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ABSTRACT
OF THE THESIS OF

Charbel Elie Machaalani for Master of Science
Major: Microbiology and Immunology

Title: Phenotypic Characterization of Human NPM-1c, IDH1, IDH2 and P53 Mutations
and their Cooperation in Acute Myeloid Leukemia using Drosophila melanogaster
Model.

Background: Acute myeloid leukemia (AML) is a genetically complex and highly
heterogeneous hematological malignancy. Despite the increasingly garnered molecular
knowledge, AML still associates with poor prognosis, high relapse rates, and resistance
to standard chemotherapy. Unraveling the molecular pathways of single or co-occurring
mutations is indispensable to improve AML management. under a broader research by
our team investigating relevant mutations in AML, we focused on select mutated genes.
Mutations in isocitrate dehydrogenase 1 or 2 (IDH 1/2) encoding for two known
epigenetic regulators and key enzymes of the Krebs cycle, occur in AML. These
mutations result in an aberrant enzymatic function, DNA hypermethylation, cell
proliferation and abnormal differentiation. Nucleophosmin-1 is a phosphoprotein playing
a pivotal role in several cellular processes and its gene mutations (NPM-1c) classify
among the most frequent mutations in AML patients. NPM-1c contributes but is not
sufficient to induce AML. Its occurrence with other mutations is key in AML
pathophysiology. Finally, P53, a well-known tumor suppressor, is mutated in 5 to 10%
of AML patients. We utilized Drosophila melanogaster model to study the phenotypic
effect of single mutations IDH1 R132H, IDH2 R172K, NPM1c, and P53 R248Q and
IDH1 R132H/ NPM1c double mutation. Transgenic flies were generated by injecting
pUAST vectors carrying the targeted wild-type human genes or their relevant mutations
in AML. Hemolectin-Gal4 system was used to express different proteins in the
hematopoietic fly compartments, and their phenotypic analysis was performed by
hemocyte enumeration. UAS-Gal4 system was used to specifically drive expression to
the eyes of adult flies. Phenotypic analysis was evaluated by Scanning Electron
Microscopy. We demonstrated that expression of IDH2 R172K or IDH1 R132H
mutations increase the number of circulating hemocytes and that IDH1 R132H induces
moderate roughness in the eyes of adult transgenic flies. NPM1c mutation increases
hemocyte count but does not induce any eye roughness in adults. Interestingly, IDH1
R132H/ NPM1c double mutation significantly increased circulating hemocytes counts as
compared to single mutations. Finally, and surprisingly, P53 R248Q mutation decreases
hemocyte count. Our study further validates the use of Drosophila to study mutations of
AML and sets a solid ground to map the molecular pathways by which these mutations
exert their biological phenotypes and to discover therapeutic susceptibilities providing
insights towards personalized medicine approaches.
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CHAPTER |

OVERVIEW ON ACUTE MYELOID LEUKEMIA

A. Brief synopsis on Leukemias

Leukemia represents a group of hematologic malignancies characterized by the
abnormal proliferation and division of leukocytes. Worldwide, leukemias are the 15"
most diagnosed cancers and the 11" leading cause to death [1]. Leukemias predominantly
present in males where the incidence rate is at 6.1 per 100,000 males (death rate 4.2)
versus 4.3 per 100,000 females (death rate 2.8) respectively [1, 2].

Leukemia is categorized depending on the type of affected white blood cells
(myeloid or lymphoid) and the characteristics of the disease (acute or chronic). In a
physiological state, immature and dysfunctional blasts constitute between 1 and 5% of
the marrow cells. In acute Leukemia, an increase of over 20% blasts is noted, either in
peripheral blood or in bone marrow (BM) causing a rapid onset of symptoms. In chronic
Leukemia, the number of blasts is less than 20%, and leukemia takes place with a slow
onset that can take several years to develop symptoms [3].

Myeloid Leukemia affects myeloid cells (monocytes, macrophages, neutrophils,
basophils, eosinophils, erythrocytes, and megakaryocytes), while Lymphocytic
Leukemia affects lymphoid cells (T, B, and natural killer cells). Consequently, we can
distinguish four different subtypes of leukemia:

1. Acute Lymphoblastic Leukemia (ALL): which is the proliferation of lymphatic
cells without the differentiation into normal B-cell or T-cells. ALL most
commonly occurs in children where pediatric ALL represents 80% of cases, and

only 20% of ALL occur in adults.
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2. Acute Myelogenous Leukemia (AML) is characterized by an increase of myeloid
blasts to reach a greater percentage than 20%; AML is mostly prevalent in older
generations with an incidence increasing with age.

3. Chronic Lymphocytic Leukemia (CLL) is caused by the growth of mature but
aberrant lymphoid white blood cells, resulting in a monoclonal population of
defective lymphocytes. In the majority of instances, it affects adults between the
ages of 60 and 70.

4. Chronic Myelogenous Leukemia (CML) is characterized by a “monoclonal
population of self-renewing dysfunctional myeloid cells”. The majority of

instances affect adults between the ages of 25 and 60 [4].

B. Overview on Acute Myeloid Leukemia
1. AML.: Definition and Epidemiology

Acute myeloid leukemia (AML) is a miscellaneous group of hematological
neoplasms. AML accounts for approximately 80% of acute leukemias [5] and around
30% of total leukemias cases [6]. It is characterized by an anomalous proliferation of
hematopoietic stem cells (HSC) myeloid precursors, and a failure in their differentiation
(Figure 1). As a result, these precursors accumulate in BM and results in BM failure [7,
8]. Despite advances in research and therapeutic approaches, AML is characterized by an
exceedingly variable prognosis and a high mortality rate accounting for around 62% of

leukemia related deaths [9].
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Figure 1. Normal versus leukemic hematopoiesis [7]. (2) General hierarchical structure
of normal hematopoiesis: The long-term hematopoietic stem cells (HSCs), give rise to
various hematopoietic progenitor cells. Progenitors produce various precursor cells and
then

AML mainly affects elderly patients. Indeed, the age distribution of AML based
on the data compiled from the Surveillance, Epidemiology, and End Results data (SEER)
from the United States of America and the World Health Organization (WHO) showed
that the incidence rate for patients above the age of 65 years old is 20.1 per 100,000
persons, as compared to 2.0 per 100,000 persons in patients younger than 65 is. Males
were more prone to develop AML as compared to their female counterparts (1.2 to 1.6
times higher incidence in males as compared to females) (Figure 2) [9].

In the vast majority of patients, AML occurs due to de novo mutations [10]. In
the remaining 10 to 30% of AML cases, AML is referred to as secondary AML, and the

occurrence of the disease is the result of DNA damage after exposure to either
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radiotherapy or chemotherapy, or “prior hematologic malignancies such as MDS or

myeloproliferative neoplasm” [9, 11].
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Figure 2 Incidence of patients with acute myeloid leukemia in the United States by age
and sex, 2011-2016 (Surveillance, Epidemiology, and End Results data, based on the
November 2018 submission) [9].

2. AML Classification

AML is a highly complex and polyclonal blood malignancy. The complexity of
this diseases necessitated various updates and different classifications. Three major
classifications are adopted in AML, the French-American-British (FAB) classification,
the World Health Organization (WHO) classification, and the European Leukemia Net
(ELN) classification.

The FAB classification established in 1976 divided AML into 8 categories (Table
1), depending on the morphology origin, maturity immune-histochemical features and
later the immunological markers of AML cells. Classes from MO0 to M5 are part of the
precursors of white blood cells blocked at different stages of the myeloid lineage. The
class M6 start in the early forms of red blood cells, the erythroid and the final class M7

originated in the early megakaryoblasts, from progenitors that make platelets [12].
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Table 1 The French-American-British (FAB) classification of AML [12].

Fab subtype |Name Origin
MO Undifferentiated acute myeloblastic leukemia |Starts in immature
M1 Acute myeloblastic leukemia with minimal forms of white blood
maturation cells (WBC).
M2 Acute myeloblastic leukemia with maturation
M3 Acute promyelocytic leukemia (APL)
M4 Acute myelomonocytic leukemia
M4 eos Acute myelomonocytic leukemia with
eosinophilia
M5 Acute monoblastic/monocytic leukemia
M6 Acute erythroid leukemia Starts in very immature
forms of red blood cells
(RBC).
M7 Acute megakaryoblastic leukemia Starts in immature
forms of cells that make
platelets.

The FAB classification left a gap and did not consider the patient’s AML

karyotype, which is essential to understand the development of the disease and its

response to treatment. In 2001, the WHO proposed a new classification that distinguishes

different subgroup of AML depending on the cytogenic abnormalities, chromosomal

translocations, in addition to dysplasia indications [13]. Later on, in 2017 this

classification was revisited and divided AML in six major subtypes: AML with recurrent

genetic abnormalities; AML with myelodysplasia-related changes (MRC); therapy-

related myeloid neoplasms (t-MN); AML, not otherwise specified (NOS); myeloid

sarcoma; and myeloid proliferations related to Down syndrome (DS) (Table 2) [3].
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Table 2 WHO classification of Acute Myeloid Leukemia, 2017 [3].

AML with recurrent genetic abnormalities

AML with t(8;21)(922;922.1);RUNX1-RUNX1T1

AML with inv(16)(p13.1922) or t(16;16)(p13.1;q22);CBFB-MYH11
APL with PML-RARA

AML with t(9;11)(p21.3;923.3);MLLT3-KMT2A

AML with t(6;9)(p23;q34.1);DEK-NUP214

AML with inv(3)(q21.3926.2) or (3;3)(q21.3;926.2); GATA2, MECOM
AML (megakaryoblastic) with t(1;22)(p13.3;913.3);RBM15-MKL1
Provisional entity: AML with BCR-ABL1

AML with mutated NPM1

AML with biallelic mutations of CEBPA

Provisional entity: AML with mutated RUNX1

AML with myelodysplasia-related changes
Therapy-related myeloid neoplasms
AML, NOS

AML with minimal differentiation
AML without maturation

AML with maturation

Acute myelomonocytic leukemia
Acute monoblastic/monocytic leukemia
Pure erythroid leukemia

Acute megakaryoblastic leukemia
Acute basophilic leukemia

Acute panmyelosis with myelofibrosis

Myeloid sarcoma
Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis (TAM)
Myeloid leukemia associated with Down syndrome

The two aforementioned classifications were the most commonly used; but with

the advancement of the new sequencing technologies, new genetic mutations were

discovered. Hence, AML classification was revisited. In 2010, the European

LeukemiaNet (ELN) introduced a new classification by standardizing the risk

stratification in AML adult patients, with the clinical outcomes, cytogenetics and

correlated genetic abnormalities. This classification was then revised in 2017 and grouped

the patients into three risk categories: Favorable, intermediate, and adverse (Table 3). The

favorable risk category represents the patients with genetic mutations who present good
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therapeutic responses. Patients who had less favorable prognosis, but a normal karyotype
and cytogenetics were categorized as an intermediate group. The adverse category
encompasses patients with chromosomal alteration and high risk of treatment failure [14].
More updates are being continuously implemented on AML classification, for example
NPM1 prognosis is dependent on its co-occurrences. If it occurs with low allelic
frequency FLT3-ITD mutation, patients generally present favorable prognosis as

compared to high allelic frequency FLT3-1TD mutation [15].

Table 32017 ELN risk stratification by genetics [14].

Risk category | Genetic abnormality

Favorable t(8;21)(q22;922.1); RUNX1-RUNX1T1
inv(16)(p13.1g22) or t(16;16)(p13.1;022); CBFB-MYH11
Mutated NPM1 without FLT3-ITD or with FLT3-ITD'"""
Biallelic mutated CEBPA

Intermediate Mutated NPM1 and FLT3-ITD"d"

Wild-type NPM1 without FLT3-1TD or with FLT3-ITD'"" (without
adverse-risk genetic lesions)

t(9;11)(p21.3;0923.3); MLLT3-KMT2A

Cytogenetic abnormalities not classified as favorable or adverse
Adverse t(6;9)(p23;034.1); DEK-NUP214

t(v;11923.3); KMT2A rearranged

1(9;22)(q34.1;911.2); BCR-ABL1

inv(3)(q21.3726.2) or (3;3)(q21.3;026.2); GATA2,MECOM(EVI1)
=5 or del(5q); —7; —17/abn(17p)

Complex karyotype, monosomal karyotype

Wild-type NPM1 and FLT3-ITD"d™

Mutated RUNX1**

Mutated ASXL1**

Mutated TP53

* Low, low allelic ration (<0.5); high, high allelic ration (>0.5)
** These markers should not be used as an adverse prognostic marker if they occur with
favorable-risk AML subtypes.
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3. AML genetic alterations

Advances in sequencing techniques unraveled the genomic heterogeneity of AML
patients. Indeed, around 50% of patients present chromosomal deletions or translocations
[16], while the remaining half present normal cytogenetics but with mutated genes [17].
Twenty recurrent leukemic drivers were documented in addition to Nucleophosmin-1
(NPM1), tyrosine kinase receptor gene FMS-Like tyrosine kinase 3 (FLT-3), Isocitrate
dehydrogenase (IDH), p53, RUNX1, ASXL-1 mutations, DNA Methyltransferase 3A
(DNMT3A) mutations, Ten—Eleven Translocation 2 (TET2) mutations, CCAAT Enhancer
Binding Protein o (CEBPA) mutations, Mixed Lineage Leukemia (MLL), c-Kit mutations,

Splicing Factor Gene mutations, and Cohesion Complex Members mutations were also

identified (Figure 3) [18, 19].
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Figure 3 The driver mutations identified in AML [19]. Driver events in 1540 patients
with AML. Each bar represents a distinct driver lesion; the lesions include gene
mutations, chromosomal aneuploidies, fusion genes, and complex karyotypes. The colors
in each bar indicate the molecular risk according to the European LeukemiaNet (ELN)

classification.
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The Cancer Genome Atlas Research Network performed a whole genome

sequencing on 200 AML patients, dividing the mutations into eight functional categories

2HG
TUMOR.SUPPRESSOR -
GENES

(Figure 4)[20]. These were later categorized into different classes (Table 4)[19].
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Figure 4 Eight functional categories of genes that are commonly mutated in Acute
Myeloid Leukemia [20]. Mutations in signaling genes (FLT3) confer a proliferative
advantage through RAS-RAF, JAK-STAT and PI3K-AKT signaling pathways (upper left
box). Mutations in myeloid transcription factors (RUNX1) lead to transcriptional
deregulation and impaired differentiation (center left box). Mutations in NPM1 gene
result in aberrant cytoplasmic localization of NPM1 (lower left box). Mutations of
spliceosome-complex genes are involved in deregulated RNA processing (lower right
box). Cohesion-complex gene mutations impair chromosomal segregation and
transcriptional regulation (center middle box). Mutations of genes involved in epigenetic
homeostasis (ASXL1 and EZH2) lead to deregulation of chromatin modification (center
right box). Deregulation of DNA methylation (DNMT3A, TET2, IDH1 and IDH2
mutations) (upper right box). Mutations in tumor suppressor genes (TP53) lead to
transcriptional deregulation and impaired degradation (upper middle box).
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;CIass I Class Il Class 11 Other
Pathways Signal Differentiation [Epigenetic Tumor
Transduction Regulation Suppression
Genes FLT3 RUNX1 TET2 WT1
KIT CBFp IDH1, IDH2 TP53
NRAS, KRAS  |CEBPA DNMT3A
JAK2 NPM1 ASXL1
PIPN11 PUI1 EZH2
MLL
RARA

Table 4 Gene mutations in AML [19].

In the following chapters, we will focus on select mutations in AML. These
include NPM1, IDH1, IDH2, and p53 mutations. For each gene, an overview on the
normal physiological roles will be presented. This work is complementary to other
ongoing research in the laboratory focusing on FLT3 ITD, and DNMT3 among other

significant mutations in AML.

4. AML clinical manifestations and current treatment strategies

AML is mainly characterized by an increase in the production of immature white
blood cells in the BM, but they can also spread to other organs. Nonspecific symptoms
of AML include dizziness, fatigue, weakness, fever, anorexia, anemia, thrombocytopenia,
bleeding presented as rash and bruising. Patients also suffer from mental health
difficulties embodied by a decreased ability to maintain social and familial roles, anxiety
and depression [21, 22]. More severe symptoms such as neutropenia which increases the
risk of infections can be noted [7]. 5% of AML patients are at risk of developing
lymphadenopathy and intracranial bleeding [23, 24]. One third of AML develop

splenomegaly or hepatomegaly [25]. Moreover, extra-medullar symptoms in other tissues
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such as such as the spleen, lymph nodes, gums, liver, skin and central nervous system can
occur. The identification of these leukemic blasts infiltrating extra-medullary tissues is a

key element in AML diagnosis [7, 26].

AML standard treatment remained unchanged for over three decades. It relies
mainly on aggressive chemotherapy for those deemed fit for standard chemotherapy.
Standard treatment includes two phases, the induction therapy and consolidation therapy.
The choice of the induction therapy depends on the comorbidities and the status of the
patient. The end goal of both induction therapies is to achieve complete remission,
preferably with no measurable residual disease [27]. Two induction therapies are
commonly used, both aiming to kill leukemic cells in blood and BM: the first is cytotoxic
chemotherapy with or without targeted therapies; the second is hypomethylating agents
with or without targeted therapies. The choice of induction chemotherapy is divided
between two groups those of Favorable and Intermediate Risk Disease and those of
Adverse Risk Disease. For the favorable and intermediate risk disease the treatment of
chemotherapy did not vary a lot in the last 50 years; they follow the typical 7+3 treatment
(Figure 17)[28]. A continuous infusion of cytarabine over 7 days, to which during the
first 3 days a daily dose of an anthracycline such as daunorubicin is given. This treatment
showed to provide up to 80% of complete disease response in favorable patients, and 50-
60% in those with intermediate risk disease. The adverse risk disease present
unsatisfactory response for the 7+3 treatment; with a complete remission rate of 40% and
a median overall survival between 12 to 18 months [27]. If complete remission is
achieved by patients, they become eligible for the post remission consolidation therapy
[29]. Guidelines of ELN [14] indicate that patient in the favorable condition can receive

an intermediate dose of cytarabine, on the other hand those in the intermediate or adverse

20



group should be treated by chemotherapy and allogeneic hematopoietic stem cell
transplantation (HSCT)[30].

Therapy of AML-The 3+7 Standard Approach

3+7
+ High dose cytarabine x 1-2

Complete remission

Age, performance status, comorbidities, cytogenetics, molecular, measurable residual disease,
donor

Low risk of relapse; High risk of relapse;
High risk of stem cell transplant Low risk of stem cell transplant
High dose cytarabine X 4 total Allogeneic stem cell transplant

No maintenance

Figure 5 The 7+3 standard of care in AML [28]. Induction chemotherapy consists of
treatment with anthracycline plus cytarabine-based regimen (3+7). After complete
remission, the course of the treatment depends on patient’s health status as indicated.
Patients with low risk of relapse receive consolidation therapy consisting of high dose
cytarabine (4 cycles). Patients with increased risk of relapse receive allogeneic
hematopoietic stem cell transplant.

With the advancement of precision medicine, the number of targeted therapies for
AML treatment is steadily increasing. 167 agents with 96 targets were investigated in 397
phase Il trials between January 2000 and September 2020. So far only eight targeted
therapies have been approved by the U.S. Food and Drug Administration FDA, some of

them listed in the table below (Table 5) [31].

Table 5 Presenting FDA approved targeted therapies [31].

Treatment Target | % Phase | Setting Primary Magnitude | Ref.
regimen and Patients efficacy of clinical
FDA approval with outcome benefit
date Target
De novo AML
Azacitidine + | BCL2 | N/A I >75 ylo, | OS Substantial | [32]
Venetoclax Unfit for
October 2020 intensive

chemo
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Tagraxofusp CD123 | 100 I/ Untreated | Combined Moderate [33]
December and complete
2018 pretreated | response +
clinical
complete
response in
previously
untreated
patients
SOC + | FLT3 | ~15- I FLT3-ITD | OS Major [34]
Midostaurin 37% or FLT3-
April 2017 TKD
LD Cytarabine | SHh N/A I Unfit for | OS Substantial | [35]
+  Glasdegib intensive
November chemo
2018
Gemtuzumab | CD33 | ~85% i 80-70y/o | Event Free | Major [36]
0zogamicin survival
September (EFS)
2017
Venetoclax + | BCL2 | N/A 11 >65 y/o | Overall N/A [37]
Decitabine or unfit  for | Response
Azacitidine intensive | Rate (ORR)
October 2020 chemo
Relapsed/refractory AML
Gilteritinib or | FLT3 | ~15- i FLT3-ITD | OS, CR Substantial | [38]
salvage 37% or FLT3-
therapy TKD
November
2018
Enasidenib IDH2 | ~8.7% | I/ll IDH2 ORR N/A [39]
August 2017 mutated
Ivosidenib IDH1 | ~4.4- /11 | IDH1 ORR N/A [40]
July 2018 8.5% mutated

The choice of targeted therapy highly depends on the patient status, age and ability
to tolerate intensive chemotherapy, most fit patients are of a younger age (<60 years old).
The younger patients would receive intensive chemotherapy with venetoclax and either
IDH inhibitors in case of IDH1/2 mutations or venetoclax in case of FLT3-ITD/KTD. This
protocol is followed by a consolidation phase during which either intermediate or high
doses of cytarabine are provided with or without anthracycline. After a first complete
remission is achieved, a period of maintenance therapy begins. Unfit patients, usually of

older age receive low dosage of cytarabine with venetoclax and kinase or IDH inhibitors.
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Similarly, when first CR is reached, patients undergo maintenance therapy for two years.
The best and most effective long-term therapy remain the allogeneic stem cell
transplantation (MD Anderson 2020 approaches reviewed by Kantarjian et al. 2021).
Even after achieving a first CR, relapse would occur leading to a worsened case. Patients
with refractory AML follow a treatment that includes high doses of cytarabine,
venetoclax and nucleoside analogs combined with novel targeted therapies (FLT3
inhibitors, IDH inhibitors, venetoclax) (MD Anderson 2020 approach reviewed by
Kantarjian et al. 2021 [28]). A second CR is only noted in a small percentage of patients,

most being in the young fit group.
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CHAPTER 11

NUCLEOPHOSMIN-1 AND ITS MUTATIONS IN AML

A. Structure and Function

Nucleophosmin (NPM) is part of a histone chaperones family that includes three
major functional membranes, out of which NPML1 is expressed in all tissues [41]. All
members have a conserved motif that includes a N-terminal core, an acidic domain, and

a nuclear localization signal (Figure 6).

Core Domain Acidic Domain Basic Domain Arom.

|l ] L L 1

NPMH1
A1 NES NES A2 NLS A3 NLS NoLS
NPM2 w
A2 NLS A3
NPM3
A1l A2 NLS

Figure 6 Schematic structure of human NPM proteins. All proteins share a core,
hydrophobic domain (blue) responsible for oligomerization and chaperone activity,
followed by an acidic domain required for ribonuclease activity. A basic domain
implicated in nucleic acid binding is common to NPM1 and NPM2, but absent in NPM3.
Finally, only NPM1 exhibits a C-terminal aromatic stretch require for its nucleolar
localization. In addition, NPM members harbor nuclear-localization signals (NLS),
nucleolar-localization signal (NoLS), nuclear export signal (NES) and acidic clusters
[42].

NPM1 is a nuclear protein that is found in the nucleolus of proliferating cells, but
during the cell cycle, it shuttles between the cytoplasm, nucleus, and nucleoplasm. NPM1
is composed of 12 exons, present on chromosome 5935, and encodes a 37 kDa nucleolar
shuttling phosphoprotein. NPM1 has 3 main functional regions (Figure 6). The first is the

N-terminal region that contains two nuclear export signals (NES), which allow
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oligomerization required for the chaperone activity of histone, proteins and nucleic acids
[43]. The movement of the complex to the cytoplasm is due to the first NES which is
associated with ribosomal protein L5 and S5 [44]. While the centrosome localization is
acquired due to the second NES [45]. The Central region that has two highly acidic
regions of aspartic acid and glutamic acid. These highly negatively charged amino acid
provide the binding region for the different histones [43]. It also allows the binding to
ribosomal proteins, which is essential for chromatin remodeling and nucleosome
assembly [46]. Separating these two highly acidic stretches, a motif for ribosome
biogenesis and a nuclear localization signal (NLS) are present. The later allows the
shuttling between the nucleus and the cytoplasm [47] (Figure 6). Finally, the C-terminus
presents a region of basic amino acids, essential for ribonuclease activity and nucleic acid
binding [46]. The basic amino acids are followed by a region of aromatic amino acids,
which play a critical role in the binding to nucleic acids and ATP. This last part of the C
terminal also presents a nucleolar localization signal (NoLS) and two tryptophan residues
that allow the maintenance of NPML1 in the nucleolus [42]. The function of NPML1 is
highly dependent on its localization. Indeed, the shuttling of the protein between the
different cellular parts (cytosol-nucleus-nucleolus) is maintained based on its different

regions the NES, NLS and NoLS [48].

B. Physiological roles of NPM1

NPML1 is a very well conserved phosphoprotein that is present in the nucleoli but
constantly translocate between the nucleus and the cytoplasm [49]. This protein exhibits
different functions, including the transport of pre-ribosomal particles and ribosomal

biogenesis, the response to stress stimuli such as UV irradiation and hypoxia, the
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regulation of crucial tumor suppressors such as P53 and p14”RF, the maintenance of
genomic stability through the control of centrosome duplication, the participation in
DNA-repair processes, and the regulation of DNA transcription through modulation of
chromatin condensation and de-condensation events, and more recently add O-

methylation and nucleolus phase separation (Figure 7) [50].

Centrosome duplication (1) Ribosome biogenesis (2) Histone chaperoning (3)
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Figure 7 Summary of the multiple functions of NPM1wt [50]. NPM1wt inhibits
centrosome duplication (1). NPMlwt is released during the cell cycle, from the
centrosome to allow its duplication and the formation of the mitotic spindle. With its
predominant nucleolar localization and the ability to bind rRNA and ribosomal proteins,
NPM 1wt cooperates in ribosome biogenesis (2). NPM 1wt is also a histone chaperone (3)
with the ability to bind core and linker histones and to regulate the formation of
perinucleolar heterochromatin. It is also involved in DNA repair (4); NPM1wt binds to
TP53, enhancing its stability and transcriptional activity, as well as to APE1, regulating
its endonuclease activity depending on the type of DNA damage. NPM1wt in other
recently reported functions, such as 2° -O-methylation of rRNA (5) and LLPS in the
nucleolus (6).

NPM1 plays a role in the stabilization of p14”“R" and p53 tumor suppressors. These

two genes have a critical role in cell cycle arrest and apoptosis. NPM1 can interact directly
with p53, binding to it and causing its stabilization and transcriptional activation. NPM1

can also indirectly regulate p53, studies conducted on mice showed that by binding to its
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suppressors such as p14°RF and MDM2; affecting formation of MDM2-p53 which
prevents p53 degradation. ARF is also directly stabilized by NPM1 when it binds to it in
the nucleus directly [51]. MDM2 is an oncoprotein whose role is to block p53 tumor
suppressor-mediated transcriptional transactivation. It escorts p53 from the nucleus of the
cell to the cytoplasm, and polyubiquitylates p53. This will lead to the rapid degradation
of p53 in the cytoplasm by the 26S proteasome [52].

In ribosome biogenesis, NPM1 acts as a dual nucleolar histone and ribosome
chaperone [53]. As a hallmark of chaperones, NPM1 binds to denatured protein substrates
[54]. it also associates with the pre-ribosomal 60S [55], facilitating the cleavage of
ribosomal RNA and acting as an endoribonuclease [44, 56], cleaving the short region in
the rRNA internal transcribed region 2 (ITS2) during the ribosomal maturation [56].
NPM1 also binds to rpL5, a known ribosomal protein that acts as a chaperone for the 5S
rRNA subunit, and this interaction drives their nuclear export [55].

Finally, in genomic stability and DNA repair, NPM1 attaches to the centrosomes
inhibiting their duplication [57]. NPML1 is also involved in DNA repair. In that sense,
after UV damage, NPML1 is upregulated and moves to the nucleoplasm, where it acts as a
chromatid binding factor, and with other proteins such as BRCA1 and yH2AX, it activates

the DNA repair mechanisms [58].

C. Mutations of NPM1 in AML

In AML, NPM1 mutations are among the most frequent mutations, occurring in
more than 30% of patients (Figure 3) [59]. NPM1 mutations are of different types, with
type A being the most predominant in around 80% of cases. Mutation A is caused by a

duplication in the sequence of the nucleotides “TCTG”, and results in the substitution of
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two tryptophan residues into two cysteine residues, abolishing the NoLS and creating of
anew NES. This results in the continuous cytoplasmic translocation and accumulation of
NPML1 in the cytoplasm, resulting in leukemogenesis. This mutation was later referred to

NPMlc, “c” in reference to the cytoplasm (Figure 8)[60].

Figure 8 Cytoplasmic delocalization of NPM1c as compared to the nucleolar localization
of NPM1wt [61].(A) Immunofluorescence analysis shows nucleolar localization of
NPM1 wt in NIH3T3 mouse fibroblasts transfected with eGFP/wild-type NPML1. (B)
NPM1c mutants accumulate in the cytoplasm.

It is worth noting that NPM1 mutations co-occur most of the times with other
types of mutations. Indeed, in 70% of NPM1c AML patients, NPM1c is recorded with
other mutations such as DNMT3a, IDH1, IDH2, NRAS, or TET2. The outcome and the

prognosis of patients depends on the co-mutations occurring with NPMZ1c (Figure 9)[19].
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BeatAML

Figure 9 Circos Plot showing the relationship between common mutant genes in AML
[61]. (A, B) Circos plot diagram showing the frequency of pairwise co-occurring gene
mutations in AML from The Cancer Genome Atlas (TCGA) (A)and
BeatAML (B) cohorts.

D. Functions of NPM1c mutations in AML Haplo-insufficiency and NPM1
localization

Under physiological conditions, NPM1 is present in the nucleolus, and bound to
the nucleolar membrane through its tryptophan containing NoLS [61]. NPM1 mutations
occur in exon number 12, causing a reading frame shift in the C-terminus, altering the
NoLS critical Tryptophan residues [60] (see section 3 above), resulting in a newly created
leucine riche NES motif. This NES allows the attachment of NPM1c to a nuclear export
motif, exportin-1, causing the abnormal translocation of NPM1 to the cytosol [62, 63],
and this delocalization became a hallmark of leukemic cells (Figure 8)[61]. Patients’
records showed that NPM1c mutations are always heterozygous, and
immunohistochemistry staining of their blasts revealed a dimerization between NPM1wt
and NPM1c, due to the conserved N-terminal dimerization domain in both proteins, hence

the NPM1 wt is translocated alongside with the mutant protein to the cytoplasm [63]. The
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cellular partitioning of NPM1c and NPM1wt proteins is dose dependent [47]. Indeed,
transfection of cells with different molar concentrations of NPM1c and NPM1wt,
revealed that under equimolar doses of both proteins, NPM1wt was still present in the
nucleolus. When the cells were transfected with a higher dose of NPM1c, the totality of
NPM1wt was delocalized into the cytoplasm. Opposingly, when cells were transfected
with a higher dose of NPM1wt, the mutated proteins were relocated to the nucleolus [64].
In vitro and in vivo studies showed an increase in the rate of oncogenic transformation,
under the inactivation of the nucleolar NPM1. This inactivation caused mitotic spindle
defects, aneuploidy, increased centrosome numbers and DNA damage checkpoint

activation [65].

1. NPM1c and role in AML pathogenesis

NPML1 acts as both, an oncogene and a tumor suppressor gene, because it drives
leukemogenesis by a gain or a loss of function [66]. The cytoplasmic delocalization of
NPM1c disables p14*%F as well as p53-dependent and independent activities [67, 68].
Indeed, in the nucleolus NPM1wt and p14“RF are bound to each other’s, providing a
stability and preventing P14”RF degradation [69-71]. After various stimuli, NPM1
releases p14~"F allowing binding to MDM2, preventing the proteasomal degradation of
P53. ShRNA NPM1 resulted in a rapid degradation of the mouse p19”%F mice (equivalent
of human p14~RF) [69]. NPM1 inactivation destabilized and led to the translocation of
P19”RF from the nucleus [70].

In another study, when NIH-3T3 fibroblasts were engineered to produce a zinc-
inducible p1427F protein, NPM1wt and p14~RF were delocalized from the nucleoli to the

cytoplasm, consequentially resulting in a reduced P53-dependent and P53- independent
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p14ARF activities. Similarly, the complex NPM1c/P14ARF showed a destabilization of
p14~RF and a decrease in the P53-dependent cell-cycle arrest at the G1/S boundary [72].

c-myc is a master regulator for cell cycle and cell proliferation. NPM1wt plays a
role in c-myc regulation through the interaction between NPM1 and the E3 ligase Fbw7y.
Overexpressed c-myc is reported in AML [73]. This is mainly due to the interaction
between NPM1c and Fbw7y, resulting in its cytoplasmic delocalization and stabilization

(Figure 10) [74].

Cytoplasm Cytoplasm
7
;04’?')
)\
stabilization \j
FBW7y
/ degradation
\ Ub
Ao\ HDM2
N7 A MYC MYC
\ 4 MYC
stress ‘\ —/| MYC
response (?) " MYC
\ stabilization
Al
: \@7" HDM2
A&
— %
Nucleolus g '917 R
Nucleus Nucleus Nucleolus
NORMAL CELL AML BLAST

Figure 10 Mutated NPM attenuates an onco-suppressor pathway and enhances an
oncogenic one. Normal cell: NPM is mainly localized in the nucleolus and is required for
nucleolar accumulation and stability of FBW7y and ARF. This is relevant for the control
of MYC turnover and provides an active pool of ARF ready to inactivate the HDM2-
mediated p53 degradation in response to cellular stress. AML blast: NPM-mut is mainly
localized to the cytoplasm and causes cytoplasmic delocalization and degradation of ARF
and FBW7y. As a consequence, HDM2 can induce ubiquitination/degradation of p53, and
MY C accumulates and activates its target genes.

NPM1c AML cells revealed an accumulation of APEL in the cytoplasm, and a
truncated APEL product following its targeting by granzymes A and K resulting in an
impaired BER pathway [75]. These results highlight the aforementioned role of NPML1 in

response to DNA damage. Furthermore, NPM1c increased the threshold of apoptosis
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initiation, hindering the caspase-activated myeloid cell differentiation, by hindering
caspase-6 and caspase-8 [76].

The self-renewal capacity of leukemic cells is affected by the Homeobox (HOX)
genes (HOXA, and HOXB) which are overexpressed in NPM1c AML cells [77]. The
decrease of cytoplasmic NPM1c downregulated HOX genes and led to a significant
decrease of acetylated H3K27 mainly at HOX loci, coupled with cellular differentiation
[78]. These results highlight the importance of HOX genes in maintaining the

undifferentiated status of AML cell.
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CHAPTER I1I

IDH-1, IDH2, P53 AND THEIR MUTATIONS IN AML

A. lIsocitrate dehydrogenase 1 and 2 (IDH1/2)
1. Structure

Isocitrate dehydrogenases (IDH) are key elements in the Krebs cycle playing
important roles in cellular metabolism. Two IDH isoforms 1 and 2 (IDH1 and IDH2)
exhibit mutations in cancer. A third isozyme, IDH3, existing in the mitochondria but no
mutation has been described in cancer yet [79]. IDHL1 is located on chromosome 2¢33
while IDH2 is located on chromosome 15q26. These enzymes function as homodimers;
each dimer contains two active sites, and each subunit is composed of a large domain, a
small domain, and a clasp domain (Figure 11). IDH2 contains an additional mitochondrial
targeting sequence (Figure 11) [80]. IDH1 is mainly present in the cytoplasm and in the

peroxisomes, while IDH2 is present in the mitochondrial matrix [81].

Arg'32
NH,  J COOH
IDH1 .
Arg'72 414 AA
Yy
IDH2
Mitochondrial Large Small Clasp Small Large 452 AA
Targeting Domain Domain Domain Domain Domain
Sequence

Figure 11 Domain map site structure of IDH enzymes. IDH1 and IDH2 are composed of
3 distinct domains: large domain, small domain, and clasp domain. IDH2 contains a 39
amino acid mitochondrial targeting sequence at its NH2-terminus. Conserved arginine
residues at Arg132 (IDH1) and Argl72 (IDH2) are critical for catalysis [80].

The active site of IDH1 or IDH2 presents an attachment site for isocitrate,

NADP(H), and a divalent cation (Figure 12).
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NADP+
Ca2*

Figure 12 Crystal structure of IDH1 homodimer. Domains are color-coded as in (A),
with only one subunit colored for clarity. The substrate binding pocket contains binding
sites for isocitrate (yellow), a calcium ion (cyan), and NADP+ (purple) [80].

NADP™ binds to an inactive conformation distinguished by regulatory loops, whose
role is to prevent isocitrate to bind to the active site by interacting with the large domain
of IDH1 on Ser94. Residues of both dimer subunits including Ser94 and multiple
conserved arginine residues in the active site mediate the displacement of the regulatory

loop caused by the binding of the isocitrate (Figure 13)[80].

Figure 13 Structure of critical residues in the IDH1 active site. Hydrogen bonds and
hydrophilic interactions are depicted by purple-dashed lines and formed between multiple
arginine residues, including Arg132, and carboxylate groups of isocitrate. IDH2 Argl72
is analogous to IDH1 Arg132 in its active site structure, and interactions with isocitrate.
NADPH molecules have been removed for clarity [80].
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2. Function

IDH1 and IDH2 enzymes play a major role in cellular metabolism by catalyzing
the oxidative decarboxylation of isocitrate to a-ketoglutarate (a-KG), reducing
nicotinamide adenine dinucleotide phosphate (NADPH) from NADP™*, making these
enzymes key elements of the Krebs Cycle. These enzymes are known to be epigenetic
regulators, including histone demethylation, and deoxyribonucleic acid (DNA)
modification and the adaptation to hypoxia [82]. Even though IDH1/2 catalyze the same
reaction, the different localization causes each one of them to have a distinct reaction.
IDH1 plays a critical role in lipid metabolism, where under hypoxic conditions IDH1
promotes lipogenesis by catalyzing the reductive carboxylation of a-KG to generate
acetyl-CoA for lipid synthesis. Controversial studies are documented for IDH2 in lipid
metabolism, and some studies show that IDH2 plays a similar role to IDH1 while others

present data claiming that it exhibits a minor and more tissue restricted role [80].

3. IDH Mutations in AML

Around 20% of newly diagnosed AML patients present with a gain of function
mutation in IDH (either IDH1 or IDH2)[82]. Most of these mutations are missense
mutations leading the substitution of arginine with another amino acid. IDH1 mutations
are detected in 6.6-7.6% of AML patients, these heterozygous mutations are located in
the enzyme’s active site, leading to the substitution of arginine 132 with a histidine
residue (R132H) [83, 84]. IDH1 mutations mostly co-occur with NPM1c, FLT3-ITD
followed by CEBPA (Figure 14) [85]. As for IDH2, one stand-alone relevant mutation

(R172K) is described [86].
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Figure 14 Circos diagram revealing relative frequency and pairwise co-occurrences of
mutations in IDH1 and IDH2 in de novo AML [87].

In 2009, a breakthrough in the function of these mutations was established by

Agios Pharmaceuticals while performing a metabolite profiling strategy. Indeed, mutant

IDH gain a new gene activity, in which the physiological product a-KG is transformed

into D-2-hydroxyglutarate, while consuming an NADPH into an NADP. This applies to

both IDH1 and IDH2 mutations (Figure 15) [87]. A distinct metabolite profile is noted

between the mutated form of IDH1 and the mutated form of IDH2, due to the difference

in localization. Under hypoxic conditions IDH1 cells have a reductive carboxylation

ability and increased oxidative TCA metabolism [88].
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Figure 15 Enzymatic reactions catalyzed by wild-type and mutant IDH enzymes. Top:
wild-type IDHland IDH2 convert isocitrate to a-KG and CO2, with concomitant
production of NADPH from NADP. Bottom: tumor associated mutant IDH1 and IDH2
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enzymes convert a-KG to D2HG, with concomitant production of NADP from NADPH.
D2HG is a chiral molecule very similar in structure to o-KG. The chiral center in D2HG
is denoted by * [87].

4. Role of 2-hydroxyglutarate

Mutated IDH 1 or 2 show a shift in affinity from isocitrate and NADPH to a-KG
which leads to the production of 2HG; that is due to the biochemical and conformational
changes caused by the point mutation that showed an increase in hydrophobicity and
smaller Van der Walls volume at the mutated point. These mutations in the active site of
IDH disrupt the interaction taking place between the B-carboxy of isocitrate and the
binding pocket of IDH [89, 90]. 2-HG is a competitive inhibitor of a-KG due to the
similarity in their structure, with the only exception of the oxidation state on the second
Carbon C2 [79]. 2-HG increased the amount of reactive oxygen species (ROS) level in
patients, affecting the microenvironment, blocking cellular differentiation, hence
contributing to the pathogenesis of AML. This increase in reactive oxygen species is
associated with an enrichment in MAPK signaling, and a downregulation of cyclin
dependent kinase inhibitors (particularly CDKN2A and CDK2B) leading to enhanced cell
proliferation [79, 90]. A wide variety of a-KG-dependent dioxygenases cellular
regulations were affected such as demethylation of DNA, histone to protein
hydroxylation or the hydroxylation and degradation of hypoxia inducible factor 1a. The
most relevant ones of those dioxygenases are the Jumonji-C (JmjC)-domain-containing
Histone demethylases and the TET family in particular TET2 [79, 91, 92]. TET2
participates under normal physiological conditions in the promotion of DNA
demethylation. When IDH is mutated, a loss of function of TET2 is noted showing a
hypermethylation phenotype by an increased global level of 5-methylcytosine (5-mc) [93,

94]. The modification in the 5-mc levels causes binding to the CpG methylation specific
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factors such as CTCF or MeCP2 and results in abnormal gene expression, due to DNA
methylation effects on gene splicing secondary to modulation of RNA- polymerase 11
elongation rates [94, 95]. The impairment of TET2 function is linked to an upregulation
in the gene clusters of HOXA and HOXB. Other transcription factors take a role in this
abnormal differentiation such as PU.1, RUNX1, GATA1 and more notably CEBPa [79].
The epigenetic changes caused by D-2HG are caused by inhibiting demethylases such as
JMJD2A, and a reduction in the levels of prolyl hydroxylases, causing an upregulation of
HIF1a which causes a disruption in the adaptation to hypoxia [96]. Inhibition of IMJC
causes an inhibition in the functions of KDM7A (H3K9 and H3K27 demethylase),
KDM2A (H3K36 demethylase), and KDM5B (H3K4 demethylase), consequently an
increase in the activity of methylating histone was noted (H3K4, H3K9, H3K27 and
H3K36 methylation) [97]. This oncometabolite, produced by leukemic cells, stabilizes
NF-kB and activates ERK-dependent pathway in the stromal cells. This induces the
secretion of IL-6, IL-8 and C5 by the stromal cells to stimulate AML proliferation. 2HG
also induces BCL-2 dependency by inhibiting the cytochrome C oxidase in the
mitochondrial electron transport chain [98].

In early leukemogenesis, a deficiency in DNA repair may result in the
accumulation of mutations in the genome. Under pathophysiological conditions D-2HG
competitively inhibit several o-ketoglutarate (aKG)- and non-heme iron-dependent
dioxygenases, including some of the ALKB family DNA repair enzymes, such as
ALKBH2 and ALKBH3 [99]. These enzymes are major DNA repair enzymes, playing a
role in repairing small alkyl DNA lesion. The accumulation of the oncometabolite
restricts the repair activity of these enzymes, by oxidizing their active site. Thus,

exacerbating the genesis and progression of tumors [99, 100].
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B. P53
1. Structure and Function

P53 is a nuclear phosphoprotein encoded by 20Kb gene that contains 11 exons and
10 introns, located on the small arm of chromosome 17 [101]. This protein includes 393
amino acids, with several domains. The N-terminus domain plays an essential role in
transactivation activity and interacts with transcription factors such as MDMZ2, and
contains a proline-rich region which provides more stability for p53, preventing its
degradation by MDM2, with different copies of PXXP sequence (with X being any amino
acid). The central core domain is made up mainly from the DNA binding domain
mandatory for sequence specific DNA binding. The C-terminal domain presents an
oligomerization domain and plays the role of a negative regulator (Figure 16). When the
interaction between the core domain and the C terminus domain gets disrupted, the DNA
binding domain becomes active enhancing transcriptional activity. The C terminus is
strongly basic and presents a nuclear localization signal sequence and three nuclear export

signal sequences [102] (Figure 16).

N-terminus Central core C-terminus
12 | ‘ 3.297 74-35
142 [ [ 61.94 ] 102-292 | [324.355 363-393
transactivation  proline-rich o : tetramerization  regulatory
Jomsin region DNA-binding domain o— domien

Figure 16 Schematic representation of the p53 structure [102].

2. Physiological role of P53

P53 is a tumor suppressor protein which maintains the genome integrity under

genotoxic stress and prevents inappropriate cell proliferation. P53 regulate cellular
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processes by protein-protein interaction but this regulation is primarily caused by the
accumulation of p53 in the nucleus promoting transcription that might change depending
on the cell type or the level of cell damage that caused p53 activation. Hundreds of
different physiological responses were recorded, with the main downstream pathway
affected being involved in cell cycle arrest and DNA repair, apoptosis, and senescence

related genes (Figure 17)[101].

Oncogenic Signaling
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Figure 17 Several p53-mediated pathways potentially affect upon a common result of
tumor suppression [103].

3. P53 mutations in AML

P53 mutations are frequent in a variety of human cancers, but are only observed in
between 5 to 10% of AML patients. All types of mutations were detected in TP53, but
the most dominant type of mutation is the missense alteration detected mostly in the DNA
binding domain, which is encoded by exons 5-8. The “hot-spot” mutations occur on the
arginine residues such as R175H, Y220C, R248Q, R273C. P53 mutations co-occur with
other frequent AML mutations. Two different co-occurrence patterns were recorded, the

first is the co-occurrence of p53 mutations with epigenetic factors such as IDH1, IDH2,
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DNMT3A, TET2 mutations or transcription factors such as CEBPA, RUNX1 NPM1
mutations. The second pattern is the co-occurrence of mutations in p53 with triggered
signaling pathways such as FLT3, RAS, PTPN11, JAK2, NF1 or polycomb mechanisms

like SF3B1, KDM6A, SRSF2 [103].

4. P53 R248Q mutation

Mutation on Arginine number 248 in P53 results in direct changes in the conformation
of the DNA Binding Domain. Based on a series of all-atom molecular dynamics the
results showed that the R248Q mutation changes the zinc-binding pocket, leading to a
greater tendency to unfold which increases aggregation propensity [104]. Human p53
knock in mouse model showed that p53 R248Q unlike other mutations, causes a severe
decrease in survival with an earlier onset and more aggressive cellular proliferation. This
gain of function was noted in the increase of Akt signaling pathway increasing cellular

proliferation [105].
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CHAPTER IV

ANIMAL MODELS OF AML WITH EMPHASIS ON
DROSOPHILA MELANOGASTER

Much insight on the causes of AML have been recently revealed; yet a lot of pathways
and interactions remain to be studied. Mouse and Drosophila models provided insights
to some downstream pathways affected by different AML mutations. Table 6 summarizes

mice and Drosophila models generated to study AML.

Table 6 Summary of generated mouse and Drosophila models of AML.
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Gene | Mutation | Description | Drosophila Mouse Models
Model
IDH2 | IDH2 2.5% of Drosophila HSPCs with FIt3-1TD-
R172K | AML IDH2 R163Q | IDH2 R140Q/ R172K co-
patients have | homologous to | mutation or NrasG12D-
IDH2 R172K | the human IDH2R 140Q/ R172K co-
mutation IDH2-R140Q | mutation were transplanted
[84] resulted in in mouse models and led to
neurologic and | leukocytosis, Anemia,
R172Kisa | wing Splenomegaly, Reduced
stand-alone | expansion survival [108]
mutation defect [107]
DH2
mutations
might occur
with ASXL1
or NPM1
[106]
IDH1 | IDH1 4.4% to Expression of | Expression of IDH1 R132H
R132H | 9.6% of Drosophila mutation in mice led to an
AML IDH1 R195H | increase in hematopoietic
patients have | homologous to | progenitors, splenomegaly,
IDH1 humans IDH1 | anemia with extramedullary
R132H R132H showed | hematopoiesis proposing a
mutation a 25x increase | dysfunctional BM niche,
[109] of D-2HG and | histones hypermethylation,
higher number | alteration in DNA
Mutation of circulating | methylation [111]
mostly blood cells
occurs with
NPM1 Expression of
followed by | the genotypes
FLT3-ITD in the eyes
and CEBPA | showed clear
[110] disruption of
the ommatidia
[107]
P53 P53 10% of Transgenic Mice expressing R248Q
R248Q | AML flies showed a gain of Function,
patients have | expressing an increase in Akt signaling
aps3 human wild and an increased oncogenic
mutation type p53 strength through its Gain of
(70% of exhibited function, activities at the
which in rough eye organism level [115]
arginine) phenotype
[113]
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-Co- Inhibition of
mutation p53 function
mainly with | resulted in
MPL cells resistant
[112] to X ray—
induced
apoptosis [114]
NPM1 | NPM1c | 35% of N/A Humanized Npmlc knock-
AML in allele in mice
patients have hemopoietic stem cells led
NPM1c to Hox overexpression,
mutation enhanced self-renewal,
[116] expanded myelopoiesis and
one third of mice developed
Co- delayed-onset AML,
mutations suggesting a requirement
mostly with for cooperating mutations
FLT3, [116]
DNMT3a or
RAS [116, NPM1c/DNMT3a R878H
117] mutant mice led to Hox

gene upregulation in HSC
and progenitor populations,
slight increase in
granulocytes and
macrophage progenitors
with enhanced self-renewal
[117]

A. Overview on Drosophila melanogaster

1. History

recorded by William Castle’s group at Harvard University. Yet, the major breakthrough
in Drosophila was assigned to Thomas Hunt Morgan known as the “father”” of Drosophila
research.

Medicine for his discovery of “hereditary transmission mechanisms in Drosophila”. His

Indeed, in 1933, Morgan was awarded the Nobel Prize in Physiology or
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work established the chromosome theory of heredity, which showed that genes are linked
on a series of chromosome and are responsible for the identifiable traits. Following the
steps of Morgan, Hermann Muller won the Nobel Prize in Physiology or Medicine in
1946, for the discovery of mutations induction by X-ray irradiation. Muller found that x-
ray caused an increase in the number of mutations in a gene and that they can break a
chromosome [118].

The major revolution of the use of Drosophila as a major tool for genetic studies
was in 1993 by Brand and Perrimon when they described the UAS/GAL4 system in
Drosophila. More recently, the introduction of RNA interference, short hairpin RNA and
CRISPR-Cas9 opened the door to unravel a variety of targeted genes for mechanistic and

therapeutic treatments. [119].

2. Drosophila melanogaster as an animal model

Various practical and ethical obstacles prohibit the use of humans as an experimental
organism. Most of the knowledge about the underlying mechanism and the biology of
cells and tissues is owed to various animal models including mice, rats, Zebrafish and
Drosophila Melanogaster. This later, belonging to the family Drosophilidae (Figure 18),
was used for over a century to investigate a variety of topics, particularly genetics,
behavioral and developmental studies, especially that nearly 75% of the genes causing

humans diseases have functional homologs in Drosophila [118, 120].

Figure 18 A wild type male Drosophila melanogaster [118].
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3. Drosophila life cycle

Drosophila presents a short life cycle with a generation time of around 10 days, from
fertilized eggs until adult flies. They are usually cultured at 25°C or 18°C, and their
maximum life span can range from 60 to 80 days depending on culture conditions. Their
life cycle can be divided into four categories: embryo, larva, pupa, and adults (Figure
19)[121]. Briefly, two hours after fertilization, a syncytium is formed after 13 mitotic
divisions. Each zygote holds around 6000 nuclei that share a single cytoplasm. Each
nucleus in the syncytium becomes an individual cell after 13 divisions, thereafter
gastrulation begins. The whole process of embryonic development takes around 24 hours
at room temperature. This process is divided into 17 different stages; and by the final
stage the basis for the development of all essential organs are formed [122]. The first
instar larvae hatch out of the egg during the last stage of embryogenesis. The first instar
stage lasts around 25h. the second instar stage is a bigger worm like form that lasts 24h
and molds into the third instar larvae which is the most valuable larval stage. It presents
a semi-transparent membrane facilitating the use of the living organism under microscopy
and helping the dissection process to reach specific organs. Morphogenesis of the
imaginal disc begins [123]. Then, the 3" instar larva is encapsulated into a pupal case;
the larval tissue starts to degrade and adult structure start forming such as the wings, legs,
thorax, head and reproductive organs develop from the imaginal disc, while the nervous
system and gonads are conserved between the larval and pupal stage. After hatching from
the pupal case, the adult fly has a lifespan of 30 days. These flies become sexually active

8 to 12 hours post-hatching, allowing for genetic crosses to take place [124].
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Figure 19 Drosophila melanogaster life cycle. At 25°C the developmental cycle, from
the fertilized egg to the adult fly, proceeds through three larval instar stages and one
pupal stage, and takes around 10 days [125].

4. Drosophila as an animal model for hematological malignancies

Due to the conservation in the development and function of blood cells between
Drosophila and mammals, Drosophila was extensively used to study hematopoiesis and
unravel the function of blood cells. In this model, hematopoiesis occurs in a biphasic
manner; it starts in the embryo where the pro-hemocytes develop and proliferate in the
procephalic mesoderm. After 4 mitotic divisions, differentiation starts yielding as a
majority plasmatocytes that act as macrophages (90-95% of hematocytes), crystal cells
that function in melanization and clotting, and a very small percentage of lamellocytes
that are only produced after a parasitic or bacterial infection; they could be attached under
the cuticle or be freely circulating. During embryogenesis and in the larval stage a lymph
gland is formed; the specialized hematopoietic organ where the second phase of the

hematopoiesis takes place. The hemocytes are freed from the lymph gland when it starts
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to degrade as the larval stage starts to end [126, 127]. All of these reasons rendered

Drosophila Melanogaster a relevant animal model to study leukemogenesis in

hematopoietic and non-hematopoietic tissue [128]. A summary of the use of this model

in blood malignancies is summarized in Table 7.

Table 7 Summary of the studies that used Drosophila Melanogaster for modeling
human leukemogenic proteins in hematopoietic and non-hematopoietic tissues and their
major findings [128].

lineage and during early and
late development

The fusions showed differing
effects on proliferation and
chromosome condensation in

larval brain

Leukemia |[Transgene Phenotype Site of Reference
Oncogene
Expression
CML [Human/fly BCR-|CNS and eye defects and CNS and eye [129]
/Ph* ALL | ABL1"?1° /BCR- lincrease in the phosphorylationjimaginal discs
ABL1P®  lof the dAbl substrate “Ena”
Embryonic lethality and \arious [130]
disruption of morphogenesis [embryonic sites
(disruption of head involution,
segment grooves and dorsal
closure)
Human BCR- |Altered differentiation Eye imaginal [131]
ABL1"?¥/ BCR- [in Drosophila eyes and discs and
ABL1™5! linterference with dAbl hemocytes
signaling
Increase in circulating
hemocytes
T315I resulted in a more Eye imaginal [132]
severe rough eye phenotype |discs
This model was validated for
drug screening by feeding flies
TKIs
ALL/AMLMLL, MLL-AF9,-MLL-AF9, and MLL-AF4  |Ubiquitously, [133]
and MLL-AF4 |caused larval/pupal lethality fall imaginal
upon expression in blood discs and in

hematopoietic
system
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AML

Human AML1-
ETO

AML1-ETO acts as a
transcriptional repressor of
Lozenge target genes

in Drosophila eyes

Eye imaginal
discs

[134]

Expression in Lz+* blood cells
inhibited the differentiation of
crystal cells, and induced an
increase in circulating Lz+
progenitors

Identification of calpain B as
required for AML1-ETO
activity

in Drosophila hemocytes

Hemocytes

[135]

RNAI

in Drosophila expressing
human AML1-ETO identifies
Pontin/RUVBL1 as a gene
responsible for AML1-ETO-
induced lethality and blood
cell proliferation

Hemocytes

[136]

Expression in majority of
circulating hemocytes using
(hml-Gal4) increased
hemocytes count and along
with expansion of hemocytes
progenitors

Hemocytes

[137]

Human MLF1

Drosophila mif appeared to
play a role in RUNX1-ETO
stabilization

Human MLF1 expressed under
the control of 1z-Gal4

reversed mlf-associated crystal
cell defects

Crystal cell
lineage

[138]

Human NUP98-
HOXA9 (NA9)

Expression of NA9

in Drosophila cortical zone of
lymph gland and circulating
hemocytes results in increased
cellular proliferation and
enlargement of posterior
signaling center

Lymph gland
and hemocytes

[139]

ATL

HTLV-1Tax
transactivator
(Tax-1)

Eye defects and increased
circulating hemocytes

Knockdown of Relish of the
IMD pathway reversed the

Eye imaginal
discs and
hemocytes

[140]
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rough eye phenotype through
an RNAi-based screen
* Protein lozenge involved in prepatterning photoreceptor precursors in the developing

eye

5. The UAS/GAL4 system in Drosophila

The Gals4/UAS system is founded based on the use of yeast proteins that interact
and cause the expression of a gene in a specific organism in a spatial and temporal specific
manner. Using this system, Drosophila melanogaster became an essential organism for
genetic analysis, which led to the identification of a wide variety of conserved genes such
as those involved in neurodegenerative diseases, apoptosis and the tyrosine kinase
signaling. Gal4 is a protein that controls gene expression by galactose; it binds to the
Upstream Activating sequences (UAS), a 17 base pair sites, which lead to the activation
of GAL10 and GALL targeted genes. Gal4 coupled to any promoter induced specificity
of expression of a gene in a particular tissue [141].

The maintenance of this bipartite system -the driver and the responder- as separate
lines has several strong points. One strength is that these transgenic lines can be used to
study genes that are lethal, toxic or produce a reduced viability. It can be used to identify
genes involved in a process of interest; cellular marking used in the screening of mutation
influencing that process; studying miss-expressed genes affecting a process of interest.
This system can also be used to analyze cellular autonomy of a gene through targeted
mosaics or to analyze phenotypes of loss of function by using targeted expression of
RNAI.

This system is temperature dependent, where 29°C provides the optimal balance

between minimal effect on fertility and viability and maximal GAL4 activity, while 16°C
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presents the minimal GAL4 activity; by altering these temperatures a variety in the level
of expression of a targeted gene can be achieved [142]. The transcription factor GAL4
expresses a specific transgene in the developing eye under the control of the glass multiple
reporter (GMR), or it can express that transgene in embryonic and larval hemocytes in
particular in the subpopulation of plasmatocytes and crystal cells under the control of the
driver hemolectin (Hml) [143, 144]. These two properties found the basis of the current

work to express different AML mutations, in the hemocytes or the eyes.
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CHAPTER V

AIMS

Much insight on cancer-associated genes has been gleaned from research using
Drosophila melanogaster model. In the aim of identifying the phenotype and downstream
pathways of relevant single mutations in AML, and ultimately the effect of double or
triple co-occurring mutations, we took advantage of the ease of use and advantages of
Drosophila melanogaster model. We generated transgenic flies expressing the single
mutations of human NPM1c, IDH1 R132H, IDH2 R172K, p53 R248Q or their co-
occurrence. We expressed these genes in tissue specific manner, either in the eyes of adult
Drosophila or in the L3 hematopoietic system. Our study sets a solid ground to study
double or triple mutations and help mapping the molecular pathways, by which these
mutations exert their biological phenotypes. Our approach helps discovering therapeutic
susceptibilities and provides insights towards personalized medicine approaches.
Orthologs of the hits identified in these screens can immediately be tested as therapeutic

targets in preclinical mammalian models.
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CHAPTER VI

MATERIALS AND METHODS
A. Fly stocks
UAS-flag-IDH2 WT (Plasmid #87926, from addgene), UAS-flag-IDH2 R172K
(Plasmid#87927, from addgene), UAS-flag-IDH1 WT (Plasmid #62906, from addgene),
UAS-flag-IDH1 R132H (Plasmid #62907, from addgene), UAS-NPM1 WT, UAS-
NPM1c, UAS-P53 WT, UAS-P53 R248Q, HemolectinA(HmI)-GAL4 delta
(BDSC#30139) GMR-Gal4 (BDSC #1104) Drosophila stocks were maintained at 25°C.

These flies were grown on a standard cornmeal yeast extract medium.

B. Generation of transgenic flies

We used the PhiC31 integrase system to generate transgenic flies expressing
human IDH1/2, NPM1, P53 on the third chromosome for the UAS-Gal4 expression. The
N-terminally Flag-tagged full-length IDH1 WT (Plasmid #62906, from addgene), the N-
terminally Flag-tagged full-length IDH1 R132H (Plasmid #62907, from addgene), the N-
terminally Flag-tagged full-length IDH2 WT (Plasmid #87926, from addgene), the N-
terminally Flag-tagged full-length IDH2 R172K (Plasmid#87927, from addgene), the N-
terminally vsv-tagged full-length P53 WT (Provided by Dr. Shannon C Kenney), the N-
terminally vsv-tagged full-length P53 R248Q (Provided by Dr. Shannon C Kenney), the
NPM1 WT (provided by Dr. Hugues de The) and NPM1c (provided by Dr. Hugues de
The) were amplified by PCR using the primer listed below. Using the NEBuilder® HiFi
DNA Assembly Cloning Kit, amplified transgenes were introduced into the pUAST-attB
Drosophila expression vector. Injection of pUAST-attB-IDH1/2 WT and R132H/

R172K, and pUAST-attB-Npm1 WT and 1c into embryos of y1 w67c23; P {CaryP
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ABLattP2 (8622 BDSC) was then achieved which allowed the generation of transgenic

lines (BestGene Inc, Chino Hills, CA).

C. Hemocyte count

HmI-Gal4 flies were crossed with either IDH2 WT, IDH2 R172K, IDH1 WT, IDH
R132H, NPM1 WT, NPM1c, P53 WT, or P53 R248Q flies at 29°C, which allowed the
overexpression of the transgene in the hemocytes. From three replicates of each genotypic
cross, thirty third instar larvae were collected; bled in 20 microliter PBS (Sigma) and
hemocytes were counted on a Neubauer hemocytometer as described [145]. Statistical

analysis was performed using Student’s t-test P < 0.05.

D. Scanning electron Microscopy (SEM)

GMR-Gal4 flies were crossed with either IDH2 WT, IDH2 R172K, IDH1 WT,
IDH R132H, NPM1 WT, NPM1c, P53 WT, or P53 R248Q flies at 29°C, which allowed
the overexpression of the transgene in the adult’s eyes. The obtained adult flies were fixed
in 4% formaldehyde in PBS 1x, incubated overnight at 4°C, the second day washed and
dehydrated through increasing concentrations of ethanol. The flies were stored at -20°C
and later dried using critical point drier (k850, Quorum Technologies). The samples were
then mounted on standard aluminum heads then coating with 20 nm layer of platinum.
Observations and imaging were performed under a Tescan, Mira Il LMU, Field
Emission Gun (FEG) scanning electron microscopy (SEM) with a secondary electron
detector.

E. Scoring of eye phenotype

The level of roughness and phenotypic expression in Drosophila eyes were

scored based on a previously published criterion [132]. These criteria consider the
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organization of bristles, the fusion or loss of the ommatidia. Three different genotypic
crosses were performed for each mutation and an average of 10 adult eyes were
scanned per cross. SEM images were scored based on a blinded protocol and the

analysis represented in graphs.

F. Statistical analysis

The data is presented as mean = SEM. To compare means, one-way ANOVA
with Bonferroni post-hoc test was used (GraphPad Prism). When p-value was <0.05, the

variations between means were deemed significant.

G. RNA extraction

RNA extraction was performed using TRIzol (Qiagen) following manufacturer’s
instructions. For 15-20 third instar larvae from each genotype, 50 ul of TRIzol were
added to allow squishing. After the larvae were completely crushed, 950 pul of TRIzol
were added. A 5 minutes incubation at room temperature was performed followed by 10
minutes of centrifugation (12,000 xg at 4°C). The supernatant was selected, to which 200
pl of chloroform were added to and vortexed for complete homogenization. After a 3-
minute room temperature incubation, samples were centrifuged for 15 minutes (12,000
Xg at 4°C). The upper aqueous phase is transferred into a new Eppendorf to which 500 pl
of 100% isopropanol is added. The mixture is vortexed, incubated for 10 minutes at room
temperature and then centrifuged at 12,000 xg at 4°C for 25 minutes. The supernatant is
removed, 1000 pul of 75% ethanol is added to the pellet, we centrifuge again at 7500 xg
at 4°C. Finally, the supernatant was discarded, and the pellet was left to air dry for 5

minutes. The pellet was diluted in RNAse free water, the volume varied depending on the
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pellet’s size. The purity and concentration of the extract was measured using a nanodrop

spectrophotometer (ds11 Denovix Tc 312, Wilmington, DE).

H. cDNA synthesis

From the RNA extracts attained, cDNA was synthesized using SensiFAST cDNA
Synthesis Kit (Bioline add the catalog number) following manufacturer’s instructions. A
master mix was prepared containing 4 pl 5x TransAmp Buffer, 1 ul Reverse Transcriptase
and RNase free water until 20 pl, to which one pug of RNA was added. Samples were
placed in a T100 thermal cycler with the following set program: 25°C for 10 minutes for
primer annealing, 42°C for 15 minutes (reverse transcription), 48°C for 15 minutes, 85°C
for 5 minutes (for inactivation) to finally hold at 4°C. The obtained cDNA is stored at -

20°C for later use.

I. Quantitative Real-time PCR (QRT-PCR)

Using PCR Biorad CFX96 machine Syber green qRT-PCR was performed. The
list of used primers is summarized in Table 8. A final volume of 10ul was prepared for
each individual reaction, using 0.25 uM of each primer, 150 ng of cDNA and the SYBR
Green PCR Master Mix. The PCR reaction followed consisted of a DNA denaturation
step at 95T for 3 min, followed by 35 cycles (denaturation at 95 C for 15 sec, annealing
at 57°C for 60 sec, extension at 72°C for 30 sec). Expression of individual genes was
normalized to the housekeeping gene ribosomal protein 49 (Rp49) for Drosophila
extracts (Table 8). The transcript expression level was calculated according to the Livak
method [146]. Each experiment was performed using duplicates from three biological

independent experiments.
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Table 8 List of the different primers used.

Primers Sequence

used for

Hifi cloning

NPM1 C Forward:
5’-ACTCTGAATAGGGAATTGGGATGGTGAGCAAGGGCGAG-3’
Reverse:

5’_
CGGCCGCAGATCTGTTAACGTTAAAGAGACTTCCTACAGAGAT
CTTGAATAG-3’

NPM1 WT Forward: 5’-ACTCTGAATAGGGAATTGGGATGGTGAGCAAGGGCGAG-3’
Reverse: 5°-
CGGCCGCAGATCTGTTAACGTTAAAGAGACTTCCTCCACTGC-3

P53 WT Forward: 5’-ACTCTGAATAGGGAATTGGGATGGCCGGATCCGTTAAC-3
Reverse: 5’-GCTCCTCCATGACTAGTCTAATCGATCTCGAG-3’

P53 R248Q | Forward: 5’-CATGAACCAGAGGCCCATCCT-3’

Reverse: 5’- CGGCCGCAGATCTGTTAACGTCAGTCTGAGTCAGGCCC-3’

IDH2 Forward: 5°>-GGGCAGGCAGTTCGCGGCCGCTGGAGGAG-3’
Reverse: 5°-GGTTCCTTCACAAAGATCCTCTAGAGGTACCCTAG-3’

Primers Sequence

used for

RT-gPCR

NPM1 Forward: 5°-GGTGGTTCTCTTCCCAAAGTGGA-3’

WT/1c Reverse: 5>-GACTTCCTCCACTGCCAGAGATC-3’

P53  WT/ | Forward: 5>-CCATTGTTCAATATCGTCCG-3’

R248Q Reverse: 5’- CGGACGATATTGAACAATGG-3’

Ribosomal Forward: 5'- CCGCTTCAAGGGACAGTATCTG-3’

Protein 49 | Reverse: 5'- ATCTCGCCGCAGTAAACGC-3’

(Rp49)

J. Protein Extraction

To perform protein extraction, either 15 to 20 third instar larvae, or 30 adult

Drosophila heads were selected and squished in 50 pl of Laemelli buffer. Then the

samples were sonicated at 4°C for 10 cycles (1 minute/cycle: 30 seconds activity — 30

seconds rest). The samples were then centrifuged at 12000xg at 4°C for 20 minutes. The

supernatant was isolated in a new Eppendorf and heated for 10 minutes at 95°C. The

purity and concentration of the extract was measured using a nanodrop spectrophotometer
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(ds11 Denovix Tc 312, Wilmington, DE). The protein extract was stored at -20°C for later

use.

K. Western Blot

Using an SDS-PAGE gel, 150 pg of proteins were loaded for separation. The gel
was later transferred into a nitrocellulose membrane. The resulting membrane was
blocked with 5% non-fat milk or 5% BSA in 1% PBS + 0.1% Tween20. Primary
antibodies (Table 9) were added and incubated overnight at 4°C. Secondary antibody
were added after washing the membrane with wash buffer (1% PBS + 0.1% Tween20)]
either mouse anti-rabbit 1IgG-HRP or m-1gGk BP-HRP secondary antibodies (Santa Cruz
Biotechnology). Membranes were developed using a ChemiDoc MP Imaging System-
Biorad.

Table 9 Listing the different Primary Antibodies used.

Primary Antibody |Source

Anti-Flag rabbit anti-flag (Sigma-Aldrich F1804)

Anti-H3T rabbit Histone H3 antibody (cell signaling cat#9715S)

Anti-hNPM1C rabbit NPM1 (mutant) polyclonal antibody (Invitrogen cat#PA1-
46356)

Anti-hNPM1 WT  |mouse anti-nucleophosmin antibody (abcam cat#10530)

Anti-Actin rabbit anti-Bactin (abcam cat#ab8227)

Anti-hP53 rabbit anti-p53 (DO-1)
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CHAPTER VII

RESULTS

Expression of IDH2 R172K or IDH1 R132H increases the number of circulating
hemocytes in Drosophila melanogaster transgenic fly model

IDH1/2 are enzyme involved in different cellular processes present either in the
cytosol or the mitochondria. Around twenty percent of AML patients have mutations in
IDH1 or IDH2 [79]. We first examined the impact of expressing human IDH mutation in
Drosophila hematopoietic system. Therefore, wild type human IDH1 or IDH2, or their
selected mutations, IDH1 R132H, or IDH2 R172K were expressed in Drosophila
hemocytes under the control of the hemocyte specific promoter HMLA-Gal4 while using
the UAS-GAL4 system (Figure 20A and 21A). The validation for the respective
transgenes expression was performed by western blot (Figure 20B and 21B).
Interestingly, third instar larvae of IDH1 R132H transgenic flies showed a pronounced
and significant increase in circulating hemocyte counts as compared to the wild type
IDH1 (Figure 20C, p <0.0001). Similar results were obtained in the IDH2 R172K
transgenic flies as compared to the flies expressing the wild type IDH2 (Figure 21C, p
<0.0001). These results concur the implication of IDH mutations in AML pathogenesis
and validate Drosophila model to unravel the downstream genetic and epigenetic effected

pathways.
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Figure 20 Overexpression of IDH1 R132H significantly increases hemocyte counts in
Drosophila melanogaster. A. Genetic cross allowing expression of the respective genes
in the hematopoietic system using the HMLA-Gal4 as a tissue specific promoter. B.
representative western blot, validating the presence of the transgene IDH1 WT/R132H
tagged with Flag. C. Circulating hemocytes counted, in control larvac (HMLA-Gal4),
transgenic larvae expressing IDH1 WT, and transgenic larvae expressing IDH1 R132H
(n=30).
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Figure 21 Overexpression of IDH2 R172k significantly increases hemocyte counts in
Drosophila melanogaster. A. Genetic cross allowing expression of the respective genes
in the hematopoietic system using the HMLA-Gal4 as a tissue specific promoter. B.
representative western blot, validating the presence of the transgene IDH2 WT/R172K
tagged with Flag. C. Circulating hemocytes counted, in control larvac (HMLA-Gal4),
transgenic larvae expressing IDH2 WT, and transgenic larvae expressing IDH2 R172K
(n=30)
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IDH1 R132H induces moderate roughness in the eyes of adult transgenic
Drosophila melanogaster

The eye of Drosophila melanogaster is a complex structure formed by specific
structural units named ommatidia, the corneal lens of which exhibit a convex hexagon
facet. The slightest perturbations in the ommatidial structures can be visually detected by
light or electron microscopy. Studies of rough eye mutants provided key insights and
rapid screening tools in several fields, in particular blood malignancies [128]. In the
ultimate aim of screening double and triple mutations in AML, we started building single
mutations in eyes of adult flies. Using the UAS-Gal4 system with the GMR-Gal4 driver,
we expressed IDH1 R132H or its wild type counterpart, in the eyes of adult Drosophila
(Figure 22A). We evaluated the transformation potential of IDH1 R132H and IDH1 WT
by examining the structure of the eye, the ommatidia, and the bristle distribution,
alignment, or duplication. The expression of transgenes was validated by western blot
(Figure 22B). A blinded scoring showed no roughness in the eye of adult Drosophila
expressing wild-type IDH1, while the mutated IDH1 R132H induced a mild but
significant roughness as compared to the control ones (GMR-Gal4) (Figure 22 C, D) (p
value=0.0085). No significance was obtained when the eyes of the mutated IDH1 R132H

were compared to those expressing the wild type IDH1 (Figure 22 C, D; p value=0.2862).
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Figure 22 IDH1 R132H induces a mild rough eye phenotype in adult Drosophila
melanogaster. A. Genetic cross allowing expression of the respective genes in the eyes of
adult flies using GMR-Gal4 as a tissue specific promoter. B. Representative western blot,
validating the presence of the transgene IDH1 WT/R132H tagged with Flag. C.
Representative scanning electron microscopy images (Scale bar 100um) of adult eyes are
shown. D. Relative roughness was quantified based on the number of ommatidial fusions
and the extent of bristle organization (n = 30, from three independent crosses)

Expression of NPM1 mutation increases hemocyte count in Drosophila
melanogaster

NPM1 is one of the most frequent mutations in AML patients [19]. Previously

generated NPM1c mouse models failed to provide a conclusive mimicry of the onset and
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progression of AML [116]. We examined the impact of human NPMZ1c in Drosophila
hematopoietic system. Plasmids of human NPM1 WT, and NPM1c were expressed in
hemocytes under the control of the hemocyte specific promoter HMLA-Gal4 while using
the UAS-GAL4 system (Figure 23A). The validation of transgenes’ expression was
performed by RT-qPCR, and western blot (Figure 23 B, C). Third instar larvae of
transgenic flies were then bled and hemocytes were counted. NPM1c transgenic flies
exhibited a moderate but significant increase in the number of circulating hemocyte as
compared to the negative control group (HMLA-Gal4; p value = <0.0001). No significant
difference was recorded between hemocyte counts of NPM1c and NPM1 WT transgenic
flies, despite a slight increase in the average of circulating hemocytes (Figure 23D, p
value=0.2068). These results further highlight that NPM1c cannot, by itself, drive AML

leukemogenesis.
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Figure 23 NPMl1c overexpression in Drosophila melanogaster induces a moderate
increase in hemocyte counts. A. Genetic cross allowing expression of the respective genes
in the hematopoietic system using the HMLA-Gal4 as a tissue specific promoter. B.
Levels of expression of NPM1 in the control (HMLA-Gal4), NPM1 WT (HmlIA-Gal4,
NPM1 WT), NPM1c (HmlA-Gal4, NPM1c), transgenic Drosophila larvae. The values
were normalized to Rp49. Reported values are the average of three independent
experiments and error bars represent SD of triplicates p<0.01 (**) p<0.001 (***). C.
Representative western blot, validating the expression of NPM1 WT/NPM1c being GFP
tagged. D. Circulating hemocytes counted, in control larvac (HMLA-Gal4), transgenic
larvae expressing NPM1 WT, and transgenic larvae expressing NPM1c (n=30).

Expression of NPM1c does not induce any eye roughness in adult Drosophila
melanogaster

Similar to IDH screening, we also induced the expression of human NPML1 in the

eyes of adult Drosophila using the UAS-GAL4 system and the GMR-Gal4 promoter
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(Figure 24A). We evaluated the transformation potential of NPM1c and NPM1 WT by
examining the structure of the eye, the ommatidia, and the bristle distribution, alignment,
or duplication. The plasmid expression was validated by RT-qPCR (Figure 24B).
Consistent with the moderate increase in hemocyte counts, our blinded scoring showed
no significance in the eye roughness of Drosophila adults expressing NPM1c, as
compared to transgenic flies expressing NPM1 WT (p value= 0.7894) or the control group

(GMR-Gal4, p value= 0.0602) (Figure 24C, D).

66



A Drosophila heads
sk

=

¥

= Sy

" NPM1 WT/1¢
Tissue- specifi e —

promoter  ~nip Gal4 UAS = lomim 4 d
l‘ JIEHAI 4 i

Hkk

NPMI normalized to Rp49 =~
5 B

=S

Adult fly

. GMR-Gal4 NPM1 WTNPMIlc
Expression in eye
C Drosophila heads
GMR-Gal4 NPMI WT

15 -|-

Lo+

054

Relative roughness

oo
GMVE-Gal4  NPMIWT  WPMIc

Figure 24 NPM1 WT or NPM1c overexpression does not induce any eye roughness in
adults of Drosophila melanogaster. A. Genetic cross allowing expression of the gene in
the eyes of adult flies using GMR-Gal4 as a tissue specific promoter. B. Levels of
expression of NPML1 in the control (GMR-GAL4), NPM1 WT (GMR-Gal4, NPM1 WT),
NPM1c (GMR-Gal4, NPM1c)in transgenic adult flies heads. The values were normalized
to Rp49. Reported values are the average of three independent experiments and error bars
represent SD of triplicates. C. Representative scanning electron microscopy images
(Scale bar 100um) of adult eyes are shown. D. Relative roughness was quantified based
on the number of ommatidial fusions and the extent of bristle organization (n = 30, from
three independent crosses).
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A. Expression of IDH1 R132H/NPM1c double mutation significantly increased
circulating hemocytes counts as compared to single mutations

AML leukemogenesis occurs mostly due to the co-existence of different
mutations. Whether IDH1 mutations represent pre-leukemic or dominant clone mutations
remains a controversial topic [147, 148]. While NPML1 is now defined as a definite
leukemia founder mutation, that alone does not often lead to AML occurrence. With the
help of sequencing techniques, we unraveled that with the co-occurrence of NPM1c with
IDH1 mutation in around 90% of cases it is IDH1 R132H. While NPM1c was never
associated with IDH2 R172K [149]. In order to dissect the correlation and the interplay
of these two mutations, and their downstream pathways, we generated double mutant
IDH1 R132H/NPM1c transgenic flies. A constant line of Drosophila with a homozygous
genotype HMLA-Gal4;Npmlc was first generated, then crossed with IDH1 R132H
transgenic flies, in order to create our model expressing the double mutation. A validation
of expression was performed by western blot using Flag antibody (Figure 25). Due to the
high number of non-specific bands that appeared, the validation of expression was not
conclusive and requires further validation by RT-qPCR, and by western blot using

another Flag antibody.
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Figure 25 IDH1 R132H- NPMlc co-expression in Drosophila melanogaster.
Representative western blot, validating the presence of the different transgenes

Despite the need of further validation of expression, we still proceeded in
enumerating hemocytes in these transgenic flies. The double mutant to that expressing
NPM1c/IDH1 R132H showed a significant increase in the number of circulating
hemocyte (p value = 0.0006) as compared to that expressing NPM1c (p value = 0.0049)
(Figure 26). The induction of either the IDH WT or the NPM1 WT with NPM1c or IDH1
R132H respectively resulted in no significant difference in the number of circulating
hemocytes (Figure 26). This supports the fact that the increase in the number of

hemocytes is solely due to the type of mutation being expressed.
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Figure 26 IDH1 R132H- NPM1c co-expression significantly increases hemocyte
counts in Drosophila melanogaster as compared to single mutations. Circulating
hemocytes counted, in control larvae (HMLA-Gal4), transgenic larvae expressing IDH1
WT, IDH1 R132H, NPM1 WT, NPM1c, and the double mutant IDH1 R132H, NPM1c

(n=30)
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Expression of P53 R248Q mutation in a Drosophila melanogaster transgenic model
decreases hemocyte count.

P53 is known to be mutated in a variety of different solid tumors [150]. In the
context of AML, mutations in p53 barely account in 5 to 10% of cases yet, mutation
R248Q was marked as hotspot in AML. We examined the impact of human P53 R248Q
mutation in Drosophila hematopoietic system. Human P53 WT, and P53 R248Q were
expressed in Drosophila hemocytes under the control of HMLA-Gal4 while using the
UAS-GAL4 system (Figure 27A). The validation of expression was performed by RT-
gPCR, and western blot (Figure 27 B, C). Third instar larvae were then bled and counted.
Surprisingly, transgenic flies expressing mutant P53 R248Q showed a decrease in the
number of circulating hemocyte as compared the expression of P5S3WT (p value<0.0001).
No significant difference in the number of circulating hemocyte was noted when
comparing transgenic P53 R248Q flies to the negative control group (HMLA-Gal4, p
value= 0.4884) (Figure 27D). Thus, our transgenic model expressing P53 R248Q failed
to recapitulate leukemogenesis, potentially due to the expression of Drosophila P53

which may compensate for the mutation.
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Figure 27 P53 R248Q overexpression decreases hemocyte counts in Drosophila
melanogaster. A. Genetic cross allowing expression of the gene in the hematopoietic
system using the HMLA-Gal4 as a tissue specific promoter. B. Levels of expression of
P53 in the control (HMLA-Gal4), P53 WT (HmlA-Gal4, P53 WT), P53 R248Q (HmlA-
Gal4, P53 R248Q) transgenic larvae. The values were normalized to Rp49. Reported
values are the average of three independent experiments and error bars represent SD of
triplicates. C. Representative western blot validating the presence of P53 WT/R248Q.
D. Circulating hemocytes counted, in control larvac (HMLA-Gal4), transgenic larvae
expressing P53 WT, and transgenic larvae expressing P53 R248Q (n=30).
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CHAPTER VIII

DISCUSSION

AML still presents as one of the most common types of leukemia with a high
mortality rate, affecting mainly the older population [9]. In the era of personalized
medicine, a better understanding of the interplay of the different mutations leading to de
novo AML is a must in order to provide a better targeted treatment. Previous mouse
models failed to provide conclusive results, helping to unravel clear pathways that leads
or contribute to AML leukemogenesis [108, 111, 115-117]. Isolating these mutations and
studying each one separately in a relatively simple model such as the Drosophila
melanogaster will stipulate a better understanding of the underlying mechanisms of
leukemogenesis. This will pave the path to particularly combine double or triple relevant
mutations in AML and study their downstream pathways.

In this thesis, we took advantage of Drosophila melanogaster and the ease of
expressing these mutations in a tissue specific manner to express IDH1/2, NPM1 and P53
relevant mutations. Our data provided supporting evidence of a successful transgenic
model to study the different AML mutations: NPM1c, IDH1 R132H, IDH2 R172K and
the co-occurrence of NPM1c, IDH1 R132H. By expressing these plasmids in the
hematopoietic system, we noted a proliferation in the number of hemocytes in the
transgenic flies expressing mutant proteins, a phenotype similar to that seen in AML
patients. We also showed that expressing the human plasmid P53 R248Q using the
Phi31C integrase system failed to induce leukemia, this model as it is, is not suitable to
study AML.

Isocitrate dehydrogenase is an enzyme that plays a role in catalyzing the reaction

of isocitrate dehydrogenase into a-ketoglutarate while releasing NADPH and CO2,
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having different isoforms [79]. In AML around 80% of IDH2 mutations present a
substitution of arginine in position 140 into glutamine (IDH2 R140Q) [84]. The
generation of this transgenic model is ongoing in our laboratory. IDH2 R172K mutations
present around 20% of AML cases and the one producing the highest amount of
oncometabolites [86]. No animal models have been published studying the effect of the
single mutation IDH2 R172K. We successfully presented a transgenic model expressing
the human IDH2 R172K. This model will allow us to understand downstream pathways
and the underlying causes of cellular proliferation and potentially understand what is the
mechanism leading this mutation to produce the highest amount of oncometabolites
especially when compared to IDH1 R132H.

IDH1 R132H is the most prominent mutation occurring in IDH1 in AML[83]. Our
transgenic model induced leukemogenesis when expressed in the hematopoietic system
of the Drosophila, while when expressed in the eyes of adult,s it resulted in a little
roughness especially when compared to wild type gene. This model distinct itself from
previously published Drosophila mode that studies the effect of the mutation on the
homologue gene of the Drosophila Melanogaster. This can potentially present a better
depiction of the phenotype observed in AML patients, since the presence of a single IDH1
mutation in patients is not strong enough to induce an aggressive leukemia by itself.
Similarly, mice models were created and presented phenotypes similar to those depicted
in AML patients, and also unraveled some of the epigenetic pathways being affected by
this mutation [111]. Yet, mouse models remain complex while the use of Drosophila,
with all its available tools of RNAI, Crispr Cas9, will allow better dissect the genetic and

epigenetic outcomes of this mutation, as single or co-occurring with other mutations.
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NPMZ1c, one of the most occurring mutations in AML [42, 59, 60]. While no
transgenic Drosophila model was yet created, the expression of this mutated gene in mice
failed to induce leukemogenesis [116]. We generated a transgenic fly, that, in accordance
with the published mouse model, showed that NPM1c expression fails to induce rough
eye phenotype. This is also in accordance with studies showing the need of NPM1c co-
occurrence with other mutations to induce strong leukemogenesis. Even though no
significant roughness in the eye of adult fly was noted, a pattern of increased number of
circulating hemocyte was presented and a significant difference was shown when
comparing flies expressing NPM1c to our control group those containing only the driver.

Based on the fact that NPM1c mutations impact different other genes, we know
that an intersection of affected genes is present by NPM1c and IDH1 R132H. No
published animal model so far has studied the co-occurrence of these two mutations in
the context of AML. Our transgenic model expressed simultaneously these two genes in
the hematopoietic system of Drosophila; Interestingly, we were able to denote an increase
in the number of circulating hemocytes when compared to those expressing the single
mutations either NPM1c or IDH1 R132H. Understanding the underlying causes of
leukemogenesis when these two mutations are present, will contributes to a better
understanding of the phenotypic symptoms in AML patients.

P53 is a known tumor suppressor affecting the cell cycle. In AML, mutations in
P53 occurs barely between 5 to 10% of cases. We tried to create a transgenic model
expressing one of the hotspots of P53 mutation the R248Q. This model failed to replicate
leukemogenesis, the hemocyte count showed a decrease in the number of hemocytes
when compared to the transgenic model expressing the human P53 WT. while previous

published data showed the induction of leukemogenesis when the homologue form of the
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human P53 was mutated in Drosophila [113]. Similarly, transgenic mouse models were
created and allowed to induce leukemogenesis and proved the involvement of the Akt
pathway [115]. We theorized that the controversial phenotype with previous studies and
the failure of leukemogenesis induction can be due to the presence of a homology and
potentially an interaction between the human P53 and Drosophila P53. In order to study
the reason underlying this failure, we have to create a transgenic model that is knock out
for Drosophia p53 and expressing human P53.

As for future perspectives, we are currently introducing balancers to all our
transgenic flies in order to preserve a more stable and reliable line. We will next be
checking the global histone activity (H3K27me3, H3K27 ac). This will allow to compare
the activity of the histone chaperones to the activity of those present in humans. We will
also be looking into the activity of published genes affected by our mutations by RT-
gPCR. Meanwhile RNA sequencing will be performed on all our transgenic flies. This
sequencing will help map the molecular pathways by which these mutations exert their
biological phenotypes and to discover therapeutic susceptibilities providing insights
towards personalized medicine approaches. Orthologs of the hits identified in these
screens can immediately be tested as therapeutic targets in preclinical mammalian

models.
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