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Development of acute myeloid leukemia (AML) involves stepwise processes. Genetic and/or epigenetic events
emerging in normal immature hematopoietic cells give rise to leukemia initiating cells (LICs), which have a
competitive advantage over normal hematopoietic progenitors. This is followed by acquisition of additional genetic
perturbations that further promote proliferation and/or inhibit differentiation of LICs, ultimately leading to
transformation. Balanced chromosomal translocations that involve the mixed lineage leukemia-1 (MLL1/KMT2A)
gene can generate chimeric MLL fusion proteins. MLL-rearrangements (MLLr) account for 10% of human acute
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AML. The powerful oncogenic activity of MLL fusion proteins has been frequently exploited in mouse models to
explore the pathogenesis of leukemic initiation, evolution, therapy resistance, and relapse. However, the molecular
pathogenesis of leukemia transformation remains to a large extent unknown. In this thesis, we explored an inducible
transgenic mouse strain (iMLL-ENL mice) previously generated in our laboratory, in which a human MLL-ENL fusion
gene can be conditionally induced by Doxycycline.

In the first study (article 1), we identified a highly recurrent secondary driver mutation, MSN R295C, and explored its
mechanistic consequences in AML development. By demonstrating the indispensable role of MSN R295C in AML
progression, this study provided new insight to the molecular pathogenesis in MLLr AML. Further studies addressing
the function of MSN R295C revealed a potential mechanism that involved the highly conserved structure and
function of ERM proteins. These studies demonstrated a critical role of ERM proteins in AML, with implications also
for human cancer.
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low frequency of AML in children. In addition, we proposed a LIN28B/ MYBBP1A /MYB tumor suppressor axis, which
might explain the tumor suppressor activity of LIN28B in MLLr AML. In this view, this study shed new light on the
prospects of Lin28b and/or its downstream effector as a novel therapeutic target in MYB-dependent cancers.

In the third study (article Ill), we detailed attempts to ex vivo expand hematopoietic stem cells (HSCs). Although
HSCs were successfully expanded, we found that the output cells following ex vivo expansion of candidate HSCs
are heterogeneous, with only 0.1% of cultured cells retaining the original input HSC phenotype. By applying
barcoding methodologies to assess the clonality associated with the ex vivo expansion, we found that even within
the strictly defined LT-HSC, there still exist significant functional heterogeneity among individual candidate HSCs.
This emphasizes the need to evaluate function rather than merely phenotype.

Taken together, the thesis’ main content revolves around the use of mouse models to approach acute myeloid
leukemia (AML) (Articles | and Il) and hematopoietic stem cell function (Article I1I).
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Introduction

Hematopoiesis

Except for some long-lived hematopoietic cell types, such as memory T cells, most
hematopoietic cells are short-lived. The latter includes erythrocytes, platelets,
myeloid cells and most lymphocytes. These various blood cell lineages must be
continuously regenerated to maintain homeostasis of the blood system in order to
maintain crucial downstream functions such as oxygen transport, hemostasis and
immunological defense mechanisms. Recent estimates suggest that the adult bone
marrow (BM) produces 2—6 x 10' cells/kg/day in mice and 5-7 x 10' cells/kg/day
in humans under homeostatic conditions/steady-state hematopoiesis. Moreover,
upon situations of stress, such as for instance an infection, these numbers can be
increased several-fold (/).

Blood lineages and the hematopoietic hierarchy

The blood system is typically divided into two branches, the lymphoid and myeloid
lineages. The lymphoid lineage includes B cells, T cells and natural killer (NK)
cells, whereas the myeloid lineage includes monocytes and granulocytes,
thrombocytes and erythrocytes. Hematopoietic stem cells (HSCs) give rise to these
mature cells through a sequential multistep differentiation cascade, which is referred
to as the hematopoietic hierarchy (Figure 1). The hematopoietic hierarchy involves
several intermediate progenitors that lose self-renewal capacity but not proliferation
potential and become progressively restricted in their differentiation potential. This
organization leads to a massive amplification of hematopoietic cell generation (2).

Initial steps of HSCs differentiation involve multipotent progenitors (MPPs) (3),
and how MPPs commit to specific lineages has been debated. In the latest model,
granulocyte monocyte lymphoid progenitors (GMLPs), highly overlapping with the
previously identified lymphoid-primed multipotent progenitors (LMPP), were
identified to be located downstream of MPPs. GMLPs harbor lymphoid and myeloid
potential, while lacking megakaryocyte and erythroid (MegE) potential (4, 5). This
suggests that the separation of MegE lineage from granulocytes, monocytes and
lymphoid lineage occur downstream of MPP. MegE cells are proposed to be
generated from HSCs and MPPs via pre-megakaryocyte-erythroid progenitor
(pMeg/E) that can generate megakaryocyte progenitors (MkP) and erythroid
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progenitors (pre-colony-forming-unit-erythroid; preCFU-E, CFU-E) (6, 7). GMLPs
are committed to myeloid differentiation via pre-granulocytes-monocytes
(preGMs), or to lymphoid differentiation via common lymphoid progenitors (CLPs)
(8). preGM can be further subdivided into GATA1+ and GATA1- fraction, in which
GATAI1+ preGMs generate mast cells and eosinophils, while GATA1- preGMs
generate monocytes and neutrophils (9).

@ -
|

(., MPP

/ \ GMLP
(LMPP) NK Cells

GATA-1*

JE preGM @
pMeg @ \ cLP / T Cells
l GATA-1- \ B Cells

pCFU-E prEGM .

MkP CFI'_E a NMP
® & @ \

/ \ / ..
:'j. : ‘ @ o O Macr’phages

Platelets Mast Cells y .._Neutrophils
Erythrocytes (Basophils) EOsinophils P Monocytes

Figure 1. Schematic depiction of the proposed hematopoietic hierarchy and hematopoietic cells produced by HSCs.
EoMP: Eosinophil Mast Cell progenitor, NMP: Neutrophil Monocyte progenitor.
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Hematopoietic stem cells

The Discovery and definition of hematopoietic stem cells

In 1945, civilian populations in Hiroshima and Nagasaki were exposed to atomic
bomb explosions. Many who survived the initial atomic bomb explosion were found
to die of hematopoietic failure caused by exposure to gamma irradiation (/0). Since
then, hematopoietic researchers started to explain how blood cells were formed.
With the findings that the hematopoietic failure could be rescued by shielding the
spleen with lead from irradiation (/7) or by injecting spleen or marrow cells (12,
13), researchers suggested the existence of proliferating hematopoietic progenitor
cells in the bone marrow and spleen. In the 1960s, Till and McCulloch found a linear
relationship between the number of transplanted bone marrow cells and the survival
of lethally irradiated mice (/4). Additionally, they identified gross nodules in the
spleens of the recipients after irradiation and bone marrow cells transplantation.
Those nodules were found to consist of colonies of rapidly proliferating
hematopoietic tissue. Clusters of undifferentiated and differentiated cells, including
erythroblasts, myelocytes, metamyelocytes and megakaryocytes were present (75).
These results suggested that bone marrow cells were able to give rise to colonies in
the spleen, referred to as colony forming unit-spleen (CFU-S), whose number was
linearly correlated to the number of transplanted bone marrow cells. Next, the same
group studied the clonality in the CFU-S by tracing the abnormal karyotype induced
by sub-lethal irradiation. In this study, they showed that the vast majority of the
mixed myeloerythroid progeny in the spleen colonies were clonal and originated
from one individual cell (/6). However, it was not until the 1980s that CFU-S
colonies were found to fail to maintain hematopoiesis in the long-term and that they
were derived from hematopoietic progenitor cells (HPCs) rather than from
hematopoietic stem cells (HSCs), although colony forming cells in CFU-S could
give rise to new CFU-S that contain both myeloid and lymphoid lineages following
secondary transplantation (/7-19).

In later work, donor cells were individually labelled by taking advantage of random
retroviral genetic integration prior to transplantation. This approach allowed for
long-term multilineage reconstitution analysis and estimation of the longevity (self-
renewal capacity) of the individual donor cells through transplantations. By
applying this strategy, several studies indicated the existence of cells with long-term
multilineage differentiation potential and the ability to self-renew, which are today
regarded as the two key defining properties of HSCs (20-22).

The next development in the identification, and also isolation, of HSCs are taking
advantage of specific cell surface markers. Currently, the most common ones
include mature lineage markers, stem cell antigen 1 (Scal), tyrosine kinase receptor
cKit, CD34, Flit3, CD48 and CD150. In mouse, the most primitive hematopoietic
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stem and progenitor cells (HSPCs) are negative for mature lineage marker, but
express Scal and cKit, referred to as Lin-Scal+cKit+ (LSK) cells (23-26). Within
the LSK fraction, HSCs can be further enriched as positive for CD150 and negative
for CD34, Fl1t3, and CD48 (27-29).

With Fluorescence-Activated Cell Sorting (FACS)-based protocols, HSCs have
been identified as very rare cells within the bone marrow that are capable of
multilineage differentiation and long-term self-renewal in the bone marrow
transplantation (BMT) assay (30). These properties also position HSCs as the
preferred targets for gene therapy/gene editing approaches aimed to cure inherited
blood cell disorders.

Hematopoietic stem cells during ontogeny

During embryonic development, hematopoiesis is characterized by successive
waves of development, with the initial “primitive hematopoiesis” followed by
“definitive hematopoiesis” (37). Primitive hematopoiesis occurs as early as day
E7.5 in the yolk sac blood islands and is followed by the definitive hematopoiesis
emerging at approximately E10.5. Primitive hematopoiesis is transient and produces
mainly erythrocytes for oxygen transport but has little HSC activity. Definitive
hematopoiesis, however, persist for life and involve definitive HSCs (dHSCs).
dHSCs have been found to originate in the aorta-gonad-mesonephros (AGM) region
(32, 33) and concomitantly migrate to other tissues, including the placenta (34, 35),
vitelline/umbilical arteries (36, 37), the embryonic head (38) and the yolk sac (33,
39). Subsequently, dHSCs migrate to the fetal liver (FL) where they expand
massively during E12-E16, coinciding with the extinction of their production by the
AGM and placenta (31, 40). From E17.5 until week 2 after birth, dHSCs leave the
liver and migrate to the BM and remain anchored in the BM thereafter throughout
life (41). FL HSCs features are retained after seeding in the BM until week 4 after
birth, when FL dHSCs characteristics switch to HSCs with adult characteristics (41-
43).

FL HSCs are phenotypically and functionally distinct from adult HSCs with regards
to their surface marker phenotype, cell cycle activities and differentiation potential
(42, 44-46). The vast majority (95-100%) of FL HSCs are actively cycling, which
is important to rapidly develop the blood system, while most adult HSCs are
dormant, with estimations of only ~5% actively cycling to maintain homeostasis.
FL HSCs repopulate mice more efficiently than adult HSCs in transplantation (47).
FL HSCs produce a higher output of myeloid and erythroid cells, while adult HSCs
generate a more balanced output consisting of all lineages (46). Additionally, some
blood cell subsets are in fact only generated during FL hematopoiesis and not during
adult hematopoiesis, such as tissue resident macrophages (48), lymphoid peritoneal
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BlaB cells (49) and epidermal Vy35+ T cells (50). Several studies have additionally
revealed distinct molecular landscapes of FL and adult HSCs (51, 52).

Upon organismal aging, hallmarks of aged HSCs include impaired self-renewal
capacity and a skewed differentiation potential towards myeloid cells after
transplantation, which is accompanied by loss of lymphoid and erythroid potential
(53-56). Age-associated features of HSCs are believed to be primarily driven by cell
intrinsic alterations, which is suggested by experiments in which young HSCs were
transplanted into aged recipients (54). The aged hematopoietic system is also
characterized with distinct composition of HSPCs, in which the frequency of
myeloid progenitors is increased while the frequency of lymphoid progenitors is
decreased. The transcriptional profile of aged HSCs additionally support their
observed myeloid biased differentiation potential (57, 58). Collectively, such
findings support the interpretation that the phenotypes of the aged hematopoietic
system are at least in part a consequence of cell-intrinsic age-associated alterations
in HSC:s.

Hematopoietic stem cell transplantation (HCT)

HCT is tremendously important both clinically and in experimental hematology.
The mouse as a model system has been an indispensable tool for studying
hematopoiesis since most fundamental hematological aspects are conserved
between mice and humans. Because of this, HCT experiments into mice has been
the mainstay of research into in vivo HSC biology.

When studied in isolation, the most primitive HSCs are not able to generate mature
blood cells rapidly enough to provide a rescue from the immediate consequences of
lethal irradiation (59). Therefore, co-transplantation of HPCs to initially and rapidly
support the host is needed (60, 61).

Transplantation of HSCs and subsequent quantitative and qualitative monitoring has
been used to determine the fate and activity of candidate HSCs (62). Typically, to
distinguish donor HSCs and their progeny from host cells after transplantation,
congenic mice that express cell surface makers CD45.1 and/or CD45.2 are used. Of
note, only leukocytes express the CD45 antigen and thus donor cell reconstitution
is assessed by investigation of Myeloid, B and T cell reconstitution, since
erythrocytes and platelets are devoid of CD45 expression. Long-term and
multilineage reconstitution potential of transplanted HSCs is typically assessed by
the analysis of peripheral blood and bone marrow 16 weeks or longer post
transplantation.

A common experimental setup is known as competitive transplantation, which
assess the function of candidate HSCs against a known amount of competitor cells
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(63). By comparing the lineage reconstitution derived from the donor HSCs to the
portion of competitor-derived cells, with a known number of repopulating units, the
repopulating activity of the candidate HSCs can be analyzed.

The self-renewal capacity of HSCs can be estimated by serial transplantations, in
which candidate HSCs from primary recipient mice are assessed in secondary
transplantation by repopulating analysis. Only the cells that can repopulate the
secondary recipients are defined to have self-renewal capacity.

Acute leukemia

While historical evidence has indicated the existence of leukemia for thousands of
years, it was only until the middle of the 19th century that such diseases were more
directly studied. Reports included cases of acute hyperplasia of the spleen, with
unexplainable milky blood accompanied by pus (64). In 1844, Alfred Donné
performed microscopic examinations of the blood of a leukemic patient and detected
an accumulation of leukocytes. He was the first to propose a maturation arrest as a
cause of the leukocyte accumulation in the leukemic patient, which still is seen as a
main feature of leukemia (635, 66). In the following year, John Bennett described the
disease as a primary systemic blood disorder, which was considered a secondary
manifestation caused by infection, that was named leucocythemia (67, 68).

In 1846, Henry Fuller observed that an abnormal proportion of the leukemic
patient's blood was spherical, finely granular, and larger in size than ordinary
leukocytes. With this abnormal morphology, Fuller became the first one to diagnose
a patient with leukemia (69). In 1847, Rudolf Virchow coined the term leukemia
‘leukdmie’, which is a combination of the Greek words “leukos/white” and
“heima/blood” (70).

Later on, leukemia was found to be a very heterogeneous diseases, and several
attempts were made to further categorize it. However, it was not until 1913 that
leukemia was classified into four types: chronic lymphocytic leukemia (CLL),
chronic myeloid leukemia (CML), acute lymphocytic leukemia (ALL), and acute
myeloid leukemia (AML) (7). Leukemias are considered acute or chronic based on
the percentage of blast cells in the bone marrow or blood, while their
lineage/phenotype governs their further subdivision into myeloid or lymphoid
subtypes.
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Acute myeloid leukemia

AML affects both children and adults. In fact, it is considered the most common
type of acute leukemia in adults, with an incidence progressively increasing with
age. The annual incidence of AML for those aged > 65 years is 20.1 per 100,000 in
comparison to 2.0 per 100,000 for those < 65 years old (72).

In 2019, it was estimated in United States (US) that >10,900 patients were expected
to die from AML, which represents 62% of all leukemia-related deaths and the 5™
worst 5-year overall survival (OS) (24%) of all cancers in US (73). As of 2018, the
estimated median OS of AML was 8.5 months, with a 2-year and a 5-year OS of
32.0% and 24.0%, respectively (74). A diagnosis of AML at age > 75 years predicts
the worst median OS (2.3 months) of all cancer types (75).

Secondary and de novo AML

AML can be the end result of various hematological diseases and/or malignancies,
including myelodysplastic syndrome (MDS), myeloproliferative neoplasm (MPN)
and chronic leukemia, as a secondary disease/malignancy. Secondary AML can also
develop as a consequence of chemotherapy and/or radiation therapy to pre-leukemic
neoplasm (76). In contrast, AML that develops without any prior disease or
exposure to therapies is referred to as de novo AML.

Infant, childhood and adult AML

Infant acute leukemia is historically defined by its occurrence in children under 1
year of age. This definition has been extended to include children up to 2 years of
age, as patients aged between 1 to 2 years have been suggested to display similar
clinical and biological patterns of disease (77). Childhood acute leukemia affects
patients under 18 years of age. Infant AML account for ~25% of all infant leukemia
cases. In childhood leukemia, the frequency of AML is ~33%, which rise to ~47%
in adult AML (78).

The 5-year event-free survival rates of childhood ALL range between 76% - 86%
in children receiving standard therapy in developed countries, while that of
childhood AML range between 49% - 63% in some of the more successful clinical
trials (79).

Clinical signs

AML is characterized by blocked differentiation and clonal proliferation of blast
cells, leading to features of BM failure. If not treated, AML results in death within
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months (80). The clinical symptoms of AML are diverse and nonspecific and
usually correlated with the leukemic infiltration of the bone marrow. Leukemic
infiltration of the bone marrow can repress the normal hematopoiesis and cause
cytopenia. Typically, patients present with signs and symptoms of fatigue, bleeding,
or infections and fever due to reductions in red cells, platelets, or white cells,
respectively. In addition, leukemic infiltration of other tissues, including the liver,
spleen, skin, lymph nodes, bone, gingiva, and the central nervous system, can
produce a variety of other symptoms, including hepatomegaly, splenomegaly,
leukemia cutis, lymphadenopathy and bone pain.

Diagnosis and Classification

Until the 1970s, the diagnosis was based solely on the pathological and cytologic
examination of bone marrow and blood. In 1976, a group of French, American, and
British leukemia experts divided AML into subtypes, M1 - M6 initially then M7 and
MO were added by 1987. This categorization is based on the cell type and the stage
of maturity in which leukemia initially develops and was termed the FAB
classification (87). This classification is based largely on the microscopic
morphology following defined staining, but without taking into account many other
factors that are now known to affect prognosis.

In 2001, and with the wider availability of chromosome analysis, a new
classification for hematopoietic and lymphoid neoplasms based on recurrent
cytogenetic abnormalities was proposed by the World Health Organization (WHO)
together with the Society for Hematopathology and the European Association of
Hematopathology (82, 83). The threshold for the diagnosis of AML was reduced
from 30% to 20% blasts in the blood or marrow. In addition, patients with the clonal,
recurring cytogenetic abnormalities t(8;21)(q22;922), inv(16)(p13q22) or
t(16;16)(p13;922), and t(15;17)(q22;q12) should be considered to have AML
regardless of the blast percentage (83). This classification was revised in 2008 (84)
and was further refined in 2016 based on molecular alterations (85).

Risk factor of AML

Exactly why leukemia develops is still not fully understood. However, certain risk
factors that increase the risk of AML development have been identified including
age, male gender, irradiation, smoking, exposure to certain solvent chemicals
(benzene, formaldehyde), chemotherapy history, genetic syndrome (Fanconi
anemia, Bloom syndrome, Ataxia-telangiectasia, Diamond-Blackfan anemia,
Shwachman-Diamond syndrome, Li-Fraumeni syndrome, Neurofibromatosis type
1, Kostmann syndrome, Down syndrome, Trisomy 8) and a family history with
AML (86, 87).
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Treatment of AML

During the 1970s a chemotherapy combination consisting of a daunorubicin and
cytarabine was introduced, which remained the standard therapy for most AML
patients until very recently (88). The current cure rate of AML is 35 to 40% of adult
patients who are 60 years of age or younger and 5 to 15% of patients who are older
than 60 years of age (§9). Other drugs, including FLT3 inhibitors (90), Gemtuzumab
ozogamicin (91-94), CPX-351 (95), cladribine (96) and clofarabine (97) have been
proposed to improve induction therapy, which is used to eliminate leukemia cells
and induce a remission, in several trials with or without combination of
daunorubicin and cytarabine. Allogeneic stem cell transplantation is recommended
for patients with high-risk cytogenetic characteristics, which predisposes for an
adverse prognosis and a high risk of relapse following chemotherapy treatment. In
addition, allogeneic stem cell transplantation is the only curative option for patients
with poor induction therapy response and therapy related/secondary AML (9§).

Stepwise development of AML

Emergence of subclones and clonal evolution in leukemia

AML develops as a consequence of the accumulation of mutations (99). Findings
throughout the past two decades have provided evidence that AML arises from
primitive hematopoietic cells that harbor mutations and epigenetic aberrations,
initially leading to formation and expansion of leukemia initiating cells (LICs), and
ultimately progressing to fully transformed leukemic stem cells (LSCs) (/00). Thus,
AML development is thought to be a multistep process. LICs, implied as pre-LSCs,
are characterized by increased self-renewal, blocked differentiation, and reduced
programmed cell death. They are able to outcompete normal HSCs and give rise to
a population carrying a distinct genetic profile, which is known as a subclone.

Clonal hematopoiesis (CH) is identified based on the detection of mutations relevant
to myeloid malignancies, with a variant allele frequency (VAF) above 2% in the
peripheral blood (/01-105). It has been estimated that at least 5%—10% of
individuals over age 65 have such a hematopoietic clonal expansion, with the
percentage further increasing with age (/03, 106, 107). The physiological
consequences of CH have been investigated intensively. Overall, detection of any
CH has been shown to be associated with an 11-14-fold increase in the risk of
developing hematologic malignancies. This increases to ~50-fold for clones with
VAF > 10% (102, 105, 108, 109). However, many instances of CH show little or no
overt effects, and only 4% of individuals with CH have been estimated to ever
develop a hematologic malignancy. In such cases, CH represents an antecedent
permissive state for leukemia development, and the subsequent acquisition of
secondary mutations in the subclones result in a fulminant leukemia (102, 110-114).
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Classical model of clonal progression represents a linear path. Thus, subclone
undergoes clonal evolution through the acquisition of multiple additional mutations
that ultimately lead to disease development (713, 115). Myelodysplastic syndrome
(MDS), a closely related pre-leukemic disease in the clinic that frequently
progresses to AML, provides a biological system to determine the clonal evolution
underlying AML transformation. Single-cell targeted sequencing of highly
fractionated MDS stem cells has revealed a pattern of nonlinear, parallel clonal
evolution during MDS progression to AML, with subclones not detected in MDS
that were found to progress to AML (/16). In line with this, several high-throughput
sequencing studies have suggested a branching pattern for clonal evolution, which
represents a greater complexity in the clonal architecture of leukemia. This leads to
a mixture of different subclones in leukemic cells that have different potential to
contribute to disease relapse.

Initiating mutations in most AML cases are largely unknown because preleukemic
cells are clinically silent and AML is typically diagnosed without observation of a
pre-leukemic phase. Two independent studies that traced AML patients back to their
healthy status detected the mutations years before AML diagnosis (median time: 6.3
and 9.6 years). This indicates a rather long period of latency that precedes AML
transformation (//7, 118). Studies focusing on the critical window between clonal
expansion and leukemic transformation can provide insights into the cellular origins
and mechanisms of leukemia onset.

Leukemic stem cells

LSCs, as fully transformed leukemic cells, can initiate disease when transplanted
into irradiated animals. They possess high self-renewal capacity that allows for
serial propagation. LSCs reside at the apex of the AML development hierarchy,
giving rise to non-LSC blasts that are unable to self-renew (/70). In addition, LSCs
have been shown to be mostly quiescent (/79) and resistant to chemotherapy (/20).
These properties allow them to be the main cause of relapse. Therefore, further
characterization of LSCs is critical for development of targeted therapies that can
help improve treatment efficacy and patients’ survival.

Nearly 30 years ago, John Dick and colleagues showed that LSCs are very rare cells
in AML (1 in 250,000 in peripheral blood of AML patient). They suggested that
LSCs activity were contained within the CD34+CD38— fraction, given that it was
the only population of human AML cells that could engraft SCID mice and produce
AML (121).

Later studies have proposed the existence of LSCs in the CD34+CD38+ cell
fraction, known as GMP (granulocyte-macrophage progenitors)-like LSCs (122). In
addition, LSC activity was also detected in the CD34- compartments in a few AML
cases, in which the frequency of CD34+ cells was <20%, (123, 124). However, the
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Lin—CD34+CD38— immunophenotype is the one encompassing the vast majority
of LSC activity in more than 90% of AML cases (/25). In comparison to normal
HSCs, which also reside within the CD34+CD38— compartment, LSCs have been
reported to lack the expression of CD90, suggesting it as a marker to distinguish
normal stem cells from their malignant counterparts in at least some instances (/22,
125).

In murine leukemic models, the immunophenotype varies between studies (/26). In
an MLL-AF9 retrovirus mediated AML model, the LSCs were found in the GMP-
like leukemic cells (IL-7R-Lin-Sca-1-c-Kit+CD34+ FcyRIVIII+) (/27). Other
studies have suggested that LSCs presented a mature myeloid immunophenotype
(CD11b+Grl+) rather than the immature HSPC immunophenotype (/28). Advances
in the characterization and understanding of LSCs provide insight to AML
pathogenesis and therapies based on elimination of LICs.

Progression from pre-leukemic to fully transformed leukemia

The laboratory of John E. Dick et al proved the existence of pre leukemic HSCs in
an AML patient in remission which harbored the presumed first event,a DNMT3A
mutation, that were still capable of undergoing multilineage differentiation in spite
of clonal expansion (99). In line with this, pre leukemic HSCs with AML1/ETO
(8;21chromosomal translocation) were detected during remission and were able to
differentiate to myeloid and B cells, but not to T cells (771, 129). Modelling of pre-
leukemic events using murine models has provided important conceptual insights
into the pre-leukemic stages at the HSPC level and their functional relevance for
leukemia development. In these mouse models, MLL fusions (730, 131), CBFp—
SMMHC fusion (/32), PU.1 deficiency (/33) and CEBPa mutations (/34) induced
distinct pre-leukemic phases, which were characterized by myeloid-biased HSC,
blocked differentiation and accumulation of immature myeloid cells in the bone
marrow and blood. In these models, while all the mice developed leukemia with a
latency of 2—6 months, not all pre leukemic cells were able to fully transform into
AML. Some pre-leukemic events were found to be insufficient to induce full
transformation, and if AML occurred, it was of a long latency (/35-143). This
indicated the requirement of secondary cooperating oncogenic insults for leukemia
development in these models (/36-140, 144).

The molecular events leading to transformation from pre-leukemia to AML are still
largely unclear. Attempts have been made to identify the pathogenesis of the
evolutionary trajectory that leads to the eventual progression into AML. It has been
widely accepted that the acquisition of additional genetic lesions, as well as cell
extrinsic regulations, including by the BM microenvironment (/45) and
immunoediting (/46) are all relevant mechanisms in the progression to AML (/00).
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Genetic lesions acquired by pre-leukemic cells lead to dysregulations of their
transcriptional profile and activation of distinct signaling pathways, which are
indispensable for leukemic transformation. For instance, PU.1 reduction lead to
downregulation of the Jun transcription factor family (/33) and MLL fusions lead
to the upregulation of members of the HOX transcription factor family (/47).
Several signaling pathway activated by genetic lesions have been shown to act as
pervasive pre-leukemic to AML transformation mechanism, including RAS
signaling activated by R4S mutations (/48), RTK signaling activated by CKIT and
FLT3 mutations (/49, 150) and Wnt/B-Catenin signaling activated by Mdmx
overexpression (/40). Notably, AML LSCs have been shown to express higher
levels of activated RAC and CDC42 compared to pre leukemic cells (128).

To delineate the mutational profile in leukemia, deep sequencing of paired pre
leukemic and leukemic patient samples have been conducted. Findings from such
endeavours suggest that mutations in genes involving RAS and RTK signaling
pathways, including FLT3, PTPNI1I, WT1, IDHI, NPM1, IDH2 and NRAS were
acquired and associated with faster AML progression and worse prognosis (/57).
Such accumulated somatic mutations confer selective advantage that drive
successive waves of clonal expansion, with the fittest clone becoming dominant
(151). Several other secondary mutations have been found and have been shown to
be able to trigger leukemic transformation in murine models (139, 152-155).

Those observations also suggest that the altered molecular features resulting from
the initial event could promote the acquisition of subsequent genetic alterations,
which leads to complete leukemic transformation. This phenomenon is supported
by studies that reported the capacity of some first events to impair genome stability
and normal mitotic checkpoint, leading to a dysregulation of the DNA repair
mechanism (/56-158).

Genetic alterations in AML

Genetic characterization compared to solid tumors

Similar to other hematological malignancies, AML is a complex, dynamic disease,
characterized by multiple somatically acquired driver mutations that are
instrumental in the classification of different AML entities (/59). Around 53-59%
of adult AML patients harbor chromosomal abnormalities of which about a third
includes recurrent cytogenetic changes that define specific AML entities. These
include t(15;17)(q24;q21) encoding PML-RARA, t(8;21)(q22;q22) encoding
RUNXI1-RUNXT1  (also known as AMLI-ETO), inv(16)(p13q22)
/t(16;16)(p13;q22) encoding CBFB-MYHI1, t(6;9)(p23:;q34) encoding DEK-
NUP214, t(9;11)(p22;923) encoding MLL-AF9, inv(3)(q21926) /t(3;3)(q21;926)
which affect GATA2 and MECOM regulation, and t(1;22)(p13;q13) encoding
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RBM15-MKL1 (159, 160). Studies in large population-based cohorts have revealed
the genomic landscape and the genetic heterogeneity in de novo AML (161, 162)
(Figure 2). Overall, AML genomes have fewer mutations than most other adult
cancers, with an average of only 13 mutations found per patient. This is in contrast
to for instance in lung cancer, where more than 200 mutations have been identified
per patient on average (/617). Genes that were found to be recurrently mutated in
AML included CEBPA, FLT3, DNMT3A, IDHI, IDH2, NPMI, NRAS, RUNXI,
TET2, TP53, WT1, KRAS, U2AF1, KIT, PTPN11, PHF6, SMC3, FAMS5C, SMCIA,
RAD21, STAG2, HNRNPK and EZH2 (161, 162). In addition, these mutated genes
were classified into different functional categories: transcription factor fusions, the
gene encoding nucleophosmin (NPM1), tumor suppressor genes, DNA methylation-
related genes, signaling genes, chromatin-modifying genes, myeloid transcription
factor genes, cohesin complex genes, and spliceosome complex genes (/67). A
study profiling the landscape of mutations in 111 cancer relevant genes in a large
cohort of AML patients proposed classifying AML into 11 groups with different
phenotypes and outcomes (/63). Another study identified a distinct genetic subtype,
the presence of mutations in SRSF2, SF3B1, U2AF1, ZRSR2, ASXLI, EZH2, BCOR,
or STAG2, of secondary AML (sAML) and elderly de novo AML populations,
which is related to worse clinical outcomes (/64). These findings have provided
important insights into the molecular abnormalities underlying AML with normal
cytogenetics and those with chromosomal abnormalities that were previously poorly
understood.
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Figure 2. Genomic landscape and the genetic heterogeneity in de novo AML (adapted from D. Grimwade et al, 2016).
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Class L, II and III mutations in AML

Genetic alterations in AML can be divided into different classes. Class I mutations
lead to consistently activated tyrosine kinases or their downstream effectors, and
include BCR-ABL, CKIT, FLT3, KRAS, NRAS and PTPNII mutants. These
mutations confer the hematopoietic progenitors with survival/proliferation
advantage. Class Il mutations result in loss of function of transcriptional factors that
are important for normal hematopoietic differentiation, and include AMLI1-ETO,
PML-RARa, CBFB-MYHI11, CEBPA and RUNXI mutants (165, 166). In the
classical “two-hit” model, it was proposed that leukemogenesis is induced upon the
acquisition of both class I and class II mutations (167).

Class III mutations involve genes that associate with DNA methylation, such as
DNMT3A4, DNMT3b, TETI, TET2, IDHI and IDH?2, and chromatin modifications,
such as MLL fusions, MLL PTD, NUP98-NSDI1, ASXLI, EZH?2, leading to
epigenetic dysregulation of their target genes (165, 168).

Other groups of genes, such as DNA repair regulators, including TP53 and NPM1,
and spliceosome machinery regulators, including SRSF2, SF3B1 and UA2AF1, are
also frequently mutated and are considered key for AML pathogenesis (166, 168).

Genetic alterations play a significant role for determining prognosis and treatment
decision-making. With this in mind, the European Leukemia Net (ELN) published
recommendations for AML diagnosis and management, and categorized AML into
3 prognostic groups; favourable, intermediate and adverse, based on genetic
abnormalities and their correlation with prognosis (98, 160, 169).

Temporal order of mutations

The co-occurrence and exclusivity of the most frequent variants suggests biological
cooperation between certain mutational events. For instance, 73% of the NPM1-
mutated AML carry mutations in DNA-methylation genes (DNMT3A, IDH1, IDH?,
and TET2) (170). In addition, FLT3, DNMT3A, and NPMI mutations co-occur
significantly in AML patients, with many patients harboring mutations in both
NPM1 and DNMT3A or in NPM1 and FLT3 (161). In contrast, NPM1 and DNMT3A
mutations were found to be mutually exclusive of PML-RARA, MYH11-CBFB,
and MLL-containing fusion genes, and RUNXI and 7P53 mutations were mutually
exclusive of FLT3 and NPM1 mutations (/61).

During the last 10 years, single-cell-based analysis has allowed for the
identification of early and initiating/founder mutations in AML during the process
of leukemogenesis and have been found to be enriched for epigenetic modifiers such
as DNMT3A, TET2, ASXL1 and MLL fusions (99, 113, 115, 116). Other
mutations, including in FLT3, PTPN11, WT1, IDH1, NPM1, IDH2 and NRAS, tend
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to be newly acquired during the pre-leukemia stage and associate with fully
transformed leukemia (/57).

Furthermore, by manipulating co-mutations in murine models, studies have shown
that the cooperation of mutations could influence not only on disease latency, but
also the lineage assignment of developing leukemia, depending on the order of those
mutations (152, 171).

Function of gene mutation

Genomic variants can be categorized into loss-of-function (LOF) mutations and
gain-of-function (GOF) mutations based on their effect on function of the gene. LOF
mutations, also known as inactivating mutations, result in the lack of production or
the product having less or no function. Moreover, according to the degree of LOF
mutations, these mutations are further classified as null mutations, which lead to the
entire loss of the function, and leaky mutations, which lead to partial loss of the
function. Key LOF mutations in AML include for TP53, DNMT34, ASXLI and
TET2, but it should also be noted that wild type copies are often retained on the
second allele, highlighting the effects of gene dosage.

GOF mutations, on the other hand, also known as activating mutations, produce
proteins with enhanced activity or novel functions. Many GOF mutations have been
identified and studied in human disease. In AML, there have been many frequent
GOF mutations identified, and whose functions have been intensively explored. For
example, mutations in RAS, BRAF and KIT, located to their kinase domains, lead to
constitutive activation of these oncogenes.

However, illuminating the functions of GOF mutations remains challenging (172).
First, as opposed to the known function of the gene product, it can be difficult to
find out novel functions resulting from GOF mutations. Second, the computational
and experimental methodology for precisely predicting and exploring the function
of GOF mutations is very much still lacking. Third, many GOF mutations are
located in the regions that does not associate with known structural/functional
domains.

Mixed lineage leukemia (MLL) rearranged leukemia

Structure and interactome of MLL

Modification of chromatin structure plays crucial role in regulation of cellular gene
expression, and a major type of epigenetic regulation of gene expression. Several
groups of proteins have been shown to regulate gene expression through
modification of chromatin structure. The trithorax group (TrxG) promotes gene
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expression through methylation of histone H3 lysine residue 4 (H3K4). In contrast,
the polycomb group (PcG) represses gene expression through methylation of
histone H3 lysine residue 27 (H3K27) (173). Aberrant transcription caused by
dysfunction of TrxG or PcG can lead to cancer development in model systems,
suggesting the involvement of these chromatin modifiers in cancer pathogenesis
(174, 175). The Mixed lineage leukemia gene-1 (MLL; also known as KMT2A or
MLLI), located on chromosome 11q23, is a member of the TrxG group genes.
MLLI is a large (3969 amino acids) DNA binding multidomain protein. A key
transcriptional target of MLL includes the HOX gene cluster, which is positively
regulated by MLL.

MLL is cleaved by the enzyme Taspase 1 into two fragments, one N-terminal (MLL-
N) and one C-terminal (MLL-C). These two fragments reassociate and further
assemble into multiprotein complexes through intramolecular interactions mediated
between the two interaction motifs FYRN on MLL-N and FYRC on MLL-C (Figure
3) that regulate the transcription of target genes.

The MLL-N encompasses several domains involved in DNA binding, including
three short AT hooks (ATH1-3), two speckled nuclear localization motifs (SNL1
and SNL2), a Cysteine-n-n-Cysteine zinc-finger (CxxC) domain, and four plant
homology domains (PHD) which also includes a bromodomain (176-179).

MLL-C contains domains involved in transcriptional regulation including a domain
that recruits the histone acetyltransferase CREB-binding protein (CBP) that is a
positive regulator of transcription and the SET (Su(var)3-9, enhancer of zeste,
trithorax) domain, located at the extreme C terminus, which is responsible for its
H3K4 methyltransferase activity and mediates chromatin modifications associated
with transcriptional activation (/80-182).

Of note, a number of other proteins such as WD Repeat Domain 5 (WDRSY), are
required for the assembly and targeting of the MLL complex, and therefore
contribute to MLL1 activity (183, 184). MLL-C interacts with WDRS, males absent
on first (MOF), retinoblastoma binding protein 5 (RBPB5) and ASH2 Like, Histone
Lysine Methyltransferase Complex Subunit (ASH2L). WDRS5 is essential for
binding of the MLL core complex to the K4-dimethylated H3 tail as well as for
global H3 K4 trimethylation and HOX gene activation (/85). In addition, MOF-
mediated histone acetyltransferase activity specific for histone H4 lysine 16
(H4K16) is also required for optimal transcription activation on MLL1 target genes,
suggesting that both methylation and acetylation are involved in the activator-based
mechanism for the MLL1 core complex (/86). RBPBS, mediating the interaction of
ASH2L with the MLL-C, has a crucial role in the structural organization of the
complex, being the only component that makes direct contact with each of the other
proteins (/87). Omission of either RBBPS5 or ASH2L resulted in substantial loss of
H3K4 histone methyltransferases activity, which was completely lost upon the
absence of WDRS (187).
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MLL-N interacts with menin (MEN1) and lens epithelium-derived growth factor
(LEDGF), that are involved in the positioning of the MLL complex to specific loci.
Menin is a tumor suppressor whose loss of function causes the human cancer
syndrome known as multiple endocrine neoplasia type 1. MEN1 has been shown to
link the MLLI-N with LEDGF, a chromatin-associated protein previously
implicated in leukemia, autoimmunity, and HIV-1 pathogenesis (/88). LEDGF is
required for both MLL-dependent transcription and leukemic transformation (/88).
Menin and MLL both associate with the Hoxa9 promoter, and in the absence of
Menin, MLL and MLL fusions fail to regulate Hoxa9 expression, which is believed
to be an essential oncogenic cofactor for MLL fusion-mediated transformation
(189).

H3K4
methylation

H4K16
acetylation

Figure 3. Composition of MLL complex and its function.

The role of MLL in normal development/hematopoiesis

MLL is broadly expressed in hematopoietic cells including stem and progenitor
cells. Mll-/— mice are embryonic lethal, whereas M//+/— mice are anemic, with
pronounced growth retardation, specific axial skeleton defects and defective
hematopoietic precursors (/90, 191). To define the role of MLL in the
development of the hematopoietic system, P. Ernst and colleagues examined the
potential of cells lacking MLL and found that Mil-deficient ES cells failed to
contribute to fetal liver hematopoietic stem cell/progenitor populations in chimeric
embryos. These results demonstrate an intrinsic requirement of M/l for the
generation of HSCs in the embryo (/92). Knockout mouse models have
demonstrated the crucial role of MLL in the control of Hox gene expression
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during the development of the axial skeleton and hematopoietic systems in
mammals (/93). The expression of stage-specific Hox genes is initiated
appropriately but not maintained during development in the absence of MLL
(190). The Hox genes, in which loss of Hoxa9 impair HSPC function, have been
shown to play an essential role during embryonic development (194, 195).

Fusion partners in MLL-rearranged leukemia

Balanced chromosomal 1123 translocations that involve the MLL1/KMT2A4 gene
result in the formation of chimeric fusion proteins with novel gene regulatory
properties and can give rise to a genetically distinct subset of leukemia, namely
MLL-rearranged (MLL-r) AML and ALL. Overall, leukemias that bear MLL
rearrangements are found in approximately 10% of human leukemias (/96). MLL
rearrangements are found in >70% of infant leukemias. In older children and adults,
they account for ~10% of all acute leukemias (/97). MLL rearrangements are also
found in approximately 10% of AMLs in adults and comprise 35-50% of AML
cases in infants.

MLL translocations, as many other translocations found in leukemia, are caused by
impaired DNA double strand break repair. The 8.3 kb breakpoint cluster region
(BCR) between exons 8 and 13 is the target for most MLL rearrangements and a
chimeric fusion protein is created. Consequently, all identified MLL fusions contain
the first 813 exons of MLL, containing the MLL1-N fragment with its AT hooks,
two SNL, as well as CxxC domain, and a variable number of exons from a fusion
partner gene (/98). The Taspase 1 cleavage site along with MLL-C contains
domains with histone H3 lysine 4 (H3K4) methyltransferase activity are lost in MLL
fusions. Another type of MLL rearrangement, MLL-PTD (partial tandem
duplication), is a result of internal tandem duplication of select exons and also
identified in AML (199, 200).

So far, a total of 135 different MLL rearrangements have been identified, of which
94 translocation partner genes have been characterized at the molecular level.
Partially, 35 out of them are recurrent and only 9 specific partner genes, AF4, AF9,
ENL, AF10, AF6, ELL, AF1p, AF17 and SEPT6, account for more than 90% of all
illegitimate recombination of the MLL gene (78). MLL-AF4, MLL-AF9, MLL-ENL
and MLL-AF10 are the most common MLL fusions identified in AML, which
account for 36%, 19%, 13% and 8% of MLL-r leukemia, respectively (78). These
MLL fusions can be found in both lymphoid and myeloid leukemia with a clear
lineage preference for MLL-AF4 in ALL, while MLL-ENL and MLL-AF10
associate with AML in both adult and pediatric cases. Besides, the distribution of
different MLL fusions varies with age, for example with increased frequency of
MLL-PTD in older AML patients and increased frequency of MLL-AF4 in adult
ALL (Figure 4).
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In general, MLL-r AML tends to associate with a poor prognosis (78, 160, 201).
Studies suggest that patients with MLL-AF9 have a more favourable prognosis
compared to the other MLL fusions in adult AML (201). In paediatric MLL-r AML
however, larger differences in outcome were observed between subgroups of
different translocation partners, suggesting that individual MLL fusions might have
distinct impact on prognosis (202).
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Figure 4. Frequency of different MLL fusions according to age classes and disease type.

The molecular impact of MLL fusion proteins

It has been shown that most, if not all, MLL fusion protein complexes are associated
with AF4 family/ENL family/P-TEFb complex (AEP) and DOTI1L. AF4 family is
composed of AF4, AF5q31, and LAF4. ENL family is consists of ENL and AF9. P-
TEFDb elongation factor is composed of cyclinT1/2 and CDK9. AEP is involved in
the regulation of MLLr targeting genes by promoting transcriptional elongation and
ablation of AEP from MLL fusion complex eradicates the leukemic transformation
(203) (Figure 5).

DOTIL, a histone methyltransferase, methylates lysine 79 residues in histone H3
(H3K79). DOTI1L is commonly involved in MLL fusion complex and the deletion
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of DOTI1L rescues MLL fusion-mediated leukemogenesis (204-206). In line with
this, H3K79 methylation levels have been found to be increased on the Hoxa9 and
Meisl promoters in MLL-ENL mediated leukemia (207). Thus, these results
suggest that the loss of H3K4 methyltransferase activity in wild-type MLL might be
compensated by the acquisition of H3K79 methyltransferase activity in MLL
fusions, which further perturb transcriptional control.

MLL-r leukemia has been proposed to show a highly uniform and distinct pattern
and often share common transcriptional signatures within this entity (208). This is
supported by accumulating evidence suggesting that many MLL fusion partners
belong to a network involved in transcriptional regulation through remodelling
target chromatin (209). Hoxa cluster genes and their interacting partners Meis/ and
Pbx3 have been proposed as key transcriptional targets of MLL fusions (127, 207,
210-212). In addition, combined overexpression of Hoxa9 and Meis] leads to
leukemia similar to that seen in MLL-r models (212, 213). In addition, c-Myb has
been shown to be an essential downstream target for MLL-r AML (214).

MLL fusion proteins do not act by direct activation of a specific enzyme, making it
difficult to target the fusion proteins with small molecules. However, attempts have
been made to target these known partners of MLL fusion for the treatment of AML.
For instance, VTP50469, a small molecule that breaks up the interaction between
Menin and the MLL fusion complex, leads to suppression of a subset of MLL fusion
target genes by releasing MLL from these gene loci (2/5). DOTIL inhibitors,
EPZ004777 and EPZ-5676 also show tumor regression activity in MLL-r leukemia
(216, 217). In addition, combination therapy of Menin and DOT1L inhibitors have
shown improved therapeutic outcomes in patients with MLL-r leukemia (218).
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Figure 5. Protein complexes of major MLL fusions.
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Murine models of MLL-R leukemia

The powerful oncogenic activity of MLL-r proteins have frequently been exploited
in mouse models to explore the pathogenesis of leukemia initiation, evolution,
therapy resistance and relapse (2/9). MLL-ENL, MLL-AF9 and MLL-AF4, the
most common MLL translocations found in human acute lymphoid and myeloid
acute leukemia, are often used to mediate leukemia in these models. In many such
studies, MLL-r have been introduced by viral delivery to immature murine
hematopoietic cells, followed by their transplantation into recipient mice (220).
Using such approaches, MLL-ENL has been shown to be able to induce AML and
biphenotypic acute leukemia (BAL) (227-223). MLL-AF9 on the other hand only
led to the development of AML in murine BM progenitors (127, 224-226) and MLL-
AF4 led to B cell ALL (227).

Similar experimental strategies have been used to address the leukemogenic effect
of MLL-r in human cells. Barabé et al showed that MLL-ENL and MLL-AF9 both
were able to induce AML and B cell ALL when introduced virally into human
CD34+ cord blood cells (228). Later, Wei et al showed that the phenotype of MLL-
AF9 mediated leukemia was dependent on the strain of immunodeficient mice used
for the transplantation, indicating the importance of the microenvironment in
determining the lineage fate in MLL-AF9 mediated leukemia (229).

As an alternative to viral delivery, a wide range of transgenic mouse models have
been generated for studying the pathogenesis of leukemia initiation and progression
(131, 152, 230-244) (Table 1). The rationale for this approach is to circumvent
several of the experimental caveats associated with viral delivery of MLL fusion
genes, including poor delivery of the actual fusion genes, unphysiological
expression levels caused by the strong promoters typically associated with viral
vectors, and insertional mutagenesis. Because of this, our lab previously generated
an inducible MLL-ENL mouse model (iMLL-ENL) model (/317), which allowed us
to firmly establish the precise identity of the hematopoietic progenitor cells capable
of initiating AML, without having to subject candidate cells to any form of in vitro
culture prior to assessment of their leukemic capacity. With our model, we showed
that GMLPs, pGMs, GMPs, CLPs, B-cell-biased lymphoid progenitors (BLPs),
DNI1 T cells, were LICs that could give rise to AML (/31, 152). By contrast, very
primitive populations such as HSCs and MPPs, were protected against MLL fusion
mediated transformation, indicating that HSCs are not LICs in this system (/317).
These findings are in line with later studies which showed that haematopoietic
differentiation is indispensable for AML formation (245, 246).
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Table 1 MLLr mouse models that have been reported in studies.

MLL fusion |Driver Promoter Disease Disease Latency Reference
Lmo2-Cre (HSC) AML Upto 120 d oreier etal

?rllaLr!n—s_IE)':aLtor Lek-Cre (T cells) E;Fl:é%:ﬁgéel;:%i\i/: -:rissti;’]i:ﬁ-':'"-(e Up to 550d g)(gy(/)réan etal
i

Long latency MPD with

:\:AoLan-tliEtEltiLve endogenous Ml locus progression to AML upon Mean of 592 d for MPD Takacova et al
Knockein 9 DNA Damage Response Mean of 62d with DDR 2012
inhibition
10-15 w depending on
. . Col1a1 AML targeted cell transplanted l2Jg1a‘I‘e etal
DOX-inducible (GMLP, pGM<CLP<GMP)
MLL-ENL Biphenotypic mixed i St [
iphenotypic mixed lineage avropoulou
Hprt leukemia 72d et al 2018
MII-AF9 y Myeloproliferative-disease-like Drynan et al
translocator Lmo2-Cre (HSC) myeloid leukemia Upt0350d 2005
DOX-inducible . Stavropoulou
MLL-AF9 Hprt AML median 73d ot al 2016
MI-AF9 Chen et al
constitutive Endogenous MLL MPD-like myeloid leukemias |median of 220 d 5006
knock-in
MIl-AF4 Lymphoid and myeloid Chen et al
constitutive Endogenous MLL hyperplasia, B-cell ymphoma, |median of 520 d 5006
knock-in and myeloid malignancies
Lmo2-Cre (HSC) Embryonic lethal NA
'V'“-dA,E“ | [Regt-Cre (B, T cells Mean 317466 d Metzler et al
conditiona Diffuse large B-cell
invertor Lck-Cre (T cells) lymphomas Mean 416-472 d 2006
CD19-Cre (B cells) Mean 460-475 d
\Vav-Cre (z?ll _deflmtlve B cell lymphoma (most Median 556 d
MIAF4 hematopoietic cells) common), T cell ymphoma
. 2 in- Barrett et al
f:ondmonal zéin?:dgr?izn Cre B cell lymphoma (most 2016
invertor gel . ... |common), T cell ymphoma, | Median 437 d
endothelium+all definitive lymohoproliferative disorder
hematopoietic cells) ymphop!
MII-AF4 Krivtsov et al
conditional Mx1-Cre Pre-B ALL 152d 2008
knock-in

Cooperating lesions in MLL-R leukemia

While MLL-r leukemias appear to associate with rather few secondary mutations
(220), a substantial fraction of MLL-r AML harbour activating mutations in RAS,
FLT3, PTPNI11 and BRAF (226, 247). This has lent support for a two-step model of
leukemogenesis in which the initial MLL-r act to mainly inhibit differentiation,
while the secondary mutation provides a strong proliferative signal.

Consistent with data from human patients, secondary genetic/activating lesions in
Kras, Braf, Cbl, Ptpnll, Gnb2 and Flt3 have been reported upon transformation in
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MLL fusions driven murine AML models (/71, 226, 248). In support of the
relevance of these mutations for AML development, their co-expression with
different MLL fusion genes can accelerate leukemogenesis and produce more
aggressive and rapid AML in MLL-fusion mouse models (154, 171, 249, 250).

Moesin (MSN)

Structure, function, and regulation of the moesin

Moesin is a member of Ezrin-Radixin-Moesin (ERM) protein family, which are best
known for their activity to crosslink the plasma membrane and the actin
cytoskeleton (257). Processes facilitated by MSN include the control of cell
membrane dynamics, adhesion, cell survival, cell motility, cell polarity and
morphogenesis (252, 253).

The structure of the Moesin protein consists of three functional regions: 1) a ~300
amino acid N-terminal compound FERM domain; 2) a ~200 amino acid linker
region that is mostly a-helical; and 3) a ~70 amino acid C-terminal tail (254). The
MSN FERM domain contains F1 (residues 4-82), F2 (residues 96-195) and F3
(residues 204-297) subdomains. The F1 subdomain contains a 5-stranded mixed f
sheet packed against an a helix with a short 39 helix. F2 is composed of five a
helices, with an excursion of 36 residues between helices B and C that contains a
long loop and a short a helix. F3 consists of a seven-stranded  sandwich followed
by a long capping o helix (254).

The FERM-folded conformation of these 3 subdomains is mainly attributed to the
conformational rearrangement of the F1-F2 linker, resulting in a three-leaf clover
architecture, with the F3 subdomain residing on the top of the F1 and F2 subdomains
(255). Notably, interactions mediated by the R295 residue in F3 and E87 residue in
the F1 domain has been proposed to maintain the FERM cloverleaf conformation
stability (255). Disruption of interactions between F3 and F1, on the other hand,
leads to F3 subdomain movements and destabilize the FERM domain conformation
(255).

The FERM domain is highly conserved in all ERM-protein family members, which
contains a crucial binding site to protein ligands (256). A “hydrophobic shallow
groove” formed by strand B5C (residues 245-251) and alC-helix (residues 274—
297) which binds to tails of transmembrane proteins, such as CD44, ICAM-2 and
NEP has been reported (257, 258). The interconversion between the active and
inactive MSN conformation is important to avoid unnecessary or inappropriate
interactions with adhesion molecules and actin filaments (256, 259). When inactive,
the MSN protein is present in the cytosol and the FERM domains are masked by
residues 494-500 in the C-terminal tail domain through head-tail interaction (254,
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257). Alternatively, MSN can be kept in an inactivate conformation by
homodimerization in which the FERM domain is masked by the residues 295-304
in the FERM C-terminal domain from another molecule (260). The interaction
between strand B5SC and the FERM C-terminal residues (residues 295-304) was
suggested to be crucial to maintain the ERM homodimerization, an important
mechanism for the stabilization and inactivation of MSN (257).

MSN gets activated when the FERM domain binds to phosphatidylinositol (4,5)-
bisphosphate (PIP2) and the C terminal tail gets released from the FERM domain in
which the T558 residue become phosphorylated (261, 262). The activated MSN is
located at the plasma membrane, where the FERM domain binds to adhesion
molecule ligands, including for CD44, CD43, ICAM1 and ICAM?2, while the C-
terminal tail binds to the actin cytoskeleton (256, 259).

The role of MSN in normal hematopoiesis and malignancy

In hematopoiesis, both MSN and Ezrin are expressed, whereas Radixin is mostly
absent. MSN is the quantitatively dominant ERM protein in human blood
lymphocytes, monocytes and neutrophils and the only ERM family member
expressed in platelets (263). A germline R171W mutation leads to loss of MSN
expression and associates with an X-linked immunodeficiency syndrome (264,
265).

Of note, ERM proteins have been proposed to be responsible for a crucial step in
Ras activation in that they are recruited to adhesion molecules at the plasma
membrane and bind to F-actin, where they can form a complex that acts as a scaffold
and activate Ras (266, 267). Thus, ERMs are vital in the oncogenic mechanism in
the Ras signaling driven tumorigenesis (268). Increasing evidence suggests that the
dysregulation of cell signaling resulting from both altered MSN expression and its
subcellular localization play crucial roles during cancer progression (269-273). For
instance, altered subcellular distribution of MSN together with increased expression
levels influence the invasive and metastatic ability of tumor cells in oral squamous
cell carcinoma (270). MSN has also been proven to be indispensable for the
invasiveness and colonization capacity of melanoma cells (271). Intriguingly, the
specific RRRKPDT motif at FERM domain C-terminal residues 293-299 have been
implicated in propagation of lung cancer via direct regulation by a small RNA, piR-
L-163, which was found expressed in normal but not transformed lung fibroblasts
and acted to limit cell proliferation (274). Besides, a MSN fusion, MSN-ALK,
resulting from a (X;2)(q11-12;p23) translocation, was reported to underlie the
pathogenesis of anaplastic large cell lymphoma (273). A role of MSN in human
cancers is also supported by the spectrum of somatic mutations in MSN found across
human cancers. However, limited information is available on the role of MSN in
leukemia and, despite its high prevalence, in murine MLL-r AML (Study I) (226).
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Lin28B

Pediatric and adult AML

AML accounts only for ~20% of all pediatric acute leukemia cases. Despite the
higher prevalence of pediatric ALL, AML is the leading cause of childhood
leukemic mortality (275). The incidence of AML in adults increases to ~50% and
steadily increases with age (78).

The landscape of somatic variants in pediatric AML has been reported to be
markedly different from that reported in adults. Cytogenetic alterations are present
in 80% of infants, but only in 50% of adult AML patients (79). In addition, the
mutations that are common in adult AML, including DNMT3A4 and TP53 mutations,
have been found to be absent from almost all pediatric cases (275).

As mentioned before, AML leukemogenesis is driven by the accumulation of
genetic aberrations that lead to pre leukemia and ultimately fully transformed
leukemia. Pediatric AML, however, has one of the lowest rates of mutation among
all cancers, including adult AML, and often lack the history of MPN or MDS
underlying the pre leukemic stage (276). This has challenged the stepwise model of
AML development. Therefore, I believe based on different lineage preferences,
biological processes, and molecular landscape, that AML in children and adults
should be viewed as two distinct diseases. This concept is also supported by murine
models that showed that the age of the cell of origin significantly impacts NUP98-
HOXAO9 driven leukemia latency, phenotype, molecular profile, as well as the
leukemic niche (277). Specifically, young cells could drive myeloid, lymphoid or
mixed phenotype acute leukaemia, whereas adult cells only give rise to AML, with
a shorter disease latency. In addition, adult leukemic cells, but not young leukemic
cells, lead to the remodeling of the BM niche. Conversely, young cells were
observed to be more prone to MLL fusions than adult cells in terms of leukemia
latency and lineage dictation (278, 279). This suggest that young hematopoietic
progenitors may be inherently more susceptible to transformation by MLL fusion
than adult progenitors, which may explain the relatively fewer identified
cooperating mutations in infant MLL-r leukemias (280).

However, when compared to neonatal cells, the fetal cells were found to give rise to
leukemia with longer disease latency in a mouse model (279). This is in line with
the observations that overt leukemic transformation usually occurs postnatally, even
though the driver lesions were acquired prenatally (287-284). In further support of
this, Lin28b, a fetal master regulator, was found to play a role in the suppression of
MLL fusion driven AML initiation during the fetal stage (279).
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The role of LIN28B in normal hematopoiesis

LIN28B is a highly conserved RNA-binding protein with specific expression in the
mouse and human fetal liver and thymus. In addition, forced expression of Lin28
reprograms HSPCs from adult into their fetal counterparts, with multilineage
reconstitution potential that includes generation of fetal-like lymphopoiesis (49,
285). The best studied mechanism of LIN28B in hematopoiesis is its ability to
negatively regulate the /et-7 microRNA (miR) biogenesis, leading to depression of
transcripts under /et-7 miR control (49, 286-288). Apart from this, several studies
have shown that LIN28B can regulate translation of targeted mRNAs by direct
binding (289-292). For instance, LIN28B could enhance mRNA translation
efficiency by facilitating the recruitment of RNA helicase A to the translational
machinery (293). A more recent structural study has proposed that LIN28 might
activate translation by gaining access to dormant messenger ribonucleoprotein
(mRNPs) via co-association to the Y-box binding protein 1 (YB-1) (294).

The role of LIN28B in malignancy

The role of LIN28B in leukemogenesis is a subject of debate. One study suggested
LIN28 to be indispensable in MLL-r leukemia by inhibiting miR-150 maturation via
MLL-Fusion/MYC/LIN-28 axis (295). In addition, LIN28 has been shown to
promote proliferation and repress differentiation in MLL-r leukemic cells by
negatively regulating Ler-7 (296, 297). These studies collectively suggest an
oncogenic role of LIN28B in MLL-r AML. In contrast, other studies suggested the
tumor suppressor activities of LIN28 (279, 298) in MLL-r leukemia.
Downregulation of miR-128a induces Lin28a expression and rescue cell
differentiation in AML (298). The diverse function of LIN28 in leukemia might
result from the complexity of its targets.
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Summary of articles

Article |

A somatic mutation in moesin drives progression into acute myeloid
leukemia

Background to Article I

It has been widely accepted that development of acute myeloid leukemia (AML)
involves stepwise processes. Genetic and/or epigenetic events appeared in normal
immature hematopoietic cells give rise to leukemia initiating cells (LICs), harboring
a competitive advantage over normal hematopoietic progenitors. This is followed
by acquisition of additional genetic perturbations that further promote proliferation
and/or inhibit differentiation of LICs thereafter lead to the formation of LSCs and
AML (100, 113, 299). One approach to study this stepwise process is to apply the
genetic information available from human AML studies to relevant animal models.

Balanced chromosomal translocations that involve the mixed lineage leukemia-1
(MLLI/KMT24) gene can generate chimeric MLL fusion proteins. MLL-
rearrangements (MLL-r) can be found in 35-50% of infant AML cases and ~3% of
de novo AML cases in older children and adults (280, 300). In general, MLL-r are
correlated to poor prognosis in AML (163, 280, 300). Notably, a substantial group
of MLL-r AML are found to harbor somatic mutations, with activating mutations in
RAS, FLT3, PTPN11, and BRAF being the most common. This has lent support to
a two-step model of leukemogenesis in which the initial MLL-r and secondary
mutations cooperate to form AML. However, this concept is challenged by the fact
that in pediatric MLL-r acute lymphoblastic leukemia (ALL), few secondary
mutations are found, which are often subclonal and frequently lost during relapse
(280). This indicate that MLL fusion products can drive leukemia by itself in certain
cell types which are more prone to MLL-r induced transformation and/or that genetic
predisposition can act as a cooperative event in MLL-r instead of somatically
acquired secondary mutations.

MLL fusion proteins has been frequently applied in mouse models to study the
pathogenesis of leukemic initiation, evolution, relapse and therapy resistance.
Secondary mutations have been identified in mouse models based on virally
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expression of MLL fusion (/71, 226). Although these studied identified some
secondary mutations consistent with human AML, substantial differences of
mutation patterns exist between these few murine studies and human leukemic
samples. To be noted, the observation of extensive sub clonality in these viral
delivery murine models does not accurately reflect the monoclonality of human
AML. In this paper, we explored an inducible transgenic mouse strain (iMLL-ENL
mice) previously generated in our laboratory, in which a human MLL-ENL fusion
gene can be induced by Doxycycline, with the aim of identifying secondary events
that underlie progression into overt AML (/31).

Summary of Article I

In the initial stages of our work, we observed a three-phase patten of AML
development, which is consist of initial pre-leukemic cell expansion phase, an
intermediate contraction and later AML transformation phases. In addition, we
demonstrated the clonality of the AML arising in the model used, indicating the
relevance of the used model for mimicking human AML progression. Next, we set
out to identify potential secondary mutations that could lead to the disease pattern
of MLL-ENL induced AML. By subjecting multiple independent AMLs to exome
sequencing, we identified activating mutations in Hras, Ptpnll and Braf, which
involve the RAS pathway and have been identified in human MLLr AML.

Most strikingly, we found a highly recurrent de novo mutation in Moesin, that leads
to substitution of the Arginine 295 residue to Cysteine. We further validated that
R295C mutant MSN dramatically accelerated MLL-r AML transformation by
inhibiting the differentiation of LICs. The ablation of R295C mutant MSN in the
transformed leukemic cells led to impaired self-renewal capacity of leukemic cells.

While the MSN R295C mutation has been reported previously in one case of a
CALM/AF10 mouse model (3017) and as a recurrent somatic mutation in a retroviral
MLL-AF9 AML model (226). However, none of these studies investigated the
function of the MSN R295C mutation.

The most well established functions of MSN involve regulation of cell polarity,
adhesion and migration (257). In hematopoiesis, MSN is the most dominantly
expressed ERM protein and in several types of human cancer, MSN has been
suggested to have oncogenic functions (269-272). MSN-ALK fusion, formed by a
(X;2)(q11-12;p23) translocation, has been reported to underly the pathogenesis of
anaplastic large cell lymphoma (273). Overall, no studies have previously shown a
direct association of MSN with AML. In addition, neither expression levels nor
mutations have to date been associated with human AML (data from TCGA).

A loss of function mutation on MSN, a germline R171W mutation, has been shown
to associate with an X-linked immunodeficiency syndrome (265). Our results
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demonstrate that the R295C mutation is gain of function mutation rather than loss
of function mutation and its role in AML is dependent on MLL-ENL expression.

Phosphorylation on the T558 residue facilitate MSN activation (262). However, we
observed that the phosphorylation on TS558 interfered the function of the C295
mutant MSN. To be noted, one study observed that T558 phosphorylation of MSN
led to inactivation of the Rho GTPase CDC42 in human myeloid cells (302). This
is likely relevant to MLL-r AML, that relies on CDC42 activity to maintain self-
renewal capacity of leukemic cells (126, 303).

Studies have shown that MSN protein structure is highly conserved and associated
with its function. MSN contains a FERM domain, which consist of F1, F2 and F3
subdomains and which form a cloverleaf conformation (255). Notably, this FERM
cloverleaf structure is maintained by interactions between R295 residue in F3 and
E87 in the F1 domain (255). Breakdown of interactions between F3 and F1 would
destabilize the FERM domain conformation and lead to F3 subdomain movements
(255). The F3 subdomain contains several conserved secondary structures that are
crucial for the function of MSN (257). The interaction between the F3 subdomain
and the FERM C-terminal residues leads to homodimerization which is an inactive
form of MSN (257). Inspired by these findings, we analysed the protein structure
and found that the C295 mutation disturb the secondary structures formation of
MSN. In addition, the C295 mutation interferes with the formation of homodimers
and lead to increased number of monomers, which provided functional evidence for
a disturbed FERM structure in C295 mutant MSN.

Notably, when exploring MSN mutations in human cancer, we observed two
mutations on the Arginine 295 residue, S295 and H295, that also led to accelerated
AML progression in the murine MLL-ENL model. Interestingly, we observed a
corelation between the positive charge on the substituted residue and pathogenicity
of mutations on R295. However, other substitutions on residues R293 and R294 did
not show any effect on AML transformation. These findings indicate that R295
mutations might function by perturbing the salt bridge interaction specifically
associated with R295.

Next, we profiled the interactome of C295 mutant MSN but did not observe any
apparent alterations between WT and C295 mutant MSN. This result indicates that
the oncogenic activities of C295 mutant MSN is not mediated by a pronounced
disruption of the protein interactome.

Notably, we observed that C295 mutant MSN led to the activation of ERK signalling
and upregulation of its downstream targets, Myc and Ccndl. This finding is in line
with previous studies show that mutations involving the RAS pathway are the most
prominent secondary mutations in both human and murine MLL-r AML (171, 226).

Further studies are needed to illuminate how C295 mutant MSN activates the ERK
signaling to trigger AML progression. Two studies have reported that the ERM
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family protein Ezrin is involved in the spatiotemporal regulation of RAS activity
(266, 304). Our interactome analysis also showed direct interaction between MSN
and ERK. Thus, C295 mutant MSN might affect ERK activity by regulating the
encounter with ERK.

Surveying the literature, we also noticed that MSN could bind to RNA with the
RRRKPDT motif (293-299), which has been implicated in human lung cancer via
its direct binding with a small RNA, piR-L-163 (274). Alternatively, C295 mutant
MSN might function by dysregulating the RNA binding. If and how this might be
connected to increased ERK activity remains unknown.

In conclusion, we in this paper demonstrated the stepwise development of AML in
a model of MLL-r AML. With the identification of a recurrent MSN R295C
mutation and validation of its role in leukemogenesis, we provide new insight to the
molecular pathogenesis in MLL-r AML. Besides, our study proposes a critical role
of ERM proteins in AML, with implications also for human cancer. In this view,
uncovering of the biological roles and specific function of ERM proteins could lead
to therapeutic benefit in human cancer, including for AML.

Article 11

A fetal tumor suppressor axis abrogates mll-fusion driven acute myeloid
leukemia

Background to Article I1

The lineage preference, biological processes and molecular landscape in pediatric
AML vary from adult AML. Thus, AML in children and adults should be viewed as
two distinct diseases. Chromosomal translocations that involve the Mixed-lineage
leukemia 1 (MLLI/KMT2A) gene generate some of the most aggressive forms of
AML, with an incidence of MLL-rearrangements (MLL-r) in ~35-50% of infant,
~15-20% of pediatric and ~10% of adult AML cases (305, 306). The molecular
intricacies of pediatric MLL-leukemogenesis remain largely elusive. In contrast to
the situation in adults, pediatric MLL-fusion leukemias have been proposed to be
sufficient to drive transformation, without the need for additional molecular lesions
(275, 281, 283, 307). In line with this, several studies showed that young cells were
more prone to MLL fusion than adult cells in terms of leukemia latency and lineage
dictation (278, 279).

Despite that MLL fusions appear for the most part to arise in utero, the incidence of
congenital/neonatal AML leukemia is very low (308), suggesting fetal
hematopoietic stem/progenitor cells are protected against the MLL-r driven
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leukemogenesis. Although it is well established that there exist distinct prenatal
signals that promote organismal growth and cellular proliferation (309), little is
known about their relationship to oncogenesis (3170).

It has previously been established that enforced expression of LIN28B in adult
hematopoietic stem/progenitor cells is sufficient to reestablish several aspects of
fetal hematopoiesis (49). Here, we attempted to approach this issue by enforcing
overexpression of LIN28B, a master regulator of fetal hematopoiesis, in adult MLL-
r driven leukemogenesis (49, 285).

Summary of Article I1

Using our dual-transgenic mouse model, LIN28B potently impeded the
development of MLL-ENL induced AML, with more than 50% of the mice in the
L28BME group failing to succumb to disease. Interestingly, when interrogating
AML developing in this group, we failed to observe expression of LIN28B, whose
expression became silenced by unclear mechanism. This finding further confirmed
the tumor suppressor function of LIN28B in ME driven leukemogenesis. Likewise,
the enforced expression of LIN28B also interferes with AML progression induced
by a combination of activating RAS mutations with MLL-fusions, which lead to
very aggressive AML (250). Thus, LIN28B can also disrupt AML in settings
involving relevant secondary driver mutations.

Some studies have suggested an oncogenic role of LIN28 (295-297). However,
recent studies have suggested that expression of LIN28 has a tumor suppressive
function in AML (279, 298). In accordance with the latter view, we found that a vast
majority of both pediatric and adult AML patient samples lack expression of
LIN28B, which is also not expressed in our inducible ME mouse model. The role of
Lin28 as a negative regulator of the /et-7 class of miRs is well established (286). In
our model, we have observed that MLL-ENL elevated the expression of some let-7
miR family members, whereas whose expression is disrupted in the presence of
Lin28b. However, we failed to observe any pronounced delays in leukemic
development upon repressing let-7 miRs, indicating the tumor suppressor activity
of Lin28b is largely let-7 independent.

Transcriptional profiling revealed a striking depletion of c-MYB target genes upon
enforced expression of LIN28B, which was accompanied by significant decreases
in MLL-leukemogenesis and LSC signatures and an enrichment for expression
signatures associated to differentiation and apoptosis. MYB is an essential target of
MLL-rearrangements and plays critical roles in MLLr leukemogenesis, with partial
or transient suppression on MYB being sufficient to impede leukemia (371, 312).
Intriguingly, all of these direct and indirect regulators of MYB, including for Myb
itself, were found to be unaltered upon LIN28B expression, suggesting that MYB
itself is a direct downstream target of LIN28B or its effectors.
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Several studies showed that LIN28B could modulate translation by direct binding
to mRNAs (289-292). Therefore, we mapped the LIN28B-bound RNA profile, in
which Mybbpla mRNA was identified and validated as a LIN28B binding target.
Mybbpla is a negative regulator of MYB activity (3/3). Similar to LIN28B,
MYBBP1A protein expression levels are also higher in fetal as opposed to adult
hematopoietic progenitors and critical for early embryonic development (374, 315).
While MYBBP1A has not been extensively studied in the context of AML, its tumor
suppressive activities have been suggested in several other human cancers, in which
its decreased expression levels associate with worse disease prognosis (3/6).
Mechanistically, loss of MYBBP1A is correlated with increased MYB activity and
induce a metabolic shift towards oxidate phosphorylation, both of which have been
proposed to be indispensable for LIC maintenance (376, 317).

We observed that MYBBP1A protein expression level was increased upon LIN28B
expression. Enforced overexpression of MYBBPI1A recapitulated several of the
tumor suppressor phenotypes of LIN28B in both murine and human MLLr leukemia.
These findings suggested a close physical and functional connection between
Mybbpla and LIN28B. LIN28B has been shown to enhance mRNA translation by
different mechanisms, including recruitment of RNA helicase A to the translational
machinery and gain of access to dormant mRNPs via co-association to YB-1 (293,
294). Here, we demonstrated that higher MYBBP1A levels might be caused by
repressed proteasomal degradation resulting from LIN28B expression. Intriguingly,
LIN28B was previously shown to coimmunoprecipitate with MYBBPIA in
embryonic fibroblasts (378), suggesting that these two proteins can also interact
physically. Finally, since LIN28B is regarded as a master regulator of fetal
hematopoiesis with diverse functions and interactomes, our results do not exclude
the existence of other LIN28B-mediated interactions that synergistically mediates
its tumor suppressor activities.

Taken together, this work provides insight to the nature of fetal HSPCs that are
protected against to leukemogenesis. Out data show that forced LIN28B expression
in adult HSPCs could induce several, if not all, features of fetal hematopoiesis, and
which serve to repress MLL-r driven leukemia. Moreover, we propose LIN28B/
MYBBP1A /MYB as a novel tumor suppressor axis that restricts MLL-r AML and
perhaps also other AML subtypes with a MYB involvement. In this view, the
developmentally restricted expression of LIN28B provides a natural protection
against MYB-dependent tumors, while its abrupt decline a few weeks after birth
presents an opportune for oncogenesis.
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Article 111

Ex vivo expansion potential of murine hematopoietic stem cells: a rare
property only partially predicted by phenotype

Background to Article 111

Hematopoietic stem cells (HSCs) maintain homeostasis and hematopoietic cells
generation for life (30). This is achieved by their combined capacity of multilineage
differentiate and self-renewal. Thus, HSCs represent the functional unit for
hematopoietic regeneration in the clinical bone marrow transplantation (BMT) and
are the preferred targets for gene therapy/gene editing approaches for the treatment
of inherited blood disorders. However, the scarcity of HSCs in vivo (the frequency
of about 0.005% of bone marrow cells) has hindered their broad clinical application
as well as for experimental research. To be able to maintain or even expand human
HSCs ex vivo is a pre-requisite for applications of gene therapy or to facilitate BMT
outcome from limited donor sources (379).

While intensive efforts have been put towards the development of in vitro culture
conditions that would allow for ex vivo HSC maintenance, most results have to date
been disappointing (30). Meanwhile, studies using relevant animal models such as
the mouse, could provide insight to understand and manipulate the fate processes of
HSCs. More recently, an alternative polyvinyl alcohol (PVA)-based culture system
has been proposed to support massive expansion (236-899-fold) of murine HSCs
over a month (320). However, despite the remarkable magnitude of HSC expansion
reported in this study, many details of this culture condition remain unknown.
Therefore, in this study we set out to characterize the PV A-based culture system in
more details.

Summary of Article 111

First, we focused on the requirements for input cells for an in vitro culture. It was
reported that PVA-based system can support selective HSC expansion when
culturing less pure or even unfractionated BM cell populations (3217). In line with
this, we observed an expansion of long-term repopulating HSCs (LT-HSCs) when
starting the cultures with primitive population of cKit+ cells. At the same time, we
noticed some unfavourable aspects relevant to the less defined HSC-containing cells
as input. For instance, the very low frequency of HSCs in the culture made it
difficult to track the fates of candidate HSCs. Massive cell death of unresponsive
non-HSCs might also cause indirect effects on HSCs. Apart from that, maintaining
the non-HSCs requires larger culture volumes, which is laborious, time-consuming
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and associates with higher costs. Therefore, we next evaluated more stringently
purified HSCs as input cells for culture.

HSCs are phenotypically defined as Lin-Sca+cKit+ (LSK) CD48-CD150+ (322).
Additional markers, including CD201 have been proposed to further enrich for LT-
HSCs activity (323). In our study, we demonstrated that the inclusion of CD201 in
candidate HSC isolation for in vitro culture is critical for robust expansion of bona
fide LT-HSCs. By contrast, the addition of CD41, another marker suggested to
discriminate differential HSC potentials (324), offered little further enrichment
for functional LT-HSCs.

The average cell output from 50 initial HSCs (LSK CD48-CD150+CD201+/high)
following 3-week culture was about 13.6 x 10° cells. These cells comprised of a
highly heterogenous pool of stem and multipotent progenitor cells (HSPCs), with
candidate phenotypic HSCs representing only about 0.1% of total culture. We
further demonstrated that while the total pool of cultured cells could support robust
hematopoietic regeneration in vivo, the actual long-term repopulating activity was
restricted to a subfraction of LSK CD48-CD150+CD201+ cultured cells. Hence, our
data suggest that additional markers such as EPCR and CD48 are needed to better
predict the LT-HSC activity both before and after culture.

When starting the cultures with lower number of input HSCs (10-cell cultures), we
observed heterogeneous reconstitution patterns in competitive transplantation assay.
This indicates that even cells with a strictly defined LT-HSC phenotype,
(phenotypically “homogeneous”™ cell fraction) can result in highly heterogeneous
outputs following transplantation. Our clonal barcoding experiments further
supported this view. This leads to the question whether the PVA-based culture
system supports the expansion of only certain HSC clones/subsets. Connected to
this, one relevant observation was the similar expansion of HSCs isolated from fetal
liver and adult BM, despite the fact that fetal liver HSCs show higher repopulating
activity than BM HSCs when unmanipulated (47). Further studies are needed to
address this question.

Successful HSPCs transplantation requires conditioning, which typically involves
irradiation and/or chemotherapy. The treatment allows for the transplanted cells to
be accepted by the host, by providing the space in the BM niche and reducing
responses from the host immune system. However, it is now well known that
conditioning leads to many undesired short- and long-term effects that impacts on
the recipient’s health, but also on the fate transplanted cells. Unconditioned HSPCs
transplantation therefore represents a desirable approach for some situations. While
to date the requirement for a large number of HSPCs has been a major limitation for
unconditioned transplantation (325, 326), the newer HSC ex vivo expansion system
provides prospects for such approaches. In the final part of this study, we explored
the potential of ex vivo expanded HSPCs to engraft unconditioned recipients.
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By matching hosts for CD45-isoforms, we could successfully achieve stable, long-
term multilineage engraftment in adult unconditional hosts from the cultured
progeny of only 100 candidate HSCs. Intriguingly, despite being activated to
proliferate in vitro, many candidate HSCs rapidly returned to a quiescent state in
vivo, with the most dormant HSCs exhibiting the most stringent HSC phenotype
(SLAM HSCs bearing high levels of EPCR).

Although many aspects of the PVA-based culture system remain to be explored, it
represents a powerful approach to maintain and expand murine HSCs. We believe
that our detailed characterization of the cells following expansion in PVA-based
culture conditions is valuable not only for future applications of this system, but also
for HSC biology in general.

49



50



Popularvetenskaplig Sammanfattning

Akut myeloid leukemi (AML) dr en typ av blodcancer. Sjukdomen kénnetecknas av
att utmognaden av blodceller hindras och att produktionen av normala blodceller
minskar. AML orsakas av genfordndringar i virt DNA. En méngd olika genetiska
forandringar har hittats i AML, men vissa dr vanligare och skadligare 4n andra.
Normalt krévs det fler 4n en genetisk fordndring for att AML ska utvecklas. De
forédndringar som uppstér forst, de priméra fordandringarna, leder till ett s.k. pre-
leukemiskt tillstdnd (pre-AML). Ytterligare fordndringar, sekundéira fordndringar,
leder sedan till fullt utvecklad AML.

Forskning har visat att de forsta fordndringarna intrdffar flera &r innan AML-
diagnos. Det gér dirfor inte att studera det tidiga skeendet i ménniskor, men med
hjalp av djurmodeller dr det mojligt studera vilken kombination av genférdndringar
(mutationer) som foranleder AML, och huruvida den ordning i vilken de intraffar ar
av betydelse for sjukdomsutvecklingen. Ofta anvéinds moss med liknande genetiska
forandringar som hittats hos AML-patienter. Forstaelse for utvecklingen av AML
ar viktigt for att kunna framstélla behandlingar som forhindrar, fordréjer eller botar
sjukdomen.

De flesta celler i vara kroppar har normalt 23 kromosompar som innehéaller vért
DNA. Nastan hilften av alla AML-patienter har fordndringar av kromosomerna i
cellerna som utvecklar leukemin. Vissa kromosomforindring ar vanligare &n andra,
t.ex. den att en bit av kromosom nummer 11 har bytt plats med en del av ndgon
annan kromosom. Denna typ av fordndring kallas for translokation eller
rearrangemang och kan leda att delar av tvd gener som normalt sitter pa olika
kromosomer fogas samman och bildar en s.k. fusionsgen. Genen MLL1 (dven kallad
KMT24) finns pd kromosom 11 just pa den plats dir det dr vanligare att
kromosomen delat sig i AML. MLL-fusionsgener &r sérskilt farliga och hittas hos
ca 10 % av vuxna AML-patienter och forknippas med en dalig prognos.

P& grund av deras starka cancerframkallande effekt har MLL-fusionsgener anvénts
frekvent i musstudier inom cancerforskning. Vi har framstillt en experimentell
musmodell for en MLL-fusionsgen. I vart fall har MLL satts ihop med ENL-genen
(MLL-ENL). Denna musmodell utvecklar en blodcancer som liknar human AML,
och vi har anvint denna i var forskning for att studera AML.

I artikel 1 ville vi studera vad som hinder under skedet fran det att den initiala
genforandringen uppstar (i vart fall inforandet av MLL-ENL genen) till det att AML
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uppstar. Vi upptéckte att i 65.6 % av fallen hade moesin (Msn)-genen muterats.
Mutationer av denna gen har dnnu inte patréffats hos AML-patienter men diremot
hos patienter med andra cancertyper, och tyder pa att det 4r en gen som &r inblandad
i flera olika cancrar.

For att forstda Msn:s roll 1 AML, inforde vi en Msn-mutation 1 var AML-ENL-
modell. Nir dessa tvd genfordndringar kombinerades forsvann den vanteperiod som
vanligen foreligger fran det att AML-ENL-fusiongenen introduceras till att AML
utvecklas. Msn-mutationen kunde dock inte ensam utveckla AML. Vi upptickte
ocksa att vi kunde hdmma sjukdomen i redan utvecklad AML genom att minska
nivderna av Msn. Detta var en spdnnande upptickt da en liknande strategi skulle
kunna anvéndas som en framtida behandlingsform dven for AML-patienter. Vér
upptiackt gav ocksad en potentiell forklaring till skillnader i tiden frén de initiala
genfordndringarna till AML-utveckling, ndmligen skillnader i uppkomsthastighet
av de sekundéra fordndringarna, sdsom mutation av Msn. Ytterligare forskning
kravs dock for 6kad forstéelse for hur dessa genetiska forandringar uppstar och leder
till sjukdom.

Hos barn med AML ar det dannu vanligare med MLL-fusioner (15-20 %). Dessa
patienter har MLL-fusioner redan under tiden i livmodern, men utvecklar inte
leukemi forrdn efter fodseln. Detta tyder pa att blodceller av ndgon anledning ar
skyddade mot MLL-fusionsgensdriven leukemi under fostertiden. Blodsystemet
under fostertiden, da blodcellsutveckling framfor allt sker i levern, skiljer sig
markant frén efter fodseln, d& blodcellsutvecklingen sker i benmérgen. Forskning
har visat att Lin28-genen endast &r aktiv endast under fostertiden och om man
aktiverar den hos vuxna benmaérgsblodceller fordndras dessa till att likna fetala
leverblodceller.

I artikel 2 undersokte vi hur fetala leverblodceller forhindrar utvecklingen av MLL-
fusionsgensdriven leukemi. Vi upptdckte att om Lin28b aktiveras i vuxna
benmaérgsblodceller med MLL-ENL uppkommer ingen AML. Vi sdg at Lin28b
kunde binda till olika typer av RNA, bl.a. Mybbpla-mRNA (en typ av kodningsmall
som kopieras fran DNA och innehaller instruktioner for hur genens protein ska se
ut). Nér Lin28 band till Mybbpla-mRNA ledde det till att mer av Mybbpla-protein
bildades, som i sin tur himmade MYB (ett viktigt protein i MLL-
fusionsgensorsakad  leukemi). Véra  studier visade  dirmed  att
Lin28/Mybbpla/MYB-serien kan hdmma cancerutveckling och att Lin28 utgor ett
nytt mojligt terapeutiskt mal for behandling av MY B-beroende cancerformer.

Blodstamceller ar langlivade och kan producera alla typer av blodceller.
Blodstamceller dr darfor optimala mal for genterapi/genredigeringsmetoder som
syftar till att bota blodcellssjukdomar. Transplantation av blodstamceller anvénds
bade kliniskt och i experimentella studier. Blodstamceller &r relativt ovanliga och
det finns darfor vildigt fa av dem i benmirgen. Denna begransning har varit en
utmaning for anvéndningen av blodcellstransplantation/genterapi i bade klinik och
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for forskning. Forskare nyligen lyckats etablera ett tillvigagéngsitt for att oka
antalet blodstamceller genom att odla dem i inkubatorer utanfor kroppen. I artikel 3
studerade vi denna metod och lyckades 6ka antalet blodstamceller ~300 génger
under en treveckorsperiod. Dessa stamceller hade vid slutskedet samma markorer
pa cellytan som anvénds for att identifiera blodstamceller som kommer direkt ifran
kroppen, samt samma funktion. Det &ar viktigt att podngtera att &ven om antalet
stamceller okade s& var 99,9 % av de celler som producerades i odlingen inte
stamceller utan mer mogna blodceller. Expansionen som detta odlingssystem
medger underlittar grund- och klinisk blodcellsforskning.
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