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Abstract

Acute myeloid leukemia (AML) spans a wide array of distinct clinical entities and likely
molecular determinants. Despite early treatment success, many aspects of leukemogenesis
remain poorly understood, including determinants of leukemic phenotype and identity, and genes
and pathways critical to leukemic stem cell (LSC) function.

Meningioma 1 (MN1) is a transcriptional co-factor that is an independent prognostic marker for
normal karyotype AML, with high expression linked to poor survival and resistance to treatment
by ATRA-induced differentiation. MN1 is also a potent and sufficient oncogene in murine
leukemia, able to block differentiation and promote LSC self-renewal through transformation of
cells at the common myeloid progenitor level. Using this single-hit oncogenic model, MN1
overexpression was exploited to gain further insight into the leukemic process.

The objective of this thesis work was to identify and better understand key regulators in LSC
function. Sixteen MNI1 structural variants were generated to investigate if the leukemic
properties of increased proliferation and self-renewal, arrested hematopoietic differentiation, in
vivo leukemogenic activity, and resistance to all-trans retinoic acid-induced differentiation could
be localised to specific protein regions. Functional assays revealed that the MN1 C-terminus is
critical for blocking myeloid and lymphoid differentiation and ATRA resistance while the N-
terminus is essential for leukemogenicity, proliferation and self-renewal, and arrested erythro-
megakaryocyte differentiation, demonstrating that these leukemic properties can be attributed to
specific and largely distinct regions.

To identify key genes and pathways underlying leukemic activity, the phenotypic heterogeneity
of MN1 leukemic cells was functionally assessed, revealing leukemic and non-leukemic subsets.

Gene expression profiling of these subsets was combined with previously-published datasets
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comparing wildtype leukemic MN1 and mutant versions with varying leukemogenic activity to
identify candidate genes critical to leukemia. Through functional analysis of leukemic properties,
HIf and HoxA9 were identified as critical to in vitro proliferation, self-renewal, and impaired
myeloid differentiation in MN1 leukemia. Furthermore, this work identifies Meis2 as a novel
player in MNIl-induced leukemia, with essential roles in proliferation, self-renewal,
differentiation, and apoptosis.

Together, these models provide a platform to unravel the basis for dysregulated gene expression
associated with leukemia and to probe the cellular and molecular determinants of

leukemogenesis.
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Chapter 1: Introduction

1.1 Thesis overview: Using the MN1 overexpression oncogenic model as an approach to

study AML

The mammalian hematopoietic system is composed of multiple cell types, each of which perform
specific functions. These cells form an organised system that is tightly regulated in large part
through transcriptional and epigenetic events that orchestrate a myriad of cellular processes
including proliferation, differentiation, maturation, maintenance of deoxyribonucleic acid (DNA)
integrity, and cell survival. Perturbation of one or more of these cellular processes can lead to an
imbalance of the system that can confer a competitive advantage to specific cells and, ultimately,
transformation to a leukemic state. The ways in which the regulatory mechanisms may become
perturbed and thereby lead to pre-leukemic and leukemic states are not yet fully understood.
Contributing to our poor understanding are the large number of genes that have been linked to

the leukemic process and the relative difficulty in deciphering their functional roles.

Overexpression of meningioma (disrupted in balanced translocation) 1 (MN1) has emerged as a
prominent player in leukemogenesis since its initial identification as an independent negative
prognostic factor for patients with acute myeloid leukemia (AML) with normal karyotype.
Subsequent studies in the murine model further revealed that overexpression of human MNI1 is
potently leukemogenic and capable of inducing an aggressive AML as a single-hit oncogene
through promoting leukemic cell self-renewal and blocking myeloid differentiation. In this thesis
work, I sought to exploit the MN1 model of leukemogenesis to provide further insight into
leukemic transformation through two major lines of investigation. In the first, described in

Chapter 2, I carried out a functional dissection of the relationship between regions of the MN1



oncoprotein and its leukemogenic properties. In a second line of investigation, described in
Chapter 3, I sought to identify key genes and pathways that underlie the leukemic properties of
MNI1 by examining the hierarchical nature of MNI leukemia and associated gene expression
signatures within this hierarchy as well as gene signatures associated with mutant forms of MN1
with differential leukemogenic activity. This latter work led to the discovery that a homeobox
(Hox) transcription co-factor, myeloid ectropic viral integration site 2 (Meis2), plays a critical
role in MN1 growth and proliferation, self-renewal, differentiation block, and ability to evade
apoptosis, suggesting that Meis2 may be a core component in MN1-induced leukemogenesis.
The following sections of this chapter provide an overview of key concepts related to leukemia,

MNI, and additional relevant factors that underpin this work.

1.2 The hematopoietic system is organized in a hierarchical structure governed by tightly

regulated self-renewal and differentiation capabilities

The diverse cells of the hematopoietic system work together to provide immune responses,
protection against foreign pathogens, wound healing capabilities, control of bleeding and
transport of nutrients and oxygen within the body. These heterogeneous cells are organised in a
hierarchical structure, with mature, specialised cells — broadly characterised into myeloid and
lymphoid lineages — populating the base. These mature cells arise from smaller populations of
progenitor cells, characterised by increased differentiation potential and self-renewal ability
which, in turn, arise from the hematopoietic stem cell (HSC) at the apex of this hierarchy1
(Figure 1.1). HSCs are characterised by their ability to differentiate, generating all the mature

functional blood cell types in the hematopoietic system, and their ability to self-renew,



generating daughter cells that retain both of these functional characteristics'. The mechanisms by
which this hierarchy of hematopoietic cells is established and maintained remains a major area of
interest. Additionally, there is increasing interest in the ways in which dysregulation of the
processes that regulate normal hematopoiesis may occur and ultimately lead to the clonal

emergence of leukemic populations.
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Figure 1.1 The hematopoietic system is organised in a tightly-regulated hierarchical structure.

The hematopoietic system is organised in a hierarchical structure. It is populated at the base by mature, specialised
cells, broadly divided into myeloid and lymphoid lineages, which arise through processes of differentiation from
their respective progenitor cells which, in turn, arise from the HSC compartment, characterised by multilineage
differentiation capacity and high self-renewal abilities. The mechanisms that regulate this hierarchy — self-renewal,
proliferation, differentiation, and cell death — are tightly controlled to maintain the balance and distribution of the

hematopoietic system.



1.3 Key concepts of leukemia
1.3.1 Leukemia as an aberrant form of normal hematopoiesis

Leukemia is a progressive malignancy characterised by impaired maturation ability and
increased production of immature cells of the blood and the blood-forming tissues. Most
leukemias involve leukocytes and can be broadly classified into myeloid and lymphoid
leukemias, reflecting the range of hematopoietic differentiation capabilities and the myriad of
ways in which this process may be distorted® . A broad subcategory within myeloid-restricted
leukemia is AML, a heterogeneous spectrum of clonal and rapidly fatal disorders characterised
by an accumulation of undifferentiated myeloid cells which typically show enhanced

proliferation, impaired or blocked differentiation ability, and dysregulated apoptosis.

Contrary to the often-homogeneous appearance of the bulk of leukemic cells in each patient,
there is now considerable evidence that, like normal hematopoietic cells, leukemic cells are also
organized in a hierarchical manner, with the leukemic stem cell (LSC) at the apex. In support of
a leukemic hierarchy, early studies revealed that only a small proportion of murine lymphoma
cells can establish disease in transplanted mice’ and only a small subset of AML cells display in
vitro clonogenic activity’. Subsequent studies using immunodeficient mice as recipients of
human AML cells revealed that only a small fraction of AML blast cells have leukemia-initiating
activity. In many instances, these cells can be isolated from the majority of leukemic cells based
on differential expression of a variety of surface markers that also distinguish normal
hematopoietic cells with stem cell properties® ’. Together, these findings support a leukemic
model in which only a subset of leukemic cells, often low in frequency, have stem cell-like

abilities of long-term self-renewal and proliferation that maintain the leukemic state” ®. Recent



studies demonstrate that the concept of leukemic hierarchy may be more plastic than originally
believed, with the LSC occupying one or more cell compartments and potentially including

% 19 Furthermore, work from multiple groups suggest that,

multiple progenitor cell types
depending on the genetic background of the leukemia, LSCs may not always exist as a rare
subpopulation, with evidence of a high frequency of LSCs in the AML mixed lineage leukemia
(MLL) translocation model MLL-AF9'" and co-overexpression model of HOXA9 and MEISI
(HOXA9-MEISI)12. Nevertheless, there is substantial evidence that leukemia, like normal
hematopoiesis, constitutes a hierarchical population of cells with LSC at the apex. This

recognition has, in turn, prompted key questions, including the possible origin of leukemic stem

cells and the basis for their perturbed properties.

1.3.2 Leukemic stem cells may have diverse origins in hematopoietic cells

The overlap between LSC and HSC properties with respect to their self-renewal and sustained
proliferative potential has driven key questions regarding the hematopoietic cell compartment
from which the LSC arises. Given the high degree of overlap between key LSC and HSC
properties, perhaps most notably that of self-renewal capability, one hypothesis is that LSC
originate directly from the HSC. Alternatively, the LSC might arise from progenitor cells later in
the hematopoietic hierarchy through reactivation of key stem cell properties. Tests of the
transforming potential of oncogenes in specific hematopoietic subpopulations provide evidence
for both scenarios. In support of an HSC origin for leukemia, oncogenic fusion of the break point
cluster region gene (BCR) and a portion of the Abelson tyrosine kinase gene (ABL) associated

with chronic myelogenous leukemia (CML), termed BCR-ABL, has leukemia-initiating activity



when transduced into populations enriched for HSCs, but not progenitor populations'® '*'®. Gene
expression profiling studies also provide support for a HSC origin for leukemias, as evidenced
by a high degree of overlap between LSC gene signatures obtained from studying a wide array of
leukemias and normal HSC signatures™ '*. In contrast, the identification of the common myeloid
progenitor (CMP) as the origin of the CCAAT/enhancer binding protein a (C/EBPa) leukemia-
initiating cell (LIC)", the ability of the mixed-lineage leukemia 1 (MLL1) and eleven nineteen
leukemia (ENL) fusion murine leukemia (MLL-ENL), MOZ-TIF2, and MLL-AF9 fusion
proteins to induce AML in granulocytic-macrophage progenitors (GMPs)'®*°, and the LSC with
lymphoid characteristics described in the murine CALM/AF10-positive leukemia model®!
demonstrate that the target cell of transformation may be restricted to progenitor populations.
Still other data suggests that LSCs exist across a spectrum of hematopoietic cell compartments,
as demonstrated by the coexistence of lymphoid-primed multipotent progenitor (LMPP)-like and
GMP-like LSCs in human AML cells’ and the identification of LSCs in hematopoietic
compartments characterized by the cluster of differentiation markers CD34 and CD38

(CD34°CD38 and CD34'CD38")%.

Existing evidence suggests that both models may be correct and, as demonstrated by in vivo
murine leukemic models, that the leukemic cell of origin may vary depending on the type of
leukemia and the nature of the underlying genetic changes® (Figure 1.2). Thus, the MNI-
induced model of leukemia is of particular interest, as available evidence indicates that a
relatively narrow differentiation range of cells, from the HSC to the GMP compartments, are
susceptible to its potent leukemogenic activity, as will be discussed in subsequent sections of this

chapter.
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Figure 1.2 LSCs can exist across a spectrum of hematopoietic compartments.
Available evidence indicates that LSCs may originate from transformed HSCs or progenitors that regain key stem
cell properties. These LSC subsets may be influenced by their cell of origin, the nature of genetic hit(s) encountered

during leukemic transformation and progression, and the chronology of the acquisition of these hits.

1.4 Mechanisms of AML leukemogenesis
1.4.1 Cytogenetic abnormalities are commonly associated with leukemia

Cytogenetic studies were paramount to early understanding of leukemia as a genetic disorder, as
the identification and analysis of chromosomal translocation breakpoints led to the discovery of
multiple genes critical to leukemic transformation®*. One of the first discoveries of cytogenetic
studies was the predominance of t(9;22), known as the Philadelphia chromosome, in CML”.
This translocation generates a fusion oncogene known as BCR-ABL. Subsequent studies
established BCR-ABL as the initiating mutation in CML?® and identified the consequent
constitutively active tyrosine kinase signaling as central to the transformation ability of BCR-

ABL?" leading to the development of tyrosine kinase inhibitors to treat this disease”>'.
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Similarly, discovery that the chromosomal translocation promyelocytc leukemia/retinoic acid
receptor alpha (PML-RARa; t(15;17)(q22;q12)) occurs in 95% of the AML subtype acute
promyelocytic leukemia (APL)*? facilitated elucidation of the molecular mechanisms by which
PML-RARo induces APL* and the manner in which all-trans retinoic acid (ATRA)-induced
differentiation therapy relieves transcriptional repression in APL**. Examination of numerous
translocations identified in hematopoietic malignancies has revealed recurrent translocation
partners. Intriguingly, many of these recurrent partners are known transcription factors, such as
MLL1 with over 60 identified translocation partners in both acute myeloid and lymphoid
leukemia (ALL)*, Runt-related transcription factor 1 (RUNX1) with over 30 partners36, and
nucleoporin 98 (NUP98) with at least 29 identified partners, pointing to the important role of
transcription factors in malignant states®’. Study of the genes involved in such translocations has
identified a range of transcription factors and transcriptional co-factors essential to

hematopoiesis and leukemia, including MN1, which will be the focus of this thesis.

1.4.2 Aberrant gene expression is frequently associated with AML

The advent of high-throughput gene expression analysis and its application to leukemia has also
highlighted dysregulated expression not associated with overt mutations in deregulated genes’®.
Notable examples include the frequent overexpression of multiple HOX genes and HOX co-

39-44. Indeed, one of the first extensive studies

factors such as MEISI in a wide array of leukemias
of gene expression in AML identified overexpression of HOXA9 as one of the most important

predictors of poor prognosis®. In a similar manner, overexpression of MN1, a transcription co-



factor that is a major focus of this thesis, was identified as strong independent marker of poor

prognosis in cytogenetically normal AML some ten years ago™.

1.4.3 Leukemogenesis is a multistep process representing the accumulation of genetic hits

Next generation sequencing capabilities have also enabled whole genome, exome and messenger
ribonucleic acid (mRNA) sequencing to be applied to the study of leukemia, and this in turn has
led to an explosion of detailed characterisation of the genetic and expression abnormalities in
leukemia. The increased precision and resolution afforded by these technologies has allowed
identification of fusion genes not evident by cytogenetics and a deeper, more nuanced
understanding of the evolution of AML in patients, including the discovery of pre-leukemic
cells, gene signatures associated with malignant states, and recognition and identification of

. « e 23 38
mutation acquisition order™ ™.

Through the study of frequently mutated genes, one can appreciate how the accumulation of
mutations in leukemic cells leads to multiple dysregulated cellular pathways, a multistep
mutational process that is intrinsic to the leukemogenic process. Although early models of
leukemogenesis described two mutational classifications involving impaired cell differentiation
and activation of pro-proliferation pathways'® %7, detailed sequencing studies of leukemia,
particularly AML, have provided further insight into both the frequency and complexity of gene

mutations.

In a seminal study from the Cancer Genome Atlas Research Network, sequencing of the
genomes of 200 patients with AML revealed that de novo AML genomes have, on average, 13
coding gene mutations per genome, considerably fewer than other adult cancers™. Of these 13

9



mutations only 5 on average for each patient were among those recurrently mutated in AML.
These and other studies have led to a proposed nine categories of functionally related genes
involved in AML (Table 1.1). This classification, and the exclusivity of mutations in multiple
genes within the same category, suggests that despite the relatively large total number of distinct
genes that have been implicated in leukemia, there are likely a limited number of genes or core
processes that are disrupted and underlie leukemia. This concept compels further interest in the
development and study of specific models such as the MN1 model of AML employed in this
thesis, as knowledge gleaned from understanding MNI leukemia may have generalizable

relevance to a wider spectrum of AML.
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Table 1.1 Categories of Gene Mutations
Simplified and reproduced with permission from The Cancer Genome Atlas (TCGA),* Copyright Massachusetts

Medical Society.

Category Examples (frequent sub-categories of mutations)
Transcription factor PML-RARa; MYH11-CBFB; RUNX1-RUNXI1T1; PICALM-
fusions MLLTI10

NPM1

Tumour suppressors TP53; WT1; PHF6

DNA methylation DNMT3A; DNMT3B; DNMTI1; TET1; TET2; IDH1; IDH2

FLT3; KIT; other tyrosine kinases; serine-tyrosine kinases;

Activated signaling KRAS/NRAS. PTPs

Myeloid transcription

RUNX1; C/EBPa; other myeloid transcription factors
factors

MLL-X fusions, MLL-PTD; NUP98-NSD1; ASXL1; EZH2;

Chromatin modifiers KDMO6A; other modifiers

Cohesin

Splicesome

1.5 TALE family homeobox genes in AML
1.5.1 HOX transcription factors are frequently upregulated in leukemia

Among genes frequently aberrantly expressed in leukemia are members of the HOX family of
proteins, comprised of 39 genes organised into four gene clusters and 13 paralogs in mammals®.
The HOX gene family, characterised by a 60-amino acid DNA-binding motif known as the
homeodomain®, was first identified through its critical roles in Drosophila development™. Many

HOX genes are expressed in normal human and murine hematopoiesis with the striking
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41,51-54 .
" Indeed, expression

characteristic that their expression is largely confined to primitive cells
levels of several Hox genes are inversely correlated with progression down the hematopoietic
hierarchy, with the highest levels found in the most primitive HSCs>*. Furthermore, several HOX
genes, including several within the Hox A and B clusters are implicated in the regulation of
normal HSC self-renewal, maintenance, and proliferation. While knockout of individual Hox
gene generally has limited effects, likely due to compensatory expression of other Hox genes and
overlapping functions, deletion of multiple Hox A or B cluster genes results in major
impairments in hematopoietic stem cell function and hematopoietic development’ ™.
Conversely, engineered overexpression of a range of Hox genes leads to enhanced self-renewal
and/or blocked differentiation, and may have leukemogenic activity. A striking example includes
marked enhancement of HSC self-renewal both in vivo and in vitro without overt leukemogenic

58-60
4

effects following overexpression of HoxB . In contrast is the leukemogenic activity induced

64 consistent with HOXA9 overexpression as a poor prognostic

by HoxA9 overexpression®'”
marker in AMLY. Subsequent studies have identified upregulation of many different HOX genes
and their co-factors in multiple leukemic subsets, with high HOX gene expression associated
with poor prognosis65 and poor response to treatment™ . Furthermore, translocations involving
MLL, an upstream regulator of HOX genes, are one of the most frequently occurring
translocations in leukemia* and directly upregulate Hox gene expression and block normal
downregulation of Hox expressi0n66'68. Additionally, HoxA9 is essential to maintenance of
leukemic properties driven by MLL translocations®, providing further support for the key role of
Hox overexpression in leukemogenesis.

Engineered overexpression and fusion proteins have demonstrated functional roles for Hox

70, 71

proteins in self-renewal, blocking differentiation, and leukemogenesis . Overexpression of

12



either HoxA9 or HoxAl0 can immortalize murine bone marrow cells and block terminal
differentiation of progenitor cells in vitro'™ 7 while inducing a myeloproliferative disorder
and/or AML in vivo® . Similarly, fusion proteins of NUP98 and multiple HOX genes spanning
paralog groups 3 through 13 have demonstrated abilities to immortalize murine bone marrow
progenitor cells®" " 7, block progenitor cell differentiation®" "*7¢, and induce AML®" 7. These

61, 77, 78

effects are further exacerbated in the context of Meisl overexpression , which is highly

relevant to the MN1 model, as will be elaborated on in this chapter.

1.5.2 The transcription factor MEIS1 plays a critical role in leukemogenesis

MEIS1 is a homeodomain-containing HOX co-factor characterised by a three-amino acid loop
extension (TALE) between the alpha-helices in its 63-amino acid-long homeodomain. It was first
described as a common viral integration site in the BXH-2 model of myeloid leukemogenesis79
and plays roles in hematopoietic, angiogenic, and eye development™. Work from our group and
others has established Meisl as a critical player in adult hematopoiesis, with loss of expression

tied to profound impairments at the HSC and progenitor levels, including megakaryocyte-

81-83 82, 83

erythroid progenitors (MEPs)" ™, in vivo repopulating ability, and the reduction of reactive

oxygen species (ROS) levels in support of these properties® ™ .

Perhaps most intriguing, however, is the role of MEIS1 in leukemia. MEIS1 is frequently

upregulated in primary AML and ALL samples*'**

and plays key roles in self-renewal, blocking
differentiation, and leukemogenesis in conjunction with members of its collaborating Hox and

re-B-cell leukemia transcription factor (Pbx) families'* . Although overexpression of wildtype
p p

Meis1 alone shows no transforming ability in the murine model, co-overexpression of Meisl and

13



HoxA9 show collaborative effects, decreasing the latency and increasing the penetrance of
HoxA9-induced AML® 77 7 85 contrast, HoxA9 transactivation domains are essential for
activation of the Meisl gene signature in the HoxA9-Meisl overexpression model®,
demonstrating the key roles of Hox genes and their co-factors in leukemogenesis. Similarly,
Wong and colleagues demonstrated the essential role of Meisl in leukemic transformation,
measured by self-renewal, differentiation ability, and disease progression and latency, with

Meisl directly regulating MLL-mediated leukemia in a rate-limiting manner, emphasising the

critical role of Meis1 as a collaborator in Hox-induced leukemogenesis™.

Of the three members of the MEIS subfamily of HOX co-factors, MEIS1, MEIS2, and MEIS3,
MEISI was the only member that had been implicated in leukemia at the time this thesis was
initiated. Similarly, among the other TALE subfamily of PBX genes, Pbx1 has garnered the most
attention for its collaborating roles in leukemogenesis® **, although Pbx2 and Pbx3 have shown
relevancy in leukemia, particularly MLL-induced AML®*® and in preventing ubiquitination of
Meis] in Hox-induced AML®. As will be seen in this thesis, a broader range of Meis family

members play crucial roles in leukemogenesis.

Together, these data point to important roles of many Hox genes, Meisl, PBX family genes in a
wide range of leukemias. Adding further interest are recent findings showing a strong
relationship of these genes to the potent leukemogenic function of MN1, as will be described in

the following section.
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1.6 MN1 overexpression as a model for AML
1.6.1 Discovery of MN1 and its linkage to leukemia

MNI1 was first identified as part of the sporadic balanced translocation t(4;22)(pl6;ql1) in a
patient with meningioma”. Shortly after, MN1 was identified as a translocation partner of the
E26 transformation-specific (ETS) transcription factor family member TEL in the balanced
t(12;22)(p13;q11) found in patients with AML and myelodysplastic syndrome (MDS). The
91, 92

fusion protein contains nearly all of MN1 combined with the DNA-binding domain of TEL

and spurring huge interest in MN1 in the context of AML.

Located on human chromosome 22, MNI encodes a 136 kDa protein that, while highly
conserved in vertebrates, shows no homology to other proteins’. Although largely devoid of
annotated protein domains, MN1 contains two proline-glutamine regions and a 28-residue
glutamine stretch encoded by iterations of CAG and CAA triplets94’ %3 At the time this thesis was
initiated, little was known about the relationship between the structure of MN1 and its leukemic
properties. However, as glutamine- and proline-rich regions are associated with transcriptional

%% MNI1 was thought to have a putative role in transcriptional activation and

activation
regulation. This was supported by the observation that deletion of much of the MN1 sequence in
the MN1-TEL protein abrogates its transforming ability in colony-forming cell (CFC) assays’>.
In addition, MNI-TEL is capable of moderately activating the retroviral long terminal repeat
region (LTR) in the murine sarcoma viral (MSV) vector’?, and MNI1 alone strongly activates this
LTR”, together highlighting the transcriptional activation abilities of MN1. Initial studies of

MNI transcriptional activation focused on its role in retinoic acid receptor-retinoid X receptor

(RAR-RXR) mediated transcription. PML-RARa demonstrates that fusion proteins involving
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altered transcription factors can alter the balance between transcriptional activation and
repression through the altered recruitment of activators and repressors, and evidence suggests
that MN1-TEL functions in a similar manner to block myeloid differentiation’. Early studies
revealed that MN1 can recognize putative retinoic acid response element (RARE) sequences,
classical RAR-RXR binding sites” and that overexpression of MN1 can both enhance and
inhibit RAR/RXR-induced gene expression’’. However, we now appreciate that RAR-RXR

binding represents but one component of MN1 activity.

1.6.2 Overexpression of MN1 is a poor prognostic marker in cytogenetically normal AML

Subsequent to its identification as a TEL fusion partner in hematopoietic malignancies,
overexpression of MN1 was identified in a subset of patients with AML and ALL*. Gene
expression profiling shows aberrant upregulation of MN1 in a broad spectrum of human AMLs,
including inv(16)'% ' AMLs overexpressing the transcription factor ectropic viral integration
site 1 (EVI1)'*?, or AML overexpressing cytoplasmic (BAALC)'” ' de novo AML'®, and
AMLs without nucleophosmin 1 (NPM1) mutations™. Similarly, approximately 50% of pediatric
patients with de novo AML show elevated MN1 expression, suggesting that deregulated MN1

represents a specific subset of AML'%,

Consistent with this idea, MN1 is an independent negative prognostic marker for AML with
normal karyotype, with high expression associated with poor prognosis, decreased survival,
shorter relapse-free survival'> '’ and poor response to induction therapy®’. Recent reports of
retroviral gene insertional activation of MNI in a patient who underwent gene therapy patient

and subsequently developed AML further highlights the potential leukemogenic ability of
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MN1'%, Additionally, patients with high MN1 expression show resistance to the differentiation-
inducing agent ATRA, such that high expression negates benefits conferred by the addition of

ATRA to maintenance chemotherapy in older patients with non-APL AML'®

. High expression
of MN1 has also be associated with progression of MDS to secondary AML and thus reinforcing

the likely functional importance of MN1 in leukemogenesis''°.

1.6.3 Overexpression of MN1 in murine models induces AML through promotion of cell

self-renewal and blocking myeloid differentiation

MNI is expressed in limited cell types in the body, most notably playing roles in cranial bone
development and the hematopoietic system. In the murine system, Mn1 regulates the expression
of Tbx22 in the posterior region of the developing palate and is necessary for late stage palate
development and maturation and normal function of cranial osteoblasts'''. Consequently, Mnl1
knockout mice lack several cranial bones, display cleft palate defects, and die shortly after
birth''. In the hematopoietic system, Mn1 is expressed at low-to-undetectable levels in HSCs
and primitive progenitor cells, particularly CD34" cells* and at the highest levels in the GMP

compartment106

. In contrast, MN1 expression is downregulated upon in vitro differentiation of
CD34" cells,” suggesting that it plays a role in maintaining the immature states of progenitor

cells.

Overexpression of the human coding sequence of MN1 has yielded insights into its roles in
dysregulation of the hematopoietic system, particularly in proliferation, self-renewal, and
differentiation of hematopoietic cells. Retrovirally engineered overexpression of MN1 in murine

bone marrow renders cells capable of inducing extremely rapid, fully-penetrant AML in
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transplanted mice'®

. This AML is both serially transplantable and has no apparent requirement
for collaborating mutations'”, emphasizing the leukemia-initiating ability of this oncogene.
Overexpression of MNI1 also enhances proliferation and self-renewal of murine hematopoietic
bone marrow in vitro, as evidenced by the efficient generation of cytokine-dependent polyclonal
cell lines and the ability of MN1-transduced cells to outgrow their untransduced counterparts'®.
Consistent with these observations, MN1 overexpression decreases cell cycle transit time and

enhances cell viability of human CD34" cells'"?

, providing a competitive advantage to MN1-
transduced cells. In contrast, loss of MN1 expression in human leukemic cells impairs their

proliferative and clonogenic ability, as measured by CFC assays''*.

In addition, MN1 blocks myeloid differentiation. In preleukemic murine bone marrow cell lines
immortalized by the NUP98-HOXD13 (ND13) fusion protein, overexpression of MNI1 increases
c-Kit expression, decreases Gr-1 and CD11b expression, and promotes a general reacquisition of
an immunophenotype consistent with an immature state'®”. Conversely, activation of MNI
downstream targets through the fusion of the transactivation domain VP16 results in a more
mature immunophenotype, characterised by increased numbers of terminally differentiated
macrophage colonies in the CFC assay, increased Gr-1" and CD11b" expression, and decreased
c-Kit" expression in vitro'”. Such findings are consistent with the role of wildtype MNI in

repression of genes responsible for myeloid differentiation ™ .
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1.6.4 MN1 collaborates with other proteins and pathways to enhance its leukemic ability
1.6.4.1 MNI1 acts as a transcriptional co-factor

MNI1 was initially classified as a potential tumour suppressor, due to its disrupted expression as
part of the t(4;22) fusion protein identified in a patient with meningioma and its protein sequence

94, 95
7. However, the absence of a consensus DNA

that indicates a role in transcriptional regulation
binding sequence suggests it acts as a transcriptional coactivator’>. This is supported by work
from van Wely and colleagues who identified MN1 as a transcriptional coactivator of p300 and
Ras-related C3 botulinum toxin substrate 3 (RAC3), suggesting that the TEL partner of the
MNI1-TEL fusion is responsible for exerting the repressor effects originally observed’.
Additionally, MN1 shows synergy with RAC3, achieving even higher induction of transcription

in the presence of ATRA” and providing further support for the role of MNI1 as a transcriptional
p p g pp

co-factor.

1.6.4.2 MNI1 cooperates with chromosomal fusions common to AML

Work from murine models has helped to inform observations in human hematopoietic
malignancies and contributed to the present view of MNI1 as a cooperative partner in AML. As
previously described, MN1 confers strong transcription-activating potential on TEL in the
chromosome translocation MN1-TEL’?, resulting in the immortalization of myeloid cells and
AML in mice''® 7. A subset of patients with inv(16), which encodes the core binding factor-
smooth muscle myosin heavy chain (CBF-SMMHC) fusion protein, show upregulated MN1'%,
In addition, co-expression of MN1 with MLL-ENL enhances leukemic transformation in vivo,

enhances the GMP immunophenotype characteristic of MLL-ENL, and significantly reduces
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disease latency compared to MN1 or MLL-ENL alone, illustrating that MN1 can synergise with
MLL-ENL'". Additionally, MN1 can act as a cooperative partner in other leukemias, including
those characterised by RUNX1 mutations'"® or fusion proteins including CALM-AF10'" and
MLL-AF9'?°, providing further evidence of its ability to co-activate transcriptional pathways

specific to multiple leukemias.

1.6.4.3  MNI1 collaborates with the ND13 fusion protein in AML

A retroviral insertional mutagenesis screen to elucidate potential collaborators of the
t(2;11)(q31;p15) translocation, also known as the fusion protein NUP98-HOXD13 (ND13)
identified in patients with MDS or AML'?!, revealed common insertion sites near Mnl and
Meis1'?. Studies of a ND13 transgenic mouse model” ' ' previously showed impaired
hematopoietic potential and MDS development, which frequently progresses to AML after a
long latency” ' '*. As common insertion sites, Meisl and Mnl were considered candidate
genes that may subsequently become dysregulated in the pre-leukemic state, leading to leukemia
initiation'*2. Subsequently, work from our laboratory demonstrated that MN1 can collaborate
with HoxA9 or ND13, with co-expression resulting in a marked increase in in vitro leukemia-
initiating cell expansion potential, in part due to the combined ability of MNI1 to enhance signal
transducer and activator of transcription (STAT) signalling and stem cell self-renewal'®.
Building on these findings, our laboratory has recently generated a forward genetic model of
AML using co-transduction of ND13 and MN1 in human cord blood cells'*®. Characterisation of

this stepwise transformation model showed that MN1 overexpression expands human cord blood

cells in vitro and induces myeloproliferation in transplanted mice, but requires dysregulated
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HOX gene expression to induce AML and activation of underlying stem cell gene expression

: 126
signatures .

1.6.5 Elucidating targets and pathways of MN1 leukemia
1.6.5.1 MNI1 and RAR-RXR signaling

As mentioned above, there has been considerable interest in the way MN1 acts on retinoic acid
(RA) signaling. This was based, in part, on early retroviral enhancer work, illustrated by the
ability of MN1 to recognize putative RARE sequences that are known RAR/RXR binding sites”,
and on the observation that patients with high MNI1 expression respond poorly to induction
therapy45. Further studies into the role of MNI1 overexpression in blocking myeloid
differentiation exploited the resistance of MNI1 cells to ATRA-induced differentiation, as
engineered MN1 overexpression induces a 3230-fold increase in the 50% inhibitory
concentration (ICso) of the normally ATRA-sensitive ND13 cells'” and impairs ATRA-induced

granulocyte and monocyte differentiation of the HL-60 and U927 AML cell lines'"?

. In addition,
transcriptional activation of downstream MN1 targets through the fusion of the VP16 domain re-
sensitises MN1 cells to ATRA, with MN1-VP16 cells differentiating into mature granulocytes
upon treatment with 1uM ATRA, and upregulation of the RARa target genes C/EBPa and PU.1
and the cell cycle arrest gene p21109. Furthermore, fusion of the VP16 domain to MNI also
results in a shift in cell immunophenotype, moving from the CMP-dominated distribution
characteristic of MN1 leukemic cells to a GMP-dominant immunophenotype'®. This

significantly blunts the leukemic activity and induces a more phenotypically mature leukemia'®"
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3 providing further evidence of the effects of MN1 overexpression on RAR-RXR signaling and

subsequent myeloid differentiation.

1.6.5.2 MNI1 and C/EBPa

Beyond RAR/RXR signaling, only a limited number of genes and pathways key to the leukemic
activity of MN1 have been elucidated, a matter that will be explored further in Chapter 3 of this
thesis. However, the small number of genes and pathways identified thus far have yielded insight

into the multifaceted and overlapping ways they contribute to the leukemic phenotype.

As previously described, Kandilci and Grosveld demonstrated that overexpression of MNI
enhances the growth and survival ability of CD34" cells and impairs myeloid differentiation in

primary hematopoietic cells and AML cell lines'"

. These functional changes are accompanied
by downregulation of C/EBPa and its downstream targets miR223 and p21, suggesting that
C/EBPo. may be negatively regulated by MN1'". Furthermore, ectopic overexpression of
C/EBPa is sufficient to override the MN1-induced partial myeloid differentiation block and
suppress the enhanced colony formation in the CFC assay driven by MNI1 overexpression,

revealing C/EBPa as a downstream target of MN1'",

1.6.5.3 MNI1 and STAT signaling

Overexpression of MN1 in the ND13 AML model increases LIC frequency by 33-fold and the
expansion potential by 132-fold in vitro compared to MN1 alone'*. GM-CSF stimulation in both
the MNI+ND13 and MNI+HOXA9 co-transduction models increases proliferation in vitro,

suggesting that STAT signaling plays a key role in MN1 leukemic activity'>. This is supported
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by increased phosphorylation of STATS, STAT3, STAT], extracellular signal-regulated kinase 1
(ERK1), and ERK2 in both MN1+ND13 and MN1+HOXA9 AML models'?. Transduction of
StatSb- or Statl-knockout murine bone marrow with MN1 and HOXA9 reduces the expansion
potential by 86-fold and 28-fold, respectively, demonstrating a relationship between STAT
signaling and self-renewal in the context of MN1'*. Furthermore, patients with high MN1 and
HOXAO9 expression are correlated with AML with complex karyotype or loss of chromosome 5
or 7 and are associated with strong activation of STAT signaling, suggesting that dysregulated
STAT signaling plays a role in more aggressive AML subtypes, such as AML modeled by
MN1'?_ In contrast, while certain pathways activated by extrinsic signals, such as FMS-like
tyrosine kinase-3 (FLT3) and c-Kit signaling, are downregulated upon MNI1 overexpression,
they may function to regulate the myeloid bias of the MN1 phenotype while being dispensable
for MN1-induced leukemogenesis'?’. Together, these data suggest that while FLT3, STAT, and
ERK signaling are not essential for MNIl-induced leukemic activity, they are important
collaborators that contribute to the self-renewal, proliferative, and immunophenotypic

phenotypes of MN1 leukemia.

1.6.5.4 MEIS1 and HOX transcriptional pathways are critical to MN1 transformation

Recent data suggests that HOX and MEIS transcription factors also play significant roles in MN1
leukemia. Interestingly, although Mn1 is expressed at its highest levels in the GMP compartment
of the hematopoietic system, it is the CMP compartment with which MN1 leukemic gene
expression profiles cluster most closely'?®, suggesting that MNI overexpression induces a

. . . . .. . 128
change in gene expression to induce a transformation-permissive state in CMP cells ~.
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Furthermore, CMPs are the target cells of transformation for MN1-induced leukemia, as only
single CMP clones immortalized by MN1 can be serially replated in vitro and rapidly induce
transplantable leukemias with similar immunophenotype and LIC frequency to bulk MNI-
transduced cells'?®. In contrast, MEPs cannot be transformed by MNI1, and less than one-quarter
of single-transduced HSCs yield highly proliferative clones'>*. However, these clones failed to
induce leukemia in vivo, demonstrating that HSCs are not susceptible to MNI-induced
transformation'?®. Similarly, only 1% of single-sorted GMPs proliferate in vitro after MNI1
transduction, and bulk transduction fails to produce colonies in the CFC assay or engraft in
vivo'®. Gene expression profiling in MN1, CMP, and GMP cells revealed that 75% of
differentially expressed genes between normal CMPs and GMPs — including Meisl, FIt3,
myocyte enhancer factor 2C (Mef2c), HoxA9, and HoxA10 — are regulated in the same direction
as MN1 cells compared to myeloid cells'*®. Subsequent to this observation, double transduction
of GMPs with MN1 and MEIS1 or HOXA9 were found to support colony formation in CFC
assays'*®. Furthermore, mice transplanted with purified GMP cells engineered to co-overexpress
MN1, MEISI, and either HOXA9 or HOXA10 rapidly succumb to leukemia with similar disease
latency and immunophenotypic profiles as MNI-CMP leukemic mice, suggesting that
transcriptionally active MEIS1 and HOXA programs are required to support MN1 leukemogenic
transformation'?®. Strikingly, chromatin immunoprecipitation sequencing (ChIP-Seq) identified
co-localisation of MNI1 and MEIS1 peaks at over 500 gene regulatory regions, while
transcriptional repression of MEISI target genes inhibits MNI1 leukemia, providing further
support for the role of MEIS1 in MN1 leukemic transformation and initiation'?®. From this data,

putative direct target genes of MN1 and MEIS1 were identified that show co-occupancy of MNI1
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and MEISI at 18.1% and 17.1% of their target genes, respectively, establishing a MN1/MEIS1

signature of genes differentially expressed in the leukemic state'**.

1.6.5.5 MLL and DOT1L may play important roles in MN1 leukemogenesis

Recent work from the Bernt group demonstrates that the histone H3K79 methyltransferase
DOTl1-like (DotlL) and MLL1 are important factors in MNI- and HOX-expressing
leukemias'”. Gene expression comparisons of the CMP/MNI gene signature show strong
enrichment in DOT1L-dependent genes in both normal lineage-negative sca-1 positive c-Kit
positive (LSK) cells and DOT1L-dependent genes in MLL-AF9 leukemia, suggesting an overlap
in core transcriptional pathways between MN1 and MLL-AF9 leukemias'®. Functionally, Dotl1
deletion in MN1-transduced CMPs leads to decreased colony numbers and size in serial replating
CFC assays, increased CDI11b expression, increased apoptosis, and decreased cycling,
effectively disrupting MNI1-induced effects'”’. Dotll or MIIl deletion also abrogates the
leukemic gene expression program, including downregulation of 3° HoxA genes HoxA7,
HoxA9, HoxA10, and HoxAll, and impair MN1-mediated leukemogenesis'>’. Interestingly,
human leukemias with high expression of MN1 and HOXA9 respond to DOTIL inhibitors, as
observed by changes in apoptosis, growth, cell cycle, and HOXA9 expression, providing
evidence for a cooperative role of chromatin regulation of gene expression in MN1 leukemia'®’,
Given that HoxA family genes and Meisl are critical targets of MLL1 fusions such as MLL-
ENL®, that Meis] is essential and rate-limiting to MLL leukemias®®, and that MLL-AF9

130

leukemia requires DOT1L ", these data highlight interest in the relationship between Hox genes,

Meisl, and MNI1.
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1.6.5.6 MNI1 and immune response and regulation

Recent work from Sharma and colleagues identified immune response and immune regulation as

key pathways targeted by MN1'"

. Previous work had established that ectopic overexpression of
MNI1 blocks myeloid differentiation and increases resistance to ATRA by more than 3000-
fold'”. However, in vitro assays demonstrate that fusion of the transcriptional activation domain
VP16 re-sensitises MN1 to ATRA'® '°. Consistent with these observations, RARa target genes
C/EBPa and PU.1 and cell cycle gene p21 are upregulated upon ATRA treatment in MN1VP16
cells, suggesting that despite their immortalizing ability, MN1VP16 cells are susceptible to
myeloid differentiation'®. Gene expression profiling to identify downstream targets of MNI1
revealed that 38% of the top 60 differentially expressed gene sets belong to immune response
and immune regulation pathways and, surprisingly, many of these immune response function
genes are directly targeted by MN1 and MEIS1 but not RARa'". Of note, these genes include
interferon regulatory factor 8 (Irf8) and its downstream target chemokine (C-C motif) ligand 9
(Ccl9), both of which are downregulated in MN1 compared to MN1VP16 cells'”®. In addition,
lipopolysaccharide (LPS) stimulation induces significantly higher levels of hydrogen peroxide in
MNI1VP16 cells compared to MN1 cells, suggesting that the increased phagocytic activity seen
in MNIVP16 cells occurs by upregulation of immune response pathways''. Engineered
overexpression of Irf8 and Ccl9 in MN1-ransduced cells decreases cell cycling, engraftment, and
numbers of leukocytes and increase hemoglobin and platelets four weeks post-transplant' .
Furthermore, Irf8 and Ccl9 overexpression inhibit leukemic development and increase leukemic
latency, respectively, in two murine models, suggesting that these genes act, at least in part, cell

115
|

autonomously in the MNI model . Similarly, overexpression of IRF8 in AML xenograft
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models shows anti-tumour activity resulting in significantly smaller tumour volumes''>. This
work identifies novel MNI1 target genes that, upon reversal of their aberrant expression, are
capable of arresting MN1-induced leukemogenesis and, thus, acting as potential therapeutic

targets.

1.7 Thesis objectives

The overall objective of this thesis was to identify and better understand key regulators in LSC
function. As the oncogene MNI1 plays a critical role in the abnormal proliferation, self-renewal,
and differentiation seen in leukemia, I exploited the MN1 murine model to gain further insight

into this process.

As overexpression of human MNI is sufficient to induce AML in the murine model, I
hypothesised that the leukemic properties of increased proliferation and self-renewal, arrested
hematopoietic differentiation, and resistance to ATRA-induced differentiation could be localised
to specific regions of the MN1 protein. As described in Chapter 2 of this thesis, I generated
mutant MN1 constructs involving deletion of regions approximately 200 amino acids in length to
delineate the functional domains of MN1. Through functional analysis of these MN1 mutants,
the properties of proliferation and self-renewal, inhibition of differentiation, and ATRA

resistance, and leukemogenesis could be ascribed to structurally distinct regions of MN1"".

Chapter 3 of this thesis work centred on attempts to identify key genes and pathways underlying
leukemia. I exploited the phenotypic heterogeneity inherent in the MN1-induced leukemic model
to identify genes differentially expressed between leukemic and non-leukemic MNI1 subsets. I
combined these data with previously-published MN1 gene expression datasets to generate a
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shortlist of genes potentially critical to MNI1-induced leukemogenesis. Through a loss-of-
function approach, I investigated the roles of several genes upregulated in MNI1 leukemic
populations to determine their role on in vitro and in vivo measurements of leukemic activity,
providing powerful insight into key genes in MN1 leukemia and identifying Meis2 as a novel

critical player in leukemogenesis.
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Chapter 2: Cell fate decisions in malignant hematopoiesis: Leukemia

phenotype is determined by distinct functional domains of the MN1 oncogene

2.1 Introduction

The postulated requirement for induction of leukemogenesis has long been the combination of
class I and II mutations'*?, although recent insights into the genetic composition of AML cells
has revealed additional pathogenetic mechanisms including changes in epigenetic regulation. On
average, 13 coding genes are mutated per AML genome™, suggesting that several events are
required for leukemogenesis. Despite the heterogeneity of cells that can give rise to AML, only a
small proportion of AML cells show clonogenic activity in culture and only a small fraction of

133 While such disease-

AML blast cells are able to confer disease to immune-deficient mice
propagating or leukemia-initiating cells (LICs) may be rare, they are not necessarily restricted to
the most primitive cells within the hematopoietic hierarchy but rather, can include committed
progenitor cells such as CMPs or common lymphoid progenitors (CLPs)” ' '7-2! The high level
of heterogeneity seen in AML and within an individual patient underscores the importance of
understanding the molecular mechanisms underlying this disease and the functional
consequences for leukemic cells.

While there is a high degree of cellular heterogeneity in an individual leukemia'®’, there is

striking redundancy of mutated genes in distinct diseases like AML'*

, T-lymphoblastic
leukemia (T-ALL)"’, and primary myelofibrosis'®®, including mutations in DNA
methyltransferase 3A (DNMT3A) and several other genes. Explanations for how mutations in

37

the same gene can cause different diseases may include: differing cells of origin'>" or cell-

extrinsic signals'*®, as illustrated by the ability of the MLL-AF9 fusion gene to cause myeloid
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and lymphoid leukemias; the influence of the microenvironment, such as the ability of abnormal

stroma cells to induce myelodysplasia in HSCs'"; and the ability of mutations to change the
lineage potential of the oncogene and possibly the phenotype of the disease, as in enhancer of
zeste homolog 2 (EZH2) mutations in B-non-Hodgkin lymphoma and myeloid disorders'*™ !,
The MN1 model of leukemogenesis constitutes a simple and ideal model to test this latter
hypothesis due to its ability to induce leukemia as a single hit through constitutive

. 128
overexpression .

The ability of MN1 to induce rapid onset leukemia on its own highlights its central regulatory
role in hematopoietic transformation. MN1 has been shown to be most highly expressed in
murine CMPs, but is downregulated upon differentiation'*® and is capable of enhancing

proliferation of human CD34" cord blood cells'"

. High MNI1 expression has been associated
with both acute myeloid and lymphoid leukemias® as well as other AML characteristics such as
inv(16)'% or overexpression of ectropic viral integration site 1 (EVI-1)'%% Significantly, it is an
independent prognostic factor in patients with AML with normal cytogenetics, associated with
shorter relapse-free survival, overall survival, and resistance to ATRA-induced differentiation*”

103, 107, 109, 142 D . . .
- 107109192 © A5 loss of MN1 expression impairs proliferation and significantly decreases

clonogenic activity of human leukemic cells, it is a potential therapeutic target in AML'™,

106,199 “\Work from our lab demonstrated that MN1 is

MNI1 rapidly induces leukemia in mice
capable of transforming single CMP cells as the cell of originlzg. Significantly, GMPs require co-
overexpression of Meisl for in vitro transformation, and the additional co-overexpression of
HOXA9 or HOXA10 to induce leukemia in vivo'?®. Loss of MEIS1 expression abrogates

leukemic activity in MNI1 cells, suggesting that, combined with co-localization of MNI1 and

MEISI at a large proportion of MEIS] target sites, MEIS1 and its co-factor HOXAY9 are essential
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to MN1 leukemogenesis'*.

In addition, MNI1 cells are arrested at an immature stage of
myelopoiesis and are highly resistant against ATRA'”, a potent inducer of myeloid
differentiation, although ectopic CEBPa expression, which MN1 is thought to repress, can

abrogate the leukemogenic activity of MN1'".

The work presented in Chapter 2 of this thesis tests the hypothesis that multiple functions are
encoded in the MNI protein and can be localized to different regions. Thus, delineation and
localisation of these functions at a structural level will provide insight into the key mechanisms
required for leukemic transformation by a single central regulator such as MN1. Despite the
established role of MN1 overexpression in leukemia, little is known about the protein itself. The
MN1 protein is highly conserved between different species, but largely lacks recognised protein
domains excepting two proline-glutamine stretches and a single 28 residue-long glutamine
stretch. Here, known properties of MN1 leukemia were systematically localised using both in
vitro and extensive in vivo studies to specific physical regions of wildtype MNI through a
detailed structure-function analysis of MN1. I demonstrated that the proliferative ability and self-
renewal activity, and the inhibition of megakaryocyte/erythroid, myeloid, and lymphoid
differentiation are localised to distinct regions within MN1 and provide evidence that different
mutations of a single oncogene can induce distinct diseases such as myeloid and lymphoid

leukemia and myeloproliferative disease.

31



2.2 Materials and methods
2.2.1 Retroviral vectors and vector production

Retroviral vectors for expression of MN1'” and NUP98HOXD13 (ND13)”® have been
previously described. Primers were designed to ensure that the N- and C-termini of the final
construct were flanked by Notl sites for each MN1 mutant truncation construct, then subcloned

into the expression vector pSF91'*

upstream of the internal ribosomal entry site (IRES) and the
enhanced green fluorescent protein (GFP) gene. MNI1 Strategy 1 constructs were generated
through polymerase chain reaction (PCR) amplification of the N- (proximal) and C-terminal
(distal) regions of the construct with HindllI sites at the internal sites, which were then subcloned
into the pSFI1-IRESeGFP vector. The pSF91 vector carrying only the IRES-enhanced GFP
cassette served as a control. Constructs were validated by sequencing and correct expression and
transmission were confirmed by quantitative real-time PCR (qRT-PCR) and PCR. Primer
sequences can be found in Table 2.1. For hemagglutinin (HA)-tagged constructs (used in
Western blots and confocal microscopy), full-length and MN1 mutant deletion constructs were
cut to ensure the N- and C-termini of the final construct were flanked by BglIl or BamHI (for
constructs lacking the N-terminal region) and Notl sites, respectively, then subcloned into the
MSCV-IRES-GFP expression vector'** with an HA-tag inserted at the N-terminus of MN1 and
the deletion constructs. Helper-free recombinant retrovirus was generated by using supernatants

from the transfected ecotropic Phoenix packaging cell line to transduce the ecotropic GP+E86

packaging cell line'* .
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Table 2.1 MNI1 deletion mutant primer sequences

MN1 Strategy 1 Prox For

TTTAAAGCGGCCGCATGTTTGGGCTGGACCAATTC

MNI1 Strategy Dist Rev

TTTAAAGCGGCCGCTCA AGTTAGGGCAGCCACGAATG

MN1A2 Prox For

TTTAAAGCGGCCGCATGTTTGGGCTGGACCAATTC

MN1A2 Prox Rev

TTTAAAAAGCTTGGCTCGGTTAGGGCTCTGGT

MN1A2 Dist For

TTTAAAAAGCTTGCGCAATTCGAGTATCCCATCCA

MN1 A4 Dist Rev

TTTAAAAAGCTTCGCCTGCTGCTCGAAGGT

MNT1 A4 Prox Rev

TTTAAAAAGCTTCGCCTGCTGCTCGAAGGT

MNT1 A4 Dist For

TTTAAAAAGCTTCAGCGCACCTCGGCCAGT

MNT1 AS Prox Rev

TTTAAAAAGCTTGGTGCGCTGGCTGGGCTG

MN1AS5 Dist For

TTTAAAAAGCTTAAGGCGCTCACGTCGCCA

MNT1 A6 Prox Rev

TTTAAAAAGCTTTGGCGACGTGAGCGCCT

MN1 A6 Dist For

TTTAAAAAGCTTTGCTGCTCCGAGGCGGTCA

MNI1 Strategy 2 Rev

TTTAAAGCGGCCGCTCA AGTTAGGGCAGCCACGAATG

MNI1A1 For TTTAAAGCGGCCGCATG TCCCACAGTCTGGAGCCA
MN1 A1-2 For TTTAAAGZGGCCGCATGACGCGCAATTCGAGTATC
MN1 A1-3 For TTTAAAGCGGCCGCATGCGAACTTTGAGCGCGAAG
MN1 A1-4 For TTTAAAGCGGCCGCATGTCCTTCAACAAGCCCAGCT
MN1 A1-5 For TTTAAAGCGGCCGCATGGAAAAGGCGCTCACGTC
MN1 A1-6 For TTTAAAGCGGCCGCATGTCCGAGGCGGTCAAGAG
MNI1 Strategy 3 For TTTAAAGCGGCCGCATGTTTGGGCTGGACCAATTC
MN1 A7 Rev TTTAAAGCGGCCGCTCA GGTAGAGTTAGACATGATGC
MN1 A2-7 Rev TTTAAAGCGGCCGCTCA GGATTCCAGGGTGTAGTTGG
MN1 A3-7 Rev TTTAAAGCGGCCGCTCACTGCAGCTGACCCA

MN1 A4-7 Rev TTTAAAGCGGCCGCTCACTGTTGCAGGGACTGGTG
MN1 AS-7 Rev TTTAAAGCGGCCGCTCAGAACCTCTCAAAGAACAC

MN1 A6-7 Rev

TTTAAAGCGGCCGCTCACATGTGCTCATAGCCCT
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2.2.2 Clonogenic progenitor assays

Colony-forming cells (CFCs) were assayed in methylcellulose (MethoCult M3434 or MegaCult-
C, Catalog No. 04964; STEMCELL Technologies, Vancouver, BC, Canada). For each assay,
freshly isolated and transduced unsorted bone marrow cells were plated in duplicate in Methocult
medium (1000 cells/well). Colonies were evaluated microscopically 10 days after plating using
standard criteria. To assay megakaryocyte progenitor frequency, freshly isolated and transduced
bone marrow cells were sorted for GFP expression, and 1x10° cells were suspended in
MegaCult-C medium containing recombinant human thrombopoietin (50 ng/mL), recombinant
human interleukin 6 (IL6) (20 ng/mL), recombinant human IL11 (50 ng/mL), and recombinant
mouse IL3 (10 ng/mL), mixed with collagen and dispensed in chamber slides (all from
STEMCELL Technologies, Vancouver, BC, Canada). Cultures were incubated at 37°C for 7
days. Slides were stained with acetylthiocholiniodide according to manufacturer’s instructions,

and colonies were counted manually under a microscope, as previously described'*°.

2.2.3 Quantitative real-time RT-PCR

Total ribonucleic acid (RNA) from stored, frozen cell pellets were isolated using TRIZOL
reagent (Life Technologies, Burlington, ON, Canada). Total RNA was converted into
complementary deoxyribonucleic acid (cDNA) using the SuperScript® VILO cDNA synthesis
kit (Life Technologies, Burlington, ON, Canada) using 500ng of total RNA. Quantitative real-
time PCR was performed as previously described using the 7900HT Fast Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA)'" and Fast SYBR® Green Master Mix (Life

Technologies, Burlington, ON, Canada)'"’. Relative expression was determined with the prAACT
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method using the housekeeping gene transcript 4b// to normalize the results. Primers were

manufactured by Life Technologies. Primer sequences can be found in Table 2.2.

Table 2.2 MN1 qRT-PCR primer sequences

MNI1 qRT-PCR N-term For | GTTTGGGCTGGACCAATTC

MN1 qRT-PCR N-term Rev | TGAACACCCACTTTAAGGCC

MNI1 qRT-PCR C-term For | CACTTGCAGTGCCTGTCTGT

MN1 qRT-PCR C-term Rev | CAACAGATTTGGGACATTCG

2.2.4 Western blot analysis

For Western blot analysis, transduced GP+ES86 cell lines were generated for each construct. From
these cells, 1x10° were lysed with 150uL lysis buffer (50mM Tris-HCI[pH 8], 0.1% Tween-20,
0.1% sodium dodecyl suffate (SDS), 150mM NaCl, 0.5mM ethylenediaminetetraacetate acid
(EDTA), 10mM dithiothreitol (DTT), and ImM phenylmethane sulfonyl fluoride (PMSF)), plus
protease inhibitor cocktail (Sigma, Oakville, ON, Canada) and incubated for 20 minutes on ice.
NuPage LPS loading buffer (4x) and NuPage Sample Reducing Agent (10x) (Life Technologies,
Burlington, ON, Canada) were added and samples were heated for 15 minutes at 95°C. Lysates
were loaded onto 4%-12% NuPage Novex BIS-Tris SDS-polyacrylamide gels (Life
Technologies, Burlington, ON, Canada) and electroblotted in 3-(N-morpholino)propanesulfonic
acid (MOPS) transfer buffer to nitrocellulose membrane (Life Technologies, Burlington, ON,
Canada). Rabbit polyclonal anti-HA (Abcam, Cambridge, England) or mouse monoclonal anti-
beta-actin (abm, Richmond, BC, Canada) and Mouse TrueBlot ULTRA horseradish peroxidase

(HRP)-conjugated anti-mouse (Rockland Inc., Gilbertsville, PA, USA) or goat anti-rabbit
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immunoglobulin G (IgG) antibodies (Jackson ImmunoResearch Laboratories Inc., PA, USA) in
1:5000 dilutions of 0.1% Tween-20, 5% bovine serum albumin (BSA), Tris-buffered saline
(TBS) were used for protein detection. Proteins were visualised using Clarity Western enhanced

chemiluminescence (ECL) Substrate (Bio-Rad, Hercules, CA, USA).

2.2.5 ATRA cytotoxicity assay

To ensure that cells proliferated in vitro regardless of the functional status of MN1 mutant
variants, MN1 deletion constructs were transduced in bone marrow cells immortalized by
retroviral expression of the fusion gene NDI13. In vitro cytotoxicity assays were performed in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 15% fetal bovine serum
(FBS), 6ng/mL murine IL3, 10ng/mL human IL6, and 20ng/mL murine stem-cell factor (mSCF;
all from STEMCELL Technologies, Vancouver, BC, Canada). Cells were seeded at a cell
density of 1x10*/mL in a 96-well plate, and incubated under light-protective conditions. ATRA
(Sigma, Oakville, ON, Canada) was dissolved in dimethyl sulfoxide (DMSO) (Sigma) and added
to the culture medium at the specified concentrations as 1/ 1000™ of the final volume. After 64
hours, cells were stained with Alamar Blue (Sigma) for 8 hours and fluorescence was measured
with a Tecan Safire’ microplate reader (Life Technologies, Burlington, ON, Canada). Viability
was determined as percentage of DMSO-treated cells after background subtraction of
fluorescence in wells with medium only. The 50% inhibitory concentration was determined as

the concentration of ATRA that reduced cell viability to 50% of DMSO-treated cells.
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2.2.6 Mice and retroviral infection of primary bone marrow cells and bone marrow

transplantation

Primary mouse bone marrow cells from 5-fluorouracil (5FU)-treated C57BL/6J donor mice were
pre-stimulated for 48 hours in DMEM media supplemented with 15% FBS, 6ng/mL murine IL3,
10ng/mL human IL6, and 20ng/mL mSCF. Cells were then transduced by co-cultivation with
viral producers for 48 hours, then harvested and plated into CFC media or directly transplanted
into lethally irradiated syngeneic recipient mice, as previously described'*’. Recipient mice were
exposed to a single dose of 750 to 810 cGy total-body irradiation accompanied by a life-sparing
dose of 1x10° freshly isolated bone marrow cells from syngeneic mice, and were monitored
daily. Engraftment of transduced cells in peripheral blood was monitored every four weeks by
fluorescence-activated cell-sorter (FACS) analysis and quantification of GFP-positive cells. Sick
or moribund mice were sacrificed, spleens weighed, and red blood cells and white blood cells
were counted using the scil Vet abc blood analyser (Vet Novations, Barrie, ON, Canada).
C57BL/6J mice were bred and maintained in the Animal Research Centre of the British
Columbia Cancer Agency as approved by the University of British Columbia Animal Care
Committee (the Institutional Animal Care and Use Committee, IACUC). Experimental studies
were approved by the University of British Columbia Animal Care Committe under experimental

protocol numbers A04-0380 and A09-0009, and all efforts were made to minimise suffering.

2.2.7 FACS analysis

Lineage distribution was determined by FACS analysis (FACSCalibur; Becton Dickinson,

Mississauga, ON, Canada) as previously described””. Monoclonal antibodies used were
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phycoerythrin (PE)-labeled Gr-1 (clone Ly6G-6C), B220 (CD45R), CD4, Terl19, and
Sca-1 (Ly6A/E) and allophycocyanin (APC)-labeled CD11b, CDS8, and c-kit (CD117) (BD

Biosciences, Mississauga, ON, Canada).

2.2.8 Bone marrow morphology

Cytospin preparations were stained with Wright-Giemsa stain. Images were visualised using a
Nikon Eclipse 801 microscope (Nikon, Mississauga, ON, Canada) and a 20x/0.40 numerical
aperture objective, or a 100x/1.25 numerical aperture objective and Nikon Immersion Oil

(Nikon). A Nikon Coolpix 995 camera (Nikon) was used to capture images.

2.2.9 Confocal microscopy

Twenty-four hours prior to fixation, micro growth glass cover slips (VWR International,
Mississauga, ON, Canada) were coated in Cultrex Poly-L-Lysine (Trevigen, Gaithersburg, MD,
USA) and GP+ES86 expressing cell lines expressing MN1, MN1A1, and MN1AS5-7 were plated.
Cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 10 minutes at
room temperature, incubated with a 1:500 dilution of rabbit anti-HA primary antibody followed
by a 1:300 dilution of anti-rabbit Alexa eFluor 594 secondary antibody (Life Technologies,
Burlington, ON, Canada) and then stained with 4,6-diamidion-2-phenylindole (DAPI) at 1pg/mL
(Sigma-Aldrich, St Louis, MO, USA). Slides were then mounted with 14-
diazabicyclo(2,2,2)octane (DABCO) mounting medium (Sigma-Aldrich, St Louis, MO, USA)
and Z-stack photographs were taken 0.13um apart using a Leica TCS SP5 Confocal microscope

(100x objective). Images were captured using LAS AF software (Leica Microsystems, Inc.,
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Exton, PA, USA) and deconvoluted using Real-time GPU-based 3D Deconvolution'* and

DeconvolutionLab'*’ in Imagel.

2.2.10 Gene expression profiling and gene set enrichment analysis

RNA was extracted using TRIZOL reagent (Life Technologies, Burlington, ON, Canada) from
GFP+ cells that were sorted from mouse bone marrow cells four weeks after transplantation.
Quality and integrity of the total RNA isolated was controlled by running all samples on an
Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Mississauga, ON). Extracted
RNA from MN1, MNI1A1, and MN1A7 leukemia cells and Gr-1"/CD11b" bone marrow cells
were hybridized to the Affymetrix GeneChip Mouse 430 2.0 (43.000 probes) microarray (n=2)
per the manufacturer’s instructions. Experiments were performed at the British Columbia
Genome Sciences Centre, Vancouver, Canada. Gene expression can be found at the Gene
Expression Omnibus database (GEO accession number GSE46990;

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zhedbmoecuqgcksli&acc=GSE46990). Data

were analyzed using R and Bioconductor'™. Quality was assessed with the ArrayQualityMetrics

1

15 152
package °.

Arrays were preprocessed using robust multi-array (RMA) °“. Differentially
expressed probe sets were calculated with the LIMMA package'>® applying Benjamini-Hochberg
multiple testing correction at an false discovery rate (FDR) of 0.05. For gene set enrichment, the
Broad Institute Gene Set Enrichment Analysis (GSEA) software package was used>*. The
datasets were collapsed into single genes and rank-ordered by signal to noise ratio. Gene set

permutations were used to estimate statistical significance. Analyzed gene ontology sets were

obtained from MSigDB v3.1'"*. The gene set enrichment analysis software'>*
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(http://www.broad.mit.edu/gsea/index.jsp) was used to compare gene enrichment of Gene

Ontology gene sets (dataset C5, available from the Molecular Signature database v3.1'°%)

between MN1A1 vs MN1 and MN1A7 vs. MNI1.

2.2.11 Statistical analysis

Comparisons were performed by unpaired T-tests. The two-sided level of significance was set at
P less than 0.05. Comparison of survival curves were performed using the Kaplan-Meier method
and log-rank test. Statistical analyses were performed with Excel (Microsoft Canada,

Mississauga, ON, Canada) and GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA).

2.3 Results

2.3.1 The N-terminal region of MN1 is required for immortalization of bone marrow cells

in vitro

To elucidate the relationship between the structure of MN1 and the properties of MN1 leukemia,
MNI deletion mutants were generated in three strategies. I divided wildtype MN1 into seven
regions, each approximately 200 amino acids in length and numbered sequentially from the N-
terminus. In an internal deletion series (Strategy 1), distinct 200 amino acid regions were deleted
(Figure 2.1A). Due to technical difficulties, the vector construct lacking the third region from the
N-terminus (MN1A3) was unable to be generated and was excluded from further analysis.
Progressive N-terminal deletions (Strategy 2) included six mutant constructs in which
approximately 200 amino acid-regions were cumulatively deleted starting from the MN1 N-

terminus. For progressive C-terminal deletions (Strategy 3), stretches of approximately 200
40
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amino acids were cumulatively deleted starting from the MNI1 C-terminus (Figure 2.1A). 1
validated the size and expression of all mutant constructs at the RNA and protein level and
detected the expected protein for all constructs lacking one or two regions and for the constructs
MNI1A1-4, MN1A3-7, and MN1AS5-7 lacking three or more regions. The remaining constructs

lacking three or more regions did not, however, yield detectable protein (Figure 2.2).
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Figure 2.1 The N-terminal region of MN1 is required for its leukemogenic potential
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(A) MN1 mutation constructs for structure-function analysis. In Strategy 1 distinct stretches of approximately 200

amino acids were deleted throughout wildtype MNI1. In Strategy 2, stretches of approximately 200 amino acids were
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cumulatively deleted starting from the MN1 N-terminus. In Strategy 3, stretches of approximately 200 amino acids
were cumulatively deleted starting from the MN1 C-terminus. (B-D) Percentage of transgene-positive white blood
cells engrafting in peripheral blood of transplanted mice at 4-week intervals. P values are given for the comparison
of the indicated construct with CTL-transduced cells. The average engraftment is shown. Number of analysed mice
and standard error can be found in Table 2.1. (E-G) Survival of mice receiving transplants of cells transduced with
(E) Strategy 1, (F) Strategy 2, and (G) Strategy 3 MNI1 deletions. P values are given for the comparison of the
indicated construct with CTL-transduced cells. The number of analysed mice is detailed in Table 2.1. (H)
Morphology of bone marrow cells at death of diseased mice. The cells were Wright-Giemsa stained. Images were
visualised using a Nikon Eclipse 80i microscope (Nikon, Mississauga, ON, Canada) and a 20x/0.40 numerical
aperture objective, or a 100x/1.25 numerical aperture objective and Nikon Immersion Oil (Nikon). A Nikon Coolpix
995 camera (Nikon) was used to capture images. § engraftment in peripheral blood at the indicated time point or at
death in cases where a mouse died before that time point. T all mice were dead at this timepoint due to disease. *

indicates P<0.05, ** indicates P<0.001.
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Figure 2.2 Expression levels of MIN1 deletion constructs

(A) Western blot analyses of GP-E86 producer cells for the various constucts illustrating the expression and size of
protein products of the MN1 deletion constructs compared to full-length MN1. The figure is a composite of multiple
gels with each lane representing a single construct stained with either anti-HA or anti-B-actin antibody. (B) Gel

electrophoresis with PCR products illustrating the relative size of the MN1 deletion constructs compared to full-
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length MN1. (C-E) Expression levels of MN1 deletion constructs measured by qRT-PCR. MN1 deletion constructs

were transduced in cells immortalized by NUP9SHOXD13 (ND13). Mean + SD, n=3.

Freshly isolated bone marrow cells were transduced with MN1 mutation constructs or the control
vector and plated in CFC medium, and replating ability and proportion of transduced cells
(GFP") were measured. While GFP-positive cells are lost in control-transduced cells after the
second replating, GFP expression is maintained in all internal deletion constructs (Strategy 1) up
to the fifth plating, except for MN1A6 where no colonies grow after the fourth plating (Figure
2.3A-B). For Strategy 2, involving successive deletions beginning at the N-terminus, only
MNI1AI retains transforming ability, immortalizing bone marrow cells in vitro and competitively
outgrowing non-transduced cells. In contrast, all other Strategy 2 constructs show loss of
replating ability, with fewer than 50 colonies after the first plating upon additional deletion of
regions 2-6 (Figure 2.3C and D). MN1 mutants with cumulative deletions from the C-terminus
(Strategy 3) can immortalize bone marrow cells, including MN1A3-7, which retains only 317
amino acids, and MN1A4-7, which shows colony replating ability despite an inability to detect
the protein by Western blot (Figure 2.2). In summary, the N-terminus of MN1 is necessary and
sufficient to immortalize bone marrow cells in vitro with select regions, such as amino acids

1008-1201, playing a significant role in in vitro immortalization.
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Figure 2.3 Potential of MN1 variants to immortalize bone marrow cells in vitro

Left panels (A, C, E) show number of CFC colonies per plating in methylcellulose under myeloid cytokine
conditions. 5-FU pretreated bone marrow cells were transduced with MN1 deletions and were plated after
transduction without sorting of cells. Right panels (B, D, F) show percentage of GFP" cells at the end of each round

of plating.
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2.3.2 The N-terminal region of MN1 is required for its leukemogenic potential in vivo

MN1-transduced bone marrow cells were transplanted into lethally irradiated mice, and the
engraftment in peripheral blood monitored monthly. All mice show engraftment 4 weeks post-
transplant (at least 1% of total bone marrow). All internal deletion (Strategy 1) constructs show
statistically significant higher engraftment than control mice with increasing engraftment over 16
weeks (lowest engraftment in MN1AG6 at 18.4 & 4.5% versus 7.7% for control at week 4 to 38.4 +
12.0% versus 1.88 £ 0.68% for control at week 16, unpaired t-test, P<0.05) (Figure 2.1B).
Progressive N-terminal deletion (Strategy 2) constructs also show engraftment at 4 weeks post-
transplant, although engraftment levels do not significantly differ from control mice except for
MN1AI, which shows higher early engraftment levels similar to full-length MN1 (40.4 + 6.5%
versus 35.0 = 10.2%, unpaired t-test). In addition, engraftment decreases over 16 weeks,
suggesting that these constructs, including MN1A1 (13.3 + 3.4% for MN1A1 at week 16 versus
31.5 + 11.6% for MNI1 at week 8), have defects in their proliferative and self-renewal
capabilities and, thus, are unable to outcompete the co-transplanted normal bone marrow cells
(Figure 2.1C and Table 2.3). Of the progressive C-terminal deletions (Strategy 3), MN1A7 shows
the highest engraftment levels (77.2 £ 11.8%), and MN1A6-7 (42.0 + 15.7%), MN1AS5-7 (32.7 +
14.8%) and MN1A3-7 (30.0 £ 24.6%) have significantly higher engraftment of transduced cells
compared to control cells at 16 weeks (1.9 £ 0.7%) (Figure 2.1D). The MNI mutations that
enhance engraftment and proliferation in vivo also induce high white blood cell counts, anemia,

and thrombocytopenia (Figures 2.4-2.6; Tables 2.4-2.6).
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Table 2.3 Characterisation of mouse phenotype after transplantation with MN1 deletion constructs
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Figure 2.4 White blood cell count in transplanted mice

(A-C) White blood cell count (WBC) in peripheral blood of mice at 4-week intervals after transplantation. MN1
mutation constructs were used from (A) Strategy 1, (B) Strategy 2, and (C) Strategy 3. P values are given for the
comparison of the indicated construct with CTL. The average WBC count is shown. Number of analyzed mice and
standard error can be found in Table 2.5. § WBC count in peripheral blood at the indicated time point or at death in
cases where a mouse died before that time point. { indicates that all mice were dead at this time point due to

disease. * indicates P<0.05.
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Figure 2.5 Red blood cell count in transplanted mice

(A-C) Red blood cell count (RBC) in peripheral blood of mice at 4 week intervals after transplantation. MN1
mutation constructs were used from (A) Strategy 1, (B) Strategy 2, and (C) Strategy 3. P values are given for the
comparison of the indicated construct with CTL. The average RBC count is shown. Number of analyzed mice and
standard error can be found in Table 2.5. § RBC count in peripheral blood at the indicated time point or at death in
cases where a mouse died before that time point. { indicates that all mice were dead at this time point due to

disease. * indicates P<0.05.
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Figure 2.6 Platelet count in transplanted mice

(A-C) Platelet count in peripheral blood of mice at 4 week intervals after transplantation. MN1 mutation constructs
were used from (A) Strategy 1, (B) Strategy 2, and (C) Strategy 3. P values are given for the comparison of the
indicated construct with CTL. The average platelet count is shown. Number of analyzed mice and standard deviation
(SD) can be found in Table 2.5. § Platelet count in peripheral blood at the indicated time point or at death in cases
where a mouse died before that time point. 1 indicates that all mice were dead at this timepoint due to disease. *

indicates P<0.05.
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Table 2.4 In vivo engraftment of cells transduced with MN1 deletion constructs

No . . o . o Engraftment in RBCs (%
Construct of Engraftment in Peripheral Blood (% GFP) Engraftment in RBCs (% GFP) GFP) / WBC (% GFP)
Mice Wk 4 Wk 8 Wk 12 WKk 16 Wk 4 Wk 12 Wk 16 Wk 4 Wk 12 Wk 16
3.01 + 131+ 1.88 &+ 0.09 + 0.08 &+ 0.07 + 0.04 +
CTL 2 7.66 1.46 1.06 0.86 4.94 0.01 0.01 0.64 0.17 0.03
35.00 £ 12.61 + 14.13 £ 0.40 £
MN1 5 10.19 3 59 n.d. n.d. 363 n.d. n.d. 0.19 n.d. n.d.
MN1A1 5 40.44 + 23.64 + 15.08 £ 13.28 £+ 21.67 £+ 81.90+ | 91.65+ 0.54 + 543 + 6.90 +
6.49 2.09 4.23 3.44 8.80 0.40 0.45 0.27 0.84 1.20
84.07 £ 86.45 £ 73.73 £ 0.88 +
MN1A2 3 136 595 n.d. n.d. 291 n.d. n.d. 0.05 n.d. n.d.
57.00 £ 66.04 + 57.05 £ 75.55 £
MN1A4 5 750 316 6.05 n.d. 555 n.d. n.d. 1.33 n.d. n.d.
MNI1AS 3 40.43 + 27.90 + 62.43 + 54.65 + 32.80 + 88.67+ | 91.60+ 0.81 £ 142 + 1.68 +
5.72 2.89 15.09 20.45 11.24 3.51 2.70 0.20 0.30 0.79
MNI1A6 9 18.42 + 15.63 £+ 19.95 + 42.40 + 47.29 + 229 + 3.11 £ 2.57 £ 0.11 £ 0.16
4.47 6.31 6.90 13.19 10.29 1.63 1.69 0.48 0.14 0.64
78.30 £ 71.30 + 14.60 + 0.19 £
MN1A7 5 111 14.64 n.d. n.d. 561 n.d. n.d. 0.07 n.d. n.d.
11.69 £+ 6.93 + 347+ 3.03 £ 10.42 + 3.62 £ 3.70 £ 0.89 + 1.04 +
MNIAL2 | 4 237 1.64 1.42 1.24 0.96 3.18 3.65 0.20 0.49 122
2.10+ 0.80 &
MN1A1-3 3 n.d. 091 018 0.19 247+1.21 n.d. n.d. n.d. n.d. n.d.
0.99 + 0.40 &+ 0.08 &
MN1A1-4 5 1.95+0.29 0.18 0.16 0.17+0.2 1 0.15+0.07 n.d. n.d. 0.04 n.d. n.d.
4.66 £ 238+ 1.29 + 0.11+
MN1A1-5 5 8.05+1.87 1.00 0.84 053 091 +£0.34 n.d. n.d. 0.20 n.d. n.d.
1523 + 5.90 £ 3.50 £ 2.16 £ 0.35+
MN1A1-6 3 736 1.08 0.89 0.74 541+1.22 n.d. n.d. 0.03 n.d. n.d.




No . . ° . o Engraftment in RBCs (%
Construct of Engraftment in Peripheral Blood (% GFP) Engraftment in RBCs (% GFP) GFP)/ WBC (% GFP)
Mice | Wk4 WK8 | WKIZ | WKI6 Wk4 | WKI12 | Wk16 | Wk4 | WKI12 | Wk 16
432+ | 247+ | 219+ 0.66
MNIA2T | 2 | 4472063 | T e LoF 2974277 | na n.d. o0 n.d. nd.
6920 | 2643+ | 3388+ | 29.69% 0.03 %
MN1A3-7 3 )87 7 44 2599 2460 1.98 £0.25 n.d. n.d. 0.00 n.d. n.d.
2637+ 300+ | 734+ | 86l 10.67 342+ | 040+ | 015+
MNIA4-T | 4 8.37 207 483 2.85 3.20 1.09 3.09 0.18 0.02 0.40
31x | 1491 | B31l= | 1905« | 1817 | 367 16l | 028+
MNIAS-7 | 8 3.00 4.63 9.71 9.91 751 3.58 0.00 1.13 0.14 0.00
viniaer | s 3928+ | 1875+ | 617+ | 13.14% | 1756< | 1595< | 028« | 045« | 259« | 0.02+
- 6.18 5.95 2.02 5.57 2.07 0.45 021 0.12 0.87 0.01
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Table 2.5 Peripheral blood counts in mice receiving transplants of cells transduced with MN1 deletion constructs

Construct | N0 Of WBC (x10°/mm°) RBC (x10°/mm”)
Mice | Wkd4 | Wk8 | Wk12 | Wk16 | Wk20 | Wkd4 | Wk8 | Wk12 | Wk16 | Wk20
e |2 [ e | [ | e | | | e
MNI1 5 6i3'31i n.d. n.d. n.d. n.d. ngoi n.d. n.d. n.d. n.d.
MNI AT S 506+ | 962+ | 686+ | 708+ | 542+ | 805+ | 884+ | 907+ | 945+ | 624+
0.65 0.96 1.34 0.70 0.53 0.92 0.81 0.21 0.42 0.39
MN1az |30 | 1000E  BATEL g n.d. nd | ] 2ISE g n.d. nd.
wrar | 2 | 3 [ T | e || By | S | e |
was | | S e | B By e e s ||
wrae | o | e | e [ | om | Ay | | Sl | e
MNI1 A7 5 4(')(')25 i%?;?)%) n.d. n.d. n.d. 7(')?25;: 6f§7i n.d. n.d. n.d.
s | o | S | [ e | R [nesns | s e |
MN1AL3 | 3 6;_2; 7(')?675 8()?970* 13.40 | nd. 9&3; 1%"55? 1%_377; 1098 | nd.
e | 5 | | | | e | | | | e |
wiars | 5 | S | | G | Lo || | e e
MNIAL-6 |3 365.;); 8;13;: 961.;); 7'1§979i n.d. 8(')5.? 9i 962.19 6i 969.(())9i 96%2 1i n.d.
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Construct | N0 of WBC (x10°/mm°) RBC (x10%/mm°)
Ut | Mice [ Wk4 | WKS | WK12 | WKk16 | WKk20 | Wk4 | WKS | Wk12 | Wk16 | Wk20
545+ | 670+ | 640+ | 345+ 906+ | 967+ | 1069+« | 923+
MN1A2-7 | 2 3.65 3.00 1.70 0.05 n.d. 0.28 0.27 0.04 0.40 n.d.
707+ | 483+ | 907+ | 12.10< 826+ | 750+ | 872+ | 904+
MNIA3-7 | 3 0.87 0.90 0.91 3.0 n.d. 0.45 161 0.44 0.50 n.d.
203 | 380= | 440% | 690+ 957+ | 1093+ | 897+ | 996+
MN1A4-7 | 4 0.66 031 0.71 0.86 n.d. 0.43 0.64 0.14 0.26 n.d.
Ninse | s | 429% [ 383+ | 514+ | 663+ | 367+ | 937+ | 1007+ | 894+ | 921+ | 564+
- 0.59 0.78 0.67 0.96 0.27 0.23 0.84 0.49 0.72 0.90
504+ | 480+ | 355% | 460+ 737+ | 1097+ | 684+ | 469+
MNIA6-7 |5 0.81 0.40 1.25 2.40 n.d. 127 | 0.55 1.52 3.37 n.d.
Construct | N0 Of Hemoglobin (g/dl) Platelets (x10°/mm”)
Mice | Wk4 | WKS | Wk12 | Wk16 | Wk20 | Wk4 | WKS | Wk12 | Wk16 | Wk20
CTL | oe0= [13ase| ma0s | 3sse| 401'00 693.00+ | 743.00= | 1086.00 |
470 0.35 0.10 1.35 d. 117.00 | 700 |+13800| ™4
232.00
8.04 148.00
MN1 5 +1.50 n.d. n.d. n.d. n.d. 19613 n.d. n.d. n.d. n.d.
VNI AT o | 1242+ | 12284 | 1198 | 12724 | 942+ | 41120 | 57920+ | 79280+ | 1007.80 41140
133 0.55 0.39 0.69 056 |=8149 [ 67.90 | 7924 |+12623 | | T
000+ | 1147+ 186.00 | 159.67 <
MN1 A2 3 0.97 174 n.d. n.d. n.d. 9458 5419 n.d. n.d. n.d.
1305+ | 685+ | 5.65< 147.00 | 12850« | 114.50 <
MN1A4 | 2 0.25 0.25 1.25 n.d. nd L 1500] 2650 | 79.50 n.d. n.d.
1000 [ 11.80=] 893 |1020% 273.00 | 197.00= | 102.00 £ | 431.67 <
MNI1 A5 3 2.67 1.42 1.30 0.74 nd 6948 | 37.99 850 | 34332 | &
294% [ 1142=] 881 1074 353.78 | 313.22 = | 322.80 = | 445.00 £
MN1A6 | 9 1.05 0.96 171 1.98 nd 5056 | 6398 | 9114 | 17172 | ™4
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Construct | N0 of Hemoglobin (g/dl) Platelets (x10°/mm”)
UCt | Mice [ Wk4 | WKS | Wk12 | WK16 | WKk20 | Wk4 | WKkS | Wk12 | Wk16 | Wk20
274+ | 11.06< 397.60 | 349.80 =
MNI1 A7 5 0.38 703 n.d. n.d. n.d. 19813 100.31 n.d. n.d. n.d.
VNiALe | 4 | 1310% [ 1418+ ] 1333+ | 1407+ | 641'75 627.50+ | 653.67+ | 87733+ |
- 1.52 0.27 0.52 0.35 Gl afe | 3850 | 1i8s | 1538 d.
1373+ | 1567« 1437+ 534.00 | 540.67 = | 391.00
MNI1AL-3 | 3 0.12 0.76 099 | 160 | ndf egse| ggo1 | 5749 | 88800 | nd
1108+ | 1530= | 13.05¢ | 13.50= 28440 | 454.60 £ | 544.00 = | 397.40
MNI1AL4 | 5 1.00 1.46 0.19 0.39 nd L sg3g | 8887 | 14155 | 14154 | ™4
1290% | 1558= | 13.06% | 14.08< 54520 | 603.40 = | 646.60 = | 884.20 =
MNI1ALS |5 056 | 0.49 0.13 0.28 ndo {317 3492 | 6428 | 6402 | ™4
789.67 +
1280+ | 14.07= | 13.87+ | 1323« 461.67 | 77033 « | 67433 +
MN1AL-6 | 3 006 | 0.12 0.09 0.58 nd 7550 | 14871 | 42.01 1?12('161 n.d.
13.65% | 1490= | 1485« | 13.40= 786.00 | 57050 | 578.00 = | 690.00 =
MNIA2-T 2 0.75 0.30 0.15 0.60 nd | 10600 | 9450 | 8700 | 4700 | ™4
307+ | 11.60=| 1227 | 1297 36033 | 690.00 = | 56033 | 740.67 =
MNIA3-7 | 3 0.35 235 0.45 0.44 nd {3403 6854 | 11956 | 7151 | ™4
VNIAgGs | 4 | 1518 | 1558+ | 1350+ | 1515+ | 73275 486.00+ | 58275+ | 99625+ |
- 0.67 1.23 021 0.41 o e | 3725 | 043 | 6913 d.
Niase | s | 1404% [543+ | 1232% | 13.18% | 920 | 36238 | 51483+ | 560.00+ | 84525+ | 174.33
- 0.40 1.20 0.87 118 119 | +65.08 | 11993 | 5652 | 117.41 | +41.07
MNiAer | s | 1102% 1550+ | 1025+ | 765+ | 261'00 42000+ | 465.65 + 109f'00 o
181 0.70 1.85 5.05 loaas | 18100 | 46435 | S
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Table 2.6 Imnmunophenotype of GFP-positive cells in peripheral blood of mice receiving transplants of cells transduced with MN1 deletion constructs

Comstract 1L | a1 | MNI | MNI [ MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI_MNI | MNT
Al A2 A4 AS A6 A7 | A12 | A1-3 | A14 | A1s | Al-6 | A27 | A37 | A47  AsT | A67
No of Mice 2 3 2 3 2 3 9 5 7 3 5 5 3 2 3 7 8 5
. oo | 1178 | 1749 | 6463 | 1137 | 3330 | 3224 47f4 10.67 1637 o | 745 332+ | | 1693 | 1393 | 1088 2052
£099 | £542 | £208 | 4283 | 2476 | 2073 | o [£325 | 5 318 | 157 £390 [ £722 | +684 | o
41.88 15.66
o [054% | 1995 | 10ax | 2795 | 2085 | 07ax |60+ | | uass |27se | fa07s | 1a2e [ 284x | 1005 668 | A
LS » 054 | 099 | 073 | 2015 | =225]| 018 | 328 +727 | 278 A1 086 | 037 | 039 | £8.08 | 6.68 d.
I 5 10.73 14.25
< = " 1655 o lgfz Lo | 045 | 2335 1755 ca | [000= [ | 029 | 0535 | 2445 | 059 1850 014+ | 000+
ees | M s | MY | 00a | aso | | M At 000 | O 029 | 022 | 244 | 033 | 5. | 014 | 000
33.54 21.90
16 | nd | nd il39'6612 nd. | nd 55835 011 | nd 3i8165i nd | nd | nd | nd | nd + | 5090 7593; .
: : : 27.66 : 11.40
. sy | 2880 | 2504 | 7850 | 2365 | 49.80 | 3574 6232 19.33 25;)0 g | se0x|8a7e | | 2780 | 2035 | 1225 2954
£453 | £840 | £350 | +415 [ 2611 | 965 | T |+a80 | S 164 | 115 £327 | £886 | €737 | o
. o | 417+ | 1445 | 325+ | 8385 | 2850 | 9.04 | 1023 | 8318 20;‘2 000+ | 2975 [ 1794 | 528+ | 1039 | 1143 | 20;‘7
2 » 417 | +425 | 051 | +725 [£230 | 303 | 304 [ 528 | S| 000 Gl | ode | 205 | w737 [ w33 | M| 2
a g . .
S = 19.78 22.63 1055 | 3207 | 2472 aos 0982 | 3005 | 1452 | 1867 [ 3307 | Lo [ 1813
= 12 + n.d. + n.d. + 145 + + n.d. n.d. 1.45 33.30 057 0.66 145 + + | 48 +
13.53 13.18 A1 1182 | 1080 : : : : 1666 | 1600 | U 12.77
39.57 48.29 2325
16 | 000 | nd + nd. | nd 11589238 12588& nd. i%lfl nd. | nd | nd | nd | nd + | sa70 53798 .
20.60 : : : 4241 1 1005
. 000 | 1228 | 1518 | 6533 | 1137 | 3280 | 2005 4834 10.30 11¥90 Lo |sose | 3aze | 2025 | 1153 | 10.68 2‘116
+ £097 | 600 | £290 | 283 | #4380 [ 873 | o fe317| 183 | 221 £355 [ 2788 | =77 | |
=
= o | 444 | 1es= | oa8+ | 2850 | 2040 3197 27.04 4553 1293 | 000 | | 078% | 061+ | 162+ | 9302 25fl . 15;‘4
8 » 390 | 017 | 502 | £020 | +270 | S [£978 | | os | £7.60 | 0.00 Goloms oo | e | 7as | S| MY | L,
%) . . . .
+\ )
:,-5 = . 1265 . 2859 Lo | 2395 | 2aa2 f2os2 || 000= | 0075 | 004 | 000+ 3857 18530 3934 0.00 =
¢ o e +2385 | £9.00 | £9.95 0.00 017 | o1 [ 000 | 5 S| e | 000
18.30 37.64 | 27.57 21.90
16 | 000 | nd 4 nd. | nd 450261i 1113‘(‘)% nd. 2i0217i nd. | nd | nd | nd | nd + + 66335; +
11.29 : : : 3176 | 1485 | © 11.40
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Cometruct 1L | sng | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI
Al A2 A4 A5 A6 | A7 | a12 | a13 | A4 | a1s | At6 | A27 | A37 | A4 | As7 | A6
. 000 | 2054 14f4 700+ [ 053+ | 260+ 727+ | deas [ 2124 [ 208+ | | 000+ | 0354 | | 099+ 1330 0.28 = 4638
£776 | a5, | 178 | 053 | 081 | 377 | 189 | 028 | 208 000 | 031 033 | oo | 017 | 17
o | 020 [ 7160 | 042+ | | |28+ 393+ | 1983 | 145+ | 000= | T 080+ | 000+ | 107+ | 030 | 0005 | | 271%
g » 024 | =880 | 016 | b 218 | 196 | 733 | 060 | 010 | * 417080 | 000 | 107 | 025 | 0.00 A gy
D
2 = n fooos | o lisie] 2855 3650 2950 | L {000k || 046 | 027+ | 000+ | 059 27;” 0.18+ | 14.86
0.00 0.61 s | aea | £064 0.00 037 | 021 | 000 | 034 | 5 | 009 |£9.14
57.20 43.96
16 | 000 | nd 6558; nd. | nd = | 7760 | nd 3;;; nd. | nd | nd | nd | nd 0(‘)08()* 2;550* Zil(‘)‘; +
: 17.70 : : : : 34.64
. 000 | 4006 38 1561+ | 3440 | 5363 | 59.59 | 2428 | 56.90 | 78.13 iy 6270 1 7240 L4 | 67 M7 ssas | 322
£500 |\ Soo | 325 | +600 | £239 | £927 | 4572 | £426 | 968 e [ 5 e85 | 0 | 2959 | £9.32
g | 0245 | 7065 | 6936 | .| 3450 AT 3133 | 3774 | 4465 6670 | na | 8670 | 8520 | 8045 6883 | SLI7 o 6413
. . . d d
' » 024 | 279 | £9.59 £9.90 +859 | 157 | £4.26 £420 | £121 | 2415
3 5 2139 1240 | 15.60 16.15
2 = 0002 44.90 seas | 3340 | 2007 73.40 —52n | 597 | 7660 1 3369 | 287 | 2o 37 | 3390
12 0.00 n.d. + n.d. 467 119 + n.d. n.d. + 60.00 £569 + +£270 + + 1621 | 280
: 14.69 : 1181 11.17 691 51 69 T0 1 2053 | 1553 : :
45.93 4310 | 53.90 3527 | 55.63 54.70
16 88.90 n.d. + n.d. n.d. + + n.d. ZZSZ) n.d. n.d. n.d. n.d. n.d. + + 528655 +
13.99 1270 | 1057 : 30.63 | 15.68 651 1900
. oo | 810= [ 067 [0ass [ 053+ | 216+ [ 447+ [ 220+ | 028+ [000= [ [ooox [o3se | [ozss| 156+ | o015+ | 1462
: 372 [ 020 | 013 | 053 | 013 | 302 | 193 | 007 | 000 | ™% | 000 | 031 | ™% | 055 | 117 | 009 |+720
.
3 o [020% | 378 | 030s | [l 000s | 5524|3374 | 020+ [ 0005 | (oo | L [080+ | 006+ | 000+ | 0595 | 000+ | | 090+
2z 2 024 | 130 | 026 | © 000 | 336 | 150 | 010 | 000 | * A 1980 | 013 | 000 | 059 | 0.00 41090
- D
¥ =  fooos | loxe | 2374|580 fa0ox | | 000k | o 021+ | 000+ | 0735 | 0085 | 006+ | 005+ | 109+
2 0.00 A os A as | £5s8 | 143 d. A 000 | O 021 | 000 | 073 | 006 | 006 | 005 | 1.09
B
024+ 1655 | 1321 0.00+ | 0,00+ 000+ | 056= | 136+ | 12.82
16 0.00 | nd. g5, | nd ndoyoss | xgas | ™ | 000 | 000 | ™4 n.d. n.d. nd 000 | 056 | 046 | £8.58
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Comstruct ot | sng | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI | MNI [ MNI | MNI | MNI | MNI | MNI
Al A2 At | A5 | a6 | A7 | A12 | A13 | A14 | Als | Al-6 | A27 | A37 | A47 | AST | Ae7
. ssg | 152 | 1191 | 475+ [ 321+ | 432+ | 2090 | 276+ | 948 | 944 | | 1856 | 580+ | 2097 1 3074 | 1562 | 048

: 049 [+250 | 019 | 106 | 186 | 656 | 102 | 351 | 378 A1 igo3 | 261 Gl oo | 226 [ =900 | 036
g 2‘167 062+ | 2356 | 176+ | 637+ | 588+ | 622+ | 026+ | 2930 | o0 | 4 22;)7 12.05 1185 1257 | 2454 | | 292+

o . 1753 | 020 [ =756 | 098 | 030 | 156 | 282 | 009 | =928 s | E124 | s [ 349 | £813 0.93

g = 275 35.18 o lewse | i 26.80 2299 | 5062 | 1809 | 1460 | 2736 | ..
12 4 nd. . nd |20 OB BB nd | na £ | auzo | AT 508 . N R B ED
2275 13.01 : : : 26.80 : : 1142 | 1220 | 1062 | %
2141 4330

274+ | 1048 563+ | 1937 | 22.68 | 395+

16 41.70 n.d. 11i52 n.d. n.d. 0.49 £2.69 n.d. 12i86 n.d. n.d. n.d. n.d. n.d. 487 +826 | £1.97 305
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All transplantation groups were fully characterized at time of sacrifice including bone marrow
morphology with blast count, immunophenotype of GFP" bone marrow cells, spleen weight and
(for most constructs) secondary transplantations (Table 2.3). For mice succumbing to
hematologic disease, the diagnosis is noted in Table 2.3 and supported by bone marrow
morphology (Figure 2.1H). In summary, deletions including the first 221 N-terminal amino acids
prevent MNI-induced AML, except one MNIAl mouse that was sacrificed due to low
engraftment, low white blood cell count, and a non-elevated blast count (Figure 2.1F). Confocal
microscopy of cells expressing MN1A1 detects the protein in both the cytoplasm and the nucleus
to a similar extent as MN1, suggesting that loss of this region does not impact the ability of the
mutant to localize to the nucleus. (Figure 2.7). Deletion of regions 2, 5, 6, or 7 do not affect the
ability of MNI1 to induce AML, although their loss significantly prolongs disease latency
(median disease latency of 76 days for MN1A2, 126 days for MN1AS, 162.5 days for MN1A®6,
and 67 days for MN1A7 versus 35 days for MN1, log-rank Mantel-Cox test, P<0.05) (Figure
2.1E). Deletion of region 4 results in a rapid disease onset (median 60.5 days) with low blast
count, most likely a myelproliferative disease (Figure 2.1E and G). Combined deletion of regions
6 and 7 (MN1A6-7) at the C-terminus induces AML with 60% penetrance (Figure 2.1G).
Interestingly, despite showing nuclear localization of the protein by confocal microscopy (Figure
2.7), deletion of regions 5-7 (MN1AS5-7) at the C-terminus in two independent experiments
results in T-lymphoblastic leukemia (see below). The minimal portion of MN1 with biologic
function is MN1A3-7, corresponding to the 317 amino acids at the N-terminus, which induces a
myeloproliferative disease with long latency (median 156 days) and 50% penetrance (Figure
2.1G). In summary, these data suggest that the N-terminus of MNI1 is required and sufficient for

its proliferation-enhancing function in vivo (see also Table 2.6).
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Figure 2.7 Confocal microscopy of MN1-transduced cells

(D) MN1A5-7

Representative confocal microscopy images of GP+E86 cells transduced with (A) negative control, (B) MN1 tagged

with an HA-tag, (C) MN1A1 with an HA-tag, and (D) MN1A5-7 with an HA-tag stained with (i) DAPI or (ii) anti-

HA and (iii) DAPI and anti-HA merged.

Table 2.7 Role of MN1 regions in leukemia cell fate regulation

Required Dispensable Deletions likely
Phenotype . . too large to have
Domain(s) Domain(s)
any effect
Proliferation/Self- 1 One of: 3, 4.5, 6,7
Renewal
Differel\l/llt)i’:i(i)(l:l Block 2,7 Oneof: 1,4, 5, 6
2-7,1-2,1-3,1-4, 1-
Megakaryo.cyte/ One of32,4,5,6,7,
Erythroid 1 3.7 5.7 5,1-6
Differentiation Block ’
ATRA resistance 5,6,7 Oneof: 1,2, 4
Lymphoid .
Differentiation Block 37 One of:1, 2,4
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2.3.3 The N-terminal region of MN1 is required to block megakaryocyte/erythroid

differentiation

Peripheral blood analysis of mice transplanted with MN1 mutant-transduced bone marrow shows
decreasing red blood cell engraftment in all but two constructs over the 16-week period or the
lifetime of the mouse. MN1A2 and MN1A4 mice have high engraftment levels at 4 weeks
corresponding to high engraftment in white blood cells (84.1 = 1.4% and 57.0 + 7.5%,
respectively, versus 7.7% in control, unpaired t-test, P<0.05). Only two constructs, MN1A1 and
MNI1AS, show an increase in red blood cell engraftment over time (21.7 + 8.8% to 91.7 £ 0.5%
in MNI1A1 and 32.8 + 11.2% to 91.6 + 2.7% in MNI1AS5, unpaired t-test, P<0.05), although the
absolute number of red blood cells and hemoglobin does not increase in these mice (Figure 2.8A-
C). When comparing the ratio of transgene positive red blood cells to white blood cells, MN1A1
and to a lesser extent MN1AS are the only mutant constructs that show higher engraftment in red
blood cells than white blood cells; a difference that increases over 16 weeks (ratio 0.7 in MN1Al
and 0.9 in MN1AS5 at week 4 to 1.9 in MN1ALI and 1.2 in MN1AS5 at week 16) (Figure 2.8D-F).
To assess the ability of MN1 deletion mutants to support megakaryocyte differentiation, I
performed colony-forming unit-megakaryocyte (CFU-Mk) assays of all internally-deleted
(Strategy 1) and select N- and C-terminally deleted (Strategy 2 and 3) constructs. Control cells,
but not full-length MN1 cells, form few, small CFU-Mk colonies. Like full-length MN1 cells,
most MN1 deletion mutants are unable to form CFU-Mk colonies. However, N-terminally
deleted (MN1AL) cells give rise to 2 to 3-fold more colonies and larger colonies than control-
transduced cells, sustained over two replatings (32 versus 8 colonies at first plating, 24 versus 7
colonies at second plating) (Figure 2.8G and H). MN1A6-transduced cells also generate a small

number of colonies (5 colonies in the first plating) (Figure 2.8G). Together, these experiments
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suggest that the ability of MN1 to block erythroid-megakaryocyte differentiation can be localized

to the N-terminus, with some contribution of regions 5 and 6 (see also Table 2.6).
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Figure 2.8 The N-terminal region of MN1 is required to block megakaryocyte/erythroid differentiation

(A-C) Percentage of transgene positive red blood cells engrafting in peripheral blood of transplanted mice at 4-week

intervals. P values are calculated for the comparison of the indicated construct with CTL-transduced cells. The
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number of analysed mice and standard error is detailed in Table 2.3. (D-F) Proportion of red blood cells (RBC)
compared to white blood cells (WBC) expressing (D) Strategy 1, (E) Strategy 2, or (F) Strategy 3 MNI1 deletion
constructs after transplantation. P values are calculated for the comparison of the indicated construct with CTL-
transduced cells. The number of analysed mice and standard error is detailed in Table 2.3. (G) Megakaryocyte
colony-forming ability of mouse bone marrow cells transduced with MN1 deletion constructs (mean + SD, n=4). (H)
Micrographs of representative CFC-Mk slides at the end of the first plating of bone marrow cells transduced with
CTL vector, full-length MN1 or MN1AL. Images were visualised using a Nikon Eclipse 80i microscope (Nikon,
Mississauga, ON, Canada) and a 20x/0.40 numerical aperture objective, or a 100x/1.25 numerical aperture objective
and Nikon Immersion Oil (Nikon). A Nikon Coolpix 995 camera (Nikon) was used to capture images. * indicates

P<0.05

2.3.4 The C-terminal region of MN1 is required to block myeloid differentiation

To assess the effect of MNI1 deletions on resistance to ATRA, ND13 bone marrow cells,

previously reported to immortalize cells in vitro'> '**

, were transduced with each of the MN1
deletion mutants. ND13 control cells are sensitive to in vitro ATRA administration with an IC50
of 0.27 uM. NDI13+MNI-transduced cells are highly resistant with an ICsy of 32.4 uM, while
cells transduced with MN1 alone are even more ATRA resistant with an 1Csy beyond 100 uM.
When distinct regions are internally deleted from MNT1 (Strategyl), loss of regions 2 or 4 have
no effect on ATRA resistance (ICsy greater than 100uM and 44.7uM, respectively). (Figure
2.9A). However, loss of regions 5, 6, or 7 restore ATRA sensitivity of the cells (ICsy 0.83uM,
0.94uM, and 0.04uM, respectively) (Figure 2.9B). Progressive N-terminal deletions (Strategy 2)
with 2 or more regions deleted from the N-terminus are sensitive to ATRA (ICsy less than

0.02uM for all Strategy 2 constructs) (Figure 2.9C-D). Additionally, constructs with cumulative

deletions of the C-terminus (Strategy 3) are sensitive to ATRA (ICsq less than 0.9uM for all
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Strategy 3 constructs) (Figure 2.9E-F), highlighting the importance of the most C-terminal 206

amino acids of MN1 for ATRA resistance. These data suggest that the MN1 C-terminus plays an

important role in regulating resistance to ATRA in MN1 cells, with the MN1 N-terminus (amino

acids 222-418) being important for maintaining functionality of the MN1 protein.
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Figure 2.9 The C-terminal region of MN1 is required to block myeloid differentiation
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(A-F) In vitro sensitivity to ATRA of ND13-immortalized cells that were transduced with MN1 deletion constructs.
Dose-response curves are shown in the left panels (A, C, E) and ICs, values are shown in the right panels (B, D, F)

for each deletion strategy (mean + SD, n>6).

I performed gene expression profiling on GFP-positive bulk MN1-, MN1Al- and MNIA7-
transduced bone marrow cells, and normal Gr-1"CD11b" differentiated myeloid cells sorted from
bone marrow. Unsupervised hierarchical clustering shows that bulk C-terminally deleted MNI1
cells (MNIA7, with an average 26.9% GFP'/Gr-1"/CD11b" population) cluster with Gr-
1'CD11b" normal myeloid cells, which have low Mn1 expression'®. Alternatively, N-terminally
deleted MN1 cells (MN1A1, with an average 24.3% GFP'/Gr-1"/CD11b" population) cluster
with wildtype MN1 cells (Figure 2.10A). Comparison of the 60 most differentially expressed
gene ontology gene sets between wildtype MN1 and MN1A1 or MN1A7 cells show that those
related to differentiation and metabolism are overrepresented in MN1A7 cells compared to
MNIAT1 cells (Figure 2.10B and Table 2.8). Conversely, gene sets related to signal transduction
and cell structure are overrepresented in MN1ALI cells (Figure 2.10B and Table 2.9). The most
differentially expressed genes in MN1A1 compared to MNI1 cells are HOXA9, HOXA10 and

MEIS?2 (Table located at http://dx.doi.org/10.1371/journal.pone.0112671), which are among the

most important genes driving self-renewal of HSCs, and their low expression in MN1A1 cells
may explain their loss of leukemogenic potential. Several Kriippel-like factors are also
upregulated in MNI1ALI cells, providing a link for their preferential erythroid differentiation.
Among the most differentially upregulated genes in MN1A7 compared to full-length MN1 cells
are 3 members of the eosinophil cationic protein (Ecp or Earl, 2, 3) and eosinophil peroxidase

(Table located at http://dx.doi.org/10.1371/journal.pone.0112671).
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MNI1.
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Table 2.6 Gene ontology gene sets enriched in MN1A7 cells compared to MN1 cells

Normalised
Rank | Gene Sets Enrichment P Category
Score (NES)
1 OXYGEN_AND REACTIVE OXYGEN _ SPECIES MET 145 0.0 metabolism
ABOLIC PROCESS ] '
2 REGULATION OF NEUROTRANSMITTER LEVELS 1.44 0.0 signal transduction
3 CHEMOKINE ACTIVITY 1.40 0.0 immune response / regulation
4 BIOGENIC AMINE METABOLIC PROCESS 1.36 0.0 metabolism
5 G _PROTEIN COUPLED RECEPTOR BINDING 1.35 0.0 signal transduction
6 CYTOKINE ACTIVITY 1.31 0.0 immune response / regulation
7 VOLTAGE GATED CATION CHANNEL ACTIVITY 1.31 0.0 signal transduction
8 VOLTAGE GATED CHANNEL ACTIVITY 1.31 0.0 signal transduction
VOLTAGE GATED POTASSIUM CHANNEL ACTIVI . .
9 TY - - - - 1.30 0.0 signal transduction
10 I\J/II%;‘END_DEPENDENT_NUCLEAR_RECEPTOR_ACTI 130 0.0 signal transduction
11 | REGULATION OF BLOOD PRESSURE 1.30 0.0 Other
12 | AMINO ACID DERIVATIVE METABOLIC PROCESS 1.30 0.0 metabolism
13 | EXOCYTOSIS 1.29 0.0 cell structure
14 | CHEMOKINE RECEPTOR_ BINDING 1.29 0.0 immune response / regulation
15 HEMATOPOIETIN INTERFERON CLASSD200 DOM 124 0.0 immune response / regulation
AIN CYTOKINE RECEPTOR BINDING ' '
16 | HORMONE METABOLIC PROCESS 1.23 0.2073922 metabolism
17 | TRANSCRIPTION CO-FACTOR ACTIVITY 1.22 0.0 transcription/translation
18 | AXON GUIDANCE 1.22 0.0 cell structure
19 | GROWTH FACTOR ACTIVITY 1.21 0.09128631 | immune response / regulation
20 | MESODERM DEVELOPMENT 1.20 0.0 cell differentiation
21 | REGULATION OF DNA METABOLIC PROCESS 1.20 0.26868686 metabolism
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Normalised

Rank | Gene Sets Enrichment P Category
Score (NES)
22 | REGULATION OF IMMUNE RESPONSE 1.20 0.09034908 | immune response / regulation
23 | TRANSLATION 1.19 0.09128631 transcription/translation
24 | TRANSCRIPTION COREPRESSOR ACTIVITY 1.19 0.0 transcription/translation
25 | ANTIOXIDANT ACTIVITY 1.19 0.19507186 metabolism
26 | SODIUM ION TRANSPORT 1.19 0.0 signal transduction
NEGATIVE REGULATION OF BIOSYNTHETIC PRO .
27 CESS - - = - 1.19 0.0 metabolism
28 | REGULATION OF CELL DIFFERENTIATION 1.18 0.0 cell differentiation
9 NEGATIVE REGULATION OF CELLULAR BIOSYN 118 0.0 metabolism
THETIC PROCESS ' '
30 | RESPONSE TO OXIDATIVE STRESS 1.18 0.178 metabolism
31 | NUCLEAR BODY 1.18 0.0 Other
37 NEGATIVE REGULATION OF CELLULAR PROTEI 118 0.0 metabolism
N METABOLIC PROCESS ' '
33 | ACTIN FILAMENT ORGANIZATION 1.18 0.0 cell structure
34 ESTABLISHMENT AND OR_MAINTENANCE OF C 118 0.0 cell structure
ELL POLARITY ' '
35 | TRANSCRIPTION FACTOR BINDING 1.18 0.0 transcription/translation
36 | VIRAL REPRODUCTIVE PROCESS 1.18 0.0 immune response / regulation
37 SPECIFIC_ RNA POLYMERASE II_ TRANSCRIPTION 118 0.0 ranscription/translation
FACTOR ACTIVITY ' '
38 NEGATIVE REGULATION OF PROTEIN METABOL 117 0.0 metabolism
IC PROCESS ' '
39 | GLYCOLIPID METABOLIC PROCESS 1.17 0.0 metabolism
40 | CHROMOSOME 1.17 0.0 cell structure
41 | CHROMATIN ASSEMBLY OR DISASSEMBLY 1.17 0.2073922 cell structure
ONE _CARBON COMPOUND METABOLIC PROCES .
42 - - - - 1.17 0.0 metabolism

S
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Normalised

Rank | Gene Sets Enrichment P Category
Score (NES)

43 | SECRETORY PATHWAY 1.16 0.09034908 | immune response / regulation
44 | VIRAL INFECTIOUS CYCLE 1.16 0.0 immune response / regulation
45 | NEURON APOPTOSIS 1.16 0.19507186 Other
46 | VIRAL GENOME REPLICATION 1.16 0.0 immune response / regulation
47 I;I]%)CI“I\IATIVE_REGULATION_OF_CELL_DIFFERENTIA 116 0.0 cell differentiation
48 | SKELETAL MUSCLE DEVELOPMENT 1.16 0.0 cell differentiation

POSITIVE_ REGULATION_OF CYTOKINE BIOSYNT . )
49 HETIC PROCESS 1.15 0.29774126 | immune response / regulation
50 | VIRAL REPRODUCTION 1.15 0.0 immune response / regulation
51 | NEGATIVE REGULATION OF TRANSLATION 1.15 0.0 transcription/translation
52 | TRANSCRIPTION COACTIVATOR ACTIVITY 1.15 0.0927835 transcription/translation
53 | TRANSCRIPTION ACTIVATOR ACTIVITY 1.15 0.0 transcription/translation
54 | CYTOKINE METABOLIC PROCESS 1.15 0.0 metabolism
55 | CYTOKINE BIOSYNTHETIC PROCESS 1.15 0.0 metabolism
56 | INTERLEUKIN BINDING 1.15 0.29774126 | immune response / regulation
57 | STEROID BIOSYNTHETIC PROCESS 1.15 0.21560575 metabolism
58 | CALCIUM ION BINDING 1.14 0.30020705 signal transduction
59 ﬁi\? ULATION_OF_MYELOID_CELL_DIFFERENTIAT 1.14 0.09034908 cell differentiation
60 | REGULATION OF TRANSLATION 1.14 0.19507186 transcription/translation
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Table 2.7 Gene ontology gene sets enriched in MN1A1 cells compared to MN1 cells

Normalised
Rank | Gene Sets Enrichment P Category
Score (NES)
1 SYNAPTOGENESIS 1.53 0.0 cell structure
2 METALLOENDOPEPTIDASE ACTIVITY 1.27 0.0 signal transduction
3 GLUTATHIONE TRANSFERASE ACTIVITY 1.24 0.0 signal transduction
4 PROTEIN SECRETION 1.24 0.0 cell structure
5 G _PROTEIN COUPLED RECEPTOR BINDING 1.23 0.0 signal transduction
6 | VIRAL REPRODUCTION 1.23 0.0 immune response /
- regulation
7 SODIUM ION TRANSPORT 1.23 0.19411765 signal transduction
8 GTPASE BINDING 1.22 0.0 signal transduction
9 PROTEIN AMINO ACID DEPHOSPHORYLATION 1.22 0.0 signal transduction
10 | CHEMOKINE RECEPTOR BINDING 1.22 0.0 immune response /
- - regulation
11 SMALL GTPASE BINDING 1.22 0.0 signal transduction
12 | DEPHOSPHORYLATION 1.22 0.0 signal transduction
13 | VIRAL REPRODUCTIVE PROCESS 1.22 0.0 immune response /
- - regulation
14 | CHEMOKINE ACTIVITY 121 0.0 immune response /
— regulation
15 | CYTOKINE ACTIVITY 1.21 0.0 immune response /
- regulation
16 | SECRETION 1.20 0.0 cell structure
17 | LYTIC VACUOLE 1.20 0.20512821 cell structure
18 | LYSOSOME 1.20 0.20512821 cell structure
19 | IMMUNE_EFFECTOR_PROCESS 1.20 0.18627451 immune response /
- - regulation
20 | MICROSOME 1.20 0.0 cell structure
21 VOLTAGE GATED CHANNEL ACTIVITY 1.20 0.19488189 signal transduction
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Normalised

Rank | Gene Sets Enrichment P Category
Score (NES)
22 | TRANSCRIPTION COREPRESSOR ACTIVITY 1.20 0.0 transcription/translation
23 | EXOCYTOSIS 1.20 0.3019608 cell structure
24 | ACTIVATION OF IMMUNE RESPONSE 1.20 0.18627451 immune response /
- = - regulation
25 | RESPONSE TO VIRUS 1.20 0.29637095 immune response /
- - regulation
26 | VACUOLE 1.20 0.20392157 cell structure
27 | VIRAL_ GENOME_REPLICATION 1.20 0.08431373 immune response /
- - regulation
28 | VESICULAR FRACTION 1.19 0.0 cell structure
29 | VIRAL INFECTIOUS CYCLE 1.19 0.0 immune response /
- - regulation
30 | MESODERM DEVELOPMENT 1.19 0.0 cell differentiation
31 | SECRETION BY CELL 1.19 0.0 immune response /
_bBY regulation
32 | TRANSCRIPTION REPRESSOR ACTIVITY 1.18 0.0 transcription/translation
TRANSFERASE ACTIVITY TRANSFERRING ALKYL . .
33 "OR_ARYL OTHTER_TH AN_METHYL GROUPS 1.18 0.20512821 signal transduction
34 | REGULATION OF MAP KINASE ACTIVITY 1.18 0.08382066 signal transduction
35 | UNFOLDED PROTEIN BINDING 1.18 0.19215687 signal transduction
36 | ACTIN FILAMENT ORGANIZATION 1.18 0.18627451 cell structure
37 | OXIDOREDUCTASE ACTIVITY GO 0016705 1.18 0.29637095 signal transduction
38 | ACETYLGLUCOSAMINYLTRANSFERASE ACTIVITY 1.17 0.286 signal transduction
39 | RNA CATABOLIC PROCESS 1.17 0.10784314 metabolism
40 | CELLULAR RESPIRATION 1.17 0.39803922 metabolism
41 | GLYCOPROTEIN METABOLIC PROCESS 1.17 0.20967741 metabolism
42 | TRANSCRIPTION FACTOR BINDING 1.16 0.0 transcription/translation
43 | CARBOXYLESTERASE ACTIVITY 1.16 0.0 signal transduction




Normalised

Rank | Gene Sets Enrichment P Category
Score (NES)
NEGATIVE REGULATION OF TRANSCRIPTION DN _ .
44 A DEPENDENT 1.16 0.0 transcription/translation
45 | NEGATIVE REGULATION_OF RNA METABOLIC P 16 0.0 etabolism
ROCESS
46 | SPLICEOSOME 1.16 0.3019608 transcription/translation
47 | AEROBIC RESPIRATION 1.16 0.30392158 metabolism
48 | MONOOXYGENASE ACTIVITY 1.16 0.2882353 signal transduction
49 | ONE CARBON COMPOUND METABOLIC PROCESS 1.16 0.19411765 metabolism
ATPASE_ACTIVITY COUPLED TO TRANSMEMBRA
50 | NE_ MOVEMENT OF IONS PHOSPHORYLATIVE ME 1.16 0.19411765 signal transduction
CHANISM
51 I;I%(I}\IATIVE—REGULATION—OF—SIGNAL—TRANSDUC 1.16 0.10784314 signal transduction
52 | PROTEIN FOLDING 1.16 0.20392157 metabolism
53 | AMINO SUGAR METABOLIC PROCESS 1.15 0.0 metabolism
54 | INFLAMMATORY RESPONSE 1.15 0.19723865 immune response /
- regulation
55 | SECRETORY PATHWAY 1.15 0.08431373 immune response /
- regulation
56 | CARBON CARBON LYASE ACTIVITY 1.15 0.08704454 signal transduction
57 | GTPASE ACTIVITY 1.15 0.08431373 signal transduction
58 | CHROMATIN ASSEMBLY 1.15 0.08431373 cell structure
ACTIN _CYTOSKELETON ORGANIZATION_AND BI
59 OGENESIS 1.15 0.09467456 cell structure
60 | TRANSCRIPTION CO-FACTOR ACTIVITY 1.15 0.19411765 transcription/translation
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To compare the differentiation potential of cells transduced with different MN1 deletions, I
compared the immunophenotype of GFP positive cells in peripheral blood at week 4 post-
transplant and in bone marrow at time of sacrifice for all deletion constructs (Figures 2.11-13).
Expression of the progenitor cell marker c-Kit inversely correlates with those of the myeloid
markers Gr-1 and CD11b. Loss of the C-terminus and unexpectedly, also the loss of region 2,
result in increased expression of the myeloid markers Gr-1 (24.5 £ 9.7% in MN1A7 and 38.5 +
10.6% in MN1A2 versus 16.7% in control mice and 7.3 + 2.4% in full-length MN1 mice), and
CD11b (68.0 £ 13.8% in MN1A7 and 82.2 + 4.5% in MN1A2 versus 16.7% in control mice and
26.1 = 6.9% in full-length MN1 mice), as well as mature neutrophils (MN1A7) and monocytic
cells (MN1A2) besides blast cells in bone marrow smears of diseased mice (Figure 2.1H and
2.11-2.12). In summary, the C-terminal region is required to block myeloid differentiation and to
induce resistance against ATRA, while region 2 prevents myeloid differentiation but is

dispensable for ATRA resistance (see also Table 2.6).

77



(A) Strategy 1 (B) Strategy 2 (C) Strategy 3

100: 100
o Week 4 . Week4 100 - Week4
P & Death 2 + Death ~ Death
o
T 60- 60-
o 40: 40
o
3~
20: 20
. R ..
T R LI A S SN T S T
DI g ¢ & @ o7 o
LN & &S
1
100 * Week 4 * \Veek 4 00 * Week 4
80. o Death = Death = Death
+
— 60-
(1)
8 40.
20
PRI
9 N7 NT AT AT AT AT
TEFEEFE
100 * Week 4 100 * Week 4 100 * Week 4
80 * Death 80. - Death = Death
+
= 60
X
[S T
2,
L
e \,\.‘: \\,\h
R
& &
100: 100
» Week 4 - \Week 4 100 * Week 4
+ 0 a Dealh 80 + Death 80 o Death
=
% 0 60 60
+
S 40 40
3 - A . )
@ A A el
| N oy o o =
PR Sy S S & &SP & & P
O MM L S ) &S W

Figure 2.11 Immunophenotype of MN1-transduced cells in transplanted mice — stem and progenitor markers
Percentage of GFP-expressing cells and expression of c-Kit and Scal in GFP" cells in peripheral blood at 4 weeks
and in bone marrow at death of mice receiving transplants of MN1-transduced cells. (A) Strategy 1, (B) Strategy 2,

and (C) Strategy 3 MNI1 constructs. Mean + standard error of the mean (SEM). The number of analyzed mice is

provided in Table 2.6.
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Figure 2.12 Immunophenotype of MN1-transduced cells in transplanted mice — myeloid markers
Expression of myeloid markers in GFP+ cells in peripheral blood at 4 weeks and in bone marrow at death of mice
receiving transplants of MN1-transduced cells. (A) Strategy 1, (B) Strategy 2, and (C) Strategy 3 MNI constructs.

Mean = SEM. The number of analyzed mice is provided in Table 2.6.

2.3.5 A 606 amino-acid C-terminal region of MNI1 is required to prevent T-lymphoid

differentiation

Combining deletion of the three most C-terminally located regions in MN1A5-7 results in
delayed onset of leukemia with a median survival of 123 days (versus 35 days with full-length
MNI, log-rank Mantel-Cox test, P<0.05) (Figure 2.1G and Table 2.3). Interestingly,
immunophenotypic analysis reveals 22.7 + 14.4% CD4/CDS8 double positive T cells within the
GFP donor cell gate in primary transplantations (versus 0.0 = 0.0% in control cells and 0.03 +

0.03% in full-length MN1), and morphologic analysis shows blast cells in diseased mice in two
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independent experiments (Figure 2.14A-B), consistent with a diagnosis of T-lymphoblastic

leukemia. Furthermore, these cells also induce T-ALL upon secondary transplantation (Figure

2.14C-D). Despite the differences in leukemic phenotype, MN1AS5-7 also localises to the nucleus

(Figure 2.7). In summary, these data suggest that the extended C-terminus of MN1 is required to

block lymphoid differentiation and demonstrates the role of MN1 in regulating hematopoietic

cell fate (see also Table 2.6 and Figure 2.13).
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Figure 2.13 Immunophenotype of MN1-transduced cells in transplanted mice — T-cell markers

Expression of T-cell markers in GFP" cells in peripheral blood at 4 weeks and in bone marrow at death of mice

receiving transplants of MN1-transduced cells. (A) Strategy 1, (B) Strategy 2, and (C) Strategy 3 MNI constructs.

Mean = SEM. The number of analyzed mice is provided in Table 2.6.
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Figure 2.14 A 606 amino-acid C-terminal portion of MN1 prevents T-lymphoid differentiation

(A) Morphology of bone marrow cells from MN1A5-7 mice at death, showing a shift in leukemia from AML, as
seen in MNI1 leukemia, to an ALL leukemia upon loss of the C-terminal domains 5-7. (B) Representative
immunophenotype of GFP" MN1A5-7 bone marrow cells compared to wildtype MN1 bone marrow cells at death.

(C) Representative immunophenotype of secondary transplants of GFP* MN1A5-7 bone marrow cells at death. (D)

81



Average cell surface marker expression for secondary transplants of GFP" MN1A5-7 bone marrow cells at death

(mean + SEM, n=3).

2.4 Discussion

In the work presented in this thesis chapter, the functional properties of MN1 deletion mutants
were systematically determined to identify regions that encode the key leukemogenic functions
of MN1. These analyses demonstrate that a single gene can induce leukemia by a “double-hit”,
as the two functions promoting proliferation and inhibiting differentiation are encoded in
structurally distinct regions. In addition, the myeloid or lymphoid lineage identity of leukemias
can be determined by different mutations of the same oncogene, thus providing a potential
explanation for the similar mutation spectrum in phenotypically distinct diseases like AML and

T-ALL.

Deletion of the first 221 N-terminal amino acids (MN1A1) abolishes the leukemogenicity of
MNI1 in vivo, as evidenced by decreasing white blood cell engraftment in mice over time and
failure to develop leukemia. However, the MN1A1 mutant provides both growth advantage and
retention of ATRA resistance to bone marrow cells in vitro. This thesis work reports the novel
finding that MN1AIl-transduced cells preferentially differentiate to the erythroid lineage in vivo
and have increased megakaryocyte differentiation potential in vitro, suggesting that the most N-
terminal sequences of MN1 are also critical for blocking megakaryocyte/erythroid differentiation
(Figure 2.15). Consistent with the reduced proliferative ability of MN1A1 cells, expression levels
of HOXA9, HOXAT10, and MEIS2 are most differentially downregulated compared to full-length
MNI. In addition, JUN and FOS, factors of the activator protein 1 (AP1) complex, are most

upregulated together with Kriippel-like factors (KLF) 2, 3, 4 and 6, which play an important role
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in erythroid differentiation and bind DNA at CACCC motifs'>>'*®. Interestingly, the CACCC

motif also serves as a consensus motif for MN1 binding to DNA in an oligonucleotide selection

assay > .
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Additional deletion of a region containing the first poly-Gln repeat (MN1A1-2) abolishes any

functional effect of MN1 in vitro and in vivo, despite the formation of protein. Conversely, the

N-terminal sequence up to amino acid 317 (MN1A3-7) is sufficient to induce strong

myeloproliferation with high white blood cell counts and splenomegaly with full myeloid

differentiation potential, demonstrating that the MN1 N-terminus drives proliferation in MN1
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leukemia. MN1 and MEISI share a high proportion of their regulatory chromatin sites, and MN1

leukemogenicity is dependent on MEIS1'*®

. This work suggests that the N-terminus is required
for localization of MN1 to MEISI chromatin binding sites. Previous work from van Wely and
colleagues demonstrated that MN1 interacts with P300 at amino acids 48 to 256, a region with
considerable transcription activation function®, and the majority of which overlaps with region
1. Future studies will be required to demonstrate if interaction between the MN1 N-terminus and

P300 is required for the N-terminal functions promoting proliferation and blocking

megakaryocyte/erythroid differentiation.

Several levels of evidence suggested that the MN1 C-terminus is required to inhibit myeloid
differentiation (Table 2.6). First, loss of individual regions 5, 6, or 7 restores sensitivity to ATRA
in vitro. Second, myeloid surface markers Gr-1 and CD11b are most highly expressed in cells
transduced with MN1A7 in vivo. In addition, gene expression profiling shows a close
relationship between MN1A7 cells and differentiated myeloid cells, and more differentiation-
related gene sets are upregulated in MN1A7 than in MN1A1 cells. Third, cumulative loss of
regions 5, 6 and 7 results in loss of myeloid identity (see below). Lastly, cumulative deletion of
regions 3 to 7 (MNI1A3-7) results in a myeloproliferative disease with full differentiation
potential to mature neutrophils (Table 2.6). These data suggest that the C-terminal regions
(MNI1AS, 6, 7) are the critical regions mediating resistance to ATRA-cytotoxicity, with some
contribution from amino acids 222-418 (Figure 2.15). Recent work by Sharma and colleagues
demonstrated that Ccl9 and Irf8 are upregulated in both MN1A7 cells and a MN1 model fused to
the transcriptional activation domain VP16 (MN1VP16), suggesting that phenotypic similarities
between the two models may be rooted in similar underlying gene expression patterns''>. Van

Wely and colleagues showed that MN1 binds to retinoic-acid response elements by an
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oligonucleotide selection assay’ and, combined with the data reported in this chapter, I
hypothesised that the MN1 C-terminus directs MN1 to retinoic acid (RA) response elements to
regulate transcription. Although retroviral overexpression, as used in this study, is likely to lead
to artificially high transcriptional expression of MN1 and the mutants, patients with AML with
the highest MN1 expression have similar expression levels to murine MN1-transduced cell lines
with the lowest MN1 expression, suggesting that at least some of the cell lines described are
comparable to patient data (data not shown). In addition, previous studies have demonstrated that
MNI1 induces resistance to ATRA-induced differentiation and cell death'”, and that high-level
expression of MN1 predicts ATRA resistance in patients with AML, suggesting its future use as

a biomarker for ATRA treatment'®® ',

Deletion of a 606-amino acid fragment from the C-terminus reproducibly induces T-ALL with
CD4/CD8-double positive cells in mice. This suggests that the C-terminus of MNI1 directs
hematopoietic progenitor cells towards the myeloid lineage, but in its absence, allows
differentiation towards the T cell lineage. Although this study cannot rule out that T-cell
precursors may have been transduced by MN1AS5-7, resulting in a bias or advantage towards
lymphoid differentiation seen in the T-ALLs that developed, this is unlikely as findings were
consistent in two independent experiments performed and supported by similar findings by an
independent group'®'. Interestingly, mice lacking a portion of this 606-amino acid fragment,
namely MN1AS5 or MN1A7, develop AML. This suggests that amino acids 714-797 may be
critical for myeloid differentiation, and it is only in their absence that lymphoid differentiation
may occur. Kawagoe and Grosveld also described CD4/CD8-double positive T cell lymphomas
in mice expressing the MNI-TEL fusion oncoprotein under the control of the RUNXI

116

promoter . In this fusion protein, the 60 C-terminal amino acids of MNI are lost due to the
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fusion to TEL”'. As RUNXI is also expressed in the T-lineage, these data suggest that
overexpression of MNT1 in T-progenitor cells can promote leukemogenesis, with Neumann and
colleagues providing evidence of MN1 overexpression in T-lymphoblastic leukemias'®*. Taken
together, these data suggest that the C-terminus of MN1 encoded by amino acids 513-1319
(regions 5-7) instructs progenitor cells to the myeloid lineage and that in its absence, progenitor

cells can differentiate to the lymphoid lineage (Table 2.6).

During preparation of the manuscript that provides the basis of this chapter, one other group
characterised functional MNI1 regions, creating deletion constructs modelled off known MN1
protein domains in U937 cells'®'. Consistent with data reported in this chapter, Kandilci and
colleagues report decreased growth and colony-forming ability in vitro upon loss of the MN1 N-

161

terminus . In addition, they also show that the loss of MN1 amino acids 570-1273 gives rise to

T-cell lymphoma'®'.

This deleted region partially overlaps with our MNIAS5-7 mutant,
supporting the idea that the MN1 C-terminus promotes a myeloid-skew to MN1 leukemia.
Finally, Kandilci and colleagues also localise ATRA resistance to amino acids 18-458, but not
12-228, with their MN1-transduced U937 cells showing increased CD11b expression after 3
days of treatment'®'. Interestingly, this region partially overlaps with region 2 of our deletion
mutants, supporting my observation of increased CD11b expression in peripheral blood of
animals transplanted with MN1A2. They did not, however, report increased CD11b expression in
C-terminal deletions, although this may be attributed to their most C-terminal deletion mutant

retaining the 46 most C-terminal amino acids'®'. Tt is possible that retention of these critical

amino acids may abrogate the differentiation effect seen in my complete deletions.

The data presented in this chapter characterises functional regions of the MN1 protein by a

systematic mutation analysis and identifies key regions that enhance proliferation and self-
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renewal, block myeloid, megakaryocytic/erythroid, and lymphoid differentiation, and induce
resistance against ATRA. These data support a critical function of MNI1 as a key cell fate
regulator in malignant hematopoiesis and provide a powerful new model for further dissection of

the molecular events controlling transformation and the resulting leukemic phenotype.
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Chapter 3: Discovery of Meis2 as a critical player in leukemogenesis using a

MN1 leukemia model

The data presented in Chapter 3 of this thesis will be used in preparation of a manuscript.

3.1 Introduction

The meningioma 1 (MN1) gene was first identified as part of a balanced chromosomal
translocation in human meningioma” and was subsequently recognised as a partner in the
chromosomal translocation MN1-TEL t(12;22)(p13;ql1) in de novo AML and MDS’'. While the
MNI1-TEL translocation is relatively infrequent, overexpression of MN1 is observed in a broad
spectrum of AML and correlates with inv(16) AML' "' AML with overexpression of EVI1 10z,
AML with high BAALC expression' ' and a subset of patients with ALL*. MNI is also an
independent prognostic marker for AML with normal karyotype, with high expression associated
with poor prognosis, shorter survival, increased likelihood of relapse, and poor response to
treatment. In elderly patients with AML, lower levels of MN1 expression are associated with

45,109

response to ATRA-induced differentiation . The potential relevance of MN1 expression in a

broad range of leukemic settings and its role as a transcriptional co-factor has stimulated

investigation of MN1 function to gain insight into key leukemogenic targets and pathways.

In the murine model, overexpression of MN1 induces aggressive, fully-penetrant AML through

the promotion of leukemic cell self-renewal, as demonstrated in human CD34" cells'"®, leukemic

114 106, 109

cells'*, and immature murine hematopoietic cells , and the impairment of myeloid

106, 109

differentiation, as demonstrated by immunophenotype , resistance to ATRA-induced

differentiation'®, and repression of differentiation-promoting transcription factors C/EBPa and
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PU.1'S. MNl-induced murine leukemias most closely resemble CMPs, both
immunophenotypically and at a gene expression level. Consistent with this, CMPs are

susceptible to transformation by MN1 overexpression in both bulk and at the single-cell level'**.

In contrast to CMPs, both HSCs and GMPs are strongly resistant to transformation by MN1'%*,
This resistance appears to be due, at least in part, by the inability of MNI1 to trigger or enforce
requisite levels of Hox and Meisl, as evidenced by the ability to render GMPs susceptible to
MNI1 transformation by engineered co-overexpression of MEIS1 and HOXA9 or HOXA10'*,
Adding to these findings, ChIP-Seq analysis reveals a high degree of co-localisation of MN1
with MEIS1 at over 500 MEIS1 binding sites, suggesting that MN1 requires the presence of

HOX/MEIS protein complexes for its leukemogenic activity'®.

The potency of MN1 overexpression to drive leukemic transformation and to generate sustained
growth of leukemogenic cells in vitro provides an attractive platform to search for key functional
domains and genes and pathways that underlie its activities'* ', Ours and other groups have
utilized this platform for such purposes. As described in the previous chapter, a screen for key
functional domains of MNI1 identified the N-terminal 202 amino acids as critical to MNI-
induced leukemogenic activity. Subsequent analysis of differential gene expression induced by
full-length MNT1 and this mutant MN1 revealed a number of genes potentially underlying the

leukemogenic activity of MN1"!

. Similarly, fusion of the transcriptional activation domain
VP16 and transcriptional repression domain M33 to MNI1 modulates genes associated with
immune response signaling''®. These models identified Irf8 as a downregulated target of MN1
that contributes to the enhanced proliferation and in vivo engraftment and leukemogenicity

characteristic of this oncogene'". Furthermore, characterization of a forward genetic model of
g g

human leukemogenesis through co-overexpression of MN1 and the NUP9SHOXD13 fusion in
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cord blood cells compared to singly-transduced pre-leukemic cells revealed that the leukemic
state coincides with activation of stem cell expression gene signatures characteristic of primary
human AML'*®.

Previous work has demonstrated that MNI1-induced leukemia gives rise to a heterogeneous

106. 199 This suggested an additional approach to study the role of MN1 by exploring

phenotype
the relationship of phenotypic heterogeneity to leukemic function and determining if such

differences can be correlated with relevant genes and pathways.

This study sought to further explore the observed phenotypic heterogeneity of MN1 leukemic
cells to determine if it constituted a functional hierarchy that could be exploited to identify key
genes in leukemia. Gene expression comparisons between these cells were combined with data
from comparative studies on MN1 variants with demonstrated differential leukemic activity to
uncover key genes and pathways associated with MN1 leukemia. Findings include identification
of hepatic leukocyte factor (HIf) and HoxA9 as crucial to in vitro proliferation, self-renewal, and
blocked myeloid differentiation in MN1-transduced cells. Furthermore, Meis2, a well-known
player in limb, eye, cardiac, and neural crest development that has only recently been implicated
in AML, was identified as critical to MN1 leukemogenic activity. These findings demonstrate

the important role of another MEIS family member in leukemia.

3.2 Materials and methods

Methods already described in Section 2.2 in Chapter 2 of this thesis are not repeated here.
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3.2.1 Vector production

The 4-kb full-length cDNA of human MN1 was previously subcloned into the Not/ site of the
pSFI1 retroviral vector'* upstream of the internal ribosomal entry site (IRES) and the enhanced
green fluorescent protein (GFP) gene'® as described in Chapter 2!, and HA-tagged, as

previously described'*.

3.2.2 Lentiviral shRNA vector and virus production

The small hairpin RNA (shRNA) sequences were ordered as 97-mer'® non-PAGE purified IDT
Ultramers (Integrated DNA Technologies, Coralville, IA, USA). Ultramers were amplified with
Platinum Taq DNA Polymerase (ThermoFisher Scientific, Carlsbad, CA, USA) to add XAol and
EcoRI restriction enzyme sites and subcloned using TOPO TA Cloning Kit (ThermoFisher
Scientific, Carlsbad, CA, USA). After sequence verification, shRNAs were subcloned into a
pRRL.ppt. MeKO2.miR30e lentiviral vector using the Xhol/EcoRI sites based on a third-
generation pRRL.PPT.SF.GFP.pre* lentiviral backbone with a spleen focus-forming virus
(SFFV) promotor'®*. Alternatively, ShRNA ultramers containing existing Xhol or EcoRI
restriction enzyme sites were amplified using Phusion DNA Polymerase (ThermoFisher
Scientific, Carlsbad, CA, USA) and cloned directly into the pRRL.ppt.MeKO2.miR30e lentiviral
vector using Gibson Assembly Master Mix (New England Biolabs, Ipswich, MA, USA). Primer
amplification sequences are provided in Table 3.1 and shRNA vector schematic is provided in

Figure 3.1.
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Table 3.1 Primer Sequences for amplification of IDT Ultramers for cloning

Primer Name Primer Sequence
miRE-Xho-
5’-TGAACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG-3’
FWD
miRE-Eco-
5’-TCTCGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGC-3’
REV
MIR30e Lenti
5’-TAACCCAACAGAAGGCTCGAGAAGGTATATTGCTGTTGACAGTG-3’
Gibson FWD
MIR30e Lenti
5°- AAACAAGATAATTGCTCGAATTCTAGCCCCTTGAAGTCCGA-3’
Gibson REV

rG
AT
-y

Do

AAGGAGCAAGAGAATACTGTA
LLIDD1291LID1D1IVIOVIVL

Xhol EcoRI
-.-AGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCGC  TGCCTACTGCCTCGGACTTCAAGGGGCTAGAATTCGAG. ..

Figure 3.1 Schematic of shRNA lentiviral vector
Coloured sequence indicates 97-mer previously referenced'®. (magenta = guide sequence, blue = mRNA target

sequence) Restriction enzyme recognition sequences are underlined and annotated.
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Lentiviruses were produced by seeding 7x10° 293T cells per 10cm dish in Dulbecco’s modified
Eagle’s medium (DMEM; StemCell Technologies Inc., Vancouver, BC, Canada) supplemented
with 1/100 100mM sodium pyruvate (ThermoFisher Scientific, Carlsbad, CA, USA), 1/100
penicillin-streptomycin (10,000 U/mL; ThermoFisher Scientific, Carlsbad, CA, USA), and 10%
FBS Performance Plus (Gibco/ThermoFisher Scientific, Carlsbad, CA, USA) 24 hours prior to
calcium phosphate-mediated transient transfection with 6-10ug lentiviral vector, 6ug Rous
sarcoma virus (RSV)-Rev, 9ug lentiviral group-specific antigen/polymerase (gag/pol) and 2ug
vesicular stomatitis virus glycoprotein envelope pMD.G (VSV-g). Sixteen hours after
transfection, medium was replaced by DMEM supplemented with 1/100 100mM sodium
pyruvate, 1/100 penicillin-streptomycin (10,000 U/mL), 10% FBS Performance Plus, and 10mM
HEPES (Gibco/ThermoFisher Scientific, Carlsbad, CA, USA). Vector supernatants were
harvested 36 hours and 60 hours after transfection, filtered (0.22uM; Argos Technologies, IL,

USA) and stored at -80°C.

3.2.3 Lentiviral transduction of MN1 bone marrow cell lines

Lentiviral transduction was performed by seeding 100,000 MN1 bone marrow cells per well in
96-well U-bottom plates (VWR/Falcon, Mississauga, ON, Canada) in DMEM supplemented
with 15% FBS, 10ng/mL hIL6, 6ng/mL mIL3, 100ng/mL mSCF, and 5pg/mL protamine sulfate
(Sigma-Aldrich, Oakville, ON, Canada) and adding 30uL unconcentrated viral supernatant for
shRNAs of interest. After 24 hours transduction, half of the media was removed from each well

and the remaining contents were transferred to 48-well plates (Greiner Bio One, Fisher
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Scientific, Carlsbad, CA, USA) with additional DMEM supplemented with 15% FBS, 10ng/mL
hIL6, 6ng/mL mIL3, and 100ng/mL mSCF. At 48 hours post-transduction, half of well contents
was removed and remaining contents were moved to a 6-well plate (VWR/Falcon) with
additional DMEM supplemented with 15% FBS, 10ng/mL hIL6, 6ng/mL mIL3, and 100ng/mL
mSCF. At 72 hours post-transduction, well contents were collected and prepared for flow

cytometric sorting.

3.2.4 In vitro proliferation assays

Cytokine-dependent cell lines were generated from transduced bone marrow cells directly after
sorting or from the cKit fraction of bone marrow cells from primary animals with MN1-induced
leukemia directly after sorting in DMEM supplemented with 15% FBS, 10ng/mL hIL6, 6ng/mL
mlIL3, and 100ng/mL mSCF. For in vitro growth and proliferation assays, 75,000 cells were
sorted using a BD FACSAria or BD FACSAria Fusion (both from BD Biosciences, San Diego,
CA, USA) into triplicate wells by flow cytometry three days after shRNA transduction in
DMEM media supplemented with 15% FBS, 10ng/mL hIL6, 6ng/mL mIL3, and 100ng/mL
mSCF. Cells were maintained at a cell density below 2x10°/mL and were counted with the Vi-
Cell XR Cell Viability Analyzer (Beckman Coulter, Fullerton, CA, USA). For in vitro
competitive assays, equal numbers of sShRNA-transduced cells and untransduced MN1 cells were

seeded in identical media and analysed by flow cytometry.
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3.2.5 Cell cycle and apoptosis assays

Cells were sorted into triplicate wells by flow cytometry three days after shRNA- or control-
transduction. 50,000 sorted cells were seeded in DMEM media supplemented with 15% FBS,
10ng/mL hIL6, 6ng/mL mIL3, and 100ng/mL mSCF and incubated at 37°C. In addition, 100,000
transduced cells were sorted in triplicate into phosphate buffered saline (PBS) supplemented with
2% FBS for immediate analysis. Cell cycle analysis was performed on day 0, 3, and 7 after
sorting using the APC 5-bromo-2’-deoxyuridine (BrdU) flow kit (eBioscience, San Diego, CA,
USA) and apoptosis assay was performed 3 and 7 days after transduction (experimental days 0
and 4) using 1x10° unsorted cells and the APC Annexin V apoptosis detection kit. (eBioscience,
San Diego, CA, USA) Cell cycle and apoptosis assays were analysed using a FACS LSRFortessa

(BD Biosciences, San Jose, CA, USA).

3.2.6 FACS analysis

Cells were prepared for FACS analysis as described in Chapter 2'*'. Monoclonal antibodies used
were phycoerythrin (PE)-labeled CD4 (clone H129.19) and CDS8 (clone 53-6.7; both BD
Biosciences, San Jose, CA, USA), allophycocyanin (APC)/Cy7-, PE/Cy7-, and APC-labeled c-
Kit (CD117, clone 2B8), AF700-labeled Gr-1 (Ly6G/6C, clone RB6-8C5; all Biolegend, San
Diego, CA, USA), PE/Cy7-labeled CD19 (clone 1D3), and APC-labelled CD11b (clone M1/70;
both eBioscience, San Diego, CA, USA). Human cord blood AML NDI13+MN1 cells'?® were
sorted using PE-labeled G-protein receptor 56 (GPR56) (clone CG4; Biolegend, San Diego, CA,

USA) and APC-labeled CD34 (STEMCELL Technologies, Vancouver, BC, Canada).

95



For isolation of primary murine progenitor and mature cell populations, bone marrow was
isolated and suspended in PBS supplemented with 2% FBS and red blood cells were lysed with
PharmLyse reagent (BD Biosciences, San Jose, CA, USA) per manufacturer instructions. Cells
were blocked for 20 minutes on ice in PBS supplemented with 5% rat sera (STEMCELL
Technologies, Vancouver, BC, Canada) and 1pg/1x10° Fc receptor (FcR, CD16/32), then
washed with PBS supplemented with 2% FBS. Cells to be sorted for GMPs, MEPs, or CMPs

were stained directly without blocking. Antibodies used were as previously described™.

Immunophenotypic analysis of murine cells was performed on stained cells filtered through a 45
uM filter (Argos Technologies, IL, USA) using a BD LSRFortessa (BD Biosciences, San Diego,
CA, USA) in the presence of 1uM 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,

Oakville, ON, Canada).

3.2.7 Bone marrow transplantation and monitoring of mice

Bone marrow cells (100,000 of each subpopulation or 50,000 shRNA-transduced cells)
accompanied by a life-sparing dose of 1x10° freshly isolated bone marrow cells from syngeneic
mice were intravenously injected into recipient mice that had been exposed to a single dose of
810 cQGy total-body x-ray irradiation, and were monitored daily. Engraftment of transduced cells
in peripheral blood was monitored every 2-4 weeks by blood counts with differential red and
white blood cell analysis using the scil Vet abc blood analyser (Vet Novations, Barrie, ON,
Canada), fluorescence-activated cell-sorter (FACS) analysis, and quantification of GFP-positive
cells. Sick or moribund mice were sacrificed, spleens weighed, and red blood cells and white

blood cells from cardiac puncture of euthanised mice were counted using the scil Vet abc blood
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analyser. C57BL/6J mice were bred and maintained in the Animal Research Centre of the British
Columbia Cancer Agency as approved by the University of British Columbia Animal Care
Committee (the Institutional Animal Care and Use Committee, IACUC). Experimental studies
were approved by the University of British Columbia Animal Care Committee under

experimental protocol number A13-0063, and all efforts were made to minimise suffering.

3.2.8 Bone marrow morphology

Cytospin preparations were stained with Wright-Giemsa stain as described in Chapter 2",
Images were visualised using a Axioplan2 microscope (Zeiss, Oberkochen, Germany) and a
63x/1.4 numerical aperture objective and Nikon Immersion Oil (Nikon, Mississauga, ON,

Canada). Images were captured using OpenLab 5 (Improvision, Coventry, England).

3.2.9 RNA extraction, Agilent gene expression array, and gene set enrichment analysis

RNA was extracted using TRIZOL reagent (Life Technologies, Burlington, ON, Canada) from
MNI1 cell subpopulations that were sorted from mouse bone marrow cells at time of sacrifice.
Cleanup of RNA was performed using the GeneJET RNA Cleanup and Concentration Micro Kit
(ThermoFisher Scientific). Gene expression profiling was conducted using the Agilent Mouse
GE 8x60K microarray (Agilent Technologies, Mississauga, ON, Canada). Quality and integrity
of the total RNA isolated was controlled by running all samples on an Agilent Technologies
Bioanalyzer 2100 (Agilent Technologies). Quantile normalization and data analysis were
performed using the GeneSpring 1.5.1 software package (Agilent Technologies), applying an

unpaired T-test and Benjamini-Hochberg multiple testing correction at an FDR of 0.05.
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Experiments were performed at the British Columbia Genome Sciences Centre, Vancouver, BC,

Canada.

For gene set enrichment the Broad Institute GSEA software package was used for gene set
enrichment analysis'**. Analyzed gene ontology sets were obtained from MSigDB v3.1'>*. The

gene set enrichment analysis software (http://www.broad.mit.edu/gsea/index.jsp) was used to

compare MN1 cKit versus MN1 CDI11b for gene enrichment of Gene Ontology gene sets
(dataset C5, available from the Molecular Signature database v3.1)'>* or gene expression sets
from published literature as indicated in the text. Venn diagrams were generated using the

BioVenn web application'®.

3.2.10 RNA extraction and cDNA generation

Total RNA was isolated from MNI1 cell subpopulations sorted from mouse bone marrow cells at
time of sacrifice, sorted shRNA-transduced MN1 bone marrow cell lines 72 hours after

transduction, or stored frozen cell pellets and converted into cDNA as described in Chapter 2.

3.2.11 Analysis of human patient samples

The in-house gene expression database was generated from RNA-Seq from patients with AML,
MDS, therapy-related AML (tAML), therapy-related MDS (tMDS), and AML arising from MDS
(AML-MDS). Patients were consented and studies were approved by the BC Cancer Agency
Research Ethics Board under protocol number H13-02687. Expression quantification was
performed using sailfish (version 0.9.0)'°° from raw read counts and transcripts-per-million

(TPM) expression measures. Variant-calling was performed on gene targets with known
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relevance to myeloid malignancies using VarScan 2 (version 2.3.9)'’

and all samples were
annotated with respect to presence or absence of inversions-deletions (indels) in NPM1. The
expression values of HOXA9, MN1, MEIS1, and MEIS2 were subcategorized from the larger
expression matrix and for MEIS1 and MN1 divided into high (50%) and low (50%) based on

median gene expression. The pheatmap program (version 1.0.8) from R (version 3.3.0) was used

to cluster all samples by Euclidean distance.

3.2.12 Statistical analysis

Gene expression analyses and functional assay comparisons were performed by unpaired T-tests
and applying a Benjamini-Hochberg test correction at an FDR of 0.05 using GeneSpring 12.0
(Agilent Technologies)'®®. Functional data were evaluated using the two-sided Students t-test
with differences with P values less than 0.05 considered statistically significant. Comparison of
survival curves were performed using the Kaplan-Meier method and log-rank test, and visualised
using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) or using the Bloodspot

database'®’.

Statistical analyses of patient RNA-Seq data from the in-house dataset were
performed using a Welch two-sample t-test using R (version 3.3.1)'7. Statistical analyses were
performed with Excel (Microsoft Canada, Mississauga, ON, Canada), GraphPad Prism 6, and
FLOWIJO (Tree Star Inc., Ashland, OR, USA) to analyse the FACS plots. P-values of less than

0.05 were considered statistically significant.
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3.3 Results

3.3.1 Establishing an experimental framework to explore genes and pathways critical to

MNI1 leukemia

The overarching goal this thesis was to establish experimental frameworks that would allow
further elucidation of genes and pathways relevant to leukemia. Comparisons of functional and
gene expression differences in leukemic cells have identified genes, pathways, and molecular
signatures associated with LSC activity, as demonstrated by studies of the phenotypic,

functional, and gene expression properties of AML cells® '

. To further unravel genes and
pathways arising from overexpression of MNI, I made informative comparisons using MN1
models with varying LIC activity. One such comparison is the non-leukemic MN1 variant
lacking the N-terminal 202 amino acids (MN1ALl), described in Chapter 2 of this thesis.
Although murine bone marrow retrovirally-transduced with MN1A1 shows no leukemic activity
in vivo, the gene expression profile of these cells clusters more closely to wildtype MNI1
leukemic cells as opposed to mature myeloid Gr-1"CD11b" cells, while showing significant gene
expression differences in genes linked to self-renewal, such as HoxA9, HoxA10, Jun, and Fos,

and  differentiation, including  KIf  family = members (table located  at

http://dx.doi.org/10.1371/journal.pone.0112671)"*'. Further analysis of a variant lacking the C-

terminal 206 amino acids (MN1A7), which induces a less-aggressive AML with a more mature
phenotype, compared to the full-length MN1 revealed a gene expression profile that clusters
more closely to mature myeloid cells, with differentially expressed genes pointing to the immune
response pathway, such as Ecp proteins and eosinophil peroxidase, and differentiation-related

gene sets (table located at at http:/dx.doi.org/10.1371/journal.pone.0112671)"*'. Similarly, gene

expression analysis of a MNI1 variant fused to the transcriptional activation domain VP16
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(MN1VP16), which induces AML with a longer latency and a more mature myeloid phenotype
than wildtype MN1, revealed downregulation of key genes involved in the immune response
pathway — Ir8 and its downstream target Ccl9 — as critical to MN1 leukemic activity. These gene
expression data provided an opportunity to search for overlapping signature genes that may
represent genes and pathways key to the leukemogenic activity of MN1. In addition, I further
assessed the phenotypic and functional heterogeneity of MN1 leukemia, with the goal to identify
subpopulations with differential leukemia-initiating activity to provide value for gene expression

profiling and supplement the existing datasets.

3.3.2 Phenotypic heterogeneity of primary murine MN1 leukemic bone marrow cells

reflects functional heterogeneity

As described in Chapter 2 and previous literature'®, bone marrow from moribund leukemic
MN1 mice is phenotypically heterogeneous, with cells showing variable expression of the
immature cell surface markers c-Kit and Scal and myeloid markers Gr-1 and CD11b. Here, I
sought to determine if this phenotypic heterogeneity was associated with differential LIC
content. I generated primary murine leukemias by MN1 overexpression in bone marrow through
retroviral gene transfer followed by transplantation of transduced cells. Bone marrow from
individual leukemic mice was subfractionated into three populations: c-Kit'CD11b" (abbreviated
as the cKit fraction or subpopulation), c-Kit™¢™4CD11b" (abbreviated as the CD11b fraction or
subpopulation), and a population lacking expression of either of these markers (abbreviated as
the cKit"™®CD11b™* fraction or subpopulation) (Figure 3.2A). Functional assessment of the

colony-forming ability of these cell subpopulations reveals that the cKit"**CD11b"® and CD11b
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fractions are essentially devoid of CFC activity (6.5 = 1.3 and 0.25 £ 0.25 colonies, respectively)
while the cKit fraction has equivalent colony-forming unit (CFU) ability compared to MN1 bulk
cells (152.5 £+ 19.69 versus 104.3 + 8.56 colonies per 1000 cells plated, unpaired two-tailed t-
test, n.s.) (Figure 3.2B). Colonies derived from the cKit fraction have similar replating ability to
bulk MNI1 cells over five successive replatings (314,000 £ 87,000 versus 750,000 = 317,000
cumulative colonies, unpaired two-tailed t-test, P=0.16). In contrast, the cKit"**CD11b"™® (52 +
10.58 cumulative colonies) and CD11b fractions (2 £ 2 cumulative colonies) generate few
colonies with replating ability (Figure 3.2B). I transplanted equal numbers of MN1 bulk, cKit,
and CDI11b cells into secondary recipients to investigate the leukemogenic activity of these
subpopulations. Cells from the cKit subpopulation retain full LSC activity, with engraftment
levels and median latency of leukemia essentially identical to bulk MN1 cells (38.5 compared to
39.5 days post-transplantation, Mantel-Cox test, n.s.) (Figure 3.2C). Immunophenotyping of
bone marrow arising from cKit cells also regenerate the full spectrum of cell types as seen in
both primary leukemic cells and bone marrow derived from unfractionated MN1 leukemic cells
(Figure 3.2D, Figure 3.3A). Additionally, mice transplanted with MN1 bulk or cKit cells display
splenomegaly, elevated white blood cell numbers, and depressed red blood cell and platelet
counts compared to CD11b-transplanted mice (unpaired t-test, P<0.05 and P<0.01) (Figure 3.3B-
C). In contrast, mice transplanted with CD11b cells largely fail to develop leukemia after 120
days post-transplant, with the survival curve significantly diverging from that of bulk MNI-
transplanted mice (P<0.01, Mantel-Cox test) (Figure 3.C). Most CD11b-transplanted mice show
no engraftment of GFP" donor cells (Figure 3.2D) but contain GFP™ bone marrow containing
CD19" B cells, CD4"/CD8" T cells, CD11b" monocytes, low expression of immature c-Kit"

cells, and fewer blasts (Figure 3.3.3D-E), normal spleen weights, and normal white blood cell,
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red blood cell, and platelet counts (Figure 3.3B-C). These data provide support for functional
heterogeneity among MNI leukemic cells and reveal a hierarchical structure consistent with a
stem cell model, with the c-Kit fraction containing leukemia-initiating activity whereas the

CD11b subset is severely depleted or absent of such cells.
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Figure 3.2 Primary murine MN1 leukemic cells can be separated into phenotypically distinct populations that
are functionally heterogeneous
(A) Experimental design for generation of MN1-transduced SFU bone marrow and fractionation of primary bone

marrow from moribund mice into three distinct subpopulations based on the cell surface markers c-Kit and CD11b
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(c-Kit'CD11b, “cKit”; c-Kit™t™ICD11b", “CD11b”; and ¢-Kit CD11b’, “cKit™*CD11b™”) by flow cytometry. (B)
Serial replating of sorted MN1 bulk, cKit, CD11b bone marrow cells from moribund MN1 mice, represented as
cumulative colony count. Subpopulations from two independent mice, n=2; error bars represent + SEM; *P<0.05,
**P<0.01 (unpaired t-test versus MN1 bulk). (C) Survival curve of mice transplanted with sorted MN1 bulk, cKit,
and CD11b bone marrow subpopulations from leukemic mice transplanted with MN1-transduced cells. n=6 for
MNI1 bulk, n=8 for cKit and CD11b cells; **P<0.01 (Mantel-Cox). (D) Representative flow cytometric analysis of
engraftment level and c-Kit and CD11b cell surface markers on bone marrow from moribund mice transplanted with

(i) MN1 bulk, (ii) cKit cells, and (iii) CD11b cells.
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(A) (i) Engraftment and (i) cell surface marker expression of engrafted CD4'CD8', CD19", CD11b', and c¢-Kit"
cells in bone marrow in moribund/sacrificed secondary mice transplanted with MN1 bulk, cKit, and CD11b cells.
n=6 for MN1 bulk, n=8 for cKit, and n=1 for CD11b. Unpaired two-sided t-test in MN1 bulk vs cKit/CD11b. Error
bars represent = SEM; *P<0.05, **P<0.01. (B) Mean spleen weight of mice transplanted with MN1 bulk, cKit, or
CD11b cells isolated from leukemic MN1 mice at sacrifice. n=6 for MN1 bulk and CD11b cells, n=8 for cKit cells.
Unpaired two-sided t-test in MN1 bulk vs cKit/CD11b. Error bars represent + SEM; *P<0.05, P<0.01. (C)(i) White
blood cell count, (ii) red blood cell count, (iii) hemoglobin measurement, (iv) percent hematocrit, and (v) platelet
count in peripheral blood of moribund/sacrifice secondary mice transplanted with MNT1 bulk, cKit, or CD11b cells.
n=6 for MN1 bulk and CD11b cells, n=8 for cKit cells. Unpaired two-sided t-test in MN1 bulk vs cKit/CD11b. Error
bars represent +SEM; *P<0.05, **P<0.01. (D) Representative flow cytometric analysis on bone marrow from non-
leukemic mouse transplanted with CDI11b cells. (E) Representative cytospins of bone marrow from

moribund/sacrificed mice transplanted with (i) MN1 bulk, (ii) cKit, and (iii) CD11b cells.

3.3.3 Gene expression analysis of primary murine MN1 leukemic cell subpopulations

Having determined that the cKit and CD11b subpopulations contain and are depleted of LIC
activity, respectively, I performed Agilent microarray mRNA gene expression profiling on
matched subpopulations from three leukemic mice representing two independent transductions.
Analysis of this gene expression data reveals 9796 differentially expressed probe sets or 5516
unique annotated genes with a minimum 1.5-fold difference in expression between the cKit and
CD11b subpopulations. Of these annotated genes, 3009 are upregulated in the cKit over CD11b
subpopulation, 2520 downregulated, and 354 genes show expression differences less than 1.5-
fold between the two subpopulations (Figure 3.4A). Unsupervised hierarchical clustering of the
top 500 differentially expressed probes reveals a clear separation in gene expression between the

154

two subpopulations (Figure 3.4B). Using gene sets from the Broad Institute MSigDB ™" and

previously-reported leukemic'?’, HSC-related (HSC-R), and LSC-related (LSC-R) gene
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proﬁleslo, GSEA of the differentially expressed genes reveals that CD11b cells are enriched in
genes associated with leukocyte maturation and inflammatory and immune signaling. In contrast,
the cKit fraction is enriched in genes associated with leukemicm, HSC-R, and LSC-R' gene
signatures (Figure 3.4C). Furthermore 587 genes from the LSC-R gene signature'® are also
differentially expressed between the cKit and CD11b subpopulations, 428 of which are core
enrichment genes that contribute to the leading-edge analysis (Table 3.2). Included in this set of
LSC-associated genes'® are several members of the Hox transcription factor family that play key
roles in HSC self-renewal, lineage commitment, and maturation, such as HoxAS”l, HoxA7m,
and HoxA9’" °> 7 and leukemic properties of transformation, self-renewal, proliferation, and

3963, 64, 74 13- 173 "The Meis] upstream regulator, Gfilb'”, and Meis| target gene,

differentiation
Trib2', are also represented, and are linked to cell differentiation'”’ and cell fate'”.
Additionally, among the LSC-associated genes are G-protein receptors including Gpr64 and its
downstream target hairy and enhancer of split 1 (Hesl), which are associated with AML
development through FLT3 and Notch signaling'”’, and Gpr56, which was recently reported to

mark cells with high repopulating potential in primary human AML cells'®

. Together, the
underlying gene expression is consistent with the cKit subpopulation of MN1 cells having LIC
activity and positioned at the top of the MN1 leukemic cell hierarchy. Furthermore, the overlap
between genes differentially expressed between the cKit and CD11b subpopulations and genes

associated with HSC, leukemic, and LSC signatures provide support for relevance and use of the

MN1 model of leukemia to provide insight into genes and pathways relevant to leukemogenesis.
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Figure 3.4 Comparisons of gene expression analysis between MN1 populations with varying LIC activity

(A) Categorization of genes upregulated, downregulated, and equally expressed (fold change between -2 and 2)
between cKit and CD11b cells in murine Agilent microarray. From three mice representing two independent
transductions, unpaired t-test, corrected P value<0.05 (Benjamini-Hochberg correction). (B) Heatmap of
unsupervised hierarchical clustering of the top 500 differentially expressed annotated gene between cKit and CD11b
cells. From three mice representing two independent transductions, unpaired t-test, fold change >1.5, corrected P
value<0.05 (Benjamini-Hochberg correction). (C) GSEA of differentially expressed annotated gene sets in cKit vs
CD11b cells. NES, normalised enrichment score; FDR, false discovery rate, and P value calculated as previously
referenced'>*. (D) Graphical representation of the overlapping differentially-expressed up- and downregulated genes

between (i) MN1 cKit versus CD11b cells and MN1 versus MN1A1 cells,”! (ii) MN1 cKit versus CD11b and MN1
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versus MN1VP16 cells'", (iii) MN1 versus MN1A1 and MN1 versus MN1VP16, and (iv) up- and downregulated

genes between all three datasets.

Table 3.2 Core enrichment genes enriched in cKit subpopulation from LSC-R gene set

Rank in

Rank Metric

Gene Symbol Gene Name Gene List Score Running ES
KenkS5 potassium channel, subfamily K, member 5 4 3.677767 -5.27E-05
Fkbp9 FK506 binding protein 9, 63 kDa 7 3.660452 7.17E-04
Ermap erythroblast rpembrane-assomated protein 10 3 60553 0.001462

(Scianna blood group)
Slamfl signaling lymph(?cytlc activation molecule 12 3575508 0.002609
family member 1
. twist homolog 1 (acrocephalosyndactyly 3;

Twistl Saethre-Chotzen syndrome) (Drosophila) 18 3.51442 0.00207

Rpp40 ribonuclease P 40kDa subunit 19 3.507996 0.003602

Enpep glutamyl ammopeptxl)ase (aminopeptidase 20 350609 0.005134
Ppic peptidylprolyl isomerase C (cyclophilin C) 22 3.496448 0.006246

Bmp7 bone morphogenetic protein 7 (osteogenic 24 3486974 0.007354

protein 1)
Kel Kell blood group, metallo-endopeptidase 26 3.479464 0.008459
Ehd3 EH-domain containing 3 27 3.473526 0.009976
UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-
Galnt6 acetylgalactosaminyltransferase 6 (GalNAc- 28 3.472379 0.011493
T6)
Antxrl anthrax toxin receptor 1 29 3.467808 0.013008
117 interleukin 7 34 3.441648 0.012852
Freq frequenin homolog (Drosophila) 41 3.394625 0.011846
Maob monoamine oxidase B 42 3.382342 0.013323
1127Ra interleukin 27 receptor, alpha 43 3.382281 0.014801
Tpd52L1 tumor protein D52-like 1 47 3.34118 0.015016
Hivep2 human immunodeficiency virus type [ 49 3.32725 0.016054
enhancer binding protein 2

Kenbl potassium voltage-gated channel, Shab- 51 331314 0.017086

related subfamily, member 1 ' )

Zfpm?2 zinc finger protein, multitype 2 54 3.287076 0.017693
Ptk2 PTK2 protein tyrosine kinase 2 57 3.280651 0.018296
Rgs6 regulator of G-protein signalling 6 61 3.258554 0.018475
Sded syndecan 2 (heparan splfate proteoglycan 1, 62 3255588 0.019897

cell surface-associated, fibroglycan)

Plxna3 plexin A3 64 3.252565 0.020903
Cst6 cystatin E/M 66 3.234455 0.021901

ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-
St6Galnac5 galactosyl-1,3)-N-acetylgalactosaminide 67 3.234139 0.023313
alpha-2,6-sialyltransferase 5
Spag6 sperm associated antigen 6 68 3.233654 0.024726
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Rankin | Rank Metric .
Gene Symbol Gene Name Gene List Score Running ES
Dctd dCMP deaminase 69 3.227587 0.026135
Scara3 scavenger receptor class A, member 3 70 3.216034 0.02754
Rhobtb3 Rho-related BTB domain containing 3 71 3.212664 0.028943
Actn2 actinin, alpha 2 72 3.203793 0.030343
Dpt dermatopontin 74 3.192886 0.031322
Tmee2 transmembrane anq coiled-coil domain 75 318959 0.032716
family 2
Ank3 ankyrin 3, node of Ranvier (ankyrin G) 77 3.174191 0.033687
Copz2 coatomer protein complex, subunit zeta 2 78 3.174171 0.035074
Grap2 GRB2-related adaptor protein 2 82 3.164403 0.035211
Evc Ellis van Creveld syndrome 83 3.159052 0.036591
Jrk jerky homolog (mouse) 85 3.150432 0.037552
Lphnl latrophilin 1 86 3.139913 0.038924
Tceall transcription elongation factor A (SII)-like 1 89 3.114946 0.039455
Spag4 sperm associated antigen 4 92 3.105361 0.039982
Serpinb5 serpin peptidase inhibitor, clade B 95 3.093118 0.040503
(ovalbumin), member 5
Abhd14A abhydrolase domain containing 14A 97 3.084771 0.041436
Srgap3 SLIT-ROBO Rho GTg’ase activating protein 08 3083625 0.042783
tumor necrosis factor (ligand) superfamily,
Tnfst4 member 4 (tax-transcriptionally activated 99 3.081715 0.044129
glycoprotein 1, 34kDa)
Prkgl protein kinase, cGMP-dependent, type | 101 3.078821 0.045059
Homer2 homer homolog 2 (Drosophila) 102 3.074119 0.046401
Aldh1A3 aldehyde dehydroge[rgse 1 family, member 103 3072142 0.047743
Ptchl patched homolog 1 (Drosophila) 104 3.065707 0.049082
Magedl melanoma antigen family D, 1 107 3.058495 0.049589
Stx1A syntaxin 1A (brain) 108 3.057205 0.050924
Bakl BCL2-antagonist/killer 1 109 3.049532 0.052256
Bell 1B B-cell CLL/lymphoma 1B (zinc finger 110 3.0482 0.053587
protein)
Fhi2 four and a half LIM domains 2 111 3.046017 0.054918
Trib2 tribbles homolog 2 (Drosophila) 113 3.029953 0.055826
Rpusd2 RNA pseudouridylgt; synthase domain 114 3.02988 0.05715
containing 2
Pkd2 polycystic kidney Qisease 2 (autosomal 116 3.028066 0.058057
dominant)
Txk TXK tyrosine kinase 117 3.016052 0.059375
Dactl dapper, antagonist of beta-cat.enin, homolog 118 3015471 0.060692
1 (Xenopus laevis)
Mtap methylthioadenosine phosphorylase 119 3.009978 0.062007
Col6A3 collagen, type VI, alpha 3 120 3.007916 0.06332
Kens3 potassium Voltage—gat_ed channel, delayed- 121 3.007712 0.064634
rectifier, subfamily S, member 3

Gsta3 glutathione S-transferase A3 122 3.00756 0.065948
Gprl25 G protein-coupled receptor 125 123 3.003216 0.067259
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Rankin | Rank Metric .
Gene Symbol Gene Name Gene List Score Running ES

Lamb2 laminin, beta 2 (laminin S) 126 2.995081 0.067738

Tmod1 tropomodulin 1 130 2.96626 0.067789

Gimap5 GTPase, IMAP family member 5 131 2.958893 0.069082
Kensl potassium Voltage-gat.ed channel, delayed- 133 2947241 0.069954

rectifier, subfamily S, member 1
Rtn2 reticulon 2 135 2.939233 0.070823
Lmed1 LIM and cysteine-rich domains 1 136 2.935858 0.072106
114 interleukin 4 138 2.924732 0.072968

Pcdhb6 protocadherin beta 6 140 2.912904 0.073826

SIc22A3 solute carrier family 22 (extraneuronal 141 2903812 0.075094

monoamine transporter), member 3
inositol polyphosphate-4-phosphatase, type

Inpp4B 1L, 105kDa 143 2.895994 0.075944

Athgefs Rho guanine ““Elé’gF“)ies exchange factor 144 2.886074 0.077205
Gspt2 G1 to S phase transition 2 150 2.858265 0.076379
Thbs2 thrombospondin 2 154 2.836447 0.076374
Gypa glycophorin A (MNS blood group) 157 2.81891 0.076776
Spon2 spondin 2, extracellular matrix protein 158 2.787489 0.077993
Ahsg alpha-2-HS-glycoprotein 162 2.777627 0.077962
Sytl2 synaptotagmin-like 2 163 2.773229 0.079173

NaplL3 nucleosome assembly protein 1-like 3 164 2.764999 0.080381
Grtpl growth hormone regulated TBC protein 1 175 2.699816 0.077413
Hoxa5 homeobox AS 178 2.689551 0.077758

SIC2A10 solute carrier family 2 (facilitated glucose 179 2638918 0.078932

transporter), member 10
amyloid beta (A4) precursor protein-binding,

Apbbl family B, member 1 (Fe65) 180 2.68821 0.080106
Gfral GDNF family receptor alpha 1 181 2.687676 0.08128
Sidtl SID1 transmembrane family, member 1 182 2.686846 0.082454
Sdcl syndecan 1 183 2.678951 0.083624

Pdzrn4 PDZ domain containing RING finger 4 184 2.673301 0.084792

Hoxall homeobox All 185 2.66401 0.085955

Plxna2 plexin A2 187 2.65597 0.0867

Notch3 Notch homolog 3 (Drosophila) 188 2.643381 0.087855

Rarres] retinoic acid rece?ptor responder (tazarotene 189 2 642308 0.089009

induced) 1

Znf250 zinc finger protein 250 192 2.629672 0.089328

solute carrier family 14 (urea transporter),

Slc14A1 member 1 (Kidd blood group) 193 2.62902 0.090476
Sfrp4 secreted frizzled-related protein 4 195 2.616319 0.091204
Efna5 ephrin-AS5 196 2.613787 0.092346

Col4Al collagen, type IV, alpha 1 197 2.613486 0.093487

Stk32B serine/threonine kinase 32B 198 2.612147 0.094628

Ppy pan(.:reati_c polypep.tifie 200 2.607424 0.095352

Arhgdig Rho GDP dissociation inhibitor (GDI) 201 2601322 0.096489
gamma

1I7R interleukin 7 receptor 207 2.590282 0.095546
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Spats2 spermatogenesis associated, serine-rich 2 209 2.587532 0.096262
Sh2D4A SH2 domain containing 4A 210 2.587145 0.097392
Efhc2 EF-hand domain (C-terminal) containing 2 211 2.58178 0.098519
Zmat4 zinc finger, matrin type 4 212 2.578244 0.099645
Faah fatty acid amide hydrolase 214 2.559964 0.100349
Dnajad DnaJ (Hsp40) homolog, subfamily A, 215 2.558527 0.101466
member 4
intercellular adhesion molecule 4
leamd (Landsteiner-Wiener blood group) 217 2.535085 0.102167
Aqpl aquaporin 1 (Colton blood group) 219 2.552445 0.102868
Fadsl fatty acid desaturase 1 220 2.551557 0.103982
Hoxa2 homeobox A2 221 2.550482 0.105096
Pycrl pyrroline-5-carboxylate reductase 1 224 2.540827 0.105376
Ccll7 chemokine (C-C motif) ligand 17 225 2.536856 0.106484
Fbnl fibrillin 1 226 2.526079 0.107588
Crhbp corticotropin releasing hormone binding 230 2 514906 0.107442
protein
Islr immunoglobuli_n superfamily containing 231 2513266 0.108539
leucine-rich repeat
Gp5 glycoprotein V (platelet) 232 2.509449 0.109636
Epha3 EPH receptor A3 233 2.509129 0.110731
Zdhhc14 zinc finger, DHHC-type containing 14 234 2.508567 0.111827
Itga9 integrin, alpha 9 236 2.50507 0.112507
Ryk RYK receptor-like tyrosine kinase 239 2.498112 0.112768
Sorbs3 sorbin and SH3 domain containing 3 241 2.497082 0.113444
Tpi tissue facto_r pathway inh_ibito_r Qip_oprotein- 243 2 487834 0.114116
associated coagulation inhibitor)
UDP-N-acetyl-alpha-D-
Galnt10 galactosamine:polypeptide N- 244 2.486197 0.115202
acetylgalactosaminyltransferase 10
(GalNACc-T10)
MstIR macrophage stimulatiqg 1 receptor (c-met- 245 2 484198 0.116287
related tyrosine kinase)
MyolE myosin IE 246 2.481546 0.117371
Kremen2 kringle containing transmembrane protein 2 252 2.46403 0.116373
Fzdl frizzled homolog 1 (Drosophila) 254 2.463096 0.117034
fibroblast growth factor 3 (murine mammary
Fgf3 tumor virus integration site (v-int-2) 256 2.455329 0.117692
oncogene homolog)
PeytlB phosphate cytidylyll)t:;sferase 1, choline, 258 245319 0.118349
steroid-5-alpha-reductase, alpha polypeptide
Srd5Al 1 (3-ox0-5 alpha-steroid delta 4- 260 2.444785 0.119002
dehydrogenase alpha 1)
Bicdl bicaudal D homolog 1 (Drosophila) 261 2.440051 0.120067
Gbx2 gastrulation brain homeobox 2 275 2.390867 0.11572
Col5A1 collagen, type V, alpha 1 277 2.377416 0.116343
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procollagen-proline, 2-oxoglutarate 4-
P4Ha2 dioxygenase (proline 4-hydroxylase), alpha 279 2.374455 0.116966
polypeptide 11
Gng3 guanine nucleqtide binding protein (G 283 2356436 0.116751
protein), gamma 3
Fads3 fatty acid desaturase 3 286 2.350738 0.116948
Clea3 chloride channel, calcium activated, family 287 2347204 0.117973
member 3
Hdacll histone deacetylase 11 288 2.341937 0.118996
Arhgef12 Rho guanine nucleotide exchange factor 290 2337577 0.119602
(GEF) 12
Pkp2 plakophilin 2 291 2.334365 0.120622
Prkch protein kinase C, eta 293 2.333262 0.121226
Lag3 lymphocyte-activation gene 3 294 2.330028 0.122244
Pax6 paired box gene 6 (aniridia, keratitis) 296 2.325394 0.122845
Ntngl netrin G1 299 2.315787 0.123027
ELOVL family member 6, elongation of
Elovl6 long chain fatty acids (FEN1/Elo2, 301 2.314179 0.123623
SUR4/Elo3-like, yeast)
Vegfc vascular endothelial growth factor C 304 2.3097 0.123802
Bag?2 BCL2-associated athanogene 2 307 2.30235 0.123978
Hyall hyaluronoglucosaminidase 1 308 2.299363 0.124982
Cplx2 complexin 2 309 2.297467 0.125986
Gstm5 glutathione S-transferase M5 320 2.272447 0.122831
Tpm?2 tropomyosin 2 (beta) 323 2.266469 0.122991
Sphk1 sphingosine kinase 1 324 2.263917 0.12398
Kif5A kinesin family member 5A 330 2.244327 0.122886
Mmpl5 matrix metallop.eptidase 15 (membrane- 331 2240406 0.123865
inserted)
Dpf3 D4, zinc and double PHD fingers, family 3 332 2.239722 0.124843
Smo smoothened homolog (Drosophila) 333 2.236917 0.12582
Lrrn3 leucine rich repeat neuronal 3 340 2.225912 0.124304
Cdon Cdon homolog (mouse) 342 2.224627 0.124861
Epor erythropoietin receptor 343 2.22283 0.125832
Pipox pipecolic acid oxidase 345 2.216694 0.126385
Phactrl phosphatase and actin regulator 1 347 2.207392 0.126934
Podxl podocalyxin-like 348 2.206006 0.127898
S18Sia3 ST8 alpha—N—gcetyl—neuraminide alpha-2,8- 350 2203528 0.128446
sialyltransferase 3
Cdh4 cadherin 4, type 1, R-cadherin (retinal) 352 2.200121 0.128992
Chsi8 carbohydrate (N-acetylgalactosamine 4-0) 354 2194276 0.129535
sulfotransferase 8
Dpp4 dipeptidy}—peptidase 4 (CD26, adenosine 355 2190411 0.130492
deaminase complexing protein 2)
Akap12 A kinase (PRKA) anchor protein (gravin) 12 358 2.173872 0.130612
coagulation factor VIII, procoagulant
F8 component (hemophilia A) 359 2.171253 0.13156
Myog myogenin (myogenic factor 4) 363 2.162583 0.131261
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Hmgn3 high mobility group n}lcleosomal binding 364 2158252 0.132203
domain 3
Frzb frizzled-related protein 369 2.150836 0.131484
AtpdA ATPase, Ht/K+ exchanging, alpha 370 2.150695 0.132423
polypeptide
SIc1A3 solute carrier family 1 (glial high affinity 371 2141648 0.133359
glutamate transporter), member 3
TbclD16 TBC1 domain family, member 16 373 2.132115 0.133875
Extl exostoses (multiple) 1 374 2.129117 0.134805
Auts2 autism susceptibility candidate 2 375 2.127487 0.135734
Dhikdl dehydrogenase E1 anq t'ransketolase domain 379 2115339 0.135414
containing 1
Cypl1Al cytochrome P450, fam1.1y 11, subfamily A, 381 2112376 0.135922
polypeptide 1
solute carrier family 11 (proton-coupled
Slel1A2 divalent metal ion transporters), member 2 382 2111767 0.136844
growth factor independent 1B (potential
GfilB regulator of CDKNIA, translocated in CML) 383 2.108537 0.137765
Abliml actin binding LIM protein 1 384 2.10812 0.138686
Spink4 serine peptidase inhibitor, Kazal type 4 386 2.101621 0.139189
Snn stannin 387 2.099162 0.140106
Insl6 insulin-like 6 391 2.086301 0.139773
Arhgef9 Cdc42 guanine nucleotide exchange factor 393 2080765 0.140267
(GEF) 9
Cacnb3 calcium channel, Voltag§—dependent, beta 3 394 2079987 0.141175
subunit
SIc2A2 solute carrier family 2 (facilitated glucose 395 2079632 0.142084
transporter), member 2
Lgi2 leucine-rich repeat LGI family, member 2 396 2.076917 0.142991
Pcdhbl17 protocadherin beta 17 pseudogene 400 2.07179 0.142651
Adaml1 ADAM metallopeptidase domain 11 405 2.061169 0.141893
Npy neuropeptide Y 406 2.060668 0.142793
Xylb xylulokinase homolog (H. influenzae) 408 2.059235 0.143277
Chn2 chimerin (chimaerin) 2 409 2.056701 0.144176
Capn5 calpain 5 411 2.048852 0.144656
Itgb1Bp2 integrin beta 1 binding protein (melusin) 2 412 2.044647 0.145549
Leprel2 leprecan-like 2 417 2.041985 0.144782
Prrgd proline rich Gla (G-carboxyglutamic acid) 4 418 2 041589 0.145673
(transmembrane)
Sv2A synaptic vesicle glycoprotein 2A 419 2.039979 0.146564
ynap glycop
Mmpl4 matrix metallop.eptldase 14 (membrane- 420 20386 0.147455
inserted)
Gata2 GATA binding protein 2 422 2.036926 0.14793
Tulp3 tubby like protein 3 425 2.032576 0.147988
Nme4 non-metastatic cells 4, protein expressed in 427 2.029372 0.14846
Dazl deleted in azoospermia-like 429 2.027832 0.14893
Trpmé transient receptor potential cation channel, 430 2.022396 0.149814

subfamily M, member 4
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Mab21L.2 mab-21-like 2 (C. elegans) 432 2.018075 0.15028
Gabl GRB2-associated binding protein 1 433 2.017377 0.151162
Abi2 abl interactor 2 434 2.013615 0.152041
Avil advillin 435 2.011125 0.152919
KIk8 kallikrein 8 (neuropsin/ovasin) 440 1.99864 0.152133
Parvb parvin, beta 442 1.99451 0.15259
amphiphysin (Stiff-Man syndrome with
Amph breast cancer 128kDa autoantigen) 446 1980931 0.152211
Pmfbpl polyamine modulatetd factor 1 binding 449 1.973385 0.152043
protein 1
Phlda3 pleckstrin homology-like domain, family A, 451 196772 0.152688
member 3
Ctfl cardiotrophin 1 452 1.960433 0.153544
Spock? sparc/os.teonectln, cwev and kazal-hke 453 1.96017 0.1544
domains proteoglycan (testican) 2
Calml4 calmodulin-like 4 455 1.956321 0.15484
ATP-binding cassette, sub-family A
Abca5 (ABC1), member 5 456 1.953678 0.155693
Nutf2 nuclear transport factor 2 459 1.945858 0.155714
Hoxa7 homeobox A7 460 1.943764 0.156563
Ankh ankylosis, progressive homolog (mouse) 461 1.942939 0.157411
Ltbp3 latent transforrpmg grovyth factor beta 462 1941878 0.158259
binding protein 3
SIc29A2 solute carrier family 29 (nucleoside 463 1.941686 0.159107
transporters), member 2
Evpl envoplakin 468 1.933209 0.158293
Ak5S adenylate kinase 5 472 1.923289 0.157889
Emp2 epithelial membrane protein 2 473 1.922762 0.158728
Cx3Cl1 chemokine (C-X3-C motif) ligand 1 477 1.91543 0.158321
Aldh1B1 aldehyde dehydroge]r;se 1 family, member 482 1.914003 0.157498
ATP-binding cassette, sub-family B
Abcb4 (MDR/TAP), member 4 483 1.913118 0.158333
serum deprivation response
Sdpr (phosphatidylserine binding protein) 484 1911973 0.159168
Tbxa2R thromboxane A2 receptor 485 1.910713 0.160003
Rab36 RAB36, member RAS oncogene family 491 1.907578 0.158762
Frk fyn-related kinase 492 1.906605 0.159595
Shql SHQ1 homolog (S. cerevisiae) 494 1.904075 0.160012
GucylB3 guanylate cyclase 1, soluble, beta 3 495 1.903914 0.160843
Osbpl3 oxysterol binding protein-like 3 498 1.897099 0.160842
Rrad Ras-related associated with diabetes 502 1.891871 0.160424
Galr2 galanin receptor 2 503 1.889025 0.16125
Plek2 pleckstrin 2 504 1.888704 0.162075
Asph aspartate beta-hydroxylase 505 1.888249 0.162899
Leprel leucine proline-enriched proteoglycan 506 1.88658 0.163723
(leprecan) 1
Sept4 septin 4 507 1.886403 0.164547
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integrin, alpha 2b (platelet glycoprotein IIb
ltga2B of IIb/I11a complex, antigen CD41) >08 1.886141 0.163371
Aldh18A1 aldehyde dehydroger;ilie 18 family, member 510 1 885469 0.16578
Crip2 cysteine-rich protein 2 511 1.885073 0.166603
Ddxd DEAD (Asp—Glu—Ala‘—‘Asp) box polypeptide 515 1 878402 0.166179
Sec141.2 SEC14-like 2 (S. cerevisiae) 516 1.876455 0.166999
Lass4 LAG1 homolog, ceramide synthase 4 (S. 517 1.874289 0.167817
cerevisiae)
Pcgf2 polycomb group ring finger 2 518 1.865287 0.168632
Sall2 sal-like 2 (Drosophila) 520 1.864611 0.169032
Ccr9 chemokine (C-C motif) receptor 9 523 1.859456 0.169014
Lhx2 LIM homeobox 2 527 1.857184 0.168581
Igtbp5 insulin-like growth factor binding protein 5 528 1.856461 0.169392
enoyl-Coenzyme A, hydratase/3-
Ehhadh hydroxyacyl Coenzyme A dehydrogenase 530 1.853575 0.169788
Chrna9 cholinergic receptor, nicotinic, alpha 9 532 1.851791 0.170182
Tmeml14A transmembrane protein 14A 535 1.845862 0.170159
Ndrg2 NDRG family member 2 537 1.844215 0.170549
Efemp? EGF-containing ﬁbulln-l}ke extracellular 539 1.83628 0.170937
matrix protein 2
Dhcr24 24-dehydrocholesterol reductase 545 1.828189 0.169661
Rab26 RAB26, member RAS oncogene family 546 1.825835 0.170459
Bcemol beta-carotene 15,15'-monooxygenase 1 547 1.825012 0.171256
Clea2 chloride channel, calcium activated, family 548 1824314 0.172053
member 2
Rgnef - 555 1.81873 0.170359
Fabp7 fatty acid binding protein 7, brain 557 1.817174 0.170737
Tnni3 troponin I type 3 (cardiac 558 1.816897 0.171531
P yp
Cdhl cadherin 1, type 1, E-cadherin (epithelial) 559 1.809258 0.172321
Decrl 2,4-dienoyl CoA reductase 1, mitochondrial 560 1.809085 0.173111
Ranbp17 RAN binding protein 17 561 1.804999 0.1739
PpplRIA protein phosphatase 1, .regulatory (inhibitor) 564 1.799248 0.173856
subunit 9A
St6Gall ST6 beta-galactosamide alpha-2,6- 568 1796942 | 0.173397
sialyltranferase 1
Ckm creatine kinase, muscle 569 1.795803 0.174181
Rcll RNA terminal phosphate cyclase-like 1 573 1.789938 0.173719
Alas2 aminolevulinate, delta-, synthase 2 574 1788677 0.1745
(sideroblastic/hypochromic anemia)
E2F5 E2F transcription factor 5, p130-binding 575 1.784349 0.175279
Socs2 suppressor of cytokine signaling 2 576 1.78192 0.176058
Lypd3 LY6/PLAUR domain containing 3 577 1.780985 0.176835
Cnotl CCR4-NOT transcription complex, subunit 1 578 1.780811 0.177613
Epha? EPH receptor A7 584 1.77038 0.176313
Col5A3 collagen, type V, alpha 3 587 1.765494 0.176254
Egf epidermal growth factor (beta-urogastrone) 588 1.764671 0.177025
Plscr4 phospholipid scramblase 4 592 1.75934 0.176549
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Kifc3 kinesin family member C3 593 1.756796 0.177316
Inadl InaD-like (Drosophila) 597 1.752593 0.176838
Nudi6 nudix (nucleoside dlphosphate linked moiety 508 1751662 0.177603
X)-type motif 6
Gria3 glutamate receptor, ionotrophic, AMPA 3 609 1.731927 0.174212
Colecl1 collectin sub-family member 11 610 1.731277 0.174968
Purll poliovirus receptot-relate.d 1 (herpesvnus 611 1728881 0.175723
entry mediator C; nectin)
Gprl71 G protein-coupled receptor 171 612 1.728814 0.176478
Ly6D lymphocyte antigen 6 complex, locus D 613 1.726138 0.177232
Map3K13 mltogen—actlvate_d protein kinase kinase 614 1724828 0.177985
kinase 13
Eraf erythroid associated factor 615 1.723462 0.178738
Fasn fatty acid synthase 616 1.722491 0.17949
N-acetylneuraminate pyruvate lyase
Npl (dihydrodipicolinate synthase) 617 1722283 0.180243
Suv39H?2 suppressor of Varlegathn 3-9 homolog 2 625 1713752 0.178088
(Drosophila)
SIc25A15 solute carrier family 25 (mitochondrial 627 1.712387 0.178421
carrier; ornithine transporter) member 15
dual-specificity tyrosine-(Y)-
Dyrk3 phosphorylation regulated kinase 3 628 1710062 0.179168
Adrbl adrenergic, beta-1-, receptor 629 1.707005 0.179913
F2R coagulation factor II (thrombin) receptor 631 1.704649 0.180243
Cecr5 cat eye syndrome chromosome region, 635 1.692547 0.179738
candidate 5
NriD2 nuclear receptor subfamily 1, group D, 636 1.690396 0.180476
member 2
Gpr56 G protein-coupled receptor 56 637 1.69039 0.181215
Leprell leprecan-like 1 638 1.688475 0.181952
Hdhd3 haloacid dehal.ogenase.—l.lke hydrolase 639 1.63696 0.182689
domain containing 3
Endog endonuclease G 641 1.683504 0.18301
Nripl nuclear receptor interacting protein 1 643 1.677882 0.183328
polymerase (RNA) III (DNA directed)
Polr3D polypeptide D, 44kDa 644 1.674344 0.184059
Rprm reprimo, TP53 depend'ent G2 arrest mediator 645 1.670937 0.184789
candidate
Echdc3 enoyl Coenzyme A hydratase domain 646 1.669694 0.185518
containing 3
Ccend2 cyclin D2 650 1.666223 0.185002
Ki1hi22 kelch-like 22 (Drosophila) 651 1.665784 0.185729
Plod2 procollagen-}ysme, 2-oxoglutarate 5- 652 1.664043 0.186456
dioxygenase 2
Dpfl D4, zinc and double PHD fingers family 1 654 1.656173 0.186765
Arhgefl6 Rho guanine exchange factor (GEF) 16 656 1.652966 0.187072
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UDP-N-acetyl-alpha-D-
Galnt14 galactosamine:polypeptide N- 659 1.650415 0.186963
acetylgalactosaminyltransferase 14
(GalNAc-T14)
Elp4 elongation protein 4 homolog (S. cerevisiae) 665 1.633926 0.185603
Icos inducible T-cell co-stimulator 667 1.632542 0.185901
Tspan6 tetraspanin 6 668 1.626878 0.186612
TAF4b RNA polymerase 11, TATA box
Taf4B binding protein (TBP)-associated factor, 670 1.622236 0.186906
105kDa
Ick intestinal cell (MAK-like) kinase 671 1.62166 0.187614
FORI3 coagulation factor II (tshrombin) receptor-like 672 1.618467 0.188321
Serpinil serpin peptidase inhibitor, clade T 674 1.613836 0.188611
(neuroserpin), member 1
Egr4 early growth response 4 675 1.613745 0.189316
Tgfb3 transforming growth factor, beta 3 677 1.610402 0.189604
Pgr progesterone receptor 680 1.606331 0.189477
Cd34 CD34 molecule 681 1.604669 0.190177
SIcTA6 solute carrier family 7 (cationic amino acid 632 1.603556 0.190878
transporter, y+ system), member 6 ' '
Kenjl4 potassium inwa}rdly-rectifying channel, 633 1.602051 0.191578
subfamily J, member 14
Clecl1A C-type lectin domain family 11, member A 686 1.59966 0.191447
Rwdd3 RWD domain containing 3 688 1.592822 0.191728
Lcat lecithin-cholesterol acyltransferase 690 1.591736 0.192008
aldehyde dehydrogenase 5 family, member
AldhSAl A1 (succinate-semialdehyde dehydrogenase) 691 1588853 0.192702
Cox6A2 cytOChmm;Ocly‘;’:ngZ Szub“mt Via 692 1.587799 0.193396
Acyl aminoacylase 1 696 1.583149 0.192843
Pacrg PARK2 co-regulated 697 1.582312 0.193534
Cbx2 chromobox homolog 2 (Pc class homolog, 703 1564045 0.192143
Drosophila) ' )
Depdc6 DEP domain containing 6 705 1.559487 0.19241
Cgrefl cell growth regulator with EF-hand domain 1 706 1.559209 0.193091
Six5 stme °C“hs(g‘;$i‘1’;‘i’g )hom‘”og > 707 1.558176 0.193771
Bzw?2 basic leucine zipper and W2 domains 2 709 1.556531 0.194036
solute carrier family 35 (UDP-glucuronic
Sle35D1 acid/UDP-N-acetylgalactosamine dual 710 1.556035 0.194716
transporter), member D1
UpklB uroplakin 1B 711 1.554783 0.195395
Tuftl tuftelin 1 714 1.55201 0.195243
Arhgap5 Rho GTPase activating protein 5 715 1.551923 0.195921
Thopl thimet oligopeptidase 1 717 1.548598 0.196183
Lsamp limbic system-associated membrane protein 726 1.527721 0.193532
Cdh13 cadherin 13, H-cadherin (heart) 727 1.527607 0.194199
Cpa3 carboxypeptidase A3 (mast cell) 728 1.524448 0.194865
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MIfl1 myeloid leukemia factor 1 731 1.520365 0.1947
Cdc42Epl CDC42 effector protein (Rho GTPase 733 1518716 | 0.194948
binding) 1
Pogk pogo transposab(lie element with KRAB 737 1507439 0.194362
omain
S100A10 S100 calcium binding protein A10 738 1.505772 0.19502
Pa2G4 proliferation-associated 2G4, 38kDa 740 1.50392 0.195262
Nirk3 neurotrophic tyrosme3k1nase, receptor, type 741 1.501588 0195918
SIc19A1 solute carrier family 19 (folate transporter), 742 1501221 0.196574
member 1
Cacna2D1 calcium channel, Voltage—erendent, alpha 744 1.499542 0.196814
2/delta subunit 1
Rbpms RNA binding protein with multiple splicing 745 1.496322 0.197467
Grwdl glutamate-rich WD repeat containing 1 752 1.491044 0.19563
Sec24D SEC24 related gene family, member D (8. 756 1489627 | 0.195036
cerevisiae)
Kiaa0859 KIAA0859 757 1.489441 0.195687
Dhrs2 dehydrogenase/reductase (SDR family) 759 1.485041 0.195921
member 2
X-ray repair complementing defective repair
Xree5 in Chinese hamster cells 5 (double-strand- 761 1.484512 0.196154
break rejoining; Ku autoantigen, 80kDa)
Cbx6 chromobox homolog 6 762 1.482795 0.196802
Whscrl6 Williams-Beuren S}_Indrome chromosome 763 1482513 0.197449
region 16
Stau2 staufen, RNA binding protein, homolog 2 764 1 482494 0.198097
(Drosophila)
Rhd Rh blood group, D antigen 765 1.48178 0.198744
Gnl3 guanine nucleotide binding protein-like 3 766 | 474345 0.199388
(nucleolar)
Cth cystathionase (cystathionine gamma-lyase) 767 1.472247 0.200031
protein phosphatase 3 (formerly 2B),
Ppp3Cc catalytic subunit, gamma isoform 769 1.469461 0.200258
(calcineurin A gamma)
Leftyl left-right determination factor 1 771 1.463911 0.200483
Plagll pleiomorphic adenoma gene-like 1 773 1.458607 0.200705
Fodl FYVE, RhoGEF and. PH domalr.l containing 774 1458212 0.201342
1 (faciogenital dysplasia)
Pla2G12A hospholipase A2, group XIIA 7717 1.456694 0.201149
phospholip group
Foxjl forkhead box J1 779 1.453457 0.201369
Prg3 roteoglycan 3 780 1.452379 0.202003
2 p gly
Pdcdl programmed cell death 1 785 1.443627 0.200975
Clen2 chloride channel 2 786 1.442171 0.201605
Actn3 actinin, alpha 3 789 1.435986 0.201402
Traf31p2 TRAF3 interacting protein 2 791 1.433766 0.201614
Chmbl cholinergic receptor, nicotinic, beta 1 793 1.432202 0.201825
(muscle)
Akapl A kinase (PRKA) anchor protein 1 796 1.42986 0.20162
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Vprebl pre-B lymphocyte gene 1 797 1.429619 0.202244
Ptger3 prostaglandin E receptor 3 (subtype EP3) 798 1.429062 0.202868
Rpp38 ribonuclease P/MRP 38kDa subunit 800 1.428813 0.203077
Col1A2 collagen, type I, alpha 2 801 1.427778 0.203701
Pfkm phosphofructokinase, muscle 803 1.424468 0.203908
Amacr alpha-methylacyl-CoA racemase 807 1.419379 0.203284
Rbm9 RNA binding motif protein 9 811 1.413249 0.202657
Pech propionyl Coenzyme A _carboxylase, beta ’13 1412396 0.202859
polypeptide
Tcams intercellular adhesion .molecule 5, 316 1409536 0.202645
telencephalin
Alpk3 alpha-kinase 3 818 1.407974 0.202846
SIc5A3 solute carrier family 5 (inositol transporters), 822 1.406221 0202215
member 3
Cdkl1 cyclin-dependent kmgse-hke 1 (CDC2- 823 1 404388 0.202829
related kinase)
Praf2 PRA1 domain family, member 2 824 1.40372 0.203442
Smyd2 SET and MYND domain containing 2 826 1.401026 0.203639
Mfge8 milk fat globule-EGF factor 8 protein 828 1.400347 0.203836
Gemin4 gem (nuclear organelle) associated protein 4 830 1.399655 0.204033
B4Galt2 UDP-Gal:betaGlcNAc beta 1,4- 834 1388761 0.203395
galactosyltransferase, polypeptide 2
Rnf122 ring finger protein 122 836 1.387191 0.203586
Rab6B RABG6B, member RAS oncogene family 837 1.386796 0.204192
Smyd5 SMYD family member 5 838 1.385982 0.204797
Mylc2Pl - 839 1.385347 0.205402
Dkkl1 dickkopf-like 1 (soggy) 842 1.381729 0.205176
Brdt bromodomain, testis-specific 847 1.374524 0.204117
Gpc3 glypican 3 853 1.360002 0.202638
Irf6 interferon regulatory factor 6 854 1.359336 0.203231
Tnnil troponin I type 1 (skeletal, slow) 855 1.35596 0.203824
Ifrd2 interferon-related developmental regulator 2 858 1.352972 0.203585
Mirr 5-methyltetrahydrofolate-homocysteine 859 1352419 0.204176
methyltransferase reductase
Nthll nth endonuclease I1I-like 1 (E. coli) 864 1.346331 0.203105
Gcehfr GTP cyclohydrolase I feedback regulator 865 1.345638 0.203692
Cpox coproporphyrinogen oxidase 869 1.338897 0.203033
yrinog
Fzd4 frizzled homolog 4 (Drosophila) 871 1.338109 0.203203
GadddsGipl | growtharrestand DNA-damage-inducible, | g5 1332288 0.20337
gamma interacting protein 1
FORD coagulation factor II (tzhrombm) receptor-like 875 1328476 0.203535
Tgfa transforming growth factor, alpha 876 1.328144 0.204115
Ttga$ integrin, alpha 5 (ﬁbroneptm receptor, alpha 877 1327246 0.204695
polypeptide)
Cyps1Al cytochrome P450, faml.ly 51, subfamily A, 879 132352 0.204858
polypeptide 1
Opn3 opsin 3 (encephalopsin, panopsin) 880 1.322932 0.205436
Srm spermidine synthase 884 1.319193 0.204768
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Rankin | Rank Metric .
Gene Symbol Gene Name Gene List Score Running ES
Tle6 transducin-like enhancer of spht 6 (E(spl) 386 1315562 0.204928
homolog, Drosophila)
Tsen2 tRNA splicing endonu_lc_lease 2 homolog (S. 837 1314176 0.205502
cerevisiae)

Acn9 ACN9 homolog (S. cerevisiae) 888 1.314083 0.206076
H1Fx H1 histone family, member X 890 1.312318 0.206234
Tsc22D1 TSC22 domain family, member 1 891 1.310828 0.206807
Luzpl leucine zipper protein 1 892 1.308384 0.207378

3.3.4 Selection of genes potentially relevant to MN1 leukemogenic ability for further

analysis

To identify genes that are potentially important contributors to MN1 leukemia, I also compared
differentially expressed genes between cKit and CDI11b subpopulations to available gene
expression profiles of MN1 models with varying LIC activity, specifically those comparing MN1
to MNIA1 (as presented in Chapter 2 and in Lai ef al. PLOS One 2014) and MNI1 to

MNI1VP16'".

Of the differentially expressed genes in both cKit versus CD11b and MN1 versus MN1A1 gene
expression analyses, 487 genes are upregulated in both comparisons while 122 genes are
mutually downregulated (Figure 3.4Di). Comparing cKit versus CD11b differentially expressed
genes with the genes differentially expressed between MN1 and MN1VP16 reveals 213
upregulated genes and 58 downregulated genes in both datasets (Figure 3.4Dii). In addition,
comparisons of MN1 versus MN1A1 and MNI1 versus MN1VP16 differentially expressed genes
identify 166 upregulated genes and 38 downregulated genes in both analyses (Figure 3.4Diii).
Together, comparisons of genes up- or downregulated in all three datasets identify 106
upregulated and 8 downregulated genes in all three datasets, and 548 genes upregulated and 210

genes downregulated in at least two of the datasets (Figure 3.4Div). From these analyses, we
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selected 20 genes for validation and follow-up analysis. Twelve of these genes are differentially
expressed in two or more of the MNI1 datasets, suggesting they play key roles in MNI1
leukemogenicity, and six genes are Meis or Pbx family members, which are crucial collaborators
in MN1-induced leukemia and more broadly in leukemia'® ¥ 86- 128 (Figure 3.5A). Validation by
qRT-PCR on cKit and CDI11b cells isolated from primary MNI murine leukemias, normal
murine CMP cells (the target cell of transformation for MNI murine leukemia'®®), and
unfractionated mouse bone marrow (Table 3.3) demonstrated that gene expression patterns can
be separated into three categories: genes overexpressed in the leukemic cKit subpopulation
compared to the non-leukemic CD11b subpopulation (Figure 3.5B), genes overexpressed in the
CDI11b versus cKit subpopulation (Figure 3.5C), and genes that are similarly expressed between
the cKit and CD11b subpopulations but overexpressed compared to normal murine CMPs and

whole bone marrow (Figure 3.5D).
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Figure 3.5 Genes differentially expressed between multiple MN1 datasets modeling varying LIC activity

reveal different patterns of expression

(A) Comparison of MN1 gene expression datasets representing models with varying LIC activity where shortlisted

genes are differentially expressed. (B) Absolute gene expression of candidate genes relative to Abl in cKit, CD11b,

CMP, and whole bone marrow (WBM) cells by qRT-PCR, categorized by genes that are upregulated in cKit

compared to CD11b cells, (C) genes that are upregulated in CD11b compared to cKit cells, and (D) genes that are

expressed equally between cKit and CD11b cells, but are upregulated compared to gene expression levels in CMP

and/or WBM. n=3 from four mice transplanted with cells from three independent transductions, one-sided ANOVA;

error bars represent +SEM; *P<0.05, **P<0.01.
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Table 3.3 Gene expression fold change between cKit and CD11b subpopulations for shortlisted genes

Fold Change Fold Change MN1 datasets showing differential expression
by Agllen.t Corrected | by qRT-PCR Povalue | MN1 vs MN1 vs MN1/CMP | MN1/MEIS1
array (cKit P-value (cKit vs MNIAL | MN1VP16 target gene
vs CD11b) CD11b) genes signature
71.432526 | 0.015334087

= v v v v
Assl 15086127 | 0.029829302 37.8225862 | P =0.0007
228.53189 | 0.004331606
= v
Bexl 155.63301 | 0.006342706 : P=0.4670
34.331863 | 0.013690726
= /
DIk1 18766941 | 0.017623542 21.732158 P =0.0465
144.99829 0.00346817
FIt3 136.57591 | 0.009090904 | 26.4095602 | P =0.0002 v v v
1.937791 0.003277035
Gfilb 231.9252 0.001376133 | 220.429605 | P <0.0001 v v v
Gpr56 179.37985 | 0.002537061 | 238.223218 | P <0.0001 v v v
Hes1 127.094185 | 0.001167549 63 P<0.0001 v v v v
HIf 22.718737 | 0.002453691 5.55789474 | P =0.0002 v v v v
7.0063443 | 0.010332281
v v v
HoxA9 2.718716 0.04090069 143.5 P<0.0001
Meisl 331.89087 | 0.004726616 | 120.583333 | P =0.0065 v v v
Meis2 4.048872 0.17273742 | -1.081339713 | P=0.0786 v v
3.8576012 | 0.020275272
Meis3 -1.9703048 | 0.2740551 55.3581748 | P=0.0724 v
-2.4048817 | 0.017752737
172.28432 | 0.002811954
i = v v v v
Msi2 24070048 | 0.001744282 17.2876194 | P=0.0002
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Fold Change Fold Change MNI1 datasets showing differential expression
by Agilent Corrected | by qRT-PCR
array (cKit P-value (cKit vs P-value MNI1 vs MNI1 vs MTI/C?/IP MNI/MEISI
vs CD11b) CD11b) MNI1A1 | MN1VP16 arge _ gene
genes signature
-12.560759 | 0.008162658
. v
Notchl 58337083 0.16954304 54.47120181 | P <0.0001
-5.5113344 | 0.05264638
-1.5097088 | 0.60003144
Pbx1 -1.4272451 0.65455186 | -7.785571379 | P <0.0001 v
-1.0302261 0.3173339
-1.5826656 | 0.06275438
Pbx2 -4.5434713 0.00666592 -15.1441969 | P <0.0001 v
5.0304384 0.0852126
= /
Pbx3 5 708258 0.066381745 2.18022057 | P=0.0099
-1.4742813 0.18366252
- = v
Prep1/Pknox1 1590051 0.0763324 4.925756296 | P=0.0013
Prep2/Pknox2 | -722.6323 9.15E-04 -24641.06945 | P=0.0017 v
95.40409 0.004107124
. — v v v
Trib2 5377564 0038642046 1224.3808 P=0.0011

128



3.3.5 Investigating the functional relevance of selected differentially expressed genes in

MNT1 leukemic properties

To assess the roles of a selected subset of candidate genes upregulated in leukemic groups
(Figure 3.5A) in MN1-induced leukemogenesis, I generated lentiviral shRNAs to induce gene
knockdown and perform functional assays for in vitro proliferation and competitive growth
ability, self-renewal by CFU assay, and differentiation in two independently-derived MN1 cell
lines. A 70-72% knockdown of HIf or 50-63% knockdown of HoxA9 (Figure 3.6A) significantly
impairs MN1 growth kinetics compared to Renilla-transduced control cells within 14 days
(599,967 £ 11767 cells for shHIf and 416,800 + 3333 cells for shHoxA9 versus 882,267 + 1667
cells for control, unpaired t-test P<0.01, unpaired t-test) without any evidence of shRNA vector
silencing, as measured by expression of the modified monomeric Kusabira Orange 2 (meKO2)
fluorochrome (Figure 3.6Bi-ii). Major impairment in growth following HIf of Hoxa9 knockdown
is further evident in in vitro competition assays, composed of GFP ' meKO2" shRNA-transduced
MNI cells mixed with equal numbers of untransduced GFP™ MN1 cells. For this assay, each
population is tracked by their fluorescence expression and their relative proportions within the
total cells calculated. Significant deviations from the starting proportions of 50% (1:1 ratio)
suggest differential in vitro competitive growth ability due to knockdown of the gene of interest.
The contributions of MN1 cells transduced with shHIf or shHoxA9 to the total cell population
decreases within four (0.70 + 0.07 relative to input, Student’s t-test, P<0.05) and two days (0.79
+ 0.04 relative to input, Student’s t-test, P<0.01), respectively, consistent with roles for both HIf
and HoxA9 in the leukemic growth properties of MNI1 cells (Figure 3.6Biii). In addition,
knockdown of HIf or HoxA9 result in a slight increase in CD11b" cells after nine days (0.66 =+

0.03% for shHIf, and 1.39 + 0.08% for shHoxA9 versus 0.25 + 0.02% for control, unpaired t-test,
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P<0.01) (Figure 3.6Ci) accompanied by a slight concordant decrease in c-Kit expression in
shHoxA9 cells, providing evidence for a role of HoxA9 in the characteristic myeloid
differentiation block seen in MN1 leukemia (Figure 3.6Cii). Knockdown of HIf or HoxA9 also
result in a significant decrease in colony-forming ability in serial replating assays (212 + 7.75
shHIf colonies and 142 + 9.13 shHoxA9 colonies versus 300.5 £ 4.79 control colonies; unpaired
t-test, P<0.01) (Figure 3.6Di). In addition, flow cytometric analysis of cells from these colonies
show no evidence of shRNA vector silencing, as measured by meKO2 expression (unpaired t-
test, n.s.) (Figure 3.6Dii). Intriguingly, qRT-PCR analysis of HIf and HoxA9 gene expression
demonstrate evidence of a relationship between HIf and HoxA9 in MNI1 leukemia, with HIf
knockdown resulting in a significant decrease in HoxA9 expression (0.80 + 0.03 versus 1.91 +
0.01, unpaired t-test, P<0.05) (Figure 3.6Ei). In contrast, knockdown of HoxA9 has no effect on
HIf expression (0.97 £ 0.01 versus 0.96 =+ 0.05, unpaired t-test, n.s.), suggesting that
transcriptional pathways of these genes overlap, with HIf located upstream of HoxA9 (Figure

3.6Eii).
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Figure 3.6 Investigating the functional relevance of HoxA9 and HIf on MN1 leukemic properties
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(A) Relative mRNA expression of HIf, HoxA9 in MN1 cells three and six days after ssRNA transduction; n=3 from
2 independent experiments, unpaired t-test in Renilla vs shRNA; error bars represent £SD; *P<0.05, **P<0.01.
(B)(i) Growth kinetics of Renilla-, shHIf- and shHoxA9-transduced MNT1 cell line after lentiviral transduction. (ii)
Kinetics of meKO2" expression of Renilla-, shHIf-, or shHoxA9-transduced MN1 cells after flow cytometric
purification; n=3 from 2 independent experiments, unpaired t-test in Renilla vs shRNA; error bars represent =SD;
*P<0.05, **P<0.01. (iii)) Competitive growth assay containing mixed populations of 50% sorted untransduced MN1
cells and 50% sorted Renilla-, shHIf-, or shHoxA9-transduced (meKO2") MN1 cells. n=3 from 2 independent
experiments, multiple two-sided t-test in Renilla vs shRNA; error bars represent = SD; *P<0.05, **P<0.01. (C)(i)
CD11b expression of Renilla-, shHIf-, and shHoxA9-transduced MN1 cell lines 9 days after lentiviral transduction.
(ii) Kinetics of ¢-Kit" expression in Renilla-, shHIf-, and shHoxA9-transduced MN1 cells. Sorted meKO2" cells; n=3
from 4 independent experiments, two-sided t-test in Renilla vs shRNA; error bars represent = SD; *P<0.05,
**p<0.01. (D)(i) Serial colony replating of Renilla- and shHIf- and shHoxA9-transduced MN1 cell lines post-sort,
represented per 1000 cells plated. (ii)) meKO2+ expression of cells comprising colonies of shRNA-transduced MN1
cells in CFU assay. Sorted meKO2" cells, n=3 from 4 independent experiments, two-sided t-test; error bars represent
+ SD; *P<0.05, **P<0.01. (E) Relative gene expression of mHIf and mHoxA9 upon shRNA knockdown of (i) mHIf
and (i) mHoxA9 in MN1 cells six days post-transduction. Sorted meKO2" cells, n=3, two-sided t-test. Error bars

represent £SD; *P<0.05, **P<0.01.

The impact of Meisl knockdown was similarly tested based on its significant upregulation in

115, 131 .
’ and its

leukemic MN1 subpopulations shown in this chapter and previous literature
essential role in MN1 leukemic transformation'?®. Unlike for HIf and Hoxa9, Meisl knockdown,
38% knockdown of Meisl, as measured by qRT-PCR analysis of mRNA (Figure 3.7A), results
in only mild impairments in cell growth (37,500 = 2,500 cells versus 283,300 + 45,600 cells after
14 days, unpaired t-test, P<0.01) and short-term colony-forming ability (214.5 £ 12.4 versus 267

+ 7.05 colonies, unpaired t-test, P<0.05) (Figure 3.7Bi, D). Of note, there is a slight decrease in

the proportion of cells transduced with shMeis1 over the 14 days of the growth assay, as evident
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by the decrease in meKO2" cells, suggesting a mild negative selective pressure against MN1
cells lacking Meis1 (90.6 = 0.7% versus 93.1 + 0.4% at day 14, unpaired t-test, P<0.05) (Figure
3.7Bii). However, Meisl knockdown has no effect on in vitro competitive ability, CD11b

expression, or c-Kit expression (unpaired t-test, n.s.) (Figure 3.7Biii, C).
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Figure 3.7 Investigating the functional relevance of Meisl on MN1 leukemic properties

(A) Relative mRNA expression of Meis1 in MN1 cells three days after shRNA transduction. (B)(i) Growth kinetics
of Renilla-, Meisl-transduced MNI1 cell line after lentiviral transduction. (ii) Kinetics of meKO2" expression of
Renilla- and shMeisl-transduced MN1 cells after flow cytometric purification. (iii) Competitive growth assay

containing mixed populations of 50% sorted untransduced MN1 cells and 50% sorted Renilla- or Meis1-transduced
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(meKO2") MNI cells. n=3 from 2 independent experiments, multiple two-sided t-test in Renilla vs shRNA; error
bars represent £ SD; *P<(0.05, **P<0.01. (C)(i) CD11b expression of Renilla- and shMeisl-transduced MN1 cell
lines 10 days post-sort. (ii) Kinetics of c-Kit" expression in Renilla- or shMeisl-transduced MN1 cells. Sorted
meKO2" cells; n=3 from 2 independent experiments, multiple two-sided t-test in Renilla vs shMeisl; error bars
represent + SD; *P<0.05, **P<0.01. (D)(i) CFU assay of Renilla- and shMeisl-transduced MN1 cell lines 10 days
after lentiviral transduction. (ii) Expression of meKO2" expression of cells comprising colonies of transduced MN1
cells in CFU assay. Sorted meKO2" cells; n=4 from 2 independent experiments, represented per 1000 cells plated;

multiple two-sided t-test in Renilla vs shRNA. Error bars represent + SEM; *P<0.05, **P<0.01.

3.3.6 Analysis of the functional role of Meis2 in MN1 leukemia

41-44
L

Given the prevalence of MEIS1 overexpression in AM , its critical role in MN1 leukemic

transformation'?®, and its upregulated gene expression in the LIC-containing cKit subpopulation

13 131 " the minimal effect of Meis1 knockdown on in vitro leukemic

and leukemic MNI1 subsets
properties described above are surprising. This stimulated closer examination of a possible role
for the Meis family member Meis2. Meis2 is significantly upregulated in MN1 cKit and CD11b
subpopulations compared to murine CMPs (2.65x10° + 6.60x107 relative to Abl, unpaired t-test,
P<0.05) and whole bone marrow (1.95x10~ + 0.00 relative to Abl, unpaired t-test, P<0.05),
although it is equally expressed between the cKit and CD11b subsets (0.52 + 0.11 versus 0.57 +
0.25 relative to Abl, unpaired t-test, n.s.) (Figure 3.5D). This upregulation of Meis2 in MNI
leukemic cells is of further interest given that Meis2 is normally expressed at significantly lower
levels than Meis] in normal hematopoietic cell compartments (unpaired t-test, P<0.01) (Figure
3.8A). Further highlighting Meis2 is the previous identification of Meis2 as among the top-
ranked genes upregulated between both MN1 and MN1A1"' and MN1 and MN1VP16'".
Moreover, previous work from our laboratory has examined the phenotypic and functional

135



heterogeneity of a forward genetic model of human leukemia based on co-transduction of human
CD34" cord blood cells with MN1 and the ND13 fusion gene. Intriguingly, MEIS2 is also
upregulated in the LIC-containing CD34 GPR56" fraction compared to the LIC-depleted CD34
GPR56 fraction (Figure 3.8B)'™. Together, these data suggest that MN1 leukemia is associated

with a striking upregulation of Meis2 and this upregulation may play a key role in MNI

leukemia.
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Figure 3.8 Relative expression of Meis2 in normal hematopoietic compartments and human AML cell line
models

(A) Gene expression of Meisl and Meis2 relative to Abl by qRT-PCR in murine hematopoietic compartments. n=3
from 3 independent mice, two-sided t-test; error bars represent +SEM; **P<0.01. (B) Gene expression of MEIS2
relative to ABL by qRT-PCR in CD34"GPR56" compared to CD34-GPR56- fraction of two human AML cord
blood models generated through overexpression of NUP98-HOXD13 fusion and MN1 (ND13+MN1). n=1 from 2

independent cell lines.
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To explore this possibility further, I tested the effect of Meis2 knockdown on MN1 leukemia
using two different MN1 leukemia models. The leukemia-derived MN1 cell line is a leukemic
cell line established from the in vitro culture of c-Kit" cells of bone marrow from a moribund
mouse transplanted with MN1-transduced cells. The second model involves 5-FU treated murine
bone marrow cells that were retrovirally-transduced with MN1 and cultured in vitro to establish a
primary leukemic MN1 cell line. To functionally assess the impact of Meis2 knockdown, I tested
six shRNAs against Meis2 based on work reported by Fellmann and colleagues for knockdown
efficacy'®. Three shRNAs against Meis2 provide gene knockdown ranging from 26-54% as
assessed by qRT-PCR analysis of Meis2 mRNA levels three and six days post-transduction
(unpaired t-test, P<0.01) (Figure 3.9A). In both leukemia models, transduction with each of the
three Meis2 shRNAs significantly impairs cell growth, apparent as early as 5 days after plating
(4.13 + 0.15x10° average shMeis2-transduced cells versus 8.41 + 0.47x10° cells in leukemia-
derived cell line, unpaired t-test, P<0.01), resulting in an average of 16-fold fewer cells after 14
days across all conditions (Figure 3.9Bi). Cells transduced with shMeis2 also show decreasing
levels of the shMeis2 vector over the 14 days of culture, as assessed by meKO2 expression by
flow cytometry (average 91.5 + 1.9% versus 60.9 + 6.3% in leukemia-derived cell line, average
93.4 £ 1.6% versus 47.2 £ 7.4% in primary MNI1 cell line, unpaired t-test at day 14, P<0.01)
(Figure 3.9Bii), suggesting that cells with downregulated Meis2 are at a competitive
disadvantage and are rapidly eliminated from the population. This is supported by in vitro
competitive assays, where GFP 'meKO2" shMeis2-transduced MN1 cells are mixed with equal
numbers of control GFP" MNI1 cells and the population kinetics tracked by their fluorescence
expression. In competitive assays, the contribution of shMeis2-transduced MN1 cells decreases

rapidly, with significantly fewer cells than the untransduced counterparts within seven days
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(average 29.1 + 7.6% versus 69.3 + 1.2% in leukemia-derived cell line, average 8.8 + 3.8%
versus 42.9 + 0.8% in primary MNI1 cell line, unpaired t-test, P<0.01) indicative of severe
growth impairment in vitro (Figure 3.9Biii). To measure the effect of Meis2 knockdown on in
vitro self-renewal ability, I functionally assayed transduced cells for colony-forming ability.
Cells transduced with shMeis2 show significant impairments in colony formation over four
successive platings in the CFU assay (unpaired t-test, P<0.05 or P<0.01), providing evidence for
an impairment of in vitro self-renewal upon loss of Meis2 (Figure 3.9Ci). In addition, flow
cytometric analysis of the cells comprising these colonies demonstrate that the proportion of
cells expressing the shRNAs, measured by proportion of meKO2-positive cells, is significantly
lower in primary, secondary, tertiary, and quaternary colonies compared to initial levels (7.3 +
4.1% from one shRNA versus 78 + 8 % in the leukemia-derived cell line and 6.5 + 3.5% from
one shRNA versus 97.8 + 0.4% in the primary MNI1 cell line at fourth plating, unpaired t-test,
P<0.01) (Figure 3.9Cii) and thus consistent with the downregulation of Meis2 in MN1 leukemic
cells resulting in their rapid removal. Moreover, knockdown of Meis2 leads to increases in
CDI11b (unpaired t-test, P<0.01 for leukemia-derived cell lines; P<0.05 for primary MN1 cell
lines) (Figure 3.9Di) and, to a lesser degree, Gr-1 expression in vitro (data not shown),
suggesting that Meis2 also contributes to the myeloid differentiation block. Together, these data
suggest that there is a strong negative selection against MN1 cells lacking upregulated Meis2
expression, with knockdown of Meis2 impairing in vitro growth, self-renewal ability and

survival, and the myeloid differentiation block characteristic of these leukemic cells.
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Figure 3.9 Knockdown of Meis2 impairs the functional leukemic properties of MN1 cells
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(A) Relative mRNA expression of mMeis2 in MN1 cells three and six days after ShARNA transduction. (B)(i) Growth
kinetics of Renilla-, shMeis2-transduced MN1 cell line after lentiviral transduction. (ii) Kinetics of meKO2"
expression of Renilla- and shMeis2-transduced MN1 cells after flow cytometric purification. (iii) Competitive
growth assay containing mixed populations of 50% sorted untransduced MNI1 cells and 50% sorted Renilla- or
shMeis2-transduced (meKO2") MNI1 cells. Sorted meKO2" MNI cells; n=3 from 3 (shMeis2 2248) or 2
(shMeis2 1619 and shMeis2 1746) independent experiments, multiple two-sided t-test in Renilla vs shRNA; error
bars represent £ SEM; *P<0.05, **P<0.01. (C)(i) Serial colony replating of Renilla- and shMeis2-transduced sorted
MNI cell lines, represented per 1000 cells plated. (i) meKO2+ expression of cells comprising colonies of
transduced MN1 cells in CFU assay. Sorted meKO2" cells, n=4 from 2 independent experiments, multiple two-sided
t-test; error bars represent £SEM; *P<0.05, **P<0.01. (D)(i) CDI11b" expression of Renilla- and shMeis2-
transduced leukemia-derived MN1 cell lines 10 days post-sort. (ii) Kinetics of c-Kit" expression in Renilla- and
shMeis2-transduced MN1 cells. Sorted meKO2" MN1 cells; n=3 from 3 (shMeis2 2248) or 2 (shMeis2 1619 and

shMeis2 1746) independent experiments; error bars represent = SEM; *P<0.05, **P<0.01.

To further investigate the impairment seen in MNI cell growth and proliferation upon
knockdown of Meis2, I investigated the effect of Meis2 downregulation on cell cycle and
apoptosis. Studies in other tissues have pointed to a regulatory role for Meis2 at the G2-M cell
cycle checkpoints'®! and in S phase.'® However, BrdU assays do not demonstrate changes in
MNI1 cell cycle distribution upon knockdown of Meis2 (Figure 3.10A). In contrast, apoptosis
assays based on Annexin V binding show significant increases in both early and late apoptosis,
with an 8.1 + 0.3% increase in total apoptotic cells after four days in culture (Figure 3.10B).
Concurrently, there is a 5.1 + 1.1% decrease in the proportion of live cells, suggesting that a
negative selective pressure against loss of Meis2 in MNI1 cells resulting in the rapid removal of

shMeis2-transduced cells from the population (unpaired t-tests, P<0.01) (Figure 3.10B).
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Together, these data provide new evidence that Meis2 plays an important role in MN1 leukemic

cell growth, competitive ability, self-renewal, and contributes to blocks in myeloid

differentiation and apoptosis in vitro.
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(A)(1) Representative cell cycle distribution (BrdU incorporation/7-aminoactinomycin D, 7-AAD) flow cytometric
analysis in Renilla- and shMeis2-transduced ex vivo-derived MNI1 cell line at day 0, 3, and 7 post-transduction. (ii)
Summary of cell cycle distribution (BrdU incorporation/7-AAD) in Renilla- and shMeis2-transduced ex vivo-
derived MN1 cell line. meKO2" sorted cells, n=3 from 3 independent experiments. Error bars represent + SEM;
*P<0.05, **P<0.01. (B)(i) Representative flow cytometric analysis of apoptosis (Annexin V/7-AAD staining) of
Renillla- and shMeis2-transduced MNI cells at 0 and 4 days post-sort. (ii)) Annexin V apoptosis assay summary of
Renilla- and shMeis2-transduced live, early apoptotic, and late apoptotic MN1 cells at 0 and 4 days post-sort from 3
independent experiments in triplicate. Multiple two-sided t-test in Renilla vs shMeis2 2248. Error bars represent +

SEM; **P<0.01.

3.3.7 Knockdown of Meis2 impairs MN1 leukemic cell engraftment Kinetics in vivo

To evaluate the role of Meis2 in engraftment and leukemogenicity of MN1 cells, I transplanted
100,000 Renilla- or shMeis2-transduced MN1 leukemic cells into lethally-irradiated recipient
mice. Knockdown of Meis2 significantly increases the latency of disease in both MN1 leukemic
models, with median latency from 41 to 50 days (Mantel-Cox, P=0.001) in the leukemia-derived
MN1 model and 47 to 55 days in the primary MNI1 cell line model (Mantel-Cox, P=0.0119)
(Figure 3.11A). Analysis of engraftment kinetics by sampling of peripheral blood at biweekly
intervals also reveals significant impairments in the ability of shMeis2-transduced cells to engraft
(Figure 3.11B) and is thus consistent with the delay in leukemia onset. This is especially
prominent in the first six weeks post-transplant, as mice transplanted with shMeis2-transduced
cells display lower levels of engraftment four weeks post-transplant (7.1 + 4.5% engraftment
with shMeis2-transduced cells versus 32.5 + 18.5% engraftment with control cells, unpaired t-
test, P<0.01) (Figure 3.11B). Mice transplanted with shMeis2 cells also show modest but

insignificant increases in Gr-1", Gr-1'CD11b", and CD11b" cells and decreases in c-Kit" cells
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during the first six weeks post-transplant (all n.s.), suggesting that decreased Meis2 alone is
insufficient to relieve the block in myeloid differentiation in vivo (Figure 3.12A-D). At the time
of sacrifice, engraftment levels had plateaued (Figure 3.11C) and signs of leukemia (high
proportion of donor-derived cells, splenomegaly, elevated white blood cell counts, and depressed
red blood cell and platelet counts) (Figure 3.12E-F) were essentially identical for mice receiving

shMeis?2 -transduced MN1 cells versus control MN1 cells.
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Figure 3.11 Knockdown of Meis2 increases latency and delays engraftment kinetics of MN1 cells

(A) Survival curve of mice transplanted with Renilla- and shMeis2-transduced (i) leukemia-derived and (ii) primary

MNI cell lines. Leukemia-derived: n=13 for Renilla, n=8 for shMeis2; primary: n=9 for Renilla, n=10 for shMeis2;

Mantel-Cox. (B) Engraftment kinetics of mice transplanted with Renilla- and shMeis2-transduced (i) leukemia-

derived and (ii) primary MN1 cell lines, as determined by bi-weekly peripheral blood analysis. Leukemia-derived:
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n=13 for Renilla, n=8 for shMeis2; primary: n=9 for Renilla, n=10 for shMeis2; multiple two-sided t-test in Renilla
vs shMeis2 2248; error bars represent = SD; { indicates all mice were sacrificed after this timepoint due to disease,
*P<0.05, **P<0.01. (C) Engraftment of mice transplanted with Renilla- and shMeis2-tranduced (i) leukemia-
derived and (ii) primary MN1 cell lines at time of sacrifice determined by peripheral blood analysis. Leukemia-
derived: n=13 for Renilla, n=8 for shMeis2; primary: n=9 for Renilla, n=10 for shMeis2; multiple two-sided t-test in
Renilla vs shMeis2 2248; error bars represent + SD; t indicates all mice were sacrificed after this timepoint due to

disease; *P<0.05, **P<0.01.
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Figure 3.12 Mice transplanted with shMeis2-transduced cells develop leukemia

(A) Kinetics of Gr-1" expression in meKO2" engrafted bone marrow of mice transplanted with Renilla- or shMeis2-
transduced (i) leukemia-derived- and (ii) primary MN1 cell lines and (iii) in bone marrow, peripheral blood, and
spleen cells at sacrifice. (B) Kinetics of Gr-1'CD11b" expression in meKO2 * engrafted bone marrow of mice
transplanted with Renilla- or shMeis2-transduced (i) leukemia-derived and (ii) primary MN1 cell lines and (iii) in
bone marrow, peripheral blood, and spleen cells at sacrifice. (C) Kinetics of CD11b" expression in meKO2 *
engrafted bone marrow of mice transplanted with Renilla- or shMeis2-transduced (i) leukemia-derived and (ii)
primary MNI cell lines and (iii) in bone marrow, peripheral blood, and spleen cells at sacrifice. (D) Kinetics of c-
Kit" expression in meKO2" engrafted bone marrow of mice transplanted with Renilla- or shMeis2-transduced (i)
leukemia-derived and (ii) primary MN1 cell lines and (iii) in bone marrow, peripheral blood, and spleen cells at
sacrifice. (E) Mean spleen weight of mice transplanted with Renilla- or shMeis2-transduced leukemia-derived or
primary MNI cell lines at sacrifice. (F) Kinetics of (i) white blood cell count, (ii) red blood cell count, (iii) platelet
count, (iv) hemoglobin concentration, and (v) hematocrit percentage in peripheral blood of mice transplanted with
Renilla- or shMeis2-transduced leukemia-derived and primary MN1 cell lines. Leukemia-derived: n=13 for Renilla,
n=8 for shMeis2; primary: n=9 for Renilla, n=10 for shMeis2, two-sided t-test in Renilla vs shMeis2. Error bars

represent = SD; T indicates all mice were sacrificed after this timepoint due to disease, *P<0.05.
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Comparisons of the proportion of meKO2-expressing donor-derived cells within engrafted cells
shows that 14.0 £ 11.8% of engrafted shMeis2-transduced cells express the shRNA compared to
86.3 + 15.3% of engrafted Renilla-transduced control cells, demonstrating strong negative
selection against cells with downregulated Meis2 (unpaired t-test, P<0.01) (Figure 3.13A-B).
Furthermore, copy number analysis of mouse bone marrow at time of sacrifice reveals that all
mice had equal vector copy numbers, despite lower meKO2 expression in bone marrow from
mice transplanted with shMeis2-transduced cells versus those that received Renilla-transduced
cells (unpaired t-test P<0.01). This suggests that impairments in shMeis2-transduced cells were
not due to differences in frequency of vector insertion and provides further evidence for strong

negative selection against Meis2 knockdown (Figure 3.13C).
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Figure 3.13 Mice transplanted with shMeis2-transduced cells show loss of ShRNA expression over time

(A) Proportion of meKO2" cells within engrafted cells of mice transplanted with Renilla- and shMeis2-transduced
(i) leukemia-derived and (ii) primary MN1 cell lines, as determined by bi-weekly peripheral blood analysis.
Leukemia-derived: n=13 for Renilla, n=8 for shMeis2; primary: n=9 for Renilla, n=10 for shMeis2. Multiple two-
sided t-test in Renilla vs shMeis2 2248. Error bars represent + SD; T indicates all mice were sacrificed after this

timepoint due to disease, ¥*P<0.05, **P<0.01. (B)(i) qRT-PCR of relative meKO2 expression in bone marrow of
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mice transplanted with Renilla- or shMeis2-transduced leukemia-derived or primary MN1 cell lines at sacrifice. (ii)
gRT-PCR of number of virus copies in bone marrow of mice transplanted with Renilla- or shMeis2-transduced
leukemia-derived or primary derived MN1 cell lines at sacrifice. Leukemia-derived: n=6 for Renilla, n=8 for
shMeis2; primary: n=6 for Renilla, n=7 for shMeis2, two-sided t-test in Renilla vs shMeis2. Error bars represent =

SD; *P<0.05, **P<0.01.

Together, these data demonstrate that Meis2 is critical to the in vivo leukemogenic ability of
MN1, as knockdown of Meis2 severely compromises the engraftment kinetics, increases disease

latency, and results in in rapid depletion of shMeis2-transduced cells from the population.

3.3.8 Exploring MEIS1, MEIS2, and MN1 expression in human hematopoietic

malignancies

At the time these studies were initiated, there was little known association between MEIS2 and
leukemia. Having demonstrated the relevance of Meis2 in MN1 leukemogenesis in the MN1
murine model, [ investigated if upregulation of MEIS2 could be detected in human

hematopoietic malignancies.

Data from the TCGA AML and Leukemia Microarray Innovations in Leukemia (MILE) datasets
show significant MEIS2 upregulation in patients with t(8;21) (AMLI1-eight-twenty one, AML-
ETO) compared to all other AML subtypes including AML t(11g23)/MLL, inv(16)/t(16;16),
t(15;17) and AMLs with complex karyotypes (Student’s t-test, P<0.01 and P<0.001) (Figure
3.14A-B)'®. In addition, MN1 and MEIS2 are significantly upregulated in AML inv(16)

compared to t(11q23)/MLL, and t(15;17) (Student’s t-test, P<0.05) (Figure 3.14C)'®. As high
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expression of MN1 is associated with patients with inv(16) , there may be a subset of

patients expressing inv(16) with both high MN1 and MEIS2 expression.
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Figure 3.14 MEIS2 and MN1 expression in patients with AML from TCGA AML and Leukemia MILE
datasets

(A) MEIS2 expression levels in human AMLs with various genetic aberrations, complex karyotype, and whole bone
marrow cells from TCGA. (B) Hierarchical tree showing MEIS2 expression level MEIS2 expression levels in
patients from Leukemia MILE dataset. (C) Hierarchical tree showing MN1 expression in patients from TCGA AML
dataset. Student’s two-tailed t-test, *P<0.05, **P<0.01, ***P<0.001.
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Examination of patients with AML or MDS from a small in-house dataset shows higher MEIS1
and HOXAO9 expression in patients with AML and low expression of MN1 (Welch’s two-sample
t-test, P<0.01) (Figure 3.15A). HOXADO9 levels are also significantly higher in patients with low
MNI1 expression that develop AML subsequent to MDS (AML-MDS), and those that develop
therapy-related AML (tAML) (Welch’s two-sample t-test, P<0.05), suggesting that
transcriptional pathways outside of MEIS1 play a role in MN1 leukemogenesis. In addition,
there is a wider range of MEIS2 expression levels in patients with lower MN1 expression.
Interestingly, there are specific patients with high MEIS2 expression that also showed lower
levels of MEIS1 expression. However, the sample size is too small to determine if this

correlation is statistically significant (Figure 3.15B).
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Figure 3.15 Gene expression from in-house patient MDS and AML dataset

(A) Distribution of HOXA9, MEIS1, MEIS2, and MN1 expression in patients with AML or MDS, categorized by
MNI expression level. *P<0.05, **P<0.01 (two-sided Welch’s two-sample t-test). (B) Heat map of HOXA9, MNI,
MEIS1, and MEIS2 expression from patients with AML or MDS, classified by MEIS1 and MN1 expression level

and NPM1 status.
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To access a larger patient dataset, I examined publicly available gene expression profiles of

* show no significant

patients with AML. Gene expression data from Valk and colleagues'®
correlation between MEIS2 expression and inv(16) AML or MN1 high-expressing AML. (Table
3.4) However, across AML subtypes, MEIS1 and MEIS2 are inversely and significantly
correlated (Pearson correlation, r=-0.224, -0.237, -0.245) (Table 3.5-3.7). As MEIS1 and MEIS2
share 85% amino acid sequence similarity (Figure 3.16), this may be sufficient to activate some
shared downstream targets in the absence of signaling from their primary regulator. Interestingly,
gene expression kinetics of primary MN1 subpopulations in in vitro culture show that low levels
of Meisl in the first 7-14 days in culture are accompanied by upregulation of Meis2 expression,
which is then reversed as Meisl levels increased after 14 days in culture (Figure 3.17),
suggesting that expression levels of the family members are inversely correlated. Furthermore,
knockdown of Meis2 in our leukemia-derived MN1 cell line results in an approximate 10-fold

increase in Meisl expression (unpaired t-test, n.s.), supporting the idea of some degree of

compensatory  expression  between  these  family @ members  (Figure  3.18).
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Table 3.4 Correlation of MN1, MEIS1, MEIS2, and MEIS3 gene expression in patients with inv(16) AML

Pearson Correlations

MNI |MEIS1 pl [MEIS1 p2|MEISI p3| MEIS2 |MEIS3 pl| MEIS3 p2

MN1 Pearson Correlation 1 -1 537" -243 081 079 -.380

Sig. (2-tailed) 045 .008 263 712 722 074

N 23 23 23 23 23 23 23

MEIS1 pl Pearson Correlation |  -.421" 1 951" 864" 130 125 195

Sig. (2-tailed) 045 .000 .000 555 569 373

N 23 23 23 23 23 23 23

MEIS1 p2 Pearson Correlation | -.537" 951" 1 864" 101 .095 244

Sig. (2-tailed) .008 .000 .000 648 666 262

N 23 23 23 23 23 23 23

MEIS1 p3 Pearson Correlation -.243 864" 864" 1 119 118 139

Sig. (2-tailed) 263 .000 .000 588 591 528

N 23 23 23 23 23 23 23

MEIS2 Pearson Correlation .081 .130 .101 119 1 999" -.139

Sig. (2-tailed) 712 555 648 588 .000 526

N 23 23 23 23 23 23 23

MEIS3 pl Pearson Correlation 079 125 .095 118 .999™ 1 -.134

Sig. (2-tailed) 722 569 666 591 .000 542

N 23 23 23 23 23 23 23

MEIS3 p2 Pearson Correlation -.380 195 244 .139 -.139 -.134 1
Sig. (2-tailed) 074 373 262 528 526 542

N 23 23 23 23 23 23 23

*. Correlation is significant at the 0.05 level (2-tailed).

**_Correlation is significant at the 0.01 level (2-tailed).

156



Table 3.5 Correlation of MN1, MEIS1, MEIS2, and MEIS3 gene expression in patients with AML

Pearson Correlations

MNI |MEIS1 pl [MEIS1 p2|MEISI p3| MEIS2 |MEIS3 pl| MEIS3 p2
MNI1 Pearson Correlation 1 .091 .095 041 -.062 .044 061
Sig. (2-tailed) 292 271 637 475 610 484
N 135 135 135 135 135 135 135
MEIS1 pl Pearson Correlation 091 1 967" 9127 -2447 052 -.145
Sig. (2-tailed) 292 .000 .000 .004 546 094
N 135 135 135 135 135 135 135
MEIS1 p2 Pearson Correlation .095 967" 1 8747 -237" .080 -.158
Sig. (2-tailed) 271 .000 .000 .006 356 067
N 135 135 135 135 135 135 135
MEIS1 p3 Pearson Correlation 041 912" 874" 1| -245" 065 -.095
Sig. (2-tailed) 637 .000 .000 .004 455 273
N 135 135 135 135 135 135 135
MEIS2  Pearson Correlation -.062 -244" =237 -245" 1 -.052 102
Sig. (2-tailed) 475 004 .006 004 549 240
N 135 135 135 135 135 135 135
MEIS3 pl Pearson Correlation .044 052 .080 065 -.052 1 -.081
Sig. (2-tailed) 610 546 356 455 549 353
N 135 135 135 135 135 135 135
MEIS3 p2 Pearson Correlation .061 -.145 -.158 -.095 102 -.081 1
Sig. (2-tailed) 484 094 067 273 240 353
N 135 135 135 135 135 135 135

**_ Correlation is significant at the 0.01 level (2-tailed).




Table 3.6 Correlation of MN1, MEIS1, MEIS2, and MEIS3 gene expression in patients with normal karyotype AML

Pearson Correlations

MNI |MEIS1 pl [MEIS1 p2|MEISI p3| MEIS2 |MEIS3 pl| MEIS3 p2
MNI1 Pearson Correlation 1 .091 .095 041 -.062 .044 .061
Sig. (2-tailed) 292 271 637 475 610 484
N 135 135 135 135 135 135 135
MEIS1 pl Pearson Correlation 091 1 967" 9127 -2447 052 -.145
Sig. (2-tailed) 292 .000 .000 .004 546 .094
N 135 135 135 135 135 135 135
MEIS1 p2 Pearson Correlation .095 967" 1 8747 -237" .080 -.158
Sig. (2-tailed) 271 .000 .000 .006 356 067
N 135 135 135 135 135 135 135
MEIS1 p3 Pearson Correlation 041 912" 874" 1| -245" 065 -.095
Sig. (2-tailed) 637 .000 .000 .004 455 273
N 135 135 135 135 135 135 135
MEIS2  Pearson Correlation -.062 -244" =237 -245" 1 -.052 102
Sig. (2-tailed) 475 004 .006 004 549 240
N 135 135 135 135 135 135 135
MEIS3 pl Pearson Correlation .044 052 .080 065 -.052 1 -.081
Sig. (2-tailed) 610 546 356 455 549 353
N 135 135 135 135 135 135 135
MEIS3 p2 Pearson Correlation .061 -.145 -.158 -.095 102 -.081 1
Sig. (2-tailed) 484 094 067 273 240 353
N 135 135 135 135 135 135 135

**_ Correlation is significant at the 0.01 level (2-tailed).




Table 3.7 Correlation of MN1, MEIS1, MEIS2, and MEIS3 gene expression in patients with AML with other karyotypes

Pearson Correlations

MNI |MEIS1 pl [MEIS1 p2|MEISI p3| MEIS2 |MEIS3 pl| MEIS3 p2
MNI1 Pearson Correlation 1 .003 .033 -.044 .035 .104 -.139
Sig. (2-tailed) 974 753 676 739 325 188
N 91 91 91 91 91 91 91
MEIS1 pl Pearson Correlation .003 1 980" 9407 |  -269" -011 -.141
Sig. (2-tailed) 974 .000 .000 010 914 184
N 91 91 91 91 91 91 91
MEIS1 p2 Pearson Correlation 033 980" 1 9227 -287" 019 -135
Sig. (2-tailed) 753 .000 .000 .006 860 203
N 91 91 91 91 91 91 91
MEIS1 p3 Pearson Correlation -.044 940" 922" 1| -210° -.016 -116
Sig. (2-tailed) 676 .000 .000 046 878 273
N 91 91 91 91 91 91 91
MEIS2  Pearson Correlation 035 269" -287" -210 1 -.021 -.031
Sig. (2-tailed) 739 010 .006 046 845 771
N 91 91 91 91 91 91 91
MEIS3 pl Pearson Correlation 104 -.011 .019 -.016 -.021 1 -.115
Sig. (2-tailed) 325 914 860 878 845 279
N 91 91 91 91 91 91 91
MEIS3 p2 Pearson Correlation -.139 -.141 -.135 -.116 -.031 -.115 1
Sig. (2-tailed) 188 184 203 273 771 279
N 91 91 91 91 91 91 91

**_ Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).




Meis2 iso2 1 MAQRYDELPHYGGMD GVGVPASMYGD PHAPRPIPPVHHLNHGP PLHATQHyyAHAPHPNVMPASMGSAVNDALKRDKDALI 80
Meisla 1 MAQRYDDLPHYGGMD GVGIPSTMYGD PHAARSMQPVHHLNHGP PLHSHQY--PHTAKTNAMAPSMGSSVNDALKRDKDAL 78
Meislb 1 MAQRYDDLPHYGGMD GVGIPSTMYGD PHAARSMQPVHHLNHGPPLHSHQY- - PHTAHTNAMAPSMGSSVNDALKRDKDAI 78

Meis?2 iso2 81  YGHPLFPLLALVFEKCELATCTPREPGVAGGDY
Meisla 79 YGHPLFPLLALIFEKCELATCTPREPGVAGGDVC
Meislb 79 YGHPLFPLLALIFEKCELATCTPREPGVAGGDY

SFNEDIAVFAKQVRAEKPLFSSNPELDNLMIQAIQVLRFHLLE 160
SFNEDIAVFAKQIRAEKPLF PELDNLMIQAIQVLRFHLLE 158
SFNEDIAVFAKQIRAEKPLFSSNPELDNLMIQAIQVLRFHLLE 158

Meis2 iso2 161 LEKVHELCDNFCHRYISCLKGKMPIDLVIDERDGSSKSDHEELSGSStNLADHNPSSWRDHDDATSTHSAGTPGPSSGGH 240
Meisla 159 LEKVHELCDNFCHRYISCLKGKMPIDLVIDDREGGSKSDSEDVIRSA-NLTDQ-PSWNRDHDDTASTRIGGTRG GH 236
Meislb 159 LEKVHELCDNFCHRYISCLKGKMPIDLVIDDREGGSKSDSEDVTRSA-NLTDQ-PSWNRDHDDTASTRSGGTPGPSSGGH 236

Meis2 is02 241 ASQSGDNSSEQGDGLDNS 1'-PGTGI'I!IJI'I'DHIGII{PQKI-IFGIFPI-C'-.-'A'ITII!—IFAHLFI]HLT}"IP"."PE’-EEU['&'J]LA\'_!I‘TGLTI 320
Meisla 237 TSHSGDNSSEQGDGLDNSVASPSTGDDDD PDKDKHRHKKRGIFPKVATNIMRAVLFQHLTHPYPSEEQKKQLAQDTGLTI| 316
Meislb 237 TSHIGDUES

QGDGLDNSVASPSTGDDDD PDKDKHRHKKRGI FPEVATNIMRAWLFQHLTHPYPSEEQKKQLAQDTGLTI| 316

Meis2 iso2 321 |LQ‘-.-'mmWIl’-IARPFI‘u‘DIFI-lI[DU:’:iHFA""'GM\'."SPEI}UPI-IISSf"'.-'LI'I}I]QH]-IISIPLPAGLOEHPGD VEQGGPMGMGMAQPSY| 400
Meisla 317 |LOVNNWFINARRRIVQPMIDQSNRAVSOQGTPYNPDGQPMGGFVMDGOQHMGIRAPGPMS -~ —-—cmmmm GUGMNMG----| 382
Meislb 317 |LOQVNNWFINARRRIV(QPMIDQSNRAVSQGTPYNPDGQPHGGFVMDGQQHMGIRAPGLQSMPGEYVARGGPMGVSHGOPSY| 396

Meis2 iso2 401 (TPPOMTPHPTQLRHGPPMHSYLPSHPHHPAMVMHGGPPtHPGMTHMSAQSPTMLNSVDPNVGGQVMDIHAY| 470
Meisla 383 [MEGQU----|---======== == e e e e e 387
Meislb 397 |TQAQMPPHPROLRHGPPMHTYIPGHPHHPAVMMHGGOP-HPGMPHS SVLNTGDPTMSAQVMDIHAQ 465

Figure 3.16 Alignment of Meis2, Meisla, and Meislb amino acid sequences
Amino acids conserved between all three Meis members/isoforms listed in red; amino acids conserved between two
isoforms listed in blue. DNA binding domain outlined in green; transcriptional activation domain outlined in

magenta.
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Figure 3.17 MN1, Meis1, and Meis2 gene expression kinetics of MN1 subpopulations in vitro
(A) MN1, (B) Meisl, and (C) Meis2 gene expression kinetics of primary MN1 mouse bone marrow cells sorted into
MNI1 bulk, cKit, and CD11b subpopulations and cultured in vitro. n=3 from three independent experiments. Error

bars represent + SD.
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Figure 3.18 Relative gene expression of Meis1 and Meis2 upon knockdown of Meis2
Relative gene expression of mMeisl and mMeis2 six days post-transduction in Renilla- or shMeis2 2248-

transduced MN1 cells. Sorted meKO2" cells, n=3, two-sided t-test. Error bars represent + SD; *P<0.05, **P<0.01.

3.4 Discussion

The data presented in this chapter identify and characterise key genes underlying MN1 leukemia.
Functional studies demonstrate that the phenotypic heterogeneity of MN1 leukemic cells reflect a
hierarchical model in which LSCs reside predominantly in the cKit subset and can regenerate the
full spectrum of LIC-containing and LIC-depleted leukemic cells. Gene expression profiling of
MN1 subpopulations, combined with comparisons of cells transduced with wildtype MN1 versus
variants with differing leukemic activity, identified a shortlist of genes potentially critical to
MNI1 leukemogenesis. Knockdown of HIf or HoxA9 significantly blunts leukemic cell growth
and colony formation in vitro, demonstrating their critical roles in leukemia maintenance.

Surprisingly, Meis1 knockdown has minimal effects on in vitro measures of leukemic activity. In
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contrast, knockdown of Meis2 profoundly impairs in vitro proliferation and colony-forming
ability, and partially restores myeloid differentiation, owing in part to increased apoptosis.
Transplantation of shMeis2-transduced MN1 cells increases the latency of disease onset due to
delayed engraftment kinetics and rapid depletion of shMeis2-expressing cells post-
transplantation. Together, these data provide further support for the roles of HoxA9 and Meisl in
leukemia, demonstrate a functional role for HIf in AML, and identify Meis2 as a novel essential

player in MN1-induced leukemogenesis.

As previously described, immune regulation and response gene sets are enriched in the LIC-
depleted CD11b subset. Interestingly, previous studies using MN1VP16 identified dysregulated
immune regulation and response pathways in MN1 leukemia, tied to downregulation of Irf8 and
its downstream target Ccl9'"”. Similarly, as described in Chapter 2 of this thesis, eosinophil
cationic proteins (Earl, Ear2, and Ear3), which play a role in neutrophil maturation, are among
the most differentially upregulated genes between the more-mature leukemic MN1A7 and MN1
leukemic cells"'. Together, these data suggest that suppression of immune pathways contribute
to MNI1 leukemic properties. Conversely, the limited downregulation of immune response
pathways are more closely associated with the CD11b subfraction of MN1 leukemic cells and

their reduced leukemogenic activity and more mature immunophenotype.

Among genes upregulated in the cKit subset are HIf and members of the HoxA family and Meisl
transcription factors, the latter being well-known to play key roles in leukemic transformation,
self-renewal, proliferation, and impairment of differentiation®” “***7”. Overexpression of HIf has
established its role in HSC engraftment and apoptosis inhibition'®’, and it has been tied to
leukemia through the chromosomal translocation E2A-HLF in human B-cell acute lymphoblastic

leukemia (B-ALL)'®*. However, the role of HIf in AML has been largely unexplored, despite its
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identification as a candidate gene for expansion and transformation of HSCs by NUP98-HOX
fusion genes'®. The work presented in this chapter provides new evidence that HIf plays a role
in the self-renewal and proliferative ability of MN1 AML cells. Additionally, data presented in
this chapter reveals that shRNA-mediated knockdown of HIf is associated with a significant
decrease in HoxA9 expression. This previously unrecognized regulatory relationship between
HIf and HoxA9, and notably the possibility that HIf is an upstream regulator of HoxA9 will be of

interest to explore in future studies.

Previous work from our lab showed that MEIS1 is essential for MN1-induced transformation, as
demonstrated by the inability of GMPs to be transformed by ectopic expression of MN1 in the
absence of engineered co-overexpression of MEIS1 and HOXA9 or HOXA10'®. However, it is
unknown if upregulation of MEIS1 is required for MNI leukemogenesis beyond the
transformation event. Although MEIS1 contributes to the maintenance of AML in the MLL-AF9
model®, studies evaluating its role in MN1 leukemic maintenance and progression are lacking.
Surprisingly, knockdown of Meis1 has a minor impact on in vitro growth kinetics and short-term
colony-forming ability of MNI1 cells and no effect on in vitro competitive ability or myeloid
differentiation block. This may reflect insufficient Meisl knockdown, so further studies of a
complete Meisl knockout will be of interest. However, my findings are also consistent with a
model in which upregulation of Meis] is necessary for the initiation of MN1-induced leukemic
transformation but not for maintenance of leukemic activity. Given the minimal effects of Meisl
knockdown on MNI1 leukemic properties, closer examination of other Meis family members
identified Meis2 as significantly upregulated in MN1 cells compared to MN1Al or MN1VP16-
transduced cells, and over 190-fold upregulated in MN1 leukemic cells over normal CMPs.

Meis2 is typically associated with immature cells in embryonic development. High Meis2
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expression plays a role in the proliferation and regulation of fate specification of retinal

progenitor cells'®®

, and human cardiomyocyte cell proliferation as a reported target of miR-
134"¥7- 188 My data shows that Meis2 was expressed at substantially lower levels than Meis] in
all normal hematopoietic compartments tested, and its highest expression levels are found in the
stem and progenitor cell compartments. Meis2 has only recently been implicated in malignant
hematopoiesis, having been reported as upregulated in AML and ALL cell lines'. This is
consistent with data in this chapter showing upregulation of Meis2 in primary murine MN1
leukemic bone marrow over normal CMPs and bulk bone marrow and in the LIC-containing over
the LIC-depleted fraction in a human cord blood model of MN1-induced leukemia. Additionally,
Meis2 is significantly upregulated in a murine model of AML driven by co-overexpression of

190

HoxA9 and Meis1'? and primary AMLI-ETO-positive cells and human models'*’. Together, this

data suggests that MEIS2 upregulation may occur in a subset of AMLs.

Expression of Meis2 in immature cells is tied to its role in differentiation. Meis2 is essential for
cranial neural crest development. Meis2-deficient embryos exhibit defects in tissues derived
from the neural crest, including abnormal heart outflow tract, cardiac and cranial nerves, cranial

¥ In addition, Meis2 plays a role in lens placode development'*'**  the

bones, and cartilage
production and retention of interdigital cells in the bat forelimb webbing'”, regulating
embryonic stem cell differentiation into cardiac, neural, and retinal cell lineagesm, and spatial
delineation in limb and digit developmentl%. Similarly, Meis2 is expressed with Meis1, HoxA9,
and HoxB4 in undifferentiated 32Dcl3 cells and downregulation of its expression is required for
32Dcl3 cell differentiation in the presence of IL3'7, supporting a role in the maintenance of

immature cells in the hematopoietic system. This proposed role in differentiation is consistent

with the observed knockdown of Meis2 significantly increasing CD11b expression in MNI1 cells
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in vitro, a phenotype that was also observed upon shRNA-mediated knockdown of MEIS2 in
AMLI-ETO-positive cells'. Although the increase in mature myeloid cell markers is minor,
suggesting that other genes contribute to the block in myeloid differentiation, the largest increase
in expression of donor-derived mature myeloid cells in vivo occurs within six weeks post-

transplant, coinciding with the most marked delay in shMeis2-transduced cell engraftment.

Recent work by Vegi and colleagues demonstrated that MEIS2 is significantly upregulated in
AMLI-ETO leukemia and is critical for leukemogenesis'. Cell lines containing the AMLI-
ETO translocation show decreased proliferation and colony-forming ability, decreased cells in
GO/G1 phase of cell cycle, and increased CD11b expression upon knockdown of MEIS2'*’. In
contrast, retrovirally engineered co-expression of MEIS2 and AML1-ETO in murine progenitor
cells increases colony formation in the colony-forming unit-spleen (CFU-S) assay and decreases
the disease latency, with mice developing transplantable AML with high expression of the

0 In addition,

myeloid markers Gr-1 and CD11b, suggesting collaboration of these proteins
MEIS2 strongly binds to AMLI1-ETO, leading to a loss of AML1-ETO binding at the YESI
promotor region and increased YES1 expressionlgo. These data support a functional, critical role

for Meis2 in MNI1 leukemia, and prompt a further search for MEIS2 upregulation in other

leukemic subtypes.

While Meis2 and retinoic acid (RA) are both key players in the induction of differentiation, the

relationship between the two remains unclear. Early studies in P19 embryonic carcinoma cells

198

showed that Meis2 expression could be induced by exogenous RA treatment . In addition,

HOXATI, PBX1 or PBX2, and MEIS2 form a trimeric complex that binds directly to a regulatory

element of Raldh2, which is responsible for converting retinaldehyde to RA in the hindbrain.'*’

Thus, these data are consistent with a model in which RA expression levels are regulated by the
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Hox genes and their cofactors. However, recent studies in limb development show that Meis2
and RA may also operate independently, as both are expressed in bat wing membranes but have
independent functions and mechanisms, with RA responsible for regulating interdigital webbing

195 Further

thinning and Meis2 regulating the formation and maintenance of interdigital cells.
study may elucidate the potential relationship between Meis2 and RA-induced signaling in

leukemic cells.

As a master regulator of cell cycle expression, Meis2 is essential to maintain the expression of
many cell cycle genes, including those involved in DNA replication, G2-M checkpoint control,

and M phase progression in neuroblastoma cells'™'

. In addition, FOXMI is a direct target and
required for MEIS2 to upregulate mitotic genes in neuroblastoma cells'®! Similarly, Meis2 and
Pbx1 homeodomains interact with Klf4 and promote expression of pl15INK4a and E-cadherin
expression, as evidenced by decreased pl5 gene expression and increased S phase entry in
HepG?2 cells following knockdown of Meis2 or Pbx1 '®. At the time these studies were initiated,
the relationship between Meis2 and cell cycle in hematopoietic or AML cells was
uncharacterised. BrdU analysis of shMeis2-transduced MN1 cells showed no effect on cell cycle.
In contrast, sShRNA-mediated suppression of MEIS2 in AMLI1-ETO-positive cell lines showed

an increase in cells in GO/G1 phase'”’

. However, unlike Vegi and colleagues, experiments
described in this chapter did not include synchronization of cells prior to performing the BrdU
assaylgo. Consequently, small shifts in cell cycle distribution upon Meis2 knockdown may have
been masked by the well-documented proliferative ability of MN1 cells. In addition, conflicting

reports as to the cell cycle stage(s) impacted by modulation of Meis2 expression in oncogenic

contexts suggest that Meis2 has multiple cell cycle regulation targets, thus requiring further
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study. Together, these data suggest that while Meis2 may play a role in regulating cell cycle

progression, its contribution is likely minor in the context of MN1.

My data show that Meis2 knockdown in MNI1 cells increases cells in early and late apoptosis,
which is consistent with the impaired in vitro growth and in vivo engraftment and
leukemogenesis observed, and suggests apoptosis as a mechanism contributing to the elimination
of shMeis2-transduced MNI1 cells from the population. Although the increased apoptosis may be
linked to the increased myeloid differentiation observed upon knockdown of Meis2, given the
relatively low absolute CD11b expression in shMeis2-transduced MNI1 cells, it is likely that
Meis2 knockdown confers decreased fitness to MN1 cells, resulting in increased apoptosis and a
rapid depletion of these cells from the population. Noting the incomplete knockdown efficiency
provided by the shRNAs, this suggests that the impairment in proliferation and increased
apoptosis observed underestimates the impact of Meis2 knockdown, as the cells most affected by
the shRNA are likely removed from the population more rapidly than detected at the timepoints
analysed. These observations are consistent with examinations of embryonic lethal Meis2
knockout mice, which found large-scale cellular destruction and apoptosis, especially prominent
in the liver'®'. Observations of apoptosis are also supported by work in numerous cancer models,
as work in neuroblastoma cell lines show that ectopic MEIS2 overexpression enhances cell
proliferation, anchorage-independent growth, and tumorigenicity, while its depletion leads to M-
phase arrest and mitotic catastrophe''. Similarly, shARNA-mediated depletion of MEIS2 in
AMLI1-ETO-positive cell lines also results in reduced proliferation and colony formation and a
38% decrease in cell viability upon siMEIS2 depletion in a primary human AMLI-ETO
samplelgo. Similarly, the rapid depletion of shMeis2-transduced MN1 cells shortly after

transplantation supports the in vitro results, suggesting that MN1 cells expressing shMeis2 are
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rapidly removed from the in vivo environment through a combination of apoptosis,
differentiation, and inability to compete with untransduced MN1 cells. Together, this provides
evidence that Meis2 upregulation in leukemia is a critical factor in dysregulation of apoptotic

pathways and thus, contributes to the ability of leukemic cells to evade cell death.

As previously discussed, Meisl and Meis2 share 85.7% identical amino acid sequence and
nearly-identical DNA binding and transcriptional activation domains'®®. Consequently, the
proteins may bind to similar DNA sequences and likely overlap in their target genes. Meisl
conditional knockout mice generate all hematopoietic compartments, albeit at lower cell

81-83
numbers

, suggesting that other transcriptional pathways can compensate for the loss of
Meisl. As described in this chapter, absolute levels of Meis2 in LIC-containing MN1 subsets
isolated from MN1 leukemic BM increased over the first seven days in culture, before returning
to similar expression levels as at time of harvest. In contrast, MN1 and Meis] expression levels
decreased during the first 14 days after in vitro culture, after which they increased to levels seen
at time of harvest. This inverse pattern of Meis1 and Meis2 gene expression suggests a degree of
redundancy, such that upregulation of one Meis family member may be sufficient in leukemic
contexts. This is supported by cell lines with substantial expression of MEIS2 compared to
MEIS1, such as the ML2 line with 10-fold more MEIS2 than MEIS1, where knockdown of
MEISI had no effect on in vitro clonogenic ability®. Similarly, in the MN1VP16 leukemia
model, Meis2 is differentially regulated between MN1 and MNI1VP16, despite similar Meisl
levels. Furthermore, data from the TCGA AML dataset shows that high MEIS2 expression is
associated with improved overall survival. Consequently, while upregulation of Meisl with or

without Meis2 upregulation results in a more aggressive AML and occurs more frequently,

Meis2 upregulation alone may also activate sufficient overlapping pathways to induce AML.
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In the TCGA AML and Leukemia MILE datasets, MN1 and MEIS2 are upregulated in patients
with inv(16) and complex AML, suggesting that there may be a subset of AMLs that show
upregulation in both genes. However, the in-house dataset did not show a relationship between
MEIS2 and MN1 expression in patients with de novo or therapy-related AML or MDS. Although
this may be due to an insufficient sample size of patients with high MN1 expression, there is
similarly no relationship between MEIS2 and MNI1 in inv(16), MN1-high expressing, or across
AMLs from the Valk dataset'®. Interestingly, MEIS1 and MEIS2 are inversely and significantly

correlated across AML subtypes'”

. This provides support for a compensatory relationship
between MEIS1 and MEIS2 where AML may only require upregulation of one MEIS family
member, typically MEIS1. Consistent with this idea, knockdown of Meis2 in our leukemia-
derived MNT1 cell line also shows upregulation of Meis1. This provides evidence that MEIS1 and
MEIS2 can modulate their expression levels in response to activation of other family members,

suggesting there may be mechanisms regulating the expression of these genes in relation to one

another in leukemic cells.

These models provide a platform to identify and functionally assess genes critical to MN1
leukemic activity. Initial studies, described in this thesis, identify and characterize HoxA9, HIf,
and Meis2 as critical to leukemic properties. Furthermore, these models provide a platform to
unravel the basis for the profound upregulation of Meis2 in MNI1 leukemias, delineate potential
functional differences between Meis2 and Meisl, and stimulate further study into the role of

Meis2 in additional leukemic settings.
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Chapter 4: Conclusions

4.1 Summary

Most acute leukemias are characterized by overexpression of HOX genes and the TALE family
of cofactors’®. Similarly, the oncogene MNI is frequently upregulated in a wide range of
leukemias. A growing body of data point to strong cooperative functions that link MN1 to Hox
and Meis. The data presented in this thesis exploits a murine model of AML induced by
overexpression of MN1 to explore the leukemogenic functions of MN1 and to identify potential

genes, including HOX and MEIS family members, that are involved in its leukemic properties.

4.2 Significance of the work

4.2.1 MNI1 structure-function analysis

HOX protein homeodomains have a high degree of sequence similarity, requiring additional
sequence specificity to regulate the multiple downstream effects, often achieved through
interaction with co-factors and collaborators®"" 22, Current models suggest that TALE family co-
factors such as MEIS1 bind at regulatory elements, increasing chromatin accessibility, followed
by recruitment of HOX proteins like HOXA9**®, and recruitment of collaborators such as CREB
and CBP*"* and lineage-specific transcription factors like PU.1 and C/EBPa to HOXA9 binding
sites to increase chromatin accessibility, stabilize DNA binding and activate specific
transcriptional programs® 2. Among the many collaborators of MEIS1 and HOXA proteins is

MN1, which requires their transcriptional programs for leukemic transformation'?®.

170



The first significant contribution of my thesis is one of the first in-depth functional
characterizations of the MN1 structure. Chapter 2 of this thesis describes the delineation and
localization of specific regions of MNI1 at a structural level to the leukemic properties of
enhanced proliferation, self-renewal, impairments in erythroid, megakaryocyte, lymphoid, and
myeloid cell differentiation ability, and resistance to ATRA. Comparisons of gene expression
profiles of two MN1 variants, MN1A7 that generates a more mature AML than wildtype MNI1
and MNI1A1 which does not induce leukemia, to wildtype MN1 identified a subset of genes and
pathways potentially relevant to these leukemic properties. The MN1A7 leukemic phenotype was
later expanded upon by Sharma and colleagues, who also observed a more mature and less-
aggressive AML from the fusion of the VP16 transactivation domain to MNI1 and identified
downregulation of immune regulation and immune response pathways, specifically Irf8 and its

downstream target Ccl9, as critical targets of MN1-induced leukemia'"”.

The discovery that the C-terminal 606 amino acids of MNI1 regulate the myeloid-lymphoid
phenotypic identity of MNI1 leukemia stimulates questions surrounding regulation of lineage
identity in leukemogenesis and transformation. Transplantation of MN1AS5-7-transduced cells
gives rise to T-ALL as opposed to the AML arising from wildtype MN1 overexpression. It is,
however, unknown if this change in leukemic phenotypic identity arises from differences at the
transformation event, such as a change in the target cell of transformation, changes that occur
during leukemic progression due to differences in DNA binding, interacting proteins, or
epigenetic regulation, or arise from differing target cells of transformation. Sorting and
purification of HSCs, LMPPs, CMPs, and GMPs would facilitate investigation of the range of
target cells susceptible to transformation by MNI1AS-7 as compared to MNI1A7 with a more

mature myeloid phenotype, the non-leukemic MNIAI, and wildtype MNI1. Additionally,
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assessing properties including survival, proliferation, resistance to ATRA, and colony-forming
ability in vitro and induction of leukemia in vivo would elucidate the range of hematopoietic
stem and progenitor cells susceptible to transformation by each these MNI mutants, and if
varying the cell transformed impacts the phenotype that emerges. Of future interest, will be to
exploit these MNI1 variants using ChIP-Seq comparisons to elucidate differences in DNA
binding locations compared to wildtype MN1 and subsequently provide insight into gene
expression underlying the phenotype documented for each MN1 variant. Native ChIP-Seq and
genome-wide DNA methylation analysis would provide further insight into regulation of gene
expression at an epigenetic level. Examining the status of activating histone marks such as
H3K27ac and methylation of H3K4 and repressive marks such as H3K27 and H3K9
methylation, combined with DNA methylation status across the genome would aid in correlating
differences in gene expression with the specific phenotypes characteristic of wildtype MN1 and
MNI1 variants. Additionally, as few MNI-interacting proteins have been identified, mass
spectrometry and other proteomic studies would be of great interest to identify proteins that

contribute to the properties of wildtype MN1 compared to the MN1 variants.

The localisation of ATRA resistance to the MN1 C-terminus elegantly showcases the use of
these MN1 variants for drug testing purposes, particularly against candidate differentiation-
inducing treatments. Elucidating the modification status of known activating and repressing
histone marks and DNA methylation by ChIP-Seq and genome-wide DNA methylation analysis,
respectively, between wildtype MN1 and ATRA-sensitive variants would provide insight into
genes that regulate the myeloid differentiation block and ATRA resistance characteristic of
MNI1. Furthermore, transcription factor chromatin immunoprecipitation and mass spectrometry

of wildtype MNI1 and the MN1 variants could aid in identifying locations of transcription factor
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binding of MN1, and differing binding locations of its variants, as well as identifying members
of the MN1 protein complex that bind at these sites. Together, these data would aid in identifying
underlying differences between gene expression between wildtype MN1 and the MN1 variants,
potentially modulated due to differing protein binding partners, and facilitate elucidation of their
relationships to specific leukemic properties characterised by the MNI1 variant phenotypes

(Figure 4.1).

Figure 4.1 Model of protein complexes of MN1 variants.
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Identification of the different proteins interacting with MN1 and the MNI1 variants generated and characterized in

my thesis work may elucidate mechanisms by which their different phenotypes emerge.
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Previous work has identified the MN1 N-terminus as a major source of transactivating activity’,
and co-expression of MNI1 and p300 or RAC3 have been shown to synergistically activate
transcriptional activity of RAR-RXR dimers in the presence of retinoic acid”. In addition, this
region has been thought to potentially regulate myeloid cell growth and differentiation”. In
support of this are the data presented in Chapter 2 identifying a role for the MN1 N-terminal 202
amino acids in proliferation, self-renewal, and blocking erythro-megakaryocyte differentiation in
addition to leukemia initiation. Intriguingly, unsupervised hierarchical clustering of Affymetrix
gene expression data demonstrates that despite its lack of leukemic activity, MN1A1 cells cluster
more closely to full-length MN1 cells than mature myeloid cells, suggesting that MNIAI
represents a state primed for leukemia. Thus, genes differentially expressed between wildtype
leukemic MN1 and MNIAI are intriguing candidates for leukemic transformation. Mass
spectrometry analysis of proteins that interact with wildtype MN1 and MN1Al could aid in
distinguishing the members of the MNI1 protein complex that are critical for leukemic
transformation compared to those that potentially contribute to erythro-megakaryocyte
differentiation block or proliferation. Furthermore, these studies would further the understanding
of how MNI1 interacts with other proteins known to be dysregulated in leukemia, such as Meis1
and the HoxA family proteins, as well as providing further insight into the roles of these proteins

in leukemogenesis.
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4.2.2 Using gene expression comparisons of MN1 models to identify genes critical to

leukemic activity

Gene expression comparisons between MN1A1 and wildtype MNI1 provide insight into leukemic
and non-leukemic MN1 models. Through examination of gene expression comparisons between
leukemic versus non-leukemic MN1 models (MN1 vs MN1AI described in Chapter 2, MN1 cKit
versus MN1 CD11b subpopulations described in Chapter 3) and versus less-aggressive MNI1
models (MN1VP16)'"°, a subset of genes dysregulated in multiple comparisons were identified
as intriguing potential targets and collaborators of MN1-induced leukemic activity. Among the
validated genes not functionally assessed in this work are Gpr56, which was recently identified
as a marker for cells with high repopulating potential in primary human AML cells'*’, and Msi2,
which is highly expressed in human AML cell lines and patients with AML, associated with
aggressive disease and immature phenotype, and negatively associated with outcome in patients
with AML** 27 Additionally, Sharma and colleagues previously described a role for immune
response and regulation pathways in MN1 leukemia'">. GSEA of the LIC-containing (cKit) and
LIC-devoid (CD11b) MN1 subsets suggest that downregulation of the immune response and
regulation pathways is characteristic of LIC-containing cells, providing support for this work and
a crucial role for immune regulation in leukemogenesis. With growing recognition and interest in
the role of the immune system in leukemogenesis and as a therapeutic target, particularly the
early success of immunotherapy treatment in lymphomas, this represents an interesting avenue

through which to further elucidate mechanisms of leukemogenesis.

Given the identification of a LIC-depleted subpopulation based on expression of two cell surface
markers, cKit and CDI11b, it is very likely that further work to identify more markers could

further enrich MNI1 cells for LSC activity and add power to identification of LSC-associated
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genes. Furthermore, with sufficient enrichment, powerful single cell analyses of expression and
epigenetic status could be applied, as recently described by the Gottgens lab**® * and Rotem
and colleagues™™’, respectively. Nonetheless, initial analysis of the small subset of genes

investigated in this thesis has already yielded important insights and novel observations.

Among these findings is the identification of HIf as a new critical gene in MNI-induced
leukemia while, surprisingly, knockdown of upregulated Meis1 does not have a significant effect
on in vitro measures of leukemogenesis. Together, these data suggest that Meisl is not required
for MN1 maintenance or progression, that low levels of Meisl expression are sufficient for
MN1-induced leukemic activity, or that in vitro assessment of the impact of Meisl knockdown
on MNI1 leukemia may be insufficient to capture the complexities of leukemogenic activity. To
investigate these possibilities, MN1 transduction of Meisl conditional knockout murine bone
marrow could be performed prior to Meis1 deletion. Functional testing in vitro in the CFU assay
and through in vivo transplantation assays, would assess the self-renewal and leukemogenicity of

MN1 cells upon a complete loss of Meis1 expression both in vitro and in vivo.

4.2.3 A new appreciation for the role of MEIS2

The most striking finding from Chapter 3 of this thesis is the essential role of Meis2 for MN1
leukemic proliferation, survival, self-renewal, and in vivo leukemogenicity, providing evidence
that it may be a novel key player in leukemia. The identification of Meis2 as upregulated in and
critical to MN1 leukemic properties reported in this thesis, as well as the recent report of
upregulated MEIS2 in AMLI-ETO-positive leukemias'”® suggest that MEIS2 upregulation may

be seen in other leukemic subtypes. Vegi and colleagues also demonstrated that the N-terminus
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of Meis2 facilitates binding to AML1-ETO'®. Similar studies could elucidate the protein regions
of Meis2 responsible for binding to or forming complexes with other oncogenes, such as MN1,

and identify these collaborating proteins.

The data presented in Chapter 3 suggests a degree of compensation exists between one or more
Meis family members. Given the frequency of MEIS1 upregulation across multiple leukemia

I "and the demonstrated requirement of Meis2 expression for

subtypes, particularly within AML
MNI1 leukemic activity, future studies provide an intriguing opportunity to elucidate the
relationship between Meisl and Meis2. The generation of model systems with the ability to
measure Meis family member expression in real-time would facilitate such studies, allowing
relative gene and protein expression to be tracked in response to perturbation of other family
members and interacting proteins. In addition, comparisons of genes differentially regulated
upon overexpression and knockdown of Meisl and/or Meis2 compared to wildtype leukemic
MN1 would aid in the identification of both common and unique targets of Meisl and Meis2,
respectively. Similarly, identification of Meisl and Meis2 DNA binding sites by ChIP-Seq and
protein interaction complexes by mass spectrometry would provide further insight into the ways
Meisl and Meis2 regulate target genes. Together, these studies would expand the current

understanding of the manners in which the Meis family influence and modulate leukemogenesis,

and potentially reveal a powerful therapeutic target.

4.2.4 Overall significance

The generation and functional characterization of the MN1 models with varying leukemic

activity provides powerful models to better understand molecular events throughout
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leukemogenesis. By combining the work described in Chapters 2 and 3, the MN1 variants could
be used to track gene expression kinetics to identify early events in leukemic transformation,
expanding and refining the subset of genes potentially critical to leukemic activity. However, the
relative contributions of epigenetic regulation and protein binding in this leukemia model remain
largely uncharacterised. Therefore, identification of interacting proteins — especially those that
differ between MN1 and MNI1ALI and thus, likely bind to the MN1 N-terminus — and differences
in DNA binding between the MN1 wildtype and variants would provide further insight into
genes critical to leukemic activity. Furthermore, these studies may also extend their investigation

to other leukemic subtypes, supporting the use of MN1 overexpression as a model for AML.

The work presented in this thesis was performed exclusively in the mouse model. Murine
models, however, do not always capture the complexities of the human system. The exciting
results described in this thesis provide an impetus to move studies to a human context. MN1 and

126
1", and spurs

ND13 collaboration is sufficient to induce AML in the human cord blood mode
questions if the MN1 mutant forms are also capable of collaboration with ND13 and if the
leukemic phenotypes and identities shown to arise upon transformation of murine cells by MN1
variants also show differential effects in human cells. Furthermore, much like upregulation of
MEIS2 was also seen in the LIC-containing CD34 'GPR56" fraction of the MN1+ND13 human

cord blood model, future experiments in human contexts could also aid in the identification of

candidate genes relevant to LSC activity.
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4.3 Concluding remarks

Combined, these studies suggest that MN1 mediates its effects through a multifaceted approach,
interacting with multiple proteins that, at present, have yet to be elucidated. Numerous MN1
models with varying structure and leukemogenic ability were generated and characterized,
providing a useful series of models to explore multiple aspects of leukemic activity. Given the
novel discovery of the ability of MNI1 to collaborate with Meis2, adding to the established
importance of such genes as HoxA9 and Meisl in AML, expansion of current models, such as

those initially proposed by Jay Hess®’, to include MN1 and Meis2 may be required (Figure 4.2).

Transcriptional Transcriptional
Activation Repression
HOXA9  MEIS1 i.e. STAT signaling, i.e. IRF8, CCL9,

ERK signaling C/EBPa

— immune response

— immune regulation

—— myeloid/lymphoid
differentiation

—— erythro-megakaryocyte
differentiation

—— apoptosis

- proliferation
- self-renewal

Figure 4.2 Model of MN1 as a protein complex member.

MN1 is a valuable tool for modeling leukemia, which continues to invite further exploitation. Overexpression of
MNI1 drives proliferation and self-renewal while blocking immune regulation and response, normal hematopoietic
cell differentiation, and apoptosis. These phenotypes are driven through mechanisms of transcriptional activation
and repression, some contributors of which, like STAT signaling, have been identified. Chapter 2 of my thesis
describes the discovery of the structural basis of the multipartite functions of MN1, with leukemic properties

(proliferation/self-renewal, block in differentiation) localised to distinct regions of the MN1 molecule — information
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that can be used to probe further into molecular events governing leukemic transformation and progression, fate
decisions, and identification of protein interactors and potential druggable targets. MN1 can bind throughout the
genome, some sites of which overlap with HoxA9, Meisl, and RAR binding. Thus, MN1 may be part of a protein
complex, initiated by pioneering factors like HoxA9 and Meis1, that interact with a number of proteins to exert its
multifaceted effects. To this list of potential complex members, I can now add HIf and Meis2 as critical players.
This begs further resolution of these yet-unknown protein interactors (Protein X), as well as the epigenetic

regulation governing their activity, which can provide valuable insight to our understanding of leukemogenesis,
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