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PREFACE

Hematological malignancies, defined as cancers that affect the
blood, bone marrow, and lymph nodes, represent a serious health care
challenge for oncologists. Chapter One focuses on cytogenetic and
molecular markers and summarizes their importance in identification,
treatment and prognosis in patients with myeloproliferative neoplasms.
Chapter Two details the efficacy of treatment of myeloid hematologic
malignancies with isocitrate dehydrogenase mutations by inhibitors of
this enzyme. Chapter Three describes the use of Selinexor and other
drugs for the treatment of hematologic malignancies. Chapter Four
explains the utility of poly(ADP-ribose) polymerase inhibitors in the
treatment of myelodysplastic syndrome and acute myeloid leukemia.

Chapter 1 - Myeloproliferative neoplasms (MPNs) are clonal
disorders of the hematopoietic stem cells that are characterized by
increased proliferation of erythroid, megakaryocytic, or granulocytic
cells in the bone marrow that is associated with increased peripheral
blood parameters. According to the revised World Health Organization
(WHO) classification (2016), MPNs include chronic myeloid leukemia
(CML), chronic neutrophilic leukemia (CNL), polycythemia vera (PV),
primary myelofibrosis (PMF), essential thrombocythemia (ET), chronic
eosinophilic leukemia [not otherwise specified (NOS)] and MPN-
unclassifiable (MPN-U). This classification is based on the morphology
of the cell, as well as the clinical and genetic features of each
disease. Many molecular and cytogenetic abnormalities have been
identified for the pathogenesis of these diseases. Chromosomal
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aberrations such as total or partial trisomy, deletion, unbalanced
translocation and rarely balanced translocation and somatic mutations
detected in MPNs affect the expression of some tumor suppressor
genes and/or oncogenes resulting in initiation and/or progression of the
disease. It is of major importance to detect these abnormalities for
differential diagnosis, follow-up of the patient and prognosis of the
disease. Therefore, the physician should consider evaluating the
laboratory and clinical findings together to achieve the best outcome.
The aim of this chapter is to focus on cytogenetic and molecular
markers and summarize their importance in identification, treatment
and prognosis in patients with MPNs.

Chapter 2 - Isocitrate dehydrogenase (IDH) is an important
metabolic enzyme in the Krebs Cycle that catalyzes the conversion of
isocitrate to a-ketoglutarate. The mutant IDH protein leads to an
accumulation of 2-hydroxyglutarate, a metabolite with oncogenic
activity via epigenetic mechanisms. This metabolite is similar to a-
ketoglutarate and competitively inhibits a-ketoglutarate-dependent
enzymes, alters DNA and histone methylation, and impairs cellular
growth and differentiation. Recurrent IDH1 and IDH2 mutations occur in
about 20% of patients with acute myeloid leukemia (AML) and 5% of
patients with myelodysplastic syndromes (MDS). Small molecule
inhibitors of mutant IDH1 and IDH2 were developed and used in pre-
clinical and clinical studies. Two of these inhibitors, ivosidenib (AG-120,
Tibsovo) and enasidenib (AG-221, Idhifa) were approved by the US
Food and Drug Administration (FDA) for the treatment of newly
diagnosed and relapsed/refractory IDH1 and IDH2 mutant AML,
respectively. Despite the high efficacy and activity of these IDH1 and
IDH2 inhibitors, monotherapy showed response rates of less than 50%.
Resistance was described in some cases with co-occurring mutations
in receptor tyrosine kinase FLT3, transcription factors (RUNX1, GATA-
2, CEBPA), or IDH1 second-site mutation. Therefore, various therapies
that use a combination of the IDH1 and IDH2 inhibitors with
hypomethylating agent azacitidine were studied with better results than
when monotherapy was used.

Chapter 3 - A nuclear-cytoplasmic transport plays an important role
in the development of cancer and drug resistance. Exportin 1 (XPOL1) is
the major mammalian nuclear export receptor protein, also known as
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chromosome maintenance 1 (CRM1). XPOL1 interacts with Ras-related
nuclear protein and with nucleoporins in the nuclear pore complex and
transports multiple tumor suppressor proteins (eg p53, FOXO, p21
pRB, BRCAL1/2), growth regulators, and oncoprotein mRNAs (eg c-
myc, Bcl-xL, MDM2, cyclins) containing a leucine-rich nuclear export
signal (NES). XPOL1 is also involved in the regulation of cytoplasmic
localization and translation of c-myc and other oncoprotein mMRNAs (eg
cyclin D1, Bcl-6, Mdm2, and Pim) through complexing with eukaryotic
initiation factor 4E (elF4E). The XPO1 protein level is increased in
many types of cancer including hematological malignancies (multiple
myeloma. diffuse large B-cell lymphoma, chronic lymphocytic leukemia,
mantle cell lymphoma, T-cell lymphoma, myelodysplastic syndrome,
and acute myeloid leukemia). As a result of the increased nuclear-
cytoplasmic transport in cancer cells, an elevated level of multiple
tumor suppressor proteins and oncoproteins in the cytoplasm leads to
advanced disease, resistance to therapy, and poor survival. Thus,
XPOLl1 is a promising cancer drug target. Selinexor (XPOVIO) is the first
member of small molecule oral inhibitors of exportin 1 developed for
the treatment of cancer. Eltanexor, also known as KPT-8602 or ATG-
016, is a member of the second generation of these inhibitors and its
anti-leukemic activity was successfully demonstrated in pre-clinical
models of acute myeloid leukemia and acute lymphoblastic leukemia.
Eltanexor is presently studied in clinical trials in patients with relapsed
or refractory multiple myeloma (RRMM) and with intermediate and
higher risk myelodysplastic syndrome. Selinexor in combination with
synthetic glucocorticoid dexamethasone was approved by the United
States Food and Drug Administration (USFDA) on July 3, 2019, for the
treatment of adult patients with RRMM who have received at least four
prior therapies. Selinexor in combination with bortezomib and
dexamethasone was approved in December 2020 for the treatment of
adult patients with multiple myeloma who have received at least one
prior therapy. Selinexor was also approved by USFDA for the treatment
of adult patients with relapsed or refractory diffuse large B-cell
lymphoma after at least two lines of systemic therapy. Selinexor is also
studied in clinical trials in other hematologic malignancies.

Chapter 4 - The Poly(ADP-ribose) polymerase (PARP) family of 18
proteins has important functions in cellular processes such as the
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regulation of chromatin remodeling, transcription, apoptosis, stress
response, and DNA damage response. PARP-1 is a critical DNA repair
enzyme in the base excision repair pathway and an attractive target in
cancer therapy. Lynparza (olaparib) and other PARP inhibitors (PARPI)
had anti-proliferative and pro-apoptotic effects in human acute myeloid
leukemia (AML) blasts at concentrations that do not affect the viability
of normal bone marrow stem cells. Although PARPi can generally slow
leukemic cell growth, PARPi treatment of RUNX1-RUNXT1,
promyelocytic leukemia-retinoic acid receptor-a (PML-RARa) fusion
genes bearing AML cells resulted in their morphological differentiation
into monocytic and granulocytic lineages, which was consistent with
leukemic differentiation induced by excessive DNA damage. These
chromosomal translocations could weaken the homologous
recombination repair activity and sensitize AML cells to PARPI
treatment. Olaparib cytotoxicity on primary AML blasts was caused by
drug-induced DNA damage, upregulation of death receptors, and
transcription factor NF-kB activation. PARP inhibitors induced anti-
leukemic effects also in FLT3-ITD AML, where PARPi and FLT3
inhibitors showed synergistic effect. IDH mutations also sensitize AML
cells to PARP inhibitors. PARP contributes to immune evasion of anti-
tumor immune cells by PARP-dependent apoptosis through increased
reactive oxygen species (ROS) and by PARP-mediated downregulation
of natural killer cell-activating receptor-ligand (NKG2DL) expression on
AML cells. PARPI reversed the ROS-induced apoptosis of NK and T
cells. High-risk myelodysplastic syndrome (MDS) cases are associated
with a decrease of apoptosis and high levels of genomic instability
caused by alterations in DNA damage response pathways. Olaparib as
a single agent or in combination with hypomethylating agents
(decitabine or azacitidine) was not only cytotoxic, but also stimulated
differentiation of immature MDS myeloid cells. Recently, proteolysis
targeting chimera (PROTAC) for PARP-1 degradation was designed.
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Chapter 1

MOLECULAR AND CYTOGENETIC MARKERS
AND THEIR CLINICAL IMPLICATIONS IN
MYELOPROLIFERATIVE NEOPLASMS

Seda Ekizoglu’, PhD and Onur Baykara, PhD

Istanbul University-Cerrahpasa, Cerrahpasa Medical Faculty,
Department of Medical Biology, Istanbul, Turkey

ABSTRACT

Myeloproliferative neoplasms (MPNs) are clonal disorders of
the hematopoietic stem cells that are characterized by increased
proliferation of erythroid, megakaryocytic, or granulocytic cells in
the bone marrow that is associated with increased peripheral blood
parameters. According to the revised World Health Organization
(WHO) classification (2016), MPNs include chronic myeloid
leukemia (CML), chronic neutrophilic leukemia (CNL),
polycythemia vera (PV), primary myelofibrosis (PMF), essential
thrombocythemia (ET), chronic eosinophilic leukemia [not
otherwise specified (NOS)] and MPN-unclassifiable (MPN-U). This
classification is based on the morphology of the cell, as well as the
clinical and genetic features of each disease.

* Corresponding Author’s E-mail: ekizoglu.seda@gmail.com



2 Seda Ekizoglu and Onur Baykara

Many molecular and cytogenetic abnormalities have been
identified for the pathogenesis of these diseases. Chromosomal
aberrations such as total or partial trisomy, deletion, unbalanced
translocation and rarely balanced translocation and somatic
mutations detected in MPNs affect the expression of some tumor
suppressor genes and/or oncogenes resulting in initiation and/or
progression of the disease. It is of major importance to detect
these abnormalities for differential diagnosis, follow-up of the
patient and prognosis of the disease. Therefore, the physician
should consider evaluating the laboratory and clinical findings
together to achieve the best outcome. The aim of this chapter is to
focus on cytogenetic and molecular markers and summarize their
importance in identification, treatment and prognosis in patients
with MPNs

INTRODUCTION

An average person has about 5 liters of blood. Blood has essential
roles in living organisms such as delivering nutrients (vitamins,
minerals, fats and sugars) and oxygen to the cells and tissues. The
waste products are transferred to the liver and kidneys, and carbon
dioxide is carried to the lungs with a very efficient circulatory system. In
addition, it helps the body fight against the pathogens through the
immune system and regulates the metabolism via endocrine system.

Blood consists of main components which are red blood cells
(RBCs, erythrocytes), white blood cells (WBCs, leukocytes), platelets
(thrombocytes), and plasma. In human body, there are about 4-5
million RBCs per microliter in women and 5-6 million in men. They are
produced in the red bone marrow with a special process called
erythropoiesis that lasts about seven days. The diameter of an
erythrocyte is approximately 6-8 um and the shape is a biconcave disk.
At any given time, human body has about 20-30 trillion RBCs and the
life span of each RBC is about 120 days. RBCs contain hemoglobin, an
abundantly found protein in the RBCs that carries oxygen and iron to
the cells and tissues. They also take the carbon dioxide from the
tissues to the lungs.

White blood cells are the main components of the immune system,
which fight against the infectious agents, such as bacteria and viruses.
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Unlike the RBCs and platelets, they have a nucleus. The WBCs are
produced in the bone marrow and their origin is hematopoietic stem
cells, which are then differentiated to produce the five major types of
WBCs: neutrophils, eosinophils and basophils (granulocytes), and
lymphocytes and monocytes (agranulocytes). In addition, the WBCs
can be classified into other subgroups, such as lymphocytes (B
lymphocytes, named after being produced in bone marrow cells or
bursa), T cells (named after being produced in thymus cells) and
natural killer (NK) cells. An average healthy person has approximately
4,000-10,000 WBCs per microliter of blood and a WBC count that is
lower or higher than this range may be an indicator of a disease.

Platelets are one of the main components of blood that function in
blood clot formation, thus prevention of bleeding. Like WBCs, they are
anucleated, biconvex discoid shaped cells, with a diameter of 2-3 um.
An average person has about 150,000-500,000 per cubic millimeter.
They take their origin from the myeloid stem cells and megakaryocytes
and thrombopoietin (TPO) regulates the production. The platelets have
an average life span of 8-9 days, and since they function in blood clot
formation, any inconsistency in this tightly regulated system may cause
some blood disorders.

Blood plasma is the liquid component of the blood that is
responsible for carrying proteins and the cells via the circulatory
system. About half of the total body volume is blood plasma and is
mainly made of water (approx. 95%), and contains many different
molecules such as blood clotting factors, hormones, electrolytes,
proteins, oxygen and carbon dioxide. A balanced blood plasma is
essential for electrolyte concentration and immune system activity. All
these factors and mechanisms are strictly controlled by the cell and
DNA and any imbalance may give rise to blood disorders [1].

Myeloproliferative (the abnormal proliferation of myelopoietic cells
that are present in the bone marrow) neoplasms (MPNs) are a group of
blood disorders and cancer which occur after a somatic mutation in the
cells of bone marrow. Following these mutations, the number of cells
(RBCs, WBCs and platelets) produced in the bone marrow increase
abnormally, eventually leading to diseases. MPNs are generally
progressive disorders and they worsen over time. There are a number
of treatment options and they can be applied either individually or in
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combination with another treatment option. In addition, new clinical
trials have proven additional benefits to the patients.

According to World Health Organization’s (WHO) 2016 list, the
MPNs are classified as chronic myeloid leukemia (CML), chronic
neutrophilic leukemia (CNL), polycythemia vera (PV), primary
myelofibrosis (PMF), essential thrombocythemia (ET), chronic
eosinophilic leukemia (CEL), and there is also unclassifiable MPNs
(MPN-U). The majority of patients have only one type of MPNs, while
some others may experience multiple types as the cells may be
transformed to another type or into acute myeloid leukemia (AML) [2].

It is widely believed that genetic factors play a major role in
development of MPNs. Most patients with MPNs have not reported a
family history, which suggests that autosomal mutations are prominent
in development of these disorders. However, a few familial cases have
been reported, while it is quite difficult to distinguish the difference
between sporadic and familial inheritance pattern within these cases.
Due to accumulation of mutations, these neoplasms are more common
in older people. These genetic defects mostly cause overproduction of
one or more myeloid lineages such as granulocytic, megakaryocytic
and erythroid lineages. The most prominent genes in MPNs include but
are not limited to JAK2, MPL, CALR, CSF3R, DNMT3A, TET2,
SETBP1, RUNX1 [3, 4].

Hereditary forms of MPNs can be classified as two different groups.
In the first group (Hereditary MPN-like disorders), there is polyclonal
hematopoiesis, high penetrance with autosomal dominant inheritance
and the single lineage is affected with Mendelian inheritance, and in the
second group (True MPN disorders), the penetrance is incomplete with
autosomal dominant inheritance. However, an autosomal recessive
pattern has also been proposed [3]. Unlike solid tumors, MPNs do have
clear anatomic features and the symptoms are similar. Therefore, it is
necessary to use the diagnostic tools such as genetic testing,
pathologic and histologic investigations all together to make a
discrimination between the different types of MPNs. In order to
diagnose the MPNs, a simple decision tree is used. Briefly, in BCR-
ABLL1 (-) cases, one of the first things to consider is to investigate the
JAK2 V617F mutation in patients. If the patient is JAK2 V617F (+), then
diagnosis with PV, ET and PMF is likely. This leads to determine the
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subtypes of MPNs, based on the WHO criteria. If the patient is JAK2
V617F (-), then mutations in JAK2 exon 12, CALR and MPL genes
must be investigated [5].

This chapter mainly focuses on the diagnostic criteria and
molecular markers of the major myeloproliferative neoplasms, along
with CML. In addition, the treatment options are briefly described.

PRIMARY MYELOFIBROSIS (PMF)
(AKA CHRONIC IDIOPATHIC MYELOFIBROSIS)

Primary myelofibrosis (PMF) is a rare disorder that occurs due to
excessive accumulation of blood components and thick fibers in the
bone marrow. It is usually a slow-progressing disorder that is
diagnosed in 1.5/100,000 people and can be reversible, and the patient
may spend years without even knowing that he/she has the disease.
The median survival is between 1-5 years, while some patients may
live longer [6]. However, myelofibrosis has a tendency to worsen over
the time and can be lethal, if left untreated. Due to an acquired
mutation in certain genes, the hematopoietic cells start to proliferate
with an uncontrolled manner and immature cells (blasts) begin to form.
These blasts are generally unable to function properly, and by the time,
they block the bone marrow’s ability to produce healthy blood cells,
resulting in anemia in more than half of the patients. Patients with
anemia often experience dyspnea (shortness of breath), fatigue,
weakness, arrhythmia (irregular heart beat), cold extremities, and some
others. When the bone marrow becomes defective, it also loses its
ability to produce WBCs, which will eventually lead to decreased
immune response and increased susceptibility to infections. In addition,
the patients may experience bleeding problems and bruising due to
decreased number of thrombocytes, whose main function is in
formation of blood clots together with clotting proteins. If hematopoiesis
is done out of the bone marrow in organs such as lungs, spleen, liver
and spinal cord, this is called “medullary hematopoiesis”, which may
lead to splenomegaly (enlargement of the spleen) [7].

If the hematopoietic stem cells undergo a number of mutations,
they may change the bone marrow to a fibrous structure. One of these
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cells that cause a change in bone marrow is the megakaryocytes,
which have the ability of producing thrombocytes. Due to the mutations,
the number of megakaryocytes increase in number which release
cytokines, a special group of soluble proteins that are responsible for
signaling between the cells, regulating immunity, hematopoiesis and
inflammatory response. Since the number of megakaryocytes is more
than necessary, the amount of cytokines is also increased that triggers
formation of a thick fibrous tissue in the bone marrow, which will
gradually destroy the healthy bone marrow [8].

Diagnosis of PMF

Since PMF is a slowly developing disorder, the patients may not be
aware of the changes instantly. The diagnosis is usually coincidental.
However, due to anemia, they may start to feel weakness, fatigue, and
dyspnea, their liver may enlarge (hepatomegaly), due to low number of
platelets (thrombocytopenia), they may bleed more frequently and
easily, they may lose weight, excessive night sweats and fever are
more pronounced, and they are more prone to infections because of
low number of WBCs. If the patient has one or more complaints, the
diagnosis can be made by physical exam, laboratory tests that will
count blood cells and a bone marrow aspiration and biopsy may be
required. If the patient has no symptoms but splenomegaly and
abnormal laboratory results are present, it is plausible to think of
“reactive myelofibrosis”, which is a secondary reaction to an underlying
problem such as an autoimmune disorder, chronic inflammatory
conditions, leukemia, and infections [8].

A complete blood count can reveal anemia (low levels of RBCS),
leukocytosis (high levels of WBCs), and leukopenia (low levels of
WBCs). The platelet count is often abnormal. Using a peripheral blood
smear test, the shape of the blood cells can be viewed under a
microscope that will show the blasts (immature blood cells) and
abnormally shaped (teardrop-shaped) RBCs. In addition, in order to
have an idea about the organs’ status, the physician may order a
metabolic panel to investigate the levels of electrolytes (chloride,
sodium, potassium), glucose, proteins and fats. Patients with PMF may
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have increased levels of lactic dehydrogenase (LDH-an enzyme that
catalyzes the conversion of lactate to pyruvate, and high levels of LDH
is an indicator of tissue damage and severity of the disease), uric acid
(a natural metabolic waste product that forms after digestion of purines,
high levels of uric acid (hyperurecemia) is an indicator of kidney failure,
kidney stones, leukemia, PV, diabetes and some other problems and
lower levels may be an indicator of Fanconi syndrome, liver disease,
HIV infection, etc.), alkaline phosphatase (ALP-an enzyme in blood and
high levels of ALP may show liver damage), and bilirubin (a protein that
forms after break-down of RBCs and is an indicator of liver damage).
However, it must be kept in mind that additional tests may be required
as these alone may not be adequate for diagnosis. Bone marrow tests
such as bone marrow aspiration and bone marrow biopsy to investigate
the chromosomes may be necessary for a differential diagnosis and to
discriminate PMF from other MPNs [9]. Scarring of the bone marrow
(fibrosis) and the megakaryocytes with increased number and
abnormal shapes can be detected by these methods. Ultrasonography
(USG) and magnetic resonance imaging (MRI) techniques can be
useful in detecting the changes in bone marrow. Human leukocyte
antigen (HLA) typing is a method that investigates the cell surface
receptors/proteins of the immune cells which are responsible for the
regulation of the immune system. These proteins are encoded by the
major histocompatibility complex (MHC) genes and HLAs are classified
into three classes, namely MHC Class |, Class | and Class lll, all with
different functions in immune system. They can be used as a marker to
determine whether the patients who need organ or stem cell
transplantation will accept or reject the transplanted organ [10].
Molecular genetic methods can also be used for diagnostic
purposes to determine the gene mutations that cause the diseases and
by determining the type of the mutation, the treatment can be planned
accordingly. WHO has included these molecular testing methods and
they recommend to investigate JAK2, CALR, MPL, TET2, ASXL1,
BCR-ABL1 genes, and 13qg deletions [6]. Approximately 90% of the
patients with PMF are detected with either one of the JAK2, CALR, or
MPL mutations. About 65-95% of the patients with PMF have JAK2
V617F mutation [8, 11], 25% have CALR exon 9 deletions and
insertions, 10% have MPL mutation, 17% have TET2 mutation, 4%
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have IDH1/2 mutation, 13% have ASXL1 mutation, 7% have SF3B1
mutation, 13-17% have SRSF2 mutation [8, 12], 16% have U2AF1
mutation, and 7% have DNMT3A mutation [8]. Chromosomal
abnormalities such as -7, inv(3), i(17q), +19, +21, del(12p), and
del(11qg), and various changes in chromosomes 321, 11g23 and
12pl11.2 should also be investigated. In addition, total and partial
trisomies (trisomy 1q, trisomy 8, trisomy 9, trisomy 9p, trisomy 13),
del(5q), del(7q), del(13q), del(20q) have been reported in a number of
cases with PMF [13, 14].

In 2016, WHO has announced that diagnosis of PMF should be
based on three major criteria and one minor criterion. The major criteria
are as follows:

Major criteria 1) Presence of fibrosis in bone marrow accompanied
by abnormal megakaryocytes,

Major criteria 2) Presence of gene mutations (JAK2, CALR, MPL,
IDH1/2, ASXL1, EZH2, SF3B1, SRSF2, TET2), and/or absence of
reactive myelofibrosis, and,

Major criteria 3) Exclusion of PV, ET, BCR-ABL1 (+) CML and other
myeloid neoplasms and myelodysplastic syndromes (MDSSs).

Minor criteria should include at least one of the followings:

WBC count 2 11x10%L, palpable splenomegaly, increased levels of
LDH, presence of leukoerythroblastosis (immature blood cells in
peripheral blood), anemia that is present due to another reason than
any comorbid conditions. These should be found in consecutive two
tests.

For treatment options, the patients are scored based on
International Prognostic Scoring System (IPSS), or Dynamic
International Prognostic Scoring System (DIPSS) (The scoring systems
are based on age, WBC count, hemoglobin levels, blast ratio in
peripheral blood, thrombocyte count, karyotyping, and constitutional
symptoms) [15, 16]. The final score is used to assess the risk level
from low to high. Primarily, diagnosis with triple negative mutations
[JAK2 (-), CALR (-) and MPL (-)] has been associated with bad
prognosis [5]. Based on the risk score and health status, the patients
can be informed and under the guidance of an health professional, they
can be directed to choose among a number of treatment options, such
as allogeneic stem cell transplant, clinical trials, hydroxyurea (a DNA
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replication inhibitor), ruxolitinib (a JAK1 and JAK2 tyrosine kinases
inhibitor), ganetespib (a heat shock protein inhibitor), vorinostat and
givinostat (histone deacetylase inhibitors), everolimus
(phosphatidylinositol-3'-kinase (PI3K), protein kinase B (AKT) and
mechanistic target of rapamycin (MTOR) inhibitor), cytoreductive
treatment, and splenectomy [6]. The advantages and disadvantages
must be discussed thoroughly.

PoLYCYTHEMIA (RUBRA) VERA (PV)

Polycythemia vera (PV) is a non-curable, but manageable rare
disorder that is one of the myeloproliferative neoplasms. It is the most
common MPN with an incidence of 0.6-1.6/million people in the USA. It
can affect people at any age, but it is more frequent in elderly and rare
in young children. The number of WBCs, RBCs and thrombocytes are
elevated due to an acquired mutation in the stem cells of bone marrow.
As the cells are mutated, the hematopoiesis is out-of-control, resulting
in abnormal bleeding and clotting of blood, which will increase the risk
of pulmonary embolism, heart attack, splenomegaly, and stroke [17].

PV is a slow-progressing disorder and the patient may live for years
without any specific symptoms. Similar to PMF, the disorder is detected
coincidentally during a physical exam or blood test. The symptoms may
include fatigue, weakness, tinnitus (ringing in the ears), excessive
sweating, increased production of sputum, wheezing, chronic cough,
headaches, dyspnea (shortness of breath), impaired vision, pruritus
(itching), numbness, weight loss, and inflammatory arthritis.
Splenomegaly is detected in almost 3/4 of all patients with PV.
However, as these symptoms may also be indicators of other diseases,
other conditions should also be considered. Some patients may
experience gout due to accumulation of uric acid in blood as uric acid is
a by-product of shredded blood cells. As there are more blood cells, the
level of uric acid can increase, causing pain and swelling of feet and
toes. Some patients suffer from a burning, intense pain in hand and
feet and episodic fevers. As the number of RBCs increases in blood
circulation, organs with thin skin such as ear lobes, palms of the hands,
soles of the feet and eyes may look reddish [17].
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In certain cases, inherited diseases, high altitude, erythropoietin
(EPO) secreting kidney or liver tumors, adrenal adenomas and
diseases causing hypoxia may trigger “secondary polycythemia”. Since
this is not a cancer, it may arise due to above mentioned conditions
and it can be treated by understanding and identifying the underlying
cause.

Diagnosis of PV

In PV, patients are usually diagnosed with increased levels of
RBCs, WBCs, platelets, hematocrit (ratio of RBC volume to the total
blood volume) and hemoglobin. This can be easily measured by
performing a complete blood count. Hematocrit levels greater than 48%
in females and 52% in males, and hemoglobin levels greater than 16.5
g/dL in females and 18.5 g/dL in males are markers of PV [7, 8]. A
peripheral blood smear can show the presence of blast cells and
unusual changes in shape, size and appearance of the blood cells. A
liquid bone marrow sample or bone marrow biopsy can help diagnose
the PV, as abnormal changes in the number of megakaryocytes, the
cells responsible for producing the platelets, will be detected in the
tests. A comprehensive biochemical laboratory test can be used to
detect the levels of erythropoietin, proteins, enzymes, fats, glucose and
other chemical substances. Erythropoietin is a key hormone that is
produced in kidneys and in liver in smaller amounts. It has a major
function in production of red blood cells and the levels of EPO is very
low in patients with PV because increased levels of hematocrit,
hemoglobin, RBCs suppress the production of EPO. However, in
secondary polycythemias, the levels of EPO can be normal or elevated
and this information can be used to distinguish the primary and
secondary polycythemias.

Molecular testing is a very useful tool in diagnosing PV. A positive
JAK2 V617F mutation and low levels of EPO is helpful in identifying
PV. Approximately 90% of patients with PV have a positive JAK2
V617F mutation [8]. In some cases, JAK2 V617F mutation analysis can
be negative and EPO levels are low. Then, analysis of exon 12 of the
JAK2 gene may be performed to diagnose PV. On the other hand,
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cytogenetic analysis can also help detect PV. Chromosomal
abnormalities may be seen in approximately 14-40% of the patients
with PV [18, 19]. Total or partial trisomies (trisomy 1q, trisomy 8,
trisomy 9, trisomy 9p), del(5q), del(13q), del(20q), unbalanced
translocations, loss of heterozygosity (LOH) of chromosome 9p have
been reported in patients with PV [13]. Among these, del(20q), +8 and
+9 are the most common abnormalities [19, 20].

In 2016, WHO has determined the major and minor criteria for
diagnosing PV. In order to diagnose a patient with PV, the patient must
either have three major criteria or two major and one minor criteria:

Major criteria 1) Presence of polycythemia (very high RBC count)
accompanying either,

(a) increased levels of hematocrit (>48% and 49% in women and
men, respectively), or

(b) increased levels of hemoglobin >16.0 g/dL and 16.5 g/dL in
women and men, respectively), or

(c) increased red cell mass.

Major criteria 2) Bone marrow biopsy either with,

(a) presence of hypercellularity (excessive number of blood cells in
bone marrow) together with increased number of RBCs, WBCs
and thrombocytes (panmyelosis), or

(b) increased number of mature megakaryocytes with abnormal
shape.

Major criteria 3) JAK2 V617F mutation or in some cases, JAK2
exon 12 gene mutation.

Minor criterion: Decreased and very low levels of EPO (<4 mU/mL)
[7].

For treatment options, if the risk is low, then phlebotomy (blood
drawing process form veins) or low-dose aspirin can be started. If the
risk is high, then cytoreductive treatment (depending on the stage, INF-
a, hydoxyurea, busulphane/®?P) can be selected, low-dose aspirin, and
phlebotomy can be performed, if necessary. Molecular response is not
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necessary to determine the complete or partial response. The
measures for response to treatment are as follows:

Complete response: Complete response is the loss of previously
present abnormality.

(a) Continuous improvement in symptoms and palpable
hepatosplenomegaly, and,

(b) continuous response in peripheral blood count, hematocrit
levels <45% without phlebotomy, platelet count <400x10°/L,
WBC count <10x109%L, and,

(c) absence of progressive disease symptoms and absence of
hemorrhagic or thrombotic events,

(d) histologic response in bone marrow, presence of age-related
normocellularity, loss of trilinear hyperplasia and absence of
Grade 1 reticulin fibrosis.

Partial response: Partial response is defined as 50% decrease in
allele load.

(a) Continuous improvement in symptoms and palpable
hepatosplenomegaly, and,

(b) continuous response in peripheral blood count, hematocrit
levels <45% without phlebotomy, platelet count <400x109/L,
WBC count <10x109L, and,

(c) absence of progressive disease symptoms and absence of
hemorrhagic or thrombotic events,

(d) absence of histologic remission in bone marrow, persistence of
trilinear hyperplasia.

No response: Any response that does not meet partial response.

Progressive disease: Post-PV myleofibrosis, transformation to AML
or MDS [5].

About 96% of the patients with PV have JAK2 V617F mutation, 3%
have JAK2 exon 12 mutation, 16% have TET2 mutation, 2% have
IDH1/2 mutation, and 7% have DNMT3A mutation [8].
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ESSENTIAL THROMBOCYTHEMIA (ET)

Essential thrombocythemia (ET) is a rare blood disorder that
develops due to excessive number of thrombocytes in the blood. Due
to an acquired mutation in DNA, the megakaryocytes are overproduced
in bone marrow, and they increase in number causing release of
excessive number of thrombocytes into the circulation [21]. Since the
main function of thrombocytes is in blood clotting process, this may
cause undesired formation of blood clots, and if left untreated, it may
lead to serious health problems such as pulmonary embolism, heart
attack, stroke, ischemia, and even death, due to blockage in large
vessels and arteries. The disorder is called essential thrombocythemia
because the patient is born with the disorder. On the other hand, the
disorder may develop due to some other underlying conditions such as
splenectomy, iron deficiency, and inflammatory diseases, and this is
called “secondary or reactive thrombosis”. If the underlying problem is
solved, the patient may recover.

The symptoms of ET develop very slowly over the time and are
similar to other MPNs. These can be listed as weakness, fatigue, chest
pain, loss of vision, tinnitus, numbness and coldness in extremities due
to blockage in small vessels, redness and pain in hands, feet and ears,
deep vein thrombosis (DVT), and less likely, bleeding, easy bruising
and bloody stool. ET is more common in elderly people, however,
every person at any age can have the disorder. In some cases, ET may
progress to other life-threatening conditions such as primary
myelofibrosis and acute myeloid leukemia, even though the risk is
about 1-2% for AML and 9% for PMF [21, 22].

Diagnosis of ET

The ET is usually diagnosed during a routine blood test or bone
marrow sampling as the affected persons may not show the symptoms
until advanced stages. A physical exam and blood tests along with
other testing methods will help the doctor diagnose the patient with ET.
In patients with ET, the platelet count is above average (>450,000/uL,
for at least two months), the hemoglobin and hematocrit levels are also
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increased. Approximately 1/3 of patients with ET may have increased
numbers of RBCs and/or WBCs. A peripheral blood smear can help
identify the disorder if there are abnormally shaped blood cells and
clustered or enlarged thrombocytes. A biochemistry laboratory test can
reveal the changes in levels of proteins, fats, electrolytes (sodium,
potassium, chloride), enzymes and glucose. Similar to other MPNs, a
bone marrow biopsy or liquid bone marrow sample can help identify the
shape, size and count of megakaryocytes. In addition, genetic testing
for certain genes such as JAK2, CALR and MPL genes can help for a
more accurate diagnosis [22, 23].

However, other diagnostic criteria must be considered to rule out
other possibilities. In 2016, WHO announced the diagnostic criteria for
ET. Based on this system, a patient must meet either four major criteria
or three major criteria and one minor criterion in order to be diagnosed
with ET [5].

Major criteria 1) The number of thrombocytes must be greater than
450,000/uL for a certain period of time,

Major criteria 2) Increased number of enlarged and mature
megakaryocytes with hyperlobulated nuclei must be detected in bone
marrow biopsy, there must not be any neutrophil granulopoiesis or
erythropoiesis and riticulin fibers must be very low in number,

Major criteria 3) PMF, PV, BCR-ABL1 (+) CML and other
myelodysplastic syndromes and myeloid neoplasms must have been
excluded,

Major criteria 4) Mutation in JAK2, CALR and MPL genes must be
detected. JAK2 and MPL gene mutations are detected almost in 50%
and 10% of the patients with ET, respectively.

Minor criterion: A clonal marker must be present or reactive
thrombocytosis must be detected.

For treatment options, if the risk is low, then low-dose aspirin can
be started or the patient can be monitored. If the risk is high, then
cytoreductive treatment (depending on the stage, INF-a, hydoxyurea,
anagrelide can be selected) can be preferred. Molecular response is
not necessary to determine the complete or partial response. The
measures for response to treatment are as follows:

Complete response: Complete response is the loss of previously
present abnormality.
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(a) Continuous improvement in symptoms and palpable
hepatosplenomegaly, and,

(b) continuous response in peripheral blood count, platelet count
<400x10%L, WBC count <10x10°%L, absence of
leukoerythtoblastosis, and,

(c) absence of progressive disease symptoms and absence of
hemorrhagic or thrombotic events, and,

(d) absence of histologic remission in bone marrow, loss of
megakaryocyte hyperplasia, and absence of Grade 1 reticulin
fibrosis.

Partial response: Partial response is defined as 50% decrease in
allele load.

(a) Continuous improvement in symptoms and palpable
hepatosplenomegaly, and,

(b) continuous response in peripheral blood count, hematocrit
levels <45% without phlebotomy, platelet count <400x109/L,
WBC count <10x109%L, and,

(c) absence of progressive disease symptoms and absence of
hemorrhagic or thrombotic events,

(d) absence of histologic remission in bone marrow, persistence of
megakaryocyte hyperplasia.

No response: Any response that does not meet partial response.

Progressive disease: Post-ET myelofibrosis, transformation to AML
or MDS [5].

About 55% of the patients with ET have JAK2 V617F mutation,
20% have CALR exon 9 deletion or insertion, 3% have MPL mutation,
5% have TET2 mutation, 3% have ASXL1 mutation, 1% have IDH1/2
mutation, and 1% have various RAS mutations [8]. Chromosomal
aberrations are not very frequent in patients with ET and the incidence
is about 5-6% [18]. del(5q), del(20q), trisomies 8 and 9 are the reported
chromosomal aberrations in patients with ET [13].
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CHRONIC MYELOID (MYELOGENOUS) LEUKEMIA (CML)

Leukemia is a type of cancer that develops in bone marrow due to
changes in the myeloid cells (hematopoietic stem cells) that are
responsible for forming WBCs (except lymphocytes), RBCs and
megakaryocytes. Basically, it is the cancer of WBCs and bone marrow.
CML comprises about 1/4 of all leukemias and it can develop at any
age but is more common in elderly and in males (M/F: 1.2/1 to 1.7)
[24]. The prognosis is generally slow and the incidence is 1-2/100,000
cases. In CML, the number of granulocytes is greatly increased which
do not function like healthy WBCs. In addition to granulocytes, the
number of platelets may also increase in number. CML occurs due to
genetic changes in the cell. A balanced reciprocal translocation
between the 9™ and 22" chromosomes form a new chromosome called
Philadelphia (Ph) chromosome t(9;22)(q34;q11), meaning that the BCR
(Breakpoint Cluster Region) gene that is located on the 11q band of
22" and ABL1 (Abelson Murine Leukemia Viral Oncogene Homolog 1)
gene that is located on the 34q band of 9" chromosome are joined
together to form a fusion gene called BCR-ABLL1. In addition, 5-10% of
CML patients have variant Ph translocations which can be either simple
or complex translocations. Simple variant translocations occur
between chromosome 22 and any other chromosome than 9. In
complex variant translocations 3 or more chromosomes are involved.
Kuru et al. have demonstrated various variant Ph translocations
such as t(7;22)(p22;911), t(12;22)(p13;911), t(15;22)(p11;q11),
1(1,9;22;3)(924;934;911;921), t(9;22;15)(g34;911;922), 1(4;8;9;22)
(911;913;934;911) in patients with CML [25].

BCR-ABL1 is an oncogene and since BCR gene has three possible
breakpoint regions, it may encode different hybrid proteins with
different pathogenic effects. These breakpoints are called major bcr (M-
bcr), minor ber (m-becr) and micro ber (u-ber), and they give rise to
different sized BCR-ABL1 fusion proteins, namely p210, p190 and
p230, respectively [26]. The p210 is generally present in hematopoietic
cells of patients with CML, and also in patients with ALL (Acute
Lymphocytic Leukemia) and AML. p190 can be found in less than 5%
of patients with CML, in addition, it is also present in Ph-positive [Ph
(+)] acute B lymphoid leukemia and sometimes in AML [26, 27]. p230 is
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a less frequently detected fusion protein that was shown to be
associated with AML, neutrophilic CML and classical CML [27, 28].
These proteins have tyrosine kinase activity that activates signaling
molecules involved in JAK/STAT (Janus Kinase/Signal Transducers
and Activators of Transcription), MAPK/ERK (Mitogen-activated
Protein Kinase/Extracellular Signal-regulated Kinase), PI3K/AKT
(Phosphatidylinositol-3'-Kinase/Protein Kinase B) signaling pathways,
resulting in uncontrolled proliferation of the cells, hence cancer [29].

CML has three stages: chronic stage (85%), accelerated stage
(10%), and blastic stage (5%) [30]. Since this is a slow-progressing
disease and symptoms may not be detected on time, untreated
patients advance to the blastic stage. This progression is usually
accompanied with +8, +19, i(17q), and an extra Ph chromosome [31].
These patients are prone to heavy hemorrhages, anemia, infection,
and multiple organ failure. Therefore, early diagnosis is of major
importance to start the treatment as soon as possible. As BCR-ABL1’s
product is a tyrosine kinase, the treatment is usually given with tyrosine
kinase inhibitors (TKIs) such as Imatinib to stop the uncontrolled
proliferation of the cells.

Patients with CML show symptoms such as fatigue, weakness,
weight loss, excessive night sweats, fever, bone pain, splenomegaly,
fullness in abdomen, and some other symptoms.

Diagnosis of CML

Similar to other disorders, CML can share symptoms with other
disorders. So, extensive physical examinations and laboratory tests
must be performed to distinguish the disorders from each other. A
physical examination will help detect whether the patient has an
enlarged spleen but approximately 10% of all patients do not have it. A
blood test can show that the number of leukocytes has increased to
100,000/mm? (the normal range is between 4,000-10,000/mm?). In
anemia and chronic phase, the thrombocyte count may have been
elevated. Depending on the stage of the disorder, the number of
thrombocytes can be either low or high. A peripheral blood smear test
can be helpful in investigating the shape, count, ratio and any
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abnorm