of patients with
AML at diagnosis is 67 years, and one-third of the patients are older than 75 years.
Similarly, the Surveillance, Epidemiology, and End Results (SEER) Cancer Statistics
Review reports that the age-adjusted incidence of AML in adults aged 65 years
or older was 20.1 per 100,000 person-years, whereas that in adults aged 65 years
or younger was just 2.0 per 100,000 person-years. Not only does the incidence
of AML increase significantly with age, but also elderly AML patients have poorer
outcomes compared to younger patients. In 2006, Appelbaum and colleagues showed
that AML patients’ response rates (to induction therapy) and median OS dropped
with age [103]. In 2009. Buchner and colleagues demonstrated that age was an
independent risk factor for an inferior overall/relapse-free survival and remission
duration [104]. The SEER statistics also revealed an "10% decrease in 5-year OS

with each increasing decade of life in patients diagnosed with AML.

The poor outcome of elderly AML patients can be explained by both the disease-
related and patient-related features of AML in the older population. Regarding the
disease-related features, the incidence of unfavourable karyotypes was higher in el-

derly patients, while the incidence of the favourable karyotype decreased with age

Page 17 Chapter 1



[103, 104]. The frequency of AML secondary to MDS, MPN, and treatment-related
myeloid neoplasms increases with age, which also contributes to the inferior outcome
[105]. Besides, AML in the elderly has more frequent expression of the multidrug
resistance glycoprotein MDR1, which is independently associated with AML-related
poor outcomes [106]. In terms of the patient-related features, elderly patients with
AML have more comorbidities and poorer performance status than younger patients.
It has been reported that the performance status of AML patients decreases with
age, and poor performance status is independently associated with an adverse prog-
nosis in older patients with AML [107, 108]. In addition, because of comorbidities
and poor performance status in elderly AML patients, a large proportion of them
are not able to tolerate standard chemotherapy and are treated with supportive
care alone (including hydroxyurea) or less-intensive treatment approaches such as
hypomethylating agents and low-dose cytarabine [1, 4]. Indeed, elderly AML adults
are more likely to experience treatment-related mortality (TRM) [105, 109, 110].

However, the age-associated poor prognosis of AML patients can not be fully ex-
plained by the increased incidence of high-risk cytogenetics, inferior performance
and intolerance of intensive chemotherapy. Both Appelbaum and Buchner have
shown that among similarly-treated patients from the same cytogenetic risk group,
the elderly still experience lower OS than the younger [103, 104]. This may suggest
that age-related differences extrinsic to leukaemic cells, such as systemic factors or
the BM microenvironment, may contribute to AML therapy resistance and disease
relapse. Additionally, identifying the molecular basis for the increased ability of an
aged, compared to the young, BM microenvironment to propagate the AML cells

would be critical to developing better treatment for elderly AML patients.

1.4.2 HSC ageing and AML

Both HSC-intrinsic and HSC-extrinsic changes during ageing can explain the age-
associated rise in AML incidence. In this section, I will review and discuss the
cell-intrinsic mechanisms involved in HSC ageing and their implication for AML de-
velopment. First, AML development depends on the stepwise acquisition of a series
of somatic mutations along one’s lifetime, which is directly linked to ageing. Several

studies have shown that haematopoietic clones harbouring early leukaemia-initiating
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mutations, such as DNMTS3A and TET?2, are more frequently found in healthy older
adults [111, 112]. This phenomenon is known as age-related clonal haematopoiesis,
which is strongly associated with haematological malignancies [111, 113]. To illus-
trate, the mutated HSC clones can outgrow the other WT clones, and the increased
clonal size facilitates subsequent AML-associated mutations to occur, leading to
AML development eventually [114-116]. Desai and colleagues focused on the as-
sociation between AML and clonal haematopoiesis and demonstrated that healthy
individuals with pre-existing mutations in genes recurrently mutated in haemato-
logical malignancies had statistically increased odds of developing AML; similar

observations have also been reported by Abelson and colleagues [117, 118].

Second, autophagy decreases in the aged HSCs, and several studies suggested that
impaired autophagy could be associated with AML development. Simon and col-
leagues demonstrated that the deletion of key autophagy genes, Atg7 and Atgs, led
to a lethal pre-leukaemic phenotype in mice [119, 120]. In human AML samples,
several autophagy genes are mutated or expressed at lower levels, which further

supports autophagy’s involvement in AML development [121].

Third, ageing-associated cancer incidence has traditionally been associated with a
less efficient DNA damage response (DDR). It has been shown that aged HSCs
present with more gH2AX foci, a DNA damage marker, compared to young HSCs
[122; 123]. Therefore, it seems plausible that the aged HSCs are more likely to
experience leukaemic transformation due to their deficient DDR. However, a more
recent study demonstrated that aged HSCs could repair DNA damage as efficiently
as their young counterparts, questioning the impact of ageing on DNA damage and
genomic instability [124]. Therefore, it remains undetermined whether changes in

DDR efficiency during ageing can explain the age-related AML predisposition.

1.4.3 Ageing of the BM microenvironment and AML

In this section, I will summarise and discuss the HSC-extrinsic changes during ageing
and how they may contribute to increased AML incidence. Several BM microen-
vironmental alterations have already been identified during physiological ageing.

Regarding endothelium, the number of type H endothelial cells (ECs) and distal
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arteriolar ECs, both of which were found in the endosteal niche, reduced during
age; the absolute number of total ECs remained unchanged or increased signifi-
cantly according to inconsistent findings from different labs, which indicated a vas-
culature expansion in the CBM niche anyway [125-127]. The frequency of CBM
perivascular MSCs also increased significantly during ageing [125]. Regarding the
endosteum, a decrease in the frequency of OBs was identified [128]. Besides the
changes to the BM niche cell frequencies, ageing-associated elevated BM levels of
multiple pro-inflammatory cytokines and chemokines, including IL-13, TNF-a, IL-6,
TGF-B, CCL3, and CCL5, have been reported in mice and humans [125, 128-132].
The increased BM extracellular fluid levels of these cytokines can be due to either
high local production by the BM niche cells or distant overproduction of circulating
cytokines [130, 131]. These changes could contribute to the age-associated decline
in lymphocyte and erythrocyte production, and the resulting platelet-myeloid bias
of the cellular output [125, 128, 130].

Since BM niche alterations can initiate certain myeloid malignancies, as shown using
mouse models [77], the age-related BM microenvironmental changes might play a
role in AML initiation and progression in humans as well, leading to the increased
AML prevalence with advancing age. Another piece of evidence that supports the
aged BM microenvironment contributing to the increased AML incidence with age
is that the changes in the BM niche induced by AML and ageing are largely similar.
In detail, the numbers of OBs and endosteal VECs decrease during ageing and AML;
protein levels of pro-inflammatory factors, such as IL-6 and TNF-q, increase in both
the aged and leukaemic BM. In agreement with this, the Nerlov laboratory found
that the AML-exposed and aged BM niches were transcriptional and functionally
alike by performing gene expression profiling and transplantation assays [56]. How-
ever, the specific molecular mechanism by which the aged BM niche supports AML

development remains to be determined.
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1.5 CRISPR-Cas9 genome editing and CRISPR

SCreens

1.5.1 CRISPR-Cas9 as a tool for genome editing

The CRISPR-Cas9 nuclease system was originally identified as a microbial immune
system, which has subsequently been repurposed for genome editing in mammalian
cells by heterologous expression of the CRISPR components after certain optimisa-
tion [133]. In this system, a nuclease, Cas9, is guided by 18-20nt RNA molecules
to specific genomic loci and induces DNA double-strand breaks (DSBs) [134]. The
18-20nt guide RNA sequence is required to be fused with a scaffold RNA sequence
known as the trans-activating crRNA (tractrRNA) to create a chimeric, single-guide
RNA (sgRNA) [134]. The DNA target of any guide RNA must be directly upstream
of a 5-NGG protospacer-adjacent motif (PAM), and Cas9 can be directed toward
almost any target DNA of interest by altering the guide RNA sequence within the
sgRNA as long as the target DNA is immediately preceding a PAM (Figure 1.3)
[134, 135]. Therefore, the CRISPR-Cas9 system is significantly easier to design/-
customise compared to other genome editing technologies, including zinc-finger nu-
cleases (ZFNs) and transcription activator-like effector nucleases (TALENs) [135].
One of the widely used systems for delivering components of the CRISPR-Cas9 sys-
tem is the DNA plasmid encoding both the Cas9 protein and the guide RNA. The
plasmids can be introduced into cells by electroporation, hydrodynamic injection,

viral vectors, etc [136].

Once the Cas9-mediated DSB occurs, it will usually be repaired by either the indel-
forming nonhomologous end joining (NHEJ) or homology-directed repair (HDR)
upon simultaneous introduction of a donor DNA template [133, 138]. During NHEJ,
which is now known as classical NHEJ, DSBs are repaired by direct ligation of
DNA either perfectly or imperfectly [139, 140]. The latter will generate deletions or
insertions most of which occur at the 3’ end of the target DNA sequence and are
usually small in size (< 10 bp) [138, 141]. Therefore, NHEJ can be harnessed to
disrupt target protein expression, as NHEJ events occurring within the coding region

can result in frameshifts and premature stop codons, leading to subsequent gene
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Figure 1.3. Schematic of the CRISPR-Cas9 nuclease system

The Cas9 (yellow) is guided to genomic DNA by a sgRNA, which is a fusion of a 20nt
guide RNA sequence and a scaffold RNA sequence (also known as tracrRNA). The target
DNA must be directly upstream of a 5-NGG protospacer-adjacent motif (PAM) in order
to be targeted by the sgRNA. Cut sites of the Cas9 (red triangles) are usually at the 3’
end of the target DNA sequence. Adapted from (Ran et al, 2013) [137].

knockout [137]. Simultaneous introduction of multiple sgRNAs targeting different
genomic loci of the same gene can result in larger deletions within the target gene of
interest, facilitating the desired gene knockout [138]. More recently, non-canonical
forms of NHEJ that coexist with the classical NHEJ, namely alternative end-joining
(alt-EJ) or microhomology-mediated end joining (MMEJ), have also been identified
in mammalian cells, including murine and human cells [140, 142]. MMEJ is believed
to be highly error-prone and has been correlated with an increased frequency of larger

deletions [139, 143].

Presumably, the specificity of the CRISPR-Cas9 system is strictly controlled by the
18-20nt guide RNA sequence, which only binds to and guides Cas9 to the comple-
mentary DNA sequence that lies next to the PAM. However, it has been shown
that off-target mutations can happen in the DNA sequence that differs by up to
5 positions from the intended on-target sequence. Besides, mismatches occurring
in the 5 half of a guide RNA are better tolerated than those occurring in the 3’
half [144]. Hsu and colleagues also showed that the specificity of the CRISPR-
Cas9 system was sequence- and locus-dependent, and they proposed several rules of
guide RNA design to maximise the specificity of the Cas9 [145]. For example, guide

RNA sequences should not have potential off-target sequences which have fewer than
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three mismatches [145]. As the understanding of Cas9-mediated off-target mutations
increases, more studies on guide RNA design and on-target /off-target efficiency pre-
diction have been published, which greatly facilitate the selection of more active and

specific guide RNAs [146-149].

1.5.2 Pooled CRISPR-Cas9 screens

Forward genetic screens are a powerful tool to explore whether a specific gene con-
tributes to a specific phenotype, biological process, or disease. Forwards genetic
screens involve perturbation of the expression of candidate genes and selecting the
cells with the desired phenotype. This is followed by mapping the phenotype to the
genotype of the selected cells [150]. Such forward genetic screens are largely based
on RNA interference (RNAi) technology and the previously described CRISPR-Cas9
technology. Compared to RNAi-based screens, CRISPR-based screens are consid-
ered superior, especially during large-scale screens, for several reasons: 1) small
interfering RNA (siRNA) binding can be non-specific, leading to extensive pheno-
typic changes derived from unintended interactions between siRNA and mRNA; 2)
RNAIi can only lead to knockdown instead of knockout of the gene, and the knock-
down efficiencies dan vary [150-152]. Indeed, Evers and colleagues demonstrated
that the CRISPR-based screens outperformed the RNAi-based screens with a lower
false-discovery rate and better consistency across different cell lines, even though

CRISPR technology also has off-target effects [153].

CRISPR screens can be conducted as an arrayed or pooled screen. For arrayed
screens, sgRNAs are individually introduced to cells that sit in separate culture
wells in multi-well plates. For pooled screens, a library of multiple sgRNAs is si-
multaneously introduced to a bulk of cells, resulting in stable expression of only 1
sgRNA in most cells (Figure 1.4). It is conceivable that compared to arrayed screens,
pooled screens are less costly and labour-intensive [151, 154]. In addition, pooled
CRISPR screens can be performed in vitro, ex vivo, and in vivo. For in vivo pooled
CRISPR screens, sgRNAs can be introduced to cells in vitro/ex vivo followed by
transplantation or sgRNA-carrying plasmids/lentiviruses can be introduced to mice
directly [155]. Pooled CRISPR screens can be further categorised into positive or

negative selection screens. Positive selection screens are aimed at identifying genetic
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perturbations that allow cells to survive specific selective pressure, such as drugs,
toxins, or pathogens [150]. In contrast, the goal of negative selection screens is to
identify sgRNA-induced genetic perturbations that cause cells to be depleted during
selection. This allows the identification of essential genes, which could potentially

be used as druggable targets for cancers [150, 154].

sgRNA design and cloning

Virus production l
2,
LR,
o s
Rk

= /’ACelLsﬂ‘

Low-MOlI transduction {
= .x-
& \

Selection for l
transduced cells

1

Readout by next-generation sequencing

Figure 1.4. Workflow of pooled CRISPR screens

First, sgRNAs are designed and synthesised, followed by cloning into the lentiviral vector of
choice. This generates a plasmid sgRNA library, which leads to a lentiviral sgRNA library
with a similar representation of sgRNAs after virus packaging. The lentiviral sgRNA
library is then applied to cells at a low multiplicity of infection (MOI). sgRNA-carrying
cells are isolated before and after selection (usually by flow cytometry), and sgRNAs are
read out using next-generation sequencing (NGS). Adapted from (Shalem et al., 2015)

[150].
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In pooled screens, sgRNA libraries are usually introduced to cells using viral trans-
duction. Therefore, after designing the sgRNAs for each gene of interest and pos-
itive/negative control gene, which is usually based on published papers or com-
putational tools [146-149], the sgRNAs are cloned into plasmid backbones. As
previously described, on-target activity and off-target effects differ among differ-
ent sgRNAs targeting the same gene. To mitigate this impact on screening re-
sults (e.g. generating false-positive hits), at least 4 sgRNAs are usually designed
and included in the library for each gene [151, 154]. Subsequently, the plasmid li-
brary is packaged into lentivirus, retrovirus, or adeno-associated virus (AAV), while
lentiviral sgRNA libraries are the most commonly used [154]. Instead of designing
and constructing the sgRNA library from scratch, many genome-wide and targeted
sgRNA libraries are also commercially available, for example, through Addgene
(http://www.addgene.org/pooled-library/#crispr). The lentiviral sgRNA li-
brary is then delivered to the cells at the onset of a screen, and the lentiviral library
needs to be applied at a low multiplicity of infection (MOI) to increase the chance
of introducing only 1 sgRNA to most cells [150, 154]. Finally, next-generation se-
quencing (NGS) is used to read out and compare the number of sgRNAs in the
cells before and after a selection pressure is applied. Screening hits are then iden-
tified using statistical analyses followed by functional validation of individual hits
[150, 151, 154]. In a successful screen, the distribution of sgRNAs in the cells after
the selection pressure is applied should be more skewed than at baseline. If control
sgRNAs are included in the library, they can also be used to help interpret whether

the screen is successful or not [154].

Sufficient coverage of the sgRNA library needs to be kept throughout all steps of
the screen, including the transduction of cells using the lentiviral sgRNA library,
upon transplantation and after engraftment of cells, isolation of sgRNA-carrying
cells, and PCR amplification of the sgRNA sequences. A high representation of
the sgRNA library is imperative to avoid picking up false-positive hits due to ran-
dom depletion of sgRNAs [151, 154]. Genome-wide CRISPR screens have been
successfully performed in vivo with approximately 400-fold coverage of the sgRNA
library by different research groups [156, 157]. Besides, Strezoska and colleagues
compared the reproducibility and ability to identify primary hits of short hairpin
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RNA (shRNA)-based screens, which were performed with 100- and 500-fold coverage
of the shRNA library. They demonstrated that even though higher coverage of the
shRNA library significantly increased the reproducibility of the screen, the screen
with 100-fold shRNA representation was able to detect a large proportion of the hits
identified by the screen done with 500-fold ShRNA representation [158]. Considering
CRISPR-based screens allow lower coverage than RNAi-base screens due to their
higher specificity, CRISPR screens with a 100-fold representation of sgRNAs may
be able to identify the hits with more prominent changes. In contrast, a 500-fold

or higher representation of sgRNAs can be necessary if small changes are expected

[151, 158].

It can be technically challenging to maintain high coverage of the sgRNA library
during ez vivo and in vivo CRISPR screens. First, as cells need to be transduced at a
low MOI, a large number of cells need to be used during infection in order to reach a
high sgRNA representation. This can be infeasible when a large-scale screen such as
a genome-wide screen is performed, especially when primary cells are used. Second,
in n wvivo screens involving transplantations, the engraftment efficiency and time
of engraftment of the cells can be difficult to predict [154]. To increase the sgRNA
representation and engraftment efficiency in each recipient mouse, more cells need to
be transplanted per mouse. This can cause the recipient mice to become moribund
before the desired phenotypes can be observed or the knockouts happen completely
[151, 154]. Of course, it is not necessary to maintain a 400- to 500-fold coverage of
the sgRNA library in every recipient mouse, since the cells from different recipient
mice could be computationally or physically pooled together as single biological
replicates to reach the intended sgRNA representation [156, 159]. However, this
means a number of mice need to be transplanted and sacrificed at the same time,
especially when the sgRNA library is large. Therefore, focused CRISPR screens
with limited sgRNA library sizes have been more commonly performed by many
research groups in vivo[160-163], even though an increasing number of large-scale

in vivo screens began to emerge [156, 164-166].
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1.5.3 Applications of CRISPR-based screens in leukaemia

research

Even though the genomic landscape of AML and AML-related gene overexpression
has been better delineated during recent years, it remains to be determined whether
a specific mutation or aberrantly overexpressed gene is functionally important and
can be used as a druggable target to address the unmet clinical challenges [5, 14,
155]. CRISPR screens appear to be a powerful tool to address this question, which
allows the identification of genes that are essential for AML cell survival (known as

AML dependencies) or genes involved in differentiation blockade in leukaemia cells

[162, 163).

The first CRISPR screens in AML cells were performed in wvitro, using common
leukaemia cell lines. Such in vitro CRISPR-based screens allowed comprehensive
investigation into genes essential to AML cells by virtue of the easy accessibility of
AML cell lines [167, 168]. Indeed, novel AML dependencies and potential thera-
peutic targets, such as KAT2A, have been successfully identified [167]. Wang and
colleagues also harnessed the screen to study synthetic lethal interactions and un-
covered genes specifically required by the oncogenic Ras [168]. Even though such
in vitro screens could generate many interesting datasets and findings, they failed
to recapitulate the interactions between AML cells and the surrounding BM mi-
croenvironmental factors, which, as described above, are actively involved in AML
development. This means that the context-specific AML dependencies can hardly
be identified using such in vitro screens, especially when many of the AML cell lines

in use are cytokine-independent [167, 168].

More recently, several in vivo CRISPR screens focused on AML have been published.
Due to the technical challenges of reaching high sgRNA representation in vivo, they
often used a focused sgRNA library, which means only the essentiality of genes
involved in specific biological processes (cell surface receptor signalling, etc.) was
investigated [161, 162]. To my knowledge, the first in vivo genome-wide screen in
murine models of AML was published very recently [164]. Even though such in vivo
screens should in theory outperform the in wvitro screens by allowing interactions

between genetically perturbed AML cells and the surrounding BM niche, they still
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have limitations (to be discussed more in detail in Chapter 3). An in vivo CRISPR
screen which can more faithfully study the effect of genetic perturbations on AML

cells in a strictly BM microenvironment-dependent context is warranted.
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Chapter 2

Methods

2.1 Animals

All experimental procedures and mouse breeding and maintenance were in accor-
dance with UK Home Office regulations. All experiments were approved by the
Oxford University Clinical Medicine Ethical Review Committee. All mice used
were from the C57Bl6/J background. For transplantations, recipients were of the
CD45.1/2 allotype or the CD45.1 allotype; donor mice were of the CD45.2 allo-
type. To generate heterozygous CD45.1/2 recipients, WT C57BL/6 CD45.1 mice
were bred with WT C57BL/6 CD45.2 mice (Envigo, Huntingdon). Young mice were
2-3 months old and old mice were 23-25 months old. When multiple experimental
groups were analyzed, mice were allocated so that each group was evenly matched for
the age range. No statistical methods were used to predetermine the experimental

sample size.

2.2 Murine leukaemia model

Double transgenic mutant FL cells (Cebpa®313KK/Lp30) wwere previously generated
by combining constitutive knock-in mice expressing a mutation in the C-terminal of
C/EBPua ( Cebpa®313K/+) [13] with constitutive knock-in mice expressing a mutation
in the N-terminal of C/EBPa (Cebpa™®3%/*) [55]. The FL cells (CD45.2 allotype)
were competitively transplanted into lethally irradiated CD45.1/2 recipients along
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with CD45.1 WT competitor BM cells to develop and propagate C/EBPo mutant
AML in the recipient mice. When the recipient mice became moribund, Cebpa
mutant LICs (CD45.2 allotype) were enriched by harvesting the BM cells, followed
by c-Kit enrichment using the AutoMACS system (Miltenyi) [13, 56].

Unless otherwise indicated, all experiments involving a murine Cebpa mutant leukaemia
model were initiated by intravenously transplanting 25,000 c-Kit-enriched LICs into
sub-lethally irradiated (520 rads) CD45.1/2+ or CD45.1+ recipient mice. Using this
procedure, AML reproducibly progressed over 4 weeks to a terminal phase of leuko-
cytosis, anaemia, BM and spleen infiltration by leukemic cells and splenomegaly
[56]. Control (mock transplanted) mice for LIC transplantations were sub-lethally
irradiated and time-matched but not transplanted. In some experiments, 100,000-
200,000 c-Kit-enriched lentivirus-transduced LICs were co-transplanted with 1 mil-
lion CD45.1/2 or CD45.1 BM cells into CD45.1/2 or CD45.1 lethally irradiated (2 x
500rads) recipients. This led to the recipient mice becoming moribund in 3-4 weeks,
similar to the kinetics seen in the sub-lethally irradiated mice transplanted with

25,000 c-Kit-enriched LICs.

2.3 Cell preparation

2.3.1 BM

BM cells were isolated by crushing bones from the tibias and femurs (also pelves and
sternums in some experiments). BM cells were then filtered through a 50uM sterile

filter, and a cell count was performed on a Pentra Haematology Analyzer (Pentra

ES60, Horiba).

2.3.2 c¢-Kit enrichment of BM cells

c-Kit enrichment of BM cells was performed by positive selection using MACS mag-
netic separation (MACS Miltenyi Biotec, Bergisch Gladbach, Germany). BM cells
were magnetically labelled using CD117 MicroBeads (MACS Miltenyi Biotec) at
2.5uL/100 million cells and incubated on ice for 20 minutes. LS columns (MACS
Miltenyi Biotec) were placed on the MACS magnetic separator. BM cells were then
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added to the LS column. The LS column was washed three times and then removed
from the magnet. c-Kit positive cells were eluted by adding 5mL of phosphate-
buffered saline (PBS)+5% foetal calf serum (FCS) and forced through the LS col-
umn using the plunger. LS column was then washed using 3mL of PBS+5%FCS.

95uL of elute was used to perform a cell count on a NucleoCounter® NC-3000™,

2.3.3 Spleen

Splenic cells were isolated by crushing the spleen using a 1mL syringe plunger
through a 70uM sterile cell strainer. The strainer was then washed with 5mL of
PBS+5%FCS. 80uL was used to perform a cell count on a Pentra Haematology
Analyzer.

2.34 PB

Around 50-60uL of PB was taken from the tail vein of the mice. PB was collected in
heparin-coated microvette tubes (Sarstedt). PB parameters were taken by making a
1:5 dilution using 16uL of blood and 64uL of PBS and were analysed using a Pentra
Haematology Analyzer. White blood cells (WBCs) were isolated by resuspending the
blood in 10mL of lysis buffer containing ammonium chloride (150mM) and potassium
bicarbonate (10mM) for 7-8 minutes at room temperature. 1mL of 10X PBS was
then added to stop the lysis reaction, and samples were centrifuged at 500g for 5
minutes at 4°C. Cells were washed with 1mL of PBS+5%FCS and centrifuged at
500g for 5 minutes at 4°C.

2.3.5 BM stromal cell isolation

Protocols used to isolate CBM and BL stromal cell populations were adapted from
[169-171]. To isolate CBM stromal cells, dissected bones were crushed twice in
a pestle and mortar containing 5mL PBS+5% FCS buffer, aspirated and passed
through a 50um mesh filter into a fresh 15mL Falcon. After crushing, remaining
bone fragments were kept for isolating BL niche cells. The filtered BM solution was
counted using a NucleoCounter® NC-3000™, centrifuged (5 minutes, 500g, 4°C)
and resuspended in 5mL Dulbecco Modified Eagle Medium (DMEM) containing

Page 31 Chapter 2



10% FCS, 200U/mL DNasel (Stemcell Technology) and 10mg of collagenase type
IV (Worthington Biochemical) for 20 minutes at 37°C on a rotating plate. After
incubation, cells were washed with PBS+5% FCS and centrifuged (5 minutes, 500g,
4°C). The pellet was resuspended in 5mL of ammonium chloride solution (StemCell
Technology) for 10 minutes at room temperature. The lysis reaction was neutralized
with 5mL of PBS+5% FCS, centrifuged (5 minutes, 500g, 4°C), resuspended in 5mL
PBS+5% FCS and counted. For CD45+ cell depletion cells were resuspended in
90uL PBS+5% FCS and 10pL anti-CD45 microbeads (Miltenyi) per 10X10° cells.
The solution was gently agitated every 2 minutes for a total of 20 minutes at 4°C
and passed through a MACS LS column (Miltenyi). Effluent cells were collected by

centrifugation (5 minutes, 500g, 4°C).

Remaining bone fragments left after CBM stromal cells isolation were minced into
smaller fragments using scissors, resuspended in 5mL of PBS+5% FCS and cen-
trifuged (5 minutes, 500g, 4°C) and resuspended in 5mL. DMEM containing 10%
FCS, 200U /mL DNasel (Stemcell Technology) with 15mg of collagenase type I (Wor-
thington Biochemical) for 45 minutes at 37°C on a rotating plate. Digested bone
fragments were allowed to settle and the top layer was aspirated, passed through
a 70um mesh filter into a 50mL Falcon tube and stored at 4°C. Collagenase treat-
ment was repeated on the remaining bone material to ensure maximum BL niche
cell recovery. The resulting cell solution was washed with 10mL PBS+5% FCS by
centrifugation (5 minutes, 500g, 4°C).

2.3.6 Freezing cells

10-20x10% BM cells were aliquoted and centrifuged at 500g for 5 minutes at 4°C.
The supernatant was discarded, and cells were resuspended in 1mL of IMDM-+20%
FCS+10% dimethyl sulfoxide (DMSO). Cells were then transferred into cryovials,
placed in a freezing container and placed in the -80°C freezer. Cryovials were moved

into liquid nitrogen storage the following day.
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2.3.7 Thawing frozen cells

Cryovials were thawed rapidly in a 37°C water bath. Cells were then transferred into
a 15mL falcon tube. 1mL of Iscove’s Modified Dulbecco’s Medium (IMDM)+20%
FCS was used to rinse the cryovial. 9mL of IMDM+20% FCS was added dropwise
into the 15mL falcon containing the cells. The cells were then centrifuged at 300g
for 6 minutes at room temperature. The supernatant was then removed and re-
suspended in 10mL of IMDM+20% FCS and centrifuged at 300g for 6 minutes at
room temperature. The supernatant was then removed, and cells were resuspended
in 1mL of PBS+5% FCS. Cells were then counted using a haemocytometer or a
NucleoCounter® NC-3000™.

2.4 Flow cytometry and Fluorescence-activated cell

sorting (FACS)

2.4.1 Antibody staining and flow cytometry analysis

Details of mouse antibodies and viability dyes used for flow cytometry are shown
in Table 2.1. All antibodies were used at pre-determined optimal concentrations,
determined by titration. From BM, 10x10° cells were used for the LIC staining
panel. From the spleen, 5x10° cells were used for the LIC staining panel. From
PB, all the WBCs isolated were used for the WBC staining panel. In stains where
anti-FcyRII/IIT antibody was not included, cells were incubated with purified anti-
FeyRII/IIT antibody to prevent non-specific antibody binding. Gates were set using
a combination of fluorescence minus one control and populations known to be neg-
ative/positive for the antigen. Leukaemic myeloblasts (LBs) in the BM /spleen were
defined as CD45.2+Lineage-Sca-1-c-Kit-CD11b". LICs in the BM /spleen were de-
fined as CD45.2+Lineage-Sca-1-c-Kit+CD11b. Leukaemia cells in the PB were
defined as CD45.24-CD19-CD4-CD8a-NK1.1-CD11b+. CBM VECs were defined
as Ter119-CD71-CD45-CD314. BL VECs were defined as Ter119-CD71-CD45-
CD314. OBs were defined as Ter119-CD71-CD45-CD31-ALCAM+.
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Antigen and Fluorophore Supplier Catalogue Number Application

7-Aminoactinomycin D (7TAAD) Biotium 40037 Cell viability

Anti-mouse CD16/32 eBioscience 14-0161-81 Fc receptor block

Anti-mouse NK1.1 BV650 BioLegend 108735 PB staining

Anti-mouse CD19 PE-Cy7 eBioscience 25-0193-82 PB staining

Anti-mouse CD4 ACP-eF780 eBioscience 47-0042-82 PB staining

Anti-mouse CD8a APC-eF780 eBioscience 47-0081-82 PB staining

Anti-mouse CD11b APC eBioscience 17-0112-83 PB staining

Anti-mouse Grl PO ThermoFisher RM3030 PB staining

Anti-mouse CD45.1 AF700 BioLegend 110724 Allotype discrimination during LIC and PB staining

Anti-mouse CD45.2 PB Biolegend 109819 Allotype discrimination during LIC and PB staining

Anti-mouse Ter119 PE-Cy5 BioLegend 116210 Lineage staining during LIC and GMP staining;
Stromal cell staining

Anti-mouse CD4 PE-Cy5 BioLegend 100514 Lineage staining during LIC and GMP staining

Anti-mouse CD8a PE-Cy5 BioLegend 100716 Lineage staining during LIC and GMP staining

Anti-mouse CD5 PE-Cy5 BioLegend 100610 Lineage staining during LIC and GMP staining

Anti-mouse Grl PE-Cy5 BioLegend 108410 Lineage staining during GMP staining

Anti-mouse CD11b PE-Cy5 BioLegend 101210 Lineage staining during GMP staining

Anti-mouse B220 PE-Cy5 BioLegend 103210 Lineage staining during GMP staining

Anti-mouse Sca-1 BV786 BD Horizon 563991 LIC staining; GMP staining

Anti-mouse c-Kit ACP-eF780 eBioscience 47-1171-82 LIC staining; GMP staining

Anti-mouse CD11b (Macl) PE-CyT7 eBioscience 25-0112-81 LIC staining

Anti-mouse CD41 BV421 BioLegend 133911 GMP staining

Anti-mouse CD150 APC BioLegend 115910 GMP staining

Anti-mouse CD16/32 PE-Cy7 eBioscience 25-0161-82 GMP staining

Anti-mouse CCR1 PE R&D Systems FAB5986P CCRI1 staining

Rat IgG2B PE Isotype Control R&D Systems IC013P Isotype control for CCR1 staining

Anti-mouse CD127 PE BioLegend 135009 IL7RA staining

Rat IgG2a, kappa PE Isotype Control BioLegend 400507 Isotype control for IL7TRA staining

Anti-mouse CD71 FITC Biolegend 113806 Stromal cell staining

Anti-mouse CD45 AF700 eBioscience 56-0451-82 Stromal cell staining

Anti-mouse CD31 PE-Cy7 eBioscience 25-0311-82 Stromal cell staining

Anti-mouse Sca-1 BV605 BioLegend 108133 Stromal cell staining

Anti-mouse ALCAM BIOTIN R&D Systems BAF1172 Stromal cell staining

Anti-mouse Streptavidin BV421 BioLegend 405226 Secondary staining during stromal cell staining

Table 2.1. Mouse antibodies and viability dyes used for low cytometry analysis
and cell sorting

The antigen, fluorophore, supplier, catalogue number, and application of each antibody
used in this study are shown.

2.4.2 FACS

To sort GFP+ (coexpressed with sgRNA) leukaemic cells for CRISPR screens or
indel analyses, all BM cells from the secondarily transplanted leukemic mice were
used. In some experiments, the leukaemic BM cells recovered from thawed vials

were used for sorting. To sort leukaemia cells for quantitative Real-Time PCR
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Analysis (qRT-PCR), all BM cells from the secondarily transplanted leukaemic mice
were used. To sort healthy GMPs for qRT-PCR analysis, BM cells from the mock
transplanted mice were first c-Kit-enriched, and all enriched cells were used for
sorting. To sort CBM and BL stromal cells from young and aged mice for multiplex
qRT-PCR, all collagenase-digested CBM and BL stromal cells from each mouse
were used. In stains where anti-FcyRII/III antibody was not included, cells were
incubated with purified anti-FcyRII/IIT antibody to prevent non-specific antibody
binding. Gates were set using a combination of fluorescence minus one controls and

populations known to be negative/positive for the antigen.

2.4.3 Instrument and analysis

Cell acquisition and analysis were performed on a BD LSRFortessa (BD Biosciences)
using BD FACSDivaTM software (BD Biosciences). Cell sorting was performed on
a BD FACSArialll cell sorter or a BD FACSAria Fusion (BD Biosciences). Analysis
was performed using Flowjo software version 10.6.2 (Flowjo LLC, Oregon, USA).

2.5 RNAseq library preparation

Leukaemia (LICs and LBs) and BM stromal cell populations were isolated and
FACS sorted from the Cebpa mutant leukaemia mice at 2, 3, and 4 weeks after
LIC transplantation. GMPs and BM niche cells purified from time-matched, mock
transplanted mice were used as control. ¢cDNA synthesis and PCR amplification
were performed based on the Smart-seq2 protocol with modifications [172]. Finally,
different samples were pooled and sequenced on an Illumina HiSeq4000 (50bp single-
end reads). More details of how the sequencing library was prepared can be found
in Thomas, 2018 [56]. RNAseq library preparation for comparing young and aged
BM niche cell populations has been described in Valletta et al., 2020 [130].

2.6 Candidate gene selection for the CRISPR screens

For the first screen, candidate genes were selected solely based on RNAseq data of

murine Cebpa mutant LICs (vs normal GMPs) [56]. First, cytokine receptor genes
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that were overexpressed (log2 fold change > 1, adjusted p-value < 0.05) in LICs at
more than 1 time point of leukaemia development and had an reads per kilobase of
transcript per million (RPKM) value > 5 were included (details to be described in
Chapter 3.3). This included Cerl, 1117rb, 1122ra2, Il2rg, and Tgfbri. In addition,
another two similarly overexpressed non-receptor genes, Gdf3 and Slc39a/, were
included. SgRNAs were designed for each of the 7 candidate genes (Table 2.2) based
on the sgRNAs in the Mouse version 2 (v2) CRISPR library developed by Koike-
Yusa and colleagues [167]. The Mouse v2 library consists of 90,230 guide sequences
targeting a total of 18,424 mouse genes, which were designed using a customised
pipeline as described in Tzelepis K, 2016 [167]. Since there were up to 5 guides for
each gene in the Mouse v2 library, all of the guides targeting the 7 candidate genes
were selected, resulting in a library of 35 unique sgRNAs. Sequences of the sgRNAs
are provided in Table 2.3.

Candidate Genes Time Points Log?2 fold change Adjusted p-value RPKM in LICs
Cerl Week 2 3.845114223 5.39E-31 48.55067762
Cerl ‘Week 3 3.548441319 3.44E-28 35.95582818
Cerl ‘Week 4 3.865946843 1.65E-29 50.5869161
1122ra2 Week 2 3.814077452 7.48E-22 117.9842688
1122ra2 Week 3 2.687286274 1.19E-10 45.3509545
1122ra2 Week 4 3.59959718 3.06E-11 171.1062273
117rb ‘Week 2 1.994869264 2.18E-07 25.6596996
Il17rb ‘Week 3 1.852159784 4.85E-06 22.64327947
Il17rb ‘Week 4 1.711024542 2.68E-05 20.79815395
Tgfbri Week 2 1.277245151 0.002490904 9.784453796
Tgfbri ‘Week 3 1.155922082 0.000940726 8.87740816
Tgfbri ‘Week 4 1.11734502 0.008806368 8.606358517
112rg Week 2 2.340238382 3.91E-20 833.2353602
112rg Week 3 0.85398573 0.003793577 297.0620362
112rg Week 4 1.902246627 1.24E-14 602.2652959
Gdf3 Week 2 3.180506361 2.64E-13 97.11988081
Gdf3 ‘Week 3 3.559779957 1.22E-08 142.6206425
Gdfs3 ‘Week 4 3.129845131 1.80E-13 92.28504707
Slc39a4 ‘Week 2 7.561869743 7.51E-55 32.95190144
Slc39a4 ‘Week 3 9.175376474 5.26E-53 38.53863334
Slc39a4 Week 4 8.247016203 4.19E-76 77.68612372

Table 2.2. Candidate genes included in the first CRISPR screen

The RPKM value (LICs), log2 fold change (LICs vs GMPs), and adjusted p-value (LICs
vs GMPs) of the genes included in the CRISPR screen at different time points are shown.

For the second screen, candidate genes were selected based on the RNAseq data of

murine Cebpa mutant LICs and gene expression profiles of human AML samples
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sgRNA ID Target gene Guide sequence Application
Ccerl a Cerl GGTAGCAAATATCAGACGCA The first screen, validation
Ccrl b Cerl GGTGAGTGAACTCCCACT The first screen
Cerl ¢ Cerl GGCTTAAAAAAGTATAAGGC The first screen
Cerl d Cerl GGTATCTGTCAATCGTCAAC The first screen
Cerl e Cerl GGAACACTAGAGAATACA The first screen
Slc39a4 a Sle39a4 GGACGATTACCTGGCCACAC The first screen
Slc39a4 b Slc89a4 GGCCTTTTCACACGGCCCGT The first screen
Slc39a4 ¢ Slc39a4 GGACGGCCTGTTAAATACGC The first screen
Slc39a4 d Slc39a4 GGTCCTGAATACGGATAG The first screen
Slc39a4 e Slc39a4 GGTCCCAATATCACGCTGCA The first screen
Gdf3 a Gdf3 GGCGATCCCACCCTAAGGT The first screen
Gdf3 b Gdf3 GGCTGTCTGTGGTTCAGGAC The first screen
Gdf3 ¢ Gdf3 GGCAGGTTATAGTAGGACC The first screen
Gdf3 d Gdf3 GGAGGACTTATGCTACGTGA The first screen
Gdf3 e Gdf3 GGAAGACGCGAGGCACAGGT The first screen
I117rb a I117rb GGTTCAACGGGACACGACAT The first screen
I117rb b I117rb GGAGGGAGTTTACCTGGCG The first screen
I117rb c 1117rb GGACTTGCTTTGCCGCCGGA The first screen
I117rb d 1117rb GGCAAACTTACCGTCTGCC The first screen
I117rb e 1117rb GGTCTTGACGAGTTCCACT The first screen
1122ra2 a 1122ra2 GGTATTTTGCACTGGCAAGC The first screen
1122ra2 b 1122ra2 GGAAGATAAAGTTGACTGC The first screen
I122ra2 c 1122ra2 GGTACGAGCTGTATTACGGG The first screen
1122ra2 d 1122ra2 GGGTTATAGTCACGACCGG The first screen
I122ra2 e 1122ra2 GGCAAAGATGCGTTAACTC The first screen
Il2rg a Ii2rg GGCAATACTTGGTGCAGTAC The first screen
I2rg b Il2rg GGTTCTGTACAGCTCGCCTC The first screen
I2rg c 112rg GGTATAGTGCAGCGTGAGGT The first screen
Il2rg d 112rg GGAGTACATGAATTGCACT The first screen
I2rg e 112rg GGAGCACTGAACCTCTGGAA The first screen
Tgfbrl a Tgfori GGAATAGAACTCCCAACTAC The first screen
Tgfbrl b Tgfbri1 GGAAAGCAGTCAGCTGGCCT The first screen
Tgfbrl ¢ Tgfbr1 GGCTCTTCATTTGGCACACGG The first screen
Tgfbrl d Tgfbri GGAAAGGGCGATCTAGTGA The first screen
Tgfbrl e Tgfbri GGTTTGGCGAGGCAAATGGC The first screen

Table 2.3. Sequences of sgRNAs used in the first screen

The target gene, guide sequence, and application of each sgRNA used in this first screen
are shown.

published by Valk and colleagues simultaneously [173]. In brief, cytokine receptor
genes that were overexpressed both in human AML cells with a log2 fold change > 1
(compared with CD344 normal HSPCs) and in mouse LICs with a log2 fold change
> 0 (compared with normal GMPs) at any time point of leukaemia development
were included (details to be described in Chapter 3.4). This included Cer1, Csf2ra,
Ifngrl, 1117ra, 1118rap, 11217, Il3ra, 1l5ra, Il7r, and Pdgfrb (Table 2.4). 5 sgRNAs
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were designed and included for each of them except for Cerl, as previously described.

5 sgRNAs targeting Rpal were included as the control for positive regulators of

leukaemia cell proliferation [160]. 10 sgRNAs targeting Rosa20, Renilla luciferase,

etc., were used as the negative control.

This resulted in a library of 60 unique

sgRNAs. Sequences of the sgRNAs are provided in Table 2.5.

Candidate Genes Dataset Time Points Log2 fold change Adjusted p-value Log?2 fold change
(LICs vs GMPs) (Human AML vs Healthy)

Cerl Mouse Cebpa mutant LICs Week 2 3.845114223 5.39E-31 NA

Cerl Mouse Cebpa mutant LICs ‘Week 3 3.548441319 3.44E-28 NA

Cerl Mouse Cebpa mutant LICs ‘Week 4 3.865946843 1.65E-29 NA

CCR1 Human AML NA NA NA 1.624967167

Csf2ra Mouse Cebpa mutant LICs ‘Week 2 0.802121397 0.035119799 NA

Csf2ra Mouse Cebpa mutant LICs Week 3 1.06134143 1.15E-05 NA

CSF2RA Human AML NA NA NA 1.711747336

Ifngri Mouse Cebpa mutant LICs ‘Week 2 0.921993766 1.88E-05 NA

Ifngri Mouse Cebpa mutant LICs ‘Week 4 0.742306846 7.16E-05 NA

IFNGR1 Human AML NA NA NA 1.176602808

1117ra Mouse Cebpa mutant LICs ‘Week 3 0.941524973 0.013998571 NA

IL17RA Human AML NA NA NA 1.056634876

1118rap Mouse Cebpa mutant LICs ‘Week 2 2.091635166 0.000455019 NA

1118rap Mouse Cebpa mutant LICs ‘Week 3 1.992389872 0.000889393 NA

IL1ISRAP Human AML NA NA NA 1.977783346

11217 Mouse Cebpa mutant LICs Week 3 1.868410429 2.76E-05 NA

IL21R Human AML NA NA NA 1.292215905

Il3ra Mouse Cebpa mutant LICs ‘Week 3 2.004588431 5.34E-07 NA

IL3RA Human AML NA NA NA 1.220007244

Il5ra Mouse Cebpa mutant LICs Week 2 3.564081342 3.11E-08 NA

1l5ra Mouse Cebpa mutant LICs ‘Week 3 5.254706064 3.64E-11 NA

Il5ra Mouse Cebpa mutant LICs ‘Week 4 1.910088138 0.008237508 NA

IL5RA Human AML NA NA NA 1.74249467

I7r Mouse Cebpa mutant LICs Week 3 2.488340855 0.007869541 NA

IL7R Human AML NA NA NA 3.040447529

Pdgfrb Mouse Cebpa mutant LICs Week 2 1.70754387 0.00744601 NA

Pdgfrb Mouse Cebpa mutant LICs ‘Week 3 3.386429132 5.14E-13 NA

Pdgfrb Mouse Cebpa mutant LICs ‘Week 4 1.354010669 0.044230762 NA

PDGFRB Human AML NA NA NA 1.088658686

Table 2.4. Candidate genes included in the second CRISPR screen

The log?2 fold change (LICs vs GMPs and human AML cells vs healthy CD34+- cells), and
adjusted p-value (LICs vs GMPs) of the genes included in the CRISPR screen are shown.
For the values retrieved from the RNAseq data of mouse Cebpa mutant LICs, only the
values with an adjusted p-value < 0.05 are shown.

Table 2.5. Sequences of sgRNAs used in the second screen

sgRNA ID

Target gene

Guide sequence

Application
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Csf2ra a

Csf2ra b

Csf2ra ¢

Csf2ra d

Csf2ra e

Ifngrl a

Ifngrl b

Ifngrl c

Ifngrl d

Ifngrl e

I117ra a

I117ra b

Il17ra c

I117ra d

Il17ra e

Il18rap a

I118rap b

I118rap ¢

I118rap d

I118rap e

I121r a

I121r b

I121r ¢

1121r d

I121r e

I13ra a

Il3ra b

I13ra c

I13ra d

I13ra e

Il5ra a

Il5ra b

Il5ra c

Csf2ra

Csf2ra

Csf2ra

Csf2ra

Csf2ra

Ifngri

Ifngri

Ifngri

Ifngri

Ifngri

1117ra

1117ra

Il17ra

Il17ra

Il17ra

Il18rap

1118rap

Il18rap

Il18rap

1l18rap

1n21r

11217

11217

11217

121r

1l3ra

1l3ra

113ra

113ra

113ra

Il5ra

Il5ra

GGATGCATGGCCGACCCCG

GGCGAGTACCGGACGTCCGC

GGCCACGTACCGAGACTCGC

GGCCGTGACGTTCCCCGCGG

GGTCCGACCACACCGGACGC

GGCTCGGAGAGATTACCCGA

GGTAGAACATTCGTCGGTAC

GGTATTCCCAGCATACGAC

GGTATAGTCGAATGTGTAAC

GGTGGAGCATAACCGGAGTG

GGCACCTCCTGCGCGCAGAC

GGATGAGGCCATACACCCAC

GGCGCCGATCAAGAGAAACA

GGGACTAATTCTCCGTGC

GGCGAGTGGACTTCACCCTG

GGAGTGGAAGTCCACTAG

GGTATCTCTTAGGAGCCCCC

GGCCAGTACTGCCAAGAAGT

GGTACACTGGACGTAGAGCT

GGACATACCACTTTATCAC

GGAATTGAGACAAGCGCATA

GGCAATGTGACGGACCAGTC

GGTATCATAGCGTCCTGAGA

GGCTCCAACTACGTGCTGAG

GGTGACCAAGCTGATCTCAG

GGCGCTGACATCACGACA

GGTTCGGACCCCGCTCCCAT

GGACGGGTGACGTGCACTAC

GGTTCTGGCGTGATGTGCGG

GGACACTCGCGGTTGTGGGC

GGTGCAACGAAGGGACACT

GGAAGTTAAATTCGTAACCG

GGCTTTGCAGCTAGCGTG

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen
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Il5ra d

Il5ra e

I7r a

II7r b

II7r ¢

I7r d

II7r e

Pdgfrb a

Pdgfrb b

Pdgfrb ¢

Pdgfrb d

Pdgfrb e

Rpal a

Rpal b

Rpal ¢

Rpal d

Rpal e

Rosa26 a

Rosa26 b

Rosa26 c

Rosa26 d

Rosa26 e

GAL4 a

GAL4 b

luciferase a

luciferase b

Jennifer Doudna (Scrambled)

Il5ra

nrr

nrr

'

e

Il

Pdgfrb

Pdgfrb

Pdgfrb

Pdgfrb

Pdgfrb

Rpal

Rpal

Rpal

Rpal

Rpal

Rosa26

Rosa26

Rosa26

Rosa26

Rosa26

GALY

GALJ

luciferase

luciferase

NA

GGTGTGACCCCCCTTCATGA

GGAACTTGAGCTAATCCAG

GGTGGCCTACCGCCCAGCAA

GGAACGACTTTCAGGTCAGA

GGTATGGCTATAAACACAAT

GGCAATATATGTGTGAAGCT

GGCTTCCATCCACTTCCAAC

GGTCGTAGGGTACGTGTAGG

GGACGTACCCCCGCATGA

GGTGGAGTGCCCTCCCGCAT

GGAATCCGCTGTCGTGGCCG

GGTGACGGTAAGGACCACTA

GGCTCACTTGGACTGGTACG

GGCAGCAGGCCAGTTCCGGC

GGAACACCCTGAAAGACGGC

GGCTGAACACCCTGGTCGA

GGCCTGGAGTAATTCCCGGG

GGCCCATCTTCTAGAAAGAC

G GTCTTTCTAGAAGATGGGC

GGTCCAGTCTTTCTAGAAGAT

GG AGTCTTTCTAGAAGATGGG

GGCTCCAGTCTTTCTAGAAGA

GGAGTGCACGATAGGGCAGTA

GGCACACTGTGATAACAGAAA

GGTGAATTGCTCAACAGTAT

GGATTCTAAAACGGATTACC

GGAGTAAAACCTCTACAAATG

The

The

second screen

second screen

The second screen, validation

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

The

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

second screen

The second screen, validation

The

The

The

The

The

The

The

second screen

second screen

second screen

second screen

second screen

second screen

second screen

The target gene, guide sequence, and application of each sgRNA used in this second

screen are shown.
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2.7 Lentiviral sgRNA library generation

The pL-CRISPR.SFFV.GFP vector was obtained from Addgene (#57827) [174].
All the sgRNAs used in this study (35 for the first screen; 60 for the second screen)
were cloned into the BsmBl-digested GFP vector. For the first screen, a GFP-
expressing lentiviral sgRNA library was generated by transfecting HEK293T cells
(ATCC, Virginia, USA) with the viral constructs encoding the 35 sgRNAs (as in
Table 2.3), plasmid pMD2.G and plasmid psPAX2 using PEI Pro (Polyplus Trans-
fection, New York, USA). As a control for transduction efficiency, sgRNAs targeting
Myodl (RPKM = 0 in LICs and LBs) were cloned into pL-CRISPR.SFFV .tRFP
(Addgene #57826) and the resulting virus co-transduced with the GFP-expressing
virus. For the second screen, a GFP-expressing lentiviral sgRNA library was gen-
erated by transfecting HEK293T cells with the viral constructs encoding the 60
sgRNAs (as in Table 2.5), plasmid pMD2.G and plasmid psPAX2. Harvests were
collected 48 and 72 hours post-transfection, combined and concentrated by ultra-

centrifugation (2 hours at 98,000g, 4°C).

2.8 In vivo CRISPR screens

c-Kit+ BM cells were freshly enriched from primarily transplanted leukaemic mice
as previously described and placed into culture (IMDM, with 0.05% BSA, 100U/m
penicillin, 100pug/mL streptomycin, 150uM 2-mercaptoethanol, mSCF at 50ng/mL,
mlL-3 at 10ng/mL, and mIL-6 at 10ng/mL). The c-Kit-enriched LICs were trans-
duced with concentrated lentiviral supernatant in the presence of 4ug/mL Polybrene.
The cells were incubated at 37°C, 5% CO2, for 8 hours. Spinfection with the lentivi-
ral supernatant was performed at 500g for 1 hour at room temperature in some of

the experiments.

For the first screen, c-Kit-enriched LICs were transduced with the GFP lentiviral
sgRNA library at an MOI of 20-30, defined as the titre on HEK293T cells divided
by the number of c-Kit-enriched leukaemia cells. This generated an infection rate of
ca. 20% (tested 48h after transduction started by flow cytometry). After the 8-hour
transduction, 100,000-150,000 cells (the equivalent of at least 400 transduced cells
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per sgRNA) were co-transplanted with 1 million WT CD45.1/2 BM cells into each
CD45.1/2 lethally irradiated recipient. 4-5 weeks post-transplantation, mice were
culled when they became moribund. SgRNA-expressing LICs (CD45.2+GFP+c-
Kit+CD11b) and LBs (CD45.24+GFP+c-Kit-CD11bM) were individually sorted
from the BM for genomic DNA (gDNA) extraction. For the second screen, c-Kit-
enriched LICs were transduced with the GFP lentiviral sgRNA libraries at an MOI
of 60-70. This generated an infection rate of ca. 35% (tested 48h after transduc-
tion started by flow cytometry). After the 8-hour transduction, 200,000 cells (the
equivalent of at least 1,000 transduced cells per sgRNA) were co-transplanted with
1 million WT CD45.1 BM cells into each CD45.1 lethally irradiated recipient. 3-4
weeks post-transplantation, mice were culled when they became moribund. SgRNA-
expressing LICs and LBs transduced were individually sorted from the BM for gDNA

extraction.

WT NIH3TS3 cells (ATCC, Virginia, USA) were transduced using the same lentiviral
libraries at an MOI of 1 overnight. This generated an infection rate of ca. 20-25%
(tested 48-72h post-transduction). SgRNA-expressing NIH3T3 cells (GFP+) were
sorted at 3 and 14 days post-transduction for gDNA extraction, which was used
as input. At least 500-fold coverage of the sgRNA library in NIH3T3 cells was

maintained throughout the process.

A QIAamp DNA micro kit (Qiagen, Maryland, USA) was used for gDNA extrac-
tion from the FACS sorted cell pellets, followed by quantification using a Qubit
dsDNA Assay Kit (Invitrogen). For each individually sorted sample, an amount
of gDNA equivalent to “500 cells per sgRNA (For the first screen, 115ng per LICs
or LBs sample; for the second screen, 180ng per LICs or LBs sample) was used
for PCR amplification. This helped preserve full sgRNA library complexity. sgRNA
sequences were amplified with primers designed around the sgRNA region with Nex-
tera X'T' compatible overhangs, which allowed for indexing. A stagger sequence was
included in the forward primers between Nextera X'T compatible overhangs and the
forward sequence [175]. The primers for sgRNA amplification are listed in Table
2.6. PCR products were purified using Ampure XP beads, evaluated using a DNA
1000 kit on an Agilent 2100 Bioanalyzer, and quantified using a Qubit dsDNA As-
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say Kit. A second PCR was performed to add Nextera XT Index Kit v2 (Illumina)
sequencing adapters to the amplicons. PCR products were purified using Ampur-
eXP beads, evaluated using a DNA 1000 kit on an Agilent 2100 Bioanalyzer, and
quantified using a Qubit dsDNA Assay Kit. Finally, the samples were pooled and
sequenced on a MiSeq (Illumina, 150 bp paired-end reads) to investigate the change
in the sgRNA representation between the leukaemic and input NIH3T3 samples.

Gene/Genomic region Assay Sequence

sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtatatcttgtggaaaggacg

sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAtatatcttgtggaaaggacg

sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAtatatcttgtggaaaggacg
sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGAtatatcttgtggaaaggacg
sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCGAtatatcttgtggaaaggacg
sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATCGAtatatcttgtggaaaggacg
sgRNA amplification Forward PCR TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATCGAtatatcttgtggaaaggacg
sgRNA amplification Reverse PCR GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGgtggatgaatactgecatttgte

Table 2.6. Primers for sgRNA Amplification
Sequences of oligonucleotides used for sgRNA library preparation (PCR) are shown.

2.9 qRT-PCR

Total RNA was extracted using an RNeasy Plus Micro Kit (QIAGEN, Valencia, CA)
from FACS sorted LICs, LBs, and normal GMPs. LICs and LBs were sorted 4 weeks
after LIC transplantation; normal GMPs were sorted from the mock transplanted
mice 4 weeks after irradiation. cDNA was synthesized using the Superscript 111 First-
Strand Synthesis System (Invitrogen, Grand Island, NY). qRT-PCR reactions were
performed using Taqman assays (Thermo Fisher Scientific) (Table 2.7) and TagMan
universal PCR master mix according to the manufacturer’s instructions (Applied
Biosystems, Hammonton, NJ). A TagMan probe for mouse B2m (Mm00437762_m1)
was used as an endogenous control. Ct values were generated using a QuantStudio
7 Flex Real-Time PCR System and then normalised to B2m. 2-4¢t values were then

used for analysis.
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Gene Assay Assay ID

B2m Tagman probe MmO00437762_m1
Gapdh Tagman probe Mm99999915_g1
Cerl Tagman probe Mm01216147_m1
1l2rg Taqgman probe Mm01229219_g1
Il17rb Taqgman probe MmO00444709-m1
Tgfbri Tagman probe Mm00436964-m1
1122ra2 Tagman probe Mm01192969-m1
Irr Tagman probe MmO00434295_m1
Il5ra Tagman probe MmO00434284_m1
1118rap Tagman probe MmO00516053_m1
Ifngrl Tagman probe Mm01192836_m1
1i2ir Tagman probe MmO00600317_m1
Csf2ra Taqgman probe MmO00438331_gl
Pdgfrb Tagman probe MmO00435553_m1
I1l17ra Taqman probe MmO00434214_m1
1l3ra Tagman probe MmO00434273_m1
Ccl3 Tagman probe MmO00441259_g1
Cel5 Tagman probe MmO01302427_m1
Ccl6 Tagman probe MmO01302419_m1
Ccl9 Tagman probe Mm00441260-m1

Table 2.7. Tagman assays
The identity of TagMan probes used for qRT-PCR in this study is shown.

2.10 Multiplex qRT-PCR analysis

Multiplex qRT-PCR was performed on CBM VECs, OBs, and BLL VECs isolated
from young and aged mice (100 cells per replicate). CellDirect One-Step qRT-PCR
kit (Thermo Fisher Scientific) was used according to the manufacturer’s protocol for
the preparation and amplification of cDNA. 10uL of preamplification buffer consisted
of 2.5uLL TagMan assay mix containing all assays at 0.2X dilution, 5uL. CellsDirect
2X Reaction mix (Invitrogen), 1.2uL CellsDirect RT/Taq mix (Invitrogen), 1.1uL
TE buffer and 0.2uL. SUPERaseln RNase Inhibitor (Ambion). Targeted cDNA pre-
amplification was performed during 20 cycles and preamplified product was diluted
1:5 in TE buffer before further processing. The BioMark 192.24 Dynamic Array
platform (Fluidigm, California, USA) and Taqman Gene Expression Assays (Thermo
Fisher Scientific) were used to perform the multiplex qRT-PCR according to the
manufacturer’s instructions. Taqman Gene Expression Assays used in this study

were listed in Table 2.7.
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2.11 ELISA

Femurs and tibias from mice were flushed with 200uL of PBS; the flushed BM suspen-
sion was centrifuged (5 minutes, 500g, 4°C), and the BM supernatant was collected,
aliquoted and kept at -80°C. CCL3, CCL6, and CCL5 BM supernatant levels were
determined using the Mouse CCL3 Quantikine ELISA Kit (R&D systems), Mouse
CCL6/C10 DuoSet ELISA (R&D systems), and Mouse CCL5/RANTES Quantikine
ELISA Kit (R&D systems) according to the manufacturer’s instructions, respec-

tively.

2.12 Quantification of CRISPR editing

The QIAamp DNA Micro Kit was used for gDNA extraction from FACS sorted
GFP+ NIH3T3 cells, GFP+ LICs, GFP+ LBs, and non-edited cells (without trans-
duction). Genomic regions flanking the sgRNA binding regions were PCR ampli-
fied. PCR products were run on a 2% agarose gel, followed by gel extraction using
a Monarch DNA Gel Extraction Kit (NEB). Purified PCR products were then sub-
jected to Sanger sequencing. Sanger sequencing files were analysed using Synthego’s
ICE (short for Inference of CRISPR Edits) tool (https://ice.synthego.com/) to
calculate the CRISPR editing efficiency. The primers for amplifying and sequencing
each sgRNA binding region are listed in Table 2.8.

Genomic region Assay Sequence

Ccrl sgRNA a binding site Forward PCR CTAGCCATCTTAGCTTC

Cerl sgRNA a binding site Reverse PCR GTGGATGGAGATATAGAAC
Cerl sgRNA c binding site Forward PCR CTAGTGTTCATCATTGGAGTG
Ccrl sgRNA c binding site Reverse PCR GCTTACTCTGCTCACACTG

I17r sgRNA a binding site Forward PCR CTGCTGACCTCCTGTTGTC

I17r sgRNA a binding site Reverse PCR CAAGGAGGCTATCTAGGAAGAT
I17r sgRNA d binding site Forward PCR GGTAGATGGCCTGCTTTAG

I17r sgRNA d binding site Reverse PCR CCTCCTCACCATTAACTTGC

Table 2.8. Primers for quantification of CRISPR editing

Sequences of oligonucleotides used for indel analysis of Ccrl and II7r alleles after sgRNA-
mediated gene editing are shown.
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2.13 In viwwvo validation of Cer1 and Il7r as de-
pendencies of Cebpa mutant LICs

c-Kit+ BM cells were freshly enriched from primarily transplanted leukaemic mice
and transduced with GFP lentiviral vectors encoding the sgRNAs targeting Cerl,
Il'7r, or Rosa26. sgRNA sequences used in this validation experiment can be found
in Tables 2.3 and 2.5. After 8 hours of transduction, the cells were washed by
centrifuge. An aliquot of cells from each infection group was re-plated and cultured
for up to 3 days. The percentage of GFP+ cells in culture was assessed by flow
cytometry at 48 and 72 hours post-transduction. The rest of the cells (200,000 cells
per secondary recipient mouse) were co-transplanted with 1 million WT CD45.1
BM cells into lethally irradiated CD45.1 recipient mice directly after the 8-hour
transduction. The mice were culled 3 weeks post-transplantation, and the engrafted

cells were analysed through flow cytometry.

2.14 Hydrodynamic injection

Krebs-Ringer modified buffer (pH 7.4) with 0.05% BSA was used as the final working
buffer for all hydrodynamic injections as previously described [130]. The injection
volume was ~8-12% of the mouse’s body weight [130]. After being generally anaes-
thetised, mice were tail vein-injected in the working buffer with vectors expressing
the genes of interest or an empty pCMV-entry vector as control. All the vectors used
were purchased from OriGene (Table 2.9). The injected mice were kept overnight

or 72 hours before being transplanted with leukaemic cells.

Product Name Catalogue Number Supplier Application

Ccl3 (NM_011337) Mouse Tagged ORF Clone MR225554 Origene Overexpressing CCL3
Ccl6 (NM_009139) Mouse Tagged ORF Clone MR200502 Origene Overexpressing CCL6
Ccl9 (NM_011338) Mouse Tagged ORF Clone MR223660 Origene Overexpressing CCL9
116 (NM-031168) Mouse Tagged ORF Clone MR227281 Origene Overexpressing IL-6
pCMV6-Entry Mammalian Expression Vector PS100001 Origene Empty control

Table 2.9. Plasmids for hydrodynamic injections

The product name, catalogue number, supplier, and application of each plasmid used for
hydrodynamic injections in this study are shown.
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2.15 Proliferation assay

c-Kit enriched Cebpa mutant LICs were maintained in 96-well flat-bottom plates in
0.1mL IMDM supplemented with 0.5% BSA, 100U /m penicillin, 100ug/mL strepto-
mycin, 150uM 2-mercaptoethanol, mSCF (50ng/mL), mIL-3 (10ng/mL), and mIL-6
(10ng/mL) at 37°C in 5% CO2. 25,000 viable cells were plated in each well. CCL3
(Peprotech), CCL6 (Peprotech), or CCL9 (Biolegend) were added to the culture at
a final concentration of 50ng/mL. The number of living cells was measured using
the CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega,

G3582) after 24 and 48 hours as instructed by the manufacturer’s instructions.

2.16 Drug treatment of leukaemic mice

For IL-7R-blocking experiments, young CD45.1 recipient mice were intraperitoneally
injected with 500ug monoclonal anti-IL7R antibody (A7R34; BioXCell) or 500ug iso-
type control antibody (2A3; BioXCell) 2 times a week for a total of 3 weeks. The
treatment was started the next day following sub-lethal irradiation and transplanta-
tion of 25,000 purified LICs. All mice were culled 21 days after LIC transplantation

for flow cytometry analysis.

For IL-6-blocking experiments, aged CD45.1 recipient mice were intraperitoneally
injected with 100ug of mouse IL-6 neutralising antibody (10F9; InvivoGen) or Rat
[gG2a isotype control (C1-2A7; InvivoGen) dissolved in 1mL of sterile saline solution
at 1-week intervals [130]. A total of 3 treatments were given to each mouse. 1
week after the last treatment, the mice were transplanted with 25,000 purified LICs
without irradiation. All mice were culled 28 days after LIC transplantation for flow

cytometry analysis.

BL5923 (kindly provided by Novartis) was dissolved in 0.5% hydroxyethyl cellulose
[176, 177] and kept at 4°C for no more than a week. Aged CD45.1 recipient mice were
transplanted with 25,000 purified LICs and treated twice daily by oral gavage at a
50mg/kg dose for 10 consecutive days starting at 10 days after LIC transplantation.
Control mice were treated with the relevant solvent in the same manner. All mice

were culled 21 days after LIC transplantation for flow cytometry analysis.
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2.17 Quantification and statistical analysis

2.17.1 Bulk RNAseq analysis

FASTQ files were inspected using FastQC (v0.10.1) for quality control analysis fol-
lowed by Nextera adapter sequence removal using TrimGalore! (v0.4.1; http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore) with a stringency
setting of 3. Then, reads were aligned using STAR (v2.4.2a) [178] against the mm9
mouse reference genome. Gene expression levels were quantified as read counts
using featureCounts (v1.4.5-pl) [179] and the UCSC mm9 annotation file. All
output files were quality assessed using MultiQC (v0.7) [180]. RNAseq data sup-
porting this study’s findings have been deposited in the Gene Expression Omnibus
under accession no. GSE210357 (gene expression profiles of Cebpa mutant LICs
and LBs), GSE210363 (gene expression profiles of AML-exposed BM stromal cells),
and GSE130899 (gene expression profiles of aged BM stromal cells). The read
counts were imported into RStudio (R project, Revolution Analytics), and the DE-
Seq2 (v1.14.1) [181] package was used for normalisation and differential gene ex-
pression analysis. Differentially expressed genes (DEGs) between samples from the
leukaemia and mock transplanted mice were defined as the ones with an adjusted
p-value < 0.05. RPKM values were calculated using the EdgeR::rpkm function
(v2.16.5) [182]. To generate a heatmap, In(RPKM+1) expression values were used
as input; euclidean distance and wards clustering methods were used to cluster
samples according to their expression of known gene sets. DEGs were ranked by
log2 fold change and used as the input for pre-ranked gene-set enrichment analy-
sis (GSEA). When GSEA was performed without pre-ranking, the transcripts per
million (TPM) value for each gene was used as input. GSEA was performed us-
ing GSEA software (v4.0.3) [183]. Hallmark gene sets and KEGG gene sets were
downloaded from the Molecular Signatures Database (http://www.gsea-msigdb.
org/gsea/msigdb/collections. jsp). Ranked DEGs were used as the input for
Metacore process network analysis (MPNA), which was performed using Metacore
v6.35 (Thomson Reuters, www.portal.genego.com) to determine enriched process

networks. All Metacore output displayed in the study has a p-value < 0.05.

For testing the probability of achieving the obtained overlap of DEGs (from the
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pool of all expressed genes with RPKM values > 1: 15399 genes for the CBM
VECs, 14778 genes for the perivascular cells) and perturbed networks (from the
pool of all analysed networks: 159 networks in total), p-values were calculated using
the hypergeometric test for 2-way overlap and random draw simulation (10,000,000
iterations) for 3-way overlap using Rstudio. Venn diagrams were generated using

the VennDiagram R package.

2.17.2 Pooled CRISPR screen data analysis

Raw FASTQ sequencing data files were first demultiplexed using Illumina indices.
For each sample, sequencing reads were searched for sequencing matching the de-
signed sgRNAs and the numbers of reads for each sgRNA were counted using a
custom-written script in R statistical programming environment. For mapping, a
maximum of one mismatch was allowed in the 19-20bp spacer sequence. Finally, the
total reads for all sgRNAs across different samples were normalised. After normal-
isation, for all sgRNAs, a count of 1 was added as a pseudo count. The change in
sgRNA representation during leukaemia development was determined by comparing
read counts from the end GFP+ leukaemic samples to input GFP+ NIH3T3 samples
sorted 3 days post-transduction. The MAGeCK robust ranking algorithm (RRA)
was used to calculate the enrichment and depletion of sgRNAs and genes [184, 185].
Figures were generated in RStudio. To identify enrichment and depletion of sgRNAs
that were not specific to leukaemia development, read counts from GFP+ NIH3T3
samples sorted 14 days post-transduction were compared to input GFP+ NIH3T3

samples sorted 3 days post-transduction.

For the first screen, the normalised data were also analysed by calculating CRISPR
gene scores (CS) [168]. First, the input abundance of the 35 experimental sgRNAs
was calculated by averaging the sgRNA representation of the 3 GFP+ NIH3T3 repli-
cates sorted 3 days post-transduction. Then, the log2 fold change in the abundance
of each experimental sgRNA was calculated between each of the 3 sorted GFP+
leukaemic replicates and the input and averaged across the leukaemic replicates.
Finally, the CS for the candidate genes were defined as the average log2 fold change
in the abundance of all sgRNAs targeting a given gene.
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2.17.3 The Cancer Genome Atlas (TCGA) data analysis

mRNAseq (RNA-Seq by Expectation-Maximisation (RSEM) values) and clinical
data for the TCGA-LAML cohort were downloaded from cBioportal (https://www.
cbioportal.org); raw RNAseq read counts were retrieved from the National Cancer
Institute Genomic Data Commons (GDC) (https://gdc.cancer.gov/about-data/
publications/laml_2012). CEBPA mutation status and the cytogenetic subtype
were extracted from the downloaded clinical data. The raw RNAseq read counts
of patients with CEBPA mutations were imported into RStudio and used as in-
put for differential gene expression using DESeq2. Principal component analysis
(PCA) was carried out on the output of DESeq2 (DEGs with an adjusted p-value <
0.05) to assess sample clustering using the prcomp function. GSEA was performed
without pre-ranking, using TPM values for each gene as input. When comparing
gene expression levels between TCGA-LAML samples and Genotype-Tissue Expres-
sion Project (GTEx) normal BM samples, TPM values free of computational batch
effects were downloaded from the UCSC Toil RNAseq Recompute Compendium
(https://xenabrowser.net/hub/) [186, 187].

For survival analysis, overall survival data from the fields, “OS_.MONTHS” and
“OS_STATUS”, were extracted from the downloaded TCGA-LAML clinical data.
The AML patients were segregated based on the CCR1 and IL7R mRNA expression
levels (RSEM values downloaded from cBioportal). Kaplan-Meier survival curves

and log-rank test were performed using Rstudio.

2.17.4 Beat AML data analysis

Raw RNAseq read counts, log2 normalised RPKM values of CCR1, CCL3, CCL23,
and IL7R, and detailed clinical annotations for the Beat AML cohort were down-
loaded from the Beat AML data viewer (Vizome, http://www.vizome.org/aml/)
[188]. Differential gene expression, PCA and GSEA analyses were performed on de
novo AML patients with CEBPA mutations as described above. For survival anal-
ysis, we accessed the overall survival data of all the de novo AML patients from the

fields, “OverallSurvival” and “VitalStatus” from the downloaded clinical data.
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2.17.5 Multiplex qRT-PCR analysis

Ct values were generated using the BioMark Real-Time PCR analysis software (Flu-
idigm). Each amplification curve for each gene and each cell was visually inspected
on the BioMark Real-Time PCR analysis software. Any outliers not automatically
detected from the software were manually changed to fail. Data analysis was then
performed in R statistical programming environment. Ct values of all assays marked
as ‘Fail’ were set as undetected (Ct = 999). Ct values were then normalised to the
geometric mean of the 2 housekeeping genes, B2m and Gapdh. 22t was then used
for analysis. Differential gene expression statistical significance between young and

aged BM stromal cells was performed using an unpaired Student’s t-test.

2.17.6 Statistical analysis

Unless otherwise indicated, the statistical significance of differences between groups
was calculated using an unpaired two-tailed Student’s t-test. A Mann-Whitney test
was performed if data did not conform to a normal distribution. Prism version 8
(http://www.graphpad.com) was used for statistical analysis and result visualisa-
tion. On graphs, error bars represent standard deviation. For all graphs, a p-value
of less than 0.05 was considered statistically significant, * indicates p-value < 0.05,

*kp-value < 0.01, ***p-value < 0.001, and ****p-value < 0.001.
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Chapter 3

Identification of cytokine receptors
potentially essential for LIC
survival using in vivo
CRISPR-Cas9 dropout screens

3.1 Introduction and aims

AML is the most common myeloid malignancy in adults [2]. The prognosis for elderly
AML patients is extremely poor: the estimated median overall survival of elderly
AML patients (>= 65 years old) is around 4 months [4]. Even for younger patients
(<= 60 years old), AML is cured in only 35-40% of them [1]. Therefore, there is
an urgent need to discover novel therapeutic targets and develop better-tolerated
treatments, especially for elderly AML patients who are too frail to receive intensive
chemotherapy. Ideally, the novel treatment should be able to eradicate LSCs, the
elimination of which is supposed to be essential for the cure of AML according to

the CSC model [30].

There is considerable evidence suggesting that the initiation and progression of
myeloid malignancies are influenced by the interplay between malignant haematopoi-
etic cells and the surrounding BM environmental factors. First, several studies have
shown that genetic modification of BM niche cells can induce myeloproliferative

disorders and even transplantable AML [78, 80, 81, 189]. This is associated with
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the genetically altered BM stromal cells, which induce increased production of pro-
inflammatory cytokines and chemokines such as TNF-o, G-CSF and CCL3 [80, 81].
In addition, AML cells can produce a similar range of pro-inflammatory cytokines
and chemokines, including IL-13, TNF-o, CCL3 and CCL23, which may support
AML cell growth [85, 94, 97, 101]. Importantly, primary human AML cells, espe-
cially the engraftable LSCs, are extremely difficult to be maintained and expanded
ex vivo over a long period, even if the culture is supplemented with a combination
of standard cytokines including SCF, TPO, IL-3, IL-6, etc [59, 190, 191]. Taken
together, AML cells may need a specific microenvironment with specific paracrine
and autocrine signals, which are usually pro-inflammatory, to maintain their leukae-
mogenic potential. One potential therapeutic target for AML could be the cy-
tokine receptors that are druggable using monoclonal antibodies or small molecule
inhibitors. In particular, the ones preferentially expressed on AML cells, especially
the LSCs, can be promising. Thus, the question I will address in this chapter is
which cytokine receptor(s) could be essential for the survival of AML cells, espe-
cially the leukaemia-propagating LLSCs that have the capability of self-renewal and

are refractory to standard therapies [17].

CRISPR screens have been widely used to identify genes essential for tumour pro-
gression in various cancers, including AML [155, 192]. However, many CRISPR
screens focused on AML were performed using AML cell lines [167, 168]. Such in
vitro screens can hardly reflect the native interaction between AML cells and the rel-
evant BM microenvironment where they reside, let alone identify essential cytokine
receptor genes. More recently, a couple of in vivo screens in murine models of AML
have emerged, potentially facilitating the study of interactions between AML cells
and the recipient microenvironmental factors [161, 162, 164]. However, they still

have obvious limitations.

The study of Lin and colleagues was not focused on cell surface receptors at all and
involved screening for PDX samples that remained transplantable after a period of
ex vivo culture, which might not be environmental factor-dependent anymore [162].
Besides, transplanting human AML cells into a murine BM microenvironment lim-

ited the possibility of comprehensively studying the interaction between the AML
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cell surface receptors and environmental factors since not all human cytokine recep-
tors can interact with the associated murine cytokines as human CCR1 and murine

CCL3 do [193].

The study of Ramakrishnan and colleagues used a murine MLL-AF9 AML model,
where leukaemia was initiated by viral transduction of the GMPs with the oncogenic
MLL-AF9 fusion gene [161]. The MLL-AF9 leukaemia cells, unlike most primary
human samples, remained highly transplantable after up to 4 days of ex vivo culture
[59, 161]. This indicates that the murine MLL-AF9 LSCs are not as dependent on a
specific BM microenvironment as primary human LSCs, and the MLL-AF9-driven
model may not be optimal in terms of recapitulating the complex BM microenvi-

ronmental milieu in human AML.

Most recently, Mercier and colleagues published the first in vivo genome-wide CRISPR
screens in murine models of AML, which provided a valuable pipeline for conducting
large-scale CRISPR screens in vivo [164]. They successfully identified a number of
hits which were specific to the in vivo setting and had never been identified through
i vitro screens. This corroborated the unique role of in vivo CRISPR screens in
discovering AML dependencies. However, similar to the screen done by Ramakr-
ishnan and colleagues, the murine AML cells (driven by the MLL-AF9 fusion or
HOXA9/MEFEIST) used for transplantation remained engraftable after as long as 7
days of ex vivo culture. This again questions whether these AML cells are BM-
microenvironment-dependent and whether such screens are able to discover genes
essential for conveying signalling coming from the surrounding environment. Col-
lectively, a kinetically tractable and strictly environmental factor-dependent AML
mouse model is needed to more accurately investigate the interplay between AML
cells and the BM microenvironment. This model would facilitate the identification

of cytokine receptor genes essential for the LSCs during in vivo CRISPR screens.

The Nerlov laboratory has developed an AML mouse model by transplanting 25,000
LICs that harboured biallelic Cebpa mutations into sub-lethally irradiated recipient
mice [13, 56]. In this model, the transplantable LIC was identified as a transformed
CD11b'°c-Kit+ myeloid progenitor [13]. The transplanted mice reproducibly pro-
gressed to a terminal phase of AML in 4 weeks. More specifically, the 2-, 3- and 4-
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week time points represented 3 distinct stages of leukaemia progression as described
in Thomas A, 2018 [56]. 2 weeks after LIC transplantation represented an early ex-
pansion phase with no overt leukaemia but with leukaemia cells readily detectable in
haematopoietic organs. 3 weeks after LIC transplantation represented a late expan-
sion phase with leukocytosis and leukaemia cells highly abundant in haematopoietic
organs, which are still expanding. 4 weeks after LIC transplantation represented a
terminal phase where the normal HSPCs were almost depleted and both leukocytosis
and anaemia were evident [56]. Such kinetic tractability allows studying the genes
essential for leukaemogenesis in a reproducible manner and identifying genes critical
to different stages of AML development. More importantly, the LICs purified from
the leukaemia mice completely lost their leukaemogenic potential after 48 hours of
ex vivo culture when mSCF, mIL-3, and mIL-6 were supplemented, as described
in Thomas A, 2018 [56]. This demonstrated the Cebpa mutant LICs’ need for a
proper n vivo BM microenvironment to maintain the leukaemogenic potential, just
like the primary human LSCs. Therefore, our AML model (as opposed to the more
commonly used MLL-AF9 model) can be reckoned to be stringently dependent on
the BM microenvironment in order to maintain its malignant phenotype. Hence,
in this chapter, the Cebpa mutant AML mouse model was used to perform in vivo
CRISPR dropout screens to identify which cytokine receptor(s) could be essential

for LIC maintenance.
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3.2 Cytokine receptors can potentially be used
as a druggable target to eliminate the Cebpa

mutant LICs

LICs and LBs were previously sorted at 2, 3, and 4 weeks after LIC transplantation
and profiled using bulk RNAseq by the Nerlov laboratory, as outlined in Thomas
A, 2018 (Figure 3.1A) [56]. In the meantime, cells from mock transplanted mice
were purified and profiled using bulk RNAseq as control. Since no direct equivalent
to the LICs and LBs exists in the mock-transplanted control mice, normal GMPs
were used as the reference point (Figure 3.1B) to understand which genes or sig-
nalling pathways were upregulated in the AML cells and potentially essential for

their maintenance [13, 56].
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Figure 3.1. Gene expression profiling of bi-allelic Cebpa mutant leukaemia
cells throughout AML development
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(A) Graphical representation of isolating Cebpa mutant LICs and LBs for bulk RNAseq.
Briefly, 25,000 CD45.2 bi-allelic Cebpa mutant LICs were transplanted into sub-lethally
irradiated recipients (CD45.1/2). After 2, 3, or 4 weeks post-transplantation, mice were
euthanised for leukaemia cell isolation and RNAseq library preparation.

(B) Graphical representation of isolating healthy GMPs for bulk RNAseq. Briefly, recip-
ient mice (CD45.1/2) were sub-lethally irradiated without LIC transplantation. 4 weeks
post-transplantation, mice were euthanised for GMP isolation and RNAseq library prepa-
ration.

First, DESeq2 was used to identify DEGs by comparing the LIC and healthy GMP
samples sorted at 2, 3, and 4 weeks after LIC transplantation, as described in
Thomas A, 2018 [56]. Interestingly, for both the LICs and LBs, the number of
DEGs peaked 3 weeks after LIC transplantation, when the BM leukaemic burden
was already high and continued to increase [56]. Consistent with the hypothesis
that cytokine receptors can be used as a potential target for AML, a number of
cytokine and cytokine receptor genes were overexpressed in the LICs and LBs com-
pared with the healthy GMPs. These genes included [l2rg, Ceri, Ccl3, Tnf, etc
(Figure 3.2) [56]. In total, over 20 cytokine receptors were upregulated in the LICs
during AML progression; a complete list of the cytokine and cytokine receptor genes
overexpressed in the LICs and LBs at different time points can be found in Table

3.1.

To further interrogate how AML cell function changed throughout AML progres-
sion, the Nerlov laboratory also performed MPNA to identify perturbed molecular
networks, as described in Thomas A, 2018 [56]. In line with previous studies sug-
gesting the leukaemic BM microenvironment is inflamed [77], several inflammation
pathways were increased in the leukaemia cells. This included IL-6 signalling, I1L-2
signalling, TREM1 signalling, etc. In addition to the leukaemia cells, the Nerlov lab-
oratory also looked into the transcriptional changes to the BM stromal cells during
AML development by bulk RNAseq [56]; more details will be described in Chap-
ter 5. Not surprisingly, MPNA showed that inflammation-related process networks
such as IL-6 signalling and IL-2 signalling were also enriched in the AML-exposed
CBM VECs, which further supported the possibility of eliminating AML cells by
inhibiting specific cytokine signalling, especially by targeting the pro-inflammatory
cytokine receptors highly expressed on the LICs.
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Figure 3.2. Cytokine signalling gene expression in AML cells

Heatmap showing In(RPKM+1) expression values of up-DEGs from the KEGG cytokine-
cytokine receptor interaction gene set in the LICs, LBs, and GMPs isolated from LIC and
mock-transplanted mice at the indicated time points. The up-DEGs are defined as DEGs
of LIC and LBs with an adjusted p-value < 0.05 and a log2 fold change > 0 at any time
point compared to GMPs. The expression values are centred on the mean value for each
gene.

To investigate the transcriptional changes to the Cebpa mutant LICs during leukaemia
progression at the gene set level, I also performed GSEA with or without pre-ranking
to the RNAseq data, focused on the inflammation-related gene sets. Since the 3-
week time point transplantation seemed to be a critical time point during AML
progression with the highest number of DEGs, I was particularly interested in the
gene set enriched in LICs at 3 weeks after LIC transplantation. For the week 3 LICs,
when analysed with pre-ranking, the KEGG cytokine-cytokine receptor gene set and
the Hallmark TNFo signalling via NFxB gene set were significantly enriched (Fig-
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Cell types Time points Genes

LICs ‘Week 2 Cd40lg, Cerl, I122ra2, Il5ra, Il2rg,
Tnfrsf12a, Ccl17, Il118rap, 1117rb, Pdgfrb,
Tnfsf14, Tnfrsf4, Tgfor1, Csf2rb, Ifngrl, Csf2ra
Week 3 Cd40lg, Cxcl12, 1l5ra, Tnfrsfl12a, Cerl,
Pdgfrb, Tnfrsf4, Acvrlb, I122ra2, 1l7r,
Relt, Il12rb1, Tnf, 1l3ra, Plekho2,
Il18rap, 11217, I117rb, Crif2, Ltbr,
Tnfrsf21, Tqfbrl, Csf2ra, Csf2rb, Il17ra,
Il2rg, Il107b, Ifnar2

‘Week 4 Cd40lg, Cerl, I122ra2, Tnfrsfl12a, Ccl3,
Il5ra, 112rg, 1117rb, I112rb2, Pdgfrd,
1l12a, Tgfbri, Il110rb, Ifngrl, Csf2rb

LBs Week 2 Cerl, Cd40lg, Acvrll, 1118, Tnfrsf12a,
Tnfrsflla, 1122ra2, Ccl3, Csf2ra, Il2rg,
Ifngr2, 1l17ra, Tnfrsf21, Ifnar2, Ifnarl
‘Week 3 Cd40lg, Czcll2, Tnfrsfl12a, Acvrll, Cerl,
Tnfsf12, Tnfrsflla, Relt, Lifr, Tnf, 1118,
Plekho2, Il3ra, Inhba, Cz3cll, Tnfrsflb,
Cerb, Fit3l, Ccl3, 1l110ra, Tnfsf13b,
1172, Il118rap, Ltbr, Czcl10, Csfir,
I1l17ra, Csf2rb, Csf2ra, Crif2, Il121r,
Tnfrsfla, Vegfa, 1122ra2, Tnfrsf21, Ifngr2,
Csf3r, Tgfbr1, Ifnar2, Il10rb

Week 4 Cerb, Cd40lg, Ccl3, Tnfrsfila, Cerl,
Acvorll, 1118, 1122ra2, Ccl17, Tnf,

Relt, Tnfrsf12, Tnfsf12, Plekho2, Csflr,
1l18rap, Flt3l, I110ra, Csf2ra, Tnfrsf1b,
Csf2rb, 1l12rqg, Tgfbrl, Ifnar2, Ifngr2,

1l17ra, Tnfrsf21, Ccr2, 1110rb, Ifnari

Table 3.1. KEGG cytokine signalling genes overexpressed in LICs and LBs

Up-DEGs of LICs and LBs from the KEGG cytokine-cytokine receptor interaction gene
set at 2, 3, and 4 weeks post-transplantation are shown. Healthy GMPs isolated from
mock-transplanted mice are used as controls. All DEGs shown have an adjusted p-value
< 0.05 and a log2 fold change > 0.

ure 3.3A). When the week 3 LICs were analysed without pre-ranking, the KEGG
chemokine signalling gene set and the KEGG JAK-STAT signalling gene set were
significantly enriched (Figure 3.3B). The JAK-STAT signalling pathway is down-
stream of various cytokine receptors, such as the IL-6 receptor, playing an essential

role in inflammation [194].

Taken together, all the data above suggests that cytokine secretion in the BM en-
vironment where the AML cells reside and proliferate is de-regulated. The AML-

exposed BM environment is seemingly pro-inflammatory, with several inflammation-
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Figure 3.3. Inflammation-related gene sets are enriched in bi-allelic Cebpa
mutant leukaemia cells

(A) GSEA (with pre-ranking) comparing LICs isolated 3 weeks after LIC transplantation
to healthy GMPs using the KEGG cytokine-cytokine receptor gene set and the Hallmark
TNF-o signalling via NFxB gene set. The RNAseq data used are from Figure 3.1. The
normalised enrichment score (NES) and p-value are indicated.

(B) GSEA (without pre-ranking) comparing LICs isolated 3 weeks after LIC transplan-
tation to healthy GMPs using the KEGG chemokine signalling gene set and the KEGG
JAK-STAT signalling gene set. The RNAseq data used are from Figure 3.1. The NES
and p-value are indicated.

related signalling pathways being activated and potentially functional in propagating
AML. Therefore, it is conceivable that specific cytokine receptor genes, especially
those highly expressed in the LICs, could be essential for LIC maintenance and
potentially be used as druggable targets to eliminate the LICs. As previously men-
tioned, in vivo CRISPR dropout screens would be a powerful tool to identify the
cytokine receptor essential for LIC survival/maintenance. Besides, a high represen-
tation of the sgRNA library is critical for the success of a given CRISPR screen,
which helps avoid random depletion of the sgRNA and the ensuing false positive hits

Page 60 Chapter 3



[151]. Therefore, in order to maintain a high representation of the sgRNA library
by reducing the library size, I performed 2 independent in vivo CRISPR dropout
screens to examine the role of all cytokine receptor genes of interest demonstrated in
Figure 3.2 [151, 154]. Each screen was focused on a different set of genes that were
significantly upregulated by the LICs, and a mini-pool lentiviral library comprising

40-60 sgRNAs was used in individual screens.

3.3 An mn viwwo CRISPR dropout screen focused
on genes consistently upregulated throughout

Cebpa mutant AML development in mice

3.3.1 Selection of candidate genes included in the screen

and sgRNA library design

As previously mentioned, I sought to identify in vivo dependencies in AML by per-
forming two CRISPR dropout screens using the murine Cebpa mutant AML model.
While selecting candidate genes included in the first screen, I focused on genes, es-
pecially the cytokine receptor genes, which were significantly overexpressed in the
Cebpa mutant LICs during AML progression. I focused on the LICs rather than the
LBs as the LICs are the population that can initiate leukaemia and, therefore, are

more representative of the human LSCs.

DEG analysis of the LICs revealed a number of overexpressed genes; of particu-
lar interest were the cytokine receptor genes, Ccrl, 1122ra2, 1l5ra, 112rg, Tnfrsf12a,
L17rb, Pdgfrb, Tqfbrl, 1118rap, and Tnfrsff, which were highly overexpressed (ad-
justed p-value < 0.05, log2 fold change > 1) at 2 or 3 time points. Presumably,
the cytokine receptor genes overexpressed at multiple stages of AML progression
are more likely to be an AML dependency than those overexpressed at just 1 single
time point. Then, I excluded Il5r, Tnfrsf12a, 1l18rap, Tnfrsf4, and Pdgfrb from the
current screen because of their relatively low RNA expression level (RPKM value >
5) when compared to the other candidates. In addition to these cytokine receptor

genes, for comparison, I included 2 non-receptor genes, Gdf3 and Slc39a4. They
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were similarly overexpressed by the LICs (adjusted p-value < 0.05, log2 fold change
> 1, RPKM value > 5). Gdf3 was the only secreted factor gene overexpressed by the
LICs throughout the disease trajectory; Slc39a4, encoding a zinc transporter, was
the only gene overexpressed by both the LICs and the AML-exposed CBM VECs
at all the time points. Collectively, 7 genes were included in the current screen,
including Cerl, 1122ra2, 1l2rg, 1117rb, Tqfbrl, Gdf3, and Slc39aj (Figure 3.4). 5
sgRNAs were designed for each of them according to previous protocols as outlined
in Tzelepis et al., 2016 [167], leading to a total of 35 experimental sgRNAs (Table
2.3).

Expression Value

RPKM >5 (LICs, Week2-34)

Week 2 LICs vs GMPs Week 3 LICs vs GMPs
adjusted P < 0.05; log2 fold change > 1 adjusted P < 0.05; log2 fold change > 1

49 42 443
5KEGG

cytokine receptor genes

229 2 Non-receptors genes

45 58

48

Week 4 LICs vs GMPs
adjusted P < 0.05; log2 fold change > 1

Figure 3.4. Selection of candidate genes included in the first CRISPR screen

Venn diagram showing the intersect of up-DEGs with an RPKM value > 5 and a log2 fold
change > 1 in LICs. From such up-DEGs at two or more time points filtering on KEGG
cytokine receptor-encoding genes in LICs identified 5 genes. These and 2 non-receptor
genes were included in the screen. The heatmap shows In(RPKM+1) expression values
centred on the mean value for each gene.

3.3.2 Development of the in vivo screen

To functionally examine whether these candidate genes were essential for LIC main-
tenance in vivo, the GFP-expressing lentiviral sgRNA library (encoding the 35
experimental sgRNAs) was introduced into the c-Kit-enriched LICs, followed by
100,000-150,000 LICs being transplanted into each lethally irradiated mouse with
competitor cells after an 8-hour transduction. All the LICs used for lentiviral trans-
duction were freshly purified from the BM of primarily transplanted recipient mice.
After the 8-hour transduction, an aliquot of the LICs was kept ez vivo for 48 hours

instead of being transplanted to the secondary recipients to readout transduction
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efficiency by flow cytometry [195]. The transduction protocol led to a transduction
efficiency of ca. 20% after 48 hours (Figure 3.5A), equating to 400-500 sgRNA-
expressing cells/sgRNA being transplanted into each secondary recipient mouse.
According to previous work, such coverage of the sgRNA library should suffice
[156, 157, 163]. 2 independent infection replicate experiments were performed. The
secondary recipient mice were sacrificed when they became hunched with pale paws
or when CD45.2+ leukaemia cell engraftment in the PB was > 60%. In the first
experiment, 3 mice were culled at 4 weeks post-transplantation. In the second ex-
periment, 2 mice were culled at 5 weeks post-transplantation. Hence, the kinetics of
the original sub-lethal irradiated model, from which the bulk RNAseq of LICs was

performed (as shown in Figure 3.1), were well preserved.

After the secondarily transplanted mice were sacrificed, sgRNA-expressing LICs and
LBs (GFP+) in the BM were isolated by cell sorting followed by genomic DNA pu-
rification (Figure 3.5B). Then, sgRNAs were amplified by PCR and subjected to
[Mumina sequencing, which was used to read out the sgRNA representation in the
leukaemia cells and to identify the sgRNAs that were depleted during leukaemia
progression. In parallel, WT NIH3T3 cells were transduced with the same lentivi-
ral libraries and collected at 3 days post-transduction by sorting the GFP+ cells.
NIH3T3 is a murine fibroblast cell line whose culture does not need external supple-
mentation of cytokines, suggesting its independence of functional cytokine receptors
[196]. Therefore, the sgRNA representation within these cells was used as an input
reference for the sgRNA representation at the beginning of the experiment. In ad-
dition, the transduced NIH3T3 cells were collected at 14 days post-transduction to
identify any sgRNAs of which the depletion was not specific to leukaemia cells. A
schematic representation of how the screen was carried out is shown in Figure 3.6.
Details of the source of materials for each sequenced sample can be found in Table

3.2.
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Figure 3.5. Gating of sgRINA-expressing AML cells in the first CRISPR screen

(A) Representative flow cytometry of sgRNA-expressing GFP+ leukaemia cells at 48 hours
post-transduction (right). The GFP+ gate was set based on MOI=0 control (left).

(B) Representative flow cytometry of sgRNA-expressing GFP+ LICs (bottom right) and
LBs (bottom left) isolated from the BM 4 weeks after LIC transplantation.

3.3.3 Dynamic change in sgRNA distributions during leukaemia

development
To have a general impression of how the experimental sgRNA representation changed

over time in both the leukaemic and non-leukaemic settings, the overall distributions

of experimental sgRNAs from all the GFP+ samples that had been sequenced (Day
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Figure 3.6. Schematic representation of the first CRISPR-Cas9 dropout screen

Freshly isolated LICs were transduced with an EGFP-expressing lentiviral sgRNA library
targeting the 7 candidate genes (5 sgRNAs per gene) shown in Figure 3.4 and transplanted
into recipient mice (N = 5, 2 infection experiments, 100-150,000 cells per mouse) after an
8-hour incubation. The sgRNA-expressing LICs and LBs were re-isolated 4-5 weeks after
transplantation based on EGFP fluorescence, and the sgRNAs were retrieved from their
gDNA. In parallel, sgRNAs were retrieved from WT NIH3T3 cells 3 days after transduction
with the same lentiviral sgRNA library as input control. sgRNAs were also retrieved from
WT NIH3T3 cells 14 days after transduction to identify non-specific dropouts. sgRNA
representations were determined by NGS and compared using the MAGeCK RRA.

3 NIH3T3 cells, Day 14 NIH3T3 cells, LICs and LBs) were analysed (Figure 3.7).
The pattern of experimental sgRNA distributions did not change significantly be-
tween Day 3 and Day 14 NIH3T3 cells. This indicated that all the candidate genes
included in the screen were dispensable for the survival of the non-leukaemic cells

and supported the use of Day 3 NIH3T3 cells as input reference.

Regarding the sgRNA representation in the LICs, all 35 experimental sgRNAs were
detected in the first experiment, whereas 35-45% of experimental sgRNAs were not
detected in the second experiment. Besides, in the second experiment, the sgRNA
distribution was strongly skewed within each sample: a random sgRNA contributed
to over 90% of the total reads. This suggested that the sgRNA library coverage
was insufficient in each transplanted mouse. Since the number of sgRNA-expressing
LICs transplanted should have included enough cells for a 500-fold coverage, this
was possibly caused by inefficient engraftment of the transduced LICs after trans-
plantation. Indeed, the mice from the second experiment (which became moribund
at week 5) were 1 week behind the mice from the first experiment (which became

moribund at week 4) in terms of AML progression, suggesting a lower number of
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Sample ID

Source of materials

1

10

11

12

13

14

15

GFP+ LICs sorted at endpoint, experiment 1, mouse 1

GFP+ LBs sorted at endpoint, experiment 1, mouse 1

GFP+ LICs sorted at endpoint, experiment 1, mouse 2

GFP+ LBs sorted at endpoint, experiment 1, mouse 2

GFP+ LICs sorted at endpoint, experiment 1, mouse 3

GFP+ LBs sorted at endpoint, experiment 1, mouse 3

GFP+ LICs sorted at endpoint, experiment 2, mouse 1

GFP+ LBs sorted at endpoint, experiment 2, mouse 1

GFP+ LICs sorted at endpoint, experiment 2, mouse 2

GFP+ LBs sorted at endpoint, experiment 2, mouse 2

GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 1
GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 2
GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 3
GFP+ NIH3T3 cells sorted 14 days post-transduction, replicate 1

GFP+ NIH3T3 cells sorted 14 days post-transduction, replicate 2

Table 3.2. Sorted sgRINA-expressing populations for sequencing during the

first screen

The cellular source of gDNA used for sgRNA amplification and NGS for identifying
sgRNA /genes depleted during AML progression is shown.

implanted cells. Noticeably, the sgRNA distributions in the mice from the first ex-

periment were also skewed compared to those in the NIH3T3 samples. But they

were more balanced than those in the mice from the second experiment, indicat-

ing that a reasonable coverage of the experimental sgRNA library was reached and

specific candidate genes may negatively impact LIC maintenance. Hence, the data

from the second experiment were excluded from downstream analyses.
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Figure 3.7. Representation of the sgRNA library in AML cells and NIH3T3
cells during the first screen

Boxplot of the normalised sgRNA read counts for the GFP+ LICs, GFP+ LBs, Day 3
NIH3T3 cells, and Day 14 NIH3T3 cells as in Figure 3.6. Individual dots overlaid on each
boxplot indicate read counts for the 35 sgRNAs included in the lentiviral sgRNA library.

3.3.4 Cecrl was identified as the top hit

First, the total sgRNA reads in each sample were normalised across all the sam-
ples that had been sequenced. To identify the sgRNAs and genes that were the
most depleted during leukaemia development, the MAGeCK RRA was used to com-
pare sgRNA read counts between the end GFP+ LICs and the input Day 3 GFP+
NIH3T3 cells [184, 185] and calculate log2 fold change of the sgRNA representa-
tion. The MAGeCK RRA has been widely used to analyse CRISPR screen data
and identify top hits [163, 167]. As expected, the log2 fold change of the sgRNA
representation in the two biologically related populations, GFP+ LICs and GFP+
LBs (vs input), was well correlated (Pearson correlation coefficient = 0.886) (Figure
3.8A). This indicated good reproducibility of the screening protocol. The MAGeCK
pipeline was also used to calculate each candidate gene’s depletion score for the
LICs. Of the 7 candidate genes included in the screen, Cerl and [l2rg were the top
2 dropout genes in the LICs, with the lowest depletion score (Figure 3.8B). For Cer1
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and Il2rg, 3 corresponding sgRNAs were depleted (log2 fold change < -1), whereas
no sgRNA was enriched (log2 fold change > 1). In contrast, for the least depleted
genes, [122ra2 and Tgfbri, 3 corresponding sgRNAs were enriched (log2 fold change
> 1), whereas no sgRNA was depleted (log2 fold change < -1) (Figure 3.8C).

A

Corr. = 0.886

log2 fold-change (GFP+LBs : GFP+NIH3T3)
=

log2 fold-change (GFP+LICs : GFP+NIH3T3)
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Figure 3.8. Ccrl was identified as the top hit by MAGeCK RRA

(A) Scatterplot of log2 fold change of normalised sgRNA read counts (vs input control) in
LICs and LBs for all sgRNAs in the screen. Only mice from the first infection experiment
were included. The log2 fold change was calculated by MAGeCK RRA. Different colour
dots indicate sgRNAs targeting different genes. Pearson correlation coefficient of log2 fold
change of normalised sgRNA read counts (vs input control) between BM LICs and LBs is
shown.

(B) Histogram showing the negative selection score and ranking (calculated by MAGeCK
RRA) of the candidate genes included in the screen. Lower scores indicate a higher level
of gene depletion in the BM LICs vs the NIH3T3 input control.

(C) Waterfall plot showing the log2 ratio (calculated by MAGeCK RRA) of sgRNA repre-
sentation in the LICs versus NIH3T3 input control. The bars with red borders represent
sgRNAs targeting Cerl.

To further support the depletion scores calculated by the MAGeCK pipeline, a CS
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for each candidate gene was also calculated, which had already been used to help
identify essential genes during CRISPR-based screens. The CS for each gene was
defined as the average log2 fold change in the representation of all sgRNAs targeting
the same gene between the input and endpoint LICs [168]. The log2 fold change for
each sgRNA was calculated by first comparing the sgRNA representation in each
murine LIC sample and the input sgRNA representation, followed by averaging the
log2 fold change values across different mouse replicates. Then, the averaged log2
fold change for each sgRNA was used for CS calculation (Figure 3.9A). Eventually,
all the candidate genes included in the screen were ranked based on their CS (Figure
3.9B). Consistent with the depletion score generated by the MAGeCK, Ccrl and
I12rg had the lowest CS among all the genes studied, indicating them as the 2 top
hits; Tgfbr1 and Il22ra2 had the highest CS, indicating their low depletion levels in
the LICs.

gqRT-PCR was then used to more accurately quantify the expression level of the
cytokine receptor genes included in the screen by comparing leukaemia cells (sorted
4 weeks after LIC transplantation) and healthy GMPs (sorted 4 weeks after mock
transplantation). Of note, Cecrl was highly overexpressed in both the LICs (20-fold
increase, p-value < 0.0001) and LBs (160-fold increase, p-value = 0.0252) (Figure
3.10A). CCR1 expression in the LICs and LBs was also confirmed using flow cytom-
etry (Figure 3.10B). Furthermore, overexpression of the genes encoding common
CCR1 ligands, Ccl3 (28-fold increase, p-value < 0.0001), Ccl6 (7-fold increase, p-
value < 0.0001), and Ccl9 (1.5-fold increase, p-value = 0.0105) was seen in LBs
(Figure 3.10C-E). Only the gene expression of these 3 CCRI1 ligands was tested
using qRT-PCR as they are the ones of which the mRNA level was upregulated in
the LICs/LBs (vs GMPs) according to the bulk RNAseq data. The protein level
of CCL3 was significantly increased in AML-conditioned BM at different stages of
AML progression (week 3, 58-fold increase, p-value < 0.0001; week 4, 95-fold in-
crease, p-value = 0.0004), indicating the consistent existence of activated CCR1
signalling throughout the disease trajectory (Figure 3.10F). The protein level of
CCL6 was also measured, but a significant increase in the leukaemic BM fluid was
not observed (Figure 3.10G). Taken together, the strong leukaemia-induced over-
expression of CCR1 and its key ligands supports the potential use of CCR1 as a
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Figure 3.9. CRISPR scores (CS) of genes in the first screen

(A) Equation for calculating the CS for each candidate gene.

(B) Histogram showing the CS and ranking of the candidate genes included in the screen.
Lower scores indicate a higher level of gene depletion in the BM LICs vs the NIH3T3 input
control.

druggable target for the LICs.

Regarding other cytokine receptor genes included in the screen, overexpression of
Il2rg in the leukaemia cells was also observed by qRT-PCR, albeit to a lower extent
(Figure 3.11A). Interestingly, despite being identified as highly upregulated genes
by the RNAseq, the expression of [117rb and Tgfbr1 was not increased in the LICs
according to the qRT-PCR result (Figure 3.11B-C). This might explain why they
were less depleted than Cer! and [l2rg during the screen and less indispensable for
LIC maintenance. In addition, the Nerlov laboratory has treated mice transplanted
with Cebpa mutant LICs with a potent TGF-3 receptor 1 inhibitor, where no signif-
icant reduction in the BM LIC engraftment was observed [56]. This further refutes
Tgforl as a strong AML dependency, as suggested by the MAGeCK gene ranking
and CS. However, the qRT-PCR verified the significant overexpression of 122ra2 in
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Figure 3.10. Ccrl and the genes encoding CCR1 ligands were upregulated
during AML

(A) Histogram showing Ccrl mRNA expression levels in LICs (N=7) and LBs (N=5) iso-
lated 4 weeks after LIC transplantation, compared to normal GMPs (N=8). Values shown
are 24Ct normalised to B2m. Data from 2 independent experiments. Fach biological
replicate was the average of 2 technical replicates. P-values were calculated using the
Student’s t-test.

(B) Representative flow cytometry showing CCR1 expression on the BM LICs (middle)
and LBs (right) 4 weeks after LIC transplantation. The positive gate was set based on
isotype control antibody staining (left).

(C) Histogram as in (A) showing Ccl3 mRNA expression levels in LICs (N=7) and LBs
(N=5) isolated 4 weeks after LIC transplantation, compared to normal GMPs (N=8).
(D) Histogram as in (A) showing Ccl6 mRNA expression levels in LICs (N=7) and LBs
(N=3) isolated 4 weeks after LIC transplantation, compared to normal GMPs (N=8).
(E) Histogram as in (A) showing Ccl9 mRNA expression levels in LICs (N=7) and LBs
(N=5) isolated 4 weeks after LIC transplantation, compared to normal GMPs (N=8).
(F) Histogram showing the levels of CCL3 protein in BM fluid from mock-transplanted
mice (N=5) and LIC transplanted mice at the 3-week (N=8) and 4-week (N=4) time
points. Protein levels were measured by ELISA. Data from 2 independent experiments.
P-values were calculated using the Student’s t-test.

(G) Histogram as in (F) showing the levels of CCL6 protein in BM fluid from mock-
transplanted mice (N=4) and LIC transplanted mice at the 3-week (N=5) and 4-week
N=3) time points.
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the leukaemia cells (Figure 3.11D), even though it was not ranked highly as an in

viwo hit during the dropout screen.

A li2rg mRNA B 1117rb mRNA
04 0.005-
E E 0.004- ;
@ 0.3 S o K
(7] e
> £ 0.0034
% 0.2 c_?:’
o8 & 0.002-
< dek <
z > Z 0.001-
g £
0.0- 0.000-
GMP LIC LB GMP LIC LB
C D
Tgfbr1 mRNA 1122ra2 mRNA
0.005- . 0.04- -
- — 5 ——
a 00047 @ 0.03- .
£ 0.003- 2
3 g 0.02+
u 0002- *kk g’
2 < 0.01
% 0.001- £ £ 0.01-
N :
0.000-1+11 0.00-
GMP LIC LB GMP LIC LB

Figure 3.11. mRINA expression of cytokine receptor genes included in the first
screen in the leukaemia cells

(A) Histogram showing I12rg mRNA expression levels in LICs (N=4) and LBs (N=2)
isolated 4 weeks after LIC transplantation, compared to normal GMPs (N=4). Values
shown are 24¢* normalised to B2m. Data from 1 experiment. Fach biological replicate
was the average of 2 technical replicates. P-values were calculated using the Student’s
t-test.

(B) Histogram as in (A) showing I117rb mRNA expression levels.

(C) Histogram as in (A) showing Tgfbrl mRNA expression levels.

(D) Histogram as in (A) showing I122ra2 mRNA expression levels.

Given the high degree of depletion of Cecrl during the screen and its high expression
level in the AML cells, I decided to focus on this gene for further validation. Ac-
tually, CCR1 signalling has been implicated in the development of several types of
haematological malignancies other than AML, such as CML and multiple myeloma

(MM) [197, 198].
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3.4 An n vivo CRISPR dropout screen focused
on cytokine receptor genes simultaneously over-

expressed in murine and human AML cells

3.4.1 Selection of candidate genes included in the screen

and sgRINA library design

The second screen was focused on the cytokine receptor genes overexpressed in the
murine Cebpa mutant LICs and human AML cells simultaneously. Gene expression
values of human AML cells were retrieved from Valk et al., 2004 [173]. The DEG
analysis of murine Cebpa mutant LICs identified 24 cytokine receptor genes over-
expressed (adjusted p-value < 0.05) at one or more time points after murine Cebpa
mutant LIC transplantation (Table 3.1). Among them, 10 genes (Cerl1, 1I7r, 1121,
1l18rap, 1l5ra, Csf2ra, Il3ra, Ifngrl, Pdgfrb, and Il17ra) were also overexpressed in
the human AML cells (log2 fold change of the expression level > 1 between the AML
cells and CD344 normal HSPCs) (Figure 3.12) [173]. Interestingly, Ccri, the top
hit from the previous screen, was the only cytokine receptor gene meeting the se-
lection criteria for both screens. To minimise the sgRNA library size, C'cr! was not
included in the current screen. For the other 9 cytokine receptor genes, 5 sgRNAs
were designed for each as described above, and 5 sgRNA targeting the universally
essential gene Rpal were also included as the positive control [160]. Besides, 10
non-targeting or non-essential gene-targeting (e.g. Rosa26-targeting) sgRNAs were
included as the negative control. This led to a sgRNA library of 60 guides, and
they were cloned into the previously described GFP-expressing lentiviral vector. Se-
quences and details of all the sgRNAs included in this screen can be found in Table

2.5.
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Figure 3.12. Selection of candidate genes included in the second CRISPR
screen

Venn diagram showing the overlap of KEGG cytokine receptor-encoding genes upregulated
in murine LICs (with an adjusted p-value < 0.05 and a log2 fold change of gene expression
> 1 at any time point, healthy GMPs were used as controls) (from Table 3.1) and in human
AML cells (with a log2 fold change of gene expression > 1, CD34+ normal HSPCs were
used as controls) (data from Valk PJ, et al. 2004 [173]). The heatmap shows In(RPKM+1)
expression values centred on the mean value for each gene.

3.4.2 Development of the in vivo screen

To functionally assess which of the 9 candidate genes were essential for in wvivo
LIC maintenance, the GFP-expressing lentiviral sgRNA library was introduced into
the c-Kit-enriched LICs, followed by 200,000 LICs being transplanted into each
lethally irradiated mouse with competitor cells after an 8-hour transduction. All
the LICs used for lentiviral transduction were freshly purified from the BM of pri-
marily transplanted recipient mice. Transduction efficiency was assessed 48 hours
post-transduction as previously described. 2 independent infection replicate exper-
iments were performed: in the first experiment, only ca. 5.2% of the LICs were
GFP+, whereas, in the second experiment, ca. 31.8% of the LICs were GFP+
at 48 hours post-transduction (Figure 3.13A). The secondarily transplanted mice
were monitored as previously described to decide when they would be sacrificed: in
the first experiment, 7 mice were transplanted and culled at week 4; in the second
experiment, 3 mice were transplanted and culled at week 3. After the mice were
sacrificed, sgRNA-expressing LICs and LBs (GFP+) in the BM were isolated by
FACS, followed by gDNA purification and Illumina sequencing library preparation
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(Figure 3.13B).
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Figure 3.13. Gating of sgRNA-expressing AML cells in the second CRISPR
screen

(A) Representative flow cytometry of sgRNA-expressing GFP+ leukaemia cells at 48 hours
post-transduction during the first (left) and second (right) infection experiments. The
GFP+ gate was set based on MOI=0 control.

(B) Representative flow cytometry of sgRNA-expressing GFP+ LICs isolated from the
BM 4 weeks after LIC transplantation during the first (left) and second (right) infection
experiments.

It was conceivable that the low transduction efficiency during the first experiment
would lead to insufficient coverage of the sgRNA library in each recipient mouse (ca.
170-fold coverage). To compensate for this issue, during the library preparation for
deep sequencing of the sgRNA representation, the 7 mice were randomly assigned to
2 groups, each with 3 or 4 mice. Then, an equal amount of gDNA from mice within
each group was pooled together before the PCR reactions for sgRNA amplification.

This would increase the sgRNA coverage in each sample when sequenced and avoid
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an aberrantly skewed sgRNA library representation [156, 162]. In the meantime,
leftover gDNA from 2 of the 7 mice was processed without pooling for comparison.
Considering the relatively high transduction efficiency in the second experiment,
which would lead to a good sgRNA coverage in each secondarily transplanted mouse
(ca. 1000-fold coverage), the sorted BM samples were individually processed without
pooling between different mice during library preparation. Like the first screen, W'T
NIH3T3 cells were transduced with the same sgRNA-expressing lentiviral library.
GFP+ NIH3TS3 cells were purified by FACS 3 and 14 days after transduction. They
were used as the input reference and to identify any hit not specific to the leukaemia
cells. A schematic representation of how the screen was performed is shown in Figure
3.14. Details of the source of materials for each sample that was sequenced can be

found in Table 3.3.
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Figure 3.14. Schematic representation of the second CRISPR-Cas9 dropout
screen

Freshly isolated LICs were transduced with an EGFP-expressing lentiviral sgRNA library,
including 44 sgRNAs targeting the 9 candidate genes shown in Figure 3.12, 10 negative
control sgRNAs, and 5 positive sgRNA targeting Rpal. After 8-hour incubation, the LICs
were transplanted into recipient mice (N = 7, 2 infection experiments, 200,000 cells per
mouse). The sgRNA-expressing LICs and LBs were re-isolated 3-4 weeks after transplan-
tation based on EGFP fluorescence, and the sgRNAs were retrieved from their genomic
DNA. In parallel, sgRNAs were retrieved from W'I' NIH3T3 cells 3 days after transduction
with the same lentiviral sgRNA library as input control. sgRNAs were also retrieved from
WT NIH3T3 cells 14 days after transduction to identify non-specific dropouts. sgRNA
representations were determined by NGS and compared using the MAGeCK RRA.

Page 76 Chapter 3



Sample ID Source of materials

1 GFP+ LICs sorted at endpoint, experiment

[

a pool of mouse 1, 2, and 4 (R1)

2 GFP+ LICs sorted at endpoint, experiment

[

a pool of mouse 3, 5, 7, and 8 (R2)

3 GFP+ LICs sorted at endpoint, experiment

-

mouse 4 alone (R3)

4 GFP+ LICs sorted at endpoint, experiment

[

mouse 7 alone (R4)

5 GFP+ LICs sorted at endpoint, experiment 2, mouse 1
6 GFP+ LICs sorted at endpoint, experiment 2, mouse 2
7 GFP+ LICs sorted at endpoint, experiment 2, mouse 3
8 GFP+ LBs sorted at endpoint, experiment 1,

a pool of mouse 1, 2, and 4 (R1)

9 GFP+ LBs sorted at endpoint, experiment 1,
a pool of mouse 3, 5, 7, and 8 (R2)

10 GFP+ LBs sorted at endpoint, experiment 1,
mouse 4 alone (R3)

11 GFP+ LBs sorted at endpoint, experiment 1,

mouse 7 alone (R4)

12 GFP+ LBs sorted at endpoint, experiment 2, mouse 1

13 GFP+ LBs sorted at endpoint, experiment 2, mouse 2

14 GFP+ LBs sorted at endpoint, experiment 2, mouse 3

15 GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 1
16 GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 2
17 GFP+ NIH3T3 cells sorted 3 days post-transduction, replicate 3
18 GFP+ NIH3T3 cells sorted 14 days post-transduction, replicate 1
19 GFP+ NIH3T3 cells sorted 14 days post-transduction, replicate 2
20 GFP+ NIH3T3 cells sorted 14 days post-transduction, replicate 3

Table 3.3. Sorted sgRINA-expressing populations for sequencing during the
second screen

The cellular source of gDNA used for sgRNA amplification and NGS for identifying
sgRNA /genes depleted during AML progression is shown.

3.4.3 Dynamic evolution of sgRNA library representations

during leukaemia development

The overall sgRNA distributions in all the sequenced samples were examined after
mapping the sequencing reads to the sgRNA sequences (Figure 3.15). Compared
with the input reference (Day 3 NIH3T3 cells), the pattern of experimental sgRNA
distributions did not change significantly in the Day 14 NIH3T3 cells. The only
exception was the positive control Rpal-targeting sgRNAs, which were significantly
depleted in the day 14 samples. This indicates that the cytokine receptor genes

included were not essential for NIH3T3 cell survival and the validity of using them
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as non-dropout control. Then, I looked into the 2 samples from the first experiment
that were processed without pooling. As expected, the sgRNA distributions were
strongly skewed: 1 or 2 sgRNAs contributed to more than 80% of the total mapped

reads, and some sgRNAs were not recovered.

Regarding the 2 samples from the first experiment that were sequenced with pooling,
it was evident that the pattern of sgRNA distributions was less skewed. This im-
plied improved coverage of the sgRNA library after pooling different mice together.
However, the top 5 most abundant sgRNAs still made up more than 70% of the
total reads, and all the negative control sgRNAs were depleted (constituting less
than 0.2% of the total reads). This indicated insufficient sgRNA library coverage
and the existence of accidental dropout. As a result, all the samples from the first
infection experiment had to be excluded from downstream analyses. For the samples
from the second experiment, where the transduction efficiency was high, the sgRNA
distribution was relatively balanced, suggesting improved coverage of the sgRNA
library. Besides, more significant changes in the sgRNA representation could still
be observed when compared with the Day 14 NIH3T3 cells, indicating that specific

candidate genes were exclusively essential for LIC survival.

Page 78 Chapter 3



15 -

10 -

sgRNA representation (log2 normalized reads)

Rpa1 sgRNAs
e Other sgRNAs

R1 R2 R3 R4 R1 R2 R3 R1 R2 R3 R4 R1 R2 R3 R1 R2 R3 R1 R2 R3
Exp1LICs Exp2 LICs Exp1 LBs Exp2 LBs DO 3T3 D14 373

Figure 3.15. Representation of the sgRNA Library in AML cells and NIH3T3
cells during the second screen

Boxplot of the sgRNA normalised read counts for the GFP+ LICs, GFP+ LBs, Day
3 NIH3T3 cells, and Day 14 NIH3T3 cells as in Figure 3.14. Individual dots in grey
overlaid on each boxplot indicate read counts for the cytokine receptor-targeting and
Rpal-targeting sgRNAs; individual dots in purple indicate read counts for the 10 negative
control sgRNAs included in the screen.

3.4.4 Il7r was identified as a gene potentially essential for

LIC maintenance

As all the sgRNAs were cloned into the GFP-expressing lentiviral vector, sgRNA
representations in the LICs and input reference (Day 3 NIH3T3 cells) were compared
using MAGeCK RRA after normalising total read counts across different samples.
Log2 fold change of the sgRNA representation between the leukaemia cells and input
reference was also calculated using the MAGeCK RRA. As expected, the log2 fold
change of the sgRNA representation in the LICs and LBs was correlated (Pearson
correlation coefficient = 0.794) (Figure 3.16A). This showed good reproducibility of
the screening protocol. According to the depletion score calculated by the MAGeCK
pipeline, 1I7r was the most depleted gene in the LICs, followed by Rpal, the positive
control gene (Figure 3.16B). For [l7r, 2 corresponding sgRNAs were significantly
depleted (log2 fold change < -1), whereas no sgRNA was enriched (log2 fold change
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> 1). Notably, the negative controls (Rosa26, etc.) were less depleted than [I7r and

Rpal, which showed the validity of the screening protocol (Figure 3.16C).
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Figure 3.16. I17r was identified as the top hit by MAGeCK RRA

(A) Scatterplot of log2 fold change of normalised sgRNA read counts (vs input control) in
LICs and LBs for all sgRNAs in the screen. Only mice from the second infection exper-
iment were included. The log2 fold change was calculated by MAGeCK RRA. Different
colour dots indicate sgRNAs targeting different genes. Pearson correlation coefficient of
log?2 fold change of normalised sgRNA read counts (vs input control) between BM LICs
and LBs is shown.

(B) Histogram showing the negative selection score and ranking (calculated by MAGeCK
RRA) of the targeted genes included in the screen. Lower scores indicate a higher level of
gene depletion in the BM LICs vs the NIH3T3 input control.

(C) Waterfall plot showing the log?2 ratio (calculated by MAGeCK RRA) of sgRNA repre-
sentation in the LICs versus NIH3T3 input control. The bars with red borders represent
sgRNAs targeting II7r.
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Overexpression of II7r in the LICs (28-fold increase, p-value = 0.0006) and LBs
(4.5-fold increase, p-value = 0.0077) was confirmed by qRT-PCR (Figure 3.17A).
The other cytokine receptor genes included in the screen were either overexpressed
to a lesser extent or not overexpressed in the LICs at all, which might explain why
LIC maintenance was not dependent on them as much as [I7r (Figure 3.17B-I).
Unlike CCR1, whose high expression level was detected on the surface of ca. 10%
of the LICs by flow cytometry, only ca. 0.1% of the LICs were IL7R positive when
measured using flow cytometry (Figure 3.17J). This was consistent with the low
2-ACt value of Il7r when measured using qRT-PCR (ca. 0.001, normalised to B2m)
in the week 4 LICs, even though it was significantly higher than the healthy GMPs.
For reference, this value for Ccr! was 0.012 in the week 4 LICs. Nonetheless, I
decided to select 1I7r from the current screen for further validation considering its

strong depletion in LICs and significant overexpression in the Cebpa mutant AML

cells (vs healthy GMPs).
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Figure 3.17. I17r was highly overexpressed in the LICs

(A) Histogram showing II7r mRNA expression levels in LICs (N=4) and LBs (N=2) iso-
lated 4 weeks after LIC transplantation, compared to normal GMPs (N=4). Values shown
are 24Ct normalised to B2m. Data from 1 experiment. Each biological replicate was the
average of 2 technical replicates. P-values were calculated using the Student’s t-test.

(B) Histogram as in (A) showing Il5ra mRNA expression levels.

(C) Histogram as in (A) showing I118rap mRNA expression levels.

(D) Histogram as in (A) showing Ifngrl mRNA expression levels.

(E) Histogram as in (A) showing I121r mRNA expression levels.

(F) Histogram as in (A) showing Csf2ra mRNA expression levels.

(G) Histogram as in (A) showing Pdgfrb mRNA expression levels.

(H) Histogram as in (A) showing I117ra mRNA expression levels.

(I) Histogram as in (A) showing II3ra mRNA expression levels.

(J) Representative flow cytometry showing IL7TRA expression on the BM LICs (right)
4 weeks after LIC transplantation. The positive gate was set based on isotype control
antibody staining (left).
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3.5 Discussion

Here, by conducting in vivo CRISPR screens in the strictly BM microenvironment-
dependent murine model of AML, T identified 2 cytokine receptor genes (Cer! and
Il'7r) as novel AML dependencies. To my knowledge, neither of them has previously
been reported to function as AML dependencies. Several genome-wide CRISPR
screens have been performed in human AML cell lines, but none identified CCR1
or IL7TR as top AML dependencies [167, 168, 192, 199]. This can be partly ex-
plained by the fact that most of the AML cell lines are cytokine-independent, such
as MOLM-13 and OCI-AML2, or only need a simple panel of cytokines to be supple-
mented, such as OCI-AML5 [167, 168]. Such simplified in vitro systems can hardly
reflect the complex in vivo context where the interactions between AML cell sur-
face receptors and the environmental factors exist and function. Additionally, it has
been shown that CRISPR screens performed in the same cell line cultured in the
presence or absence of a specific cytokine can identify different dependencies [168].
This further demonstrated the need for performing CRISPR screens in vivo so that

leukaemogenesis can be more accurately modelled as it happens in patients [155].

A CRISPR screen focused on cell surface receptors was performed in an MLL-AF9
AML mouse model and showed that CXCR4-signalling was essential for MLL-AF9
AML [161]. Tt included a sgRNA library targeting 96 cell surface genes overex-
pressed in leukaemic GMPs (vs healthy GMPs). But it did not identify Cer! or II7r
as top AML dependencies. This may be explained by several reasons. First, given
that AML is a heterogeneous disease, MLL-AF9 and CEBPA mutant leukaemia
can have distinct biological features and rely on different cytokine/chemokine sig-
nallings [5]. This is supported by the fact that only 5 of the 96 genes overexpressed
by the MLL-AF9 leukaemia cells met the candidate gene selection criteria pre-
sented in this chapter [161]. The 5 genes were Cerl, Tgfbrl, Csf2ra, Il3ra, and
Ifngri. Second, as previously mentioned, one key feature of primary human AML
cells was the significant loss of leukaemia-propagating LSCs during ex vivo culture,
suggesting them being sensitive to the deprivation of the native BM microenviron-
ment. In contrast, the c-Kit-enriched MLL-AF9 leukaemia cells used in the study

of Ramakrishnan and colleagues remained highly transplantable after 2 sequential
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transductions during up to 96 hours of ex vivo culture, where only IL-3, IL-6, and
SCF were supplemented [161]. However, the Cebpa mutant LICs used in the current
study had to be transplanted 8 hours after the transduction started otherwise the
cells would lose their leukaemogenic potential significantly. This suggests that the
Cebpa mutant LICs are more BM microenvironment-dependent than the MLL-AF9
leukaemia cells, and our mouse model of AML can be a more appropriate context to
identify essential cytokine receptors. Finally, even though CXCR4, the receptor for
CXCL12, was identified as an essential gene for MLL-AF9 AML development, its
role was proved independent of CXCL12-CXCR4 interaction and may be attributed
to constitutive activation of CXCR4 signalling [161]. This also questions the validity
of using the MLL-AF9 AML mouse model to study the interactions between AML

cells and the autocrine/paracrine signals coming from the BM microenvironment.

One challenge hindering many in vivo CRISPR screens performed in AML mouse
models is the limitation on the number of cells that can be transplanted and suc-
cessfully engrafted, which is vital for a high sgRNA library representation and the
success of the screen [151]. To increase the robustness of the screen and avoid false-
positive hits due to random depletion of sgRNAs, our Cebpa mutant AML mouse
model was further developed by using lethal irradiation. This allowed more LICs to
be transplanted and potentially engrafted per mouse, leading to a higher representa-
tion of a given sgRNA library. Despite this, to keep the kinetics of AML development
and biological features similar to the original sub-lethally irradiated model, no more
than 200,000 c-Kit-enriched LICs were transplanted into each recipient mouse. In
addition, to decrease the chance of delivering multiple sgRNAs into each cell, the
intended transduction rate was kept at 20-40% [141, 157]. Therefore, in an ideal
scenario where all the LICs transplanted successfully engrafted, each mouse would
only harbour 40,000-80,000 LICs carrying sgRNAs. This demonstrated the neces-
sity to limit the sgRNA library size in order to reach a high sgRNA representation
[151]. As a result, 2 independent mini-pool libraries of no more than 60 sgRNA
were used. Since multiple sgRNAs are usually designed for each gene to decrease
the chance of picking up false-positive hits caused by off-target effects [151], only a
limited number of candidate genes were studied at each time, and strict candidate

gene selection criteria were employed.
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As the actual number of transduced LICs that engrafted was unknown, it was dif-
ficult to estimate the actual coverage of the sgRNA in each mouse and ensure that
the current sgRNA library size was appropriate. It would be helpful to perform
an experiment by transducing the LICs with a sgRNA library constructed by the
same lentiviral constructs encoding 60 neutral sgRNAs. If the 60 sgRNAs could all
be recovered and a balanced distribution of the sgRNAs could be observed at the
endpoint, the relevant screening condition would be deemed optimal [162]. However,
such an optimisation experiment was not performed, and I have unfortunately not
got solid evidence to show that the sgRNA library size is optimal. In spite of the
above efforts to maximise the coverage of the sgRNA library in each mouse, some of
the infection replicates still showed a strongly biased distribution of the sgRNA li-
brary. This was probably due to the unpredictable occurrence of insufficient sgRNA
library coverage, which can be attributed to varying engraftment efficiency and
transducibility of LICs from batch to batch. This again reflects the complexity of
performing in vivo CRISPR screens by transplanting primary cells [155]. However,
in the mouse replicates where a less biased distribution of the sgRNA library was
observed, the robustness of the screen was confirmed by introducing the positive

and negative control sgRNAs.

Because of the limited number of LICs that can be transplanted per mouse and
the need for a low transduction efficiency, while introducing the sgRNA library
into the LICs, it would be rather challenging and labour-demanding to perform
screens involving larger sgRNA libraries or even a genome-wide screen in vivo. An
alternative to splitting one sgRNA library into several smaller ones would be pool-
ing different mice transplanted with the transduced LICs together [151]. This can
be done by either pooling sgRNA reads from different mice together computation-
ally or pooling gDNA /sorted cell samples from different mice together physically
[156, 159, 162, 164]. It would be interesting to design one single lentiviral library
comprising sgRNAs targeting all the candidate genes included in the 2 screens above
and pool GFP+LICs from multiple mice as one biological replicate to investigate
whether Cer! and Il7r remain to be the top hits. Besides, it should be notewor-
thy that the BM stromal cells are more severely damaged in the lethally-irradiated
mouse model than in the original sub-lethal irradiated mode (with only 25,000 LICs

Page 85 Chapter 3



transplanted), where damage to BM stromal cells is minimised [200, 201]. This
difference in the environment where the Cebpa mutant LICs proliferate may alter
their gene expression profile and their interaction with environmental factors. It
would also be interesting to perform the screens in the sub-lethal irradiated mouse
model, where the molecular profiling of LICs and BM stromal cells was initially
done. This, of course, requires more mice to be transplanted with the transduced
LICs and pooled at the endpoint to reach a reasonable representation of the sgRNA
library.
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Chapter 4

Validation of CCR1 and IL7R as
dependencies in murine Cebpa

mutant AML cells

4.1 Introduction and aims

Having identified Ccrl and Il7r as potential AML dependencies, I intended to in-
dividually validate their essential roles in AML development in this chapter. CCR1
(CC chemokine receptor type 1) is expressed in various human haematopoietic cells,
including CD34+ BM progenitor cells, monocytes, T lymphocytes and natural killer
cells [202]. Using CCRI1 deficient mice, CCR1 has been implicated in the prolifera-
tion and migration of myeloid progenitor cells and neutrophil chemotaxis [203, 204].
CCRI1 can interact with multiple chemokines such as CCL3, CCL5, CCL15 (CCL9
in mice) and CCL23 (CCL6 in mice) [205]. Among them, CCL3 is believed to be
the most potent activator of CCR1 [198].

Immunohistologic analysis of human haematological malignancy samples also iden-
tified CCR1 expression in AML, MM, and lymphomas [206]; CCL3 levels have been
found to be increased in the BM of AML patients [90], MM patients [207], and MPN
mice [91]; elevated levels of CCL23 have been observed in both AML and MDS pa-
tients [208]. This is in line with our research investigating the Cebpa mutant AML
mouse model, where upregulated gene expression of Ccrl and the genes encoding

its core ligand was observed in the leukaemia cell population using bulk RNAseq
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and qRT-PCR as shown in Chapter 3. There are several pieces of evidence that
the CCL3-CCRI1 signalling could promote haematological malignancy development.
First, the expression of CCR1 and CCL3 has been shown to be essential for CML
LIC maintenance, and CCR1 expression was associated with MM tumour dissemi-
nation [197, 198]. In addition, CCL3 derived from AML cells and MM plasma cells
can impair the function of and decrease the number of OBs, leading to bone loss
and disrupting the niche needed for normal haematopoiesis [90, 207]. Furthermore,
CCL3 produced by the BM microenvironment can initiate MPN, possibly by gen-
erating a pro-inflammatory environment [81]. CCL3 in the AML environment can
also suppress normal erythropoiesis [97]. However, there has not yet been clear ev-
idence that intrinsic CCR1 signalling is essential for and directly involved in AML

LIC maintenance.

The IL7R gene encodes the IL-7 receptor (IL-7R) alpha-chain (CD127), which forms
the heterodimeric IL-7R with the common cytokine receptor gamma-chain encoded
by the IL2RG gene [209]. CD127 expression has been found to be mainly in lym-
phoid progenitors and mature lymphoid cells, including T cells, pre-B cells and
innate lymphoid cells [209, 210]. Upon IL-7 binding to the receptor, IL-7R and the
downstream JAK-STAT signalling pathway can promote CD8+ and CD44 memory
T cell homeostasis; in mice, IL-7R signalling also contributes to B cell development
[211]. Additionally, IL-7R signalling has been implicated in the oncogenesis of T-cell
acute lymphoblastic leukaemia (T-ALL) [212]; IL7R gain-of-function mutation has
been shown to be able to initiate B-cell acute lymphoblastic leukaemia (B-ALL)
[213]. However, in myeloid cells, the function of CD127 has not been well eluci-
dated yet. CD127 expression was observed in human monocytes many years ago.
A recent study demonstrated that human inflammatory diseases such as COVID-
19 and rheumatoid arthritis could induce high-level CD127 expression in a subset
of inflammatory monocytes/macrophages [210]. Therefore, the upregulation of I17r
expression in the murine Cebpa LICs, as shown in Chapter 3, may be attributed
to the pro-inflammatory BM microenvironment induced by AML cell engraftment.
Potentially supporting this, a previous study demonstrated that AML cells could
proliferate in response to IL-7, which robustly indicates that the biological signifi-
cance of IL-7R signalling is not restricted to the lymphoid lineage and lymphocytic
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leukaemias [214]. Further studies are still needed to understand the role of IL-7R

signalling in AML LIC maintenance.
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4.2 Investigating on-target editing efficiencies of
the selected Cecri- and Il7r-targeting sgR-
NAs

In order to investigate editing efficiencies of the Ceri- and Il7r-targeting sgRNAs
that were significantly depleted (p-value < 0.05, log2 fold change < -1) in the previ-
ous screens, W'T NIH3T3 cells were transduced with the previously described GFP-
expressing lentiviral constructs encoding the relevant sgRNAs. These sgRNAs had
no adverse effect on the survival of the WT NIH3T3 cells, as discussed in Chapter
3. The NIH3T3 cells were incubated at 37°C for 72 hours post-transduction before
GFP+ cell isolation and gDNA extraction. I have confirmed that WT NIH3T3 cells
share the same sequences with primary mouse BM cells at the Cerl or Il7r loci
where the relevant sgRNAs bind. This allows base pairing between the NIH3T3
DNA and the sgRNAs used in the CRISPR screen.

Previous studies demonstrated that close to complete genomic modification required
approximately 7-10 days across different gene targets [150, 152, 215], including
HSPCs [174]. Therefore, NIH3T3 cells were used for indel analysis since they were
much easier to be kept for a longer period of time after the transduction started.
Conversely, the c-Kit-enriched primary Cebpa LICs can only be maintained ex vivo
for up to 48 hours without significant loss of viability, even when not transduced
[56]. This hinders the direct use of Cebpa LICs for investigating on-target editing
efficiencies of the sgRNA. On the other hand, the use of NIH3T3 cells enables a
large number of transduced cells to be harvested for more comprehensive indel anal-
ysis and allows gene editing to happen sufficiently due to the longer in vitro culture

period [150, 216, 217].

Importantly, the on-target activity (indel profile) and specificity of sgRNAs rely on
their sequences and the sequence of the target site, which has been shown to be
nonrandom and relatively consistent across different cell types [142, 143, 148, 149,
199, 215, 218]. On the other hand, sgRNA efficacy depends less on local accessibility
to the Cas9/sgRNA complex, epigenetic factors, or genomic context, which are

relatively variable across cell types [142, 152, 216|, even though local chromatin

Page 90 Chapter 4



accessibility does influence the binding of Cas9 to DNA [147, 219]. This greatly
facilitates predicting the editing efficiency of each sgRNA of interest in the c-Kit-
enriched primary Cebpa LICs by using the more malleable NIH3T3 cells, as indicated
by van Overbeek and colleagues [142].
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Figure 4.1. On-target modification of NIH3T3 cells using the selected Ccrl-
and Il7r-targeting sgRINAs

(A) PCR gel showing amplification of the Ccrl sgRNA a-targeted loci before (right) and
after (left) introducing Cerl sgRNA a to WT NIH3T3 cells.

(B) PCR gel as in (A) showing amplification of the Ccrl sgRNA c-targeted loci.

(C) PCR gel as in (A) showing amplification of the Il7r sgRNA a-targeted loci.

(D) PCR gel as in (A) showing amplification of the IlI7r sgRNA d-targeted loci.

The genomic region flanking each sgRNA target locus was PCR amplified (the

primer binding sites were at least 200 bases upstream or downstream of the sgRNA
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target locus), followed by gel purification. See Table 2.8 for primer sequences for
each sgRNA that was studied. Purified PCR products were sequenced by Sanger
sequencing and analysed by the ICE analysis [220]. 2 bands with distinct sizes were
seen after amplifying the target site of Ceri-targeting sgRNA c. Hence, the upper
and lower bands were gel purified, sequenced, and analysed separately (Figure 4.1B).
The ICE analysis revealed that the upper band was mainly composed of Ccri loci
that were unedited, with an indel frequency of only around 15% (Figure 4.2 and
Figure 4.3B). For the lower band, an indel frequency of 63% was observed (Figure
4.2 and Figure 4.3C). For the other guides, only one gel cut was purified and se-
quenced (Figure 4.1A, C-D). For Ceri-targeting sgRNA a (Figures 4.2 and 4.3A),
Il7r-targeting sgRNA a (Figures 4.2 and reffig:4.3D), and [l7r-targeting sgRNA d
(Figures 4.2 and 4.3E), an editing efficiency of 43-80% was achieved. This demon-
strated that all the significantly depleted guides selected by the previous screens

were functional.

100
] Edited

80— ] [ Unedited

60—

40

20—

U
o°b 'b“b

Allele percentage

Figure 4.2. ICE analysis of indels for the selected Ccrl- and Il7r-targeting
sgRNAs in NIH3T3 cells

Histogram showing on-target editing efficiencies of the selected Ccrl- and Il7r-targeting
sgRNAs. To assess indels at targeted genomic regions, sgRNA-expressing GFP+ NIH3T3
cells were purified by FACS 72 hours after transduction. Non-edited NIH3T3 cells were
used as control. After gDNA purification, targeted loci were amplified by PCR, followed
by gel purification of the amplicons. Indel frequencies within individual amplicons (as
in Figure 4.1) were determined by Sanger sequencing, followed by data analysis using
Synthego’s ICE tool.
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Figure 4.3. Schematic showing Sanger sequencing of the sgRINA-targeted loci

(A) Sanger sequencing of Cecrl loci in NIH3T3 cells after lentiviral transduction of Cerl
sgRNA a (vs without transduction). PCR product for sequencing was purified from Figure

4.1A.

(B) Sanger sequencing as in (A) for Cerl sgRNA c.
purified from Figure 4.1B, the upper band.

(C) Sanger sequencing as in (A) for Cerl sgRNA c.
purified from Figure 4.1B, the lower band.

(D) Sanger sequencing as in (A) for 1I7r sgRNA a.
purified from Figure 4.1C.

(E) Sanger sequencing as in (A) for II7r sgRNA d.
purified from Figure 4.1D.

PCR product for sequencing was
PCR product for sequencing was
PCR product for sequencing was

PCR product for sequencing was

Of note, the majority of NIH3T3 cells are triploid (26.02%) or tetraploid (60%),

while Cebpa mutant LICs are diploid [13, 196].

As genome editing at each al-
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lele happens independently in cells, it is conceivable that editing all alleles in each
NIH3T3 cell is more difficult than in each Cebpa mutant LIC. As a result, more
unedited/WT loci would remain in the NIH3T3 cells compared with the diploid
Cebpa mutant LICs, even when the same sgRNAs are applied. In addition, previous
studies showed that genomic cleavage would continue to increase beyond 72 hours
post-transduction [216], especially when the sgRNA and Cas9 were constitutively
expressed as in the current study [142]. Altogether, the on-target editing efficiency
of the Ceri- and Il7r- targeting sgRNAs should be higher in the diploid Cebpa
mutant LICs that would stay in the recipient mice for over 3 weeks than in the
WT NIH3T3 cells used for analysis here. Another murine cell line, which is diploid
and originates from haematopoietic cells, may have been more similar to the Cebpa

mutant LICs and more appropriate for indel analysis.

4.3 Knocking out Ccr1 or Il7r depleted the murine
Cebpa mutant LICs

After confirming the on-target functionality of the selected Cer! and Il7r sgRNAs,
I sought to validate Ccr! and II7r as in vivo dependencies in AML individually.
For each gene, the sgRNA with higher on-target editing efficiency based on the
previous indel analysis (Cer! sgRNA a and I17r sgRNA a) was used for the in vivo
validation experiment. A sgRNA targeting Rosa26 (Rosa26 sgRNA c¢) was used as
the negative control. The schematic representation of the validation experiment can

be found in Figure 4.4.

To study whether Cer! or Il7r disruption could affect the maintenance of the Cebpa
mutant LICs, c-Kit-enriched LICs were transduced with GFP-expressing lentiviral
vectors encoding sgRNAs targeting Ccr! or Il7r. After an 8-hour transduction,
200,000 infected c-Kit-enriched LICs were co-transplanted into lethally irradiated
recipient mice together with 1 million healthy competitor BM cells. In the mean-
time, the c-Kit-enriched LICs were transduced with the same sgRNA-expressing
lentiviral vector targeting Rosa26 and transplanted in the same manner for control.

In parallel, an aliquot of cells under each transduction condition was kept ex vivo for
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Figure 4.4. Schematic of in vivo validation of CCR1 and IL7R as AML de-
pendencies

Freshly isolated LICs were transduced with EGFP-expressing lentiviral vectors encoding
Ccrl sgRNA a, 1I7r sgRNA a, or Rosa26 sgRNA c¢ and transplanted into recipient mice
(N = 6, 2 infection experiments, 200,000 cells per mouse) after an 8-hour incubation.
An aliquot of LICs was kept ex vivo to readout transduction efficiency 48 hours and 72
hours (as input GFP+ percentage) after transduction by flow cytometry. 3 weeks after
transplantation, mouse BM and spleen cells were collected for evaluating the endpoint
GFP+ percentage. When the mice were sacrificed, BM GFP+ LICs and LBs were also
FACS sorted for indel analysis.

up to 72 hours to read out the GFP+ percentage, which was used as the input value
for downstream analysis. 2 independent infection experiments were performed. Of
note, the cells transduced with the Ceri and Il7r sgRNA consistently had a higher
72-hour GFP+ percentage than those transduced with the Rosa26 sgRNA (Figure
4.5B). During the second infection experiment, the GFP+ percentages were also
determined at 48 hours post-transduction, where a similar difference in the GFP+
percentage across transduction conditions was observed (Figure 4.5A). Interestingly,
the ratio of the GFP+ percentage in the cells transduced with the Ceri or 1l7r
sgRNA to that in the cells transduced with the Rosa26 sgRNA dropped from 48
hours (1.63 for Cerl; 1.53 for Il7r) to 72 hours (1.25 for Cerl; 1.18 for [I7r). This
may indicate that increased Cerl or Il7r disruption negatively impacts the ex vivo

survival of the LICs, mirroring the screen result in Chapter 3.
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Figure 4.5. Representative flow cytometry showing percentages of GFP—+
AML cells 48/72 hours post-transduction

(A) Representative flow cytometry of sgRNA-expressing GFP+ leukaemia cells at 48 hours
post-transduction. The GFP+ gate (on TAAD-Singlets) was set based on MOI=0 control
(leftmost).
(B) Representative flow cytometry of sgRNA-expressing GF'P+ leukaemia cells at 72 hours
post-transduction. The GFP+ gate (on 7TAAD-Singlets) was set based on MOI=0 control
(leftmost).

At 3 weeks post-transplantation, all the recipient mice were culled to collect the
BM and spleen. The endpoint percentage of GFP+ cells within the whole CD45.2+
leukaemia cell population was determined using flow cytometry and normalised to
the 72-hour input GFP+ percentage (Figure 4.6A). This compensated for the differ-
ence in initial transduction efficiency across lentiviral constructs encoding different
sgRNAs. In accordance with the results from the screens, a significant reduction in
the GFP+ CD45.2+ leukaemia cells was observed in the BM and spleen after Cerl
and [I7r knockout (Figure 4.6B-C).

Not surprisingly, the GFP+ CD45.2+ leukaemia cells expressing the Ceri- or I17r-
targeting sgRNA were not completely depleted in the BM when the mice reached the
endpoint. To investigate why the GFP—+ cells expressing the Ccrl- or Il7r-targeting
sgRNAs were not eradicated, the GFP+ LICs and LBs were isolated by FACS;
those expressing the Rosa26-targeting sgRNA were similarly isolated for control.

After gDNA purification and PCR amplification of the Cer! or Il17r sgRNA target

Page 96 Chapter 4



Gated on 7AAD-Lineage-

A Sca-1-
10° = 10° 4
. CD45.2 104 = ”
AP * leukemic cells N
* 82.2%
ma- 103-
g| i
m o
g1 X
& ,i
& o d
4 o
g :O 3 "; 03 “04 R Im5 § 0 Sk 100K 180K iﬂ‘; 290K
CD45.1-AF700 FSC-A
B KkKk c *%k
0 1.5+ K] 1.5 Tk
3 kK T, —
3] 5:-? ° o ;3: °
+ +
a g a g
G o 107 &g 104 2
== =2 pC :
(-} -U (-} -c
‘5 @ ° e s o ®le
°N ofe © N 3
£'S 0.5 2'S 0.5+
S E g™
o = < °
<] S 6
[F] 2. [SRN~]
T £ s £
e} o
[ 0.0 T T L. 0.0 1 I
(o) O O O O (o]
.1’6{. {\"“ N\ ,1'6{‘ (\J“ »\("7
ogo N AN A\
& ®
Bone Marrow Spleen

Figure 4.6. CCR1 and IL7R were in vivo dependencies of Cebpa mutant LICs

(A) Flow cytometry gating strategy used to identify sgRNA-expressing GFP+ leukaemia
cells within the BM and spleen. The GFP+ gate was set based on MOI=0 control.

(B) Histogram showing the fraction of GFP+ cells within BM CD45.2 leukaemia cells 3
weeks after LIC transplantation. For each transduction condition, the endpoint GFP+
percentage was first normalised to the input GFP+ percentage (determined at 72 hours
post-transduction as in Figure 4.5) and then normalised to the average GFP+ percentage
among all the Rosa26 knockout mice (Rosa26 KO group = 1). P-values were calculated
using Student’s t-test.

(C) Histogram as in (B) showing the fraction of GFP+ cells within spleen CD45.2
leukaemia cells.

locus, the samples were analysed using the ICE analysis. A certain level of indels
were observed in the leukaemia cells expressing the Cer!-targeting (at Cerl locus)
and [l7-targeting (at [l7r locus) sgRNA. However, indels were rarely detected in
the Rosa26 sgRNA-expressing LICs and LBs (Figure 4.7A-B). This confirmed the
activity and specificity of the sgRNAs used during the experiment. Notably, for
both the Ceri- and Il7r-knockout group, the majority of the GFP+ LICs that
remained in the BM at the endpoint didn not retain the edited locus: WT Ceri
loci were observed in over 80% of the Cerl sgRNA-expressing LICs; WT [17r loci
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were observed in approximately 95% of the [17r sgRNA-expressing LICs (Figure
4.7A-B). Even though more edited loci were observed in the GFP+ LBs (Figure
4.7A-B), unedited loci in the GFP+ LBs were still significantly enriched during
leukaemogenesis, given the baseline sgRNA editing efficiencies observed in the near-
tetraploid NIH3T3 cells as shown in Figure 4.2. This indicated that the leukaemia
cells harbouring WT Cer! and I17r loci outcompeted the edited cells. Therefore, it
is likely that the GFP+ LICs in which Cer! or Il7r was successfully disrupted were
depleted, whereas the GFP+ LICs that somehow escaped the Cer! or Il7r editing
were able to survive, continue to proliferate and contribute to the GFP+ leukaemic
population at the endpoint. These findings suggested the essential role of CCR1

and IL7R for LIC maintenance in vivo.
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Figure 4.7. ICE analysis of the Ccrl and Il7r loci in the sgRINA-expressing
BM leukaemia cells
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(A) Histogram showing percentages of unedited Cerl loci in the BM LICs (white bar) and
LBs (grey bar) expressing the Rosa26-targeting (left) or Ccrl-targeting (right) sgRNAs.
GFP+ sgRNA-expressing cells were FACS sorted after the mice were sacrificed, as in
Figure 4.4. WT murine BM cells were used as control.

(B) Histogram as in (A) for unedited II7r loci in leukaemia cells expressing the Rosa26-
targeting (left) or Il7r-targeting (right) sgRNAs.

4.4 High CCR1 expression was associated with
poor prognosis in human AML

To gain insight into whether CCR1 plays a role in human AML development and
can be potentially used as a therapeutic target for AML patients, RNAseq data
from the TCGA AML samples and the GTEx healthy human BM tissues were re-
trieved and analysed [14, 186]. First, the expression level of CCR1 and the genes
encoding key CCRI1 ligands, CCL3 and C'CL23, were examined. This revealed sig-
nificant overexpression of CCR1, CCLS3, and CCL23 in human AML (Figure 4.8A).
Significantly, elevated CCRI expression was associated with an adverse prognosis
in AML patients (Figure 4.8B). Further genetic stratification of the AML samples
showed that CCR1, CCL3, and CCL23 overexpression occurred across different cy-
togenetic AML subtypes and in bi-allelic CEBPA mutant AML (Figure 4.8C-D).
PCA analysis of the RNAseq data using the top 500 most variable genes showed
that bi-allelic CEBPA mutant leukaemias expressing high (CCR1 expression within
the top 50% among all the TCGA AML samples) and low levels of CCR1 (CCR1
expression within the bottom 50% among all the TCGA AML samples) clustered
separately (Figure 4.8E). GSEA of CCR1 high- and low-expressing bi-allelic CEBPA
mutant leukaemias revealed that expression of genes associated with cytokine and
chemokine signalling was enriched in CCR1"™ compared to CCR1' bi-allelic CEBPA
mutant leukaemias (Figure 4.8F). Since the number of DEGs (adjusted p-value <
0.05) between CCR1" and CCR1'" bi-allelic CEBPA mutant leukaemias were low
(only 83), GSEA was only performed without pre-ranking.
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Figure 4.8. Increased CCR1 signalling is conserved between murine and TCGA
human CEBPA mutant AML

(A) Box plots comparing CCR1, CCL3, and CCL23 mRNA expression (as log2(TPM+1))
between AML samples (TCGA-LAML RNAseq dataset) and normal BM samples (GTEx
RNAseq dataset). P-values were calculated using Student’s t-test.

(B) Survival data from the TCGA-LAML cohort for the patients with the highest and

lowest quartiles of CCR1 mRNA expression (RSEM value). The p-value was calculated
using the log-rank test.
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(C) Box plots as in (A) comparing CCR1, CCL3, and CCL23 mRNA expression between
AML samples separated by cytogenetic subgroup and normal BM samples.

(D) Box plots as in (A) comparing CCR1, CCL3, and CCL23 mRNA expression between
AML samples grouped based on the presence or absence of bi-allelic CEBPA mutations
and normal BM samples.

(E) PCA of RNAseq data from CEBPA mutant TCGA-LAML samples using the top 500
most variable genes. The CEBPA mutant AML samples were segregated based on CCR1
mRNA expression determined by the RSEM value (upper vs lower 50% among all the
TCGA-LAML patients). The ovals were manually drawn to encompass the populations
indicated.

(F) GSEA comparing CCRI1-high vs CCRI-low CEBPA mutant TCGA-LAML samples
using the KEGG chemokine (left) and cytokine (right) signalling pathway gene sets. Nor-
malised enrichment score (NES) and p-value are shown.

To further support these findings, another publicly available human AML dataset
(Beat AML) was similarly investigated [188]. When RNAseq data from the Beat
AML de novo AML patients and healthy donors were analysed, overexpression of
CCR1, CCL3, and CCL23 was also observed across different subtypes of leukaemias,
including the bi-allelic CEBPA mutant leukaemias (Figure 4.9A-B). The 6 bi-allelic
CEBPA mutant leukaemia samples were grouped by their CCRI expression lev-
els: the CCR1M group included 4 AML samples; the CCR1™ group included 2
AML samples, of which the CCR1 expression level was comparable to the control
(Figure 4.9C). PCA analysis of the RNAseq data using the top 500 most variable
genes demonstrated distinct clustering of the CCRIM and CCR1'" bi-allelic CEBPA
mutant leukaemias as well (Figure 4.9D). Furthermore, in agreement with the re-
sult from the TCGA AML samples, GSEA (without pre-ranking) of the Beat AML
CCOR1™ and CCOR1% bi-allelic CEBPA mutant leukaemias revealed enrichment of the

cytokine and chemokine signalling genes in the CCR1" leukaemias (Figure 4.9E).

To summarise, consistent with the finding in the murine Cebpa mutant AML model,
the analysis of human AML datasets suggests that CCR1 signalling, after being ac-
tivated by the environmental factors, directly contributes to the distinct molecular
phenotype and adverse prognosis observed in CCRI high-expressing AML patients.
Increased activation of intrinsic CCRI1 signalling is likely a feature conserved be-
tween murine and human CEBPA mutant AML. Additionally, inhibiting CCR1
signalling in AML patients could potentially target the AML cells and decrease the
BM leukaemic burden by disrupting the AML cells’ interactions with the leukaemia-
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Figure 4.9. Increased CCRI1 signalling is conserved between murine and Beat
AML human CEBPA mutant AML

(A) Box plots comparing CCR1, CCL3, and CCL23 mRNA expression (as log2 normalised
RPKM)) between Beat AML samples and healthy BM samples (CD34+ normal HSPCs).
Beat AML samples were separated by cytogenetic subgroup. P-values were calculated
using Student’s t-test.

(B) Box plots as in (A) comparing CCR1, CCL3, and CCL23 mRNA expression between
Beat AML samples grouped based on the presence or absence of bi-allelic CEBPA muta-
tions and healthy BM samples.

(C) Scatter plot showing segregation of CCR1" and CCR1'" CEBPA mutant Beat AML
samples.

(D) PCA of RNAseq data from CEBPA mutant Beat AML samples using the top 500
most variable genes. The CEBPA mutant AML samples were segregated based on CCR1
mRNA expression as in (C). The ovals were manually drawn to encompass the populations
indicated.

(E) GSEA comparing CCR1-high vs CCRI-low CEBPA mutant Beat AML samples using
the KEGG chemokine (right) and cytokine (left) signalling pathway gene sets. Normalised
enrichment score (NES) and p-value are shown.
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supporting paracrine/autocrine signals.

4.5 CCRI1 ligand overexpression was not able to
promote Cebpa mutant LIC propagation

Based on the previous findings, I hypothesised that activating CCR1 and its down-
stream signalling might induce in vivo AML progression and promote ez vivo Cebpa
mutant LIC survival. The Nerlov laboratory previously transplanted Cebpa mu-
tant LICs into non-conditioned young and old recipient mice. We observed that
LICs were engrafted and propagated efficiently in aged BM. However, little or no
leukaemia engraftment was detected in the unperturbed young BM microenviron-
ment [56]. This allowed me to use the non-conditioned young BM microenvironment
as an unperturbed control and investigate whether the external provision of specific
cytokines or chemokines, such as CCR1 ligands, could facilitate LIC engraftment in

the otherwise not AML-propagating environment.

The hydrodynamic injection is a method for in vivo gene transfer performed by
rapidly injecting a large volume of plasmid DNA solution into the mouse tail vein
[221]. It has already been used to study the effect of cytokine overexpression in vivo
[222]. To understand whether CCR1 ligands can promote in vivo AML develop-
ment, young female mice were hydrodynamically injected with plasmids encoding
CCL3, CCL6, and CCL9, followed by transplantation of C'ebpa mutant LICs without
conditioning. I chose to investigate the effect of these 3 CCR1 ligands because the
genes encoding them were overexpressed in Cebpa mutant LICs/LBs when measured
using bulk RNAseq, while genes encoding other CCR1 ligands were not (data not
shown). Mice hydrodynamically injected with an equal amount of empty plasmid

were transplanted in the same way and used as control.

Each CCRI ligand-encoding plasmid was injected at 1lug since previous data from
the Nerlov laboratory demonstrated that a high level of serum IL-6 expression was
maintained for at least 7 days after hydrodynamic injection of 1ug IL-6-encoding
plasmid [130]. Therefore, 1ug of plasmid for each CCR1 ligand for injection should

be a reasonable starting point. The consequent 7-day duration of high serum tar-
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get cytokine levels should be able to facilitate the early expansion phase of Cebpa
mutant AML progression. In addition, studies showed that the serum level of the
target cytokine gene peaked within 24 hours post-injection [221, 222]. Hence, after
the hydrodynamic injection, the mice were left overnight for the expression of the
injected plasmids to peak before being transplanted with the LICs. In this way, once
transplanted, the LICs would be directly exposed to a CCR1 ligand-enriched envi-
ronment. The schematic representation of the experiment can be found in Figure

4.10.
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Figure 4.10. Schematic of validating the role of CCR1 ligands in AML pro-
gression in vivo

Young CD45.1 female mice (2-3 months) were hydrodynamically injected with empty
plasmids (3ug) or plasmids encoding CCL3, CCL6, and CCL9 (1ug/each, 3ug in total).
After the injection, each mouse was transplanted with 25,000 purified CD45.2 bi-allelic
Cebpa mutant LICs and monitored for up to 4 weeks.

PB samples were taken and analysed using flow cytometry at 2, 3, and 4 weeks af-
ter LIC transplantation (Figure 4.11A). Although minimal engraftment of CD45.2+
leukaemia cells was observed at the 2-week time point in most mice, regardless of in-
jection groups, this engraftment was transient. No PB engraftment of the LICs was
observed at week 3 and week 4 (Figure 4.11B-D). When all the mice were sacrificed
and analysed 4 weeks after LIC transplantation, little or no BM leukaemia engraft-
ment was observed in the mice injected with either the CCR1 ligand-encoding or
empty plasmids (Figure 4.11E). A similar finding was also observed in the spleen
(Figure 4.11F). It is possible that overexpression of the CCRI1 ligands by hydro-
dynamic injection was insufficient in activating CCRI1 signalling in the LICs, con-
sidering the high serum levels of CCR1 ligands probably could not be maintained
throughout the 4 weeks. ELISA of the serum needs to be done in the hydrodynam-
ically injected mice to assess the dynamic change of CCRI1 ligand levels after the

injection.
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Figure 4.11. Overexpression of CCR1 ligands by hydrodynamic injection did
not promote Cebpa mutant LIC propagation in vivo

(A) Flow cytometry gating strategy used to identify CD45.2+ leukaemia cells within the
peripheral blood.

(B) Histogram showing the frequency of CD45.2+ leukaemia cells in the peripheral blood
of mice hydrodynamically injected with empty (N=5) or CCRI ligand-encoding (N=5)
plasmids 2 weeks after LIC transplantation. Data from 1 experiment.

(C) Histogram as in (B) showing the frequency of CD45.2+ leukaemia cells in the periph-
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eral blood 3 weeks after LIC transplantation.

(D) Histogram as in (B) showing the frequency of CD45.2+ leukaemia cells in the periph-
eral blood 4 weeks after LIC transplantation.

(E) Histogram as in (B) showing the frequency of CD45.2+ leukaemia cells in the BM 4
weeks after LIC transplantation.

(F) Histogram as in (B) showing the frequency of CD45.24 leukaemia cells in the spleen
4 weeks after LIC transplantation.

The MTS assay was used to investigate whether the CCR1 ligands are critical for
Cebpa mutant LIC proliferation and survival in cells cultured ex vivo. Cebpa mu-
tant LICs were cultured with 50ng/mL of CCL3, CCL6, or CCL9 and viability
was assessed after 24 and 48 hours. However, when added alone, none of the cy-
tokines increased the number of total viable LICs (Figure 4.12A-B). More stud-
ies are warranted to understand whether supplementation of the CCRI1 ligands in
Cebpa mutant LIC culture could change their phenotype (e.g. by examining the
frequency of the leukaemia-initiating CD11b%c-Kit+ population using flow cytom-
etry) or increase their engraftability (e.g. by transplanting the LICs with/without

CCRI1 ligand supplement into sub-lethally-irradiated recipient mice after the ez vivo

culture).
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Figure 4.12. CCL3, CCL6, and CCL9 could not increase Cebpa mutant LIC
viability ex vivo

(A) Histogram showing the viability of Cebpa mutant LICs after being cultured ex vivo for
24 hours with or without recombinant CCR1 ligands (N=2 per culture condition). CCL3,
CCL6, or CCL9 were added to the culture at a final concentration of 50ng/mL. Viability
was measured using an M'TS reagent. P-values were calculated using the Student’s t-test.
(B) Histogram as in (A) after 48 hours of ex vivo culture.
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4.6 IL7R was overexpressed in human AML sam-
ples

The expression level of IL7R was examined in the TCGA AML samples. Significant
IL7R overexpression was observed in all the AML samples, including the bi-allelic
CEBPA mutant leukaemias (Figure 4.13A). The increase in /L 7R expression was also
seen in the Beat AML de novo AML samples (Figure 4.13B). However, within the
TCGA AML patients, a higher level of IL7R expression was not linked with worse
OS (Figure 4.13C). To explore the molecular mechanism underlying IL7R being
an AML dependency, the TCGA CEBPA mutant AML samples were segregated
based on IL7R expression: IL7R high- and low-expressing denote the samples of
which IL7R expression was within upper and lower 50% of all the TCGA-LAML
patients, respectively. When PCA analysis was applied to the TCGA bi-allelic
CEBPA mutant leukaemias, separate clustering of the IL7R high-expressing and
IL7R low-expressing samples was observed (Figure 4.13D).

GSEA without pre-ranking comparing the IL7R high-expressing CEBPA mutant
leukaemias and IL7R low-expressing CEBPA mutant revealed significant upregula-
tion of the cytokine-signalling genes and borderline upregulation of the chemokine-
signalling genes in the IL7R high-expressing samples as seen in the CCRI high-
expressing samples (Figure 4.13E). Regarding the Beat AML samples, the 6 bi-
allelic CEBPA mutant leukaemia samples were similarly divided into 2 groups by
their IL7R expression levels: the IL7RM group included 4 AML samples with IL7R
expression levels significantly higher than the control; the IL7R" group included
2 samples, of which the IL7R expression levels were similar to the control (Fig-
ure 4.13F). Clustering using PCA showed that the Beat AML CEBPA mutant
leukaemias clustered according to the IL7R expression level (Figure 4.13G). How-
ever, upregulation of the cytokine- (p-value = 0.166) or chemokine-signalling genes
(p-value = 0.645) was not observed in the IL7R™ CEBPA mutant leukaemias when
GSEA was performed. Taken together, high IL7R expression in the AML is accom-
panied by the presence of distinct transcriptional changes, which may contribute to
AML maintenance. However, the mechanism underlying this dependency of IL7TR

in AML cells remains unclear, which might be related to increased cytokine and
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chemokine signalling.
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Figure 4.13. Overexpression of IL7TR in human AML samples

(A) Box plots comparing IL7TR mRNA expression (as log2(TPM+1)) between AML sam-
ples (TCGA-LAML RNAseq dataset) and normal BM samples (GTEx RNAseq dataset).
The AML samples were grouped based on the presence or absence of bi-allelic CEBPA
mutations. P-values were calculated using Student’s t-test.

(B) Box plots comparing ILTR mRNA expression (as log2 normalised RPKM)) between
Beat AML samples and healthy BM samples (CD344 normal haematopoietic stem and
progenitor cells). The AML samples were grouped based on the presence or absence of
bi-allelic CEBPA mutations. P-values were calculated using Student’s t-test.

(C) Survival data from the TCGA-LAML cohort for the patients with the highest and
lowest quartiles of IL7TR mRNA expression (RSEM value). The p-value was calculated
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using the log-rank test.

(D) PCA of RNAseq data from CEBPA mutant TCGA-LAML samples using the top 500
most variable genes. The CEBPA mutant AML samples were segregated based on IL7R
mRNA expression determined by the RSEM value (upper vs lower 50% among all the
TCGA-LAML patients). The ovals were manually drawn to encompass the populations
indicated.

(E) GSEA comparing IL7R-high vs IL7R-low CEBPA mutant TCGA-LAML samples using
the KEGG chemokine (right) and cytokine (left) signalling pathway gene sets. Normalised
enrichment score (NES) and p-value are shown.

(F) Scatter plot showing segregation of IL7R™ and IL7R! CEBPA mutant Beat AML
samples.

(G) PCA of RNAseq data from CEBPA mutant Beat AML samples using the top 500
most variable genes. The CEBPA mutant AML samples were segregated based on IL7R
mRNA expression as in (F). The ovals were manually drawn to encompass the populations
indicated.

4.7 In vivo IL7TR-blocking antibody treatment did
not impair Cebpa mutant LIC propagation

Here, I intended to assess whether inhibiting IL7R signalling can be used as a po-
tential therapeutic strategy for AML. A monoclonal anti-IL7R antibody (A7R34)
has already been demonstrated to be effective in prolonging the survival of mice
transplanted with T-ALL cells when given over a time course of 3 weeks post-
transplantation [212]. To explore whether this anti-IL7R antibody could convey an
anti-leukaemic effect in AML, the Cebpa mutant AML mice were treated with the
anti-IL7TR monoclonal antibody or isotype control (500ug per treatment) twice a
week for 3 consecutive weeks after LIC transplantation (Figure 4.14A). The anti-
bodies were administered by intraperitoneal injections. PB was taken 20 days after
transplantation for flow cytometry analysis (Figure 4.14B). All the mice were sacri-
ficed 21 days post-transplantation for flow cytometry analysis to read out leukaemia

cell engraftment.

Surprisingly, no significant difference in BM leukaemic engraftment was observed
between the IL7R-blocking antibody-treated and control leukaemia mice (Figure
4.15A), even though Il7r disruption in the LICs through the [l7r-targeting sgRNA
significantly reduced the BM and spleen leukaemic burden as shown in Figure 4.6.

More strikingly, the leukaemic burden in the spleen significantly increased after
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Figure 4.14. In vivo IL7R-blocking antibody treatment in AML mice

(A) Schematic of examining the effect of in vivo IL7R inhibition on AML progression.
Sublethally-irradiated young CD45.1 female mice (2-3 months) were transplanted with
25,000 purified CD45.2 bi-allelic Cebpa mutant LICs, followed by administration of anti-
IL7R monoclonal antibody or isotype control twice a week for 3 consecutive weeks.

(B) Flow cytometry gating strategy used to identify CD45.2+ leukaemic cells, normal
CD45.1+ myeloid cells, CD4+/CD8a+ T cells and CD19+ B cells within the PB.

IL7R inhibition (Figure 4.15B). Similar to what was observed in the spleen, the
leukaemic burden (CD45.2+CD11b+) also increased dramatically in PB after IL7R
inhibition (Figure 4.15C), which was accompanied by a highly significant reduction
in the PB frequency of mature T cells (CD8a+/CD4+) and B cells (CD19+) (Figure
4.15D-E). Interestingly, the PB frequency of recipient-derived normal myeloid cells
(CD45.1+CD11b+) also increased significantly after IL7R inhibition (Figure 4.15F).

Page 110 Chapter 4



This indicated that the depletion of T and B cells in the PB of IL7R~inhibited mice

was unlikely to be caused by the more progressive overcrowding of the BM space by

AML blasts.
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Figure 4.15. Blocking IL7R in vivo did not impair Cebpa mutant LIC propa-
gation

(A) Histogram showing the frequency of CD45.2+ leukaemia cells in the BM of mice
treated with the isotype control (N=8) or IL7R-blocking (N=8) antibody 3 weeks after
LIC transplantation. Data from 2 experiments. P-values were calculated using Student’s

t-test.
(B) Histogram as in (A) showing the frequency of CD45.2+ leukaemia cells in the spleen.

(C) Histogram as in (A) showing the frequency of CD45.2+ leukaemia cells in the PB.
(D) Histogram as in (A) showing the frequency of CD4+/CD8a+ T cells in the PB.

(E) Histogram as in (A) showing the frequency of CD19+ B cells in the PB.

(F) Histogram as in (A) showing the frequency of normal CD45.1+ myeloid cells in the

PB.

First, if the drop in PB T and B cell frequencies had been caused by the rise in
leukaemic burden after IL7R inhibition, all recipient-derived normal haematopoietic
cells, including the CD45.14+ myeloid cells, would have been effaced. Further de-
coupling the lower T and B cell levels after IL7R inhibition from advanced AML
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progression, the level of lymphopenia has been shown to be independent of the
AML disease burden [102]; a significant increase in the absolute number of total
T cells in the PB was shown in AML patients as compared with healthy donors
[223]. Moreover, the lifespan of mature T cells is relatively long [224, 225]. This
argues against the possibility of the significantly lower T cell frequencies observed
as early as 3 weeks after IL7R inhibition being caused by the leukaemia-driving
T-cell lymphopoiesis impairment. Last but not least, deficiency of IL-7 and IL-7R
has already been shown to impair murine T and B cell development [209]. The
antibody against normal IL7R could be expected to target normal mature T cells
and B cell precursors, which may lead to irreversible severe immunodeficiency in the
mouse [226, 227]. Overall, I reckon that the depletion of T and B cells after IL7TR
inhibition was more a direct consequence of the IL7R-blocking antibody treatment

than more advanced AML progression following IL7R inhibition.

This raised the possibility that the expansion of CD45.24 leukaemia cells after IL7TR
inhibition was not a leukaemia-specific effect and did not necessarily mean that the
IL7R~blocking antibody was pro-leukaemic. Instead, the expansion of CD45.2+
leukaemia cells observed in the spleen and PB could be attributed to the treatment-
related depletion of T and B cells. Such depletion, in turn, resulted in relative
enrichment of both the normal and malignant myeloid cells, including the CD45.2+
leukaemic ones. Another possibility is that IL7R inhibition causes immune deficiency
in the mice. This can paradoxically promote LIC engraftment and expansion as seen
in the NOD/SCID mouse, despite LIC’s dependency on IL7R [228]. Taken together,
despite IL7R being an in vivo AML dependency, which has been demonstrated by
significant LIC depletion after CRISPR-mediated Il7r disruption, systemic inhibi-
tion of IL7R signalling using an IL7R-blocking antibody does not have a therapeutic
effect in the AML mouse. This is possibly due to its immunosuppressive effects caus-
ing depletion of normal T and B cells. More studies are warranted to develop an
in vivo therapeutic strategy that can target IL7R, more specifically in AML cells,

while the normal immune system remains unaffected.
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4.8 Discussion

In line with Cer! being the top hit during the first CRISPR dropout screen, I showed
in this chapter that disruption of Ccrl expression using CRISPR demonstrated that
CCR1 was indispensable for AML LIC maintenance. In addition, the chemokine
signalling gene signature was enriched in both the murine Cebpa mutant LICs and
human CCR1" CEBPA mutant leukaemias. These findings, together with Chapter 3
showing CCR1 ligand upregulation during AML, further demonstrated that intrinsic
CCRI1 signalling is essential for AML LIC maintenance. This is consistent with a
previous study showing the requirement of CCR1 expression for the maintenance
of CML LICs [197]. However, the underlying mechanism of CCR1 being an in vivo
AML dependency is still unclear [229]. To better elucidate how Cerl disruption
impacts the biology of the LICs, RNAseq of the Ccrl sgRNA-expressing LICs is

needed to pinpoint the key regulators of LIC maintenance downstream of CCR1.

Surprisingly, in vivo overexpression of CCL3, CCL6, and CCL9 using hydrodynamic
injection could not promote AML development. CCL3, CCL6, or CCL9 also failed
to stimulate murine LIC proliferation or improve murine LIC survival ex vivo. One
possible explanation is that to activate CCR1 signalling in the LICs, the CCR1
ligands must be derived from specific cell types, such as leukaemia or BM stromal
cells. There is considerable evidence that the effect of specific BM microenviron-
mental factors is cellular source-dependent. For example, SCF is a critical factor
that maintains HSCs; HSCs only require SCF expressed by VECs and PVCs rather
than OBs or other cell types [67]. Hydrodynamic injection of the CCR1 ligand-
expressing plasmids leads to target gene overexpression predominantly in the liver
cells [221]. Therefore, this may be unable to upregulate CCRI1 signalling in the LICs.
Besides, it is unclear how long the high level of CCR1 ligands in the BM needs to be
maintained to activate CCR1 signalling and propagate AML in the non-irradiated
recipient mice. A high level of CCR1 ligands in the early phase of AML devel-
opment only may not suffice. Therefore, a single dose of hydrodynamic injection
may not be appropriate to maintain prolonged n vivo CCR1 ligand overexpression
since the target protein level usually declines in a time-dependent manner after the

injection [221]. Indeed, according to the ELISA result shown in Figure 3.10F, high
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levels of BM CCL3 were still detectable 4 weeks after LIC transplantation. This
suggests that a more sustained method of in vivo CCR1 ligand overexpression, such
as administration of the recombinant cytokines regularly, is needed to promote AML
development in the non-irradiated recipient [197]. It is also possible that the crucial
role of CCR1 signalling in LIC maintenance is independent of CCR1 ligand activa-
tion, although upregulation of the ligands was observed in the leukaemia mice. This
hypothesis still needs experimental validation. It is still too early to conclude that

the interaction between CCR1 and its ligands is not essential for AML development.

Even though I only experimentally validated the in vivo role of CCR1 in the Cebpa
mutant mouse model, it is possible that this finding could be extended to other sub-
types of AML. For instance, CCR1 may be essential in MLL-AF9 leukaemia as it
is also overexpressed in the MLL-AF9 leukaemia cells [161]. Therefore, it would be
interesting to delete Cerl expression in the MLL-AF9 leukaemia cells and investi-
gate whether this can similarly deplete the leukaemic burden. It is noteworthy that
C'cl3 knockout in the MLL-AF9 leukaemia cells has been shown to delay leukaemo-
genesis, which implies the potential role of CCR1 signalling in MLL-AF9 leukaemia
development [230].

The fact that CCR1 and the genes encoding its ligands are overexpressed in human
AML samples of various cytogenetic and molecular genetic subtypes further implies
the potential role of CCR1-signalling beyond CEBPA mutant AML. However, all my
experimental data came from a murine AML model, and experiments validating the
role of CCR1 in primary human AML cells are still lacking. It would be important
to disrupt CCR1 expression in primary human AML cells, followed by using cell
culture or a xenograft model, to validate CCR1 as a dependency in human AML cells.
Besides, a selective CCR1 antagonist (BL5923) was developed several years ago [176],
which has a therapeutic effect on mice with diseases such as lupus nephritis [231]
and disseminated colon cancer [177]. This implies the high translational potential of
CCRI1 as a therapeutic target for AML. Therefore, it would be interesting to treat
the young mice transplanted with Cebpa mutant or MLL-AF9 leukaemia cells with
the selective CCR1 antagonist to investigate whether the leukaemic burden can be

reduced or whether survival of the mice can be prolonged. Furthermore, to study
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whether CCRI1 inhibition can be a potential therapy for AML patients, xenograft
models of human AML need to be treated with the CCR1 antagonist.

The significant depletion of BM and splenic leukaemia cells after [I7r knockout
confirmed the essential role of IL7TR in AML LIC maintenance. Interestingly, not
only was [Il7r, the gene encoding one of the subunits of IL-7TR, identified as the top
hit during the second CRISPR, but [i2rg, the gene encoding the other subunit of
the heterodimeric IL-7R, was also ranked highly during the first CRISPR screen.
This suggests that IL-7R signalling can be essential for AML LIC maintenance.
Although previous studies have demonstrated that IL-7R signalling upregulation
can contribute to T-ALL and B-ALL development [212, 213], this is the first time,
to our knowledge, that IL-7R signalling is implicated in AML development in vivo.
However, in contrast to the pro-survival effect of the IL7R-blocking antibody seen
in the T-ALL mice [212], the IL7R-blocking antibody was not able to decrease the
leukaemic burden in our Cebpa mutant AML mouse model. This could be due to
the immunosuppressive effect of the IL7R-blocking antibody, which targets not only
the IL7R-expressing LICs but also the normal T cells and progenitors of B cells
[209]. Considering the last IL7R-blocking antibody treatment was at 18 days after
LIC transplantation, and all the mice were culled at 21 days, it might be beneficial
to keep the treated leukaemic mice longer after the last treatment. This would
allow the suppressed immune cell populations to rebound and more AML-specific
effects to emerge and be observed. In addition, considering IL7R expression is
barely detectable in the Cebpa mutant AML LICs using flow cytometry, more solid
evidence is still needed to illustrate the existence of IL-TR signalling in the LICs.
For instance, Cebpa mutant LICs can be treated with recombinant IL-7 ex vivo. The
recipient mouse can also be treated with IL-7 before and after LIC transplantation
to investigate whether in vivo LIC proliferation is promoted. Besides, RNAseq can
be performed after treating the leukaemia mice with recombinant IL-7 to study
whether the IL-7R signalling pathway is activated in the LICs. Interestingly, similar
to CCR1, IL7R expression was upregulated across different subtypes of human AML.
Therefore, it would also be worthwhile to study the role of IL7R using other AML

mouse models, such as the MLL-AF9 leukaemia model.
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Taken together, the in vivo CRISPR dropout screen pipeline, combined with the ki-
netically tractable and strictly microenvironment-dependent murine model of CEBPA
mutant AML, facilitates the identification of in vivo AML dependencies. Using this
strategy, 2 cell surface receptor genes (Cerl and Il7r) essential for CEBPA mutant
AML development have been identified and validated, both of which can be targeted
using a small molecular inhibitor or a monoclonal antibody. Although the findings
still need further experimental validation and also be studied in primary human
AML samples, this work provides the proof of principle that targeting CCR1 and
IL7R in AML cells, individually or in combination, may be promising treatments for
AML. Such less cytotoxic therapy can be particularly beneficial for older or frail pa-
tients who are ineligible for intensive chemotherapy and HCT. The high expression
levels of CCR1 and IL7R across various subtypes of AML also indicate the potential
of extending the current finding in CEBPA mutant AML to other subtypes of AML,
such as AML with MLL-fusions.
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Chapter 5

Identification of cytokine
signalling contributing to
age-related AML predisposition

5.1 Introduction and aims

This chapter is focused on delineating the association between AML- and age-
induced BM microenvironmental changes and how this may contribute to ageing-
related AML predisposition. As previously mentioned, AML is much more frequent
in elderly patients (>= 65 years of age). Moreover, the survival of AML worsens
significantly with advancing age: for AML patients, each increase of a decade of life
leads to a decrease of around 10% in 5-year OS [4]. This can partly be explained
by AML cell-intrinsic factors: the cytogenetic features of AML that are associated
with a poor prognosis, such as chromosome 5 abnormalities and the monosomal
karyotype, are more commonly seen in elderly AML patients; on the contrary, the
frequency of favourable mutations, such as NPM1 or CEBPA mutations, decreases
significantly with age [232]. However, when comparing elderly (>65 years old) and
younger (<56 years old) patients from the same cytogenetic risk group, the elderly
patients still experienced poorer OS [103]. This suggests that, in addition to the
AML cell-intrinsic factors, other factors also play a role in the poorer outcomes seen
in elderly patients. On the one hand, many elderly patients with AML are not

eligible for intensive induction chemotherapy due to their poor performance status
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and significant comorbidities [233]. They are only given palliative treatment, such
as best supportive care, or less intensive chemotherapy [4, 232, 234], which can be
associated with their significantly poorer survival rate [105]. On the other hand,
age-related BM changes in haematopoietic cell-extrinsic compartments, such as the
BM stromal cells or secreted factors, could contribute to AML therapy resistance,
disease relapse, and decreased survival observed in elderly AML patients. This is
supported by the fact that outcomes in patients with the same cytogenetic abnor-
malities and treated using the same regimens still worsened with age [103]. Indeed,
as described in Chapter 1, the BM microenvironment can regulate normal and ma-
lignant haematopoietic cells by both direct cell-cell interactions and secreted factors,
and both the cellular components of the BM microenvironment and the secreted fac-
tors within the BM nice (secreted locally or distantly) undergo significant changes

with age [129, 235].

AML progression can also induce BM microenvironmental changes, as ageing does.
Regarding endothelium, using a murine model of MLL-AF9 AML, it has been re-
ported that AML increases or maintains CBM sinusoidal densities while the en-
dosteal vessels and arterioles, which are found predominantly in the endosteal niche,
are reduced [72, 85, 86]. A similar decrease in the endosteal vessels has also been ob-
served in AML patients [85]. Besides, impaired adipogenesis and OB differentiation
have been shown to be associated with AML progression using both AML patient
samples and mice transplanted with AML cells [85, 87, 236]. Importantly, these
phenotypic BM microenvironmental changes have been functionally implicated in
leukaemia progression. In addition, increased protein levels of pro-inflammatory cy-
tokines and chemokines, including TNF-o, CCL3, and IL-6, have been observed in
both mouse models of AML and patients diagnosed with AML [85, 95, 97]. The
source of the elevated cytokines can be either the AML cells or the remodelled BM
stromal cells [85, 102, 237].

It is therefore evident that some of the AML- and age-induced BM microenvironmen-
tal changes are overlapping. At the cellular level, both AML and ageing can cause
damage to the endosteal niche [85, 126]. Inflammation is a hallmark of the aged

and AML BM microenvironment: an increase in pro-inflammatory cytokine and
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chemokine levels has been observed in both the AML-conditioned and aged BM.
For instance, increased BM IL-6 levels during ageing [129] could directly contribute
to impaired erythroid progenitor function [130], and AML-derived IL-6 has also been
shown to play a role in AMIL-induced anaemia [102]. Besides, IL-1 can promote AML
cell expansion while suppressing normal progenitor growth, and chronic IL-1 expo-
sure might contribute to functional HSC impairment during ageing [94, 238]. In
this regard, there is a possibility that ageing and AML exposure have similar effects
on the BM microenvironment, which leads to pre-existing AML-induced features in
the aged niche and increases the ability of the aged BM to propagate AML. How-
ever, a direct link between age-related BM microenvironmental changes and AML

progression is yet to be established.

To more systemically explore whether and how ageing and AML exposure have
similar effects on the BM microenvironment and identify the overlapping features
that may play a role in AML progression, the Nerlov laboratory performed system-
atic transcriptional profiling of aged (vs young) and AML-exposed (vs non-exposed
normal) BM stromal cells at multiple time points during AML progression. Not sur-
prisingly, there was significant conservation of process networks de-regulated during
AML in the aged BM niche cells [56]. Furthermore, the possibility of AML-induced
transcriptional changes pre-existing in the aged BM microenvironment and being
AML-supportive was functionally corroborated by transplantation assays: superior
engraftment of Cebpa mutant LICs was observed in the aged compared to young,

non-irradiated recipient mice, as described in Thomas A, 2018 [56].

In light of the established link between age-related BM microenvironmental changes
and AML progression, the next question to address is which specific age-associated
changes to the BM niche, such as increased environmental factor(s) or activated
signalling pathway(s), are critical to the superior AML propagation in the old BM.
Identifying this specific factor or signalling pathway could provide insight into de-
veloping novel therapies for elderly AML patients, who are usually ineligible for
intensive chemotherapy. In this chapter, I will focus on investigating the role of sev-
eral pro-inflammatory cytokines/chemokines, including IL-6 and CCR1 ligands, in

AML development during ageing. Eventually, I showed that CCR1 signalling rather
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than IL-6 signalling constituted an AML-dependency that was increased during age-
ing, which, at least partly, explained the increased ability of AML to propagate in
the aged BM.
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5.2 AML- and age-induced transcriptional changes
to BM stromal cells are correlated

Given the potential association between the aged and AML-exposed BM microenvi-
ronment, the Nerlov laboratory has been seeking to identify common transcriptomic
features between the aged and AML-exposed BM niche cells, which could play a role
in AML progression. Thus, bulk RNAseq of BM stromal cells harvested from young
(8-12 weeks of age) and old (23-24 months of age) mice was performed by the Nerlov
laboratory to characterise transcriptional changes that occurred to the BM microen-
vironment during physiological ageing [130]. As the bulk of leukaemia cells mainly
occupies the central BM, which also contains most sinusoidal endothelial niches
[239], the AML-exposed and control CBM niche cells (sorted from mock-transplanted
mice) were similarly profiled using bulk RNAseq by the Nerlov laboratory. More
details were described in Thomas A, 2018 [56]. The schematic representation of how

the RNAseq was performed is shown in Figure 5.1.

Young (2-3 months) mice

0ld (22-24 months) mice %

-« (—

Identify transcriptional changes in

Sort BM stromal cells by FACS the BM stromal cells during
ageing by bulk RNAseq.

@ Mock transplant
% 2/3/4 weeks

cKit enriched
@ Cebpa mutant cells

%f 2/3/4 weeks ;
D \ Identify transcri

ptional changes in
the BM stromal cells during AML
Sort BM stromal cells by FACS progression by bulk RNAseq.

Figure 5.1. Schematic of profiling leukaemic and aged BM stromal cells by
bulk RNAseq

To investigate BM microenvironmental changes that occur during normal ageing (top),
SmartSeq2-based RNAseq of FACS purified BM stromal cells from both young (as control)
and aged mice was performed. To investigate the functional interaction between AML
and BM stromal cells over time (bottom), SmartSeq2-based RNAseq of FACS purified
BM stromal cells from both mock (as control) and LIC transplanted mice was performed
at the 2-; 3-, and 4-week time points of AML development.
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In line with the hypothesis that some of the AML- and age-induced transcriptional
changes to the BM microenvironment may overlap, the Nerlov laboratory found that
the AML-exposed and aged CBM VECs were transcriptionally alike, as described in
Thomas A, 2018 [56]. First, DESeq2 was used to identify DEGs by comparing the
leukaemic and control samples at 2, 3, and 4 weeks after LIC transplantation. This
way, any transcriptional changes associated with the sub-lethal irradiation protocol
could be controlled. Interestingly, a highly significant number of upregulated DEGs
(up-DEGs) were shared between the aged and AML-exposed CBM VECs throughout
the disease trajectory (Figure 5.2A). Of note, the highest number of up-DEGs shared
by the aged and AML-exposed CBM VECs was observed at week 3, a key time point
when the BM leukaemic burden was high and continued to increase. In contrast,
similar comparisons for CBM PVCs showed only marginal significant overlap at

week 4 (Figure 5.2B).

Aged AML Week 2 Aged  AML Week 3 Aged AML Week 4
n
: . . .
L
[m]
=3
)

p-value = 0.005 p-value = 9.3*10"3 p-value = 0.001
CBM VECs

Aged AMLWeek?2 Aged AML Week 3 Aged  AML Week 4

p-value = 0.645 p-value = 0.544 p-value = 0.006
PVCs

Up-DEGs

Figure 5.2. A significant number of up-DEGs were shared by leukaemic and
aged CBM VECs

(A) Venn diagrams depicting the overlap of up-DEGs identified by DESeq2 analysis be-
tween aged CBM VECs and AML-exposed CBM VECs at different time points post-
transplantation. DESeq2 analysis of aged (vs young) CBM VECs and AML-exposed (vs
control) CBM VECs was performed using RNAseq data from Figure 5.1. P-values for the
overlaps were calculated using a hypergeometric test.

(B) Analysis as in (A) of the overlap between up-DEGs in aged and AML-exposed and
PVCs.

To further investigate whether CBM stromal cells were similarly affected by AML
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progression and ageing, MPNA was used to identify perturbed molecular networks
in the aged and AML-exposed CBM VECs by the Nerlov laboratory, as described
in Thomas A, 2018 [56]. Consistent with the DEG analysis, a highly significant
number of perturbed networks shared by the aged and AML-exposed CBM VECs
was observed at week 3 (Figure 5.3A). Interestingly, the shared process networks be-
tween the aged and week 3 CBM VECs included IL-6 signalling and TGF-/activin
signalling, both of which had been identified by the Nerlov laboratory as critical
contributors to haematopoietic ageing [130]. The shared network perturbations
also included other inflammation-associated signallings, such as Amphoterin and
TREM1 signalling. This is in agreement with previous findings demonstrating that
both ageing and myeloid malignancies can increase inflammatory signalling in the
BM microenvironment [77, 235], which might explain the predisposition to AML ob-
served in the non-irradiated aged mice [56] and elderly population [105]. In contrast,
for CBM PVCs, the overlap between the age- and AML-induced changes to process
networks only showed borderline significance at all time points (Figure 5.3B). This
indicates that ageing and AML exposure de-regulate similar inflammation-associated

processes, specifically in CBM VECs.

In light of the above findings, it is reasoned that leukaemic/age-associated condi-
tioning of the BM microenvironment that can alter the function of CBM VECs
and promote leukaemia progression would manifest itself as de-regulated process
networks that are preserved by both the CBM VECs and leukaemia cells. Indeed,
further analysis demonstrated a highly significant overlap of perturbed process net-
works between the aged CBM VECs, the AML-exposed CBM VECs, and the LICs
(Figure 5.3C). Importantly, IL-6 signalling, Amphoterin signalling, and TREM1
signalling remained as overlapping perturbed process networks, which further sup-
ported the role of pro-inflammatory signalling in age-related AML predisposition.
A full list of the perturbed networks shared by the aged CBM VECs, AML-exposed
CBM VECs, and LICs can be found in Table 5.1.
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Figure 5.3. A significant number of Metacore perturbed networks were shared
by leukaemic and aged CBM VECs

(A) Venn diagrams depicting the overlap of perturbed networks identified by Metacore
analysis between aged CBM VECs and AML-exposed CBM VECs at different time points
post-transplantation. Metacore perturbed network analysis of aged (vs young) CBM VECs
and AML-exposed (vs control) CBM VECs was performed using RNAseq data from Figure
5.1. P-values for the overlaps were calculated using a hypergeometric test.

(B) Analysis as in (A) of the overlap between networks perturbed in aged and AML-
exposed and PVCs.

(C) Venn diagram depicting the overlap of perturbed networks in week 3 LICs, week 3
CBM VECs, and aged CBM VECs. The p-value was calculated using a random draw
simulation (10,000,000 iterations).

In addition, I performed non-ranked GSEA to characterise common transcriptional
changes shared between the AML-exposed and aged CBM VECs. Not surprisingly,
GSEA showed that the expression of up-DEGs of leukaemic CBM VECs was signifi-
cantly enriched in the aged CBM VECs (Figure 5.4A). First, this demonstrates that
a significant proportion of transcriptional changes to the AML-exposed CBM VECs
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Networks

Immune response_Phagocytosis
Proliferation_Positive regulation cell proliferation
Cytoskeleton_Actin filaments

Cell adhesion_Integrin-mediated cell-matrix adhesion
Development_Blood vessel morphogenesis

Cell adhesion_Platelet aggregation
Cytoskeleton_Regulation of cytoskeleton rearrangement
Inflammation_IL-6 signaling

Cell adhesion_Integrin priming
Cytoskeleton_Intermediate filaments

Immune response_Phagosome in antigen presentation
Immune response_TCR signaling

Immune response_IL-5 signalling
Development_Hemopoiesis, Erythropoietin pathway
Signal Transduction_Cholecystokinin signaling
Proliferation_Lymphocyte proliferation
Translation_Regulation of initiation
Inflammation_Amphoterin signaling

Cell cycle_Mitosis

Inflammation_Protein C signaling

Inflammation ' TREM1 signaling

Table 5.1. Metacore perturbed networks shared by LICs, leukaemic CBM
VECs, and aged CBM VECs

Metacore perturbed process networks shared by week 3 LICs (vs GMPs), week 3 leukaemic
CBM VECs (vs control CBM VECs), and aged CBM VECs (vs young CBM VECs) are

shown.
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pre-exist in the aged CBM VECs. Second, this, together with the fact that engraft-
ment of the LICs is superior in the aged recipient mice, compared to the young,
indicates that these pre-existing transcriptional changes to the old CBM VECs can
functionally promote AML progression in the aged BM [56]. In addition, consistent
with gene expression signatures associated with chemokine and cytokine signalling
being increased in the AML-exposed CBM VECs, the cytokine signalling signa-
ture was significantly enriched in the aged CBM VECs (Figure 5.4B). Although
statistically insignificant, the chemokine signalling signature was also enriched in
the aged CBM VECs (Figure 5.4C). These results align with the previous findings
demonstrating that both ageing and leukaemia can induce a pro-inflammatory BM
environment [77, 235]. Hence, targeting specific cytokine/chemokine signalling, es-
pecially the pro-inflammatory cytokines, may counteract the predisposition to AML

during ageing and be used as a novel therapy for elderly AML patients.

Enrichment plot: UP-DEGS IN AML-EXPOSED CBM
VE!

NES=1.587
Nominal P <0.001

Enrichment plot: Enrichment plot:
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTIO KEGG_CHEMOKINE_SIGNALING_PATHWAY
N NES=1.172
Nominal P =0.132

NES=1.518
Nominal P < 0.001

Enrichment score (ES)

Enrichment score (ES)

Wi Wil i

+ oucsuvecs
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¥
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H :  young (esatively comehted) ; Young negately carelte

Figure 5.4. AML-induced molecular perturbations in CBM VECs pre-exist in
aged BM

(A) GSEA comparing aged vs young CBM VECs using a customised gene set including up-
DEGs of AML-exposed CBM VECs. Up-DEGs of AML-exposed CBM VECs (vs control)
were defined as DEGs with an adjusted p-value < 0.05 and log2 fold change > 0 at the 2-,
3- or 4-week time points of AML development; genes with an RPKM value constitutively
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lower than 1 in all the CBM VECs that had been sequenced were excluded. This led to a
gene set of 624 genes. Normalised enrichment score (NES) and p-value are shown.

(B) GSEA comparing aged vs young CBM VECs using the KEGG cytokine signalling
pathway gene set. Normalised enrichment score (NES) and p-value are shown.

(C) GSEA as in (B) using the KEGG chemokine signalling pathway gene set.

5.3 IL-6 signalling was not involved in increased
AML progression during ageing

I next intended to investigate which pro-inflammatory cytokine(s) and the associ-
ated signalling pathway are critical to the increased AML progression in the old
BM microenvironment. The first pro-inflammatory cytokine examined was IL-6,
considering the MPNA showing that IL-6 signalling was simultaneously enriched in
the LICs, the AML-exposed CBM VECs, and the aged CBM VECs. Analysis of
human patient samples also showed significant overexpression of IL6R in TCGA-
LAML samples compared to the control, and the higher IL6R expression level was
associated with poorer OS in AML patients; high circulating levels of IL-6 were also
associated with decreased OS in AML patients, which indicates the implication of
increased IL-6 signalling in AML progression [237, 240]. Besides, the protein level
of IL-6 was significantly elevated in the old BM [129], and IL-6 signalling was sig-
nificantly enriched in the majority of BM stromal cell types, such as BL. MSCs, BL
VECs, CBM VECs, and CBM LEPR+ PVCs, during ageing [130]. This demon-
strates that increased IL-6 signalling pre-exists in the old BM microenvironment.
But the direct link between increased I1-6 signalling and AML progression during
ageing is yet to be established.

First, I investigated whether upregulation of 1L-6 signalling in the young mice could
promote Cebpa mutant LICs engraftment in the young BM microenvironment, which
is otherwise not AML-permissive. The hydrodynamic injection was used to activate
IL-6 signalling in the young BM stromal cells, which could effectively elevate sys-
temic IL-6 levels for at least 7 days and generate aged haematopoietic progenitor
phenotypes in the young mice [130]. Therefore, to assess the role of elevated IL-6
signalling in AML progression, I hydrodynamically injected non-irradiated young

mice with lug of empty or IL-6-encoding plasmids, allowing the IL-6 expression
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level to increase and peak for 72 hours, followed by transplanting the mice with

purified LICs (Figure 5.5A). However, I did not observe overt BM engraftment of

the LICs in the recipients injected with either the empty or IL-6-encoding plasmids

when the mice were sacrificed 28 days post-transplantation (Figure 5.5B). Even

though detectable engraftment of the LICs was observed in the PB of one of the

IL-6-overexpressing mice at 14 days post-transplantation, it no longer existed by 21

days post-transplantation (Figure 5.5C). Therefore, overexpression of IL-6 by the

hydrodynamic injection was ineffective in remodelling the young BM into an AML

growth-permissive microenvironment like the old.
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Figure 5.5. Overexpression of IL-6 by hydrodynamic injection could not re-
model the young BM niche into an AML-permissive environment like the old

(A) Schematic of investigating the role of increased IL-6-signalling in AML progression in
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vivo. Young CD45.1 female mice (2-3 months old) were hydrodynamically injected with
empty (1ug) or IL-6-encoding (1ug) plasmids. 72 hours after the injection, each mouse was
transplanted with 25,000 purified CD45.2 bi-allelic Cebpa mutant LICs and monitored for
up to 4 weeks.

(B) Histogram showing the frequency of CD45.24 leukaemia cells in the BM of mice
hydrodynamically injected with empty (N=5) or IL-6-encoding (N=4) plasmids 4 weeks
after LIC transplantation. Data from 1 experiment.

(C) Representative flow cytometry of CD45.2+ leukaemia cells in the PB 2 (left) and
3 (right) weeks after LIC transplantation. The flow cytometry of the only mouse with
detectable CD45.2+ leukaemic engraftment in the PB (> 0.01% of 7TAAD-Singlets) at 2
weeks is shown.

The Nerlov laboratory showed that treating the aged mice with a neutralising anti-
IL-6 antibody inhibited the age-dependent IL-6 signalling in the BM stromal cells
and reversed age-associated erythroid progenitor phenotypes. Therefore, it was hy-
pothesised that IL-6 inhibition should reduce BM LIC engraftment in the non-
conditioned aged mice if increased IL-6 signalling in the BM stromal cells was
important to the superior engraftment of the LICs in the aged BM. To test this
hypothesis, aged recipient mice were first intraperitoneally injected with the IL-
6 neutralising or isotype control antibodies 3 times as previously described [130].
Then, the mice were transplanted with purified LICs 1 week after the last treatment
and sacrificed 28 days after LIC transplantation (Figure 5.6A). Consistent with the
finding described in Thomas A, 2018 [56], the LICs did engraft and propagate highly
efficiently in the BM of almost all the aged mice. However, no significant difference
in the BM or spleen LIC engraftment was observed between the differently treated
mice (Figure 5.6B-C). Taken together, these results suggest that increased I1L-6 sig-
nalling in the old BM stromal cells could not contribute to the increased ability of
the aged BM microenvironment to propagate AML, despite I1L-6 signalling’s role in

haematopoietic ageing.
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Figure 5.6. Blocking IL-6-signalling in vivo could not counteract the age-
related increased AML propagation

(A) Schematic of examining the effect of in vivo IL-6-signalling inhibition on age-related
AML propagation. Old CD45.1 female mice (22-24 months old) were treated with isotype
control or IL-6 neutralising antibodies. 1 week after the last treatment, each mouse was
transplanted with 25,000 purified CD45.2 bi-allelic Cebpa mutant LICs and monitored for

up to 4 weeks.

(B) Scatter plot showing the frequency of CD45.2+ leukaemia cells in the BM of mice
treated with isotype control (N=9) or IL-6 neutralising antibodies (N=8). Data from 2
experiments. The p-value was calculated using a Mann-Whitney test.

(C) Analysis as in (B) showing the frequency of CD45.24- leukaemia cells in the spleen.

5.4 CCRI1 signalling facilitated AML progression
in the aged BM

Another pro-inflammatory cytokine signalling that could contribute to the increased
AML growth permissiveness of the aged BM microenvironment is the CCR1 sig-
nalling. First, protein levels of key CCRI1 ligands, including CCL3 and CCLS5,
have been shown to increase in the BM of MLL-AF9 AML mice and old mice
[97, 128, 235]. CCL3 levels have also been shown to increase in the elderly popu-
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lation and AML patients [90, 241]. Consistent with this, I observed elevated CCL3
levels in both the AML-conditioned (vs mock transplanted) (Figure 3.10F) and old
(vs young) BM fluid (Figure 5.7A). Elevated CCL5 levels were also observed in
the AML-conditioned and old (vs young) BM fluid (Figure 5.7B). In addition, as
described in previous chapters, CCR1 signalling is essential for LIC maintenance.
These findings suggest that the aged BM microenvironment may promote AML pro-
gression by providing pre-existing high levels of CCR1 ligands, which could activate
CCRI1 signalling in the LICs and propagate them.
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Figure 5.7. CCRI1 ligands constitutively presented in aged BM at levels similar
to those generated by AML conditioning

(A) Histogram showing the levels of CCL3 protein in BM fluid from young (2-3 months
old) and aged (22-24 months old) mice (N=10/condition). Protein levels were measured
by ELISA. Data are from 2 experiments. P-value was calculated using the Student’s t-test.
(B) Histogram as in (A) showing the levels of CCL5 protein in BM fluid from young (2-3
months old) (N=10), aged (22-24 months old) mice (N=10), and LIC transplanted mice
(N=4) at the 3-week time point.

Considering that CCL3 and CCL5 are constitutively present in aged BM at lev-
els similar to those generated by AML conditioning, an outstanding question that
remains to be addressed is where these CCR1 ligands come from. RNAseq of the
aged BM stromal cells showed significant overexpression of Ccl3 and Ccl6 in CBM
VECs and OBs, respectively (Figure 5.8A, C). The expression level of Ccl5 and
Ccl9 was also examined, but statistically significant overexpression was observed in
none of the aged (vs young) BM stromal cell types (Figure 5.8B, D). This still raised
the possibility that the aged BM stromal cells could generate an age-related CCR1

ligand-enriched BM environment by expressing and secreting increased levels of the
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CCRI1 ligands. Even though the primary cellular source of CCL3 in the BM is not
clear yet and may not be the BM stromal cells [229], a previous study showed that
old bone-derived stromal cells had increased Ccl5 mRNA expression levels compared
to the young [131]. Therefore, to investigate whether the aged BM stromal cells were
indeed the primary cellular source of the high CCR1 ligand protein level in the aged
BM cavity, multiplex qRT-PCR was performed to compare the mRNA expression
level of key CCRI1 ligand-encoding genes in old vs young BM stromal cells.
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Figure 5.8. Aged BM stromal cells were not the main cellular source of in-
creased CCR1 ligands in the aged BM
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(A) Scatter plot comparing expression levels of Ccl3 measured by RNAseq (as in Figure
5.1) between the aged and young BM stromal cell populations. RPKM values are shown,
N = 3 per indicated cell population. P-value was calculated by DESeq?2.

(B) Scatter plot as in (A) for Cclb.

(C) Scatter plot as in (A) for Ccl6.

(D) Scatter plot as in (A) for Ccl9.

(E) Scatter plot comparing expression levels of Ccl3 measured by multiplex qRT-PCR

2—ACt

between the aged and young BM stromal cell populations. Values shown are nor-

malised to the geometric mean of the 2 housekeeping genes, B2m and Gapdh. N = 3 per
indicated cell population from 1 experiment. Each biological replicate was the average of
at least 2 technical replicates. P-values were calculated using the Student’s t-test.

(F) Scatter plot as in (E) for Ccl5.

(G) Scatter plot as in (E) for Ccl6.

(H) Scatter plot as in (E) for Ccl9.

I focused on CBM VECs and OBs (Figure 5.9A-B) as the RNAseq result indicated
that they were the only 2 BM stromal cell populations with age-related CCR1 ligand-
encoding gene upregulation as shown in Figure 5.8 A-D. However, the multiplex qRT-
PCR showed no significant overexpression of any key CCR1 ligand-encoding gene in
the aged BM stromal cell population (Figure 5.8E-H). This suggests that the aged
BM stromal cells are not the predominant source of the elevated CCR1 ligands in
the aged BM cavity. They may come from haematopoietic cell populations, such
as macrophages or other distal sites. Besides, both CCL3 and CCL5 are part of
the senescence-associated secretory phenotype (SASP) [242]. Therefore, CCL3 and

CCL5 may come from senescent cells in the aged mouse.

To test the possibility that ageing provides an environment conducive to AML pro-
gression through, at least in part, upregulation of CCR1 ligands, I transplanted
non-irradiated aged mice with purified LICs and allowed leukaemia cells to engraft
and proliferate for 10 days. Then the mice were treated for 10 consecutive days
with a selective CCR1 antagonist BL5923 (Novartis) or vehicle [176]. The CCR1
antagonist BL5923 has been shown to be effective in inhibiting CCR1 signalling
and alleviating lupus nephritis and metastatic colon cancer [177, 231]. After the
last treatment (21 days after LIC transplantation), the leukaemic burden in the PB,
BM, and spleen was measured by flow cytometry (Figure 5.10A). In agreement with
the hypothesis that increased CCRI1 signalling in the aged BM microenvironment
could contribute to AML progression, the total number of BM CD45.2+ leukaemia
cells and LICs were significantly lower in the old mice treated with BL5923 (Figure
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Figure 5.9. Gating of BM stromal cell populations

Flow cytometry gating strategies used to identify and sort CBM (A) and BL (B) niche
cell populations.

5.10B-D). A significant reduction in the leukaemia cells was also observed in the
spleen and PB (Figure 5.10E-F). This strongly demonstrated that CCR1 inhibition
impaired the progression and lowered the leukaemic burden of AML in the aged
BM microenvironment. To our knowledge, the effect of CCR1 inhibition has never
been shown in an AML mouse model, even if pharmacological CCR1 inhibition was
shown to have an anti-tumour effect in mice with MM, colon cancer, and breast
cancer [243]. Chapter 4 showed that overexpression of key CCRI1 ligands using the
hydrodynamic injection could not facilitate AML progression in the non-irradiated
young BM niche. This may suggest that mechanisms other than increased CCR1
signalling should also be involved in the increased ability of AML to propagate in

the aged BM, which still warrants more investigation.
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Figure 5.10. CCRI1-signalling could support AML progression in the aged BM

(A) Workflow for evaluation of the role of CCRI-signalling in Cebpa mutant AML pro-
gression in aged mice. Non-irradiated aged mice (22-24 months old) were transplanted
with 25,000 purified LICs. The leukaemia cells were allowed to engraft for 10 days before
the treatment started.

(B) Representative flow cytometry plot comparing BM leukaemic burden in the aged
leukaemia mice treated with vehicle or the selective CCR1 antagonist (BL5923). Percent-
ages shown are gated populations as a percentage of the parental gate.

(C) Histogram showing the frequency of CD45.24 leukaemia cells in the BM of vehicle
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(N=6) or BL5923 (N=7) treated aged mice 3 weeks after LIC transplantation. Data from
2 experiments. The p-value was calculated using a Mann-Whitney test.

(D) Histogram as in (C) showing the frequency of LICs in the BM.

(E) Histogram as in (C) showing the frequency of CD45.2+ leukaemia cells in the spleen.
(F) Histogram as in (C) showing the frequency of CD45.2+ leukaemia cells in the PB.
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5.5 Discussion

Even though AML- and age-induced BM microenvironmental changes have been
widely studied and presumably share several common features, such as elevated lev-
els of pro-inflammatory cytokines and disruption of endosteal vessels, a systemic
comparison of the transcriptional alternations to the aged and AML-exposed BM
niche cells is still lacking. By performing bulk RNAseq on the BM niche cells sorted
from old or AML mice, we were able to identify a number of overlapping DEGs and
de-regulated process networks, including several inflammation-associated signalling
pathways. This implies the potential benefit of targeting aberrantly increased pro-
inflammatory cytokines and the relevant signalling pathways for elderly AML pa-

tients.

IL-6 signalling has been implicated in the development of several types of myeloid
malignancies other than AML: genetic or pharmacological blocking of 1L-6 signalling
was able to delay CML onset and prevent clonal haematopoiesis from progressing to
CML-like disease [244, 245]. Regarding AML, it was shown that AML cell-secreted
IL-6 was able to induce anaemia [102], but the role of IL-6 signalling in AML estab-
lishment and propagation still needs further investigation. Here, I demonstrated that
inhibition of IL-6 signalling using an anti-IL-6 monoclonal antibody was not able to
prevent Cebpa mutant AML progression in the aged mice. Likewise, the hydrody-
namic injection of 1ug of IL-6-encoding plasmid failed to remodel the otherwise not
AML-permissive young BM and support the expansion of the Cebpa mutant AML.
As the Cebpa mutant LICs used for transplantations were already transformed [13],
these results indicate that 1L-6 signalling may not have implications for maintaining
the leukaemogenic potential of the LICs or propagating them. These results also
question the role of IL-6 signalling in age-related predisposition to AML despite
the elevated IL-6 levels in the aged BM. Of course, it would be interesting to treat
the aged leukaemia mice with IL-6-neutralising antibodies both before and after the
LIC transplantation or use a more sustainable way of 1L-6 overexpression, such as
regular administration of recombinant IL-6, before jumping to a definitive conclu-
sion. With respect to delineating the role of IL-6 signalling in leukaemogenesis, it

would be worthwhile to transplant the preleukaemic FL cells carrying the Cebpa
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mutations into recipient mice following IL-6 blockade or overexpression and inves-
tigate whether the onset of overt AML can be delayed or advanced [13]. However,
given the long latency period of around 20 weeks in mice transplanted with the FL
cells, such experiments may only be feasible when using the young recipient mice
[13]. Given the effect of IL-6 blocking on improving the survival of human AML
xenograft mice, albeit predominantly by improving AML-induced anaemia rather
than directly suppressing AML progression [102], IL-6 blocking is still a promising
therapeutic approach for elderly AML patients even though the role of IL-6 in AML

establishment and propagation remains unclear.

Even if intrinsic CCR1 signalling had been shown to be essential for the maintenance
of CML LICs and MM tumour dissemination [197, 198], it was not clear whether it
had an effect on AML LIC maintenance [229]. The results described in the current
Chapter and Chapter 4 unequivocally demonstrate that CCR1 signalling is essential
for AML LIC maintenance and constitutes an AML-dependency that is increased
during ageing, contributing directly to the increased ability of the transformed Cebpa
mutant LICs to propagate in the aged BM. However, the impact of intrinsic CCR1
signalling on AML establishment remains obscure until more experiments are done
(e.g. transplantation of CCRI1-deficient FL cells carrying the Cebpa mutations).
Nevertheless, the results underpin the potential benefit of CCR1 signalling inhibi-
tion for elderly AML patients. In particular, this can benefit frail elderly patients
who would otherwise only receive less intensive chemotherapy or the best supportive
care. Besides, similar to IL-6, CCL3 also contributes to AML-induced defective ery-
thropoiesis [97], which further justifies the potential use of selective CCR1 inhibitors
in AML patients. Targeting senescent cells may also constitute a therapeutic strat-
egy in AML, as has previously been proposed for cancers in general [246]. Even
though the result from this chapter was focused on the leukaemia-reducing effect
of CCR1 inhibition in the aged leukaemia mice, considering the CCR1 dependency
of the LICs shown in Chapter 4, the selective CCR1 inhibitor should presumably
be able to decrease the leukaemic burden in young AML mice as well. Of course,
further experiments are still warranted to confirm this. It would also be interesting
to investigate the effect of combining standard chemotherapy and selective CCR1

inhibition in AML mice to investigate whether this combined treatment can further
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reduce the leukaemic burden and prolong the leukaemia-free survival of AML mice.
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Chapter 6

Conclusions

The studies presented in Chapters 3 and 4 identified and functionally validated 2
cytokine receptor genes, Ccrl and [l7r, as in vivo dependencies in a murine model
of bi-allelic CEBPA mutant AML by virtue of CRISPR-Cas9-based screens. This
suggests an intrinsic role for CCR1 and IL7R signalling in CEBPA mutant AML
propagation. In addition, mirroring the increased expression of Cer! and II7r in
murine Cebpa mutant AML cells, both CCR1 and IL7R were overexpressed across
various cytogenetic and molecular genetic subtypes of human AML, and high CCR1
or IL7R expression in CEBPA mutant AML patients led to distinct gene expression
profiles. Furthermore, high CCR1 expression was correlated with poor OS, consis-
tent with CCR1 signalling playing a general and intrinsic role in AML progression.
These studies not only provide novel AML dependencies, which can potentially be
used for targeting LSCs but also offer a platform for conducting targeted CRISPR-

based screens in a strictly BM microenvironment-dependent context.

The study presented in Chapter 5 investigated the molecular basis for the increased
ability of AML-propagating cells to expand in an aged, compared to a young, BM
microenvironment and identified CCR1 signalling as a critical mediator of this. How-
ever, IL-6 signalling, which had been implicated in haematopoietic ageing and CML
development, seemed to play a minimal, if any, role in the increased ability of AML
to propagate in the aged BM. Therefore, CCR1 may constitute a molecular target
in AML in the elderly.
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Together, these studies highlight the role of BM microenvironmental factors, CCR1
ligands in particular, in CEBPA mutant AML development and age-related CEBPA
mutant AML predisposition. However, more experimental studies are warranted to
elucidate whether this finding can apply to other subtypes of AML. In addition,
given the significant similarities between AML-conditioned and aged BM stromal
cell transcriptomes, further investigation may identify additional BM microenviron-

mental AML dependencies that contribute to age-related AML predisposition.
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