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Abstract

ABSTRACT
Leukemia refers to the cancer of white blood cells (WBCs) in which aberrant proliferation of
immature blasts is seen due to the differentiation blockage, hence effecting the production of
normal WBCs. Acute myeloid leukemia (AML), the most common form of acute leukemia,
is a malignant disorder that is identified due to the aberrant growth and differentiation of
hematopoietic stem cells (HSCs), leading to the accumulation of immature myeloid
precursors (myeloblasts) in the bone marrow and peripheral blood. AML is a heterogeneous
disease consisting of various combinations of genetic aberrations, two of them are t(15;17)
and t(6;9) that results in the formation of chimeric genes encoding leukemia associated fusion
proteins (LAFP); PML/RARa associated with AML subtype acute promyelocytic leukemia
(APL) that has good prognosis and DEK/CAN associated with subtype high risk AML that
has poor prognosis. PML/RARGa is involved in the stabilization and up regulation of 3-catenin
through activation of Wnt pathway and hence involved in the leukemogenesis of APL. The
current therapy for PML/RARa-positive AML is ATRA and Arsenic trioxide. Both ATRA
and arsenic trioxide target PML/RARa fusion protein. ATRA induces differentiation,
resulting in differentiation syndrome while arsenic trioxide induces apoptosis and promote
differentiation. But due to resistance development, differentiation induction and poisoning by
ATO, it is important to explore such therapies and targets that are less toxic and can overcome
the resistance to the current therapies. Currently no therapy other than standard chemotherapy
is available for DEK/CAN positive AML. So there is a need for effective targeted therapy for
DEK/CAN-positive AML. AXL receptor tyrosine kinase belongs to TAM family of receptors
that are known for their active role in developing resistance to therapy. R428 is the first

specific AXL-RTK inhibitor to enter the clinical trials. So the current study aims to explore

XX



Abstract

the therapeutic potential of AXL-RTK by targeting with R428. ATRA resistant PML/RARa-
positive NB4 cell line was developed to study the role of AXL-RTK in resistance
development. Upregulation of AXL-RTK was found in R-NB4. We showed that
pharmacological targeting of AXL receptor strongly interfered with leukemogenic potential
of PML/RARa- and DEK/CAN-positive AML (p<0.05). Furthermore resistance to ATRA
was also overcome by targeting AXL receptor with R428 in APL (p <0.05). The anti-
proliferative effects of targeting AXL-RTK were related to down regulation of target genes
including c-myc (p < 0.001), Axin2 (p < 0.001), and Hif-1 alpha (p < 0.001 and < 0.01). Hence
AXL-RTK might be a suitable therapeutic target for PML/RARa-positive and DEK/CAN-
positive AML. Further studies of this receptor and its inhibitor on LSCs and clinical samples
may pave the way in proposing an effective therapy for AML without differentiation induction
in PML/RARa-positive APL and especially for DEK/CAN-positive high risk AML that

currently lacks an effective therapy.

XXi



Chapter 1 Introduction

CHAPTER 1
INTRODUCTION

The word leukemia refers to the cancer of white blood cells that begins in the hematopoietic
stem cells (blood forming cells) in the bone marrow (Adamietz et al., 2009). Under the normal
circumstances, mature blood cells i.e. RBCs, WBCs and platelets are formed due to
differentiation and maturation of blast cells. In case of leukemia, there is accumulation of
malignant blast cells in the bone marrow due to differentiation blockage as a result of some
mutation. This affects the production of normal blood cells leading to anemia (Adamietz et al.,
2009), the first symptom of leukemia. Such blast cells are also referred to as leukemic blasts or
cells (Kodappully Sivaraman Siveen, 2017; Siveen et al., 2017). The normal amount of blasts
in the bone marrow is about <5% whereas this amount is increased to about 30% -100% during
leukemia (Adamietz et al., 2009). When these malignant blasts migrate to other sites in the body
like circulating blood, spleen, liver etc., they affect their function as well. Myeloblast and
lymphoblast are the two forms of a blast i.e. myeloblasts mature into myeloid cells whereas
lymphoblast mature into lymphocytes. Similarly, leukemia that originates from myeloblasts is
known as myeloid leukemia and deteriorates the production of red blood cells, white blood cells
and platelets (Seipelt et al., 1998). On the other hand, leukemia that begins in the lymphoblast
is called as lymphocytic leukemia and affect the production of lymphocytes (Hematology,

2019).

Being a growing disease in Pakistan, leukemia affects both the genders with increased rate in
males while it affects people of all age-groups equally. Pakistan ranks 7" in the world in

incidence of leukemia (Khan S, 2017). As per a report by WHO, 7,139 new leukemia cases
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were reported in Pakistan in 2018 with highest percentage of males of all age groups being

affected (WHO, 2019).

Leukemia is divided into chronic and acute based on the progression and maturation level of
abnormal cells (Seipelt et al., 1998). When mature white blood cells accumulate and cancer
progression is slow, then the leukemia is referred to as chronic leukemia. Chronic lymphocytic
leukemia (CLL) and chronic myeloid leukemia (CML) are the two major types of chronic
leukemia. In acute leukemia, there is accumulation of the immature blast cells in the bone
marrow that migrate to the circulating blood (Adamietz et al., 2009) Infiltration of these blast
cells is also seen in other bodily tissues, ultimately leading to the failure of bone marrow. Acute
myeloid leukemia (AML) and acute lymphocytic leukemia (ALL) are two major types of acute

leukemia (Seipelt et al., 1998)

Acute myeloid leukemia (AML) refers to a heterogeneous disease condition that involves
hematopoietic progenitors identified due to gained genetic aberrations leading to disturbance in
the normal processes of division, self-renewal and differentiation (Ben-Batalla et al., 2013). It
is the most common form of acute leukemia and is a malignant disorder that is identified due to
the aberrant growth and reduced ability for differentiation of hematopoietic stem cells (HSCs)
into mature cells. This leads to the accumulation of immature myeloid precursors (myeloblasts)
in the bone marrow and peripheral blood, reducing the production of normal RBCs, WBCs and
platelets. If >20% myeloblasts are circulating in the peripheral blood, then it indicates AML
(Harris et al., 1999). This reduction in the normal mature blood cells formation and increase in
malignant blasts formation exerts different effects on the body such as anemia, bleeding
disorders, bone marrow failure, increased susceptibility to the infections and ultimately death

(Daniel V.T. Catenacci, 2005). Significant research has been carried out with the aim of
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developing improved therapies that can produce some effective outcomes in AML. The
standard therapy for most subtypes of newly diagnosed AML is the 7 + 3 regimen that is the
combination of cytarabine with an anthracycline (daunorubicin or idarubicin). High-dose
cytarabine (HIDAC) consolidation is recommended to low risk patients, whereas allogeneic

stem-cell transplant (SCT) to in first remission to the high risk ones (Kadia et al., 2016).

Acute promyelocytic leukemia (APL) is a subtype of AML that constitute 5-15% of all AML
subtypes. It is identified by the particular growth of immature myeloid precursors whose
differentiation is blocked at the promyelocytic stage. Signs and symptoms include anemia,
infections and hemorrhages, whereas leukemic cells are also seen invading the organs in some
cases of APL (Anna Laurenzana, 2006). Balanced chromosomal translocation
t(15;17)(922;912) is the most abundant one in majority of the APL cases and it is caused due to
the fusion of the promyelocytic leukemia protein (PML) N-terminus to the retinoic acid
receptors (RARa) transcription factor C-terminus (Borrow et al., 1990). RARa is a nuclear
receptor whose ligand is retinoic acid (RA). RARa acts as a transcription repressor of the target
genes in the absence of its ligand RA through the recruitment of corepressors and histone
deacetylases. In the presence of RA, there is conversion of RARa from transcriptional repressor
to transcriptional activator, regulating the expression of the genes that play major role in the
differentiation of myeloid precursors (Lallemand-Breitenbach et al., 2011) . Considerable
research has been conducted for the therapeutic approaches of APL, the most suitable ones
being the all trans RA (ATRA) and arsenic trioxide (ATO) (Ng et al., 2017). Both these agents
when given in combination with chemotherapy and improved transfusion therapy, have shown
promising outcomes due to which this deadly disease is now transformed into a treatable one

(Z.-Y. Wang et al., 2008).
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Despite being a promising agent against APL, ATRA induce differentiation in immature
promyelocytes as well as in the normal stem cells, causing differentiation syndrome, in which
there is an aberrant increase in the WBCs count due to the release of pro-inflammatory cytokines
by the differentiating cells (Degos et al., 2001). Also, ATRA alone is unable to target and
eradicate the leukemic initiating cells (LICs) and their self-renewal ability (Zheng et al., 2007).
Therefore, ATRA in combination with cAMP was shown to produce an escalated effect on LICs
which depicts the importance of targeting these LICs for an effective APL treatment (Nasr et
al., 2008). Patients who receive ATRA only as APL treatment after attaining CR, are seen to
undergo relapse. Due to this, combination therapy (ATRA + Chemotherapy) is employed for
the newly diagnosed APL patients as the advanced therapy option (Asou, 2017). Hence inability
of ATRA alone as a therapy for APL (Warrell et al., 1991), mutation in the B2 domain of PML
causing resistance of PML/RARa to ATO therapy (H.-H. Zhu et al., 2014) and arsenic

poisoning (Degos et al., 2001) are the main issues faced today in the treatment of APL.

High risk AML is a rare subtype of AML that comprises 1-5 percent of overall AML with
t(6;9)(p23;934) chromosomal translocation that leads to the formation of DEK-CAN (NUP214)
fusion protein whereas 90% of patients with this translocation are positive for internal tandem
duplications of the tyrosine kinase FLT3 (FLT3-ITD). Due to poor understanding of the biology
of this subtype and poor prognosis, high risk AML forms a distinct subtype of AML (Sandén et
al., 2013). It was shown through molecular analysis that this t(6;9)(p23;934) chromosomal
translocation consists of the dek gene at 6p23 and can gene at 9934 (Soekarman et al., 1992).
As a result of disorganization of these genes, Dek/can fusion gene is formed due to the
recombination of the two genes, occupying position on the imitative 6p chromosome. One

particular intron on each chromosome contains the breakpoints on chromosomes 6 and 9,
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transcribing a chimeric mRNA and translating a novel protein of 165-kd that plays an important

role in the leukemogenesis (Ko et al., 2006).

DEK consists of three binding sites where it binds the DNA. Despite many studies on this
protein, its biology and connection between its structure and function is not well understood
(Sandén et al., 2013). DEK gene that encodes a nuclear protein of 375 amino acid, localizes to
the nucleus and is associated with chromatin. It may also have a function in RNA metabolism
as per a study, some of it associates with RNA of unknown kind (Privette Vinnedge et al., 2013).
The CAN gene translates into a 214 kDa nuclear pore complex protein. DEK promoter controls
the fusion protein (DEK/CAN) expression and this fusion protein is linked to the poor prognosis
of AML, forming a high risk set of AML patients (Shearer et al., 2005). But, very limited
information has been explored about the leukemogenesis of DEK/CAN. As reported, the fusion
protein fails at blocking the differentiation, rather it increases the protein synthesis in myeloid
progenitors and cells (Ageberg et al., 2008). There is no particular treatment currently for the
high risk AML due to the limited information on the leukemogenic ability of this fusion protein
and response to chemotherapy is poor in patients with DEK/CAN (Ishiyama et al., 2011).
Although many studies have shown early allogeneic hematopoietic stem cell transplantation
(HSCT) to have better results in first CR with special mention to the patients with FLT3-1TD

(Ishiyama et al., 2011).

AXL is a transmembrane receptor that belongs to the TAM family of distinctive receptor
tyrosine kinases which includes Tyro3, AXL and Mertk. Beginning of Axl expression is seen
in late embryogenesis (O'Bryan et al., 1991). Activation of Axl can occur by varying pathways,
of which the most usual is the activation through binding of ligand Gas6 to the AxI receptor in

the form of a dimer (Myers et al., 2016). Receptor activation is followed by the activation of
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different signaling cascades including PI3K, MAPK and PKC and as per many studies
JAK/STAT too. Axl activation, whether in the presence of ligand or its absence, is known to
activate these signaling cascades in different cancers like prostrate, lung, ovarian, head and neck
etc. (Scaltriti et al., 2016). Activation of these signaling networks leads to the activation of
transcription factors that are involved in controlling cellular functions like survival and
proliferation e.g. transcription of anti-apoptotic genes, survivin, cyclin D1, FAK etc. by NF-kB
happens as a result of IkBa-NF-kB complex disruption directed by AKT leading to nuclear
translocation of NF-kB (Scaltriti et al., 2016). Bone marrow derived stem cells (BMDSCs) are
educated by AML cells in order to release Gas6 that ultimately aids in proliferation of leukemic
cells and developing therapeutic resistance due to the activation of AxI-RTK (Ben-Batalla et
al., 2013). AXL expression is also seen to be significantly high in drug resistance AML patients

and that too after chemotherapy (Hong et al., 2008).

Variety of AXL-RTK inhibitors have been reported in literature but the main problem is that
these inhibitors are not specific for Axl (Myers et al., 2016). R428, also called as BGB324, is
known to be the strongest, most specific and well-studied AxI inhibitor. Its mechanism of
action involves blockage of Axl auto-phosphorylation on Tyr821 that is the docking site of its
C-terminal, at nanomolar concentrations. It is the first inhibitor of AxI to enter the clinical trials
in 2014, on the basis of inhibition of cancer cells metastases, both in vitro and in vivo (F. Chen

etal., 2018).

Of the many signaling cascades that regulate the process of hematopoiesis, canonical Wnt
pathway is also the one that is required for the maintenance of the HSCs (Lento et al., 2013).
Hematopoiesis is promoted when there is activation of -catenin due to the inhibition of GSK3.

Disruption in this physiological process contributes to the hematological cancers due to
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disturbance in the target gene functions like c-myc, Axin2 etc. (Chung et al., 2002). This is the
major pathway in controlling the self-renewal process of normal as well as leukemic stem cells.
Therefore inhibition of this pathway might ultimately inhibit the self-renewal ability of LSCs

that are the main players in the relapse of cancer.

Several treatment options for AML are available including chemotherapy, and some are
undergoing clinical trials. But, the main challenge faced in the treatment of AML now-a-days
is to develop an efficient targeted therapy that can overcome the challenge of therapeutic

resistance as well as to avoid relapse by directly target the CSCs.

Toxicity of the current cancer therapeutics as well as their side effects, both long and short term,
are restricting the cancer treatment options in aged patients. To overcome this, the concept and
practice of targeted therapies, with special mention of tyrosine kinase inhibitors (TKIs), has not
only lowered the issue of toxicity due to chemotherapy but has also increased the survival of
many leukemia patients. However, the issue of therapy resistance is a major one and is still a
challenge. Currently, some targeted therapies are available for AML patients with poor
prognosis and overall survival of five year in about 26.6% vs 59.7% patients (Huey et al., 2016).
Keeping in view the scenario of issues at hand, new targets as well as targeted therapies for
AML needs to be explored so as to increase the treatment options for AML patients. Such
therapies might be able to reduce the dosage as well as toxicity of the current therapies with the
achievement of promising and effective results and reduced side effects. Moreover,
administration of such targeted therapies in combination with the standard therapies may have

the ability to lower the resistance developed from single targeting.
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1.1 HYPOTHESIS

The main problem faced currently in the treatment of APL and high risk AML is the availability
of an effective therapy that can destroy leukemic cells as well as overcome the adaptive
resistance to the current therapeutics. Deregulation of Wnt signaling pathway is the basis for
abnormal self-renewal of CSCs including LSCs in APL (Mikesch et al., 2007). PML/RARa,
the main culprit in the APL, is involved in the leukemogenesis of APL through upregulation
of B-catenin that is a key effector in the Wnt pathway (Muller-Tidow et al., 2004). It has been
shown previously that targeting the Wnt signaling pathway can eradicate leukemic cells
(Ashihara et al., 2015). This forms the basis for the maintenance therapy using compounds and
related signaling cascades against APL. DEK/CAN fusion gene is known to activate signaling
pathways like Akt/PI3K, RAS/RAF and JAK/STAT and is involved in the leukemogenesis in
AML. AXL, a unique receptor tyrosine kinase, is known to activate signaling pathways like
Akt/PI3K, RAS/RAF and JAK/STAT and in the regulation of B-catenin in CML (Y. Jin et al.,
2017). But whether AXL-RTK signaling is involved in the leukemogenesis of both
PML/RARa-positive and DEK/CAN-positive AML is still to be explored. Hence by
determining the effects of the functional and pharmacological targeting of this AXL receptor
and its signaling, a new therapeutic target against APL and high risk AML can be deduced and

the therapeutic potential of AXL receptor can be determined.

1.2 AIMS AND OBJECTIVES

1. To study the expression pattern of AXL receptor in PML/RARa and DEK/CAN-positive
AML
2. Pharmacological targeting, single for AXL and in combination for AXL receptor and its

effects on the biology of PML/RARa, DEK/CAN and BCR/ABL induced leukemogenesis

8
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3. Todevelop ATRA resistant NB4 cells and determination of the expression of AXL-RTK in
ATRA resistant NB4 cells

4. To determine the effect of R428 on resistant NB4 cells

5. To study the effect of pharmacological targeting on the downstream signaling of AXL

receptor in PML/RARa and DEK/CAN-positive AML
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CHAPTER 2

LITERATURE REVIEW

2.1 Acute Myeloid Leukemia (AML)

Acute myeloid leukemia (AML) refers to a disease condition that involves hematopoietic
progenitors identified due to gained genetic aberrations leading to disturbance in the normal
processes of division, self-renewal and differentiation (Ben-Batalla et al., 2013). AML is the
most common malignant, leukemic disorder characterized by an irregular growth and
differentiation of hematopoietic stem cells (HSCs), which leads to an accumulation of
abnormal myeloid precursors (myeloblasts) in the bone marrow and surrounding blood. If
>20% myeloblasts are circulating in the peripheral blood, then it signifies AML (Khwaja et

al., 2016).

AML is marked due to males being effected commonly on western side with average age of

about 70 years at the time of diagnosis (Juliusson et al., 2009).

As per American Cancer Society’s estimation, approximately 60,300 new cases of all types
of leukemias was reported in 2018 in US whereas about 24,370 deaths from leukemia of all
types are expected. As for AML specifically, approximately 19,520 new patients of acute
myeloid leukemia mainly adults were expected to be reported in 2018 whereas about 10,670
deaths due to AML are expected. Despite the fact that AML is known to be the most frequent
leukemia type in adults, slightly higher in males than in females, it is an uncommon cancer;
constituting only about 1% of all cancers (Society, 2018). A study estimated AML incidence
for next 10 years (2017-2027) for 45 countries that represents about 90% of the 2017 world

population. The number of AML cases reported in Africa, Latin America, lower income Asia
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Pacific countries, high-income Asia Pacific countries, Europe, and North America was found
outtobe 0.4,1,1, 2,4 and 5 cases per 100,000/year (Hughes, 2017). The prevalence of AML
in Africais 1, in Latin America 4, in lower-income Asia Pacific countries it is 4, high-income
Asia Pacific countries show prevalence of 7, Europe 10, and North America has the highest
prevalence with 11 cases; per 100,000. Of all these regions, Africa is susceptible to an increase
in prevalent cases of AML over the next ten year i.e. 33% by 2027. The number of patients
affected by AML is expected to increase globally. On the other hand any improvements in the
research for survival of AML patients, can save up to 81 thousand cases by 2027, worldwide
(Hughes, 2017). Acute leukemias are a growing disease in Pakistan. In northern Pakistan,
leukemia comes second as a common malignancy in males and is at third in cancers that are

most common in females (Raziq, 2014).

The clinical signs and symptoms of AML are not specific instead they are directly linked to
the leukemic take-over of the bone marrow, causing reduction in the number of mature blood
cells (cytopenia) (Lowenberg et al., 1999). The non-specific symptoms include fatigue, less
or no appetite, being out of breath after some physical activity mostly due to anemia, frequent
infections due to shortage of infections fighting neutrophils (neutropenia) and being more
prone to injuries and ultimately bleeding due to lack of platelets (thrombocytopenia) (Khwaja
et al., 2016). Reduction in the number of RBCs, neutrophils and platelets is common among

the AML patients, making them anemic.

Diagnosis of AML depends upon the morphological recognition of immature leukemic cells
in Wright-Giemsa stained blood and bone marrow samples. Nuclei of such cells are observed
to be round to asymmetrical, have a clear nucleoli and small amount of cytoplasm that usually

can be seen consisting of azurophilic granules and different number of Auer bodies that are
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basically rod structures consisting of azurophilic granules in lysosomes. For a definite
diagnosis of AML, >30 percent of leukemic blasts in a bone marrow sample must be present
before starting therapy but other specific diagnostic techniques must also be employed for a
confirm diagnosis (Lowenberg et al., 1999). Besides, modern techniques like
immunophenotyping, cytogenetic and molecular characterization of myeloblasts are also
employed to differentiate AML from other leukemias and to further identify subtypes of

AML.

Origin diagnosis for acute leukemia can be done using flowcytometric immunophenotyping
by checking for the expression of origin specific cluster differentiation (CD) markers. CD45,
the common leucocyte antigen, is used to confine the population of immature blood cells
(blasts) population and on this confined population, analysis of the expression of the other
origin specific markers is carried out (Gajendra, 2016). Expression of CD45 varies in various
sort of blast cells like B lymphoblasts are CD45 negative to slight positive, myeloid blasts are
slightly CD45 positive but due to granular nature they show a higher side scatter. A tear drop
pattern formed by abnormal promyelocytes can be observed in Acute Promyelocytic
Leukemia (APL) whereas immature T-cells show diminished to same CD45 expression as
that of normal lymphocyte population. For flowcytometric immunophenotyping of acute
leukemia, some of the common antibodies used include stem cell/hematopoietic precursors
(CD34, HLA-DR, and terminal deoxynucleotidyl transferase/TdT), myeloid markers (cMPO,
CD13, CD15, CD117, CD33, monocytic markers (CD14, CD11b, CD64, CD11c, and
lysozyme), erythroid (CD71, CD235a) and megakaryocytic (CD61, CD36, CD41) (Gajendra,

2016).
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Expression of CD7, CD9, CD11lb, CD13, CD14, CD33, CD34, CD56 and terminal
deoxynucleotidyl transferase (TdT) are linked with poor prognosis in AML. CD34 and HLA-
DR co-expression can aid in predicting the failure of achieving complete remission as per a
study. A helpful prognosis can be achieved due to the presence of such blasts that express
pan-myeloid markers i.e. myeloperoxidase (MPO), CD13, CD33, CDw65 and CD117
(Gajendra, 2016). In about 10-30% of patients, T-cell antigen, CD7, has been reported
whereas B-cell antigen, CD19, is expressed atypically in about 3% of the patients (Khwaja et

al., 2016).

Among the risk factors associated with AML, no particular factors can be highlighted that can
lead towards AML in majority of the patients. However, environmental factors like getting
exposed to DNA-damaging agents like benzene, tobacco smoke and ionizing radiations such
as therapeutic radiotherapy and chemotherapy (known as therapy related AML) can lead to a
possible increase in the risk of developing AML (Shimizu et al., 1990). People whose first
degree relatives are patients of major blood cancers, they are at a high risk, about 5-7 folds,
of getting that particular cancer (Khwaja et al., 2016). However, no study has yet reported
any strong proof of AML or MDS related to familial aggregation apart from the related
persons of young AML patients, as reported by a study that consisted of a limited study group,
who have a high risk of developing AML or MDS, concluding that in such patients germline
genes may have a strong part (Goldin et al., 2012). AML development risk is also linked with
some hereditary disorders like Down syndrome, Fanconi anemia, Bloom syndrome (Seif,

2011).

13



Chapter 2 Literature Review

2.1.1 Classification of AML
The earlier French-American-British (FAB) classification system and the more recent World
Health Organization (WHO) classification system are the two systems used for the

classification of AML.

As per FAB classification, AML is divided into 8 subtypes on the basis of the cell type from
where leukemia originated and the degree of maturation of cells. This was done by the French,

American and British leukemia experts back in the 1970-80s. This classification is as follows:

Table 2. 1: FAB classification of acute myeloid leukemia (Kumar, 2011)

Acute
. i ificati % of all AML
Myeloid Morphological classification ooTa
. cases
Leukemia
Undifferentiated acute myeloblastic
Mo . 5
leukemia
M1 Acute myeloblastic leukemia with 15
minimal maturation
M2 Acute myeloblastic leukemia with 25
maturation
M3 Acute promyelocytic leukemia 10
M4 Acute promyelocytic leukemia 20
M4 eos Acute promyelocytic leukemia with 5
eosinophilia
M5 Acute monocytic leukemia 10
M6 Acute erythroid leukemia 5
M7 Acute megakaryoblastic leukemia 5

The prognostic factors that affects the patient outlook forms the basis for the WHO

classification of AML. It was done in 2001 and was updated later in 2008.
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Table 2.2: WHO classification of acute myeloid leukemia (Vardiman, 2010)

WHO
classification
of acute
myeloid
leukemia

Subtype

AML with
recurring
cytogenic
abnormalities

With t(8:21)(q22;922), (AMLL/ETO)

With inv (16)(p13.1;922) or t(16;16)
(p13.1;q22), (CBEB/MYHI11)

Acute promyelocytic leukemia: with
t(15;17)(922;912), (PML/RAR®) and
variants

Independent of
Numbers of Blasts in
PB or BM

PB: Peripheral Blood
BM: Bone Marrow

AML with t(9;11)(q22;923),
MLLT3/MLL or other 11923 (MLL)
abnormalities

AML with t(6;9)(p23;934),
DEK/NUP214

AML with inv (3)(921;7926.2),
RPN1/EVI1

AML (megakaryoblastic) with
t(1;22)(p13;q13), RBM15/MKL1

> 20% Blast cells in PB
or BM

PB: Peripheral Blood
BM: Bone Marrow

Temporary entities: AML with mutated
NPM1 and AML with mutated CEBPa,

AML with
myelodysplasia
related
changes

Therapy
related
myeloid

neoplasm

Myeloid
sarcoma

Myeloid
proliferation
By Down
Syndrome

MO AML with minimal maturation
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M1 AML without maturation
M2 AML with maturation
M4 Acute myelomonocytic leukemia

AML, not M5 Acute monocytic leukemia
Otherwise M6 Acute erythroid leukemia
classified

M7Acute megakaryoblastic leukemia

Acute Basophilic leukemia

Acute panmyelose and Myelofibrose

2.1.2 Normal Hematopoiesis

Hematopoiesis is a strictly controlled process that leads to the production of mature blood
cells and involves a high through put of cells through cell division and differentiation from
hematopoietic cells having self-renewal property (Fig.2.1). Several early and origin specific
growth factors with their receptors are involved in this process while different early and
origin specific transcription factors are responsible for the differentiation of those
hematopoietic stem cells through the expression of origin specific genes. Any disturbance in

this setup forms the basis for AML pathogenesis (Steffen et al., 2005).

16



Chapter 2

Literature Review

JAK1

AK?2

. jAKS TPO @ U

TPO
@
SCF
-3 @ l
EPO @ ® L3 ® GM-CSF
@ TPO

MK

-

® EPO
® TPO
.’ ﬁ;{gg
Platelets
Erythrocytes
Neutrophils

QM-CSF

IL-7 O

G? \
IL-4 Q

e Y

Basophils Eosinophils Monocytes
Mast cells

TSLP®

B cells

Il 7
IL 15

IL-2
IL-7

NK cells T cells

Figure 2. 1: The Hematopoiesis (Springuel et al., 2015)

2.1.3 Growth factors and receptors in hematopoiesis

Two classes of receptors that control the hematopoiesis are: Receptor Tyrosine Kinase (RTK)

with intrinsic tyrosine kinase activity and Cytokine receptors that lacks intrinsic tyrosine

kinase activity.

Most RTKs expression can be found in human CD34+ hematopoietic stem and progenitor

cells. Majority of the RTKs studied in HSPCs are members of class-111 family, having an

extracellular domain in the form of five Ig-like domains, for binding of ligand that also

controls the substrate specificity, affinity and kinase function and an intracellular domain

cleaved by a regulatory domain. Members of class-I11 family includes platelet-derived growth
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factors (PDGFs) receptors A & B (PDGFRA & B), macrophage colony stimulating factor (M-
CSF) receptor FMS, KIT receptor for Kit ligand SCF and FLT3 receptor for FL (Toffalini et
al., 2010). Signal transduction through these receptors begins when ligand binds to its specific
receptor and activates intracellular receptor domain through phosphorylation (Lemmon et al.,

2010).
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Figure 2. 2: RTKSs class-111 family in hematopoiesis (Toffalini et al., 2010)

Type 1 cytokine receptors, also known as hematopoietin receptor family, are the class of
receptors that lacks intrinsic kinase activity and have heterodimers of ligand binding alpha
subunit and beta subunit for signal transduction (Steffen et al., 2005) As a signal transduction
subunit, beta-subunit relay the extracellular signal received due to ligand binding as an
intracellular signal to the other signaling molecules by interacting with kinases so as to change

the status from inactive to active of other players in the signaling pathway through
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phosphorylation (Steffen et al., 2005). Ligands for cytokine receptors include 1L-2, IL-3, IL-
4, IL-5, IL-6, IL-7, IL-9, IL-1, IL-12, IL-13, IL-15, GM-CSF, G-CSF and Epo (Olofsson,
1991). JAK/STAT pathway is the most common downstream signaling pathway of this class

of cytokine receptors (Touw et al., 2000).
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Figure 2. 3: Type 1 cytokine receptor & its ligands (Lichtman, 1991)

Activation of both RTKSs and cytokine receptors further activates several downstream signaling
networks that crosstalk and leads to the transcription of several target genes responsible for the
proliferation and survival of cells (Fig.2.4). Any disruption in any of these pathways forms the

basis for AML pathology.
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Figure 2. 4: Signaling networks related to normal hematopoiesis (Steffen et al., 2005)

2.1.4 Transcription Factors in hematopoiesis

Just like for any other cellular process such as growth, proliferation, and survival, the
differentiation of cells also requires transcription factors so that the signal received by
upstream molecules is transcribed in the nucleus through gene expression. Such transcription
factors are also required by the hematopoietic stem cells for their devotion of differentiation
into diverse progenitors like myeloid and lymphoid that ultimately give rise to mature blood

cells (Shivdasani et al., 1996).

Two classes of myeloid transcription factors have been identified based on lineage specificity
which include AML1 of class | and PU.1, c/EBPa and GATA-1 of class Il (Fig.2.5) (Steffen

et al., 2005).

AML1 (now known as RUNX1) belongs to the CBF family and is an important transcription

factor involved in the gene expression for the differentiation and maturation of mostly
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monocytes (Tenen etal., 1997). But AMLL1 is also considered non-specific transcription factor
as it plays role in the development of cells of almost every hematopoietic stage and is the first
factor responsible for hematopoietic stem cells formation (Licht, 2001; Steffen et al., 2005).
Therefore, any abnormality of this transcription factor can affect the whole process of
hematopoiesis (Steffen et al., 2005). This was concluded on the basis of several AML1 knock-
out experiments in mice in which fetal death was observed due to loss of AML1 gene leading
to serious CNS bleeding and hemorrhage (Licht, 2001). AMLL1 is the main gene that is
observed to be disrupted in many cases of AML and translocation t(8;21) (g21;922) is the
most common translocation known in AML that leads to the production of fusion protein

AMLI-ETO (Licht, 2001).
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Figure 2. 5: Role of transcription factors in different hematopoietic stages (Steffen et al., 2005)

PU.1 is another important transcription factor in hematopoiesis which is a product of SPI1
gene. This transcription factor is responsible for the differentiation of myeloid progenitors
mostly through regulating expression of genes involved in the differentiation of these

progenitors like the CSF1R gene encoding macrophage colony-stimulating factor receptor

21



Chapter 2 Literature Review

(M-CSF receptor) and the gene for IL-7 receptor. However it is also observed to be involved
in the differentiation of B-lymphocytes only if it is expressed in early HSCs (Takei et al.,
2019). In HSCs that are devoted to differentiate into myeloid progenitors, PU.1 plays role of
a lineage specific transcription factor, promoting monocytes development while inhibiting the
activity of ¢/EBPa that leads to blockage of granulocyte development (Fig.2.5) (Steffen et al.,
2005). Any abnormality or disruption in the function of this transcription factor can lead to
blockage in the differentiation of myeloid precursors, forming the basis for AML
pathogenesis. Its abnormality can also be the reason for increased self-renewal ability of
erythroid progenitors and their differentiation blockage (Tenen et al., 1997). Several PU.1
knockout studies have revealed stem cell failure in mice, depicting the importance of this

transcription factor in hematopoiesis (Takei et al., 2019).

¢/EBPa is transcription factor that belongs to leucine zipper family and mainly plays its role
in the differentiation of adipocytes by expressing in adipose tissues. But its expression has
also been observed in hematopoietic organs like bone marrow, spleen and liver, where it is a
player in the process of hematopoiesis with the role of promoting differentiation and
maturation of granulocytes through the expression of G-CSF receptor and inhibiting erythroid
and lymphoid cells maturation. It competes with PU.1 transcription factor by facilitating
granulocyte maturation and inhibiting monocyte differentiation (Fig.2.5) (Takei et al., 2019).
This is justified by the study in ¢/EBPa knockout mice where lack of granulocytes was evident
(Lourenco et al., 2017) but other hematopoietic lineages i.e. myeloid was not disturbed instead
myeloblasts buildup maybe seen in such mice (D.-E. Zhang et al., 1997). Studies on ¢/EBPa
have also revealed it to be a tumor suppressor since it prevents the cell proliferation (Tenen

etal., 1997).
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The transcription factor responsible for the development of erythroid progenitors as well as
megakaryocytes is the GATA-1 (Steffen et al., 2005). It binds to the DNA consensus sequence
(A/IT)GATA(A/G) (Ferreira et al., 2005). The significance of this transcription factor in the
normal hematopoiesis is evident from different studies in chimeric mice in which GATA-1
was absent, due to which erythroid progenitors were unable to mature and were arrested at
proerythroblast stage following apoptosis (Fujiwara et al., 1996). Embryos of such mice were
anemic and died at day 10. Similarly due to its role in the maturation of megakaryocytes, l0oss
of GATA-1 can lead to incomplete maturation and functionality of megakaryocytes with an
increased proliferation. As a result, there is low number of circulating platelets in blood
(Ferreira et al., 2005). During normal hematopoiesis, a balance is maintained between
transcription factors which leads to correct differentiation of specific progenitors at the right
time. During the early stage of myeloid progenitors, there is a balance between the expression
of PU.1 and GATA-1 until the decision of which lineage to follow. If myeloid progenitors
decide to commit for the erythroid lineage, then there is upregulation of GATA-1 that blocks
the activity of PU.1, hence conducting the progenitors towards the lineage of megakaryocyte

and erythroid (Fig.2.5) (Steffen et al., 2005).

23



Chapter 2 Literature Review

Figure 2. 6: The interplay of different molecular alterations in the development (Steffen et al., 2005)

2.1.5 Molecular Pathogenesis of AML
Cell proliferation, survival, differentiation, DNA damage-repair, self-renewal ability and cell
cycle control are the essential aspects of a cell’s transformation and the AML pathogenesis

involves alterations in almost all these aspects at the molecular level (Licht et al., 2005).

Leukemogenesis leading to AML can result from two groups of molecular changings i.e.
changes in the control of transcription in hematopoietic stem cells resulting in the changes in
signal transduction molecules required for receptors of growth factors and mutations leading
to the activation of signal transducing molecules inducing changes in many transcription
factors functions and expression, that are important for normal differentiation of myeloid

progenitors (Steffen et al., 2005).

2.1.6 Abnormalities in signal transduction
Various signaling cascades are responsible for carrying out different cellular activities like
proliferation, survival, differentiation, programmed cell death and any anomaly in these

cascades at any point can lead to disruption of these normal cellular activities, ultimately
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forming the basis for cancer. Similarly, in AML various components of these signalling
pathways are seen to be mutated i.e. either upregulated due to gain-of-function mutations or

downregulated due to loss-of-function mutations (Scholl et al., 2008).

Of all the elements of a signaling network, most frequent activating alterations are observed
in receptor tyrosine kinase (RTK) like FIt3 and c-Kit and these two RTKSs serve an important
role in the process of normal hematopoiesis (Steffen et al., 2005). Mutations are also observed
in other RTKs as well and some signaling molecules like K-Ras and N-Ras but they have little
association with AML (Steffen et al., 2005) JAK2 kinase and STAT. Abnormalities in any of
these elements contribute to the uncontrolled proliferation of leukemic cells (Licht et al.,

2005).
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Figure 2. 7: Abnormalities in signal transduction related to AML (Claudia Scholl, 2008)

2.1.7 Abnormalities in transcription factors
Transcription factors holds great importance in normal hematopoiesis due to their role in

directing the HSCs towards lineage specificity but as previously explained that this is possible
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only when there is an equilibrium between the right transcription factors, leading to expression
of right genes according to the specific lineage. Any disturbance in this equilibrium forms the

basis for AML mainly by blocking differentiation.

Disruption of transcription factors can be a result of chromosomal translocations leading to
the formation of fusion proteins (Licht et al., 2005). Such fusion proteins, also referred to as
oncofusion proteins, forms due to joining of a truncated transcription factor whose DNA
binding domain has a function of transcriptional activation, with an irrelevant protein that
functions as a transcriptional repressor. Hence the transcriptional repressor is positioned in
such a way that it controls the transcription of transcriptional activator target genes that it
inhibits their expression and ultimately affects their normal function (Steffen et al., 2005).
Out of the previously discussed balanced translocations and their products, only four are most

common i.e. AML1-ETO, PML-RARa, CBFB-MHY11 and fusions involving MLL.

2.1.8 Treatment Options

As the understanding of the biology of AML is achieved day by day, several novel therapies
and strategies are being discovered to treat AML, whether it is through targeting the mutations
at the molecular level or disrupted signaling cascades that lead to uncontrolled proliferation
of immature blasts and help them escape apoptosis (Kavanagh et al., 2017). The major aim in
the treatment of AML is to avoid relapse by inducing remission, which means that there are
<5% of leukemic cells/blasts in the blood or bone marrow followed by the improvements in
the blood cells count. two phases of AML treatments are: Induction and Post induction

(consolidation and maintenance) therapy (Lowenberg et al., 1999).
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Figure 2. 8: Abnormalities in signal transduction related to AML (Lin et al., 2012)
2.1.9 Induction Therapy
During induction therapy, immature blasts (leukemic cells) are eliminated and their number
is brought to normal in the bone marrow as well as in the surrounding blood. During this, high
doses of chemotherapeutic drugs, typically daunorubicin for 3 days and cytarabine for 7 days
as per the US standard care for patients, are administered in the patient that destroy and
eliminate leukemic cells (Lin et al., 2012). Side effects of this therapy are killing of normal
bone marrow cells as well as toxicity of other body cells like skin and Gl tract. Achieving
complete remission (CR) after administering induction therapy is the goal which means all

kinds of tests indicate that the patient is free from leukemia.

Apart from standard induction therapy, researchers have employed strategies to develop
intensive chemotherapy in order to improve response to induction therapy and to achieve
complete remission at an increase rate. According to a phase Il study run by the Eastern
Cooperative Oncology Group, higher doses of daunorubicin were given to freshly diagnosed

AML patients of ages 17-60 years (Fernandez et al., 2009). An increase in CR rate (71 versus
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57%, P, 0.001) and longer median survival (24 versus 16 months, P = 0.003) was seen in the
patients that received elevated doses of daunorubicin, although toxicities related to different

organs were also observed (Lin et al., 2012).

But as per recent studies and cases, there is a need to discontinue such intensive induction
therapy. Although CR rate following induction therapy in patients under 60 years of age is as
high as about 70%, but it must be kept in mind that the rate of treatment related mortality
(TRM) is also high with 13%, whereas the five year overall survival (OS) is low, around 30%

(Mandelli et al., 2009).

The main issue with the intensive induction therapy is more than its inadequate
effectiveness. It is basically more detrimental than being effective. Why? Because this
therapy only eliminate leukemic cells, not the preleukemic HSCs from the non-leukemic

progenitors that later forms the basis for relapse after chemotherapy (Shlush et al., 2014).
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Figure 2. 9: Relapse mechanism as understood in Leukemia (L. Jin et al., 2018)
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It was found through gene expression studies of AML patients before and after cytarabine
treatment that signaling cascades leading to resistance against chemotherapy were activated
in such patients in response to induction chemotherapy which is also a main cause for patients
going into relapse. Also LSCs heterogeneity was also seen in patients with unsuccessful
induction therapy (Ho et al., 2016). In conclusion, the intensive induction therapy developed
to combat the AML might be aiding in making it more unfortunate and adverse. Therefore,

some other strategies need to be developed for effective AML treatment.
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Figure 2. 10: Effect of Intensive Induction Therapy on AML following relapse (Daniel A. Pollyea, 2017)
2.1.10 Post Induction Therapy
After induction of remission, it is necessary to proceed with another intensive therapy in order
to prevent relapse. Post induction therapy involves elevated dose consolidation chemotherapy
and allogenic or autologous hematopoietic cells transplantation (D6hner et al., 2017). In many
cases, low dose maintenance therapy is also followed with the purpose of avoiding relapse

(Rowe, 2009).
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2.1.10.1 High Dose Consolidation Chemotherapy

Consolidation therapy refers to the therapy given to the patient in order to ensure complete
eradication of any leukemic cells that may have been left in the body once leukemic cells have
been eliminated through induction chemotherapy. It is necessary in order to complete the
treatment because as per many studies, the intensive post induction therapy increases the
probability of cure in patients, usually 55 to 60 years of adults, by extending the time period

of remission (Rowe, 2009).

High doses of cytarabine alone and combination of different chemotherapeutics are given in
consolidation therapy, both showing same results. For cytarabine the standard regime
extensively followed is to administer almost 4 cycles of high-dose cytarabine (2000-3000
mg/m?, 6 doses per cycle, regularly) (Dohner et al., 2017). This is supported by a trial
conducted by CALGB for collating three different cytarabine doses in a study that consisted
of adults of up to 60 years that were given maintenance therapy afterwards. It was concluded
with the results that by administering a high dose of cytarabine at 3000 mg/m? for 6 doses, a
considerable refinement in the overall survival for the patients of age <60 years can be

achieved. But it does not tell about the number of cycles to be given (Mayer et al., 1994).

2.1.10.2 Allogeneic Hematopoietic Stem Cell/ Bone marrow Transplantation

In allogeneic HSC/bone marrow transplantation, stem cells from bone marrow of one
individual are taken and are transplanted into leukemic patient in order to reintroduce healthy
stem cells in the patient’s body so that production of normal blood cells is reinitiated. Stem
cells are usually taken from an HLA-compatible person in order to avoid rejection by the
body. This treatment option is currently known to be the most effective and is followed for

many years now. It is observed to cure leukemia in about 60% of the patients and the relapse
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percentage in the patients who receive transplantation during first remission is <20%

(Lowenberg et al., 1999).

Despite it being a successful treatment option, not many patients opt for HSCT either due to
age, organ toxicities due to previous therapies, comorbidities, unsuccessful remission and a
quick relapse. A patient is usually suggested to go for allogeneic HSCT when the expected
rate of relapse is >35% to 40% but without the procedure. More the expected relapse risk,

more is the risk of non-relapse mortality (NRM) (Déhner et al., 2017).

2.1.10.3 Autologous HSC/Bone marrow transplantation

During autologous HSCT, stem cells from the peripheral blood or patient’s bone marrow are
obtained before administration of chemotherapy by processing the blood/bone marrow in
order to concentrate the stem cells. These stem cells can be cryopreserved for a long time.
Then chemotherapy is given to the patient in order to destroy the leukemic cells. The stem
cells obtained are then reinfused into the patient’s body after the chemotherapy in order to

protect the healthy stem cells from any toxic side effects of chemotherapeutic drugs.

The Autologous Transplant Process
1. Collection
Stem cells are collected
from the patient's bone
marrow or blood

S. Reinfusion
Thawed stem cells
are reinfused into
the patient

2. Processing
Blood or bone 4. Chemotherapy
marrow I1s

High dose
processedinthe s chemotherapy
laboratory to purify 3. Cryopreservation andsor radiation
and concentrate Blood or bone marrow therapy is given
the stem celis is frozen to preserve it to the patient

Figure 2. 11: Autologous HSCT procedure
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More solid treatment option can be made through autologous HSCT following one cycle of
intensive chemotherapy as indicated by a study which concluded that a preferable relapse free
survival (RFS) and overall survival (OS) rate can be achieved through autologous HSCT

(Vellenga et al., 2011).

2.1.10.4 Maintenance Therapy

This phase of treatment is given to patients who are in remission after consolidation phase in
order to make consolidation therapy completely successful and to avoid relapse. Low doses
of chemotherapeutic drugs are given during this phase for months and in some cases for years.
But currently this therapeutic phase is not involved in standard AML therapy since no
significant evidence of its efficacy have been proven for AML (Dohner et al., 2017). Its
effectiveness is, however, somehow proven in acute promyelocytic leukemia (APL) cases

(Embury et al., 1977).

2.2 High Risk AML

This subtype of AML is a rare one and comprises 1% to 5% of overall AML with
t(6;9)(p23;934) chromosomal translocation that leads to the formation of DEK-CAN
(NUP214) fusion protein (Shearer et al., 2005) whereas 90% of patients with this translocation
are positive for internal tandem duplications of the tyrosine kinase FLT3 (FLT3-ITD) (Slovak
et al., 2006). Due to poor understanding of the biology of this subtype and poor prognosis,
high risk AML lacks an effective treatment (Sandén et al., 2013). People of young age i.e.23
years, of both sexes equally are usually affected by this AML subtype. Median survival of

such patients is low i.e. <1 year from the time of diagnosis (Chi et al., 2008).
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Immunophenotyping of t(6;9) positive AML blast cells revealed that they are positive for CD9,
CD13, CD33, and HLA-DR; usually positive for CD45 and CD38; and may be positive for

CD15, CD34, and terminal deoxynucleotidyl transferase (Oyarzo et al., 2004).

2.2.1 DEK-CAN (NUP214) Fusion Protein

DEK is a distinctive non-histone, non-enzymatic protein of 43 kDa (375 amino acids)
(Waldmann et al., 2004). As showed by many studies, both structural and in vitro, DEK
consists of three binding sites where it binds the DNA. Despite many studies on this protein,
its biology and connection between its structure and function is not well understood. DEK
localizes to the nucleus and having function in RNA metabolism as per a study, some of it
associates with RNA whose kind is yet to be explored (Privette Vinnedge et al., 2013). Most
of the DEK protein have function in chromatin organization and through this finding it was
further studied that DEK has function in different nuclear activities like replication of DNA,
regulation of transcription, splicing of mMRNA, DNA damage response etc. DEK on binding
to its binding site on DNA is known to recruit proteins that play part in the processes of

chromatin organization and DNA damage repair (Kappes et al., 2001).

Nucleoporin 214 (NUP214), previously called as CAN, is a nucleoporin with FG-repeats.

This protein is found at the cytoplasmic side of the nuclear pore complex (Fornerod et al.,
1997). It functions in the cell cycle and is essential for the movement of the materials between
the cytoplasm and the nucleus (Yang, 2014). This protein was first discovered due to
chromosomal translocation between DEK or SET genes that was then found to be related to

leukemia (Kohler et al., 2010).
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Rowley and Potter first discovered the chromosomal translocation t(6;9)(p23;q34) in AML
(Rowley et al., 1976). Chimeric fusion protein product DEK-CAN is formed as a result of
translocation of dek gene at 6p23 and the can gene at 9934 (Soekarman et al., 1992). One
particular intron on both the chromosomes contains the break points from where translocation
takes place (C. Oancea et al., 2010). As a result of this translocation, the normal function of
these genes is hampered forming a dek-can fusion gene located on the chromosome 6p. This
fusion gene encodes a chimeric mRNA that is translated into a uniquel65-kd protein that
plays a major role in leukemogenesis (Oyarzo et al., 2004). The potential role of DEK/CAN
in leukemogenesis has been demonstrated in a study by C Oancea et al in which it was shown
that DEK/CAN possess leukemogenic potential, deploying its outcome on a very little

subpopulation of Scal*/lin" cells (C. Oancea et al., 2010).

Garcon et al examined 79 bone marrow and peripheral blood samples taken from 12 patients
with DEK-NUP214 gene using quantitative PCR (gPCR) method. Ten out of these 12 patients
had AML and two were patients of myelodysplastic syndrome. Five out of 12 patients were
negative for DEK-NUP214 gene and went through allogeneic hematopoietic stem cell
transplantation, four of these patients exhibited consistent molecular negativity with a follow-
up time of 18.5 months (Gargon et al., 2005). On the other hand, the other seven patients
yielded to the disease after a median time of 12 months from diagnosis, because of not
achieving DEK-NUP214 negativity. Quantitative PCR was deemed a useful method in this
research for analyzing the DEK-NUP214 fusion transcript. As a result of this study it was
observed that since four patients, positive for DEK-NUP214 gene survived earlier to
transplantation hence allo-HSCT can potentially overcome the poor survival rate and

prognosis of DEK-NUP214 fusion gene (Gargon et al., 2005).
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The Akt/mTOR pathway is constitutively active in DEK/CAN leukemic cells and is
efficiently targeted by mTOR inhibitors. A study by Sanden et al showed how DEK-CAN
fusion protein is involved in upregulation of mammalian target of rapamycin complex 1
(mTORC1) resulting in increased cell proliferation. However this increased cell proliferation
by the chimeric DEK-CAN fusion protein is shown to be inhibited by the mTORCL inhibitor,
hence adding to the treatment options for the DEK-CAN fusion protein derived high risk

AML patients (Sandén et al., 2013).

2.3 Acute Promyelocytic Leukemia (APL)

Acute promyelocytic leukemia (APL) is a rare subtype of AML, constitute 5-15% of all
AML subtypes. It is identified by the particular growth of immature myeloid precursors
hindered from further growth at the promyelocytic stage (Anna Laurenzana, 2006). Signs
and symptoms are anemia, infections and hemorrhages, whereas leukemic cells are also seen
invading the organs in some APL cases (Anna Laurenzana, 2006). APL prognosis can be
done with some aid of immunophenotyping. Over-expression of CD56 is observed in about
10% of APL cases and can be linked to increased number of WBCs. CD56 expression in
different studies has been associated to an increased risk of relapse and inferior-relapse free
survival (RFS), event free survival (EFS) and overall survival (OS). In about 24% of APL
cases, CD2 expression was observed which in turn was linked to positive CD34 and
increased number of WBCs (Ng et al., 2017). Bright cytoplasmic myeloperoxidase can be
seen in early malignant promyelocytes. Other markers include CD13 and CD33 while HLA-
DR and CD11b are absent. Slight presence or absence of CD15, CD117 and CD34 can also
be seen in malignant promyelocytes. CD9 expression can only be seen in APL out of all

AML subtypes (Koshy, 2019).
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2.3.1 Etiology

The gene actively present and always involved in APL is the RAR-alpha gene that codes for
a nuclear hormone receptor that is also a transcription factor. It is based on the long arm of
chromosome 17. Retinoic acid is the ligand of RAR-a and binding of RA to RAR-a aids in
the expression of different genes. Majority of the APL cases i.e. about 95% involves the
chromosomal translocation t(15;17) (g22;921). Following the said translocation, the
promyelocytic leukemia (PML) gene fuses with RAR-a gene and forms two fusion genes i.e.
PML-RARa in case of head to tail fusion and RARa-PML in case of reciprocal fusion. In

both cases, protein that is translated acts as an abnormal retinoid acid receptor.

Other chromosomal translocations associated with APL are t(5;17)(g35;921),
t(11;17)(923;921), t(11;17)(913;921), and t(17;17)(g11;921) resulting in the fusion of RAR-
alpha to the Nucleophosmin (NPM), Promyelocytic Leukemia Zinc Finger (PLZF), Nuclear
Mitotic Apparatus (NuMA), and STAT5b genes, respectively, forming fusion proteins

(Koshy, 2019).

2.3.2 Role of PML/RARu in the pathogenesis of APL

Retinoic acid (RA) have affinity for specific nuclear receptors and has a role in gene
regulation after binding to these specific nuclear receptors. These nuclear receptors are three
retinoic acid receptor RARa, 3 and y and three retinoid X receptor RXRa, B and y (Lo-Coco
et al., 2014). RXRs are required for the heterodimerization of RARs, thus initiating different
signaling networks. Binding of RAR/RXR heterodimer to RA response element (RARE), that
are unique DNA sequences, in the promoter regions of their target genes and through hyper
acetylation and chromatin remodeling results in the transcriptional regulation of those genes

(Anna Laurenzana, 2006; Lo-Coco et al., 2014).
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RAR/RXR heterodimer remain bound to RAREs on DNA and, also to co-repressors SMRT
and NcoR, in the absence of ligand RA. As a result of this, through deacetylation of histones,
there is transcriptional silencing of target genes due to increased condensation of chromatin.
When the ligand RA binds to the binding site of RARa, there is conformational change in the
ligand binding domain that allows the binding of co-activators TIF2 and SRC-1 that brings
about the acetylation of histones and activates the transcription of target genes due to

decondensation of chromatin, co-repressors are released (Fig.2.12) (Marlétaz et al., 2006).
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Figure 2. 12: Retinoic Acid (RA) Signaling (Marlétaz et al., 2006)

Various membrane less structures are present in the nucleus, known as nuclear bodies (NBs)

and PML-NBs are one of them. These NBs are involved in different pathways related to the
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nurturing of genome like DNA damage response and repair, p53 induced apoptosis, telomere
homeostasis etc. When DNA damage occurs, PML-NBs combine and increase in number by
dividing through a fission process. Double-strand breaks (DSBs) in DNA are also repaired by
these NBs through homologous recombination. PML protein is ubiquitous and was first
founded in APL as a result pf its translocation and fusion to RARa nuclear receptor (Chang

et al., 2018).

It has been shown through different studies that PML/RARa. fusion protein/receptor disturbs
the activity of normal RARa, RXR and PML that are expressed within the same cell by normal
alleles. PML/RARa forms heterodimer with RXR through the E domain of RARa part,
leading to the sequestration of the RARa key partner and playing a role in the differentiation
blockage of granulocytes as well as RARa-RXR pathway. PML/RARa, at normal levels of
RA, associate with the corepressor complex in the nucleus (NCoR/ SMRT/HDAC), and is
recruited to suppress the transcription of RAR target genes by binding strongly with
PML/RARa as compared to RARa. For activation of the transcription of RARa target genes,
corepressors need to be replaced with coactivators. For this replacement, much higher levels
of RA are needed by PML/RAR« than normal. But at pharmacological dose of RA, immature
APL differentiate into granulocytes as result of PML/RARa conversion from transcriptional

corepressor to coactivator of RAR target genes (Anna Laurenzana, 2006).
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Figure 2. 13: APL Pathogenesis (Lallemand-Breitenbach et al., 2011)

PML/RARa is an oncoprotein with gain of function as shown by different studies where it is

known to bind to different DNA response elements not controlled by RARa. Hence not only

there is myeloid differentiation blockage by PML/RARa but it also suppresses the DNA

repair genes, whereas it leads to the activation of genes of the Wnt/Catenin and Jagged/Notch

pathways, assisting multiplication and leukemic cells growth (Licht, 2006).

In order for its oncogenic potential to be fully explored, PML/RARa needs to be cleaved as

shown in a study by Ley et al according to which neutrophil elastase cleaves PML/RAR« at

many positions. It was also shown that APL was developed at a much slower rate when mice

that lack this protein, were crossed with mice in which neutrophil elastase was present (Lane

et al., 2003).
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2.3.3 Treatment Options

Retinoic acid and arsenic trioxide are the two agents that both target PML/RARa, making
APL a distinctive cancer biology model (Nasr et al., 2008). Current therapy for APL is the
all-trans retinoic acid (ATRA), as the inception of ATRA as a treatment option for APL for
more than three decades ago now has improved the clinical outcome of this lethal disease (Ng
et al., 2017). ATRA along with chemotherapy is administered and a cure rate of more than

80% has been achieved (Lo-Coco et al., 2014).

For extended clinical responses, it is required that RA must be in high concentrations in
plasma. RA not only converts PML/RARa into a transcriptional activator from transcriptional
repressor at molecular level but also promotes its breakdown which is dependent on
PML/RARa cleavage by proteases. Part of RARa bound to RA also aids in the recruitment of
proteases for degradation of PML/RARa (Nervi et al., 1998). As reported by a study, RA is
also known to block the further growth of leukemic-initiating cells (LICs) ex vivo while in
vivo it plays role in removal of those LICs in PML/RARa positive APL mouse model (Nasr

et al., 2008).

ATRA is known to cause differentiation induction due to which a high CR rate is achieved
(Asou, 2017). Several studies have demonstrated that ATRA cause no cross-resistance against
chemotherapeutic drugs as observed in newly diagnosed APL patients as well as relapsed. But
ATRA is also known to cause differentiation syndrome in APL patients with a swift rise in
leukocytes number. Patients who receive only ATRA as APL treatment after attaining CR,
are seen to undergo relapse. Due to this, combination therapy (ATRA + Chemotherapy) is

employed for newly diagnosed APL patients as the advanced therapy option (Asou, 2017).
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Arsenic of the arsenic trioxide (As203) targets and disrupts the PML/RARa fusion protein
through proteasomal degradation which is important in attaining cure of APL (Lallemand-
Breitenbach et al., 2011) Activation of different kinases that target PML/RAR« is done by
arsenic which causes degradation of RARa by SUMOylation, following ubiquitination of

PML part (J. Zhu et al., 2005).
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Figure 2. 14: Four distinct pathways enforce PML/RARA degradation by As203 (Lallemand-Breitenbach et al., 2011)
It is shown by Ganesan et al that how significant micro-environment-mediated drug resistance
(EMDR) to ATO is developed in APL. The method to control this EDMR was also explained,
to combine ATO with a proteasome inhibitor like bortezomib. By doing so, a combined effect
of the two compounds was observed in vitro, in Arsenic Trioxide-sensitive and Arsenic
Trioxide-resistant APL cell lines. The mechanism behind this combined effect of the two
compounds involved the NFkB pathway downregulation whereby increasing the unfolded
protein response (UPR) and ROS production in malignant leukemic cells. Also, the
combination these two compounds was more effective in clearing PML/RARa, despite

bortezomib being involved in proteasome inhibition. Further studies showed that a p62-
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dependent autophagy pathway aided PML/RARa. Also, induction of autophagy was

supported by proteasome inhibition plus ATO (Ganesan et al., 2016).
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Figure 2. 15: PML nuclear bodies and the effects of ATRA and arsenic (Asou, 2017)

High efficacy with low hematologic toxicity has been shown in trial studies of treatment with
arsenic trioxide with or without ATRA. It was shown by Lo. Coco et al that combination of
ATRA and ATO is far more effective for the treatment of patients that have low-to-median
risk APL than the combination of ATRA and chemotherapy. CR was attained in all the 77
patients that were administered ATRA plus ATO and were 100% evaluated (Lo-Coco et al.,

2014).

Apart from 1.V administration, researches have now developed a form of ATO that can be
given to patients orally as it was shown to have a good oral absorption and bioavailability of
>90%, just equal to an 1.V ATO dosage. This oral form of ATO was first used for the treatment
of relapsed APL case, with high efficiency and toxic side effects just like 1.V form of ATO

(Coombs et al., 2015).

An anti-CD33 monoclonal antibody, Gemtuzumab ozogamicin (GO) is known to have
notable action when adjoined with toxin calicheamicin. It is due to the fact that there is high

expression of CD33 target antigen on leukemic cells (Coombs et al., 2015). There is uptake
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of the immunoconjugate and hydrolytic delivery of calicheamicin due to binding of GO with
CD33 causing permanent damage to the DNA leading to cell death. Efficacy of GO can be
explained through different mode of actions in APL i.e. due to increased CD33 expression in
maximum cases of APL, calicheamicin being a member of anthracycline family that is a
highly effective chemotherapeutic agent against APL, lack of gpl170 in APL blasts, a
multidrug resistance glycoprotein that is a main cause of resistance in all AML cases except

APL (Ferrara, 2010).

Tamibarotene, a synthetic retinoid, when compared to ATRA has been shown to have ten
folds more potent activity by inducing differentiation of HL-60 and NB-4 cells. After
administering daily, its plasma level does not drop, showing reliable pharmacokinetics
(Coombs et al., 2015). Shinagawa et al carried out a phase 3 study with the purpose of
comparing Tamibarotene with ATRA, for newly diagnosed APL patients, as a maintenance
therapy. CR was seen in 319 (93%) patients out of the 344 selected patients. 269 patients out
of the 319, after completing three courses of consolidation therapy, underwent maintenance

randomization (Shinagawa et al., 2014).

2.4 AXL Receptor Tyrosine Kinase

AXL is a receptor tyrosine kinase that was discovered in cancerous cells about many years
ago and this name AXL was originated from a Greek word anexelekto meaning uncontrolled.
This receptor belongs to the TAM family of distinctive receptor tyrosine kinases that includes
Tyro3, AXL and Mertk. Beginning of AxI expression is seen in late embryogenesis (O'Bryan

etal., 1991).
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Having molecular weight between 100kDa and 140kDa, Axl is a transmembrane receptor that
consists of an N-terminal extracellular domain containing two Ig and two fibronectin type I11

motifs and a C-terminal intracellular tyrosine kinase domain (Fig.2.16) (Korshunov, 2012).
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Figure 2. 16: AXL RTK Structure (Korshunov, 2012)

Activation of Axl can occur by different methods among which the most usual is the activation
through binding of ligand Gas6 to the AxI receptor in the form of a dimer. In case of Axl
overexpression or stress conditions, activation can occur even in the absence of Gas6 as

observed in vascular smooth muscle cells (Myers et al., 2016).

Receptor activation is followed by the activation of different signaling cascades including
PI3K, MAPK and PKC and as per many studies JAK/STAT too. AxI activation, whether in
the presence of ligand or absence, is known to activate these signaling cascades in different
cancers like prostrate, lung, ovarian, head and neck etc. (Scaltriti et al., 2016). Activation of
these signaling networks leads to the activation of transcription factors that are involved in
controlling cellular functions like survival and proliferation e.g. transcription of anti-apoptotic

genes, c-myc, survivin, cyclin D1, FAK etc. by NF-kB happens as a result of IkBa-NF-kB
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complex disruption directed by AKT leading to nuclear translocation of NF-kB (Scaltriti et

al., 2016).

GRB2 phosphorylation is followed by Axl activation, leading to the activation of RAS-RAF-
MEK-ERK pathway, contributing to the proliferation of cancerous cells. Phosphorylation of
PI3K by Axl activation results in increased levels of phosphatidylinositol trisphosphate
leading to the recruitment and activation of AKT, which is involved in the activation of several
pro-survival proteins like IKK, MDM2, or mTOR. AKT inhibits pro-apoptotic players like
the BCL-2 family member BAD. Cancer cells migration and invasiveness is promoted due to
the activation of FAK and phosphorylation of SRC due to direct Axl activation. AxI cross talk
with other RTKs like VEGFR, EGFR, and MET may explain the role of AXL in drug
resistance mechanisms as observed in few cancers. Axl role in inflammatory events is due to
the upregulation of SOCS proteins and STAT-1 as a result of AxI phosphorylation (Myers et

al., 2016).
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Figure 2. 17: Downstream AXL signaling pathways due to GAS6-mediated activation (Myers et al., 2016)

Negative regulation of Axl leading to its activation occurs as a result of binding of soluble
form of Axl receptor with the ligand Gas6, serving as a decoy receptor, ultimately lowering
the ligand availability to bind to the transmembrane AxI receptor an,d hence blocking its
activation. This soluble form of AxI receptor can be used as a biomarker for tracking the high
AxI expression and beginning of drug resistance, as observed in hepatocellular carcinoma

(Scaltriti et al., 2016).

Importance of Axl activation was explained in vivo for FLT3 activation in a study and how
there is growth suppression of FLT3-positive AML in humans by inhibiting AxI activation
(Park et al., 2013). As demonstrated in a study by Ben-Batalla et al, bone marrow derived

stem cells (BMDSCs) are educated by AML cells in order to release Gas6 that ultimately aids
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in proliferation of leukemic cells and developing therapeutic resistance due to activation of
AxI-RTK (Ben-Batalla et al., 2013). Hong et al showed that in drug resistance AML patients,

expression of AXL was significantly high and that too after chemotherapy (Hong et al., 2008).

Self-renewal of cancer stem cells is a major problem in cancer as these stem cells are the
main agents for the relapse. Wnt/B-catenin signaling causes self-renewal of CSCs. Jin et al
demonstrated that stabilization of B-catenin is AKT-dependent through ligation of Axl/Gas6
in CML CD34+ cells as AxI overexpression ultimately leads to increased self-renewal ability
of CML LSCs, both in vitro and in vivo (Y. Jin et al., 2017). Study by Wang et al concluded
that aggressiveness in breast cancer is caused by Gas6/Ax| with the aid of Akt/GSK-3p/B-

catenin signaling (C. Wang et al., 2016).

2.4.1 AXL Inhibitor-R428

AxI-RTK is known to be a promising target for cancer therapeutics due to its importance and
role in cancer development, as previously described. For targeting Axl, small molecule
inhibitors are now under research and a hot topic among researchers as a targeted therapy for

several cancers (F. Chen et al., 2018).

Variety of AxI-RTK inhibitors have been reported in literature but the main problem is that
these inhibitors were not specific for Axl, rather they were meant for other RTKs. But due to
similarities between the kinase domain of Axl and other RTKSs like MET or MER, they also

seem to target Axl (Myers et al., 2016).

R428, also known as BGB324, is known to be the strongest, most specific and well-studied
AxI inhibitor. Its mechanism of action involves blockage of Axl auto-phosphorylation on

Tyr821 that is the docking site of its C-terminal, at nanomolar concentrations. It is the first
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inhibitor of Axl to enter the clinical trials in 2014, on the basis of inhibition of cancer cells

metastases, both in vitro and in vivo (F. Chen et al., 2018).

Figure 2. 18: Structure of BGB324/R428 AxI Inhibitor (Myers et al., 2016)

A study by Hollande et al demonstrated how R428 works by blocking phenomenon that
depend on Axl like AKT phosphorylation, proinflammatory cytokines production, breast
cancer cells invasion etc. It was shown that when intracardiac mouse xenograft models of
breast cancer metastasis were given R428 orally, EMT transcriptional regulator SNAIL was
reduced in a dose-dependent manner with increased survival of the models. Also, there was
increase in the reduction rate of liver micro metastases in a murine model when combination

of cisplatin and R428 was administered (Myers et al., 2016).

It was also demonstrated that when AML cell lines were treated with cytarabine and R428 or
a ligand sink that consisted of the soluble form of extracellular Axl domains, an increased rate
of apoptosis and dead cells were observed when compared to the cell lines that were treated
with cytarabine or R428 alone. Also, tumor growth was seen to be reduced in AML xenograft
model when treated with doxorubicin and R248 in combination. Though no significant effect

was to be seen on single treatment. This Axl targeted therapy can be beneficial for a large
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population of AML patients as inhibition of Axl through R428 is successful despite the

mutational level of FLT3 (Huey et al., 2016).

2.5 Wnt/p-catenin Signalling

Wnt/B-catenin signalling is crucial for the self-renewal property of normal stem cells but this
pathway is dysregulated in CSCs, hence leading to their abnormal self-renewal. It is classified
as canonical pathway that is B-catenin dependent and non-canonical pathway that is f-catenin

independent.

2.5.1 Activation of Wnt/B-catenin pathway

Activation of canonical Wnt/B-catenin pathway occurs when a cell secretes ligand Wnt and it
binds to the Frizzled receptor along with the co-receptors, the low-density lipoprotein-related
protein (LRP) 5 and LRP 6, on a nearby cell. In the absence of ligand Wnt, the scaffolding
proteins Axin and adenomatous polyposis coli (APC), the kinase proteins glycogen synthase
kinase-3p (GSK-3p) and casein kinase lo (Ckla) together forms a destruction complex that
phosphorylates B-catenin leading to its ubiquitination through proteosomal degradation, hence
maintaining lower levels of B-catenin in the cytoplasm (Matsui, 2016). On binding of Wnt to
its receptor, intracellular domain of Lrp is phosphorylated followed by the attachment of
GSK3-B and Axin to the Lrp along with the recruitment of scaffold protein Disheveled (Dvl).
As result of this attachment, the destruction complex is dismantled leaving p-catenin free to
move into the nucleus and activates transcription of various target genes by binding to the
transcription factors, lymphoid enhancer factor (LEF)/T-cell factor (TCF) (Matsui, 2016).
Morgan et al showed in myeloid leukemia that LEF-1 is a mediator of B-catenin nuclear

localization (Morgan et al., 2019).
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Figure 2. 19: Canonical Wnt Signalling Pathway (Matsui, 2016)

Fang et al demonstrated that B-catenin can have increased transcriptional activity through
phosphorylation by AKT, as a result of which there is increased invasion of cancer cells and
this shows how B-catenin depends on AKT for a role in cancer invasion and progression (Fang

etal., 2007).

Whnt pathway not only aids in the cellular proliferation and tissue development, but is also

responsible for managing cellular fate/differentiation regulation (Clevers, 2006).

Various Wnt target genes have been discovered over the years in living systems, of which the

most studied with respect to cancer are the c-myc and cyclinD1 (Clevers, 2006).

2.5.2 CSCs and Wnt/p-catenin
The self-renewal property in both CSCs and non-CSCs is maintained by the Wnt pathway and

activation of this pathway and beginning of the cancer are linked to each other. CSCs increase
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in number as a result of the activation of not only Wnt /B-catenin but also Notch pathway, by
activating protein-4 (AP-4), for the regulation of CSCs homeostasis as reported in colon
cancer (Jaeckel et al., 2018). For the stemness of skin cancer cells, maintenance of CSCs
phenotype is important and is maintained by the Wnt/p-catenin signaling (Malanchi et al.,
2008). A positive regulator of Wnt/B-catenin pathway, Rapl interacting factor 1 (RIF1), when
over expressed, is responsible for the induction of cell cycle development that causes lung
cancer cells to manifest CSC-like characteristics (Mei et al., 2018). Upregulation of 3-catenin
cause induction of CSCs related attributes in the lung cancer cells through the action of
Forkhead box C1 (FOXC1). CSCs have the ability to aid in the metastasis of cancer and that
ability is due to the contribution of B-catenin. Also, switching of Wnt signaling to hedgehog
also contributes in the cancer metastasis through CSCs progression (Cao et al., 2018).
Moreover, Wnt signaling activation through hepatocyte growth factor (HGF) released by the
cancer-associated fibroblasts (CAFs) dedifferentiates cancer cells into CSCs (Najafi et al.,
2019). Wnt signaling was seen to be activated due to increased level of pB-catenin in the
cytoplasm, in the GMPs of CML patients and the blast cells of the patients that were resistant
to therapy. Moreover, due to the abnormal Axin expression, B-catenin expression was
inhibited that ultimately reduced the replating ability of leukemic cells in vitro, concluding
the growth and self-renewal dependence of CML CSCs on Wnt/B-catenin signaling (Clevers,

2006).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Culturing of Cell lines

All experimentation was performed on suspension cell lines:

NB4: Study model for APL that carries t(15;17) PML-RARa fusion gene

e FKH-1: Study model for high risk AML that carries t(6;9)(p23;934) leading to DEK-
NUP214 (DEK-CAN) fusion gene

e U937: AML model. Used as a negative control for AXL expression

e K562: Model for chronic myeloid leukemia that carries Ph chromosome with Bcr-

Abl b3-a2 fusion gene. Used as a positive control for AXL expression

The cells were cultured in 6-wells tissue culture plates in pre-warmed RPMI (Gibco by Life
Technologies). The media was also supplemented with 10% Fetal Bovine Serum (Gibco by
Life Technologies) for NB4, U937 and K562 whereas with 20% fetal bovine serum for FKH-
1. Also, 1% of Penstrep (Gibco by Life Technologies) was added to cell culture medium to

prevent contamination of micro-organisms.

The culture plates were kept in a humidified water-jacketed incubator at 37°C temperature
and 5% CO: to allow for cell lines growth. The cells were maintained at a density of less

than 1.0 x 108 /ml at all times to avoid contact inhibition.

5.2 Freezing and Thawing

Freezing

For freezing/cryopreservation of cells, two solutions were made i.e. freezing solution | that

contains RPMI 70% (v/v) and FBS 30% (v/v) whereas freezing solution Il contains RPMI
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80% (v/v) and DMSO 20% (v/v). Cells were taken in a 2ml Eppendorf and centrifuged at
1200-1400 rpm for 5 minutes. The cell pellet was then washed with PBS and centrifuged
again. After discarding supernatant, the cells pellet was resuspended in 2ml of freezing
solution | and 1ml of this was transferred into each cryovial. After this, 1ml of solution 1I
was added drop wise in each cryovial and the cryovials were placed in a cryobox that
contained isopropanol and stored at -80°C. Next day the vials were shifted into another box

and was placed at -80°C.

Thawing

Cryopreserved cells were taken out from the liquid nitrogen freezer and were rapidly thawed
in incubator at 37°C and were resuspended in culture medium. Cells were washed one time
with PBS to remove DMSO and pellet was resuspended in fresh culture medium and plated

in were culture plates and placed in CO: incubator at 37°C.

3.3 Trypan Blue Exclusion Assay

This assay was performed before MTT assay to determine the number of cells present in the
medium per ml of the medium. This was done to seed the constant amount of cells viable for
MTT assay, to obtain accurate results.

A dilution of 1:1 of the cell suspension was prepared with 0.4% trypan blue staining solution
(Gibco by Life Technologies). The counting chambers of a hemocytometer were loaded with
10ul of the dilution. All cells in the four grids of the chamber were counted. Non-viable cells
were stained blue. Following calculations were done to calculate the number of cells to be

used for MTT assay:

Number of cells in grid 1 + grid 2+ grid 3+ grid 4 x Dilution factor x 10* cells/ml
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3.4 MTT Assay

This assay was used to evaluate the cell viability and proliferation by the conversion of
tetrazolium salt, MTT [3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide] to
Formazan. This reduction is catalyzed by mitochondrial dehydrogenase enzymes and is

therefore an indicator of cell viability (Riss TL, 2013).

Cells were seeded at a density of 1.0 x 10* cells/50 ul into 96 well plate followed by the
addition of 50pul/well of different concentrations of R428 (10mM) (Med Bio Express), ATRA
(3.3mM) and Imatinib (ImM) (Sigma Life Technologies) in uM in triplicates. R428, ATRA
and Imatinib were allowed to produce their effect on the cells for about 48-72 hours. After
completion of the required time duration, cell viability was assessed by the addition of 15ul
of filter sterilized MTT (5 mg/ml in PBS) to the microtiter wells containing cells and R428,
ATRA and Imatinib concentrations and plates were again kept in CO; incubator for about 3-
4 hours to allow crystals formation. 50ul of media was then removed carefully without
disturbing the crystals after 3-4 hours. 150ul of DMSO was added to dissolve the crystals.
After complete dissolution of crystals, the absorbance at 550 nm was measured with a

spectrophotometric plate reader.

3.5 Treatment of cells with R428 for mechanism studies

Cells (NB4, FKH-1, K562 and U937) were cultured in liquid medium (RPMI +10/20%
FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and different
concentrations of R428 (0.62uM, 1.25uM and 2.5uM) for 72-96 hours. RNA was then
extracted and cDNA was then synthesized for gene expression studies through real time PCR

(qPCR).
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3.6 Gene Expression Profile Analysis

3.6.1 RNA Extraction for Gene Expression Studies

About 0.5-1 million cells per 2ml were taken in a 2ml Eppendorf and were centrifuged at
1500 rpm for 5 minutes. Supernatant was then removed and pellet was obtained. 1ml
TRIZOL LS reagent (Life Technologies) was added in the pellet and homogenization of cells
was done by pipetting the cells up and down. The homogenized cells were then incubated on
ice for about 5 minutes to assure the separation of nucleoprotein complexes. 200ul of
chloroform was then added and vigorous shaking was done for 15 seconds. The tube was
then allowed to stand on ice for about 10 minutes. Centrifugation was then done at 12,000 x
g for 20 minutes at 2-4°C. The mixture was separated into three phases as a result of
centrifugation: a pink organic phase containing proteins, an interphase containing DNA and
an upper aqueous phase containing the required RNA. Aqueous phase was picked carefully
and transferred into another Eppendorf in which 500ul of chilled isopropanol was added and
tubes were shaken. Another incubation on ice was done for 15 minutes followed by
centrifugation at 12,000 x g for 20 min at 2-4°C. Supernatant was discarded and the pellet
was washed with 1ml of 75% chilled ethanol followed by vortex and centrifuge at 7500% g
for 5 min at 2-4°C. Supernatant was then removed and RNA pellet was air dried at room
temperature in the hood. 20ul of nuclease free water was then added to resuspend the RNA

pellet and was stored at -80 °C until further processing.

3.6.2 RNA quality and quantity check
The quality of RNA was checked by 2% agarose gel electrophoresis by visually examining
the quality of bands. The extracted RNA was quantified using Nanodrop 2000

(Thermoscientific, USA) and purity was confirmed through 260/280 ratio check.
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3.6.3 Complementary DNA synthesis

1000 ng of RNA template was used for the reverse transcription of the template to cDNA.
The procedure was carried out as follows: 1ul oligo dT primers (10uM) were added to a
0.2ml micro tube followed by the addition of 2ul dNTPs, 1ul RNase inhibitor, 1pl DTT and
4l first strand synthesis buffer. 1000 ng of RNA template and 1ul of reverse transcriptase
were then added followed by the addition of NF water as per required to make total volume
of 20ul. The tubes were then placed in a thermocycler and the conditions were followed as

per kit manufacturer’s instructions (Solis BioDyne).

3.6.4 cDNA quality check and primer optimization by conventional PCR

cDNA quality was checked and primer optimization for GAPDH (housekeeping gene), AXL,
c-myc, Axin2 and Hif-/« was done by conventional PCR. Primers for AXL, c-myc and Axin2
were selected through literature review (Y. Jin et al., 2017) whereas primer for GAPDH was
kindly provided by Dr. Aneela Javed and that for Hif-/a by Dr. Maria Shabbir. Primer

parameters were checked using Primer Blast.

Table 3.1: Primers properties for the amplification of genes of interest

Primer Sequence GC% | Annealing
Temperature
GAPDH-Forward CCTGCACCACCACTGCTTA 57.8% 59.9°C
GAPDH-Reverse CATGAGTCCTTCCACGATACCA |50.0% 59.5°C
AXL-Forward GTCGGACCACTGAAGCTACC 60.0% 60.1°C
AXL-Reverse CATCGTCTTCACAGCCACCT 55.0% 60°C
c-myc-Forward CAGCGACTCTGAGGAGGAAC 60.0% 59.8°C
c-myc-Reverse TCGGTTGTTGCTGATCTGTC 50.0% 58.2°C
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Axin2-Forward | TCAAGTGCAAACTTTCGCCAACC | 47.8% 62.8 °C
Axin2-Reverse | TAGCCAGAACCTATGTGATAAGG | 43.4% 57°C

Hif-1a-Forward CAGATCTCGGCGAAGTAAAG 50.0% 60.4°C
Hif-1a-Reverse TCACAGAGGCCTTATCAAGATG | 45.5% 60.8°C

1000 ng of cDNA was used as a template and reaction mixture (20ul) for PCR was prepared
in 0.2ml tubes. Reaction mixture contained 1000ng of sample cDNA, 2.5ul (10X) of PCR
buffer, 2ul of 25mM MgCI2, 1.5ul of 10 mM dNTPs, 1pul of each forward and reverse
primers, 0.4ul of Taq DNA polymerase and 11.6ul of nuclease free water. Thermocycling
conditions were; denaturation at 95°C for 5 minutes followed by 35 cycles of PCR
amplification. Each cycle further consisted of 3 steps: 1 minute at 95°C for denaturation of
template DNA, 45 seconds at 55°C for annealing of primers to their targets on template and
1 minute and 45 seconds for extension of the cDNA strand from annealed primers.
Unextended strands were allowed for synthesis by Taq polymerase for 10 minutes at 72°C.
PCR products were then stored at -20°C. PCR products were analyzed using 2% agarose gel

through gel electrophoresis and bands were visualized through Dolphin Gel Doc System.

3.6.5 Real time PCR (qPCR) for gene expression analysis

Primers for the genes of interest were analyzed for specific amplification of product at 10mM
by real time PCR (Applied Biosystems 7300). The reaction mixture was prepared by adding
0.5ul of cDNA, 0.5ul of each forward and reverse primers (10mM) and 2ul of SYBR Green
Master Mix (5X) (Solis BioDyne). Reaction volume was made up to 10ul by adding 6.5ul
nuclease free water. The reaction was completed in three major steps. First the reaction

mixture was incubated for 2 minutes at 50°C, second incubation was at 95°C for 10 minutes
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followed by 40 cycles of PCR. Each cycle was completed in three incubation steps, one for
15 seconds at 95°C and other for 45 seconds at 60°C and third for 30 sec at 72°. For melt
curve analysis, dissociation stage was added. Three incubations were used for dissociation
stage; first at 95°C for 30 seconds, second incubation at 60°C for 30 seconds and last
incubation for 30 seconds at 95°C. The data was collected at 72°C. Data analysis was done
by ABI 7300 system SDS software. GAPDH primer was used as a housekeeping gene for
normalization. For relative quantification, 2"24¢ method was used for relative quantification

of gene expression.

3.6.6 Statistical Analysis

All experiments were performed in triplicates (MTT assay) and replicates (Real-time PCR)
and results are presented as mean £ SEM. The data was analyzed using one-way and two-
way ANOVA and p-value less than 0.05 was taken as an indicator for significant difference.

The graphical data was generated using the Graphpad Prism 5.01 software.

3.7 DNA fragmentation assay for apoptosis analysis

Cells (NB4, FKH-1, K562 and U937) treated with R428 were taken in a 2ml Eppendorf and
were centrifuged for 5 minutes at 2000 rpm. The supernatant was then discarded and pellet
was resuspended in 500ul lysis buffer. Tubes were mixed by inversion and were incubated
at room temperature for 5-10 minutes. The tubes were then centrifuged for 1 minute at 13000
rpm. The supernatant was discarded and the pellet was again resuspended in 400ul of lysis
buffer, followed by centrifugation at 13000 rpm for 1 minute, then incubation at 60°C for 5
minutes. Then after cooling of the sample, 500pul of chloroform-isoamyl alcohol was added
followed by centrifugation at 13000 rpm for 10 minutes. The upper aqueous phase was

carefully picked and transferred into 1.5ml Eppendorf. Equal volume of chilled isopropanol
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was added and tubes were inverted several times to facilitate DNA precipitation.
Centrifugation was then done for 10 minutes at 13000 rpm followed by discarding of
supernatant and washing of DNA pellet with 200ul of 70% ethanol and again centrifugation
at 13000 rpm for 7 minutes. Ethanol was discarded completely and DNA pellet was air dried
for about 30 minutes. 40ul of nuclease free water was used to dissolve the DNA pellet.
Quantification of the extracted DNA was done on Nanodrop 2000 (Thermoscientific USA).
The DNA samples mixed with loading dye were then run on 1.5% agarose gel and the gel

was examined on ultraviolet gel documentation system (Rahbar Saadat et al., 2015).
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CHAPTER 4
RESULTS

4.1 Culturing of Cell lines

All the four cell lines i.e. NB4, FKH-1, K562 and U937 were successfully revived, cultured

and maintained at the conditions described previously with maximum viability.

BRI RN
RTINS

Figure 4. 1: Cell lines a) NB4 b) FKH-1 ¢) K562 d) U937. Cells were cultured in liquid medium (RPMI + 10% & 20%
FBS+1% L-Glutamate and 1% Pencillin and Streptomycin).
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4.2 AXL-RTK gene expression analysis

4.2.1 RNA Extraction for gene expression studies

For the gene expression study of AXL-RTK in cell lines, RNA was extracted followed by its
quality and quantity check by running on 2% agarose gel and visually examining the 28S and

18S bands.

NB4 FKH-1 K562 U937

Figure 4. 2: Gel image of RNA extracted from NB4, FKH-1, K562 and U937. Cells were cultured in liquid medium
(RPMI + 10% & 20% FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). RNA was extracted using TRIZOL
method

4.2.2 cDNA quality check and AXL primer optimization by conventional PCR

After the cDNA synthesis from the extracted RNA, primers for GAPDH and AXL were

optimized by using conventional PCR.
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Figure 4. 3: PCR amplification of primers optimization a) GAPDH b) AXL-RTK. Cells were cultured in liquid medium
(RPMI + 10% & 20% FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). RNA was extracted and cDNA was

prepared using standard protocols. Primers were optimized through gradient PCR

4.2.3 Gene expression analysis for AXL-RTK by real time PCR (gPCR)

After the primer optimization, real time PCR was performed using SYBR Green method to

analyze the gene expression of AXL-RTK in NB4 and FKH-1 cells. K562 was taken as a

positive control for AXL-RTK expression (Y. Jin et al., 2017) and U937 was taken as a

negative control for AXL-RTK expression. Data was analyzed using ABI 7300 system SDS

software. GAPDH primer was used as a housekeeping gene against AXL-RTK.
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Figure 4. 4: Expression analysis of AXL-RTK in U937, K562, NB4 and FKH-1. Cells were cultured in liquid medium
(RPMI + 10% & 20% FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). K562 used as positive control and U937
used as negative control RNA was extracted and cDNA was prepared. Expression analysis of AXL-RTK was done through
real time PCR.

Figure 4.4 shows significant expression of AXL-RTK in NB4 and FKH-1. K562 was taken
as a positive control for AXL-RTK expression whereas U937 was taken as negative control
so no AXL-RTK expression was seen. Hence AXL-RTK was observed to be expressing in

PML/RARa-positive NB4 and DEK/CAN-positive FKH-1 cells.

4.3 Pharmacological Targeting of AXL-RTK in NB4 and FKH-1 by R428

4.3.1 R428 interferes with the proliferation potential of PML/RARa-positive NB4 and
DEK/CAN-positive FKH-1 cells

AXL is a receptor tyrosine kinase that is seen to be overexpressed in many cancers including
AML (O'Bryan et al., 1991). Activation of AXL-RTK leads to the activation of different
downstream signalling cascades including PI3K, MAPK, PKC and JAK/STAT and these
pathways in turn leads to the activation of transcription factors that are involved in controlling

the cellular proliferation e.g. transcription of anti-apoptotic genes, c-myc, survivin, cyclin D1
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etc. (Scaltriti et al., 2016). So after the confirmation of AXL-RTK expression in NB4 and
FKH-1 cell lines, pharmacological targeting of AXL-RTK was performed with R428 at
increasing concentrations in uM and proliferation was assessed through MTT assay after 72
hours in NB4 and after 96 hours in FKH-1 cells. R428 is known to be the first small AXL-
RTK inhibitor that entered into the clinical trials in 2014 (F. Chen et al., 2018) and is known
to inhibit proliferation and induce apoptosis in cancer cells with special mention to AML
(Huey et al., 2016). Our result indicates a significant reduction in the proliferation potential
of NB4 and FKH-1 cells in a dose dependent manner as shown in figure 4.5c and 4.5d

respectively.
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Figure 4. 5: Effect of R428 on the proliferation potential of a) U937 (negative control) b) K562 (positive
control) ¢c) NB4 d) FKH-1 through MTT assay. Cells were cultured in liquid medium (RPMI + 10% & 20%
FBS+1% L-Glutamate and 1% Pencillin and Streptomycin) to determine the proliferation potential of NB4 and
FKH-1 cells in the presence of 0.01% DMSO and indicated concentrations of R428. Statistical significance
was tested using One-Way ANOVA (p-values <0.05 are statistically significant). IC-50 for NB4 was calculated
to be 0.62uM whereas 1C-50 for FKH-1 was calculated to be 1.25uM. Bars show mean + SEM.
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4.3.2 Comparison between the anti-proliferative effect of R428 and ATRA on NB4 cells

As discussed that ATRA is the current standard of care for PML/RARa-positive APL as the
inception of ATRA as a treatment option for APL for more than three decades ago now has
improved the clinical outcome of this lethal disease (Ng et al., 2017). Though when ATRA
along with chemotherapy was administered, a cure rate of more than 80% was achieved (Lo-
Coco et al., 2014). But ATRA is known to cause differentiation syndrome in APL patients
with a swift rise in leukocytes number. So the patients who receive ATRA only as APL
treatment after attaining CR, are seen to undergo relapse (Asou, 2017). We have shown
(Figure 4.5) that R428 is able to interfere with the proliferation of NB4. So, we compared the
effects of ATRA and R428 on the cell proliferation potential of NB4 at different
concentrations in uM and proliferation was assessed through MTT assay after 72 hours. A
significant reduction in the proliferation ability of NB4 by R428 was seen in a dose dependent
manner when compared to ATRA. Hence R428 was found to be more potent than ATRA,

showing more anti-proliferative effect.
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Figure 4. 6: Comparison between ATRA and R428. ATRA and R428 were compared for their effect on the cell
proliferation potential of PML/RARa-positive NB4 cells. Cells were cultured in liquid medium (RPMI + 10% FBS+1% L-
Glutamate and 1% Pencillin and Streptomycin) to determine the proliferation potential of NB4 cells in the presence of 0.01%
DMSO and indicated concentrations of R428 and ATRA. Cell proliferation was assessed through MTT assay after 72 hours.
(p-values <0.05 are statistically significant). Bars show mean + SEM

4.3.3 Anti-proliferative effect of R428 vs Imatinib on FKH-1 cells

It has been shown that ABL is active in DEK/CAN-positive FKH-1 cells (unpublished data).
Our result showed that AXL is strongly active in FKH-1 cells. Therefore we were interested
to disclose the role of AXL in the proliferation of FKH-1 cells and compare with ABL. We
targeted FKH-1 cells with Imatinib as well as R428 at different concentrations in uM and
proliferation was assessed through MTT assay after 96 hours for comparing the anti-
proliferative activity of the two treatments (Figure 4.7, Left: R428 and Right: Imatinib). No
significant difference between the anti-proliferative ability of the two treatments was seen.
Both the treatments show almost equal effect on the cell proliferation ability of FKH-1 cells
in a dose dependent manner. Hence both, R428 and Imatinib, might be an effective therapeutic

option in the future through more research and validations.
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Figure 4. 7: R428 (Left) vs Imatinib (Right). The two drugs were compared for their anti- proliferative effect on
DEK/CAN-positive FKH-1 cells. Cells were cultured in liquid medium (RPMI + 20% FBS+1% L-Glutamate and 1%
Pencillin and Streptomycin) to determine the proliferation potential of NFKH-1 cells in the presence of 0.01% DMSO and
indicated concentrations of R428 and Imatinib. Proliferation was assessed by MTT assay after 96 hours. (p-values <0.05
are statistically significant). Bars show mean + SEM

4.3.4 Effect of combined treatment on the proliferation potential of NB4 and FKH-1 cells
ATRA along with chemotherapy is known to be the standard of treatment for PML/RARa-

positive APL patients due to its promising results but as discussed above ATRA is known to
cause differentiation syndrome in APL patients with a swift rise in leukocytes number. So the
patients who receive ATRA only as APL treatment after attaining CR, are seen to undergo
relapse. So there is a need of combination therapy in which the concentration of ATRA can
be minimized and yet effective results can be obtained. So keeping in view the significant
reduction in the proliferation ability of NB4 cells after treatment with R428 as compared to
ATRA, we investigated the effect of combined treatment (R428 + ATRA) to see if there is
any additive effect on the proliferation of NB4 cells in comparison to the single treatment and

also if combined treatment at different concentration in pM can reduce the concentration of
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ATRA, so as to reduce the differentiation induction due to administration of ATRA with or
without chemotherapy. Proliferation was assessed by MTT assay after 72 hours. Taken
together our data showed (Figure 4.8) that combined treatment had a little significant effect
on the cell proliferation of PML/RARa-positive NB4 by keeping concentrations of ATRA
low as compared to the single treatments i.e. combination treatment with R428 and ATRA

does showed additive anti-proliferative effects by targeting AXL and RARa respectively.
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Figure 4. 8: Effect of combination treatment (R428 + ATRA) on the proliferation potential of PML/RARGa. positive
NB4 cells. Cellswere cultured in liquid medium (RPMI + 10% FBS+1% L-Glutamate and 1% Pencillin and Streptomycin)
to determine the proliferation potential of NB4 cells in the presence of 0.01% DMSO and indicated concentrations of R428
and ATRA. Cell proliferation was assessed through MTT assay after 72 hours. (p-values <0.05 are statistically significant).

Bars show mean + SEM

As already shown that R428 as well as Imatinib was able to reduce the proliferation of FKH-
1 cells by targeting AXL and ABL respectively. So next we investigated whether there is an
additive effect of the combined treatment (R428 + Imatinib) in comparison to the effect of
single treatment on the proliferation ability of DEK/CAN-positive FKH-1 cells since AXL
and ABL both are activated in DEK/CAN-positive FKH-1 cells. Proliferation was assessed
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by MTT assay after 96 hours. Altogether the data from figure 4.7 shows that treating either
with R428 or Imatinib alone reduce the proliferation of FKH-1 cells but combined treatment
with R428 and Imatinib shows an additive effect on the cell proliferation ability of FKH-1
(Figure 4.9) by targeting AXL and ABL respectively and can aid in some regime

development.
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Figure 4. 9: Additive effects of the combination treatment (R428 + Imatinib) on the proliferation potential of
DEK/CAN-positive FKH-1 cells. Cells were cultured in liquid medium (RPMI + 20% FBS+1% L-Glutamate and 1%
Pencillin and Streptomycin) to determine the proliferation potential of NFKH-1 cells in the presence of 0.01% DMSO and
indicated concentrations of R428 and Imatinib. Proliferation was assessed by MTT assay after 96 hours Bars show mean
+SEM

4.4 Apoptosis detection in NB4 and FKH-1 due to pharmacological targeting by R428

After testing the effect of R428 on the proliferation of NB4 and FKH-1 cells, we next
investigated whether the reduction in cell proliferation is due to the apoptosis induction or
some other mechanism is involved. For this, we employed DNA fragmentation assay since

DNA degradation and fragmentation is one of the basic hallmark of cellular apoptosis (Rahbar
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Saadat et al., 2015). Cells were treated with different concentrations of R428 in uM and DNA
was extracted after 48-72 hours. Extracted DNA was then run on 1.5% agarose gel through

electrophoresis.
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Figure 4. 10: Gel images for DNA fragmentation assay for NB4, FKH-1, K562 and U937. Cells were cultured in liquid
medium (RPMI +10/20% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and different
concentrations of R428 (M= 1kb ladder, CT= DMSO, 1= 0.62uM, 2= 1.25uM 3= 2.5uM and 4= 5uM) for 48-72 hours.

DNA was then extracted and run on 1.5% agarose gel for visualization
In figure 4.10, degradation and fragmentation of DNA can be seen in NB4 and K562 cells
treated with R428 whereas intact DNA bands can be observed in FKH-1 and U937. Hence we
can say that reduction in cell proliferation ability of NB4 by R428 is due to the induction of

apoptosis whereas apoptosis induction by R428 is not related to the reduced cell proliferation
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of FKH-1 instead it may be related to the cell cycle arrest which need further analysis thorough

FACS.

4.5 Development of ATRA resistant NB4 cells

As mentioned that the consistent activation and overexpression of AXL is involved in the
resistance development in cancerous cells to the chemotherapy as shown in primary samples
from AML patients as well as in secondary AML cell lines (Huey et al., 2016). So we wanted
to investigate whether there is the involvement of AXL-RTK in developing resistance to
therapy in APL. So we developed ATRA resistant NB4 cells (R-NB4) (Nason-Burchenal et
al., 1997). Approximately 2 x 10° NB4 cells/ml were seeded in a 6 well plate. Cells were
treated with 1uM, 2uM and 3uM of ATRA each for one month. In another 6 well plate, same
amount of NB4 cells were seeded and were treated with ethanol in order to make cells ATRA
sensitive (S-NB4). MTT assay of both R-NB4 and S-NB4 cells was done against different
concentrations of ATRA in uM side by side at the end of each month so as to determine

whether resistance to ATRA is developed in R-NB4.
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Figure 4. 11a: Methodology for the development of ATRA resistant NB4 cells (R-NB4) (Nason-Burchenal et al., 1997)
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Figure 4.11b: Development of ATRA resistant NB4 cells. Cells were cultured in liquid medium (RPMI + 10% FBS+1%
L-Glutamate and 1% Pencillin and Streptomycin) to determine the proliferation potential of NB4 cells in the presence of
indicated concentrations of ATRA. Cell proliferation was assessed through MTT assay at the end of each month to analyze
the effect of ATRA

Figure 4.11b shows that how resistance to ATRA might have developed gradually after 3
months of treating NB4 cells with 1uM, 2uM and 3uM of ATRA each for one month and
MTT assay was done to determine the resistance development. Next we used candidate gene
approach in order to determine that whether the resistance development in R-NB4 is due to

the increased AXL-RTK expression as compared to S-NB4. RNA was extracted from both R-
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NB4 and S-NB4 and cDNA was prepared as described previously. Real time PCR was done

to determine the expression of AXL-RTK in R-NB4 and S-NB4.
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Figure 4. 12: AXL-RTK expression profile in R-NB4 and S-NB4. Cells were cultured in liquid medium (RPMI + 10%
FBS+1% L-Glutamate and 1% Pencillin and Streptomycin) and in the presence of 1uM, 2uM and 3uM of ATRA each for
one month. S-NB4 were developed by treating NB4 cells with ethanol. RNA was then extracted after 3 months and cDNA
was prepared. Expression analysis was done through real time PCR. Statistical significance was tested using Student’s

t-test (p-values <0.05 are statistically significant). Bars show mean + SEM
As per Figure 4.12, R-NB4 showed significant increase in AXL-RTK expression as compared
to S-NB4. This shows that upregulation of AXL-RTK might play a role in developing

resistance to ATRA in APL.

4.5.1 R428 might have potential to overcome the developed resistance to ATRA in R-
NB4 cells due to upregulation of AXL-RTK

A study on CML cells resistant to BCR-ABL small molecule inhibitor showed that how R428
inhibited these resistant cells by targeting the upregulated AXL-RTK (Vouri et al., 2017).

Similarly after observing increased AXL-RTK expression in R-NB cells as compared to S-
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NB4, we next aimed to target the AXL-RTK with the inhibitor R428 to see whether it can
overcome the developed ATRA resistance. R-NB4 and S-NB4 cells were treated with
different concentrations of R428 in uM. MTT assay was done to assess the cell proliferation

after 72 hours.
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Figure 4. 13: Effect of R428 on ATRA resistant NB4 cells. Cells were cultured in liquid medium (RPMI + 10% FBS+1%
L-Glutamate and 1% Pencillin and Streptomycin) in the presence of 1uM, 2uM and 3uM of ATRA each for one month.
MTT was done against ATRA and R428. to determine the proliferation potential of NB4 cells in the presence of 0.01%
DMSO and indicated concentrations of R428 and ATRA. Cell proliferation was assessed through MTT assay after 72 hours.
(p-values <0.05 are statistically significant). Bars show mean + SEM

A significant effect of R428 in overcoming the ATRA resistance in R-NB4 cells can be seen
at higher concentration (Figure 4.13). Our results indicate that R428 might have the potential

to overcome the developed therapeutic resistance to ATRA by targeting AXL-RTK in APL.
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4.6 Effect of targeting AXL on downstream signaling in PML/RARa-positive NB4 and
DEK/CAN-positive FKH-1 cells

4.6.1 Targeting AXL-RTK in PML/RARa-positive NB4 cells effect B-catenin target genes

We observed a strong anti-proliferation effect of R428 on both PML/RARa-positive NB4
cells. As discussed previously that the activation of AXL-RTK stimulates pathways like
MAPK/ERK, PI3K/Akt, JAK/STAT and Wnt/B-catenin pathway (Cristina et al., 2016). Also,
fusion protein PML/RAR« is involved in the stabilization of B-catenin in CML, hence
involved in the activation of Wnt-target genes like c-myc, Axin2 etc.(Mu"ller-Tidow, 2004).
So we determined whether activation of PML/RARa is AXL dependent through stabilization
of B-catenin in PML/RARa-positive NB4 cells and the effect of targeting AXL-RTK on
downstream signaling of B-catenin. For this, genes c-myc and Axin2 were selected through
literature review and primers were optimized through gradient PCR and expression analysis
was done in NB4 cells treated with R428 at different concentrations in uM, through real time

PCR.

76



Chapter 4 Results
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Figure 4. 14a: PCR amplification of c-myc primer optimization. Cells were cultured in liquid medium (RPMI + 10% &
20% FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). RNA was extracted and cDNA was prepared. Primer
optimization was done through gradient PCR.
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4.14 b: Effect of targeting AXL-RTK on the expression of c-myc in PML/RARa-positive NB4 cells. Cells were cultured
in liquid medium (RPMI +10% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and indicated
concentrations of R428. Expression analysis was done through real time PCR Statistical significance was tested using Two-

Way ANOVA (p-values <0.05 are statistically significant). Bars show mean £ SEM. K562 was used as a positive control.
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Figure 4. 15a: PCR amplification of Axin2 primer optimization. Cells were cultured in liquid medium (RPMI + 10%
FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). RNA was extracted and cDNA was prepared. Primer

optimization was done through gradient PCR.
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4.15 b: Effect of targeting AXL-RTK on the expression of Axin2 in PML/RARa-positive NB4 cells. Cells were cultured
in liquid medium (RPMI +10% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and indicated
concentrations of R428. Expression analysis was done through real time PCR Statistical significance was tested using One-

Way ANOVA (p-values <0.05 are statistically significant). Bars show mean £ SEM
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As shown by many studies that how different anti-cancer agents in different cancers are able
to target Wnt signaling, resulting in the down regulation of B-catenin target genes like c-myc
and Axin2 (Y. Chen et al., 2017; Jardé et al., 2013; McCubrey et al., 2014; Oronsky et al.,
2018). So it can be seen in Figure.4.15 and 4.17 that targeting AXL-RTK by R428 might be
able to effect pB-catenin target genes in NB4 cells i.e. a significant downregulation of c-myc
and Axin2 was observed in treated cells as compared to the control cells since R428 was able
to interfere with the proliferation potential of NB4 cells and c-myc and Axin2 function in cell
proliferation. Axin2 is considered as an indication of Wnt/pB-catenin pathway activation
(McCubrey et al., 2014). Hence it can be concluded from these findings that AXL-RTK might

be involved in the stabilization of B-catenin in PML/RARa-positive APL.

Hypoxia is a common condition during cancer growth and spread including AML. As a result
of hypoxic condition, modulation in the expression of certain genes is evident as cellular
response to hypoxia like hypoxia inducible factors (HIFs) i.e. Hif-a and Hif-p. These proteins
as transcription factors are involved in the regulation of cellular processes like cell survival,
metabolism, angiogenesis, motility, hematopoiesis etc. (Keith et al., 2007). Also Hif-1a plays
role in the maintenance and survival of CML stem cells and other LSCs (H. Zhang et al.,
2012). Also during hypoxia, some interaction between p-catenin and Hif-1a was found that
results in the increased HIF-1-dependent transcription (Kaidi et al., 2007; McCubrey et al.,
2014). Another study showed increased Hif-/a expression to be associated with high AXL
expression in cancers like breast cancer (Nalwoga et al., 2016). So, targeting AXL-RTK might
have some effect on the expression of Hif-/a in Wnt/B-catenin dependent manner in

PML/RARa-positive APL. For this purpose, we treated NB4 cells with R428 at different
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concentrations in uM and real time PCR was performed for the expression analysis of Hif-/a.

Primer optimization was done using gradient PCR.

1300 bp
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Figure 4. 16a: PCR amplification of Hif-1a primer optimization. Cells were cultured in liquid medium (RPMI + 10%
FBS+1% L-Glutamate and 1% Pencillin and Streptomycin). RNA was extracted and cDNA was prepared. Primer
optimization was done through gradient PCR.
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4.16 b: Effect of targeting AXL-RTK on the expression of Hif-1a in NB4. Cells were cultured in liquid medium (RPMI
+10% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and indicated concentrations of R428.
Expression analysis was done through real time PCR Statistical significance was tested using Two-Way ANOVA (p-values

<0.05 are statistically significant). Bars show mean £ SEM. K562 was used as a positive control.
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According to Fig.4.19, there is downregulation in the Hif-/a expression in NB4 cells when
treated with R428. As shown previously that AXL-RTK is involved in the stabilization of -
catenin and APL leukemogenesis is f-catenin dependent, so it can be concluded from the
results of figure 4.19 that targeting AXL-RTK with R428 in NB4 cells might downregulate
Hif-1a expression in Wnt/B-catenin dependent manner.

4.6.2 Targeting AXL-RTK in DEK/CAN-positive FKH-1 cells effect downstream target

genes

Though very little is known about the signaling in DEK/CAN positive AML, it was shown by
Oancea et al that DEK/CAN is involved in leukemia induction in a mouse model from LT-
SCs (C. Oancea et al., 2010). It was reported that DEK/CAN fusion protein is involved i) in
the promotion of eukaryotic translation initiation factor 4E (elF4E) phosphorylation on
Ser209, leading to its activation and ultimately increasing the protein formation in myeloid
cells (Ageberg et al., 2008), ii) upregulating mTORC1 leading to increased cell proliferation
in human monocytic cell line U937 (Sandén et al., 2013) iii) and activation of JAK/STAT5
pathway (Claudia Oancea et al., 2014). These findings suggest that DEK/CAN is involved in
the activation of pathways like PI3K/AKT, MAPK and JAK/STAT. As mentioned that the
activation of AXL-RTK also leads to the activation of pathways like PI3K/AKT, MAPK and
JAK/STAT and c-myc being the target gene of these pathways might also be regulated by
AXL through these pathways but this needs to be confirmed. So we studied the effect of
targeting AXL-RTK on the downstream signaling in FKH-1 cells through expression analysis
of c-myc. Real time PCR was performed for the expression analysis of c-myc in FKH-1 cells

treated with R428 at different concentrations in uM.
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Figure 4. 17: Effect of targeting AXL on the expression of c-myc in DEK/CAN-positive FKH-1 cells. Cells
were cultured in liquid medium (RPMI +20% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO
and indicated concentrations of R428. Expression analysis was done through real time PCR. Statistical significance was
tested using Two-Way ANOVA (P-values <0.05 are statistically significant). K562 was used as a positive
control.

As shown that R428 interferes with the cell proliferation of FKH-1 cells and c-myc being an
active regulator of cell proliferation was downregulated (Fig.4.17). So, targeting AXL-RTK
with R428 affect the expression level of c-myc in FKH-1 cells i.e. a significant decrease in
the expression of c-myc is observed after treating FKH-1 cells with different concentrations
of R428 in uM as compared to the control. Hence we can conclude that targeting AXL-RTK
in FKH-1 cells have an effect on the downstream signaling (PI3K/AKT, MAPK and
JAK/STAT) and their target genes i.e. c-myc as c-myc activation in DEK/CAN-positive AML

maybe STATS5 dependent but needs further validation.

Pathways involved in the progression of cancer also control the levels of Hif-/a (Masoud et

al., 2015). So, targeting AXL-RTK might have some effect on the expression of Hif-/a. For
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this purpose, we treated FKH-1 cells with R428 concentration in uM and real time PCR was

performed for the expression analysis of Hif-/a.
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Figure 4. 18: Effect of targeting AXL-RTK on the expression of Hif-1a in FKH-1. Cells were cultured in liquid medium
(RPMI +20% FBS+1% L-Glutamate and 1% Penstrep) and in the presence of 0.01% DMSO and indicated concentrations of
R428. Expression analysis was done through real time PCR. Statistical significance was tested using Two-Way ANOVA (P-
values <0.05 are statistically significant). K562 was used as a positive control.

According to figure 4.18, there is a downregulation in the expression level of Hif-/« in FKH-
1 on treatment with R428. As discussed that AXL-RTK activates downstream pathways like
PIBK/Akt/mTOR and MAPK and both pathways are involved in the leukemogenesis of
DEK/CAN-positive AML due to AXL-RTK activation and Hif-/a activation is dependent on
these pathways, hence targeting AXL-RTK might downregulate the expression of Hif-/a in
PI3K/Akt/mTOR dependent manner in DEK/CAN-positive FKH-1 cells but needs further

validation.
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CHAPTER 5
DISCUSSION

The present study aimed to explore the role of AXL-receptor tyrosine kinase as a potential
therapeutic target in the two subtypes of AML i.e. PML/RARa-positive APL and DEK/CAN-
positive high risk AML, pharmacological targeting of this receptor by R428, comparison of
AXL inhibitor R428 to the current therapy, an effect of the combined treatment in inhibiting
the cell proliferation of NB4 and FKH-1 cells. AXL-RTK was found to be expressing in
PML/RARa-positive NB4 and DEK/CAN-positive FKH-1 cells. We found that R428 was
able to interfere with the proliferation potential of PML/RARa-positive NB4 and DEK/CAN-
positive FKH-1 cells more effectively as compared to the current therapeutics i.e. ATRA for
APL. It was also found that the combined treatment (R428 + ATRA) and (R428 + Imatinib)
had an additive effect on the proliferation of NB4 and FKH-1 cells respectively. Due to the
differentiation induction by ATRA and also differentiation syndrome (Asou, 2017), R428
might be a better targeted therapy than the current therapy ATRA. It was found through the
DNA fragmentation assay that the inhibition of the cell proliferation of PML/RARa-positive
NB4 cells is related to the apoptosis since fragmentation of DNA is a basic hallmark of
apoptosis (Rahbar Saadat et al., 2015) whereas it is not in the case of DEK/CAN-positive
AML, instead it might be related to cycle arrest in FKH-1 cells due to the role of c-myc in the
cell proliferation and we have shown the downregulation of c-myc in FKH-1 cells upon
treatment with R428. So it can be validated through FACS analysis. The role of AXL-RTK
in developing resistance to the therapies is well known and well-studied in different cancers.
So we explored the role of AXL-RTK in developing resistance to the current therapy ATRA
in APL by developing ATRA resistant PML/RARa-positive NB4 cells. The expression of
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AXL-RTK was found to be upregulated in ATRA resistant R-NB4 as compared to the S-NB4.
Next we investigated the role of R428 in overcoming the therapeutic resistance and found that
inhibitor R428 might have the potential to overcome the developed resistance to ATRA in

PML/RARa-positive APL by targeting AXL-RTK.

Our results showed R428 to be strongly interfering with the proliferation of PML/RARa-
positive NB4 and DEK/CAN-positive FKH-1 cells by targeting AXL-RTK. So next we
investigated the effect of targeting AXL-RTK on the downstream signaling in PML/RARa-
positive NB4 and DEK/CAN-positive FKH-1 cells. Wnt signaling plays a vital role in the
pathogenesis of AML and CML and fusion proteins associated with leukemia like
PML/RARa, are involved in the stabilization and upregulation of p-catenin through the
activation of Wnt pathway in CML (Mdller-Tidow et al., 2004), hence involved in the
activation of Whnt-target genes like c-myc, Axin2, Hif-/a etc. So our results showed a
downregulation in the expression of c-myc, Axin2 and Hif-/a upon targeting of AXL-RTK in
PML/RARa-positive NB4 cells, suggesting a role of AXL-RTK in B-catenin regulation in
APL. Since R428 strongly inhibited the proliferation of NB4 cells, so c-myc being an
important regulator of cell proliferation (Miller et al., 2012) was seen to be downregulated.
Hypoxic environment is common during cancer growth and spread including AML. As a
result of this, modulation in the expression of certain genes is evident as cellular response to
hypoxia. Of these genes and transcription factors, hypoxia inducible factors (HIFs) i.e. Hif-a
and Hif-p, are the most common and important ones. These proteins as transcription factors
are involved in the regulation of cellular processes like cell survival, metabolism,
angiogenesis, motility, hematopoiesis etc. (Keith et al., 2007). Also some interaction of -

catenin and Hif-/a dependent transcription is also reported (Kaidi et al., 2007). So keeping in
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view the role of AXL in the regulation of B-catenin and Hif-/« being the target gene for -
catenin, there was a downregulation in the expression of Hif-/a in R428 treated PML/RARa-
positive NB4 cells. Hence we can say that APL leukemogenesis is 3-catenin dependent. Wnt
pathway being the main pathway in regulating the self-renewal of normal as well as CSCs
(Clevers, 2006), so further studies on the role of AXL-RTK in PML/RARa-positive CSCs

can aid in eradicating CSCs and hence avoiding the cancer relapse.

Although a lot of research has been carried out in exploring the role of leukemia associated
fusion proteins, the biology of DEK/CAN fusion protein is still not well understood and needs
further exploration. So far it is reported that DEK/CAN is involved in the activation of
Akt/mTOR and STAT5 signaling in DEK/CAN-positive AML (Carl Sandén, 2013)
(Chiriches et al., 2016). Our results showed a down regulation in the expression of c-myc and
Hif-7a in DEK/CAN positive FKH-1 cells upon targeting AXL with R428 but whether this
downregulation in the expression of c-myc and Hif-/a is AKt/mTOR and STAT5 dependent
and B-independent, needs further exploration as c-myc and Hif-1a are the target genes for
different pathways activated by AXL including Akt/mTOR and B-catenin. The common
pathways activated by AXL-RTK in both PML/RARa-positive and DEK/CAN-positive AML
are the Akt/mTOR and JAK/STAT pathway. It was shown that DEK/CAN fusion protein is
unable to block the differentiation in AML as compared to PML/RARa fusion protein and
also self-renewal capacity of DEK/CAN in comparison to PML/RARa is not significant (C.
Oancea et al., 2010). As PML/RARa. regulates B-catenin that controls self-renewal of cells
and we have shown in PML/RARa positive-NB4 cells that targeting AXL in NB4 cells down
regulate the P-catenin target genes and involvement of DEK/CAN fusion protein in the

regulation of B-catenin has not been explored yet, so the down regulation in the expression of
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c-myc and Hif-7/a might be Akt/mTOR and STATS5 dependent and B-independent but needs

validation through targeting of JAK/STAT and B-catenin pathways.

5.1 CONCLUSION

Taken together the above discussion, it can be concluded that AXL-receptor tyrosine kinase
might serve as a potential therapeutic target in PML/RAR-positive APL and DEK/CAN-
positive AML and its targeting by R428 have a strong anti-proliferative effect on PML/RARa-
positive NB4 and DEK/CAN-positive FKH-1 cells, suggesting R428 to be a better therapeutic
option than the current one i.e. ATRA for APL. Additive effects on the proliferation potential
of NB4 and FKH-1 cells can be achieved through combination treatment of R428 with ATRA
for APL and with Imatinib for high risk AML. Since we explored the role of AXL-RTK in
the stabilization of B-catenin in PML/RARa-positive APL by analyzing the expression of [3-
catenin target genes and [-catenin being the main player in regulating the self-renewal of
CSCs, so this study may pave way in eradicating CSCs, eventually avoiding the cancer
relapse. ATRA resistant NB4 cells were developed and the role of AXL-RTK in resistance
development was explored and the potential of R428 in overcoming the resistance by targeting
AXL-RTK was found. Effects of targeting AXL-RTK with R428 on the downstream signaling
and on the biology of PML/RARa and DEK/CAN fusion proteins were explored, suggesting
AXL-RTK to be a reliable novel therapeutic option in PML/RARa-positive APL and

DEK/CAN-positive AML in the future.
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