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ABSTRACT
Myeloproliferative neoplasms (MPN) lacking the BCR-ABL1 fusion protein (Phnegative MPN), comprise a group of clonal hematological malignancies affecting the
myeloid lineage, and are in most cases driven by somatic mutations in three driver
genes – JAK2, CALR and MPL. Patients frequently harbor additional mutations in a
variety of non-driver genes. Based on clinical features, Ph-negative MPN are classified
into three disease entities – polycythemia vera (PV), essential throbocythemia (ET)
and primary myelofibrosis (PMF), all with a risk of progression to acute myeloid
leukemia (AML). Myelodysplastic syndrome (MDS) is a myeloid malignancy, clinically
different from MPN but with an overlapping mutational landscape and risk of
progression to AML. In addition to somatic mutations chromosomal aberrations occur
in a subset of chronic phase MPN and MDS patients.
With the use of genome wide high resolution SNP arrays we have investigated
the aberrational profile of 77 AML patients with history of MPN (n=46) or MDS (n=31),
identifying at least one chromosomal aberration in 64/77 (83.1%) patients. Detailed
examination of the deletion profile identified focal homozygous deletions on
chromosomes 6 and 12, affecting genes JARID2 and AEBP2, respectively, both
encoding co-factors of the polycomb repressive complex 2 (PRC2). We have
investigated the deletion profile of genes encoding PRC2 subunits (EZH2, SUZ12,
EED, EZH1, JARID2, AEBP2) in an expanded pan-myeloid cohort of 905 patients
(including MPN, MDS, sAML and dnAML), and detected at least one PRC2 member
(range 1-4) to be deleted in 6.6% of the entire cohort. Out of the 60 detected deletions
11 were focal (<2Mb). PRC2 deletions are strongly enriched in post-MPN AML (40%),
post-MDS AML (22.5%) and dnAML (16.2%), compared to very low deletion rates in
chronic phase MPN (1%) and no deletion detected in MDS. We were also able to
detect frequent co-deletions of PRC2 members and NF1 or ETV6 in individual patients,
associating these double deletions with leukemic transformation as well. Our data
implicates the role of PRC2 loss in disease progression from chronic MPN or MDS to
AML, as well as in de novo AML, and a likely cooperation of the loss of PRC2 function
with other mutations or deletions in the progressive disease evolution.
In addition, we have observed a significant enrichment of chromosome 6p and
12p aberrations (covering JARID2 and AEBP2, respectively) in sAML compared to
chronic myeloid disorders. Sanger sequencing of DNA from patients harboring
chromosome 6p lesions revealed no mutations of the JARID2 gene. We therefore
hypothesize that JARID2 is preferentially targeted by deletions and not mutations and
that it through haploinsufficiency acts as a tumor suppressor involved in the
progression of myeloid neoplasms.
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Finally, we have explored the mutational profile of chromosome 6p in patients
with aberrations of this genomic region and identified no recurrent mutation and
common target in the four selected patients. We have detected a somatic mutation in
the FAM65B gene, and by intersecting exome sequencing data with the aberrational
profile of chromosome 6 we have defined several commonly affected regions covering
a number of genes with potential roles in the development of myeloid malignancies.
The findings of the research performed in this thesis has contributed to a better
understanding of the genetics of disease progression of MPN and MDS by identifying
deletions of PRC2 subunits in a subset of patients. It has identified JARID2 as a novel
tumor suppressor affected by deletions in leukemic progression of MPN. Finally, this
study has provided a solid basis for further research in the field, with the aim of
delineating the prognostic value and clinical impact of PRC2 loss in myeloid
malignancies, which might serve as a valuable biomarker for future classification and
management of affected patients.
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ZUSAMMENFASSUNG
Der Begriff Myeloproliferative Neoplasien (MPN) umfasst eine Gruppe
maligner klonaler Erkrankungen der hämatopoetischen Stammzelle und ist in den
meisten Fällen auf somatische Mutationen dreier Gene – JAK2, CALR und MPL,
zurückzuführen. Darüber hinaus weisen Patienten jedoch häufig Mutationen in
weiteren Genen auf. In Abhängigkeit der klinischen Merkmale werden Ph- MPN
unterteilt in Polycythämia vera (PV), Essentielle Thrombozythämie (ET) sowie Primäre
Myelofibrose (PMF), die das Risiko zur Entstehung Akuter Myeloischer Leukämie
(AML)

gemein

haben.

Das Myelodysplastische Syndrom (MDS) bildet eine weitere Klasse myeloider
Erkrankungen, die zwar klinisch von MPN abgegrenzt ist, sich jedoch hinsichtlich des
Mutationsspektrums und des Risikos zur Entstehung von AML überschneidet. Neben
somatischen Mutationen weist ein Teil der Patienten mit chronischer Phase der MPN
und

MDS

auch

chromosomale

Abberrationen

auf.

Mittels

genomweiter

hochauflösender SNP Microarray Technologie wurde das veränderte genetische Profil
von 77 AML Patienten mit vorangegangener MPN (n=46) oder MDS (n= 31) untersucht
und hierbei chromosomale Aberrationen in 64/77 (83,1%) der Patienten identifiziert.
Eine detaillierte Analyse jener Regionen führte zur Identifizierung homozygoter
Deletionen

auf

Chromosom

6

und

12,

respektive

die

Gene JARID2 und AEBP2 betreffend, welche beide für Kofaktoren des Polycomb
Repressive Complex 2 (PRC2) kodieren. Das Deletionsprofil jener Gene, welche die
PRC2 Untereinheit kodieren (EZH2, SUZ12, EED, EZH1, JARID2, AEBP2) in einer
erweiterten pan-myeloiden Kohorte von 905 Patienten wurde untersucht. In 6,6% der
Untersuchten wurde die Deletion von zumindest einer PRC2 Untereinheit detektiert.
Im Vergleich zur geringen Deletionsrate in Patienten mit chronischer MPN
(1%), sind Deletionen in PRC2 in post-MPN AML (40%), post MDS-AML (22,5%) und
dnAML (16,2%) stark angereichert. Auch wurden häufig Kodeletionen von PRC2
Untereinheiten sowie in NF1 oder ETV6 nachgewiesen. Unsere Daten deuten darauf
hin, dass der Verlust von PRC2 am Fortschreiten der chronischen MPN oder MDS zu
AML, sowie der de novo Entsteheung von AML beteiligt ist und implizieren auch einen
möglichen Zusammenhang zwischen dem funktionalen Verlust von PRC2 und dem
Auftreten weiterer Mutationen oder Deletionen in der progressiven Kranheitsphase.
Zusätzlich wurde in sAML eine signifikante Anreicherung von chromosomalen
Aberrationen

innerhalb

der

Abschnitte

Respektive JARID2 und AEBP2 abdecken)

6p

gegenüber

und

12p

chronisch

(welche

myeloischen

Erkrankungen festgestellt. Die Sangersequenzierung von Patienten mit Läsionen auf
Chromosom 6p ergab jedoch keine Mutationen in JARID2. Es ist daher davon

x

auszugehen, dass JARID2 vorzugsweise ein Angriffspunkt für Deletionenist und dass
es durch Haploinsuffizienz als Tumorsuppressor in der Entwicklung myeloider
Neoplasien fungiert.
Abschließend wurde das Mutationsprofil von Chromosom 6p in Patienten mit
Aberrationen innerhalb dieses genomischen Abschnitts untersucht, allerdings keine
wiederkehrende Mutation innerhalb der vier selektierten Patienten detektiert. Es wurde
eine somatische Mutation in FAM65B aufgedeckt und beim Abgleich der Exomdaten
mit dem Aberrationsprofil von Chromosom 6 einige Regionen gefunden, welche
gemeinsam betroffen sind und Gene beinhalten, die potenziell an der Entstehung
myeloider Malignitäten beteiligt sind.
Die Ergebnisse dieser Forschungsarbeit tragen durch die Identifizierung von
Deletionen in PRC2 Untereinheiten in einer Untergruppe von Patienten zu einem
besseren Verständnis der Genetik des Krankheitsverlaufs von MPN und MDS bei.
Hierin wurde JARID2 als neuer Tumorsuppresor identifiziert, welcher im Zuge der
Entwicklung von MPN häufig von Deletionen betroffen ist. Abschließend stellt diese
Arbeit

eine fundierte Grundlage für

weiterführende Tätigkeiten in diesem

Forschungsbereich dar .

xi

1. INTRODUCTION
Hematopoiesis is a tightly regulated process, in adults predominantly taking
place in the bone marrow, producing around 1012 mature blood cells daily (Doulatov,
Notta et al., 2012). It initiates from multipotent hematopoietic stem cells (HSC) with
self-renewal and differentiation potential, and is organized as a hierarchy, giving rise
to multipotent- and lineage-specific progenitors in a step-wise process, resulting in the
production of all types of fully differentiated blood cells of the myeloid (erythrocytes,
platelets, monocytes, dendritic cells and granulocytes – neutrophils, basophils,
eosinophils, mast cells) and lymphoid (T-lymphocytes, B-lymphocytes, NK cells and
dendritic cells) lineages (Doulatov et al., 2012). In a highly precise manner, the
expression and silencing of specific genes and signaling pathways is synchronized to
maintain the self-renewal capacity and to allow maturation of HSC for the production
of sufficient numbers of blood cells (Antoniani, Romano et al., 2017). Dysregulation of
such a balanced process leads to disordered hematopoiesis, and dependent on the
affected gene/pathway and cell type may result in the accumulation of expanding
mutated cells (immature or mature) and the development of different hematologic
disorders, involving the lymphoid or the myeloid lineage. Intensive research of AML as
a cancer model and characterization of leukemic stem cells has broadened the
understanding of cancer evolution in general, with particular insight into the leukemic
evolution (Ferrando & Lopez-Otin, 2017, Welch, Ley et al., 2012). Disorders of the
myeloid hematopoietic lineage, including myeloproliferative neoplasms (MPN),
myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML), originate in the
hematopoietic stem cell compartment and are initiated by somatic mutations which
supply the affected HSC with fitness advantage and result in a clonal outgrowth of
mutated cells, named clonal hematopoiesis (Bonnet & Dick, 1997, Jamieson, Gotlib et
al., 2006, Klampfl, Gisslinger et al., 2013a, Lapidot, Sirard et al., 1994, Woll, Kjallquist
et al., 2014). Further cooperating mutations acquired at later steps of disease evolution
may lead to disease progression. Clonal evolution in myeloid neoplasms can follow a
linear or a parallel model, in which subsequent mutations occur on the background of
the initial mutations (linear) or in separate clones (parallel) (Engle, Fisher et al., 2015,
Martignoles, Delhommeau et al., 2018, Milosevic Feenstra, Nivarthi et al., 2016, Potter,
Miraki-Moud et al., 2019, Walter, Shen et al., 2012). Hematopoietic stem cells
accumulate somatic mutations throughout the process of ageing as well, which may
lead to clonal hematopoiesis. Many of such mutations remain benign for years, but
may serve as a background for additional cooperating mutations contributing to the
development of hematologic malignancies, or may per se form a pool of pre-leukemic
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cells which over time transform (Genovese, Kahler et al., 2014, Jaiswal, Fontanillas et
al., 2014, Xie, Lu et al., 2014).
Despite the distinct morphological features in MDS and MPN a number of
common somatic mutations and cytogenetic abnormalities involved in disease
pathology are described, some of which are also detected in apparently healthy
individuals with clonal hematopoiesis. Apart from occurring as a complication and
disease progression of MPN or MDS, acute myeloid leukemia can also arise de novo
(dnAML), without a previous history of chronic myeloid neoplasm. The research
presented in this thesis is focused on specific genetic and cytogenetic defects detected
in a pan-myeloid pool of patients (MPN, MDS and AML), with a focus on MPN and its
comparison to MDS and AML, therefore clinical and genetic properties of these
different diseases will be described in the introduction. The developing technology and
huge efforts in understanding the genetics, epigenetics and underlying mechanisms of
the development of myeloid neoplasm is providing solid evidence for the need of
changing the guidelines for diagnosis and management of patients, by incorporating
molecular genetics and various biomarkers in the classification. With this in mind, the
latest recommendations for classification and diagnosis will be described in the
introduction, as well as novel genetic findings in the field, expecting that new
classifications of myeloid neoplasms will take many of these biomarkers into account
in the near future.

1.1.

Myeloproliferative neoplasms – clinical properties, diagnosis and
management
First speculations about the common nature of phenotypically different

myeloproliferative neoplasms were described by William Dameshek in 1951, when he
grouped chronic myeloid leukemia, polycythemia vera, essential thrombocythemia and
primary myelofibrosis as closely related diseases and named them “myeloproliferative
disorders” (Dameshek, 1951). These disease entities are now named classical
myeloproliferative neoplasms (MPNs), and are characterized by clonal hematopoiesis
and increased production of fully functional terminally differentiated blood cells of the
myeloid lineage. Patients with distinct MPNs may show common clinical
manifestations and therefore require precision diagnosis, accurate risk stratification
and adequate treatment. The latest World Health Organization (WHO) Classification
of Tumors of Haematopoietic and Lymphoid Tissues from 2016 incorporates
hematologic, morphologic and genetic properties in the classification of myeloid
neoplasms, listing chronic myeloid leukemia (CML), chronic neutrophilic leukemia
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(CNL),

polycythemia

vera

(PV),

primary

myelofibrosis

(PMF),

essential

thrombocythemia (ET), not otherwise specified chronic eosinophilic leukemia and
unclassifiable MPN (MPN-U) as myeloproliferative neoplasms (Table 1) (Arber, Orazi
et al., 2016).
Table 1. WHO 2016 classification of myeloid neoplasms and acute leukemia

(The table was adapted and republished with permission of the American Society of
Hematology, from The 2016 revision to the World Health Organization classification of myeloid
neoplasms and acute leukemia, Arber D. et al, Blood 2016 127:2391-2405; permission
conveyed through Copyright Clearance Center, Inc.)
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Chronic myeloid leukemia is characterized by the presence of a translocation
of chromosomes 9 and 22, resulting in a well-studied BCR-ABL1 fusion gene, which is
the driver of clonal hematopoiesis in CML. The development of modern tyrosine-kinase
inhibitor therapy has allowed efficient treatment of CML, leading to complete molecular
remission and nearly normal or normal life expectancy in most treated patients
(Jabbour & Kantarjian, 2018). The other three classical MPNs – PV, ET and PMF, lack
the BCR-ABL fusion oncogene and are therefore named BCR-ABL- classical MPNs
(also known as Philadelphia chromosome-negative classical MPNs; Ph- MPN). The
identification of mutually exclusive somatic driver mutations in JAK2, MPL and CALR
in MPN led to a more accurate classification of patients and has prospective clinical
impact. A subgroup of MPN patients remain classified as triple negative, characterized
by the lack of all three driver mutations (Klampfl et al., 2013a, Milosevic Feenstra et
al., 2016). Thrombosis, hemorrhages and transformation to acute myeloid leukemia
(AML) are frequent clinical complications of MPN (Swerdlow SH, 2016). Transitions
between different disease stages or disease entities inside the BCR-ABL- MPNs have
also been described, implicating that a complex multifactorial process is responsible
for the disease initiation and progression.
1.1.1. Polycythemia vera
Polycythemia vera (PV) is represented by an increased number of erythrocytes,
as well as pan-myelosis with an overproduction of granulocytes and megakaryocytes.
The reported median age at diagnosis is in range from 65 to 74 years, with a median
survival of 14 years and an incidence of 0.01 to 2.61 per 100 000 per year (Moulard,
Mehta et al., 2014, Tefferi, Rumi et al., 2013, Titmarsh, Duncombe et al., 2014). The
actual incidence of PV might be higher due to underdiagnosis of PV before the change
of diagnostic criteria in 2016, when “masked PV” (mPV) was introduced and its
resemblance to JAK2-mutant ET was recognized (Barbui, Thiele et al., 2014, Barbui,
Thiele et al., 2018b). First diagnosis of PV is often made after increased hemoglobin
levels, hematocrit or red blood cell mass are detected in a systematic blood test. In
around 20% of cases arterial or venous thrombosis is documented in PV patients.
Splenomegaly and hepatomegaly occur in 70% and 40% of patients, respectively.
Symptoms most often reported by patients are headaches and dizziness, as well as
visual disturbancies, itching and paraesthesias (Swerdlow SH, 2016). Thrombosis and
hemorrhage represent the most common complications and cause of death in patients,
and disease progression to myelodysplasia or acute myeloid leukemia occurs in up to
20% of patients (Figure 1) (Barbui et al., 2018b, Swerdlow SH, 2016).
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Figure 1. Clinical and epidemiological properties of polycythemia vera

A. Representation of the most important clinical and epidemiological properties of PV, including
the distribution of driver mutations, represented with a pie chart. B. Rates of Mortality,
thrombosis, myelofibrotic and leukemic transformation in PV at different time points. Values are
taken from previously published data (Barbui et al., 2018b), regrouped, and presented by a bar
chart. OS, overall survival; ↑, increased; LT, leukemic transformation; sMF, secondary
myelofibrosis; sAML, secondary AML; P32, radiophosphorus; y, years.

Almost all PV patients are carriers of a somatic JAK2 gain-of-function mutation.
The most frequent is the JAK2V617F mutation, found in 95% of patients. However, 3%
of PV patients have a mutation in exon 12 of JAK2 instead (Kralovics, Passamonti et
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al., 2005, Scott, Tong et al., 2007, Vainchenker & Kralovics, 2017). Properties of PV
often include decreased serum erythropoietin (EPO) levels, increased bone marrow
cellularity for the individual’s age (mainly in the subcortical space which is hypocellular
in healthy adults) and increased proliferation of erythrocytes, granulocytes and
megakaryocytes (Swerdlow SH, 2016). The disease course is described through a
continuum of three phases: 1. a pre-polycythaemic stage, where erythrocythosis is still
moderate; 2. an overt polycythaemic stage, characterized by a strong increase in red
cell mass; and 3. a post-polycythaemic stage (also known as post-PV
myelofibrosis/post-PV MF), which is associated with increased BM fibrosis, a decrease
in erythropoiesis and the presence of extramedullary haematopoiesis with
consequential splenomegaly (Swerdlow SH, 2016). A further complication of the
disease evolution is transformation to acute myeloid leukemia, which occurs in 7% of
patients at 15 years after initial diagnosis, and is diagnosed with the presence of at
least 20% of blasts in the bone marrow (Figure 1) (Barbui et al., 2018b, Swerdlow SH,
2016). According to the WHO 2016 classification, an integration of morphological,
clinical and molecular genetic properties is the most effective and precise approach
for the diagnosis and assessment of prognosis of MPN. The criteria for PV diagnosis,
according to the latest classification, are represented in Table 2, where all major criteria
must be met for diagnosis, or alternatively the minor criterion in addition to the first two
major ones (Arber et al., 2016).
Progression to myelofibrosis occurs in 9% and 19% of PV patients 10 and 15
years after diagnosis, respectively (Figure 1B) (Barbui et al., 2018b). The median time
to fibrotic transformation is reported to be between 8.5 and 20 years from the time of
the initial diagnosis (Cerquozzi & Tefferi, 2015). Progression occurs more often in
patients who had bone marrow fibrosis identified at initial diagnosis and in patients who
have an allele burden of JAK2V617F mutation higher than 50% (Barraco, Cerquozzi
et al., 2017, Passamonti, Rumi et al., 2010). Other risk factors for fibrotic
transformation are older age, leukocytosis, thrombocytosis, splenomegaly and
identification of the “masked PV” phenotype (Cerquozzi & Tefferi, 2015).

6

Table 2. The 2016 World Health Organization criteria for the diagnosis of PV

*hemoglobin > 16.5 g/dl in men, > 16 g/dl in women; ** hematocrit > 49% in men, >48% in
women; *** >25% above mean normal predicted value; **** trilineage growth including
prominent erythroid, granulocytic and megakaryocytic proliferation with pleomorphic mature
megakaryocytes. In case of the presence of hemoglobin >18.5 g/dl (men)/>16.5 g/dl (women)
or hematocrit >55.5% (men)/ >49.5% (women), and a JAK2 mutation, and lower serum
erythropoietin the major criterion number 2 is not required. ↑, increase; ↓, decrease. (The table
was adapted and republished with permission of the American Society of Hematology, from
The 2016 revision to the World Health Organization classification of myeloid neoplasms and
acute leukemia, Arber D. et al, Blood 2016 127:2391-2405; permission conveyed through
Copyright Clearance Center, Inc.)

Leukemic transformation is a severe complication of MPN with poor prognosis,
as the median survival after entering the blast phase is 3.6 months (Tefferi, Mudireddy
et al., 2018c). The transformation is seen in 2% of PV patients after 10 years and in
7% after 15 years from initial diagnosis (Figure 1B) with the time to leukemic
transformation being between 4.6 and 19 years from first diagnosis (Barbui et al.,
2018b, Cerquozzi & Tefferi, 2015). Advanced age, abnormal karyotype, leukocytosis,
BM reticulin grade and splenomegaly, as well as mutations of TP53 or RUNX1 are
identified as risk factors for transformation, as well as the use of radiophosphorus (P32),
pipobroman and busulfan (Cerquozzi & Tefferi, 2015).
Polycythemia vera patients have an increased risk of thrombotic events. They
occur in 22% and 32% of PV cases 10 and 15 years after diagnosis, respectively
(Figure 1B) (Barbui et al., 2018b). Based on this risk for thrombosis and increased
age as a risk factor for disease progression two risk stratification categories are
established in PV: low-risk (age<60 years with no thrombosis history) and high-risk
(age >60 or previous thrombosis). A newer prognostic model also integrates
leukocytosis in the risk stratification, classifying PV patients in 3 risk categories based
on a scoring system: low-risk, intermediate risk and high-risk (Rumi & Cazzola, 2017b).
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Management of PV includes phlebotomy, with the aim of keeping hematocrit levels
below 45%, and low-dose acetyl salicylic acid. In high-risk patients cytoreductive
therapy is recommended, with the choice of hydroxyurea (HU) or recombinant
interferon alpha (rIFNα) as first-line therapy and ruxolitinib (a Jak1/Jak2 inhibitor) as
second-line therapy or switch to rIFNα in patients who do not respond adequately to
hydroxyurea (Barbui, Tefferi et al., 2018a, Vannucchi, Barbui et al., 2015). Ongoing
studies show promising results for the use of pegylated interpheron alpha 2a in PV
and ET patients, as a choice of first line therapy alternative to HU or second-line
therapy in HU-nonresponders, as its use shows marked molecular response and it
seems to be associated with beneficial outcome in patients (Ianotto, Chauveau et al.,
2018, Masarova, Patel et al., 2017).
In summary, PV is a chronic phase MPN characterized by mutations in the
JAK2 gene in almost all patients and an overrepresentation of erythrocytes, as well as
granulocytes and megakaryocytes in the bone marrow and peripheral blood. Disease
complications include high risk of thrombosis and risks of disease progression to
secondary myelofibrosis or acute myeloid leukemia. When leukemic transformation
occurs the prognosis is poor with short overall survival.

1.1.2. Essential thrombocythaemia
Essential thrombocythaemia (ET) is characterized by an increased number of
platelets in the peripheral blood, as well as an increase of the number of mature
enlarged megakaryocytes in the bone marrow (Swerdlow SH, 2016). The incidence of
ET is reported to be between 0.21 and 2.27 per 100 000 per year with a median age
at diagnosis of 64 to 73 years and a median survival of 20 years (Figure 2) (Moulard
et al., 2014, Tefferi et al., 2013, Titmarsh et al., 2014, Vannucchi et al., 2015).
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Figure 2. Clinical and epidemiological properties of essential thrombocythemia

A. Representation of the most important clinical and epidemiological properties of ET, including
the distribution of driver mutations, represented with a pie chart. B. Rates of Mortality,
thrombosis, myelofibrotic and leukemic transformation in PV at different time points. Values are
taken from previously published data (Barbui et al., 2018b), regrouped and represented by a
bar chart. OS, overall survival; ↑, increased; PB, peripheral blood; BM, bone marrow; LT,
leukemic transformation; sML, secondary myelofibrosis; sAML, secondary AML; y, years.

The majority of patients are diagnosed after a routine blood test, manifesting
no symptoms at the time of diagnosis. In others, vascular occlusion or haemorrhage
precede the initial diagnosis (Swerdlow SH, 2016). As thrombocythosis is not specific
to ET only, the diagnosis of ET must be precise, excluding other types of neoplasms.
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Therefore, a biopsy of the bone marrow is necessary for diagnosis. A typical biopsy
shows a normal or moderately increased number of cells, with a significant proliferation
of

enlarged

megakaryocytes

with

hyperlobulated

nuclei.

Highly

increased

granulopoiesis or a higher number of myeloblasts, as well as increased reticulin
fibrosis, are not seen in ET (Swerdlow SH, 2016). Special care should be given to the
distinction of ET from masked PV (mPV) and from prefibrotic primary myelofibrosis
(pre-PMF) (Guglielmelli, Pacilli et al., 2017, Tiong, Casolari et al., 2016). The WHO
2016 classification of myeloid neoplasms has introduced changes in the diagnosis
criteria in order to help differentiate these disease entities. According to the updated
classification, for establishing a ET diagnosis all four major criteria or the first three in
addition to the minor criterion need to be met, as presented in Table 3 (Arber et al.,
2016).
Table 3. The 2016 World Health Organization criteria for the diagnosis of ET

↑, increased; BM, bone marrow; WHO, world health organization (The table was adapted and
republished with permission of the American Society of Hematology, from The 2016 revision to
the World Health Organization classification of myeloid neoplasms and acute leukemia, Arber
D. et al, Blood 2016 127:2391-2405; permission conveyed through Copyright Clearance
Center, Inc.)

All three identified driver mutations of MPN (JAK2, MPL and CALR) are found
in ET. JAK2V617F mutations are found in 50-60%, CALR in 20-25% and MPL in 2-3%
of patients, and are mutually exclusive (Klampfl et al., 2013a, Vainchenker & Kralovics,
2017). The presence of these mutations is listed as a major criterion for MPN
diagnosis, pointing out the importance of mutational screening for modern diagnostics
(Arber et al., 2016). However, up to 20% of ET patients are triple negative for the driver
mutations (Klampfl et al., 2013a, Milosevic Feenstra et al., 2016). In such patients
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mutations in other genes or chromosomal abnormalities might be identified and can
serve as markers of clonality.
Myelofibrotic transformation occurs in 1% and 9% of patients 10 and 15 years
after the diagnosis of ET, respectively (Figure 2B) (Barbui et al., 2018b). The reported
median time to progression to post-ET MF is 7 to 16 years from initial diagnosis with
associated risk factors being advanced age, anemia, leukocytosis, increased reticulin
formation in the BM, BM hypercellularity, use of anagrelide and mutations of ASXL1
(Cerquozzi & Tefferi, 2015). On the contrary, patients with JAK2V617F mutations are
associated with a lower risk of fibrotic transformation (Barbui, Thiele et al., 2011).
Blast transformation is seen less frequently in ET than in PV and occurs in 1%
after 10 years and 2% of patients after 15 years from ET diagnosis (Figure 2B), with a
median time to progression from 6 to 14 years (Barbui et al., 2018b, Cerquozzi &
Tefferi, 2015). Age, anemia, leukocytosis, reticulin fibrosis, increased bone marrow
cellularity, as well as previous thrombosis and extreme thrombocytosis are recognized
as risk factors for leukemic transformation. Regarding molecular genetics, mutations
of TP53 or RUNX1 are identified as factors increasing the risk for leukemic outbreak
(Cerquozzi & Tefferi, 2015).
As in PV, ET patients are stratified in different risk categories. The IPSETthrombosis system for risk stratification is recommended for use at diagnosis in all ET
patients. In addition to age and history of thrombosis, it takes cardiovascular risk
factors and JAK2V617F mutational status into account, and classifies patients into 4
risk categories: very low risk (age ≤60 years, no history of thrombosis, wt JAK2), low
risk (age ≤60 years, no history of thrombosis, JAK2V617F mutation), intermediate risk
(age >60 years, no history of thrombosis, wt JAK2) and high risk (age >60 years or
history of thrombosis, in addition to a JAK2V617F mutation) (Passamonti, Thiele et al.,
2012). The stratification of patients serves as a basis for therapy recommendation. A
combination of low-dose acetyl salicylic acid and cytoreductive therapy is used,
depending on the risk category of the patient. In high risk patients hydroxyurea or rINFα
are recommended as a first-line choice for cytoreductive therapy, and a switch to rINFα
or busulfan as second-line therapy in patients who inadequately respond to
hydroxyurea (Tefferi, Vannucchi et al., 2018d).
Summarized, increased platelet counts in the peripheral blood and
megakaryocytes in the bone marrow define ET clinically, whereas mutations in one of
the three MPN driver genes (JAK2, CALR and MPL) are defined as genetic causes in
more than 80% of cases. Strict adhesion to diagnostic guidelines is necessary for
avoiding misdiagnosis of ET-like disorders as ET. With a more benign clinical course
than PV, ET associates with longer overall survival and lower risks of thrombotic events
and fibrotic and leukemic disease progression.
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1.1.3. Primary Myelofibrosis
Primary myelofibrosis is characterized by an expansion of morphologically
atypical megakaryocytes as well as granulocytes in the bone marrow, with or without
the presence of reactive bone marrow fibrosis, dependent on the disease stage
(Swerdlow SH, 2016). The latest classification of myeloid neoplasms lists two
subcategories of PMF – prefibrotic/early stage (pre-PMF) and overt fibrotic stage PMF
(Table 1), and accordingly different diagnostic criteria for the two stages (Tables 4 and
5) (Arber et al., 2016). These are different evolution stages of the same disease and
not different disease entities. In the prefibrotic stage reticulin fibrosis in the BM is
minimal or absent and BM biopsy shows hypercellularity with increased numbers of
neutrophils and atypical megakaryocytes. Due to thrombocythosis early stages of PMF
often resemble ET and require careful examination of the bone marrow at diagnosis,
with focus on the identification of abnormal megakaryocytes as the hallmark of PMF.
Clinical presentation, in terms of disease progression and mortality, differ in ET
and pre-PMF, with worse outcome and prognosis for pre-PMF patients (Figure 3)
(Barbui et al., 2018b). In most patients in which early PMF is diagnosed the disease
progresses with time to overt PMF. First diagnosis is often made in the overt fibrotic
phase. It associates with the presence of reticulin or collagen fibrosis in the bone
marrow, extramedullary haematopoiesis (EMH) and an increase of CD34+ cells in
peripheral blood. Osteosclerosis is detected in the bone marrow in advanced stages.
As a consequence of EMH splenomegaly and hepatomegaly are detected in 90% and
50% of patients, respectively (Arber et al., 2016, Swerdlow SH, 2016).
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Figure 3. Clinical and epidemiological properties of primary myelofibrosis

A. Representation of the most important clinical and epidemiological properties of PMF,
including the distribution of driver mutations, represented with a pie chart. B. and C. Rates of
mortality, thrombosis, myelofibrotic and leukemic transformation in pre-PMF and overt PMF,
respectively, at different time points. Values are taken from previously published data (Barbui
et al., 2018b), regrouped, and presented by a bar chart. OS, overall survival; ↑, increased; BM,
bone marrow; PB, peripheral blood; AML, acute myeloid leukemia; LT, leukemic transformation;
IL-8, interleukin-8; sML, secondary myelofibrosis; sAML, secondary AML; y, years.

The median age at diagnosis is in range from 69 to 76 years, with a median
survival of 7.2 and 14.7 years for patients diagnosed in the fibrotic and prefibrotic
stage, respectively (Guglielmelli et al., 2017, Moulard et al., 2014, Vannucchi et al.,
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2015). The annual incidence of PMF is reported to be from 0.22 to 0.99 per 100.000
(Figure 3) (Titmarsh et al., 2014). Compared to all other Ph-negative MPN entities,
overt PMF has the highest leukemic transformation rate, occurring in 23% and 40% of
patients at a 10-year and 15-year follow up, respectively, as well as mortality rates in
35%, 59% and 70% at 5, 10 and 15 years post-diagnosis. These clinical manifestations
of overt-PMF are markedly distinct from those of pre-PMF, where blast transformation
and mortality occur at notably lower rates: 6% and 11% after 10 years and 12% and
20% after 15 years from initial diagnosis, respectively (Figure 3B) (Barbui et al.,
2018b).
Table 4. The 2016 World Health Organization criteria for the diagnosis of prePMF

↑, increased; BM, bone marrow; ↓, decreased; WHO, world health organization; LDH, lactate
dehydrogenase (The table was adapted and republished with permission of the American
Society of Hematology, from The 2016 revision to the World Health Organization
classification of myeloid neoplasms and acute leukemia, Arber D. et al, Blood 2016 127:23912405; permission conveyed through Copyright Clearance Center, Inc.)
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Table 5. The 2016 World Health Organization criteria for the diagnosis of overt
PMF

WHO, world health organization; BM, bone marrow; LDH, lactate dehydrogenase(The table
was adapted and republished with permission of the American Society of Hematology, from
The 2016 revision to the World Health Organization classification of myeloid neoplasms and
acute leukemia, Arber D. et al, Blood 2016 127:2391-2405; permission conveyed through
Copyright Clearance Center, Inc.)

As in PV and ET, somatic mutations in driver genes are identified in PMF,
leading to clonal expansion of haematopoietic stem cells. JAK2V617F mutations are
found in 50-60%, mutations of MPL in around 5%, and CALR mutations in 25-30% of
PMF cases (Vainchenker & Kralovics, 2017). However, up to 15% of PMF patients
remain triple negative for the three mutations (Klampfl et al., 2013a, Milosevic Feenstra
et al., 2016). In these patients search for other clonal markers at the time of diagnosis
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(such as frequently identified mutations in other genes – ASXL1, EZH2, TET2,
IDH1/IDH2, SRSF2, SF3B1) is recommended (Arber et al., 2016).
The triple negative group of PMF patients has a worse overall survival and
higher risk of leukemic transformation compared to patients who are carriers of one of
the driver mutations, among which CALR type 1 and type 1-like mutants have the most
favorable prognosis in terms of blast transformation and longest median survival
(Klampfl et al., 2013a, Tefferi, Guglielmelli et al., 2014a). Other risk factors for leukemic
transformation in PMF are advanced age, male sex, leukocytosis, thrombocytopenia,
increased number of circulating blasts, need for red blood cell transfusion, increase of
serum interleukin-8 and C-reactive protein levels, unfavorable karyotype and the
presence of ASXL1, SRSF2, IDH1, IDH2, RUNX1, CEBPA or SH2B3 mutations
(Tefferi, Lasho et al., 2016a, Vallapureddy, Mudireddy et al., 2019).
Management of PMF patients and treatment decisions require precise initial
diagnosis, as well as risk stratification applying the most recent prognostic systems
developed for PMF. Risk factors scored for the stratification are grouped in genetic
(mutational status of CALR, ASXL1, SRSF2, EZH2, IDH1, IDH2 and the U2AF1Q157
mutation, and the identification of very high risk or unfavorable karyotype) and clinical
(anemia, circulating blasts and constitutional symptoms). The newest mutationenhanced international prognostic scoring system for transplant age patients
(MIPSS70+ version 2.0) considers both clinical and genetic risk parameters and results
in a 5-tiered (very low, low, intermediate, high and very high) risk stratification (Tefferi,
Guglielmelli et al., 2018a). As no disease-modifying therapy is available for PMF,
observation alone is recommended for low risk patients. In high and very high risk
patients allogenic stem cell transplantation is recommended. Intermediate risk patients
are treated with palliative therapy for occurring symptoms (erythropoiesis-stimulating
agents for anemia, radiotherapy for localized bone pain and symptomatic nonhepatosplenic EMH and ruxolitinib or splenectomy for splenomegaly) (Tefferi,
Guglielmelli et al., 2018b, Vannucchi et al., 2015). In pre-PMF patients with previous
arterial thrombosis low dose aspirin is recommended, as are oral anticoagulants in
cases with previous venous thrombosis. If thrombocytosis or leukocytosis occur
hydroxyurea is considered as a first-line choice of cytoreduction therapy and a switch
to rIFNα if recommended in patients resistant or intolerant to hydroxyurea (Finazzi,
Vannucchi et al., 2018).
Taken together, PMF can be viewed as a continuum of two evolutional stages,
with pre-PMF having a milder clinical presentation, including overall survival and risks
of leukemic transformation, and overt PMF being associated with adverse prognosis.
Generally, overt PMF has highest mortality rates and leukemic risks among all chronic
phase classical Ph-negative MPNs. Atypical megakaryocytes in the bone marrow are

16

a hallmark of both pre-PMF and overt PMF, whereas BM fibrosis is usually present
only in overt PMF, but can be detected to a minimal degree in pre-PMF in some cases.
Mutations in one of the three driver mutations (JAK2, MPL and CALR) are present in
almost 90% of PMF, with triple negative patients carrying the most adverse prognosis,
whereas CALR (type 1 and type 1-like) mutants correlate with favorable prognosis.

1.2.

Genetics of myeloproliferative neoplasms

Figure 4. From CHIP to sAML: driver mutations and disease progression

Disease progression from CHIP via chronic phase myeloid neoplasm to sAML is presented by
arrows, with rates of transformation in 15 years represented in circles on the corresponding
arrows. The most frequently mutated genes in CHIP are presented in declining order(from top
to bottom). Driver mutations for MPN are presented with pie charts. The main classes of driver
mutations in MDS are grouped by function and are presented with a bar chart. CHIP, clonal
hematopoiesis of indeterminate potential; MPN, myeloproliferative neoplasm; MDS,
myelodysplastic syndrome; sMF, secondary myelofibrosis; sAML, secondary acute myeloid
leukemia

The cause and molecular pathways involved in the onset and evolution of
myeloproliferative neoplasms were entirely unknown until the discovery of the first
driver mutation in 2005, a mutation in the tyrosine kinase JAK2 (Janus Kinase 2)
(Baxter, Scott et al., 2005, James, Ugo et al., 2005, Kralovics et al., 2005, Levine,
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Wadleigh et al., 2005). Since then the understanding of the molecular mechanisms
causing myeloproliferative neoplasms has gone a long way, proving the significant role
of

activated

JAK-STAT

signaling

in

MPN

pathogenesis

(Vainchenker

&

Constantinescu, 2013). In addition to JAK2, mutations in another two genes were
identified as MPN drivers - CALR (calreticulin) and MPL (myeloproliferative leukemia
virus) (Klampfl et al., 2013a, Nangalia, Massie et al., 2013, Pikman, Lee et al., 2006).
Somatic mutations in these three genes are mutually exclusive and are seen in the
majority of MPN patients, leaving around 10% of ET and PMF cases with no detectable
driver mutation (termed triple negative patients) (Klampfl et al., 2013a). Triple negative
ET patients are associated with a benign disease course and lower thrombotic risk,
whereas triple negative PMF is associated with higher leukemic transformation risk
and shorter overall survival, compared to JAK2 and CALR mutated MPN (O'Sullivan &
Mead, 2019, Rumi, Pietra et al., 2014b). In addition to the three driver mutations
patients often have other genes co-mutated (frequently involved in DNA methylation,
histone methylation, RNA splicing, signaling pathways), which shape the unique
patient-specific mutational profile, and together with other factors, such as inherited
genetic

predisposition,

bone

marrow

microenvironment,

age,

gender

and

environmental exposures, contribute to the clinical disease course (Anderson,
Duncombe et al., 2012, Geyer, Kosiorek et al., 2017, Godfrey, Chen et al., 2013).
These mutations are not specific for MPN and are not mutually exclusive (Vainchenker
& Kralovics, 2017). More than 50% of PV and ET and more than 80% of PMF patients
have at least 1 mutated gene other than JAK2, MPL and CALR (Tefferi et al., 2016a,
Tefferi, Lasho et al., 2016b). Not only is the type of mutation important for the disease
evolution, but also is its variant allele frequency, the number of mutations, the order of
mutation acquisition and the type of cell the initiating mutations occur in (Guglielmelli,
Lasho et al., 2014, Mead & Mullally, 2017, Ortmann, Kent et al., 2015, Vannucchi,
Antonioli et al., 2007). For instance, the occurrence of 2 or more somatic mutations in
a single MPN patient is a poor prognostic factor, carrying an elevated risk for leukemic
transformation and reduced overall survival (Guglielmelli et al., 2014, Lundberg, Karow
et al., 2014). Molecular diagnostics and the identification of mutations in patients has
become a valuable stratification, prognosis and management tool, as some mutations
affect overall survival or therapy response. The following paragraphs give a closer
description of the MPN driver mutations and their functions, together with an overview
of the most frequent non-driver somatic mutations found in MPN.
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1.2.1. Driver mutations of MPN – JAK2, MPL and CALR
Figure 5. Driver mutations in Ph-negative MPN

The three main driver mutation in MPN – in JAK2, CALR and MPL, are not uniquely represented
in PV, ET and PMF. The frequencies of the mutations in the three disease entities are
represented by pie charts. (The Figure was reproduced and the figure legend adapted, with
permission from Somatic Mutations of Calreticulin in Myeloproliferative Neoplasms, Klampfl T.
et al. N Engl J Med 2013; 369:2379-2390; Copyright Massachusetts Medical Society)

JAK2 mutations
The JAK2 (Janus Kinase 2) gene is located on chromosome 9p and encodes
a cytoplasmatic tyrosine kinase, which binds to type I cytokine receptors involved in
myelopoiesis (erythropoietin receptor - EPOR, thrombopoietin receptor – MPL and
granulocyte colony stimulating factor receptor – G-CSFR) (Vainchenker & Kralovics,
2017). Upon binding of cytokines to the receptor Jak2 is activated through
transphosphorylation and acts by activating the downstream signaling pathways,
mainly through STATs (signal transducer and activator of transcription), but also via
MAPK (mitogen-activated protein kinase) and PI3K (phosphoinositide 3-kinase),
resulting in transcriptional regulation of target genes (Figure 6). Jak2 binds to the
cytoplasmatic domain of the cytokine receptor through its FERM (four-point-one ezrin,
radixin, moesin) domain, located at the N terminus of the protein. In addition to a Cterminal catalytically active kinase domain (JH1) the JAK2 kinase contains a
catalytically inactive pseudokinase domain (JH2) which inhibits the kinase domain
when no cytokine is bound to the receptor. A SH2 (Src homology 2) domain is located
between the FERT and the JH2 domain (Vainchenker & Constantinescu, 2013).
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Figure 6. Cytokine receptors and signaling of JAK2V617F

JAK2V617F binds to cytokine receptors - MPL (thrombopoietin receptor), EPOR (erythropoietin
receptor) and G-CSFR (granulocyte colony-stimulating factor receptor) and activates
downstream signaling cascades. In the bottom panel the protein domains of the JAK2 kinase
are presented, displaying the position of the JAK2V617F mutation in the pseudokinase JH2
domain. (Republished with permission of the American Society of Hematology, from Genetic
basis and molecular pathophysiology of classical myeloproliferative neoplasms, Vainchenker
W & Kralovics R., Blood 2017 129:667-679 permission conveyed through Copyright Clearance
Center, Inc.)

The most common somatic mutation of JAK2, which is present in around 95%
of PV, and 50-60% of ET and PMF patients (Figure 5), is a G to T gain of function
mutation resulting in a valine to phenylalanine change at position 617 (JAK2V617F)
(Baxter et al., 2005, James et al., 2005, Kralovics et al., 2005, Levine et al., 2005). The
affected amino acid is positioned in the pseudokinase domain of the protein, inducing
a conformational change which disrupts the inhibitory function of the JH2 domain and
results in constitutional activation of Jak2 and the subsequent signaling cascade. As a
consequence, increased myeloid cell proliferation and differentiation occur
(Vainchenker & Constantinescu, 2013). Furthermore, the JAK2V617F mutated kinase
is capable of overcoming negative regulation by SOCS3 (suppressor of cytokine
signaling 3) (Hookham, Elliott et al., 2007). JAK2V617F mutations happen early in the
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haematopoietic hierarchy, in the haematopoietic stem cells and haematopietic
progenitors of all myeloid lineages (Anand, Stedham et al., 2011, Kralovics et al.,
2005). Expression of JAK2V617F in vitro allows cytokine-independent survival and
proliferation of interleukin-3 dependent BaF3 murine cells, but only in the presence of
a type I cytokine receptor and a functional FERM domain of the kinase (Kralovics et
al., 2005, Lu, Levine et al., 2005). The same JAK2V617F mutation causes different
phenotypes in patients (ET, PV and PMF), through a selective mechanism which is not
entirely understood. Part of the explanation can be found in the preferential binding of
mutated Jak2 to different receptors (EPOR being involved in erythrocytosis, MPL in
thrombocytosis and G-CSFR in granulopoiesis), and the activation of different STATs
(activated STAT5 having a significant role in PV development, STAT1 and STAT3 in
ET, and lower activation of STAT3 and STAT5 in MF) (Chen, Beer et al., 2010, Walz,
Ahmed et al., 2012, Yan, Hutchison et al., 2012).
The dose dependency of JAK2V617F expression seems to also have a role in
disease shaping and phenotype manifestation. Homozygous mutants provide stronger
proliferative advantage to the affected cells in vivo compared to heterozygotes (Anand
et al., 2011). Moreover, there is a correlation between the size of the homozygous
clone and hemoglobin levels in PV and ET patients (Godfrey et al., 2013, Vannucchi
et al., 2007). Mouse model studies of the functional effect of JAK2V617F demonstrate
the myeloproliferative phenotype inducing potential of the mutation and show that low
mutation expression results in a ET-like phenotype, compared to high expression
which presents with PV-like phenotype, often progressing to secondary myelofibrosis
(Akada, Yan et al., 2010, Lacout, Pisani et al., 2006, Li, Kent et al., 2014, Tiedt, HaoShen et al., 2008). A phenotypic switch from ET to PV was observed in knock in mice,
associated with a transition from heterozygous to homozygous JAK2V617F
expression (Li et al., 2014). A transition from heterozygous to homozygous
JAK2V617F in mutation carriers arises through mitotic recombination resulting in an
acquired uniparental disomy of chromosome 9p and loss of heterozygosity (LOH) for
the affected region and is frequently seen in MPN, more often in PV and PMF than in
ET (Kralovics, Guan et al., 2002, Wang, Wheeler et al., 2016). Homozygous
JAK2V617F mutation seems to be associated with erythrocythosis (rather than
thrombocytosis), which corresponds to higher frequencies of homozygous JAK2V617F
seen in PV than ET and the hypothesis that homozygous JAK2V617F mutants
preferentially bind to erythropoietin receptors (EPOR), unlike heterozygous JAK2V617
mutants which have higher binding affinity to the thrombopoietin receptor (MPL). The
homozygous mutation is associated with higher risk of secondary myelofibrosis in both
PV and ET patients (Cerquozzi & Tefferi, 2015).
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In addition to the JAK2V617F mutation, mutations in exon 12 of JAK2 are
discovered in 3% of PV patients, which are specific for PV and not seen in ET and
PMF (Scott et al., 2007). However, a progression of JAK2 exon 12 mutant PV patients
to secondary myelofibrosis may occur (Pietra, Li et al., 2008, Scott et al., 2007). The
mutations in exon 12 are heterogeneous – from point mutations to small insertions or
deletions. They are all positioned in the linker domain between the SH2 and JH2
domain, between residues 536 and 547, also resulting in constitutive activation of the
kinase through a not yet understood mechanism which seems to differ from the one
seen in JAK2V617F mutants. The close physical proximity of the pseudokinase
domain and the linker loop (where exon 12 mutation changes occur) suggests that this
region is important for the interaction of the pseudokinase and kinase domains of Jak2
(Albiero, Madeo et al., 2008, Lee, Ma et al., 2009). PV patients with exon 12 JAK2
mutations present at a younger age with stronger erythrocythosis than seen in
JAK2V617F patients, consistent with erythrocythosis seen in transgenic mouse
models and the affinity of JAK2 exon 12 mutants to bind EPOR (Scott et al., 2007,
Yao, Ma et al., 2017). Exon 12 mutations result in stronger activation of the
downstream signaling cascade, demonstrated by stronger activation of STAT5
compared to JAK2V617F, and also provide survival and proliferation capability to BaF3
cells in the absence of cytokines (Scott et al., 2007).
Jak2 can also be localized in the nucleus of progenitor CD34+ cells where it
regulates transcription, by directly phosphorylating tyrosine 41 of histone 3 (H3Y41)
and causing the release of the heterochromatin protein 1α (HP1α) (Dawson, Bannister
et al., 2009, Rinaldi, Rinaldi et al., 2010). In the nucleus it also phosphorylates PRMT5,
reducing its methyltransferase activity. Both of these actions of JAK2V617F affect the
expression of target genes, some of which are involved in haematopoiesis and
leukemogenesis (ex. LMO2 and NFE2), through a mechanism different from the
canonical JAK-STAT signaling pathway (Peeken, Jutzi et al., 2018). This might play a
role in the pathogenesis of MPN but further research in this area is needed for better
understanding of the functional effect of the observed chromatin modifications.
Recently, several variants of JAK2 have been associated with progressing
MPN, especially in combination with an existing JAK2V617F mutation, with a potential
to serve as predictors of leukemic transformation (Benton, Boddu et al., 2019).
MPL mutations
The MPL (Myeloproliferative Leukemia Virus; Thrombopoietin Receptor;
TPOR) gene is positioned on chromosome 1p and encodes the thrombopoietin
receptor, which is a homodimeric class I cytokine receptor

involved in
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megakaryopoiesis and hematopoietic stem cell quiecense. For its functional role in the
regulation of haematopoiesis and platelet production it requires binding to its ligand,
thrombopoietin. The presentation of MPL at the cell membrane is in a monomeric or
unstable dimeric form, when inactive. Cytokine binding induces a conformational
change of the receptor bringing it into an active dimeric conformation which further
activates the JAK-STAT signaling pathway, through Jak2 bound to the intracellular
domain of MPL (Vainchenker, Plo et al., 2019). The receptor contains distinct
functional domains – the intracellular domain responsible for binding to JAK2, a
juxtamembrane cytosolic domain which prevents ligand-independent dimerization of
the receptor through a RWQFP motif, a transmembrane domain needed for membrane
positioning and an extracellular domain which binds thrombopoietin. Missence MPL
mutations in MPN were discovered in 2006 (Pikman et al., 2006). They occur in around
2% of ET and 5% of PMF patients, and are not identified as disease drivers in PV
patients (Figure 5). The two hot spots of mutations of MPL are in exon 10 of the gene,
resulting in changes of tryptophan at position 515 of the receptor (W515) located in the
juxtamembrane domain, and serine at position 505 (S505) located in the
transmembrane domain (Vainchenker et al., 2019). The following MPL mutations at
position 515 are associated with MPN: W515L, W515K, W515R, W515A and W515G,
with the first two being most frequently detected, predominantly as heterozygous
mutations (Defour, Chachoua et al., 2016, Pikman et al., 2006). Only W515C and
W515P do not activate MPL, whereas all other substitutions of W515 result in a TPOindependent dimerization and activation of MPL and subsequent activation of Jak2,
increased STAT5 and STAT3 signaling and cytokine-independent growth. Retroviral
mouse models expressing MPLW515L and MPLW515A induce an ET-like phenotype
progressing to myelofibrosis (Pecquet, Staerk et al., 2010, Pikman et al., 2006). In ET
patients a transition from heterozygous to homozygous MPL mutations, by acquired
uniparental disomy of chromosome 1p, is associated with bone marrow fibrosis and
disease progression (Rumi, Pietra et al., 2013). A less common mutation is the S505N
mutation, also responsible for constitutive activation of MPL through stabilizing the
active dimeric conformation, however with a weaker in vivo effect than the one
observed in MPLW515 mutants (Vainchenker et al., 2019). Other non-canonical weak
gain-of-function MPL mutations have been identified in ET and PMF patients at
significantly lower rates, such as T119I, S204P, S204F and E230G in the extracellular
domain and Y591N and Y591F in the intracellular domain (Cabagnols, Favale et al.,
2016, Milosevic Feenstra et al., 2016). In addition, a novel MPL P222S mutation
coupled with chr 1p UPD has recently been identified in a PMF patient (Poluben,
Puligandla et al., 2019). The thrombopoietin receptor has a central role in MPN
pathogenesis, not only in MPL mutant patients but also in JAK2 and CALR mutants
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(Figures 6 and 7). Jak2 mutants require binding to either EPOR, MPL or G-CSFR for
inducing MPN, whereas CALR and MPL mutations activate only MPL and upon
receptor activation all three driver mutations manifest their effect through constitutively
active JAK-STAT signaling (Lu, Huang et al., 2008, Sangkhae, Etheridge et al., 2014,
Vainchenker & Kralovics, 2017). Germline MPL mutations have also been identified
and are associated with hereditary thrombocytosis (Ding, Komatsu et al., 2009, Ding,
Komatsu et al., 2004).

CALR mutations
The newest discovered of the three MPN driver mutations are mutations in the
CALR (calreticulin) gene, located on the short arm of chromosome 19. They occur in
around 30% of ET and PMF patients (Figure 5) (Klampfl et al., 2013a). More than 50
different types of frameshift mutations have been detected, all in exon 9 of the gene,
and all resulting in a +1 frameshift (Klampfl et al., 2013a, Nangalia et al., 2013). Despite
the large number of different mutations, they can be grouped into 4 subgroups based
on their properties. The two most frequent mutations are named type 1 and type 2
mutations, representing 53% and 32% of CALR mutations in patients, and the ones
resembling the induced structural changes are classified as type 1-like and type 2-like,
occurring at much lower frequencies. The most prevalent CALR mutation, the type 1
mutation (also known as CALRdel52), is a 52 bp deletion resulting in a L367fs*46
change of the protein. It is more frequent in PMF than in ET. The type 2 mutation is a
5 bp insertion (CALRins5) which induces a K385fs*47 modification and is distributed
at similar rates in ET and PMF. These changes introduce novel positively charged
amino acid sequences at the C-terminal of the protein, with CALRins5 preserving
around half of the negative charges of the wt protein, unlike CALRdel52 which replaces
almost all of them. CALR mutations occur in the hematopoietic stem cells and early
progenitors and are identified as early events in MPN clonal evolution (Klampfl et al.,
2013a, Nangalia et al., 2013). They are most often heterozygous, with the allelic
frequency at diagnosis usually ranging from 40% to 50%. Rarely, homozygous CALR
mutations are identified in patients, usually resulting from an acquired uniparental
disomy of chromosome 19, and are associated with disease progression and acquired
myeloperoxidase deficiency in MF patients (Rumi et al., 2014b, Theocharides,
Lundberg et al., 2016). CALR-mutated MPN patients have a younger age at diagnosis,
higher platelet count and decreased number of leukocytes compared to JAK2-mutated
MPN (Tefferi, Lasho et al., 2014b). In ET lower risk of thrombosis as well as a higher
risk of fibrotic transformation is associated with CALR mutations, whereas in PMF
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improved overall survival and lower red blood cell transfusion dependency is observed
(Klampfl et al., 2013a, Nangalia et al., 2013, Pei, Wu et al., 2016, Rumi, Pietra et al.,
2014a). The risk of myelofibrotic transformation in ET is associated with del52 mutants
and not with ins5 mutants. Furthermore, CALRins5 mutant patients have reduced risk
of thrombosis, higher platelet counts and reduced overall survival (Cabagnols, Defour
et al., 2015, Tefferi et al., 2014b, Tefferi, Wassie et al., 2014c). CALR mutations have
also been identified in refractory anemia with ringed sideroblasts and thrombocytosis
(RARS-T), chronic neutrophilic leukemia and atypical chronic myeloid leukemia
(Klampfl et al., 2013a, Patnaik, Belachew et al., 2014).
Calreticulin is a Ca2+-binding protein predominantly localized in the lumen of
the endoplasmatic reticulum (ER) where it acts as a chaperone involved in quality
control of newly produced glycoproteins, directing the inadequately folded proteins to
the proteasome for degradation (Ellgaard & Frickel, 2003). The protein consist of three
domains – a N-terminal domain holding the ER targeting signal sequence, a P-domain
rich in proline with a role in Ca2+ binding, and a C-terminal domain holding a KDEL
sequence (ER retention signal). The C-terminal domain in the wildtype protein is
negatively charged and also serves as a low-affinity binding site for Ca2+ (Elf,
Abdelfattah et al., 2016). The mutant protein lacks the KDEL sequence and contains
positively charged residues replacing the negative ones of the wild type protein. In
addition to its chaperone role, CALR is also involved in regulation of Ca2+ storage
(Arnaudeau, Frieden et al., 2002). Scientific findings about the role of mutant CALR in
MPN development are rapidly accumulating since the discovery of CALR mutations in
2013 and are building a model of their role in MPN pathogenesis. The cellular
localization of the mutated form of the protein is mainly in the ER to Golgi intermediate
(ERGIC) compartment. During MPL maturation in the ER, mutant CALR binds to the
N-glycosylated residues of the extracellular receptor domain, activates the receptor
prematurely, blocks its maturation and transports it to the cell surface (Figure 7B)
(Chachoua, Pecquet et al., 2016, Elf et al., 2016). The activated receptor constitutively
remains in this state, activates Jak2 bound to its intercellular domain, and furthermore
the STAT5, MAPK/ERK and PI3K/AKT pathways (Araki, Yang et al., 2016, Chachoua
et al., 2016, Klampfl et al., 2013a). This mimics the effect of MPL mutations. For this
constitutive signaling activation mutant CALR requires its mutated C-terminal domain
and its glycan binding site, as well as the N-glycosylation sites in the extracellular
domain of MPL and tyrosine residues on the intracellular domain of MPL (Chachoua
et al., 2016, Elf et al., 2016, Marty, Pecquet et al., 2016, Nivarthi, Chen et al., 2016).
Interestingly, CALR binds to MPL through its N-domain but the mutant C-domain is
required to allow this interaction by interfering with the P-domain/N-domain interaction
which prevents binding to MPL (Araki et al., 2016). Another property of the CALR
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mutant is to use its novel C-domain to form homomultimeric complexes, which
happens prior to, and seems to be required for, MPL binding and activation (Araki,
Yang et al., 2019). Mutant CALR can also bind to G-CSFR (Figure 7C), activating it to
a much weaker extent than MPL, but this interaction is not sufficient for long-term
cytokine-independent proliferation in hematopoietic cell lines (Chachoua et al., 2016).
TPO-independent MPL activation and long-term cell proliferation is confirmed to be
induced in CALR mutant cell lines. Recent findings discovered a role of wild type CALR
in normal hematopoiesis, in self-renewal of hematopoietic stem cells and erythroid and
megakaryocytic differentiation, by direct regulation of expression of genes involved in
these processes (Salati, Prudente et al., 2017). The role of mutant CALR in
transcription regulation of target genes involved in megakaryocytic differentiation has
also been identified. It is involved in forming a chaperone complex with FLI1 and
ERP57, which binds to the MPL promotor, promoting its transcription (Han, Schubert
et al., 2016, Pronier, Cifani et al., 2018). Mutant CALR also regulates the expression
of other factors important for megakaryocyte production – CD41 and NF-E2 and
impairs normal functioning of hematopoietic stem cells (Han et al., 2016). Mouse
models of CALR mutants have been developed, presenting an ET-like phenotype
which progresses over time to myelofibrosis (mainly in CALRdel52 mouse models),
demonstrating the MPN-inducing property of mutant CALR, and confirming its driver
mutation potential (Balligand, Achouri et al., 2016, Elf et al., 2016, Li, Prins et al., 2018,
Marty et al., 2016). The observed thrombocytosis is milder and the rate of fibrotic
transformation is lower in CALRins5 mouse models than in CALRdel52 (Marty et al.,
2016). In transgenic CALRdel52 mouse models homozygous mutations induced MF,
whereas heterozygotes presented with an ET-like phenotype, implicating a role of
expression dosage in differential phenotype manifestation (Shide, Kameda et al.,
2017). Based on the knowledge about mutant CALR-induced MPN several strategies
for treating CALR-mutant patients are being investigated, including application of JAK2
inhibitors alone or in combination MEK-ERK, mTOR or PARP inhibitors; inhibition of
Golgi transport and N-glycosylation; competitive inhibition of mutant CALR by
delivering wt CALR peptides to CALR-mutant cells; T-cell receptor-mediated
immunotherapy (Merlinsky, Levine et al., 2019). This is still an open field of research
and further pre-clinical and clinical studies are necessary for identifying the best
approach for CALR-mutant MPN management.
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Figure 7. Cytokine receptors and signaling of wt and mutant CALR
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Figure 7. Cytokine receptors and signaling of wt and mutant CALR
A. WT CALR binds to the MPL receptor in the ER, disassociates afterwards, allowing trafficking
and expression of the mature form of the MPL receptor at the cytoplasmatic membrane, where
it binds TPO, and in a cytokine-dependent way activates signaling. B. Mutant CALR binds to
the MPL receptor in the ER and is transported with it to the cell surface, expressing a immature
receptor form with bound CALR on the cytoplasmatic membrane, constitutively activating the
JAK-STAT pathway. C. Mutant CALR binds to cytokine receptors preferentially to MPL
(thrombopoietin receptor), but also to G-CSFR (granulocyte colony-stimulating factor receptor),
activating the downstream signaling. The protein domains of CALR are presented in the bottom
panel, displaying the C domain where mutations occur. (Republished with permission of the
American Society of Hematology, from Genetic basis and molecular pathophysiology of
classical myeloproliferative neoplasms, Vainchenker W & Kralovics R., Blood 2017 129:667679 permission conveyed through Copyright Clearance Center, Inc.)

1.2.2. Non-driver somatic mutations in MPN
TET2
TET2 (ten-eleven translocation oncogene family member 2) gene is located on
chromosome 4q and encodes a protein of the TET family of proteins, with a role in
gene regulation in hematopoietic stem cells through demethylation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC) at CpG sites (Cimmino, Abdel-Wahab et
al., 2011). Mutations in this epigenetic regulator occur in 10-15% of MPN, in all three
classical MPN subtypes (PV, ET, PMF), as well as with all three driver mutations
(JAK2, CALR, MPL) (Delhommeau, Dupont et al., 2009). All of the mutations result in
a loss-of-function of the protein and accordingly, a reduction of 5hmC levels is
observed in TET2 mutant patients. TET2 loss increases the self-renewal capacity of
hematopoietic stem cells and skews differentiation to the myeloid lineage (MoranCrusio, Reavie et al., 2011). It is also shown to induce hypermutagenicity of the
affected hematopoietic stem and progenitor cells (Pan, Wingo et al., 2017). The order
in which mutations arise relative to other mutations may contribute to the phenotype
determination. When TET2 mutations precede JAK2V617F an ET-like phenotype is
likely to develop, in contrast to TET2 mutations on a JAK2V617F background which
give rise to a PV phenotype (Ortmann et al., 2015). In the case of co-mutated
CALR/TET2 cases CALR mutations seem to always occur first, potentially due to the
fact that CALR mutations arise in younger individuals than other MPN-driving
mutations (Nangalia et al., 2013). Acquired copy-neutral loss of heterozygosity of
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chromosome 4q is seen in MPN, leading to a homozygous TET2 mutation (Jankowska,
Szpurka et al., 2009). In mouse models homozygous TET2 mutations induce a more
severe myeloid malignancy phenotype with a shorter latency period, compared to
heterozygous TET2 mutations (Li, Cai et al., 2011). TET2 mutations are also detected
in chronic myelomonocytic leukemia (CMML), MDS and AML at even higher
frequencies than in MPN and are one of the most frequently identified mutations in
clonal hematopoiesis associated with ageing (CHIP) (Genovese et al., 2014, Jaiswal
et al., 2014, Smith, Mohamedali et al., 2010, Weissmann, Alpermann et al., 2012, Xie
et al., 2014).
DNMT3A
The DNMT3A (DNA methyltransferase 3A) gene is located on chromosome 2p
and is mutated in all MPN subtypes, in 5-10% of cases (Stegelmann, Bullinger et al.,
2011). The mutational hot spot is at position 882, with R882H being the most frequently
detected DNMT3A mutation but other mutations occur in different functional protein
domains, all resulting in a loss of function. The encoded protein actively regulates
DNA methylation by methylating the CpG dinucleotides, and therefore affecting the
same biological processes as Tet2, most likely regulating the expression of genes
involved in the development of hematopoietic stem cells. DNMT3A mutations provide
self-renewal properties to hematopoietic stem cells and are shown to immortalize
them, allowing for indefinitive propagation of the mutated cells (Jeong, Park et al.,
2018). DNMT3A mutations are one of the most frequently seen in CHIP and are
considered early events in myeloid neoplasm evolution (Genovese et al., 2014). They
occur associated with JAK2, MPL and CALR, and are shown to most frequently
precede JAK2V617F, inducing ET (Nangalia, Nice et al., 2015). However, when the
DNMT3A mutation occurs as a secondary event to JAK2V617F a PV phenotype
develops, confirming the importance of mutation order for MPN phenotype shaping. A
DNA methylation-independent role of DNMT3A mutants has been revealed, showing
that they silence differentiation-related genes in HSCs, by interacting with polycomb
repressive complex 1 (PRC1), leading to HSC accumulation (Koya, Kataoka et al.,
2016).
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IDH1/IDH2
Isocitrate dehydrogenase 1 and 2 (Idh1 and Idh2) are enzymes which convert
isocitrate to α-ketoglutarate, but the mutated proteins produce 2-hydroxyglutarate
instead (Ye, Xiong et al., 2012). This indirectly affects DNA methylation, inhibits Tet2
activity and results in a block of differentiation. The IDH1 and IDH2 genes are located
on chromosomes 2q and 15q, respectively, and are found mutated in 1-4% of MPN
(Tefferi, Lasho et al., 2010). IDH1 and IDH2 mutations are associated with advanced
phases of MPN and leukemic transformation (Green & Beer, 2010).
EZH2
Ezh2 (Enhancer of Zeste 2) is one of the core members of the polycomb
repressive complex 2 (PRC2) which regulates chromatin structure and transcription of
genes important for the regulation of self-renewal and differentiation of hematopoietic
stem cells by thrimethylating lysine 27 of histone 3 (H3K27me3), a hallmark of
repressed chromatin structures and epigenetic gene silencing (Figure 8B) (Margueron
& Reinberg, 2011). Ezh2 is the catalytic subunit of the complex, requiring the presence
of the other two core members (Suz12 and Eed) for its methyltransferase activity (Cao
& Zhang, 2004). Eed binds to H3K27me3 marks allosterically inducing the activity of
Ezh2, whereas Suz12 provides structural stability to the complex, necessary for its
activity, by binding to all PRC2 subunits (Kasinath, Faini et al., 2018, Margueron &
Reinberg, 2011). Other members of the PRC2 complex include RbAp46/RbAp48,
which are also part of the complex core, co-factors Jarid2 and Aebp2, which moderate
complex recruitment to specific loci and its activity, and alternatively Ezh1, which is a
homolog of Ezh2 with reduced histone methyltransferase activity (Figure 8A).
Aebp2 and Jarid2 mimic histone H3 tails, bind to RbAp48 and Eed,
respectively, and synergistically regulate its activity and recruitment. They also
contribute to the stability of the complex by binding to Suz12 (Kasinath et al., 2018).
The EZH2 gene is located on chromosome 7q. EZH2 loss, as well as chromosome 7
lesions are associated with poor prognosis and EZH2 mutated PMF patients have
increased risks of leukemic transformation (Guglielmelli, Biamonte et al., 2011, Tam,
Abruzzo et al., 2009, Tefferi et al., 2018c). EZH2 mutations detected in myeloid
neoplasms are loss-of-function missence and frameshift mutations, contrary to gainof-function mutations seen in lymphoid malignancies, occurring in 3% of MPN, with
highest frequencies in PMF among the three disease entities (Lundberg et al., 2014).
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Figure 8. The polycomb repressive complex 2 and its role in the transcription of
target genes

A. The subunits of PRC2. Core members (EZH1, EZH2, SUZ12, EED and RbAp46/48) are
associated with JARID2 and AEBP2. B. When recruited to target genes PRC2 thrimethylates
H3K27 leaving H3K27me3 marks which leads to repression of the targeted gene. C. When
PRC2 is inactivated the lack of H3K27me3 marks results in de-repression of the target gene
and its active transcription. (The figure was produced by the author of the thesis, using the
previously published chromatin graphics from Jarid2 Methylation via the PRC2 Complex
Regulates H3K27me3 Deposition during Cell Differentiation, Sanulli S. et al., Mol Cell. 2015
Mar 5;57(5):769-783, with permission under the terms of the Creative Commons Attribution
Liscence (https://creativecommons.org/licenses/by/4.0/))

A co-occurrence of EZH2 and JAK2V617F mutations is often observed and
their effects synergize in MPN phenotype initiation, as shown in mouse models,
leading to a fast progressing disease with shortened overall survival (Sashida, Wang
et al., 2016, Shimizu, Kubovcakova et al., 2016, Yang, Akada et al., 2016). EZH2
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mutations also co-occur with ASXL1 mutations (Guglielmelli et al., 2011). Both
mutations are identified in long-term HSCs and have been described as early events
in PMF evolution, preceding MPN driver mutations. These mutations can also occur
secondary to a MPN driver mutation and contribute to disease progression (Lundberg
et al., 2014). Double mutants present with lower hemoglobin levels, higher rates of
additional mutations and worse prognosis (Triviai, Zeschke et al., 2019). Impaired
erythrocytosis is observed in both JAK2V617F/EZH2 and ASXL1/EZH2 double
mutants, with myeloid skewing of hematopoiesis (Triviai et al., 2019, Yang et al., 2016).
EZH2 loss abrogates the recruitment of the PRC2 complex to target genes, reduces
H3K27me3 levels and results in their derepression (Figure 8C), some of which have
important roles in self-renewal of HSC (ex. Hox genes) or regulation of erythropoiesis
and fibrosis promotion (ex. Lin28b/Hmga2 axis) (Khan, Jankowska et al., 2013,
Shimizu et al., 2016).
ASXL1
Asxl1 (Additional Sex Combs Like 1) is encoded by the ASXL1 gene located
on chromosome 20q. Mutations of the gene are frequently seen in MPN, preferentially
in PMF, with an initially reported frequency of around 25% in PMF, and their presence
is associated with shortened overall survival and increased risk of leukemic
transformation, especially in CALR wt patients (Tefferi et al., 2014b, Vannucchi, Lasho
et al., 2013, Yonal-Hindilerden, Daglar-Aday et al., 2015) A recent study detected
ASXL1 mutations by means of next generation sequencing in even 38% of PMF
patients (Triviai et al., 2019). In PV and ET the reported incidences of ASXL1 mutations
are 12% and 11%, respectively. ASXL1 mutations in MPN are mainly heterozygous
missense or nonsense point mutations or frameshift mutations, located in exon 12.
The mutations affect the C-terminal domain of the protein and result in a truncated
form lacking the PHD (plant homeodomain) domain, important for histone mark
recognition and recruitment of chromatin and transcription regulators (Sanchez &
Zhou, 2011). Asxl1 directly interacts with Ezh2 and is involved in the recruitment of
PRC2 to target loci, and therefore has an important role in epigenetic regulation of
transcription (Abdel-Wahab, Adli et al., 2012). Loss of ASXL1 in hematopoietic cells
results in global loss of H2K27me3 marks and increased expression of target genes,
including HOXA genes involved in leukemogenesis. Mutated Asxl1 also induces
myeloid leukemogenesis through interactions with Bap1 (BRCA1-associated protein
1), which deubiquitinases Lysine 119 of Histone 2A (H2AK199Ub) and epigenetically
regulates gene expression, by upregulating HOXA and IRF8 expression (Asada,
Goyama et al., 2018). As part of clonal hematopoiesis related to ageing (CHIP) ASXL1
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is one of the most frequently mutated genes contributing to clonality of hematopoietic
cells, and is also mutated in MDS, AML and CMML (Genovese et al., 2014, Jaiswal et
al., 2014, Xie et al., 2014). The presence of ASXL1 mutations in long-term
haematopoietic stem cells indicates its role in early pathogenesis of myeloid
malignancies (Triviai et al., 2019). ASXL1 and TET2 mutations co-occur in MPN. The
cooperation of these mutations results in myeloid skewage of hematopoiesis through
the activated Asxl1-Bap1 complex (Balasubramani, Larjo et al., 2015). As already
described, the co-occurrence of ASXL1 and EZH2 mutations is known in MPN and is
associated with adverse prognosis (Triviai et al., 2019).
Mutations affecting spliceosome proteins
The SRSF2 (serine/arginine-rich splicing factor 2), U2AF1 (U2 small nuclear
RNA auxiliary factor 1), SF3B1 (splicing factor 3B subunit 1), and ZRSR2 (zinc finger
RNA binding motif and serine/arginine rich 2) genes, located on chromosomes 17q,
21q, 2q and Xp, respectively, encode components of the spliceosome machinery and
are seen mutated in MPN in a mutually exclusive manner, with highest frequencies
observed in PMF patients (18%, 16%, 10% and 10% for the 4 genes respectively)
(Tefferi et al., 2016a). SF3B1 and SRSF2 mutations are associated with poor
prognosis and elevated rates of disease progression and leukemic transformation
Aside mis-splicing of target genes, SRSF2 and U2AF1 mutations contribute to the
MPN

phenotype

through

a

PRC2-dependant

mechanism,

as

significant

downregulation of EZH2 and reduced H3K27me3 levels are observed in patients who
are carriers of these mutations (Khan et al., 2013).
Mutations in signaling pathways
Having in mind the significance of the JAK-STAT signaling pathway in
haematopoiesis and its causative role in the development of MPN it is not surprising
that mutations in other members or regulators of the signaling pathway are found in
MPN. LNK (lymphocyte specific adaptor protein), also known as SH2B3 (SH2B
adaptor protein 3), is found mutated in MPN, at very low frequencies, not mutually
exclusive with MPN driver mutations and are associated with disease progression
(Hurtado, Erquiaga et al., 2011, Oh, Simonds et al., 2010, Pardanani, Lasho et al.,
2010).

LNK mutations are also known to occur in JAK2-negative erythrocytosis

(Lasho, Pardanani et al., 2010). The encoded protein negatively regulates JAK2
signaling initiated by activation of tyrosine kinases, EPOR or MPL, and when mutated
induces cell proliferation and a MPN-like phenotype in LNK deficient mice (Oh et al.,

33

2010, Tong & Lodish, 2004, Tong, Zhang et al., 2005, Velazquez, Cheng et al., 2002).
Both somatic and germline LNK mutations most likely synergize with MPN driver
mutations in determining the disease phenotype (Rumi, Harutyunyan et al., 2016).
SOCS (suppressor of cytokine signaling) genes, encoding a family of negative
regulators of JAK-STAT signaling, are also found mutated and epigenetically
inactivated in MPN (Jost, do et al., 2007, Suessmuth, Elliott et al., 2009). Inactivating
mutations of the CBL (Casitas B-lineage lymphoma proto-oncogene) gene, located on
chromosome 11q, are detected in MPN and are associated with acquired uniparental
disomies of chromosome 11q (Grand, Hidalgo-Curtis et al., 2009, Klampfl, Milosevic
et al., 2013b). Mutations occur more frequently in PMF (5%) than in PV and ET (1%)
(Tefferi et al., 2016a, Tefferi et al., 2016b). Cbl negatively regulates tyrosine kinase
signaling, through its E3 ubiquitine ligase function. In addition to acting on receptor
tyrosine kinases as its targets (EPOR, MPL, PDGFR), Cbl also regulates the
ubiquitination of other signaling molecules, including Jak2, Flt3 and c-Kit (Toffalini &
Demoulin, 2010). Mutations in NRAS, a member of the Ras signaling cascade, and
NF1, a negative regulator of Ras signaling, appear in MPN at very low frequencies.
Microdeletions of chromosome 17q covering the NF1 gene are described in MPN
patients (Stegelmann, Bullinger et al., 2010). The role of NF1 in MPN development is
confirmed in NF1 knockout mice which present with a MPN phenotype (Birnbaum,
O'Marcaigh et al., 2000). The described mutations affecting the signaling pathways are
associated with disease progression (Courtier, Carbuccia et al., 2017, Grand et al.,
2009, Oh et al., 2010, Rampal, Ahn et al., 2014).
TP53
TP53 is a gene located on chromosome 17p, encoding the p53 transcription
factor, which is one of the best studied proteins. TP53 is found to be the most
frequently mutated gene across different cancer types, with a frequency of 42% in a
pan-cancer cohort, and shows association with poor outcome (Kandoth, McLellan et
al., 2013, Lawrence, Stojanov et al., 2014). The protein acts as a tumor suppressor,
regulating cell faith in response to DNA damage, either by inducing DNA damage
repair or apoptosis. Dependent on the type and intensity of DNA damage, p53 directly
activates and indirectly represses a large number of target genes, most of which are
involved in cell cycle arrest, DNA repair and apoptosis (Hafner, Bulyk et al., 2019).
Mdm4 is a E3 ligase ubiquitinase acting as an important negative regulator of p53 in
basal cell conditions (Haupt, Maya et al., 1997, Honda, Tanaka et al., 1997). Upon
stress, phosphorylation of p53 inhibits its interaction with Mdm4, resulting in
accumulation of p53 (Shieh, Ikeda et al., 1997). In return, p53 regulates transcription

34

of MDM4, forming a negative regulation loop (Barak, Juven et al., 1993). TP53
mutations are seen in chronic phase MNP at low frequencies (1-2%), co-occurring with
any of the three driver mutations as well as in triple negative MPN, with a preference
of co-occurrence with JAK2V617F. ET, but not PV and PMF, is associated with shorter
overall survival in the presence of a TP53 mutation and a strong enrichment of TP53
mutations is seen in disease progression and leukemic transformation (16-35%)
(Harutyunyan, Klampfl et al., 2011, Lasho, Mudireddy et al., 2018, Rampal et al., 2014,
Tefferi et al., 2016a, Tefferi et al., 2016b, Venton, Courtier et al., 2018). A cooccurrence of TP53 mutations with JAK2V617F synergize in the induction of clonal
dominance and fully penetrant AML, as demonstrated in a mouse model (Rampal et
al., 2014). A recent study detected low burden (VAF<12%) TP53 mutations in 16% of
the studied chronic MPN cohort, associated with increased age, with multiple TP53
mutations occurring in one fourth of the TP53-mutated patients (Kubesova, Pavlova et
al., 2018). Monoallelic TP53 mutations evidently occur in chronic MPN more often than
previously estimated, at low variant allele frequencies, and may remain stable over a
long period of time. An onset of a secondary mutation or chromosomal lesion (17p del
or 17p UPD) resulting in a loss of the wild type allele, induces a strong clonal expansion
of the TP53-mutated clone and transformation to AML (Lundberg et al., 2014).
Duplications of the chr1q region covering the MDM4 gene are also observed in blast
phase MPN, occurring in a mutually exclusive fashion with TP53 mutations, leading to
inactivation of the p53 pathway (Harutyunyan et al., 2011).
1.2.3. Germline variants as risk factors for MPN
In addition to the above described somatic mutations in MPN, several germline
variants have been identified in MPN patients, some of which have shown to confer
predisposition to developing MPN. The best studied is the JAK2 46/1 haplotype which
occurs in one fourth of the healthy population and is a risk factor for developing MPN,
preferentially caused by the JAK2V617F mutation (Olcaydu, Harutyunyan et al., 2009).
Similarly, carriers of a germline SNP in the TERT gene (encoding a telomerase reverse
transcriptase involved in telomerase length maintenance) have increased risks of
developing different types of cancer, including MPN and AML, as well as carriers of
polymorphisms at the MECOM, TET2, SH2B3, ATM, CHEK, PINT, GFI1B and MYB
genes (Hinds, Barnholt et al., 2016, Rumi & Cazzola, 2017a, Tapper, Jones et al.,
2015). Recently, the presence of a germline variant in the TERT gene has also been
recognized as a predisposing factor for the development of clonal hematopoiesis (Zink,
Stacey et al., 2017). A SNP in the genomic region between the HBS1L and MYB genes
(rs9376092) is predisposing variant associated with ET (Tapper et al., 2015). In familial
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MPN germline mutations of the RBBP6 gene predispose to MPN in close relatives of
affected individuals, as well as germline duplications of a 700kb region on
chromosome 14q (Harutyunyan, Giambruno et al., 2016, Saliba, Saint-Martin et al.,
2015).

1.2.4. Recurrent cytogenetic aberrations
Several recurrent cytogenetic aberrations have been described in MPN. With
no significant difference in occurrence among the three subtypes of classical MPN –
PV, ET and PMF, at least one chromosomal aberration is detected in over 60% of
patients, as detected in a study of over 400 chronic phase samples investigated by
high-resolution SNP arrays (Klampfl, Harutyunyan et al., 2011). The most frequently
detected lesion is the loss of heterozygosity of chromosome 9p (9pUPD), associated
with PV and JAK2V617F mutations. An acquired uniparental disomy occurs during
mitotic

recombination,

amplifying

a

pre-existing

heterozygous

mutation

to

homozygosity, with no copy number change of the genomic region (Tuna, Knuutila et
al., 2009). In the case of chromosome 9p the UPD gives rise to a homozygous
JAK2V617F mutation, which as discussed before increases the proliferative potential
of affected cells (Anand et al., 2011). Apart from chr9p UPD the most frequent
chromosomal aberrations in MPN include deletions of chr13q, chr20q, chr4q, chr11q,
chr3p and chr11p, gains of chr9, chr8, chr9p and uniparental disomy of chr1p and
chr14q (Klampfl et al., 2011). An increase of the number of chromosomal aberrations
is strongly associated with disease progression, significantly linking chr1q and chr9p
aberrations with progression to secondary myelofibrosis or accelerated disease phase
(<20% blasts), and aberrations of chromosomes 1q, 7q, 5q, 6p, 7p, 19q, 22q and 3q
with leukemic transformation (Klampfl et al., 2011, Rumi, Harutyunyan et al., 2011,
Thoennissen, Krug et al., 2010). Chromosome 1q UPD is strongly associated with
mutations of the MPL gene, positioned in the affected region. Aberrations of
chromosome 5, 7 and 17 are also identified as risk factors for leukemic transformation
and are associated with decreased survival (Rumi et al., 2011). In addition, trisomy of
chromosome 8 and gain of chr8q are associated with disease progression of
JAK2V617F negative patients (Thoennissen et al., 2010). Not only important as risk
factors for disease progression, the detection of chromosomal aberrations serves as a
method of discovery of affected genes important for MPN pathogenesis. The minimal
affected region of detected recurrent chromosomal aberrations in MPN pinpointed to
and allowed the discovery of several genes contributing to the MPN phenotype or
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disease progression, including TET2 (chr4q), IKZF1 (chr7p), CUX1 (chr7q), FOXP1
(chr3p), ETV6 (chr12p), RUNX1 (chr21q) and NF1 (chr17q) (Stegelmann et al., 2010).
Still, conventional karyotyping has a role in the detection of balanced chromosomal
rearrangements, such as translocations and inversions. In the genetic risk assessment
of chronic phase MPN the presence of trisomy 8, trisomy 9, loss of chromosome Y
and del 20q in PV, and chromosome 3 inversion, chromosome 17q inversion,
monosomy 7, del 7q, del 12p and del 11q in PMF are associated with adverse outcome
(Tefferi & Vannucchi, 2017).
In summary, mutually exclusive mutations in JAK2, CALR and MPL are
phenotypic drivers of MPN, all functioning through constitutive activation of the JAKSTAT signaling pathway, in a type 1 tyrosine kinase receptor dependent fashion. JAK2
mutations (JAK2V617F but not exon 12 mutations) occur in PV, ET and PMF, whereas,
CALR and MPL mutations occur only in ET and PMF. Expressed in cell lines all three
genes, when mutated, induce cytokine-independent cell growth, and in mouse models
induce an MPN phenotype, confirming their true disease-inducing potential. Mutations
affecting DNA methylation, histone modifications, transcription factors, signaling
pathways and the splicing machinery, as well as cytogenetic lesions often co-occur
with mutations in the driver genes. The order of mutation acquisition as well as the
synergetic potential of specific mutational combinations play a significant role in
disease shaping. Mutations in some genes are considered early events, and others
late events in the clonal evolution of MPN, some of which are established risk factors
for leukemic transformation.
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1.3.

Myelodysplastic

syndromes

-

clinical

properties,

diagnosis

and

management
Myelodysplastic syndromes (MDS) are another big group of chronic clonal
myeloid neoplasms, characterized by one or more peripheral cytopenias and single or
multilineage morphologic dysplasia of myeloid cells (Arber et al., 2016, Swerdlow SH,
2016). The dysplastic lineage does often not correspond to the identified cytopenia in
MDS patients (Arber et al., 2016, Germing, Strupp et al., 2012, Verburgh, Achten et
al., 2007). In some patients, an increase in the percentage of myeloblasts in the bone
marrow and peripheral blood is seen. Ineffective haematopoiesis occurs and patients
are at increased risk of developing AML (Swerdlow SH, 2016). The reported annual
incidence of MDS globally ranges from 0.07 to 9.6 per 100 000, with the incidence
significantly increasing with advanced age (Lubeck, Danese et al., 2016). MDS is most
often diagnosed in older individuals, with a median age at diagnosis of 71-76 years
(Sperling, Gibson et al., 2017). Cytopenia-related clinical symptoms are in most cases
the first signs of MDS, however some patients are asymptomatic and cytopenias are
identified after a routine blood test or tests performed for other intentions. The most
common cytopenia in MDS is anemia, isolated or coexistent with thrombocythopenia
or neutropenia. Anemic patients present with weakness and fatique, patients with
thrombocytopenia with bleeding and petechiae, whereas recurrent infections and fever
often occur as first symptoms of neutropenia (Swerdlow SH, 2016, Weinberg &
Hasserjian, 2019). For precise diagnosis the bone marrow biopsy and aspirate are
crucial, providing information about BM cellularity, cellular morphology and the
percentage of blasts. The bone marrow is frequently found hyper- or normocellular,
with the exception of hypocellular bone marrow of hypoplastic MDS patients (Swerdlow
SH, 2016). The necessary requirement for MDS diagnosis is the detection of at least
1 cytopenia, in addition to at least one of the other relevant diagnostic properties –
dysplasia in 1 or more lineages, increased blasts and/or the presence of MDS-defining
cytogenetic lesions (Arber et al., 2016). The criterion for defining dysplasia is the
presence of at least 10% of dysplastic cells in any lineage. Dependent on the number
of dysplastic lineages identified in a patient, MDS is defined as single lineage or
multilineage. The percentage of myeloblasts in the bone marrow and peripheral blood
are evaluated at diagnosis and are necessary for defining MDS categories with or
without excess blasts. Conventional karyotyping provides cytogenetical information
and identifies chromosomal abnormalities important for diagnosis and assessment of
prognosis. Recurrent chromosomal abnormalities detected in MDS, which are MDSdefining in cytopenic individuals, are del(5q), monosomy 7, del(7q), del(11q), del(12p),
isochormosome 17 and complex karyotype (≥3 lesions) (Swerdlow SH, 2016). Trisomy
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8, del(20q) and loss of chromosome Y are also recurrently seed in MDS, but are not
MDS-defining diagnostic findings, due to their recurrence in other diseases.
Morphologic categories of MDS are defined by the WHO classification of myeloid
neoplasms, putting focus on the type of dysplasia and percentage of blasts and giving
the identified cytopenia(s) a minor role for classification. Del(5q) is so far the only
cytogenetic abnormality defining a separate subcategory of MDS (Table 1) (Arber et
al., 2016).
The resemblance of clinical features of MDS and other causes of cytopenia or
dysplasia challenges the diagnosis of MDS, especially in low grade MDS without
excess blasts. Several pre-MDS conditions have been described which may but do not
necessarily develop into MDS (Valent, Orazi et al., 2017). Idiopathic cytopenia of
undetermined significance (ICUS) is characterized by single or multilineage cytopenia,
without dysplasia and without MDS minimal diagnostic criteria. Interestingly, over 30%
of ICUS patients have MDS-associated somatic mutations (Kwok, Hall et al., 2015). If
clonal mutations with allele frequency ≥2% occur in individuals with ICUS, without
other MDS-related criteria or signs of other clonal bone marrow neoplasia, the
diagnosis of clonal cytopenia of unknown significance (CCUS) is made. In other
individuals dysplasia is detected, without the presence of cytopenia, and if no
cytogenetic or molecular marker of clonality is present this condition is named
idiopathic dysplasia of undetermined significance (IDUS) (Valent et al., 2017).
Recently, a condition named clonal haematopoiesis of undetermined potential (CHIP)
has been described, characterized by the presence of somatic mutations in genes
which are recurrently found mutated in myeloid malignancies, in peripheral blood of
individuals with normal blood counts who lack evidence of any haematological
malignancy or other clonal conditions (Genovese et al., 2014, Jaiswal et al., 2014, Xie
et al., 2014). However, CHIP differs from MDS, lacking other MDS-defining features
and should be diagnosed as a different disease entity, implicating the insufficiency of
mutational testing and the importance of morphologic and cellular assessment of the
bone marrow for MDS diagnosis. ICUS, IDUS, CCUS and CHIP are considered as
potential pre-MDS conditions and can evolve over time into MDS. However, they can
durably remain stable or progress into other myeloid or lymphoid neoplasms or even
into other non-hematologic pathologies. Therefore, regular follow-up in such patients
is recommended (Valent et al., 2017).
Upon diagnosis, MDS patients are stratified into risk categories, with the
Revised International Prognostic Scoring System (IPSS-R) being the most widely used
scoring system available (Greenberg, Tuechler et al., 2012). It incorporates information
about blast percentage, the cytogenetic risk group and the level of cytopenia(s) into
the scoring calculation and groups patients into 5 prognostic risk categories (very low,
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low, intermediate, high and very high risk). The clinical course of the disease and
outcome is highly variable depending on the risk category, with a median overall
survival ranging from 9 months to around 9 years, (from very high risk IPSS-R to very
low risk IPSS-R categories) (Greenberg et al., 2012).
Approximately one third of MDS patients transform to AML (Steensma, 2015).
The prognosis for progression to AML also differs between risk categories, with
increasing duration to leukemic transformation from very high risk to very low risk
patients. As age is a risk factor for survival the calculated risk score requires ageadjustment. Other identified risk factors for survival in MDS are serum lactate
dehydrogenase (LDH), ferritin and ß2-microglobulin levels, as well as performance
status and comorbidities (Gatto, Ball et al., 2003, Greenberg et al., 2012, Naqvi,
Garcia-Manero et al., 2011, Wimazal, Sperr et al., 2001, Wimazal, Sperr et al., 2008).
Recommendations for management of MDS patients is based on personalized
evaluation of patient’s prognostic risk group and age, with a growing impact of genetics
in therapy assessment. The aim of therapy for lower risk patients is transfusion
independency and first line therapy frequently includes growth factor support, and is
switched to lenalidomide or hypomethylating agents (5-azacitidine or decitabine) when
no response to growth factors is observed (Montalban-Bravo & Garcia-Manero, 2018).
Lenalidomide is shown to be particularly efficient in patients with 5q- MDS, leading to
complete cytogenetic response in more than 50% of patients (Fenaux, Giagounidis et
al., 2011, List, Dewald et al., 2006). However, TP53 mutations in del5q patients predict
resistance to lenalidomide, as domination of TP53-mutant subclones is detected after
lenalidomide treatment (Jadersten, Saft et al., 2009, Mossner, Jann et al., 2016).
Immunosuppressive therapy is recommended for some MDS patients, with
hypocellular bone marrow and the presence of trisomy 8 reported to be predictors of
positive response (Garg, Faderl et al., 2009, Sloand, Mainwaring et al., 2005, Sloand,
Melenhorst et al., 2011, Tobiasson & Kittang, 2019). Other supportive care measures
include prophylactic antibiotics for infection control and iron chelation. In lower risk
patients not responding to first and second line therapies allogenic stem cell
transplantation or clinical trials should be considered. In higher risk MDS the aim of
therapy

is

survival

prolongation,

with

allogenic

haematopoietic

stem

cell

transplantation (alloHSCT) being the only potential curative treatment to date.
Standard first line therapy, either prior to alloHSCT or in patients who are not
candidates for alloHSCT, involves the use of 5-azacitidine or decitabine (MontalbanBravo & Garcia-Manero, 2018). Positive response to hypomethylating agents is
associated with TET2 mutations, without co-ocurring ASXL1 mutations (Bejar, Lord et
al., 2014, Itzykson, Kosmider et al., 2011). Chemotherapy used for treating de novo
AML (anthracycline-araC) is occasionally used in higher risk MDS, however only in
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younger patients with favorable karyotype, who are candidates for allogenic stem cell
transplantation (Montalban-Bravo & Garcia-Manero, 2018). Mutations of TP53 have
been reported as strong molecular biomarkers for post-transplantation poor survival
(Bejar, Stevenson et al., 2014).

1.4.

Genetics of myelodysplastic syndromes

Unlike MPN where the majority of patients have one of the three driver genes
mutated (JAK2, CALR, MPL), all affecting the same signaling pathway, in MDS a
greater genetic heterogeneity of causative mutations exists. No single gene is mutated
in the majority of cases and the identified mutations show no specificity for MDS. In
addition, only few genes are found mutated at moderately high frequencies (up to
25%), whereas the others occur at low frequencies (≤5%). More than 30 driver
mutations have been discovered in MDS, affecting different cellular processes,
predominantly splicing factors and epigenetic regulators, but also the cohesion
complex, transcription factors and signaling pathways (Figure 4) (Haferlach, Nagata et
al., 2014, Papaemmanuil, Gerstung et al., 2013). A significant overlap of affected
genes can be noticed in MDS and dnAML, however the frequencies at which they
appear differ, for example with overrepresentation of FLT3, NPM1, CEBPA, NRAS and
PTPN11 in AML, and SF3B1, ZRSR2, CUX1, ASXL1 and U2AF1 in MDS (Ogawa,
2019). These findings implicate that the same mutations may be acquired early in one
disease entity and late in the other, thereby shaping the outcome phenotype. The most
frequently mutated genes in MDS, such as SF3B1, TET2, ASXL1, SRSF2 and
DNMT3A, are also the most commonly identified in clonal hematopoiesis of
indeterminate potential (CHIP), therefore MDS may evolve from a preexisting CHIP
phase in some cases (Genovese et al., 2014, Jaiswal et al., 2014, Xie et al., 2014).
MDS patients harbor a median of 2-3 driver mutations. Increased numbers of
mutations are often seen in high risk MDS and are associated with reduced leukemiafree and overall survival (Haferlach et al., 2014, Papaemmanuil et al., 2013). An
increased risks of leukemic transformation is associated with mutations in FLT3,
NPM1, NRAS, IDH1, IDH2, WT1 and PTPN11 (Makishima, Yoshizato et al., 2017).
The most important cellular processes and affected genes in MDS will be described in
the following paragraphs.
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Mutations affecting spliceosome proteins
Mutations affecting the RNA splicing machinery are the most common group of
mutations in MDS, affecting around 60% of cases, in a mutually exclusive manner
(Inoue, Bradley et al., 2016, Yoshida, Sanada et al., 2011). SF3B1 mutations occur in
23% of MDS cases and strongly correlate with the presence of ring sideroblasts (Bejar,
Papaemmanuil et al., 2015, Papaemmanuil, Cazzola et al., 2011). Due to this
association of a mutations with a clinical phenotype the WHO includes the mutation
status into the diagnostic criteria for MDS with ring sideroblasts (MDS-RS) and reduces
the obligatory blast count for diagnosis from 15% to 5% in the presence of a SF3B1
mutation (Arber et al., 2016, Malcovati, Karimi et al., 2015). Carriers of a SF3B1
mutation have a favorable prognosis in most cases, however, when present in
combination with a complex karyotype it associates with adverse prognosis (Haase,
Stevenson et al., 2019, Malcovati et al., 2015, Papaemmanuil et al., 2011). SRSF2
mutations occur less frequently, in 14% of the patients, resulting in mis-splicing of
several genes, including EZH2, CASP8 and CDK10 (Kim, Ilagan et al., 2015,
Shiozawa, Malcovati et al., 2018). SF3B1 and SRSF2 genes are exclusively found as
heterozygous and mutually exclusive mutations as homozygosity of single mutations
or their co-ocurrence results in lethality and synthetic lethality, respectively. Both
mutations are shown to also aberrantly affect haematopoiesis through the activation
of MAPK and NF-κB signaling (Lee, North et al., 2018b). U2AF1 mutations affect
around 10% of MDS patients, and have also shown to target EZH2 mRNA splicing
(Shiozawa et al., 2018). Contrary to the favorable prognosis associated with SF3B1
mutations, poor prognosis correlates with SRSF2 and U2AF1 mutations (Graubert,
Shen et al., 2011, Thol, Kade et al., 2012). Other mutations affecting the splicing
machinery in MDS include mutations of ZRSR2 and PRPF8, observed in 6% and 3%
of patients, respectively (Bejar et al., 2015).
Mutations of epigenetic regulators
Mutations of genes involved in DNA methylation (DNMT3A, TET2, IDH1 and
IDH2) and histone modifications (EZH2, ASXL1 and BCOR) affect at least 60% of MDS
patients and tend to occur early in MDS evolution, in the initiation or early progression
phase (Bejar et al., 2015, Lindsley, 2017). With their roles in DNA methylation already
described in Chapter 1.2.2., TET2, DNMT3A, IDH2 and IDH1 mutations are harbored
by 26%, 13%, 3% and 2% of MDS patients, respectively, resulting in hypermethylation
of genes involved in myeloid differentiation (Bejar et al., 2015, Delhommeau et al.,
2009, Gelsi-Boyer, Trouplin et al., 2009, Ley, Ding et al., 2010, Rasmussen, Jia et al.,
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2015, Walter, Ding et al., 2011). DNMT3A and TET2 mutations frequently co-occur,
synergistically contributing to disease progression (Haferlach et al., 2014, Zhang, Su
et al., 2016). PRC2- and PRC1-associated genes ASXL1, EZH2 and BCOR are
mutated in 20%, 6% and 4% of MDS, respectively, and are associated with poor
prognosis (Bejar et al., 2015, Damm, Chesnais et al., 2013).

Mutations of cohesin complex members
Cohesin is a multi-protein complex important for sister chromatide alignment
allowing proper DNA repair during cell division, as well as for gene expression
regulation by DNA loop stabilization and interactions with polycomb proteins. Members
of the complex are Smc3, Smc1A, Rad21, Stag1 and Stag2 (Kagey, Newman et al.,
2010, Michaelis, Ciosk et al., 1997, Schaaf, Kwak et al., 2013, Schaaf, Misulovin et al.,
2013). Mutually exclusive mutations in cohesin complex member genes occur in 10%
of low-risk MDS and in more than 15% of high-risk MDS, associate with disease
progression and reduced overall survival (Thota, Viny et al., 2014). The STAG2 gene
has the highest frequency of mutations in MDS. An association of cohesion mutations
with RUNX1, ASXL1 and BCOR mutations is observed. Interestingly, no association
of cohesion mutations and increased cytogenetic aberrations exists, implicating that
the role cohesion mutations have in myelodysplasia is linked to gene expression
regulation rather than to its chromatide-stabilization function in replication (Thota et al.,
2014).
Mutations affecting signaling pathways
Mutations in members of the Ras signaling pathway are found in a total of MDS,
with NRAS, NF1, CBL and PTPN11 being the most frequent of them, but still at low
rates of 6%, 5%, 4% and 1%, respectively (Haferlach et al., 2014). Mutations affecting
other signaling pathways, such as JAK2, FLT3 and KIT, are seen in MDS at much
lower frequencies than in other myeloid neoplasms like AML and MPN. Signaling
pathway mutations occur late in MDS evolution, often in disease progression to AML.
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TP53
TP53 mutations, prevalently missense mutations, occur in 7.5%-18% of MDS
cases (Bejar, Stevenson et al., 2011, Haferlach et al., 2014, Hou, Tsai et al., 2018,
Walter, Shen et al., 2013). The presence of TP53 mutations associates with complex
karyotype, reduced number of additional mutations in driver genes, increased bone
marrow blasts, reduced platelet counts and reduced overall survival (Bejar et al.,
2011). A complex karyotype combined with TP53 mutations associates with increased
occurrence of chromosome 5q deletions and loss of heterozygosity of chromosome
17q (Yoshizato, Nannya et al., 2017). Even in the subgroup of MDS patients with a
complex karyotype TP53 mutations stratify patients in higher and lower risk groups
with influenced median overall survival (0.6 vs. 1.5 years, respectively) (Haase et al.,
2019). The p53 pathway can also be deregulated by PPM1D mutations, which
encodes a phosphatase negatively regulating p53-dependant cellular responses.
PPM1D mutations are not often seen in primary MDS (3%) but are enriched in therapyrelated MDS (t-MDS), as well as TP53 mutations, occurring in 20% and 37% of t-MDS
cases, respectively (Hsu, Dayaram et al., 2018, Lindsley, 2017, Ok, Patel et al., 2015).
In therapy related MDS and AML pre-existing TP53 mutations are shown to provide
clonal advantage to hematopoietic stem cells upon therapy (Wong, Ramsingh et al.,
2015). Both TP53 and PPM1D mutations are among the most frequently mutated
genes identified in ageing-associated clonal hematopoiesis, providing the possibility
for the prior existence of either of these mutations, which would outgrow upon cytotoxic
therapy for treatment of other diseases (Busque, Mio et al., 1996, Champion, Gilbert
et al., 1997).
Recurrent cytogenetic aberrations
At the time of diagnosis more than half of MDS patients present with large
chromosomal aberrations detectable by conventional karyotyping, whereas in others
only small copy number alterations or uniparental disomies are detected. In total, more
than 80% of MDS patients carry chromosomal aberrations and the increase of
karyotype complexity, which occurs during the course of the disease evolution,
associates with poor prognosis (Gondek, Haddad et al., 2007, Haase, Germing et al.,
2007, Wang, Wang et al., 2010, Zhang, Kim et al., 2015). Clonal cytogenetic evolution
occurs in 27% of MDS in a 10-year follow up and strongly associates with reduced
overall survival, increased risk of leukemic transformation and shortened time interval
to leukemic onset (Neukirchen, Lauseker et al., 2017, Schanz, Sole et al., 2018). The
most common recurrent aberrations include monosomy 7, del chr7q, del chr5q, trisomy

44

8, LOH chr17p, del chr20q, gain of chr 21q, del chr12p, del chr 11q and loss of chr Y,
with 5% of MDS cases harboring a complex karyotype at diagnosis associated with
very poor prognosis (Ogawa, 2019, Swerdlow SH, 2016). According to the IPSS-R
scoring system used for MDS risk stratification a complex karyotype (> 3 aberrations),
monosomy 7 and lesions of chromosome 3 are associated with high risk, whereas loss
of chromosome Y and deletions of chr11q, chr5q, chr12p and chr20q predict favorable
prognosis (Greenberg et al., 2012). Deletions of chromosome 5q occur in 10%-15% of
MDS and are the single chromosomal aberration associated with a MDS subtype
included in the WHO classification, also referred to as the 5q - syndrome (Arber et al.,
2016, Boultwood, Fidler et al., 2002, Jerez, Gondek et al., 2012, Sole, Espinet et al.,
2000). Haploinsufficiency of several genes located on chromosome 5q plays a role in
the pathophysiology of the 5q- syndrome, characterized by macrocytosis, anemia and
thrombocytosis, including RPS14 (ribosomal protein S14), CSNK1A1(casein kinase 1
α1), miR-145 (micro RNA 145), miR-146a (micro RNA 146a), DDX41 (DEAD-box
helicase 41) and G3BP1 (G3BP stress granule assembly factor 1) (Hosono,
Makishima et al., 2017, Ribezzo, Snoeren et al., 2019). Patients with isolated deletions
of chromosome 5q are treated with lenalidomide which induces ubiquitin-mediated
degradation of CK1α (encoded by the CSNK1A1 gene) and results in activation of the
p53 pathway and apoptosis (Sperling et al., 2017). The presence of a TP53 mutation
in 5q- syndrome patients abolishes the effect of lenalidomide, as confirmed in in vitro
studies of TP53 knockdown cells, and is associated with poor prognosis (Jadersten et
al., 2009, Jadersten, Saft et al., 2011, Kronke, Fink et al., 2015, Schneider, Adema et
al., 2014). This is a relevant point for patient management as almost 20% of patients
with 5q- syndrome harbor TP53 mutations. Other mutations frequently co-ocurring with
chr 5q deletions are those in FLT3, NPM1 and TET2 (Hosono et al., 2017). As in the
case of chromosome 5q aberrations, deletions of part of chromosome 7 (7q) or the
whole chromosome lead to haploinsufficiency of a number of genes, some of which
are already known to have a role in hematological malignancies, including CUX1,
EZH2, KMT2C (MLL3) and SAMD9L (Chen, Liu et al., 2014, McNerney, Brown et al.,
2013, Nagamachi, Matsui et al., 2013, Nikoloski, Langemeijer et al., 2010).
In summary, MDS is a chronic myeloid neoplasms, with a risk of transformation
to AML. Clinically and genetically it is a very heterogeneous group of diseases,
characterized by morphologic dysplasia of myeloid cells, cytopenia(s) in peripheral
blood and in some cases elevated blast counts. Several other conditions defined by
cytopenias or dysplasia resemble the clinical properties of MDS but should not be
misdiagnosed for MDS. Deletions of chromosome 5q and mutations in the SF3B1 gene
correlate with clinical phenotypes and are incorporated in the MDS classification
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defining the MDS with isolated del(5q) and MDS with ring sideroblasts subclasses,
respectively, both of which are associated with favorable prognosis without the
occurrence of other cytogenetic events which affect it (ex. TP53 mutations, complex
karyotype). Other MDS patients harbor somatic mutations and/or cytogenetic lesions
affecting different genes and pathways, with the most frequently affected being the
spliceosome and cohesin complex members, epigenetic regulators and the p53
pathway.
1.5.

Acute myeloid leukemia – clinical properties, classification and genetics
Acute myeloid leukemia (AML) is the most frequent leukemia in adults, with an

incidence of 3.2 per 100000 per year for the general population. The incidence rises
with age, from 0.2 to 20.1 per 100 000 per year in the US, for age groups <65 years
and ≥65 years, respectively (Siegel, Miller et al., 2015). In the context of clinical
ontogeny, AML can be classified as: 1. secondary AML (sAML) - subsequent to MPN
or MDS, 2. therapy-related AML (tAML) - subsequent to therapy or 3. de novo AML
(dnAML) - arising with no prior chronic phase or therapy and carrying better prognosis
than sAML and tAML. The median age at diagnosis is 73 and 70 years for sAML and
dnAML, respectively (Hulegardh, Nilsson et al., 2015). The median overall survival for
dnAML patients decreases with age, from 13.1 years in patients younger than 55 years
to 0.58 years in those older than 75. In sAML poor overall survival is observed in all
age groups, with a median of 0.58 and 0.5 years in patients younger than 55 and older
than 75 years, respectively (Hulegardh et al., 2015).
AML is a clonal disease blocking hematopoietic differentiation and is
characterized by the accumulation of immature myeloid precursor cells (myeloblasts)
in the bone marrow and peripheral blood, with a minimal presence of 20% myeloblasts
required for diagnosis (Arber et al., 2016). The increase of blasts in the bone marrow
leads to cytopenias and bone marrow failure. Patients present with unspecific
symptoms related to cytopenias, such as weakness, fatigue, infections, fever and
bleeding. Management of AML highly depends on the subtype and risk category, often
including induction therapy (mainly a combination of cytarabine and anthracycline)
followed by consolidation therapy (chemotherapy or allogeneic hematopoietic stem
cell transplantation) in responders, with the aim of eradicating potential residual
disease (De Kouchkovsky & Abdul-Hay, 2016). Despite the success of therapy and
remission seen in patients, relapse often occurs with poor prognosis. The WHO
classification of myeloid neoplasms incorporates genetic, morphologic and clinical
factors in the categorization (Arber et al., 2016). Gene fusions are recurrently seen in
AML, including PML-RARA, MYH11-CBFB, RUNX1-RUNX1T1, BCR-ABL1, NUP98-
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NSD1 and several fusions involving the MLL gene (Cancer Genome Atlas
ResearchLey et al., 2013). Favorable prognosis is associated with t(8,21) (RUNX1RUNX1T1), inv(16) (MYH11-CBFB), t(15,17) (PML-RARA), NPM1 mutations and
biallelic CEBPA mutations, whereas inv(3) and t(6,9), FLT3 internal tandem
duplications (FLT3-ITD), DNMT3A mutations, chr5 and chr7 aberrations, as well as a
complex karyotype confer adverse prognosis (De Kouchkovsky & Abdul-Hay, 2016).
Over 40% of adult AML have no detectable large cytogenetic aberrations (Mrozek,
Heerema et al., 2004). Recent studies have revealed that more than 96% of AML
patients carry at least 1 somatic mutation, despite AML being very poor in the observed
frequency of mutations compared to other cancer types (Cancer Genome Atlas
Research et al., 2013, Kandoth et al., 2013, Lindsley, Mar et al., 2015, Papaemmanuil,
Gerstung et al., 2016). Recurrently mutated genes in AML are grouped into functional
categories and provide information about the complexity of causes and biological
processes responsible for the development of de novo and secondary AML (Cancer
Genome Atlas Research et al., 2013, Lindsley et al., 2015, Papaemmanuil et al.,
2016). NPM1 and FLT3 mutations as well as MLL/11q23 and CBF rearrangements are
overrepresented in dnAML compared to sAML (Lindsley et al., 2015, Milosevic, Puda
et al., 2012). On the other hand, mutations affecting DNA methylation (TET2,
DNMT3A), chromatin modifiers (ASXL1, EZH2, BCOR), RNA splicing (SRSF2, SF3B1,
U2AF1, ZRSR2) and the cohesin complex (STAG2) are highly specific for sAML, tend
to occur early in disease evolution and also correlate with poor outcome when detected
in clinically diagnosed dnAML or tAML. In sAML mutations in members of the signaling
pathways (FLT3 and RAS) and transcription factors (RUNX1, GATA2 and CEBPA) are
acquired later in clonal evolution, during leukemic transformation. Copy number
alterations and uniparental disomies are also enriched in sAML compared to dnAML,
with chr9p UPD and chr7q del (targeting CUX1) significantly associated with sAML
(Milosevic et al., 2012). Recurrent mutations in AML affecting DNA methylation (IDH1,
IDH2), the transcription factor RUNX1 and signaling pathways (NRAS, KRAS, KIT,
NF1, PTPN11, WT1) are uniquely represented in dnAML and sAML. TP53 mutations
associate with complex karyotypes and reduced overall survival and seem to describe
a distinct class of AML, with a specific clinical phenotype (Lindsley et al., 2015). Not
only the type of mutation, but also their combinations contribute to disease shaping.
For example, DNMT3A and NPM1 mutations co-operate to induce AML, as shown in
a mouse model. First DNMT3A induces clonal hematopoiesis, whereas NPM1 as a
secondary event is responsible for the leukemic transformation (Loberg, Bell et al.,
2019). This is consistent with secondary NPM1 mutations co-occurring with DNMT3A
(as well as with TET2 and IDH1/2 mutations), seen in AML patients (Papaemmanuil et
al., 2016). Based on gene expression data and DNA methylation patterns, another
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separate AML subclass can be defined by triple mutations in NPM1, DNMT3A and
FLT3 (Cancer Genome Atlas Research et al., 2013). This data shows that de novo
and secondary AML have different mechanisms of disease initiation and development,
and should be treated as distinct diseases. However, some biological processes
involved in the pathogenesis of the two are overlapping and understanding of this
overlap may develop a deeper understanding of disease evolutions and dynamics.
Taken together, dnAML and sAML describe two different pathologies, with
different molecular pathways responsible for their development. NPM1 and FLT3
mutations, together with rearrangements involving MLL or CBP are specific for dnAML,
whereas mutations in components of the spliceosome, cohesin complex and
epigenetic modifiers, as well as cytogenetic lesions targeting JAK2 and CUX1 are
specific for sAML. Mutations in IDH1, IDH2, RUNX1, NRAS, KRAS, NF1, WT1, KIT
and PTPN11 are shared between dnAML and sAML. A distinct group of AML with poor
prognosis appears to be defined by TP53 mutations.

1.6.

Clonal hematopoiesis
Myeloid neoplasms are characterized by clonal hematopoiesis caused by

somatic mutations in the hematopoietic stem cells and clonality is often associated
with cancer. However, recent findings have described clonality as part of normal
ageing of haematopoietic stem cells. First findings of clonal hematopoiesis (CH) in
healthy individuals were reported in X-chromosome inactivation studies of healthy
women, in which clonality was age-associated and observed in over one third of
women older than 60 years, later associated with somatic TET2 mutations in a subset
of cases (Busque et al., 1996, Busque, Patel et al., 2012, Champion et al., 1997).
Further research of blood samples from apparently healthy or non-hematologic cancer
patients has identified age-related clonal chromosomal aberrations (also known as
clonal mosaicism) present in 2-3% of elderly individuals, many of which are associated
with hematologic neoplasms, including chr9p UPD, chr8 trisomy, chr13q del and
chr20q del. Some identified aberrations overlap with the chromosomal localization of
cancer-related genes (ex. TET2 on chromosome 4q, DNTM3A on chromosome 2p and
JAK2 on chromosome 9p). A positive correlation between the presence of clonal
mosaicism and the development of hematological neoplasms over time has been
observed, implicating that the detected clonal chromosomal anomaly might be an early
event in the development of cancer (JacobsYeager et al., 2012, Laurie, Laurie et al.,
2012). An interesting association in clonal mosaicism in healthy individuals has been
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observed between the presence of inherited SNPs at the FRA10B, MPL and
TM2D3/TARSL2 loci (on chromosomes 10q, 1p and 15q, respectively) and
subsequent acquisition of deletions, somatic mutations and copy neutral loss of
heterozygosity (Loh, Genovese et al., 2018). In recent years, the rapid expansion of
next-generation sequencing in research and clinical settings has revealed hematologic
malignancy-associated somatic clonal mutations in blood cells of individuals with no
diagnostic indications of a hematologic malignancy, as well as in apparently healthy
individuals of advanced age. This condition was named Clonal Hematopoiesis of
Indeterminate Potential (CHIP). With a lack of criteria necessary for the diagnosis of
another hematologic or non-hematologic disease and in the presence of a normal
blood count with no persistent cytopenia (≥ 4 months) CHIP can be diagnosed in an
individual if the mutation allele frequency is ≥ 2% (Steensma, Bejar et al., 2015, Valent
et al., 2017). The frequency of detected clonal mutations increases with age, with an
occurrence of around 1% in individuals younger than 50 years, increasing to around
10% in those older than 70 years (Genovese et al., 2014, Jaiswal et al., 2014, Xie et
al., 2014). In addition, the average number of somatic mutations is higher in older than
in younger individuals with clonal haematopoiesis (Genovese et al., 2014). Clinically,
an increase in red-cell distribution width is the single identifiable feature related to
CHIP, detectable in a peripheral blood cell examination, but not present in all cases
(Jaiswal et al., 2014). Clonal hematopoiesis is associated with an increased risk of
subsequent diagnosis of hematologic malignancies and decreased survival, a close to
doubled risk of coronary heart disease, as well as an increased risk of ischemic stroke,
when compared to the age-matched population (Genovese et al., 2014, Jaiswal et al.,
2014, Jaiswal, Natarajan et al., 2017, Xie et al., 2014). Higher variant allele frequencies
(≥10%) correlate with higher risks of hematologic cancer and coronary heart disease,
mediated by coronary-artery calcification and atherosclerosis (Jaiswal et al., 2014,
Jaiswal et al., 2017). The association of clonal hematopoiesis and increased risk of
atherosclerotic cardiovascular disease was confirmed in a genetic mouse model study
where clonal expansion of TET2 mutant cells led to NLRP3 inflammasome activation
and increased IL-1 secretion and resulted in enlarged atherosclerotic plaques, a
hallmark of atherosclerosis (Fuster, MacLauchlan et al., 2017). In humans, TET2
mutations in blood cells resulted in elevated IL-8 levels in the plasma, linking the
functional effect of these mutations to increased inflammatory responses and
consequentially higher coronary heart disease risks (Jaiswal et al., 2017). The clonal
evolution of clonal hematopoiesis was studied in single cases in which CHIP was
identified prior to myeloid neoplasm diagnosis. Sequential DNA sequencing and
variant allele frequency comparison demonstrated that the pre-malignant clone
(carrying the mutations identified in CHIP) acquired additional mutations, resulting in
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the subclone responsible for the clonal expansion and disease onset (Genovese et al.,
2014). Despite CHIP being an obvious pre-malignant state in some cases, in others it
remains benign and never progresses. The overall risk for evolution to hematologic
cancer is low (0.5 - 1% per year), therefore no special therapy is recommended at the
moment for the management of CHIP. The most frequently mutated genes in CHIP
are epigenetic modifiers DNMT3A, TET2 and ASXL1 (Figure 4), with the majority of
CHIP-carriers having a single somatic driver mutation (Genovese et al., 2014, Jaiswal
et al., 2014, Xie et al., 2014). They tend to be early events initiating clonal expansion,
consistent with previous findings of early occurring DNMT3A and TET2 mutations in
AML evolution (Jan, Snyder et al., 2012, Shlush, Zandi et al., 2014). Other recurrently
mutated CHIP-associated genes include TP53, PPM1D, SF3B1 and JAK2. Mutations
of ASXL1, DNMT3A, TET2 and JAK2 are identified as independent risk factors for
coronary heart disease (Jaiswal et al., 2017). The stability of clonal hematopoiesis and
its low rate of transformation indicate that additional cooperating mutations or other
events are necessary for the progression to hematologic malignancies. A subclassification of clonal hematopoiesis is made in order to differentiate mutations which
significantly increase risks for the development of hematologic malignancies and those
which may remain stable in healthy individuals, with clonal hematopoiesis of
indeterminate potential (CHIP) describing a more benign condition compared to clonal
hematopoiesis of oncogenic potential (CHOP) with higher risks of developing a
hematologic malignancy, in which mutations induce differentiation and/or proliferation
of affected cells. Typical CHOP mutations are those in JAK2, CALR, MPL, KIT, FLT3,
NPM1, KRAS, NRAS and TP53 genes as well as fusion genes BCR-ABL, FIP1L1PDGFRA, RUNX1-RUNX1T1 and CBFβ-MYH11 (Valent, Kern et al., 2019). Mutations
associated with clonal hematopoiesis most likely occur early in the hematopoietic
hierarchy, either in hematopoietic stem cells or in early progenitors, as they can further
lead to the development of either myeloid or lymphoid neoplasms. Clonal
haematopoiesis can also emerge as a result of neutral drift in the stem cell pool, when
some cells die over time and others, carrying random mutations in non-driver genes,
expand without proliferative advantage (Klein & Simons, 2011). More recently,
targeted error-corrected sequencing enabled the detection of mutations at very low
allele frequencies (median variant allele frequency of 0.2%) in healthy women between
the age of 50 and 65, registering clonality in the haematopoietic system in 95% of the
participants. More than half of the identified mutations were in DNMT3A and TET2,
present in both myeloid and lymphoid haematological lineages, consistent with the
previous hypothesis that mutations inducing clonal hematopoiesis occur in the
haematopoietic stem cell pool (Young, Challen et al., 2016). The presence of DNMT3A
and TET2 mutations as part of clonal hematopoiesis was also observed in the blood
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of non-hematologic cancer patients, as well as TP53 and PPM1D mutations which
were strongly associated with prior radiation or chemotherapy (Coombs, Zehir et al.,
2017). The development of myeloid malignancies from a preexisting clonal
hematopoiesis stage, despite the HSC origin of the initiating mutations, might be
explained by myeloid skewing, which is a property of ageing hematopoietic stem cells,
and is often linked with clonal dominance (Park & Bejar, 2018).
In summary, hematopoietic clonality is not necessarily linked to pathologies
and can be a property of normal ageing, occurring in long-lived haematopoietic stem
cells and early progenitor cells, at much higher frequencies in the population than
estimated with the initial discovery of CHIP. Depending on the type and number of
mutations, it carries low or higher risks of transformation to a myeloid neoplasm.
Ageing of HSCs is not only driven by intrinsic factors (DNA damage, telomere attrition
and epigenetic changes) but is a result of its combination with extrinsic factors
(cytotoxic stress, autoimmunity, immunosenescence), which together contribute to the
clonal selection (Park & Bejar, 2018). Further research is needed to better understand
clonal hematopoiesis in ageing and its role in the development of hematologic cancers.
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2.

AIM
The aim of this thesis was to contribute to a better understanding of the genetics

of leukemic transformation of MPN and MDS and to identify novel tumor suppressors
involved in disease progression.

Specific aims:


To investigate the profile of chromosomal aberrations in a cohort of 77 postMPN AML and post-MDS AML patients, using genome-wide human high
resolution SNP arrays.



To compare the frequencies of detected chromosomal aberrations in sAML to
those in chronic phase MPN and MDS.



To apply deletion mapping for identifying of novel putative tumor suppressors
involved in leukemic transformation.



To assess the deletion profile and compare frequencies of deletions of novel
tumor suppressor genes in other myeloid neoplasms, by studying a panmyeloid cohort of 905 samples.



To examine the frequency of aberrations of chromosome 6p in different disease
entities among the pan-myeloid cohort of patient samples.



To explore the mutational profile of genes located on chromosome 6p, in
search for a common target of chromosome 6p aberrations, applying exome
sequencing to four selected patients with chromosome 6p aberrations.
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3. RESULTS
3.1.

Manuscript: Frequent deletions of JARID2 in leukemic transformation of

chronic myeloid malignancies
Puda et al.
Published in the American Journal of Hematology, March 2012; 87(3): 245-250
(Puda, Milosevic et al., 2012)
In order to deepen our understanding of leukemic transformation and identify
tumor suppressors involved in the process we applied deletion mapping in a cohort of
77 post-MPN and post-MDS AML patients, analyzed for chromosomal aberrations with
the use of high-resolution SNP arrays, and identified recurrent aberrations of the short
arm of chromosome 6 where the commonly deleted region mapped to a single gene –
JARID2. A deletion followed by a uniparental disomy (UPD) led to a homozygous
deletion of this gene in a PV patient in the accelerated phase of the disease. Other
detected deletions covering this gene were hemizygous. We compared the frequency
of deletions in the cohort of leukemic phase patients with the frequency of deletions
detected in a cohort of 440 chronic phase MPN and MDS patients, and found a
significant enrichment of chromosome 6p deletions in post-MPN and post-MDS AML
patients (P=0.0033). The whole coding region of JARID2 was sequenced in patients
with deletions of chromosome 6p and no mutations were detected. Similarly, we
detected a homozygous deletion of the AEBP2 gene on chromosome 12, as a result
of two independent deletion events. Both Jarid2 and Aebp2 are cofactors of the PRC2
complex, which represses gene transcription by trimethylating lysine 27 of histone 3,
through the activity of its core members – Suz12, Ezh2 and Eed. No focal deletions of
other PRC2 complex members were detected in the studied cohort. However, we
found that larger deletions covering the regions of SUZ12 and EZH2 were more
frequently deleted in the leukemic compared to the chronic disease phase (P=0.0011
for both regions). Furthermore, we found AEBP2 often to be co-deleted with ETV6,
and SUZ12 with NF1. Five variants in PRC2 members (SUZ12, EED, EZH2, EZH1
and PHF19) were identified in exome sequencing data from 40 patients, all in patients
in the leukemic disease phase. The T598P mutation in SUZ12 was amplified to
homozygosity by a UPD and was confirmed to be of somatic origin, whereas control
tissue DNA was not available for the remaining four patients.
Together with Jelena Milosevic Feenstra and Tiina Berg I performed the
processing of microarrays in this study and analyzed the data together with Jelena
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Milosevic Feenstra. I performed sequencing of single genes, and validations of
variants from exome sequencing data, except for the SUZ12 mutation which was
identified and validated by Ashot S. Harutyunyan. The microarrays of chronic phase
samples were processed and analyzed by Thorsten Klampfl, Ashot S. Harutyunyan
and Tiina Berg. I performed the statistical analysis for the manuscript and made all the
figures and tables. I wrote the manuscript together with Jelena Milosevic Feenstra and
my supervisor Robert Kralovics.
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Supplemetary Table I. Association of uniparental disomies covering PRC2 loci, with
progression of chronic phase MPN/MDS to acute myeloid leukemia.
chronic phase
gene

(MPN/MDS)

AML phase

name

chromosome

(n=440)

(n=77)

P

P*

EZH2

7q

4 (0.9%)

1 (1.3%)

0.5550

1

SUZ12

17q

2 (0.5%)

0

0.2759

1

JARID2

6p

1 (0.2%)

0

0.1489

1

AEBP2

12p

0

0

1

1

EZH1

17q

4 (0.9%)

1 (1.3%)

0.5550

1

MTF2

1p

3 (0.7%)

2 (2.6%)

0.1621

1

PHF19

9q

0

1 (1.3%)

0.1489

1

EED

11q

3 (0.7%)

6 (7.8%)

0.0005

0.0055

RBBP4

1p

5 (1.1%)

3 (3.9%)

0.1019

1

RBBP7

Xp

0

0

1

1

PHF1

6p

1 (0.2%)

0

0.1489

1

23 (5.2%)

14 (18.2%)

0.0003

Total:

MPN, myeloproliferative neoplasm; MDS, myelodysplastic syndrome; AML, acute myeloid
leukemia; P, P-value; P*, P-value corrected for multiple testing using Bonferroni correction
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3.2.

Deletions of genes encoding PRC2 members in a pan-myeloid cohort of

patients
Following our findings of a commonly deleted region mapping to the JARID2
gene and that chromosomal aberrations of the locus occur with higher frequencies in
leukemic than in chronic stages of myeloid malignancies, we investigated the deletion
profile of other important members of the PRC2 complex in a larger pan-myeloid
cohort, hypothesizing that haploinsufficiency of PRC2 members is more frequent than
mutations, and might result in dysregulation of gene repression of target genes.
Figure 9. Structure of the analyzed pan-myeloid cohort

A. The representation of different disease entities in the pan-myeloid cohort used for the study.
B. The table lists the number of patients in each disease sub-group with and without detected
chromosomal aberration, as investigated by Genome-Wide Human SNP Arrays 6.0. C. The
presence of chromosomal aberrations represented by column chart, for each of the disease
sub-types.

Furthermore we were interested in seeing whether deletions of PRC2 members
are specific to certain disease entities or occur across different myeloid neoplasms.
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The analyzed cohort consisted of a total of 905 patients, including the cohort used for
Manuscript 1 (Section 3.1). In addition to MPN, MDS and post-MPN and post-MDS
AML samples, samples from CML, as well as from dnAML patients were included. The
structure of the analyzed cohort by disease entity is described in Figure 9A and 9B. All
data from the analyzed SNP arrays was combined and the copy number and loss of
heterozygosity profile of the entire cohort was investigated. From the total number of
analyzed samples 44% (N=399) had no detectable chromosomal aberration. The
remaining 56% (N=506) of the patients carried at least 1 chromosomal aberration
(Figure 9B and 9C).
Using the data from the performed SNP Arrays, we examined the frequency of
deletions covering PRC2 member encoding genes and their distribution between
different disease entities. We explored the deletion profile covering the core members
important for the enzymatic function of the complex and the cofactors - EZH2, SUZ12,
EED, EZH1, JARID2 and AEBP2 genes, on chromosomes 7q, 17q, 17q, 11q, 6p and
12p, respectively. The number of deletions in each locus was counted and is
represented in Table 6. A total of 85 deletions in 60 patients were identified in our
cohort, with 1 to 4 PRC2 member genes deleted in individual patients. In 36 patients
a single PRC2 member was deleted, while deletions of multiple PRC2 components
occurred in 24 patients. The presence of PRC2 member deletions and their cooccurrence in patients are graphically displayed in Figure 10D. A list of all deletions
covering the investigated genes, with their exact positions, is provided in Table 21.
The frequency of patients harboring deletions of at least 1 analyzed PRC2
member was much higher in post-MPN AML (40%), post-MDS AML (22.5%) and
dnAML (16.2%) than in chronic phase MPN and MDS (Figure 10A). Overall, 31.8% of
sAML patients from our cohort had at least one PRC2 member deleted, compared to
only 0.9% of chronic phase patients (MPN and MDS combined), with no such deletions
detected in chronic phase MDS. Multiple PRC2 deletions were most frequent in
dnAML, followed by post-MPN AML and post-MDS AML (Figure 10B). The enrichment
of multiple deletions seen in dnAML cannot be explained by cytogenetic complexity
alone as 64% of dnAML in our cohort harbored at least 1 cytogenetic aberration,
compared to 91% and 71% of post-MPN and post-MDS AML, respectively.
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Table 6. Deletions of genes encoding PRC2 components in the pan-myeloid
patient cohort

The deletions covering single genes were counted from data acquired by analyzing 905
patients with the use of Affymetrix Genome-wide Human SNP Arrays 6.0. In some patients
deletions of chromosome 17q covered both SUZ12 and EZH1. Chr, chromosome; MPN,
myeloproliferative neoplasm; MDS, myelodysplastic syndrome; AP, accelerated phase MPN;
sMF, secondary myelofibrosis; AML, acute myeloid leukemia; sAML, secondary acute myeloid
leukemia; dnAML, de novo acute myeloid leukemia; CML, chronic myeloid leukemia; n, number

Table 7. Deletions of genes encoding PRC2 subunits in MPN and post-MPN AML

Deletions covering specific genes, detected by Genome-Wide Human SNP Arrays 6.0, are
counted in 60 MDS and 40 post-MDS AML samples. P-values are calculated using the Fisher’s
exact test. Bonferonni correction for multiple testing was introduced, resulting in a corrected P*value. The last row presents the number of patients in each disease subgroup harboring a
deletion covering at least 1 PRC2 gene.
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Table 8. Deletions of genes encoding PRC2 subunits in MDS and post-MDS AML

Deletions covering specific genes, detected by Genome-Wide Human SNP Arrays 6.0, are
counted in 489 MPN and 45 post-MPN AML samples. P-values are calculated using the
Fisher’s exact test. Bonferonni correction for multiple testing was introduced, resulting in a
corrected P*-value. The last row presents the number of patients in each disease subgroup
harboring a deletion covering at least 1 PRC2 gene.

When we compared the occurrence of the deletions of interest in chronic and
leukemic phase we observed an association of deletion covering EZH2, JARID2 and
SUZ12 with leukemic transformation of MPN (P*=0.006 for all three genes) (Table 7),
whereas deletions covering EZH2 are enriched with statistical significance in postMDS AML compared to MDS (P*=0.0021) (Table 8). The enrichment of the fraction of
patients harboring at least 1 PRC2 deletion in leukemic compared to chronic disease
stage is observed in both MPN and MDS, with statistical significance supported by the
calculated (and corrected) P values of P*=0.006 for MPN and P*=0.0007 for MDS
(Table 7, Table 8, Figure 10C). This data supports our hypothesis of the role of PRC2
haploinsufficiency in the progression of both MPN to post-MPN AML and MDS to postMDS AML.
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Figure 10. Frequencies and co-occurrence of deletions of PRC2-encoding genes
detected in a pan-myeloid patient cohort

A. Occurrence of PRC2 deletions in different disease entities, represented as the % of patients
carrying at least one deletion covering a PRC2 gene; X-axis: percentage. B. Number of
simultaneous PRC2 genes deleted in a single individual, grouped by disease entity; X-axis
number of deleted PRC2 members in single patients, Y-axis number of patients; C. Association
of PRC2 deletions (at least 1 gene deleted) with leukemic transformation in MPN and MDS.
The P-values with the Bonferonni correction are displayed (P*); D. Deletions of selected genes
in all patients with at least 1 PRC2 deletion. Grey, deletion of the gene present; orange, focal
deletion; dashed, monosomy chr7

Among all the detected deletions seven chr7 monosomies were observed (4 in
dnAML, 3 in post-MPN AML, 3 in post-MDS AML and 1 in CML), with other deletions
ranging in size from 0.35 Mb (Megabase) to 99.8 Mb. Eleven focal deletions were
detected, defined as those smaller than 2Mb, 5 targeting SUZ12, 4 JARID2, 1 AEBP2
and 1 targeting EZH2 (Figure 10D). In Patient 42 (dnAML) the only detected aberration
was the focal deletion of SUZ12 (also covering NF1). In two patients, the focal
deletions of EZH2 (Patient 46, dnAML) and SUZ12 (and NF1) (Patient 69, post-MDS
AML) co-occurred with one additional chromosomal aberration – chr 11 trisomy and
chr 7 monosomy, respectively. In the remaining patients with focal PRC2 deletions at
least three additional chromosomal aberrations were detected.
Both SUZ12 and EZH1 are located on chromosome 17q. Therefore, single
larger deletions may result in the loss of both genes. An existence of 7 such deletions
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was seen in our cohort, 5 in dnAML and 2 in post-MPN AML. All cases with EZH1
deletions covered SUZ12, whereas 8/21 (38%) SUZ12 deletions covered the EZH1
locus. As reported in the study published in Manuscript 1. (Chapter 3.1.), we previously
observed co-deletions of SUZ12 and NF1 which are in close proximity. Indeed, our
previous findings were confirmed in the expanded cohort, with 19/21 (90%) SUZ12
deletions covering NF1. Seven focal deletions of NF1 are observed in our cohort, in
sAML and dnAML. (Figure 10D), only two of which do not cover the SUZ12 gene. The
homozygous deletion of NF1 in Patient 68, described in Chapter 3.1. is included. Of
note, we have detected one more focal deletion of NF1 in a post-MDS AML patient in
our cohort but is not included in the presented results as no PRC2 deletions were
present in the patient. We have already discovered a strong co-occurrence of AEBP2
and ETV6 deletions as a result of single deletion events on chromosome 12p (Chapter
3.1.). In the pan-myeloid cohort we confirm this co-occurrence with 12/21 (57%) ETV6
deletions deleting AEBP2, as well as the association with leukemic progression as all
deletions covering both ETV6 and AEBP2 were seen in leukemic samples (5 sAML, 7
dnAML). Of the remaining chromosome 12p deletions not covering AEBP2 three ETV6
deletions co-occurred with other PRC2 members – 2 with SUZ12 and 1 with JARID2
deletions. One post-MPN patient presented with loss of both JARID2 and AEBP2. EED
deletions were observed with lower frequencies than deletions of the other examined
genes and showed mutual exclusivity with deletions of other investigated genes in our
cohort.
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3.3.

Homozygous deletions of JARID2 and AEBP2 co-occur with other

chromosomal aberrations in patients
In the analyzed cohort we have identified a second patient, Patient 10, with two
aberrational events on chromosome 6 (a deletion and a UPD), resulting in a
homozygous deletion covering the JARID2 gene (Figure 11A and C), very similar to
the case of Patient 14, described in Chapter 3.1 (Figure 11B and C). Clinical features
of this JAK2V617F positive PV patient are summarized in Table 9. The detected loss
of heterozygosity is 26.2 Mb long, starting from the p end of chromosome 6, whereas
the deletion is 1.6 Mb long (chr6: 14100000-15700000; hg18 reference genome) and
covers only two genes – JARID2 and DTNBP1.
Figure 11. Chromosomal aberrations of chromosome 6 in Patients 10 and 14

Chromosomal aberrations are identified by analyzing patient samples with Affymetrix Genomewide Human SNP Arrays 6.0. The output images were obtained by analyzing the data with the
Genotyping Console 3.0.2. software. Allelic difference and copy number changes of
chromosome 6 in Patients 10 and 14 are presented in panels A and B, respectively. C. Zoomed
in copy number ratios of the homozygously deleted regions in Patients 10 and 14. The genes
present in the locus and the genomic positions (hg18 reference genome) are shown on the
bottom.
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Table 9. Clinical properties of Patient 10

Diagnosis at sample
Sex
Age at diagnosis of MPN (years)
Age at post chronic phase diagnosis (years)
Age at diagnosis of leukemia (years)
Blood count at sample
Leukocytes (109/l)
Hemoglobin (g/dl)
Hematocrit (%)
Platelets (109/l)
Blasts in PB at sample (%)
Blasts in PB at progression phase (%)
Transfusion dependency
SPL at diagnosis of MPN
SPL at diagnosis of leukemia
History of thrombosis
Secondary fibrosis
Therapy
JAK2-V617F

PV
M
35
45
55
7.04
8.8
28.2
275
16
30
yes
yes
splenectomy
yes
yes
Phlebotomies, Interferon,
Anagrelide, Azacytidine, Ruxolitinib
Positive

PV, polycythemia vera; M, male; MPN, myeloproliferative neoplasm; PB, peripheral blood; SPL,
splenomegaly.

In order to find out whether the deletions targeting JARID2 and AEBP2 occur
as single events in the affected patients we looked into the aberrational profile of the
patients and discovered that all three patients with homozygous deletions of the PRC2
cofactors harbor additional chromosomal lesions.
In the case of Patient 14, apart from the fully clonal chromosome 6 defects, we
detected a UPD of chromosome 9p which amplified the JAK2V617F mutation, as well
as a gain of the whole chromosome 9 which is not fully clonal, as detected by the SNP
arrays. The patient also had a fully clonal focal deletion on chromosome 10q, covering
the region of only 4 genes – TBC1D12, HELLS, CYP2C18 and CYP2C19 (Figure 12A).
Based on the estimated fraction of cells with the chromosomal aberrations we can
assume that chr6 and chr10 lesions, as well as the chr9p UPD happened first in the
same background clone, and that the gain of chromosome 9 was an additional late
event in the clonal evolution. In which order the first three aberrations were acquired
is not possible to outline without having sequential DNA samples from the patient,
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leaving it unclear to which stage of the disease onset or progression the chromosome
6 lesions contributed to in this patient.
In addition to the abnormal chromosome 6, Patient 10 carried a UPD of
chromosome 9p amplifying the JAK2 mutation, a UPD of chromosome 14q and a small
deletion on the X chromosome covering the ZRSR2 gene (Figure 12B). The 14qUPD
is a recurrent aberration seen in MPN, targeting an imprinted locus, and has also been
associated with clonal hematopoiesis in ageing individuals (Chase, Leung et al., 2015,
Jacobs et al., 2012, Laurie et al., 2012). As previously described in Chapter 1.2.2 the
spliceosome gene ZRSR2 is recurrently mutated in MPN. In the case of Patient 10 the
single copy of the gene on chromosome X is deleted in the male patient. All of the
aberrations were fully clonal, as detected by SNP arrays, implying that the aberrations
were part of the same clone, carrying all of the described genetic defects. However,
due to the lack of sequential DNA samples from the patient the order in which the
genetic changes were acquired cannot be delineated.
The homozygous deletion of AEBP2 in patient 47 (described in Chapter 3.1) is
also not a solitary chromosomal aberration detected in the patient. A complex pattern
of deletions of chromosomes 3q, 4q, 5q and 7q were detected, together with small
deletions of chromosomes 6q and 12q (Figure 12C). The large deletion of
chromosome 5 associates with the chronic MDS stage which preceded the leukemic
stage. The deletion of chromosome 4 includes the TET2 gene, whereas the EZH2 and
CUX1 genes are deleted as part of the chromosome 7 deletions. The focal deletion on
chromosome 6q covers the MAP3K4 gene, together with the PARK2 and PACRG
genes, and the KITLG, DUSP6 and ATP2B1 genes are deleted as part of the
chromosome 12q deletion. Interestingly, in addition to the homozygous deletion on
chromosome 12 the patient had another homozygously deleted region on
chromosome 7 (chr7:138200000-138850000; hg18 reference genome). The region
covers a small number of genes, one of which is UBN2, a member of the histone
chaperone complex HIRA. In other patients this region is often co-deleted with EZH2,
as part of long deletion which frequently occur in myeloid malignancies. All deletions
in Patient 47, except for the focal deletions on chromosomes 7q and 12p are
hemizygous and appear to be part of the same clone, based on clonal size estimations
from the SNP array data.
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Figure 12. Chromosomal aberrations in Patients 14, 10 and 47

The aberrational profile of patients was detected with the use of Affymetrix Genome-wide
Human SNP Arrays 6.0. Circos plots are used for graphical presentations. Chromosomes are
represented in a circular manner, with chromosomal aberrations of patients 14, 10 and 47
plotted in panels A, B and C, respectively. Single bars represent single chromosomal
aberrations, with the position and length of the bar corresponding to the genomic position and
length of the detected chromosomal aberrations. Deletions are represented in red, uniparental
disomies in green. The positions of relevant single genes are marked with a line outside of the
circle (Krzywinski, Schein et al., 2009).

The aberrational profiles of patients 14, 10 and 47 show that the AEBP2 and
JARID2 homozygous deletions are not solitary genetic alterations in affected patients,
providing insight into a putative collaborative action of PRC2 cofactor loss with other
altered pathways in the disease evolution. JARID2 homozygous deletions in both
cases co-occurs with JAK2V617F mutations amplified by chr9p UPD. As the
hemizygous deletions of the JARID2 locus are enriched in the leukemic vs. chronic
phase samples (as shown in Chapters 3.1 and 3.2) we speculate that the deletions
occurred as late events in the disease evolution contributing to the progression rather
than initiation of the disease.
3.4.

Presence and frequency of chromosome 6 aberrations in a pan-myeloid

cohort of patients
Deletions, gains and uniparental disomies of chromosome 6 are found in MPN,
MDS and secondary AML (post-MPN or post-MDS AML) patients, and their presence
is significantly enriched in the leukemic phase compared to the chronic phase, as
described in Manuscript 1 (Chapter 3.1). In order to investigate whether chromosome
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6p aberrations are restricted to these disease entities or also appear in patients with
other types of myeloid malignancies we analyzed their presence in the pan-myeloid
cohort of patients (described in Chapter 3.2). We detected 56 chromosome 6
aberrations in 37 patients, out of which 32 were deletions (57%), 17 gains (30%) and
7 UPDs (12.5%) (Table 10, Table 20). The majority of the lesions (N=42) mapped to
the short arm of chromosome 6 (chr 6p). Seven UPDs (17% of all chr 6p events), 22
deletions (52%) and 13 gains (31%) were detected in 25 patients (Figure 13B), most
of which covered the region of JARID2 (Figure 13A). The aberrations were not
restricted to MPN, MDS or leukemic phase patients, but were also detected in a
number of dnAML patients, as well as in one CML patient (Table 10). However, when
we analyzed the frequency of chromosome 6p aberrations in single disease entities
we observed that the frequency of chr 6p aberrations is higher in AML and advanced
stages of MPN than in chronic MPN (Figure 13C). 15.6% of post-MPN AML patients
harbor chromosome 6p aberrations compared to 1.4% of MPN (P=0.0001) strongly
suggesting that chromosomal aberrations of chr 6p might be associated with disease
progression of MPN and severe phenotypes. Despite the lack of chromosome 6p
aberrations in MDS in our cohort, we have not observed a significant association of
their presence with evolution to post-MDS AML (P=0.148). These data implicate the
role of lesions of the short arm of chromosome 6 in the pathogenesis and progression
of MPN but not MDS.
Table 10. Detected chromosome 6 aberrations in the investigated pan-myeloid
cohort

CML, chronic myeloid leukemia; PV, polycythemia vera; ET, essential thrombocythemia; PMF, primary
myelofibrosis; sMF, secondary myelofibrosis; AP, accelerated disease phase; Post-MPN AML, postmyeloproliferative neoplasm acute myeloid leukemia; post-MDS AML, post-myelodysplastic syndrome
acute myeloid leukemia; dnAML, de novo acute myeloid leukemia.
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Figure 13. Chromosomal aberrations detected on chromosome 6

A. Graphical representation of detected chr 6 lesions. Blue bars represent uniparental disomies,
red bars deletions and green bars gains of genomic regions. Bars connected with a grey line
are detected in the same patient. The dashed vertical line depicts the position of JARID2. B.
Distribution of chromosomal defects by type of aberration, presented as percentage from the
total of 42 events detected on chr 6p. UPD, uniparental disomy. C. Frequency of chr 6p
aberrations in different disease entities in the studied cohort of patient samples, presented as
percentage of patients with chr 6p lesions from the total number of patients with the same
diagnosis. Post-MPN AML, post-myeloproliferative neoplasm acute myeloid leukemia; postMDS AML, post-myelodysplastic syndrome acute myeloid leukemia; dnAML, de novo acute
myeloid leukemia; sMF, secondary myelofibrosis; AP, accelerated disease phase; PMF,
primary myelofibrosis; CML, chronic myeloid leukemia; PV, polycythemia vera; ET, essential
thrombocythemia.

3.5.

Mutational profiling of JARID2 in patients with chromosomal aberrations

covering the genomic region of the gene
In order to investigate whether the aberrational profile of the JARID2 locus on
chromosome 6 is coupled with mutations of JARID2, and to supplement our previous
findings where we showed that JARID2 is not mutated in the 5 investigated patients
with chr 6p deletions (Chapter 3.1), we expanded the sequencing of the whole coding
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region of the gene to all patients with a deletion, UPD or gain of the JARID2 genomic
region. A total of 10 patients (including the 5 previously sequenced patients) were
sequenced, 4 of which with a UPD, 4 with a deletion and 2 with a gain of the locus of
interest (Table 11). Patients 10 and 14 were not included in the sequencing as the
JARID2 gene was completely deleted in both of the patients. In the 10 investigated
patients we identified no mutations in the coding region of JARID2, showing that the
deletions of the gene and its surrounding region are not coupled with mutations in the
coding region of JARID2 and that the target of 6p UPDs and gains are not mutations
of JARID2.
Table 11. Mutational status of JARID2 in patients with chromosome 6
aberrations, as detected by Sanger sequencing

UPN, unique patient number; ET, essential thrombocythemia; PMF, primary myelofibrosis;
AML, acute myeloid leukemia; post-MDS AML, post-myelodysplastic syndrome acute myeloid
leukemia; dnAML, de novo acute myeloid leukemia; PV, polycythemia vera; UPD, uniparental
disomy; wt, wild type.

3.6.

Expression of JARID2 in patients with chromosome 6 lesions
Furthermore we investigated the expression of JARID2 in patients with

chromosomal aberrations covering the genomic position of the gene. JARID2
transcript levels were measured using a qPCR TaqMan MGB Gene Expression Assay,
in 10 patients with chromosomal aberrations covering JARID2, where RNA or cDNA
material was available - 4 patients with a UPD, 4 with a deletion and 2 with a gain of
chr 6p. As controls we used samples from 11 patients with MPN diagnosis lacking a

74

chr6p aberration. Diagnosis, detected chromosome 6p aberrations and patient
material used for the assay are shown in Table 12.
Table 12. Samples used for JARID2 gene expression analysis

UPN, unique patient number; post-MPN AML, post-myeloproliferative neoplasm acute myeloid
leukemia; PMF, primary myelofibrosis; PV, polycythemia vera; ET, essential thrombocythemia;
acc. Phase PV, accelerated phase polycythemia vera; dnAML, de novo acute myeloid
leukemia; UPD, uniparental disomy; del, deletion.

Quantitative PCR was performed for all 21 samples in triplicates. Graphical
representation of the results is shown in Figure 14, where the calculated delta-delta
Cycle Threshold (ddCT) values are shown on the Y-axis, representing relative JARID2
expression (fold HPRT1 expression). Patients with deletions of the JARID2 locus show
significantly reduced expression of JARID2 (p=0.0003, Mann-Whitney U=1), with a
median relative expression of 1.22 (n=6) compared to a median of 17.96 in the control
samples (n=11) (Figure 14B). Expression of JARID2 in patients with chromosome 6
gain shows a trend into the same direction (Figure 14D), however, the sample number
(n=2) might be insufficient to detect formal statistical significance, and a p-value of
0.1538 is obtained (median 4.079, Mann-Whitney U=3). In the case of UPD patients a
median of 13.67 compared to the control group results in a p-value of 0.7692 (Mann-
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Whitney U=9), and no meaningful conclusion can be made based on the very big
distribution of JARID2 expression and the sample size of only 2 (Figure 14C).
Figure 14. Relative expression of JARID2 in patients with chromosome 6
aberrations
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A. expression of JARID2 in patients with deletions, UPD and trisomy of chr6, as well as in
control samples. B. expression of JARID2 in patients with chromosome 6p deletion. C.
expression of JARID2 in patients with chromosome 6p UPD. D. expression of JARID2 in
patients with chromosome 6 trisomy. P-values are represented for single patient groups,
compared to the control group. Del6p, chromosome 6p deletion; 6pUPD, chromosome 6p
uniparental disomy; chr6, chromosome 6.

Despite the small sample size available and the big variance in the controls,
this expression study reveals that JARID2 expression is decreased in patients with
chromosome 6p aberrations in our cohort, compared to those without such lesions.
Therefore, haploinsufficiency instead of mutations of JARID2 may be the mechanism
of dysfunction, leading to decreased expression of the gene and disrupted functioning
of the PRC2 complex.

3.7.

Whole exome sequencing of patients with aberrations of chromosome 6
As demonstrated, chromosome 6 is affected by chromosomal aberrations in

patients with different types of myeloid malignancies, with the frequencies being
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highest in AML and advanced stage MPN patients. The deletion profile of patients
points to JARID2 as a target of the aberrations, however the gene is not mutated in
patients with deletions, gains or UPDs covering the locus. In search for a potential
second gene target of chr 6p aberrations we used whole exome sequencing (WES) of
four selected patients. The criteria for patient selection were progression disease stage
or AML diagnosis, fully or close to fully clonal chromosome 6 aberration (to allow easier
filtering of variants) and availability of DNA. Based on the criteria a dnAML patient
(Patient 26) and a post-MDS AML patient (Patient 23) with 6p UPD, as well as a postMPN AML patient with a deletion (Patient 13) and a sMF patient with chromosome 6
trisomy (Patient 11) were selected for WES (Figure 15).
Figure 15. Aberrations of chromosome 6 in the four patients selected for WES.

A. Positions of the chromosomal lesions in the four patients. The green bar represents a gain,
blue bars represent uniparental disomies, and the deletion is depicted by the red bar. B. Copy
number and allelic difference ratios of the same four aberrations, presented as SNP 6.0 Array
data analyzed using the Genotyping Console 3.0.1. software. P, Patient; Mb, mega base pair.

After applying quality filters to the exome sequencing data a median of
189862866 of total reads per sample was obtained, with a median of 164912225
unique reads per sample (86.5%) (Table 13). A median of 87.5% of the unique reads
successfully aligned to the reference genome, and only less than 0.4% of the target in
each patient was not covered by any read. The median coverage of the target was
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124X, with less than 3% of the target being covered less than 2X. Alignment of the
reads to the reference genome was followed by variant calling, and the resulting list of
variants was filtered for only those positioned in exons and splice sites. The following
filtering steps helped to reduce the number of variants for validation by Sanger
sequencing (Figure 16, Table 14). As the aim of this study was to identify the targets
of the detected chromosomal aberrations one of the filtering steps (Filter 8) aimed in
filtering the variant list for only those positioned in the affected region of chromosome
6, defined individually for each of the four patients. Another patient-specific filtering
step (Filter 11) based on the allelic frequency of the potential variant discarded all the
variants which were located in the affected genomic region but were not targets of the
detected aberration. In case of Patient 11, with a trisomy of chromosome 6, all variants
with an allelic frequency lower than 50% were not considered. The same threshold
was applied in the case of Patient 23, as the UPD in the patient was almost fully clonal
and all variants with low allelic frequencies could not have happened before the UPD,
and are therefore not potential targets of the aberration. This filter was not applied in
the remaining two patients. In the case of Patient 13, the deletion coupled with a
mutation

which

happened

afterwards

could

potentially

have

meaningful

consequences, irrespectively of the allelic frequency. Regarding Patient 26, who had
two different UPD events detected, no filtering was applied because it is unknown
whether the second UPD happened on the background clone carrying one 6p UPD
already, or two different pools of cells exist in the patient, both with a different UPD on
chromosome 6, but the overlap of the regions appears as a fully clonal UPD of the
shorter affected region, as we detect by the used SNP Arrays. Including the above
described filtering criteria, a number of additional filtering steps were performed,
resulting in a final list of 24 potential variants in the four examined patients (range 113 per patient).
Table 13. Statistics of the whole exome sequencing data
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Figure 16. Filtering steps used for analyzing the whole exome sequencing data

ND, non-disease; MPN, myeloproliferative neoplasm; AF, allelic frequency.

Table 14. Overview of the variant filtering steps applied on the exome
sequencing data from the 4 analyzed patients

UPN, unique patient number; N/A, not available

Except for a 43 bp frameshift insertion in the TRERF1 gene, at position 64, in
Patient 26, all other variants were validated by Sanger sequencing. None of the
identified genes were mutated in more than one patient (Table 15 and Figure 17). For
two of the patients (Patient 11 and Patient 13) DNA isolated from T cells was available
and used as control tissue DNA. The origin of all of the identified mutations in these
two patients was investigated, and as a result only one mutation was found to be
somatic. Other mutations were present in the control DNA as well, and were therefore
described as germline. From Patient 23 and Patient 26 no control DNA was available
and consequently the origin of the identified mutations remains unknown.
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Table 15. Mutations validated by Sanger sequencing in the 4 analyzed patients

The identified somatic mutation is highlighted in red. The genomic positions are mapped to the
hg19 reference genome. The allelic frequency shown in the table is taken from the whole
exome sequencing results. UPN, unique patient number; Chr, chromosome; N/A, not available;
SIFT, Sorting Intolerant from Tolerant; PolyPhen-2, Polymorphism Phenotyping v2; The SIFT
and Polyphen-2 scores were calculated using the Ensembl Variant Effect Predict.

The identified somatic mutation in Patient 11 is a L521R change in the FAM65B
gene (Family With Sequence Similarity 65, Member B), which was amplified by trisomy
of chromosome 6. According to the SIFT and PolyPhen-2 scores as predictions of the
functional effect of variants this Leucine to Arginine change is predicted to be probably
damaging with the strongest possible score. Other mutations with predicted damaging
effect, for which the origin of variant could not be established, are those in genes
DNAH8, APOBEC2, TJAP1, CYP39A1 and FAM217A (Table 15).
Taken together, whole exome sequencing of the four selected patients
harboring chromosome 6 aberrations did not identify recurrent mutations in any single
gene. Variants in multiple genes were identified in the patients, with unknown origin in
two out of four patients, and a single somatic mutation in the FAB65B gene identified
in a sMF patient. This data provides a list of candidate genes located on chromosome
6p with a role in the pathogenesis of myeloid neoplasms. However, mechanisms other
than point mutations, such as epigenetic regulation of transcription, might be
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responsible for gene disturbances and should be studied in patients with chromosomal
lesions of chromosome 6p for a deeper understanding of the complexity of
chromosome 6 genetics in hematological malignancies.

Figure 17. Validated mutations in the four analyzed patients

A

C

B

D

A. Mutations in Patients 26; B. Mutations in patient 11; C. Mutations in Patient 13; D. Mutations
in Patient 23. Traces obtained from Sanger sequencing raw data (Sequencher software) are
supplemented with DNA and amino acid sequence in the patient and the reference. For Patients
11 and 23 sequencing traces in both tumor tissue DNA (granulocytes) and control tissue DNA
(T cells) is shown. The position of the identified somatic mutation is indicated by a red arrow,
whereas germline mutations or mutations of unknown origin are depicted with a black arrow.
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3.8.
Intersection of exome sequencing data with the aberrational profile of
chromosome 6p
Exome sequencing of the four patients gave more insight into the mutational
profile of genes located in the aberration regions of chromosome 6 and identified
several genes which were mutated in the analyzed patients. However, the data did not
provide evidence that a single gene is targeted by the chromosomal lesions on
chromosome 6 found in our cohort of patients. Therefore, we intersected the data
obtained from SNP arrays with the results of the whole exome sequencing in order to
map genomic regions or genes which are commonly affected in patients, either by a
chromosomal aberration or mutation. The aberration map of chromosome 6p (Figure
13A) was supplemented with names of genes which were found to be mutated in the
4 analyzed patients (Figure 18). Some of the mutated genes in Patient 11 were located
on the long arm of chromosome 6, as the patients had a chr 6 trisomy and was
investigated for variants across the whole chromosome. These genes were not plotted
on the resulting intersecting map as the aim was to identify commonly affected regions
on the short chromosome 6 arm.
Focal chromosomal aberrations, which we defined as those smaller than 2Mb
in length and found in genomic regions where at least 5 patients with aberrations were
identified, were used to define commonly affected regions (CAR). Nine such regions
were identified across chromosome 6p. The size of the lesion defining the CAR ranged
from 0.31 to 1.87 Mb (mega base pairs) and they contained between 1 and 43 genes.
The position of the CARs is graphically presented on the bottom of Figure 18, and the
size, genomic position and list of containing genes is shown in Table 16.
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Figure 18. Intersection of chromosomal aberrations and mutations detected on
chromosome 6p

Green bars represent gains of genomic regions, blue bars uniparental disomies and red bars
deletions, all detected in patients using the Affymetrix Genome-Wide Human SNP Array 6.0.
Bars connected with a grey line are detected in the same patient. The position of genes is
depicted with circles and connected to the gene names with vertical grey lines. Aberrations and
mutations plotted on the same bar are found in the same patient. The somatic mutation is
presented in red, germline mutations in white and mutations of unknown origin in orange.
Commonly affected regions (CAR) are shown on the bottom. The black bar represents the
genomic locus defined by the focal lesion. CARs are numbered from 1 to 9.

The intersection of the data identified a number of genes which were found
mutated in single patients, but also in regions which are commonly affected by
aberrations – PSORS1C1, NCR3, UHRF1BP1, TJAP1, RSPH9 and MRPS18A. The
origin of the mutations identified in NCR3, UHRF1B1 and TJAP1 is unknown, whereas
the other two were found to be germline mutations.
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Table 16. Commonly affected regions on the short arm of chromosome 6

The genomic positions defining the commonly affected regions are mapped to the hg18
reference genome. CAR, commonly affected region; Mb, megabase; UPD, uniparental disomy;
del, deletion
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On the other hand, CAR 1-3 are located in a region where most of the
chromosomal aberrations occur, indicating that genes in these commonly affected
regions might potentially be involved in myeloid malignancies. In addition to FAM65B,
which is detected as a somatic mutation in one patient, and JARID2 which is
homozygously deleted in two patients, some of these genes might have a role in the
pathophysiology of the disease but analyzing the frequency of mutations in larger
cohorts and investigating the functional effect of the gene disruptions in vitro is
necessary for elucidating their role and impact in hematological malignancies.
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4. DISCUSSION

4.1. General discussion
The results published in Manuscript 1 have already been discussed as part of
the manuscript. Their interpretation will not be repeated but they will be put into a wider
picture of understanding the genetics of myeloid malignancies, and will be discussed
in the context of the subsequent results. In addition, a general discussion focusing on
the contributions of the results of this thesis to the knowledge in this field, and putting
the results in the context of novel finding is elaborated in this chapter.

Chromosome 6p aberrations are recurrent in myeloid malignancies, and
associate with leukemic stages of MPN
With the use of high resolution genome wide SNP Arrays we have shown that
chromosomal aberrations occur frequently in sAML, by identifying at least one
chromosomal aberration in 83.1% of 77 sAML patients, the majority of the events being
deletions. Recurrent chromosomal aberrations are detected in the studied cohort,
among others large aberrations of chromosomes 1, 5q, 6, 7, 8, 9p, 11q, 17p and 21,
as well as smaller aberrations mapping to single genes already associated with
myeloid malignancies, including those on chromosomes 4q (TET2), 7p (IKZF1), 7q
(CUX1) and 12p (ETV6) (Figure 1 from Manuscript in Chapter 3.1) (Delhommeau et
al., 2009, Klampfl et al., 2011). In addition to the known tumor suppressors targeted
by focal deletions, we report JARID2 as a putative novel tumor suppressor, a gene
positioned on the short arm of chromosome 6 at p23-p22.3. Assessing the frequencies
of chromosome 6p abnormalities, including deletions, uniparental disomies and gains,
in a large pan-myeloid cohort of 905 patients, we discovered low rates in chronic phase
MPN (1.5%), CML (1.6%) and MDS (0%), increased rates in accelerated phase MPN
(3.4%), dnAML (4%) and post-MDS AML (5.3%), with highest frequencies in post-MPN
AML (15.6%). The combined frequency off chromosome 6p aberrations in sAML is
10.6%, however we have detected statistically significant enrichment of chr 6p
aberrations in leukemic transformation of MPN but not MDS. This strong association
implicates a role of genes located on chromosome 6p in the progression of MPN to
post-MPN AML.
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Following these findings this thesis has focused on two specific topics which
will further be discussed – the deletion profile of JARID2 and other PRC2 member
encoding genes in relation to disease progression in MPN and MDS; and the
mutational profile of genes located on chromosome 6 in patients with chromosomal
aberrations of the locus, in a pan-myeloid cohort of patients, in search for other
potential gene targets of the recurrent genetic lesions.
Figure 19. Presence of chromosome 6p aberrations during disease progression
of MPN and MDS and in different myeloid neoplasms

Chromosome 6p aberrations were detected using Affymetrix Genome-Wide Human SNP Arrays 6.0 in
our pan-myeloid cohort of 905 patients. Frequencies are calculated for each disease entity and
represented as cut-outs from the circle, depicted in orange. MPN: 1.5%; AP MPN: 3.4%; post-MPN AML:
15.6%; MDS: 0%; post-MDS AML: 5.3%; dnAML: 4%; CML: 1.6%. MPN, myeloproliferative neoplasm;
AP, accelerated phase; AML, acute myeloid leukemia; dnAML, de novo acute myeloid leukemia; CML,
chronic myeloid leukemia
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Deletions of genes encoding PRC2 members are frequent in sAML and dnAML
The Polycomb Repressive Complex 2 (PRC2) is one of the two polycomb
repressive complexes in mammals, together with PRC1. Through regulation of
chromatin modifications PRC2 represses target genes during different cellular
processes, including differentation. The core of the complex consists of Ezh2, Suz12
and Eed, all of which are required for efficient PRC2 activity. Ezh2 is a
methyltransferase responsible for thrimethylation of Lysine 27 of Histone H3 through
its catalytic SET domain, leaving repressive H3K27me3 marks at promotor sites of
target genes, which results in gene silencing. The activity of Ezh2 is partially
compensated by Ezh1 upon Ezh2 loss (Aoyama, Oshima et al., 2018, Margueron &
Reinberg, 2011). Both Ezh2 and Ezh1 contain a SRM domain (stimulatory responsive
domain) which differ in one residue among each other, causing allosteric activation,
with stronger activation seen in PRC2-Ezh2 compared to PRC2-Ezh1 (Lee, Yu et al.,
2018a). Suz12 has a role in maintaining structural stability of the complex through
binding to both Ezh2 and Eed, but also to Rbbp4, Jarid2 and Aebp2 (Kasinath et al.,
2018). The complex consists of two lobes – the top catalytic lobe formed by Ezh2, Eed
and the VEFS domain of Suz12, and the bottom lobe containing Jarid2, Aebp2, Rbbp4
and the remaining part of Suz12. A regulation loop between PRC2 and Jarid2 exists,
with Jarid2 being a substrate of the PRC2 complex, which in turn, when methylated
activates the complex to methylate H3K27 at other gene loci (Sanulli, Justin et al.,
2015). The region of Jarid2 containing the K116 residue contributes to the formation
of the active conformation of the complex, through binding to Eed and Ezh2 (Kasinath
et al., 2018). Aebp2 binds to Rbbp4 and recruits PRC2 to DNA methylated sites and
stimulates PRC2 binding to histones in both PRC2-Ezh2 and PRC2-Ezh1 complexes
(Lee et al., 2018a, Sun, Li et al., 2018, Wang, Paucek et al., 2017). Jarid2 and Aebp2
in synergy regulate PRC2 activity, both inducing its enzymatic activity with their loss
resulting in reduced stability of the complex (Kasinath et al., 2018, Lee et al., 2018a,
Wang et al., 2017). In addition to its main role in regulating PRC2 activity, Jarid2
directly binds to H2AK119u1 histone marks, which are a result of PRC1 activity,
interconnecting the functions of PRC1 and PRC2 complexes in the regulation of target
gene expression (Cooper, Grijzenhout et al., 2016).
The research conducted in this thesis identifies JARID2 as one of the possible
tumor suppressors involved in MPN disease evolution. We found the gene
homozygously deleted in two patients, both in progressive phases of MPN. In both
cases a focal deletion of the JARID2 locus was coupled with a uniparental disomy,
resulting in a full loss of the JARID2 gene. In another study a homozygous JARID2
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deletion was identified in a sMF patient with mutations of IDH2 and SF3B1, which later
transformed to AML (Rampal et al., 2014). No association of chromosome 6p
aberrations and JARID2 mutations has been observed in our study, independent of
disease stage and disease entity. Other studies screening for JARID2 mutations in
myeloid malignancies revealed no mutations or found mutations at very low
frequencies (2%) in chronic phase MDS and MPN (Khan et al., 2013, Score, HidalgoCurtis et al., 2012). A recent study of MPN exploiting RNA sequencing as a tool for
variant identification has discovered JARID2 mutations in 3.8% of the 104 analyzed
patients (Schischlik, Jager et al., 2019). A study of PMF with prior exposure to ionizing
radiation (IR) identified 2 JARID2 mutations in 13 analyzed 17 patients exposed to IR
and 1 in unexposed PMF patients (Poluben et al., 2019). Overall, our results give
evidence that mutations of JARID2 occur unfrequently, whereas deletions of the
JARID2 containing locus occur with higher frequencies and are enriched in the
leukemic phase compared to chronic phase of myeloid malignancies (in 7% vs. 0.3%,
respectively). The majority of detected deletions are hemizygous, therefore
haploinsufficiency of the gene might be the mechanism of action involved in disease
progression, supported by our findings that JARID2 expression is lower in patients with
deletions compared to controls. Recently, an extensive functional study of JARID2
knockout in mouse models and patient derived xenografts showed that JARID2 loss
results in de-repression of self-renewal in multipotent myeloid progenitor cells,
upregulating genes characteristic for HSC, such as RUNX1T1 and MYCN, as well as
the HOXA genes. JARID2-KO mice develop a MPD/MPN-like phenotype with longer
latency period in heterozygous JARID2 mice (Celik, Koh et al., 2018).
PRC2 haploinsufficiency in disease progression
Deletions of genes encoding PRC2 complex members other than JARID2 were
also observed frequently in our study. With a crucial role of both core members and
the co-factors of PRC2 for its enzymatic activity, we can hypothesize that
haploinsuffuciency of any of the genes may contribute to reduced activity of the
complex. Our data shows that deletions of PRC2 member encoding genes EZH2,
EED, SUZ12, EZH1, JARID2 and AEBP2 occur across different myeloid malignancies.
Uniparental disomies covering PRC2 member genes also occur in hematologic
malignancies involving the myeloid lineage, as shown in Manuscript 1, but are not
associated with disease progression, neither are they coupled with mutations of the
containing genes encoding PRC2 members. Overall, 6.6% of patients from the
analyzed pan-myeloid cohort had deletions of at least 1 PRC2 complex member
detected. The frequencies differed greatly between different disease entities with an
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overrepresentation in leukemic compared to chronic stages of myeloid neoplasm. In
chronic phase MDS no deletions were detected affecting PRC2 members, with a
strong enrichment in post-MDS AML (22.5%) (P=0.0007). The same trend was
observed in MPN (1%) and post-MPN (40%) (P=0.006). Our data shows that deletions
covering EZH2 are significantly associated with leukemic transformation of both MDS
(P=0.0021) and MPN (P=0.006), whereas JARID2 and SUZ12 containing deletions
are specific for the leukemic transformation of MPN (P=0.006). Taken together, the
results of this thesis demonstrate that deletions of genes encoding PRC2 subunits are
frequently seen in secondary AML and implicate that PRC2 inactivation may have an
important role in disease progression rather than in disease initiation. PRC2 deletion
rates were also high in dnAML (16.2%) but much lower in sMF (3.4%) and CML (3.3%).
However, the size of the deletions should be kept in mind when interpreting the results
of our study as some of the deletions are long, affecting many genes, sometimes the
whole chromosome, with only 11 focal deletions (<2Mb) targeting PRC2 members
identified in our cohort. In addition to hemizygous deletions of AEBP2, which were
detected exclusively in sAML in our cohort, we have identified a focal homozygous
deletion in a post-MDS AML patient. Focal deletions of AEBP2 were also reported in
pediatric AML, as well as mutations of the gene in pediatric ALL and AML, indicating
that loss of PRC2 co-factors may contribute to leukemic development not only in adultbut also in childhood leukemias (Huether, Dong et al., 2014, Olsson, Zettermark et al.,
2016).
The loss of PRC2 subunits likely cooperate with each other or with other genes
to promote disease evolution
Deletions of PRC2 member genes are most often larger deletion covering a
various number of additional genes. Therefore, the possibility of synergy in disease
progression cannot be excluded and should be further functionally investigated in order
to better understand consequences of codeletions of epigenetic modifiers and other
genes in the hematopoietic system. Here we report frequent codeletions of neighboring
genes, SUZ12 and NF1 on chromosome 17q and AEBP2 and ETV6 on chromosome
12p. The NF1 gene encodes a GTPase-activating protein which activates Ras and its
downstream signaling pathway (Cichowski & Jacks, 2001). The loss of NF1 in mice
induces MPN and NF1 loss cooperates with the inactivation of other genes, such as
ICSBP and KRAS, in the progression of MPN and the development of AML (Cutts,
Sjogren et al., 2009, Koenigsmann, Rudolph et al., 2009, Largaespada, Brannan et
al., 1996, Le, Kong et al., 2004, Sachs, Been et al., 2016). Mutations of NF1 are
frequently found in neurofibromatosis type 1, a benign disease which in some cases
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progresses to malignant peripheral nerve sheath tumor (MPNST), but also
predisposes to the development of different tumor types including juvenile
myelomonocytic leukemia (JMML), a MPN/MDS overlap disease (Cichowski & Jacks,
2001, Loh, 2011). Recent studies of neurofibromatosis type1 have associated PRC2
inactivation on a NF1-mutant background with disease progression to MPNST or the
development of JMML (Caye, Strullu et al., 2015, De Raedt, Beert et al., 2014, Lee,
Teckie et al., 2014, Suresh, Kliot et al., 2016, Zhang, Wang et al., 2014). In one study
more than 60% of NF1-mutated JMML harbor at least one inactivated PRC2 member,
often resulting from a deletion secondary to the NF1 mutation, leading to
haploinsufficiency of the affected gene (Caye et al., 2015). In line with the results of
this thesis, showing frequent co-deletions of NF1 and other PRC2 members,
particularly its neighboring gene SUZ12, a similar synergy of NF1 and PRC2 loss may
lead to disease progression of myeloid neoplasms. In addition, we have detected ETV6
deletions co-occuring with deletions of various PRC2 members. The Etv6 protein
belongs to the ETS family of transcription factors, binds to DNA and acts as a
transcriptional repressor, with a role in regulating HSC survival and megakaryocytic
differentiation (Hock, Meade et al., 2004, Hollenhorst, McIntosh et al., 2011).
Chromosomal translocations resulting in fusion genes involving the ETV6 gene often
occur in hematological malignancies, including MPN, MDS, AML and ALL, with a
variety of different fusion partners of ETV6 identified, most of which fall into functional
groups of receptor tyrosine kinases, non-receptor tyrosine kinases, transcription
factors or homeobox proteins (De Braekeleer, Douet-Guilbert et al., 2012). Focal
deletions of chr12p covering the ETV6 gene have previously been identified in
hematological malignancies but the rate of co-deletion with AEBP2 and other PRC2
genes has first been investigated in our study (Baens, Wlodarska et al., 1999,
Feurstein, Rucker et al., 2014, Sato, Suto et al., 1995). In our cohort we identified 21
deletions covering the locus of the ETV6 gene. More than 70% of ETV6 deleted
patients had a PRC2 member gene co-deleted, the majority of which presented with
AEBP2 loss, but SUZ12 or JARID2 loss was also simultaneously with ETV6 loss
identified in our cohort. ETV6 mutations also occur in a variety of hematological
malignancies, at low frequencies, and have been associated with shorter overall
survival in MDS (Barjesteh van Waalwijk van Doorn-Khosrovani, Spensberger et al.,
2005, Bejar et al., 2011, Wang, Dong et al., 2014). In MDS EZH2 and ETV6 mutations
were identified in the same patient, providing more evidence of the impairment of both
PRC2 and Etv6 functions in patients (Bejar et al., 2011). To which extent and in which
way the simultaneous loss affects disease initiation and evolution is unknown. In our
study all double deletions of ETV6 and PRC2 genes were present in AML (both sAML
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and dnAML), suggesting a synergetic role of double haploinsufficiency preferably in
leukemic transformation than in disease initiation.
Figure 20. Clonal evolution and PRC2 deletions in the progression of chronic
myeloid neoplasms

Chronic myeloid malignancies (MPN and MDS) arise upon a mutation in one of the known
driver genes, in some cases subsequent to a previous CHIP phase. Inactivation of the PRC2
complex through deletions of the encoding genes might have a role in leukemic transformation
as deletions occur in 40% and 22.5% of post-MPN AML and post-MDS AML, respectively, as
presented by pie charts. PRC2 deletions may cooperate with deletions of other genes in the
disease progression. The genes detected codeleted with PRC2 subunits in our cohort are
represented in the figure.

We were able to demonstrate that deletions of PRC2 members are not mutually
exclusive, with co-deletions of PRC2 members being significantly enriched in leukemic
compared to chronic phase myeloid malignancies, providing insight into a collaborative
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effect of multiple deletions in disease progression. Single cases from other studies also
describe a complex pattern of acquisition of PRC2 mutations and deletions in MPN
disease progression, as described in a post-ET MF patient with a complex karyotype,
including deletions of TET2, EZH2, AEBP2, NF1 and SUZ12, in addition to a SUZ12
mutation and a TET2 mutation (Brecqueville, Cervera et al., 2011). The only PRC2
complex member showing mutual exclusivity of deletions with other complex members
in our study was EED. This might be random due to a low frequency and low number
of observed EED deletions, but a synthetic lethality of EED with other related genes
may also be the explanation of this observation with further studies needed to
understand this relation in more detail.
In addition to multiple PRC2 deletions, the loss of PRC2 members co-occurs
with deletions or mutations of other genes. In the three patients from our cohort with
homozygous deletions of PRC2 cofactors JARID2 or AEBP2 deletion profiling detected
simultaneous deletions of genes recurrently seen mutated in myeloid neoplasms, such
as ZRSR2, CUX1 and TET2 (Delhommeau et al., 2009, Lindsley et al., 2015,
McNerney et al., 2013, Ogawa, 2019, Thol et al., 2012), as well as deletions of other
genes with potential roles in disease progression such as UBN2, HELLS and
TBC1D12. The disruption of the spliceosome and epigenetic machineries, as
presented here, co-occur in patients. Expression of EZH2, the catalytic unit of the
PRC2 complex, is shown to be reduced in patients with spliceosome mutations
(U2AF1 and SRSF2), with an effect on H3K27me3 levels as in cases with EZH2
mutations or haploinsufficiency (Khan et al., 2013). Mutations of both EZH2 and
spliceosome genes were also found in MDS/MPN. ZRSR2 and SRSF2 mutations were
detected in 20% and 15% of EZH2-mutant MDS/MPN, respectively, as well as U2AF1
in 2% of EZH2-mutant MDS/MPN (Rinke, Muller et al., 2017). As can be the case in
Patient 10 harboring both JARID2 and ZRSR2 deletions, loss of both a PRC2 member
and a spliceosome component might have synergetic mechanistic functions in
leukemic transformation, where single lesions may not be enough for disease
progression, with a milder effect in the regulation of proliferation and differentiation.
TBC1D12 is a binding partner of Rab11, which is a Ca2+-dependent GTPase involved
in formation and secretion of exosomes from the plasma membrane during erythroid
maturation (Fader, Savina et al., 2005, Oguchi, Noguchi et al., 2017, Savina, Furlan et
al., 2003). However, up to date there is no association of this gene with myeloid
malignancies. Recurrent mutations in the promoter of TBC1D12 have been reported
in breast cancer but not in other cancers, including MDS and AML (Rheinbay,
Parasuraman et al., 2017, Son, Kim et al., 2019). HELLS is a epigenetic regulator
expressed in hematopoietic progenitor cells, involved in transcription regulation of a
large number of target genes, including MLL1 and KRAS (Myant & Stancheva, 2008,
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Prasad, Ronnerblad et al., 2014, von Eyss, Maaskola et al., 2012). Hells interacts with
the transcription factor E2f3, as well as with the DNA methyltransferase Dnmt3b, which
in synergy with Dnmt3a regulates hematopoietic stem cell self-renewal and
differentiation and when overexpressed is associated with poor prognosis in AML
(Challen, Sun et al., 2014, Hayette, Thomas et al., 2012, Schulze, Rohde et al., 2016).
Ubn2 is part of the HIRA histone chaperone complex and has a role in epigenetic
regulation of gene transcription by actively taking part in nucleosome assembly (Xiong,
Wen et al., 2018). Recently, it has been shown that Ubn2 regulates the transcription
of KRAS, activating the downstream Ras/MAPK signaling pathway (Zhao, Zhong et
al., 2019). Giving strong evidence that these genes are deleted in single patients from
our cohort, and hypothesizing that homozygous loss of PRC2 cofactors in combination
with the loss of other epigenetic regulators or other genes may have collaborative
effects in disease pathogenesis, further investigation in cell lines would be required for
elucidating the effect of multiple gene inactivation.
PRC2 loss also cooperates with the MPN driver mutation JAK2V617F in the
pathogenesis of MPN. Both cases of JARID2 homozygous deletions in patients in our
study co-occurred with JAK2V617F mutations, amplified by 9pUPD. Mice with cooccurring JAK2V617 mutation and Jarid2 deletion developed a MPN phenotype with
reduced median survival compared to JAK2V617F-only mutant mice, with a dosedependent effect of JARID2 loss. The reduction of median survival is milder in mice
with heterozygous than in those homozygous JARID2 loss. JARID2 loss on a
JAK2V617F background causes stronger JAK-STAT activation and stimulates faster
disease development (Celik et al., 2018). The cooperation of JAK2V617F is seen with
EZH2 as well. These 2 genes cooperate in accelerating the development of a MPNlike phenotype, resulting in shortened survival (Sashida et al., 2016, Shimizu et al.,
2016, Yang et al., 2016). A skewage of hematopoietic differentiation to
megakaryopoiesis occurs, as well as an increase of the HSC and progenitor cell pool.
The reduction of H3K27me3 marks at promotor regions of target genes results in
overexpression of several genes, including Hmag2, S100a8, S100a9 and Ifi27l2a
(Sashida et al., 2016, Shimizu et al., 2016, Yang et al., 2016). EZH2 loss also
cooperates with the loss of TET2 or RUNX1 mutations to induce a MDS or MDS/MPN
phenotype in mice, with more severe clinical features and reduced overall survival
compared to mice with retained EZH2 (Muto, Sashida et al., 2013, Sashida et al.,
2016). The order of mutation acquisition seems to also play a role in PRC2-dependant
leukemogenesis, as demonstrated in a study in which JARID2 knockout mice on a
IDH2-mutant background developed leukocytosis, splenomegaly and an AML
phenotype, but only when IDH2 mutations occurred prior to JARID2 loss (Celik et al.,
2018).

94

Point mutations of PRC2 members
Somatic mutations of genes encoding the PRC2 subunits, although rare, occur
in myeloid malignancies. The most frequently mutated of them is EZH2 with mutations
occurring in 3% of MPN, more frequently in PMF than in PV and ET (Lundberg et al.,
2014). The reported frequencies of EZH2 mutations, which most often affect the
catalytic SET domain, are 10%-13% in PMF, 5% in sMF, 2.5%-6% in MDS, 8%-12%
in MDS/MPN and 2% in AML (Ernst, Chase et al., 2010, Haferlach et al., 2014, Khan
et al., 2013). In our research group, in a cohort of 40 patients for which exome
sequencing was performed for other purposes (data not shown, see Manuscript 1,
Chapter 3.1), we detected a EZH2 R249X nonsense mutation in a PMF patient, which
results in a truncated protein lacking the SET domain. In addition to this EZH2 mutation
we detected another 5 mutations of PRC2 subunits - two EZH1 mutations (EZH1 P78T
in ET and EZH1 C696F in PMF), a SUZ12 T598P mutation in sMF, EED R302S in
sMF and a PHF19 T225P mutation in sMF. The EZH1 C696F mutation affects the
catalytic SET domain of Ezh1, the SUZ12 T598P is located in the VEFS domain of
Suz12, while the PHD domain of PHF19 is affected by the PHF19 T225P mutation.
The mutations we detected were found in higher numbers of sMF than chronic phase
patients, but with the numbers being too small we cannot draw any conclusions on
their frequencies. Except for the SUZ12 somatic mutation we were not able to
determine the origin of other mutations as control DNA from patients was not available.
EZH2 mutations most often co-occur with TET2, ASXL1, RUNX1 DNMT3A, JAK2,
NRAS, KRAS and IDH1/2 mutations (Haferlach et al., 2014, Khan et al., 2013, Rinke
et al., 2017). Reduced EZH2 expression, followed by a reduction of H3K27me3
repressive marks can be a result of mutations, haploinsufficiency (del 7q) or
spliceosome mutations (Khan et al., 2013). SUZ12 mutations are not as frequent and
occur with or without an additional deletion of the genetic locus (Brecqueville et al.,
2011). The hotspot of SUZ12 mutations targets the VEFS-box domain of the protein
which binds to both Ezh2 and Eed and stabilizes the active conformation of PRC2 (Jiao
& Liu, 2015). The somatic mutation identified in our study affected the VEFS domain
and was coupled with a chromosome 17q UPD in a sMF patient (Manuscript 1, Chapter
3.1) SUZ12 and NF1 are reported co-mutated in a MDS/MPN patient, implicating that
despite the higher frequency of deletions as a mechanisms of SUZ12 and NF1
inactivation, double mutations also occur at very low frequencies (Score et al., 2012).
NF1 mutations, uncoupled with 17q del or SUZ12 mutations, are also found in MPN
(Brecqueville et al., 2011). Nonsense and missense EED mutations are rare events,
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identified in 1-3% of MDS and MDS/MPN (Score et al., 2012, Ueda, Sanada et al.,
2012). Both SUZ12 and EED mutations result in a decrease of H3K27me3 marks, and
may co-occur in patients (Khan et al., 2013, Score et al., 2012). Mice with a
heterozygous loss of EED develop a MPN phenotype (Lessard, Schumacher et al.,
1999). As shown in our study the presence of chromosome 11q UPDs is significantly
enriched in leukemic vs. chronic phase MPN, but not associated with EED mutations.
A study conducted by our group showed that chromosome 11q UPD is a recurrent
aberrations in myeloid malignancies and often, but not exclusively, associates with
CBL mutations (Klampfl et al., 2013b). We have also demonstrated that other UPDs
detected in our cohort, other than the chromosome 17q mutation previously described,
were not coupled with mutations of PRC2 members (Manuscript 1, Chapter 3.1).
Overall, genes encoding polycomb repsessive complex 2 subunits are
infrequently mutated in myeloid malignancies, with the exception of EZH2, and are
targeted by deletions to a much higher extent, with an association of deletions with
advanced and leukemic stages of myeloid neoplasms.
The complexity of chromosome 6 genetics in myeloid malignancies
Exome sequencing of selected patients performed within the scope of this
thesis has confirmed our previous findings that point mutations of JARID2 are not
present in the investigated patients with UPD, gain or deletion of chromosome 6. Even
though JARID2 seems to be a target of a number of the aberrations, other genes are
potentially affected in other patients. Our results provide a list of genes in which
variants were detected, coupled with a chromosomal aberration. In addition, a list of
commonly affected chr 6p regions was assembled using an integrative approach of
aberration mapping combined with variant mapping. FAM65B is the single gene found
somatically mutated in our study, identified in a sMF patient with trisomy of
chromosome 6. The majority of chromosomal aberrations detected on chromosome
6p covered the region of FAM65B. The identified mutation caused a leucine to arginine
amino acid change at position 521, and was amplified by chromosomal gain. The
structural and functional domains of the protein are not well characterized and limited
amount of research indicates some of its functions. Fam65b acts as a RhoA (Ras
homologue family member A) inhibitor, with a known role in neutrophil polarization and
in proliferation and migration of T-lymphocytes (Froehlich, Versapuech et al., 2016,
Gao, Tang et al., 2015, Megrelis, El Ghoul et al., 2018, Rougerie, Largeteau et al.,
2013). Fam65b directly binds to RhoA through its RHOA-binding motif (Gao et al.,
2015). RhoA is a Rho GTPase, an activator of ROCK (Rho-associated coiled coilcontaining protein kinases), which leads to downstream phosphorylation and activation
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of its various targets, with Jak2 being one of them (Haga & Ridley, 2016, Huang, Kong
et al., 2012). This might link the function of Fam65b to the JAK/STAT signaling
pathway, responsible for the pathogenesis of MPN in the majority of patients.
Oncogenic RHOA mutations also frequently occur in T-cell lymphomas (Palomero,
Couronne et al., 2014, Sakata-Yanagimoto, Enami et al., 2014, Vallois, Dobay et al.,
2016, Yoo, Sung et al., 2014). Its overexpression is observed in breast cancer,
correlating with the malignancy grade and proliferation state of the cancer, while
inactivation of RHOA has been described in colorectal cancer (Chan, Lee et al., 2010,
Dopeso, Rodrigues et al., 2018, Fritz, Brachetti et al., 2002). Constitutive activation of
the RhoA/ROCK signaling cascade regulates Stat5-mediated transcription, and is
involved in MPN development in vivo in cooperation with oncogenic mutations in KIT,
FLT3 and BCR-ABL (Ling & Lobie, 2004, Mali, Ramdas et al., 2011). RhoA and ROCK
have an important role in megakaryocytic development and platelet production,
through regulation of endomitosis (Avanzi, Goldberg et al., 2014, Suzuki, Shin et al.,
2013). This knowledge of the function of Fam65b and its interacting partners and our
findings of a somatic mutation in a sMF patient as a novel gene potentially involved in
MPN disease evolution suggest that prospective studies of the mutational rate of this
gene in a cohort of MPN, MDS and AML patients might lead to significant discoveries
relevant for understanding the underlying mechanisms of disease evolution. Other
variants with predicted damaging effects were found in DNAH8, APOBEC2, TJAP1,
CYP39A1 and FAM217A. However, due to lack of control DNA the origin of mutations
could not be delineated. Follow up studies could reveal more about the frequency of
mutations in larger cohorts. Of note, as part of clonal hematopoiesis prior to any
malignancy recent studies discovered somatic mutations in multipotent HSC which
may give rise to both myeloid and lymphoid cells. Therefore, the use of T-cell DNA as
control tissue might be misleading in cases where unrecognized clonal hematopoiesis
preceded the myeloid disease. With this kept in mind the origin of variants detected in
exome sequencing studies might be reconsidered and should potentially be confirmed
with the use of a different tissue as control, when possible. Therefore, in a wider picture
all genes found mutated in our study, somatic and germline, should be kept in sight as
potential targets of chromosome 6 mutations.
In addition to JARID2 and FAM65B, the intersection of exome sequencing data
with the aberrational profile of chromosome 6p allowed the identification of several
commonly affected regions (CAR), with a list of other putative tumor suppressor genes.
The region affected in the majority of patients is the one of highest interest, covering
the genomic position chr6: 1-36450000 (hg18), highlighted in Figure 21. This includes
genes LYRM4, FARS2, MBOAT1, E2F3 and CDKAL1 as parts of CAR1 and CAR3, in
addition to JARID2 and FAM65B. The E2f3 transcription factor regulates the cell cycle,
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fine tuning transcription dependent of the differentiation context of the cell, and
regulate cell survival in a p53-dependant manner (Chen, Pacal et al., 2009, Chong,
Wenzel et al., 2009). E2f3 has a significant role in the development of myeloid
hematopoietic cells, as well as in cancer (Gao, Li et al., 2017, Pulikkan, Dengler et al.,
2010, Trikha, Sharma et al., 2011, Trikha, Sharma et al., 2016). LYRM4, FARS2,
MBOAT1 and CDKAL1 have so far not been associated with hematological
malignancies. Interestingly, the CDYL gene, encoding a PRC2-interacting protein is
also located on chromosome 6p (chr6 p25.1), very close to the CAR1, and is found
deleted in our cohort in 1 MF, 3 dnAML and 4 sAML patients, with all of these deletions
covering the locus of the JARID2 gene as well.

CDYL is involved in epigenetic

regulation through complexes with REST and G9a, HDAC1 and C-terminal binding
protein (CtBP) (Caron, Pivot-Pajot et al., 2003, Mulligan, Westbrook et al., 2008, Shi,
Sawada et al., 2003). CDYL regulates PRC2 activity by interacting with both Ezh2 and
repressive epigenetic histone marks (H3K27me2 and H3K27me3), and recruits Ezh2
to the DNA replication fork by interacting with the replication machinery and chromatin
assembly factors (Liu, Liu et al., 2017, Zhang, Yang et al., 2011). Whole exome
sequencing results from our study have not identified mutations of this genes, but
simultaneous haploinsufficiency of CDYL and JARID2 may have functional effects on
AML development and should further be investigated.
The HLA (human leukocyte antigen) locus is also located on chromosome 6p
and should not be overseen when investigating the genetics of chromosome 6. In 1113% of aplastic anemia cases chromosome 6pUPD occurs, in which HLA (human
leukocyte antigen) genes are identified as targets of these chromosomal aberrations
(Babushok, Perdigones et al., 2015, Betensky, Babushok et al., 2016, Katagiri, SatoOtsubo et al., 2011, Zaimoku, Takamatsu et al., 2017). Aplastic anemia is a rare
nonmalignant bone marrow failure disorder, characterized by bone marrow
hypocellularity, caused by eradication of hematopoietic stem cells mediated by
immune cells, and is accompanied with pancytopenia in the peripheral blood.
Complications of aplastic anemia include progression to MDS or AML (Shallis, Ahmad
et al., 2018). In addition, clonal hematopoiesis occurs in almost half of aplastic anemia
patients, with frequent mutations in a variety of MDS- and AML-specific genes
(Yoshizato, Dumitriu et al., 2015). Escape from activated cytotoxic T cells (CTL) due
to the loss of heterozygosity of the HLA locus on chromosome 6 and uniparental
expression of HLA genes leads to aplastic anemia in cases with chr 6p UPD (Katagiri
et al., 2011). Clonal hematopoiesis is sustained in aplastic anemia in patients with chr
6p LOH, without additional mutational events. However, if the secondary somatic
mutation occurs in a HSC with chr 6pUPD it provides proliferative advantage to the
affected clone (Imi, Katagiri et al., 2018). The same mechanism of immune
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surveillance escape has been observed in leukemic relapse after hematopoietic stem
cell transplantation (Vago, Perna et al., 2009, Villalobos, Takahashi et al., 2010).
Somatic mutations of HLA genes are also described in aplastic anemia, both coupled
and not coupled with a chr6p UPD (Zaimoku et al., 2017). HLA genes located on the
short arm of chromosome 6 are clustered in a 3.6Mb MHC (major histocompatibility
complex) region and are one of the most polymorphic genes of the human genome
(MungallPalmer et al., 2003). In the exome sequencing performed in this thesis
variants in the HLA genes were filtered out during data analysis due to the highly
repetitive nature of the genomic region. However, the aberration profiling does not
point to HLA genes as main targets, as the majority of the detected aberrations do not
cover the HLA cluster located at chr6 p21-p22. Out of 42 chromosomal aberrations on
chromosome 6p we detected in the large studied cohort 16 were covering this locus 4 UPDs in 3 patients, 8 gains, 2 focal deletions (in a dnAML and CML patient), and 2
deletions with breakpoints in the region. It is unlikely that the HLA locus is targeted by
aberrations of chromosome 6p in our cohort but without further studies no conclusions
can be reached about their role in the disease development.
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Figure 21. Chromosome 6p: putative target genes of chromosomal aberrations
in myeloid malignancies

Chromosomal aberrations on chromosome 6p, detected in the studied panmyeloid cohort, are
represented with bars. Blue bars, red bars and green bars represent uniparental disomies,
gains and deletions, respectively. Aberrations connected with a grey line are detected in the
same patient. The position of three single genes are depicted with vertical grey lines. Commonly
affected regions identified in this study are represented with black bars in the bottom. The
region affected in the majority of patients, as well as the position of the HLA locus are
highlighted. Names of genes CAR1 and CAR3 cover are displayed.

100

4.2. Conclusion and future prospects
The work performed in the scope of this PhD project and presented in this
thesis contributes to the knowledge and understandings of the genetics of MPN and
MDS, with a focus on genetic factors contributing to disease progression and evolution
to secondary AML, investigating the presence of detected aberrations in dnAML as
well. We have shown that the presence of chromosomal aberrations is associated with
leukemic transformation of MPN and MDS and for the first time identified JARID2 as a
putative tumor suppressor in MPN development, providing evidence that the gene is
preferentially targeted by deletions and not mutations, and that the presence of these
deletions is associated with disease progression. In addition, by means of deletion
mapping, we have demonstrated that deletions of PRC2 subunits are strongly enriched
in sAML, and are present in dnAML as well, but rarely occur in chronic phases of MPN
and MDS. The detection of frequent codeletions of single PRC2 subunits, as well as
their codeletion with other genes (NF1, ETV6, spliceosome factors, epigenetic
regulators) in our cohort implies a possible cooperating role in disease evolution. We
have shown that chromosome 6p is affected across a broad range of myeloid
malignancies and that lesions of the chromosomal arm associate with MPN evolution
to sAML. Furthermore, we found no association with JARID2 mutations, and our study
did not reveal any other single gene recurrently targeted by mutations in patients with
aberrant chr6p.
As a follow up of our study a number of experiments could fulfill our findings of
the effect of PRC2 loss and chromosome 6 aberrations in patients with myeloid
malignancies and their effect in disease evolution. In order to investigate the
expression of JARID2 upon chr6p deletion RNA sequencing in a larger number of
patients could be performed, with an additional objective of investigating the
expression profile of PRC2 target genes upon JARID2 loss. Despite the low number
of investigated samples, our data shows a trend of reduced JARID2 expression in
patients with JARID2 loss. In addition, due to the lack of a common target in
chromosome 6p aberrations based on DNA sequencing performed as part of this
thesis, but also in a separate study performed by our research group where exome
sequencing of DNA from a PMF patient with chromosome 6p UPD revealed no somatic
mutations (Milosevic Feenstra et al., 2016), DNA methylation profiling of patients with
chromosome 6p aberrations can be a powerful tool for identifying epigenetic changes
leading to inactivation of genes, and might complement the findings of exome
sequencing and facilitate the detection of a common target gene on chromosome 6p.
Perturbations of PRC2 genes by the means of CRISPR/Cas9 technology (Ran, Hsu et
al., 2013) in cell lines may provide more information about the effect of gene loss on
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proliferation and cell survival, whereas knockouts of multiple PRC2 members can add
additional layers of knowledge to the understanding of the effect of simultaneous
happloinsuficiency observed in patients. Functional studies of homozygous knockouts
or PRC2 cofactors JARID2 and AEBP2 would be of particular interest, contributing to
the understanding of our findings that these two genes are recurrently found
homozygously deleted in patients. These functional studies should also address the
effect of simultaneous loss of a PRC2 gene and other genes detected in patients from
our cohort. Of great importance is the sensitivity to and effect of drugs in cells lacking
one or more PRC2 subunits, therefore a drug screen on knockout cells is
recommended in follow up studies with the aim of gaining more knowledge and
opening up possibilities of applying precision medicine in the management of patients
with PRC2 happloinsuficiency.
In pediatric AML an association between PRC2 inactivation due to mutations
or deletions has been made with poor clinical outcome (Bond, Labis et al., 2018).
Investigating the clinical impact of PRC2 haploinsufficiency in non-pediatric myeloid
cancers might show a similar correlation and identify a high-risk subcategory of
patients with specific treatment requirements. Therefore, the clinical impact of PRC2
deletions should be assessed in follow up studies, comparing the overall survival and
outcome in patients with and without PRC2 happloinsufficiency, delineating the
prognostic impact of PRC2 happloinsufficiency in MPN, MDS and AML. Intensive and
extensive investigation of the genetic landscape of myeloid malignancies in the last
years has significantly broadened the knowledge in this field and recognizes the need
for incorporating genetics in the classification and prognostification of patients, with the
aim of personalized tailoring of therapeutic decisions (Dohner, Estey et al., 2017,
Grinfeld, Nangalia et al., 2018, Lindsley et al., 2015, Papaemmanuil et al., 2016,
Schischlik et al., 2019, Yoshizato et al., 2017). On the other hand, understanding the
mechanism behind leukemic transformation of chronic myeloid malignancies is of great
importance as the prognosis and outcome of patients in the leukemic phase are very
poor (Abdulkarim, Girodon et al., 2009, Hulegardh et al., 2015). PRC2 defects are
potential candidates to be incorporated as biomarkers in the new classification of
myeloid malignancies, if an association with clinical properties and outcome is found.
We strongly believe that such an association exists as the enrichment of PRC2 defects
in leukemic stages is clearly observed in the research of this thesis. A whole new era
of genomics, transcriptomics, high-throughput screens and cancer immunology will
allow precision diagnostics, patient management and monitoring upon therapy
introduction, and therefore, our contribution to the knowledge in this field is of major
importance for bridging the gaps in knowledge and improving the quality and
personalization of treatment each patient in the future receives.
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5. MATERIAL AND METHODS
5.1. Patient samples
Upon diagnosis of MPN, MDS, AML or CML in institutions in Austria, the Czech
Republic, Italy or Serbia, peripheral blood was obtained from a total of 905 patients
included in the study, accompanied by written informed consent, following regulations
of the local ethics committees. Following standard operating procedures genomic DNA
was extracted from whole blood samples, or from granulocytic or T-cell fractions from
patient blood samples.
5.2. Microarray analysis
For the purpose of identifying copy number alterations (deletions and gains)
and loss of heterozygosity Genome-Wide Human SNP Arrays 6.0 (Affymetrix) were
used. Processing and hybridizing of genomic DNA from all 905 patients was done
according to the manufacturer’s protocol. Analysis of raw data was performed using
Genotyping Console Version 3.0.2 software (Affymetrix). Copy number alterations and
loss of heterozygosity were annotated as previously described. (Puda, AJH, 2012)
5.3. Whole exome sequencing
DNA extracted from whole blood (Patient 26) or granulocytes (Patients 11, 13
and 23) was used for preparing DNA libraries applying the TruSeq DNA Sample
Preparation Kit (Illumina). For whole exome enrichment the TruSeq Exome Enrichment
Kit was used (Illumina). Prior to sequencing using 51bp paired end sequencing on the
HiSeq 2000 platform (Illumina) samples were hybridized to the Illumina flowcell V2
Primary data analysis providing base calls was performed by the Realtime Analysis
software (Illumina). DNA sequence alignment to the human genome reference b37
was processed with the BWA MEM algorithm. (McKenna, 2010; Li, 2013) Mark
duplicates was used for removing PCR duplicates (Picard tools 1.118) Variant calling
was performed using the HaplotypeCaller tool (GATK). The resulting unfiltered SNP
and indel calls were annotated using the snpEff tool and the GATK Variant Annotator
for selecting only the most severe consequence prediction. Functional annotation of
genetic variants was performed using the Annovar tool version 2012May25 (Wang, Li
et al., 2010) and custom scripts. SNPs annotated in the dbSNP129 database were
filtered out, as well as synonymous polymorphisms and non-coding RNA, leaving
exonic and/or splicing mutations. Further filtering steps included discarding variants
with VQSLOD score ≤2 and those present in at least 3/67 non-disease control
samples. For the purpose of this project only variants in the affected region of
chromosome 6 were left for further analysis. The affected regions are patient specific,
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derived from the Genome-Wide Human SNP Arrays 6.0 (Affymetrix). Furthermore, all
variants present in at least 1% in the EVS (Exome Variant Server) and 1000 Genomes
databases were filtered out, as well as those present in the ESP6500 and ESP5400
databases. Variants in repetitive regions and those with coverage <10 were filtered
out. A filtering step including the allelic frequency was included, based on the expected
frequency from the estimated clone size harboring the chromosomal aberration on
chromosome 6, as estimated from the analysis of data obtained from the GenomeWide Human SNP 6.0 Arrays. The filtering steps were described and outlined in
Results section 3.7 (Figure 16).
Exome sequencing of 40 samples, from which only variants in PRC2 encoding
genes were validated for the purposes of this thesis, was performed as previously
reported (Puda et al., 2012).
5.4. Sequencing for mutational analysis of single genes and validation of
variants from exome sequencing
Sanger sequencing was used for the validation of all variants from whole
exome sequencing, as well as for sequencing the whole coding region of genes
encoding PRC2 subunits (JARID2, AEBP2, EZH2, SUZ12, EZH1, EED, RBBP4/7,
PHF1, PHF19 and MTF2). Primers were designed using the Primer3 tool
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The sequences of
all used primers are listed in Tables 17-19. Genomic DNA was used for PCR when
available, whereas whole genome amplification using the REPLI-g Mini Kit (Qiagen)
was performed on DNA samples with limited quantity. For PCR reactions the AmpliTaq
Gold 360 Mastermix (Applied Biosystems) and a touchdown program [95°C, 5min; 10x
(94°C, 30sec; 67°C, 30sec (-1°C/cycle); 72°C, 30sec); 30x (94°C, 30sec; 57°C, 30sec;
72°C, 30sec); 72°C, 10min] were used. The BigDye Terminator version 3.1 cycle
sequencing kit (Applied Biosystems) was used for sequencing on the 3130xl Genetic
Analyzer (Applied Biosystems). The Sequencher Version 4.9 software (Gene Codes)
was used for sequencing analysis.
5.5. Gene expression assay
For assessing the level of JARID2 expression qPCR was performed on an ABI
Prism 7900HT using TaqMan Gene Expression Assays (Applied Biosystems)
Hs99999909_m1 (HPRT1) and Hs01004460_m1 (JARID2). Patient material used for
the assay was RNA or cDNA, as described in Results section 3.6 (Table 12). Where
RNA was available it was transcribed to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), according to the manufacturer’s instructions.
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Delta-delta CT (ddCT) was calculated from means of triplicate measurements of
JARID2 and HPRT1 (housekeeping gene used as the internal control).
5.6. Statistical analysis
Calculations of statistical significance were performed using the Fisher’s exact
test, in combination with the Bonferroni correction for multiple testing, in cases where
multiple tests were performed.
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Table 17. Primers used for Sanger sequencing of JARID2
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Table 18. Primers used for Sanger sequencing of PRC2 genes
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Table 19. Primers used for validation of whole exome sequencing hits by Sanger
sequencing
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Interleukin 1
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miR
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Mitogen-activated protein kinase kinase 1
Mutation and Karyotype-Enhanced International Prognostic Scoring System for
Primary Myelofibrosis
Micro ribonucleic acid
Lysine Methyltransferase 2C
Myeloproliferative leukemia virus oncogene (Thrombopoietin receptor )
Myeloproliferative neoplasm
Malignant peripheral nerve sheath tumor
Myeloproliferative neoplasm, unclassifiable
Masked polycythemia vera
Messenger rybonucleic acid
Mitochondrial Ribosomal Protein S18A
Mammalian target of rapamycin
MYB Proto-Oncogene, Transcription Factor
Number
Asparagine
Natural Cytotoxicity Triggering Receptor 3
Neurofibromin 1
Nuclear factor, erythroid 2
Nuclear factor kappa-light-chain-enhancer of activated B cells
NLR Family Pyrin Domain Containing Protein 3
Not otherwise specified
Neuroblastoma RAS viral oncogene homolog
Olfactory Receptor Family 2 Subfamily B Member 3
Overall survival
Short chromosomal arm
Proline
Phosphorus-32
Tumor protein p53
Parkin Coregulated
Parkin RBR E3 Ubiquitin Protein Ligase
Poly (ADP-ribose) polymerase
Peripheral blood
Polymerase Chain Reaction
Platelet Derived Growth Factor Receptor Beta
Philadelphia chromosome negative
Phosphatidylinositol 3-kinase
Long Intergenic Non-Protein Coding RNA, P53 Induced Transcript
Primary myelofibrosis
Polycomb repressive complex 1
Polycomb repressive complex 2
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PRMT5
PRPF8
PSORS1C1
PTPN11
PV
q
Q
qPCR
R
Rad21
RAEB
RARS-T
RbAp46

Protein arginine methyltransferase 5
Pre-MRNA Processing Factor 8
Psoriasis Susceptibility 1 Candidate 1
Protein Tyrosine Phosphatase Non-Receptor Type 11
Polycythemia vera
Long chromosomal arm
Glutamine
Quantitative Polymerase Chain Reaction
Arginine
RAD21 Cohesin Complex Component
Refractory Anaemia with Excess Blasts
Refractory anemia with ring sideroblasts
Retinoblastoma binding protein 7

RbAp48
RBBP6
rIFNα
RNA
ROCK
RPS14
RREB1
RSPH9
RUNX1
S
SAMD9L
sAML
SF3B1
SH2
SH2B3
Smc1A
Smc3
sMF
SNP
SOCS3
SPL
SRSF2
Stag1
Stag2
STAT
STX11
SUZ12
t
T
TARSL2
TBC1D12
TERT

Retinoblastoma binding protein 4
Retinoblastoma-Binding Protein 6
Recombinant interpheron alpha
Ribonucleic acid
Rho Associated Coiled-Coil Containing Protein Kinase

TET2

Ten-eleven translocation oncogene family member 2

Ribosomal Protein S14
Ras Responsive Element Binding Protein 1
Radial Spoke Head 9 Homolog
Runt-related transcription factor 1
Serine
Sterile Alpha Motif Domain Containing 9 Like
Secondary acute myeloid leukemia
Spicing factor 3b subunit 1
Src homology 2
SH2B adaptor protein 3 = Lymphocyte adaptor protein (LNK)
Structural Maintenance Of Chromosomes 1A
Structural Maintenance Of Chromosomes 3
Secondary myelofibrosis
Single nucleotide polymorphism
Suppressor of cytokine signaling 3
Splenomegaly
Serine/arginine-rich splicing factor 2
Stromal Antigen 1
Stromal Antigen 2
Signal transducer and activator of transcription
Syntaxin 11
Suppressor of zeste 12 homolog
Translocation
Threonine
Threonyl-TRNA Synthetase 3
TBC1 Domain Family Member 12
Telomerase Reverse Transcriptase
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THBS2
TJAP1
TM2D3
t-MDS
TMEM200A
TP53
TPO
TPOR
TRERF1
U2AF1
UBN2
UHRF1BP1
UPD
UPN
V
W
WHO
wt
WT1
X
Y
ZBTB9
ZNF165
ZNF292
ZRSR2

Thrombospondin 2
Tight Junction Associated Protein 1
TM2 Domain-Containing Protein 3
Therapy-related myeldysplastic syndrome
Transmembrane Protein 200A
Tumor protein p53
Thrombopoietin
Thrombopoietin receptor (MPL)
Transcriptional Regulating Factor 1
U2 small nuclear RNA auxiliary factor 1
Ubinuclein 2
UHRF1 Binding Protein 1
Uniparental disomy
Unique patient number
Valine
Tryptophan
World health organization
Wild type
WT1 Transcription Factor
Stop codon
Tyrosine
Zinc Finger And BTB Domain Containing 9
Zinc Finger Protein 165
Zinc Finger Protein 292
Zinc Finger CCCH-Type, RNA Binding Motif And Serine/Arginine Rich 2
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APPENDIX
Table 20. All 57 detected chromosomal aberrations of chr6

The reference genome used for defining genomic positions of the lesions is human reference genome
hg18. UPN, unique patient number; ET, essential thrombocythemia; PMF, primary myelofibrosis; PV,
polycythemia vera; sMF; secondary myelofibrosis; post-MPN AML, post-myeloproliferative neoplasm
acute myeloid leukemia; post-MDS AML, post-myelodysplastic syndrome acute myeloid leukemia;
dnAML, de novo acute myeloid leukemia; CML, chronic myeloid leukemia; UPD, uniparental disomy;
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Table 21. All detected deletions covering genes encoding PRC2 members
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The reference genome used for defining genomic positions of the lesions is human reference genome
hg18. UPN, unique patient number; ET, essential thrombocythemia; PMF, primary myelofibrosis; PV,
polycythemia vera; sMF; secondary myelofibrosis; post-MPN AML, post-myeloproliferative neoplasm
acute myeloid leukemia; post-MDS AML, post-myelodysplastic syndrome acute myeloid leukemia;
dnAML, de novo acute myeloid leukemia; CML, chronic myeloid leukemia; UPD, uniparental disomy;

168

CURRICULUM VITAE

Ana Puda
E-mail:
Citizenship:
City of residence:
Visa type in Austria:
Driving license:
Date of birth:
Family status:

ana.pudja@yahoo.com
Serbian
Vienna, Austria
Daueraufenthalt – EU
B
14.12.1984.
Married, 3 children (2015, 2015, 2012)

EXPERIENCE AND COMPETENCE PROFILE

International research experience in hematology, genetics and structural biology

Project Management certification and know-how

Experience in the NGO sector and EU projects

Prominent analytical, strategic, conceptual and organizational skills

Result and quality orientation, combined with creative, networked thinking and
the ability to prioritize

Excellent time and resource management

Confident communicator and presenter

Highly motivated team player with drive and charisma

High sense of responsibility, reliability, fairness and integrity

Open, communicative and positive personality

RESEARCH AND EXPERIENCE

09/2019-

Project Manager, St. Anna Children Cancer Research Institute, Vienna

2018

Project Management University Course, Uni for Life / Karl-FranzensUniversität Graz

2015-2018

Family Management

2010-2015

PhD Student, CeMM - Research Center for Molecular Medicine of the
Austrian Academy of Sciences, Vienna, Austria.
Group of Prof. Dr. Robert Kralovics

2009-2010

Postgraduate student in training, Institute for Medical Research,
Military Medical Academy (VMA), Belgrade, Serbia.
Group of Prof. Dr. Zvonko Magic

2009

Master student, EMBL (European Molecular Biology Laboratory),
Grenoble, France.
Group of Prof. Dr. Imre Berger

2004-2009

Project assistant at NGO “Environmental ambassadors”, Belgrade,
Serbia
CERTIFICATES

2019

International Project Management Association Certificate – Level D

169

EDUCATION

2018

Modern Management: Project Management University Course, Uni
for Life / Karl-Franzens-Universität Graz

2010-

PhD, Molecular Signal Transduction, Medical University of Vienna,
Austria
PhD thesis project: Role of PRC2 in leukemic transformation of
chronic myeloid malignancies

 FACS
B.Sc. and M.Sc, Molecular Biology and Physiology, University of
2003-2009
Belgrade, Serbia
Master thesis project: New expression tools for eukaryotic
multiprotein complex production (EMBL, Grenoble)

SKILLS AND COMPETENCIES

Computer Skills






Microsoft Office package
MAC OS programs
SPSS statistical software



Genotyping Console
(Affymetrix) software
Sequencher (Gene Codes
Corporation) software

Languages




Serbian: native
English: native
German: fluent




French: advanced
Spanish: basic









Positive attitude
Proactive
Empathy
Punctuality
Attention to detail
Creative problem solving
Patience and stressresistant
Customer orientation
Explaining complex topics in
simple words

Organizational and person skills











Time management
Prioritizing
Strong communication skills
Strong presentation skills
Interpersonal communication
Motivator
Structured work style
Adaptability
Reliability
Team player

Experimental Skills

DNA sequencing (capillary and
NGS)

Genome-Wide Human SNP
arrays

DNA library preparation

DNA and RNA isolation

PCR

DNA cloning










Cell culture
Drug screens
FACS
Transfection/Infection
Protein Expression

170

PUBLICATIONS / CONFERENCES

2015

EHA (European Hematology Association) Congress, Vienna, Austria. Poster
presentation: High resolution cytogenetic mapping and whole exome
sequencing reveal a complex pattern of chromosome 6p aberrations in
patients with myeloid malignancies. Pudja A, Milosevic JD, Klampfl T et al.
EHA Learning Center. Pudja A. Jun 12, 2015; 100547

2013

Complex Patterns of Chromosome 11 Aberrations in Myeloid Malignancies
Target CBL, MLL, DDB1 and LMO2. Klampfl T, Milosevic JD, Puda A, et al.
PLoS One. 2013 Oct 16;8(10):e77819. doi: 10.1371/journal.pone.0077819.

2012

Clinical significance of genetic aberrations in secondary acute myeloid
leukemia. Milosevic JD, Puda A, Malcovati L, et al. Am J Hematol. 2012 Jul 9.
doi:10.1002/ajh.23309

2012

Frequent deletions of JARID2 in leukemic transformation of chronic myeloid
malignancies. Puda A, Milosevic JD, Berg T, et al. Am J Hematol. 2012
Mar;87(3):245-50. doi: 10.1002/ajh.22257.

2011

ASH (American Society of Hematology) Annual Meeting and Exposition, San
Diego, CA, USA. Poster presentation: Distinct Genetic Lesions Drive
Leukemogenesis in Secondary Acute Myeloid Leukemia. Puda A, Milosevic JD,
Berg T et al. Blood 2011 118:3559

2011

Reporting
by
selected
Analytical
Tools
for
Environmental
Management: Hazardous waste management in South Eastern Europe.
Mihajlov A, Puda A, Jovanovic F, Stevanovic-Carapina H. Journal of
Environmental Protection and Ecology, 2011 12(2):565-569.

171

