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1 INTRODUCTION
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1.1 Chronic myeloproliferative diseases
Myeloproliferative diseases comprise a group of clonal hematologic disorders
arising from a transformed hematopoietic stem cell(Tefferi A., 2012). Myeloid
neoplastic diseases can be grossly divided into acute and chronic neoplasms,
with acute myeloid leukaemia (AML) being the hallmark of the first group and
chronic myeloid leukaemia (CML) the hallmark of the second.

CML is defined by the presence of the BCR-ABL1 fusion gene, most commonly
resulting from the (8;21) Philadelphia translocation(Branford, 2016). The
remaining chronic myeloproliferative neoplasms (CMPN) have been grouped
under

the

term

“Philadelphia-negative

myeloproliferative

neoplasms”.

Polycythemia vera (PV), essential thrombocythemia (ET), and primary
myelofibrosis (PMF) are the most frequent diseases of this group(Rumi, 2017).
Other diseases encompassed under this classification include systemic
mastocytosis,

chronic

eosinophilic

leukaemia,

chronic

myelomonocytic

leukaemia, and chronic neutrophilic leukaemia. The main features of CMPN are
the continuous and excessive production of mature and functional blood cells, a
chronic/indolent clinical course and a variable risk of disease transformation
into secondary myelofibrosis or AML(Tefferi A., 2012; Tefferi A., 2017; Tefferi A.,
2018a).
Original classification systems, namely, the French-American-British (FAB) and
the Polycythemia Vera Study Group (PVSG) classifications have been
superseded by the World Health Organization (WHO) classification, available
2

for the first time in 2002(Vardiman, 2002). WHO has provided an update to the
classification during 2008 and more recently in 2016, in view of the discovery of
novel gene mutations and cytogenetic abnormalities. The 2016 WHO
classification also provides updated diagnostic criteria for CMPN incorporating
genetic markers into the algorithms(Arber, 2016).

Table A1 (Annex 1) shows the complete 2008 WHO classification of myeloid
neoplasms(Tefferi A., 2008), although now superseded, it has been used for
classification of CMPN in the present work. The classification divides the
previously Ph-negative CMPN into 3 categories (myeloproliferative neoplasms,
myeloid

and

PDGFR/FGFR

lymphoid

neoplasms

rearrangements,

and

associated

with

eosinophilia

and

myelodysplastic/myeloproliferative

neoplasms) and provides precise diagnostic criteria for CMPN (summarized in
Table 1). For the purpose of the present manuscript the term chronic
myeloproliferative neoplasms (CMPN) will be used to refer to the 3 main CMPN
ntities, PV (Polycythemia vera), ET (Essential thrombocythemia) and PMF
(Primary myelofibrosis).

1.2 Diagnosis of CMPN
This section will review the relevant diagnostic aspects of CMPN, which include
histopathology, genetics and diagnostic criteria.

3

Table 1. WHO 2008 diagnostic criteria for CMPN

Polycythemia vera (PV)
Diagnosis is made based on a combination of major and minor criteria as follows:
2 major criteria + 1 minor criteria
1st major criteria + 2 minor criteria

Major criteria
•

Haemoglobin > 18.5 g/dL in men, 16.5 g/dL in women or other evidence of increased red cell volume*.

•

Presence of JAK2V617F or other functionally similar mutation such as JAK2 exon 12 mutation

Minor criteria
•

Bone marrow biopsy showing hypercellularity for age with trilineage growth (panmyelosis) with
prominent erythroid, granulocytic, and megakaryocytic proliferation.

•

Serum erythropoietin level below the reference range for normal.

•

Endogenous erythroid colony formation in vitro.

* Haemoglobin > 17 g/dL in men, 15 g/dL in women if associated with a documented and sustained increase of at least 2
g/dL from a person's baseline or elevated red cell mass > 25% above mean normal predicted value.

Essential Thrombocythemia (ET)
All criteria below must be met

•

Sustained platelet count ≥ 450 × 109/L.

•

Bone marrow biopsy showing proliferation mainly of the megakaryocytic lineage. Increased numbers of
enlarged, mature megakaryocytes. No significant increase or left-shift of granulopoiesis or erythropoiesis.

•

Not meeting WHO criteria for Polycythemia vera, Primary myelofibrosis, BCR-ABL1–positive CML, or
myelodysplastic syndrome, or other myeloid neoplasm.

•

Demonstration of JAK2V617F mutation or other clonal marker, or in the absence of JAK2V617F mutation,
no evidence of reactive thrombocytosis.
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Primary Myelofibrosis (PMF)
Diagnosis requires all major criteria and 2 minor criteria

Major criteria
•

Presence of megakaryocyte proliferation and atypia, usually accompanied by either reticulin or collagen
fibrosis. In the absence of significant reticulin fibrosis, the megakaryocyte changes must be accompanied
by an increased bone marrow cellularity characterized by granulocytic proliferation and often decreased
erythropoiesis (ie, prefibrotic cellular-phase disease).

•

Not meeting WHO criteria for polycythemia vera, BCR-ABL1–positive chronic myelogenous leukaemia,
myelodysplastic syndrome, or other myeloid disorders.

•

Demonstration of JAK2V617F mutation or other clonal marker (eg, MPLW515K/L mutation). In the
absence of the above clonal markers, no evidence that bone marrow fibrosis is secondary to infection,
autoimmune disorder or other chronic inflammatory condition, hairy cell leukaemia or other lymphoid
neoplasm, metastatic malignancy, or toxic (chronic) myelopathies.

Minor criteria
•

Leukoerythroblastosis.

•

Increase in serum lactate dehydrogenase level.

•

Anemia.

•

Palpable splenomegaly.

WHO: World Health Organization; CML: Chronic Myelogenous leukemia.
Adapted from: Vardiman et al, Blood 2009.

1.2.1 Histopathology of CMPN
Bone Marrow (BM) histopathology is the cornerstone of CMPN diagnosis.
Common features of all CMPN include trilineage myeloid hyperplasia,
megakaryocyte clustering and reticulin fibrosis. A small excess of blasts is
frequently found in CMPN, however this should never exceed 20%(Tefferi A.,
2012). Further distinction between CMPN entities can be done with
5

megakaryocyte morphology: ET presents with large, hyperlobulated and mature
megakaryocytes, PMF presents with megakaryocytic dysplasia (hyperchromatic,
irregularly folded nuclei) and PV presents with variable degrees of
megakaryocyte pleomorphism without dysplasia(Barbui, 2016).

Reticulin fibrosis is necessary to diagnose PMF, but it can also be seen in ET and
PV at lower intensity. The greatest difficulty in differential diagnosis based on
reticulin fibrosis levels is usually posed between prefibrotic/early PMF and
ET(Barbui, 2016).

1.2.2 Genetics of CMPN
The genetic hallmark of CMPN is, by definition, the absence of the BCR-ABL1
fusion gene. Other cytogenetic abnormalities are present globally in 15% of
patients with CMPN (33% in PMF, 11% in PV and 7% in ET). Main abnormalities
include del(20q), del(13q), trisomy 8, trisomy 9 and aberrations in chromosomes
1/5/7. Of these, del(13q) and trisomy 9 are deemed relatively specific to
CMPN(Bacher, 2009). Cytogenetic abnormalities have clinical and prognostic
value, as complex karyotype (>2 abnormalities) has been found to be associated
with worse outcome in PMF and PV(Tefferi Ayalew, 2014)

Several gene mutations have been recently described to be associated with
CMPM (Figure 1). The most important breakthrough in CMPN research has been
the discovery of the JAK2V617F mutation, it has provided novel insights into
CMPN pathogenesis and therapy and remains a subject of active research.
6
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Figure 1. Frequency of the most frequent mutations found in CMPN and post-CMPN acute
myeloid leukemia (AML). PV: Polycythaemia vera; ET: Essential thrombocythaemia; PMF:
Primary myelofibrosis; AML: Acute myeloid leukaemia. Adapted from Milosevic & Kralovics, Int
J Hematol, 2013.

1.2.2.1 JAK2V617F mutation
The JAK2V617F mutation was discovered in 2005(Kralovics, 2005; Levine, 2005;
Tefferi A., 2005), it consists in a missense activating mutation in the exon 14 of the
coding sequence of JAK2. The nucleotide change results in the substitution of
phenylalanine for valine in position 617, this change affects the quaternary
7

structure of the JH2 pseudokinase domain of JAK2 protein(Dusa, 2010). The nonmutated JH2 pseudokinase domain provides a physiological non-competitive
inhibition of the JAK2 kinase activity(Saharinen, 2002), the JAK2V617F mutation
appears to alter the spatial interaction between JH1 and JH2 domains resulting in
the constitutive activation of the kinase activity. More specifically, JAK2V617F
abrogates the normal inhibitory activity of the JH2 domain(Gnanasambandan,
2010). Several studies have confirmed the importance of JH2 domain, the F595
residue from the JH2 domain seems to be the main point of interaction with F617
residue (Bandaranayake, 2012).

The biologic effect of the JAK2 activation was initially demonstrated in vitro,
experiments with JAK2V617F transduced Ba/F3 showed that cells became IL-3
independent after transduction(Kralovics, 2005; Levine, 2005). In the context of
human erythroid progenitors, the mutant protein binds effectively to the
erythropoietin receptor (EpoR) intracellular domain, sensitizing cells to the Epo
stimulus. In fact, JAK2 mutated erythroid progenitors show amplification of
known EpoR downstream pathways such as STAT, MAP-kinase, PI3-kinase and
AKT(Laubach, 2009). The EpoR-JAK2 hyperactivity translates into increased
proliferation, survival and differentiation of erythroid progenitors, all features of
PV disease phenotype(Laubach, 2009). JAK2V617F mutation induced in healthy
hematopoietic

stem

cells

(HSC)

in

mice,

results

in

a

comparable

myeloproliferative syndrome with erythrocytosis and splenomegaly(James, 2005).
Although the proof-of-concept experiments have been performed in the
erythroid lineage, the same principle applies for the Thrombopoietin (TpoR)JAK2 pathway in the megakaryocyte progenitors of ET and PMF(Sangkhae, 2014).
8

The JAK2V617F mutation occurs in >95% of PV, and 50-54% of ET and 70% of
PMF, and is most frequently heterozygotic(Alshemmari, 2014; Grinfeld, 2018;
Levine, 2005; Rotunno, 2016). JAK2V617F mutation is thought to be an early event
in BM progenitor cells and is alone, sufficient to recreate the disease phenotype
in transgenic murine models with conditional JAK2V617F expression(Akada,
2010; Marty, 2010; Mullally, 2010). JAK2V617F level of expression has been
associated with the severity of the phenotypic manifestations of the
disease(Akada, 2010), and is also correlated with an increased risk for arterial
thrombosis in ET(Carobbio, 2011; Rumi, 2014). Surprisingly, JAK2V617F mutation
has not been associated with increased risk of leukemic transformation or worse
survival(Grinfeld, 2018; Helbig, 2012; Tefferi A., 2018c).

Patients with JAK2-mutated CMPN have very dissimilar clinical courses, the
mechanisms for the variability of disease phenotype in patients carrying the
same mutation is still a matter of research. Three main theories have been
proposed: 1) Transformation of different hematopoietic stem cells/progenitor
cells,

2)

Different

genetic

backgrounds

and

3)

Additional

somatic

mutations(Vainchenker, 2005).

JAK2V617F mutation has also become an important tool for the diagnostic
workup of asymptomatic patients with mild laboratory abnormalities (increased
hematocrit of platelet count). Overall, the discovery of JAK2V617F mutation has
helped to highlight the cardinal role of the JAK2/STAT pathway in the
pathogenesis of CMPN. Nevertheless, many additional mutations associated
with JAK2/STAT pathway activation have been described, some of which have
9

been directly linked to higher risk of CMPN progression, such as IDH1/2(Tefferi
A., 2012) and DNMT3A mutations(Abdel-Wahab, 2011). (See below)

1.2.2.2 Calreticulin (CALR) Mutations
CALR gene is located in chromosome 19, it is known as a multifunctional
calcium-binding protein located in the lumen of the endoplasmic reticulum and
also in the nucleus where it is thought to contribute to transcription
regulation(Clark, 2002). Whole exome sequencing of CMPN patient samples has
revealed several indel mutations on exon 9 of the CALR gene, affecting the
canonical C-terminal domain(Klampfl, 2013). Above 80% of CALR mutations seen
in CMPN are represented by 2 specific mutations. Type 1 is a 52-pb deletion
(p.L367fs*46) and type 2 is a 5-bp insertion (TTGTG, p.K385fs*47)(Tefferi A.,
2018c). In silico modeling of mutant and wild-type CALR C-terminal domain has
shown a more basic structure of the mutated domain, absence of calcium binding
sites and lack of the KDEL sequence (typical of ER resident proteins)(Nangalia,
2013).

CALR has a dual function, on the one hand it functions as a chaperone for
glycoproteins, ensuring adequate folding in the endoplasmic reticulum and on
the other hand, it has a cardinal role in calcium homeostasis(Michalak, 2009).
Functional consequences of CALR mutations in the myeloid compartment have
only been recently elucidated. Mutant CALR protein is secreted and acts in trans
stimulating the TpO (thrombopoietin) receptor, leading to an overactivation of
JAK/STAT signaling pathway, that is subsequently reversed by CALR
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sequestration by soluble TpO or JAK2 inhibition(Chachoua, 2016; Pecquet
Christian, 2018).

CALR mutations are found in 27% of ET and 18% of PMF patients(Grinfeld, 2018).
Prognostic relevance of CALR mutations is still a matter of debate, several
retrospective analyses initially linked CALR mutation to a better prognosis and a
more benign clinical course of the disease(Rumi, 2014). More recently a
prospective genomic study of CMPN has revealed only type 1 CALR mutations
to be independently associated with longer survival times(Tefferi A., 2018c).

1.2.2.3 MPL mutations
The TpO receptor gene (also known as myeloproliferative leukemia virus
oncogene, MPL) is the sixth most frequent mutated gene found in
CMPN(Grinfeld, 2018). MPL mutation has a direct functional implication in
CMPN and remains as diagnostic marker, despite being less frequent than other
mutations such as DNMT3A or TET2. MPL is located on the short arm of the
chromosome 1 and constitutes the starting point of the canonical Tpo signaling,
that ultimately ends in downstream activation of the JAK-STAT pathway(Defour,
2016; Hitchcock, 2014).

The MPL mutations affect most frequently the residue 515 located in the exon 10
(W515L, W515K, W515A, W515S, W515R). The aminoacid change results in
activation

of

the

receptor

inducing

self-dimerization

and

subsequent

overactivation of JAK2-STAT signaling(Pikman, 2006). The residue 515 is part of
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the cytoplasmatic region of the receptor and lays near an amphipathic motif that
is thought to prevent spontaneous dimerization of the receptor in normal
conditions. This has been demonstrated in mouse models of bone marrow
reconstitution using different MPL mutations. The TpoRW515A and ∆5TpoR
mutations (lacking K/RWQFP motif around 515 position) were both capable of
inducing a myeloproliferative phenotype when transduced into haematopoietic
stem cells. A different group has also demonstrated that mice transplanted with
MPLW515L-transduced HSC display PMF phenotype and bone marrow
fibrosis(Pecquet C., 2010). Further functional experiments also demonstrated
constitutive activation of the Tpo downstream signalling in cells transduced with
these mutations(Staerk, 2006).

MPL mutations account for 4-8% of cases of CMPN(Beer, 2008; Grinfeld, 2018;
Kim, 2015), MPLW515L can be found in myeloid and lymphoid progenitors,
suggesting it is an early event in the course of disease(Pardanani, 2007).

Prognostic significance of MPL mutations is mainly linked to a higher risk of
leukemic transformation compared to other mutations, however, survival seems
to be similar to that of JAK2V617 mutated CMPN(Grinfeld, 2018). Specifically for
PMF, MPLW515L mutated patients have a risk of death that is intermediate
between JAK2V617 (high-risk) and CALR-mutated (low-risk) patients(Tefferi
Ayalew, 2014).

JAK2, CALR and MPL mutations have also become an important diagnostic test
for CMPN. JAK2, CALR and MPL mutations described above comprise 97% of
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CMPN genetic abnormalities, being mutually exclusive in all the studies
available to date(Klampfl, 2013; Lin, 2015; Nangalia, 2013). The small subset of
patients who lack JAK2, CALR and MPL mutations have been named as triple
negative CMPN, these patients have significantly worse outcomes and are
becoming an intensive matter of research within the CMPN community(Rumi,
2014).

1.2.2.4 IDH1 and IDH2 mutations
Isocitrate dehidrogenase 1 and 2 (IDH1/IDH2) are NADP dependent enzymes
that catalyze conversion of isocitrate to α-ketoglutarate, in citoplasm (IDH1) and
mitochondria (IDH2)(Yang H., 2012). Mutations in these two genes were first
described in gliomas(Parsons, 2008), but a relevant role of IDH in the
hematopoietic compartment was soon revealed(Mardis, 2009; Tefferi A., 2010).

IDH2 mutations affect exon 4 (residue R123 in IDH1 and R172 in IDH2), resulting
in increased affinity for the primary substrate (isocitrate). The overactive enzyme
also increases the α-ketoglutarate production, which is subsequently converted
to 2-hydroxyglutarate (2HG). Hence, IDH activity ultimately results in
intracellular isocitrate and α-ketoglutarate depletion.

Since α-ketoglutarate is a known cofactor for TET2 protein, its depletion results
in a relative TET2 deficiency and progressive loss of 5methyl-cytosine DNA
marks through the mechanisms mentioned below(Figueroa, 2010a). Although
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IDH mutations are found in a minority of CMPN (0,8% of ET) they are closely
associated with leukemic transformation (21% of transformed CMPN) and
predict poor survival(Tefferi A., 2012).

1.2.2.5 TET2 mutations
Tet methylcytosine dioxygenase 2 (TET2) is known to convert 5-methylcytosine
to 5-hydroxymethylcytosine (5-hmC)(Koh, 2011). Mutations of TET2 are
primarily loss of function, resulting in a global loss of 5-hmC marks(Ko, 2010).
TET2 knockout and knockdown animal models show a subtle CMPN phenotype,
with a mark increase in in-vivo repopulating capacity of hematopoietic stem
cells(Kameda, 2015; Moran-Crusio, 2011). TET2 mutations have been found in 4%
of ET, 10-16% of PV and 8-14% of PMF, without any correlation with JAK2 or
CALR mutations(Abdel-Wahab, 2009; Brecqueville, 2012). TET2 is also mutated in
13%

to

32%

of

transformed

CMPN

suggesting

a

role

in

leukemic

transformation(Abdel-Wahab, 2010; Martinez-Aviles, 2012).In the context of CMPN,
TET2 mutations are not considered as driver mutations, in fact, they are seldom
the only genetic abnormality (<1.8% of CMPN) and associate frequently with the
other established driver mutations such as JAK2V617F(Patriarca, 2013). Due to
the low frequency of isolated TET2 mutations, analysis of its independent
prognostic impact has not been feasible even in large CMPN cohorts (Grinfeld,
2018). TET2 mutations have been associated with worse clinical outcomes only in
chronic myelomonocytic leukaemia(Cui, 2015; Ha, 2014).
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1.2.2.6 EZH2 mutations
Enhancer of Zeste Homolog 2 (EZH2) gene codifies a methyltransferase that
forms part of the central catalytic domain of the polycomb repressive complex
(PRC2). Mutations in EZH2 were originally described in myelodysplastic
syndromes after deep-sequencing of the common deleted region in 7q
chromosome(Nikoloski, 2010). The majority of EZH2 mutations affect the SET
domain of the protein, which is essential for the methyltransferase activity. EZH2
mutations found in CMPN frequently result in repressed activity of the protein
within the PRC2 complex(Guglielmelli, 2011). Conditional knockout of EZH2 in
JAK2V617F mutated mice results in activation of several PRC2 complex target
genes (e.g. Hmga2) and accelerates the phenotypic progression to MF(Sashida,
2016).

EZH2 mutations seem to be present preferentially in PMF patients (6-7%) as well
as in post-ET (9%) myelofibrosis. Retrospective analysis of large cohorts of PMF
patients have found EZH2 mutations to be independently correlated with
adverse clinical outcomes(Guglielmelli, 2011).

1.2.3 Practical genetic aspects of CMPN Diagnosis and risk
stratification
CMPN are most frequently diagnosed when studying an asymptomatic case of
polyglobulia, thrombocytosis or pancytopenia. The JAK2V617F, MPL and CALR
mutations are part of the diagnostic criteria and can be performed in peripheral
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blood or bone marrow. However, bone marrow morphology is essential for
differential diagnosis and should be performed whenever possible.

For patients investigated with polyglobulia, the absence of JAK2V617 mutation
with normal Epo levels can practically rule out the presence of a clonal myeloid
disorder, although in these patients, JAK2 exon 12 mutation should be analysed
(Mossuz, 2004; Tefferi A., 2012). In the cases presenting with thrombocytosis,
marrow fibrosis and/or leukoerythroblastic syndrome, negative JAK2V617F,
CALR and MPL mutations do not exclude a CMPN. Other clinical situations
where JAK2V617F mutation has been recommended to aid differential diagnosis
include:

Granulocytosis

(BCR-ABL1

negative),

unexplained

monocytosis,

unexplained splenomegaly, splanchnic vein thrombosis (including portal
circulation) and the presence of aquagenous pruritus.

Once diagnosed, risk stratification is a key aspect of CMPN workup. Risk
stratification at diagnosis is focused on survival and leukemic transformation.
Specifically for PMF, a dynamic prognostic scoring system (DIPSS-plus) has been
proposed(Gangat, 2011). DIPPS-plus incorporates adverse karyotype (>2
cytogenetic aberrations and some high-risk cytogenetic aberrations) to traditional
risk factors, refining risk stratification for PMF patients. The DIPSS-plus score is
particularly helpful when deciding on the potential indication for an allogeneic
transplantation at diagnosis.
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1.3 Epigenetics and DNA methylation
The present work is centred on the epigenetics of CMPN, hence, a more focused
overview of these aspects is provided as a background for the presented results.

Epigenetics is defined as the field of study of these biochemical reversible
modifications that can potentially modify gene expression without altering the
genomic sequence(Berger, 2009). The modulation of gene expression through the
epigenetic mechanisms is one of the most complex evolutionary features of cell
biology, and exclusive of higher eukaryotes.

In prokaryotes and simple eukaryotes, the transcription machinery has
permanent access to gene transcription throughout the whole genome. Evolution
of species comes with gradual increase in genomic and cell/tissue complexity,
requiring more sophisticated mechanisms to regulate gene expression.
Epigenetics emerged as the control system to steer gene expression in time and
tissue-specific fashion during development and throughout lifespan of the
organisms(Cedar, 2011).

1.3.1 Epigenetic regulation of gene expression
The epigenetic regulation of gene expression is executed mainly through
covalent biochemical modifications affecting the DNA sequence and the
nucleosomes (i.e. histone tails). Epigenetic modifying enzymes are classified as
writers (induce modifications), readers (interpret modifications) and erasers
17

(delete modifications)(Arrowsmith, 2012; Scholz, 2012) (Table 2, Figure 2). All the
epigenetic modifications tend to be complementary and dynamic, resulting in the
fine-tuning of gene expression that is required during embryonic development
and is also maintained in adult cells (Lee J. T., 2011; Momparler, 2003). An indepth review of each of the 2 main epigenetic mechanisms is presented below.

1.3.1.1 DNA methylation
In human somatic cells DNA methylation takes place almost exclusively in
cytosines paired in CpG dinucleotides, 80% of these cytosines are found
methylated in normal cells, accounting for 1% of total DNA bases (Ehrlich, 1982).
DNA methylation occurs throughout the genome, involving gene bodies,
promoters and inter-genic regions. CpG dinucleotides tend to be grouped in
CpG islands, located upstream of the transcription start site in nearly 60% of
genes, either near or within the promoter regions(Antequera, 2003).

Many of the 29.000 CpG islands predicted in the human genome have
permanently low DNA methylation levels, in fact, DNA methylation is more
frequently found in gene bodies and intergenic repetitive sequences (Chen M.,
2011). Albeit less frequent, DNA methylation in gene promoters seems to be
strongly correlated to a transcriptional silent state, in addition, DNA methylation
is key for some developmental mechanisms of gene silencing, such as imprinting,
tissue-specification and X chromosome inactivation(Bird, 2002; Razin, 1980).
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Figure 2. Taxonomy of the most common families of epigenetic modifying enzymes. PMT:
Protein methyl-transferase; BRD:
Bromodomain proteins; MBT: MBT-domain containing
proteins; KDM: Lysine demethylase; HAT: Histone acetyl-transferase; HDAC: Histone
deacetylase. Adapted from: Arrowsmith et al, Nature Reviews Drug Discovery, 2012

During embryonic development, two waves of genomic DNA methylation take
place, the first one after fertilization and the second before gamete meiosis in
primordial germ cells(Abdalla, 2009). Adult eukaryotic cells maintain DNA
methylation patterns during cell divisions primarily with the activity of DNA
methyltransferases (DNMT). DNA methylation of cytosines in the actively
replicating DNA strand (devoid of DNA methylation) is preferentially targeted
to new cytosines whose original partners are methylated(Pradhan, 1999; Pradhan,
2003).
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Table 2 Summary of epigenetic protein families

DNA METHYLATION
Group

WRITERS

READERS

ERASERS

DNA
Methyltransfer
ases

Methyl-cbinding
proteins
(MBP)

DNA
Demethylases

Examples

HISTONE MODIFICATIONS
Group

Examples

Histone
Acetyltransferases
(18)

MYST 1-4
KAT2 A/B
KAT5
NCOA 1-3
EP300

Protein
Methyltransferase
s (60)

PRMT 1-7
PRMD 1-16
SETD family
SUV39H1-2
EZH1-2
SMYD1-5
EHMT1-2

Bromodomain
proteins (61)

BRD 1-9
ATAD2
BRPF1
MLL
EP300
TRIM family
SMARCA family
TAF1-1L

Methyl-binding
domain proteins

L3MBTL family
SFMBT1-2
MBTD1
SCML2
SCMH1
EED

Lysine
demethylases (25)

KDM 1-6
JARID2
NO66
JMJD5
PHF 2-8

Histone
deacetylases (17

HDAC 1-11
SIRT 1-7

DNMT1
DNMT3a
DNMT3b
SUV39H1-2

MBD 1-6
MeCBP2
Kaiso
Kaiso-L

TET1/TET2
GADD45 A/B/C

Adapted from: Arrowsmith et al, Nature Reviews Drug Discovery, 2012; Scholz, British Journal of
Hematology, 2012.
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Additional

to

the

methylation

of

replicating

DNA,

de

novo

DNA

methylation/demethylation in key genes is well described during tissue
differentiation, the paradigmatic model for this phenomenon is hematopoietic
differentiation, as has been previously demonstrated(Ji, 2010).
1.3.1.1.1 DNA methyltransferases
As mentioned, DNA methylation is catalysed by DNMTs, probably the bestknown epigenetic writer. The biochemical reaction involves the covalent transfer
of a methyl group to the carbon-5 of the cytosine from S-adenosyl-L-methionine
(Chen M., 2011). There are several described isoforms of DNMTs, whose main
difference seems to be the context in which DNA methylation takes place.
DNMT3 proteins (DNMT3a, DNMT3b and DNMT3L) are thought to carry out de
novo DNA methylation, highly relevant for early embryonic development; on the
other hand, DNMT1 and UHRF1 carry out maintenance DNA methylation,
which is highly relevant after DNA replication(Scholz, 2012). The DNMT
structure and motifs are depicted in figure 3(Saldivar-Gonzalez, 2018).

DNA

methyltransferases

function

in

close

cooperation

with

histone

modifications to maintain homeostasis of the gene expression. Reading of certain
specific histone modifications (e.g. lysine 9 methylation of histone 3) triggers the
recruitment of the DNA methylation machinery (DNMT proteins) and likely
results in a more definitive gene silencing(Zhang, 2001). DNA methylation is a
more robust and stable modification, when present, it actively excludes
transcription factors from promoter and enhancer sites(Vaissiere, 2008). DNA
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methylation can also recruit histone methyl transferases and deacetylases,
leading the deposition and/or maintenance of repressing chromatin marks(Fuks,
2001). Hence, DNA methylation can also trigger the condensation of the
chromatin structure further preventing transcription. The opposite phenomenon
has also been described, increase in histone acetylation after HDAC inhibition
results in DNA demethylation and relaxation of the chromatin structure to allow
transcription machinery to access relevant regulatory regions(Boudadi, 2013;
Dong, 2007; Halsall, 2015; Milutinovic, 2007).

A

B
DNMT 1
DNMT 2
DNMT 3
DNMT 3L

Figure 3 Three-dimensional structure of DNMT enzymes (A). DNMT isoforms and their
functional domains are schematically represented in B. DNMT3 comprises DNMT3A and
DNMT3B structure, harbouring identical functional domains. Adapted from Medina-Franco et al,
Drug Disc Today, 2015 and Saldivar-Gonzalez et al Front Pharmacol, 2018. Image on A obtained
from RCBS protein databank ID: 4WXX. DMAP1: DNA methyltransferase-associated protein;
PWWP: Pro-Trp-Trp-Pro motif; CXXC: Zinc finger domain.

https://doi.org/10.3389/
fphar.2018.01144
Medina-franco
1.3.1.1.2
Mechanism for DNA methylation-mediated gene silencing

Differential binding of transcription factors and regulatory proteins to
methylated CpG dinucleotides are thought to be the main mechanisms of DNA
methylation-mediated transcriptional regulation. These proteins have been called
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methyl-binding proteins (MBP), and are known to play a major role in the
interplay between DNA methylation and chromatin modifications(Du, 2015).

The MBP protein family consists of eleven proteins, all of them featuring a
methyl-CpG binding domain (MBD domain). The methyl-CpG-binding protein 2
(MeCP2) was first discovered(Hendrich, 1998). MBPs 1 to 6 have been
subsequently identified through sequence homology to the MeCP2 MBD domain
(Du, 2015). As readers, MBPs bind to methylated DNA and engage additional
proteins that cooperate with gene silencing. MBPs interact principally with
histone deacetylases (HDACs) and methyltransferase, for example, NuRD/Mi-2,
Sin3A-HDAC, CoREST and N-CoR are histone deacetylation co-repressor
complexes, whereas SUV39H1, SETDB1 and PRMT are examples of histone
methyltransferases recruited by MBPs(Du, 2015).

Additionally, MBP participate in the modification of the nucleosomes, through a
direct histone-linker function that induces chromatin looping(Georgel, 2003). MBP
have also been shown to contribute to chromatin maturation after DNA
replication, maintaining an appropriate state of chromatin repression in newly
synthetized DNA methylated regions(Sarraf, 2004).
1.3.1.1.3 Physiological DNA methylation in mammals
DNA methylation is a highly dynamic process, which begins soon after
fertilization and maintains a major role in the homeostasis of gene expression
throughout embryonic development, differentiation, tissue specification and
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routine cellular replication. The following sub-section summarizes the main
physiological roles of DNA methylation.
1.3.1.1.3.1 Maintaining unmethylated DNA in gene promoter regions
Maintaining unmethylated (and actively transcribed) regions in one of the most
important functions of the DNA methylation machinery. Binding of transcription
factors is thought to be the main stimulus for exclusion of DNMTs from
promoters, in fact, experiments transferring transcription factor binding sites are
known to reverse a previously DNA methylated state(Brandeis, 1994; Lienert,
2011). Additionally other proteins such as the CXXC finger protein 1 (CFP1 or
CXXC1) are known to bind unmethylated rich-CpG regions and recruit lysine
methyltransferases. As an example, methylation of histone H3-lysine 4 (H3K4)
helps to maintain promoters DNA unmethylated by allosteric inhibition of
DNMTs(Clouaire, 2012).

There is also an important role of DNA demethylases in the restoration of the
unmethylated state, in the event of aberrant DNA methylation of any given gene
loci. TET protein family, citidine deaminase (AICDA) and thymine DNA
glycosylase are the best-described examples of demethylases, constituting the
base excision repair system (BER) that actively removes DNA methylation in
such circumstances before DNA replication takes place(Bochtler, 2017).
1.3.1.1.3.2 De novo DNA methylation
De novo DNA methylation typically takes place during cell differentiation. One of
the best -and first- described examples is the retinoic acid-induced silencing of
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the pluripotency gene OCT4 in hematopoietic stem cells. The retinoic acid
response elements bind to the promoters, recruiting DNMT3A and DNMT3B
together with co-repressor complexes (containing HDACs)(Feldman, 2006; Li J. Y.,
2007). The cooperation between promoter DNA methylation, H3K9 methylation
and nucleosome assembly induce definitive silencing OCT4 and many other
pluripotency genes targeted during differentiation(Liu, 2015).
1.3.1.1.3.3 Pericentromeric repeats and transposable elements
Pericentromeric major and minor satellite elements are also actively repressed by
DNA methylation. DNMT3B is known to mediate this process, which is essential
for adequate chromosomal segregation during cell division. Clinical correlates
exist, as a point mutation in DNMT3B is associated with an autosomal recessive
disease called centromeric instability and facial anomaly (ICF)(Xu, 2014).
DNMT3B is recruited by centromere protein C (CENPC) and remains associated
with centromeric structures until late metaphase, suggesting a continuous role
for maintenance of DNA methylation and heterochromatin structure during cell
division(Gopalakrishnan, 2009).

Nearly 40% of mammalian genome is composed of transposable elements, which
can be further divided into 3 major classes: 1) Long interspersed nuclear
elements (LINEs); 2) Short interspersed nuclear elements (SINEs) and 3) Long
terminal

repeats

(LTRs),

these

later

containing

endogenous

retroviral

sequences(Liang, 2002). Similarly to centromeric repeats, transposable elements
must be kept in a DNA methylated (repressed) state to avoid retroviral element
transcription. Promoter regions of transposable elements require the cooperation
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of DNMT1 and DNMT3 to maintain adequate levels of DNA methylation(Liang,
2002). Cooperating with DNA methylation, SETDB1 and G9A are histone
methyltransferases that have been linked to chromatin remodelling around
transposable elements(Leung, 2011).

The transposable elements are only actively transcribed in early embryogenesis
and during

germline

development,

after

the

global waves of

DNA

demethylation. The transcriptional products of these elements are known as
PIWI-interacting RNA (piRNA), small RNA molecules capable of triggering their
own silencing(Aravin, 2007). The precise mechanism of DNA methylation not
fully understood, but the PIWI interacting proteins seem to fuel piRNA
expression and trigger de novo DNA methylation of LINE1 elements. In fact PIWInull mice phenotype results in LINE1 DNA hypomethylation and male infertility,
suggesting that piRNA expression and PIWI interacting proteins are essential for
adequate germ cell maturation(De Fazio, 2011).
1.3.1.1.3.4 Imprinting
Several gene loci have a unique mechanism of epigenetic inactivation that
involves the consistent and permanent DNA methylation of the parental or
maternal allele. One of the best-known examples is the H19 locus in mice, in
which only the maternal allele is expressed. There are currently 107 confirmed
imprinted genes known in humans, according to the Geneimprint database
(http://www.geneimprint.com) most of which are thought to be important for
the early embryonic development(Mackay, 2017; Peters, 2014). DNA methylation
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mediated by DNMT3 and possibly other epigenetic mechanisms contribute to
DNA methylation of the individual alleles after implantation(Davis, 2000).

The Imprint control regions (ICR) are the structures responsible for the initiation
of allele silencing, which commences with the binding of Zinc-finger proteins on
CpG regulatory island (e.g. ZFP57) and the recruitment of protein complex that
includes DNMT3 to undertake final allele DNA methylation(Li X., 2008; Zuo,
2012). Imprinted genes are safeguarded by epigenetic memory, the DNA
methylated allele (either maternal or paternal) is carefully maintained in the
daughter cells after mitosis(Bartolomei, 2009). Available evidence suggests a
combination of the CpG dinucleotide frequency and the transcription products of
the imprinted allele mediate the recruitment of the silencing complex to the
appropriate strand(Chotalia, 2009).

1.3.1.2 Nucleosomes and chromatin
Nucleosomes constitute the basic, functional and repetitive subunit of chromatin,
it is an evolutionary conserved mechanism for DNA packing inside the nucleus,
remaining almost invariable from yeast to higher eukaryotes (Luger, 2005).
Nucleosomes are highly dynamic, they can tighten or loosen the DNA packing
structure, in order to deny or allow attachment of DNA binding complexes
(Polach, 1995; Polach, 2000; Zhu, 2016). As many authors have demonstrated, these
changes are mainly influenced by postranscriptional modifications of histone
proteins inside the core of the nucleosomes(Fenley, 2018; Rando, 2007; Tessarz,
2014).
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The nucleosomes experiment continuous unwrapping, rewrapping, sliding,
assembly, disassembly and changes in the DNA-histone interactions, all of which
provide cells with a unique tool for the fine tuning of gene expression(Bowman,
2015; Fenley, 2018)
1.3.1.2.1 Nucleosome structure
The nucleosomes are composed of a histone core (with the core DNA), a linker
DNA and a linker histone (H1). The nucleosome core contains histone proteins, a
family composed of 4 different proteins (H2A, H2B, H3 and H4), arranged inside
the core in octamers forming a cylindrical structure(McGinty, 2015). Histones are
small and basic proteins whose bulk structure is comprised of large α-helix
domains called ´histone-fold´ motifs, through which dimerization occurs(Arents,
1991; Luger, 2005). Histone proteins always pair with the same partner histone
(i.e. H2A:H2B and H3:H4), forming in both cases symmetrical arc-shaped
structures in which the DNA binding sites are exposed in the outer curved edge
(Figure 4).

The N-terminal domains of histones comprise 25% of its mass, these domains are
commonly known as ´histone tails´ and have a prominent regulatory
function(Pepenella, 2014). The N-teminal tails exit the nucleosome structure
between the DNA helices and are the primary site of post-translational
modifications.

The

histone

tails

are

readily

accessible

for

enzymatic

modifications by epigenetic machinery but have also been suggested to play a
role in the higher-order chromatin structures (i.e chromosomal assembly).
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Figure 5. Schematic representation of the histone 2 (A), histone 3 (B) and histone 4(C) isoforms
and the most frequent sites for postransductional modifications. AC: Acetylation; P=
Phosphorylation, Ub: Ubiquitination.

DNA molecules are tightly folded in 147 bp double strand segments that wrap
around each nucleosome in a 1¾ turn (nearly 80bp per turn). Histone-DNA
interfaces are mediated by direct and water-mediated hydrogen bonds, ionic
interactions, nonpolar contacts, and the alignment of the DNA helix to phosphate
backbone ions(Davey, 2002; Richmond, 2003). As mentioned before, DNA is
known to transiently and spontaneously unwrap from the nucleosome core to
allow DNA binding factors to come in contact with their specific binding
sites(Cutter, 2015).

The linker DNA is a short 10pb DNA structure that lays between nucleosome
cores and that is protected by H1 histone. This structure is believed to be the base
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The histone code is highly dynamic, in general, histone tail modifications induce
structural changes in chromatin, allowing for either a relaxed or tight chromatin
structure,

which

in

turn

increases

or

reduces

the

probabilities

of

transcription(Nimura, 2010; Pepenella, 2014). The histone code is constantly
modified by epigenetic writers and erasers and interpreted by the epigenetic
readers (Bromodomain or Chromodomain proteins)(Santos-Rosa, 2005), as
summarised in Table 2.

The reader proteins typically recruit chromatin modifying complexes after
recognizing specific histone marks, however, it has been recently demonstrated
that histone modifications themselves can provide significant changes in
chromatin structure, due to shifts in histone-histone and histone-DNA chemical
interactions(Tessarz, 2014).

Histone readers are also responsible for the coupling between the histone
modifications and DNA methylation. One of the best-described examples of this
is polycomb repressor complex (PRC1 and PRC2) and its regulation of the gene
expression program during early development(Cedar, 2011; Margueron, 2011).
PRC2 complex typically catalyses tri-methylation of lysine 27 of histone 3
(H3K27me3), a repressive chromatin mark, present in more than 2000 sites along
the genome(O'Meara, 2012). PRC2 is composed of readers (EED), writers (EZH2)
and additional scaffold proteins that mediate recruitment of epigenetic modifiers
to the silenced promoters (SUZ12, Jarid 2)(Margueron, 2011; O'Meara, 2012).
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A small group of histone tail modifications are more frequently occurring and
have a more prominent role in gene expression regulation. The first and most
widely described marks are the methylation of Lysine 4 H3 (H3K4), acetylation
of Lysine 14 H3 (H3K14) and phosphorylation of Serine 10 H3 (H3S10) all of
them involved in transcription activation. Conversely, H3 Lysine 9 methylation
(H3K9)

and

H3K27

trimethylation

are

involved

in

transcriptional

repression(Lawrence, 2016; Tessarz, 2014). Beyond these 5 examples more than 60
different post-translational modifications have been described to date, produced
by a wide pool of epigenetic writers and erasers that are summarized in Table
A2, Annex 1.

1.4 Epigenetic regulation of enhancer elements
Epigenetics has been widely studied in the field of Haematology, whole genome
transcriptomics and genomics have provided invaluable data and more recently,
technology has allowed for single-cell genomics and transcriptomics, further
increasing our understanding of the complex biology of haematopoietic
differentiation and malignant transformation.

Changes in DNA methylation during normal haematopoietic differentiation are
mapped to crucial genes(Agirre, 2015; Kulis, 2015), with essentially, gain of
methylation of stem-cell specific factors and demethylation of lineage-specific
genes(Bocker, 2011; Khavari, 2010). The chromatin remodelling complexes (CRC)
are also an important part of HSC differentiation(Rodriguez, 2005; Sridharan, 2007;
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Yoshida, 2008) and also play a central role in lineage commitment through, for
example, the SWI/SNF remodelling complexes for myeloid progenitors(Smith,
1996) (Bakshi, 2010; Witzel, 2017).

There is a growing body of evidence suggesting that epigenetic modifications are
skewed to enhancer regions during haematopoietic differentiation. Up to 46% of
regulatory elements implicated in erythroid and megakaryocyte differentiation
have been mapped to enhancer elements based on specific chromatin marks
(H3K27-Acethylation and H3K3-mono-methylation)(Heuston, 2018).

Enhancers are highly relevant for terminal haematopoietic differentiation
processes, such as T-cell lineage specification or granulopoiesis(Prasad, 2014;
Ronnerblad, 2014; Schmidl, 2009). Single-cell transcriptomic analyses(Buenrostro,
2018) have demonstrated the role of epigenetic modification of key transcription
factors governing hematopoietic differentiation. GATA1, BATF, CEBPB, ID3 and
HOXA9 represent good examples of these factors experiencing changes in both
enhancer DNA methylation and histone modifications during differentiation
(Farlik, 2016).

Changes in enhancer DNA methylation are known to be more dynamic and
more

tissue-specific

than

the

traditionally

studied

promoter

DNA

methylation(Agirre, 2015; Aran, 2013; Bock, 2012; Kulis, 2013; Martinez-Calle, 2019).
DNA methylation in enhancer regions during granulopoiesis has been
comprehensively studied by Ronnerblad et al. Enhancers experience an increase
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of DNA methylation in the initial states of differentiation (from the common
myeloid progenitor to granulocyte-monocyte progenitor), whereas the final
stages towards mature granulocyte differentiation are characterized by loss of
enhancer DNA methylation. The work on granulopoietic differentiation has also
demonstrated inverse correlation between enhancer DNA methylation and gene
expression,

similarly

to

what

has

been

described

for

promoter

regions(Ronnerblad, 2014). Important genes such as GATA2 and PU.1 seem to be
epigenetically regulated through chromatin marks and DNA methylation of the
enhancer region, although the specific regulatory mechanisms for the deposition
of these marks remains to be fully elucidated.

DNA methylation studies during lymphoid differentiation have equally revealed
DNA methylation enrichment in enhancer regions(Kulis, 2015). Interestingly,
demethylated enhancers were enriched for binding sites of key transcription
factors such s STAT5 or ATF/CREB, both known to have a role in regulatory Tcell survival and differentiation(Schmidl, 2009).

DNA methylation and chromatin mark deposition on enhancers are reciprocally
regulated. On the one hand, there is evidence of changes in DNA methylation
induced by specific histone mark deposition. This is demonstrated by the
recruitment DNMTs to sites of unmethylated histones (H3K4me0) and the
activity of chromatin-interacting complexes, such as the ATRX-DNMT3DNMT3L(Laurent, 2010; Otani, 2009). This complex specifically recognizes H3K4
methylation and guides DNA methylation activity of DNMT3A towards
enhancer elements(Ooi, 2007; Otani, 2009; Zhang, 2010).
35

On the other hand, DNA methylation can instruct histone mark deposition
through recruitment of methyl-CpG binding proteins (MBD)(Basta, 2015) and
exclusion of the PRC2 complex from demethylated enhancers(Ferrari, 2014; Lee J.
E., 2013; Li H., 2017). As an example, mouse embryonic stem cells of DNMT3A
knock-out mice show enrichment in enhancer H3K4me3 and H3K27ac chromatin
marks, resulting in widespread upregulation of gene transcription. The
expression of these upregulated genes was effectively reversed upon
reconstitution of DNMT expression. DNA methylation at enhancer elements is
also thought to directly interfere with binding of transcription factors, as has
been demonstrated by several authors(Schmidl, 2009; Stadler, 2011; Thurman,
2012).

1.5 Aberrant DNA methylation in AML and CMPN
AML is possibly the myeloid condition with higher prevalence of epigenetic
abnormalities(Schoofs, 2014), of which DNA methylation is the most widely
studied. Specific genetic mutations tend to associate with differential DNA
methylation profiles, DNMT3A and TET2 mutations are both founding AML
mutations with capability of transforming normal myeloid cells into
neoplastic(Yang X., 2019). Both mutations are associated with overtly aberrant
DNA methylation profiles, DNMT3A mutations are associated with abnormal
loss of DNA methylation(Qu, 2014), whereas TET2 mutations are associated with
gain of DNA methylation in critical genetic loci(Rasmussen, 2015).
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DNA methylation has been demonstrated to have both prognostic and
therapeutic value in AML. High-throughput studies have revealed specific DNA
methylation signatures associated with prognosis in AML, independently of
traditional prognostic markers in multivariable analysis(Bullinger, 2010; Figueroa,
2010b). These prognostic models have used statistical and computational models
to define a composite predicting factor based on the DNA methylation status of a
few informative genes or CpG probes. However, systematic analysis of these
DNA methylation markers is not always feasible in routine clinical practice,
hence, these potentially important markers are not yet established for the routine
risk-stratification of AML patients.

DNA methylation abnormalities in AML are significantly skewed towards
enhancer regions(Benetatos, 2018; Glass, 2017; Qu, 2014; Yang X., 2019). TET2induced DNA methylation profile, for example, is currently known to
predominantly affect enhancer regions(Rasmussen, 2015).

Enhancer-specific

DNA abnormalities have also been linked to chromatin mark deposition with a
significant correlation between enhancer DNA hypomethylation and active
chromatin marks (DNAse sensitivity, H3K4me1, H3K4me3 and H3K27ac)(Qu,
2014).

Despite the relative abundance of data regarding enhancer DNA methylation
and AML, at the time of experimental design of this project, the published data
about DNA methylation of CMPN was scarce and virtually no data was available
specifically for enhancer regions.
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Early evidence of epigenetic alterations in CMPN came from the study of the
SOCS (Suppressors of cytokine signalling) gene family. SOCS genes are an
integral part of JAK2 downstream signalling pathway, functioning as E3
ubiquitin ligase for JAK2 protein, promoting its proteasome degradation(Babon,
2014; Yoshimura, 2007). SOCS genes exert control over JAK-STAT pathway and
function as a bona fide tumour suppressor genes(Rottapel, 2002). Of the 8 members
of the family, SOCS3 gene is the most widely studied in CMPN(Yoshimura, 2007).
Several studies have demonstrated that SOCS genes are primarily regulated by
DNA methylation of their promoter regions. SOCS3 aberrant DNA methylation
was originally hypothesized as an alternative mechanism for JAK2-STAT overactivity in CMPN (Fernandez-Mercado, 2008; Fourouclas, 2008; Teofili, 2008).
Further experiments involving knock-out mice failed to demonstrate SOCS3
deficiency as a founding alteration of CMPN, however, specific induced
functional alterations within the myeloid lineage have been demonstrated in
SOCS3 deficient mice. SOCS3 is essential for macrophage function, in this
context,

suppression

of

SOCS3

hampers

the

immune

surveillance

of

macrophages and myeloid-derived suppressor cells, promoting tumour
growth(McFarland, 2016; Yu H., 2015).

Albeit the evidence of aberrant epigenetic silencing in CMPN was found only a
handful of genes, including SOCS3, these findings have fuelled the research in
epigenetics of CMPN. Barrio et al, published the first DNA methylation high
throughput study in CMPN, with a small cohort of patients samples interrogated
with DNA methylation microarrays. This study failed to demonstrate a clear
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aberrant epigenetic profile of PV and ET compared to healthy controls(Barrio,
2011).

Based on this early high throughput data, the initial evidence of aberrant DNA
methylation in CMPN seemed to point towards a restricted number of genes
(Nielsen, 2017; Oki, 2006), as opposed to the widespread DNA methylation
abnormalities seen in AML(Figueroa, 2010b). Notwithstanding the disappointing
early findings, we hypothesized that DNA methylation could play an important
role in the pathobiology of these conditions, based on its role on the regulation of
myeloid differentiation. We have set out on a journey to comprehensively
describe the DNA methylation profile of CMPN in general and of the aberrantly
DNA methylated enhancer regions in particular, attempting to determine the
relevance of these alterations in larger and more representative cohorts of
CMPN.
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2 HYPOTHESIS AND OBJECTIVES
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2.1 HYPOTHESIS
CMPN have a significant and measurable disruption of the physiological DNA
methylation homeostasis, which contributes directly or indirectly to the
malignant transformation and perpetration of the malignant phenotype of the
CMPN clones.

2.2 OBJECTIVES
! Explore the DNA methylome of CMPN patient samples and identify genomewide patterns of aberrant DNA methylation.
! Identify any potential novel genes subjected to either abnormal expression or
repression as a consequence of aberrant DNA methylation, with relevance to
the pathophysiology of CMPN.
! Perform functional experiments to demonstrate implication of the candidate
genes on the pathophysiology of CMPN and explore their potential
therapeutic manipulation, if applicable.
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3 MATERIAL & METHODS

42

3.1 Patient Samples
All samples were drawn after informed consent was obtained from the patient or
the patient’s guardian in accordance with the Declaration of Helsinki. This study
was approved by the Research Ethics Committee of the University of Navarra. In
cases of samples older than 10 years, consent was verbal and as such was
accepted by the local Research Ethics Committee.
Bone marrow (BM) aspirates were been obtained under local anesthesia from
either posterior iliac or sternum puncture following standard practice. 5-10 ml of
bone marrow was drawn from each patient. Peripheral blood (PB) was obtained
through standard cephalic vein puncture (10-20ml of blood) and collected in
EDTA standard tubes (BD & company, New Jersey, USA).
Mononuclear cells (MNC) were isolated from peripheral blood or bone marrow
using standard ficoll gradient separation (ficoll-paque, GE Healthcare, Chicago,
USA), as described elsewhere(Tripodi, 1971).
The study samples included PB or BM samples from PV (n=24), ET (n=23) or
PMF (n=24) patients. CMPN patients with leukemic transformation (AML) were
also included (n=5). Control samples included BM (n=4) and PB (n=4) from
healthy donors. A second cohort of 39 myelofibrosis (MF) both primary and
secondary and 8 PB controls was also used.
Diagnosis of CMPN was done based on the 2008 WHO criteria for classification
of myeloproliferative neoplasms(Tefferi A., 2008). The demographic and clinical
data available for the study patients is summarized in Annex 2.
43

3.1.1 Nucleic acid extraction from samples
Genomic DNA was extracted from mononucleated cells or cell line pellets using
a silica-based extraction kit (QIAmp DNA mini Kit, Qiagen, USA). Similarly
RNA was extracted from cell line pellets using the Trizol reagent following
manufacturer’s protocol (Invitrogen, Walthman, USA). Quantification and purity
assessment of nucleic acids was performed using a UV light spectrophotometer
(NanoDrop 2000, Thermo Scientific, USA).

3.2 DNA mutation analysis
Gene mutation analyses was performed by the genetic analysis service of the
University of Navarra (Currently CIMALab Diagnostics, Pamplona, Spain).
From previously extracted genomic DNA, gene mutation analyses were
performed as follows:

3.2.1 JAK2 mutation
Amplification-refractory mutation system (ARMS-PCR) was designed to identify
JAK2V617F mutation (Jones, 2005), characterized by the G to T substitution in the
exon 14 of JAK2 gene. The protocol uses a 4-primer PCR reaction that amplifies a
control sequence (436 bp) together with a JAK2 mutant (T; 279 bp) and/or JAK2 a
wild type (G; 229 bp) sequence. The reaction allows the discrimination of
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homozygote and heterozygote mutations, the primer design includes a mismatch
in 3’ position to enhance discrimination of the mutated alleles. The PCR
amplicons were resolved on 3% agarose gel stained with ethidium bromide.
Amplification primers are shown in Annex 3.

3.2.2 TET2 mutations
TET2 gene sequence amplification was performed using overlapping primer
pairs spanning from exon 2 to 11, as shown in Annex 3. PCR amplicons were
subsequently sequenced using ABI 3100 capillary sequencer (Applied
Biosystems, USA) and results analysed with Mutation Surveyor (Softgenetics,
USA)(Delhommeau, 2009).

3.2.3 IDH1 and IDH2 mutations
IDH1 and IDH2 genes were analysed for mutations at specific hotspots (R132 for
IHD1; R140 and R172 for IDH2), by direct sequencing(Thol, 2010). Amplification
primers are shown in Annex 3. PCR products were directly sequenced using ABI
3100 capillary sequencer (Applied Biosystems, USA).

3.2.4 EZH2 mutations
High resolution melting analysis was used for mutation screening spanning
exons 2-20 of EZH2. Amplicon size and primers are shown in Annex 3.
Fragments with abnormal melting curves were directly sequenced using ABI
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3300 capillary sequencer as described above(Ernst T., 2010; Wittwer, 2003).

3.3 DNA methylation profiling
Microarray-based DNA methylation profiling was performed using the Human
Methylation27 Beadchip (Illumina, Inc., San Diego, CA, USA) (Bibikova, 2009).
The array panel was developed to quantify the DNA methylation status of 27,578
CpG sites located within the proximal gene promoter regions (1 kb upstream and
500 bp downstream of transcription start sites) of 14,475 well-annotated genes
from the consensus coding sequence project as well as other known cancer genes
and miRNAs.
Further DNA methylation analysis for PMF was done in a second cohort of
samples using the Human Methylation 450K beadchip (Illumina, Inc., San Diego,
CA, USA) (Sandoval, 2011). This advanced array platform for DNA methylation
profile provides information of 485.764 CpG sites spanning 2% of the DNA
methylation sites available in the genome. The probes are distributed alongside
all 23 chromosomes. The distribution of CpG sites is summarized in Table 3.
All neoplastic and control samples were hybridized according to the
manufacturer instructions. Briefly, genomic DNA was converted by sodium
bisulfite treatment (EZ DNA methylation kit, Zymo Research, Irvine, USA). The
principle of bisulfite treatment is the enzymatic conversion of unmethylated
cytosine nucleotides into uracil (Hayatsu, 1970) that is subsequently substituted
by a thymine after PCR amplification. Bisulfite modification allows the
differential

identification

of

methylated

cytosines

(as

cytosines)

and
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unmethylated cytosines (as thymines) using different molecular biology
techniques, such as sequencing.
Table 3. Distribution of CpG probes in the 450K DNA methylation array.

CPG
CATEGORY

PROBES (N)

FGD

CATEGORY

CPG
PROBES (N)

CpG content
Promoter

200.339

Island

150.254

Gene body

150.212

Shore

112.072

15.383

Shelf

47.161

3’ UTR
Intergenic

119.830

Others

176.277

Coding genes
Coding
Non-coding
Intergenic

361.766
4.168
119.830

FGD: Functional genomic distribution

Following bisulfite modification, DNA is whole-genome amplified using random
primers. Amplification of ribosomal 28s subunit DNA was used as quality
control, as described by Sandoval et al(Sandoval, 2011)
Each CpG locus is interrogated by the DNA methylation microarray using two
bead types: one for the unmethylated (U) state and another for the methylated
(M) state. After hybridization and single-base extension using labelled
nucleotides, the intensity of the U and M beads was measured with a microarray
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reader (iScan, Illumina, San Diego, USA). The DNA methylation status of a CpG
was determined by the beta-value calculation, which is based on the ratio of the
fluorescent signals between the M bead to the total locus fluorescence intensity.
Before proceeding with DNA methylation data analysis, a few steps were taken
to minimize technical and biological biases. CpG sites located on chromosomes X
and Y were excluded, due to the epigenetic inactivation of X chromosomes in
female individuals. The detection probability for each CpG site was evaluated
comparing signal intensities against background noise (p values above 0.05 in
more than 10% of the samples excluded the CpG site from the analysis) and
finally, CpG sites overlapping with SNPs were also excluded.

3.3.1 Analysis of 27k DNA methylation microarray data
Initially, a global view on the DNA methylation profile of CMPN and healthy
PB/BM control samples was obtained using an unsupervised hierarchical cluster
analysis. This included only CpGs with standard deviation (SD) of beta values
>0.25 between samples (Genesis Software, version 1.7.5)(Sturn, 2002).

3.3.1.1 Differential DNA methylation study
Subsequently, a bioinformatic analysis was performed to specifically detect
differentially methylated CpGs between control samples and CMPN samples.
Different methods have been described in the literature and no consensus
strategy has been reached, therefore a combination of 3 different methods has
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been used for a maximum yield; a CpG site was classified as differentially
methylated if it was detected by any of the 3 methods:
3.3.1.1.1 Standard T-test
Differentially DNA methylated CpGs (DMC) were identified using a difference
of mean beta value of at least 0.34 between both groups (controls and CMPN)
with a false discovery rate (FDR) below 0.05. Difference in means was calculated
using permutated t tests or analysis of variance (ANOVA) if more than two
groups were compared (R-software)(Ihaka, 1996)
3.3.1.1.2 Volcano plots
The second bioinformatics analysis was carried out using Bioconductor, an Rbased open source package. The DNA Methylation Index (MI): [beta value of
sample/ mean beta value of control samples] was calculated for each CpG probe
and each sample. Then CpG probes were categorized in 3 states based on their
MI: unmethylated state (MI < 0.3), partially methylated state (MI between 0.3 and
0.7) and methylated state (MI > 0.7). A score of 0 (unmethylated), 1 (Partially
methylated) or 2 (methylated) was respectively assigned to each probe and the
mean value of the score across CMPN samples calculated. CpG probes with
mean score values >1.2 were considered to be differentially methylated. LIMMA
(Linear Models for Microarray Data)(Smyth, 2004) was used to plot the probes
that showed significant differential DNA methylation patterns using volcano
plots(Cheadle, 2003).
3.3.1.1.3 DNA methylation threshold analysis
The final analysis defined categorized CpG sites onto hypermethylated or
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hypomethylated as follows: 1) Hypermethylated: Mean beta values of controls
were below 0.25 and at least 20% of samples beta value were superior to 0.5; 2)
Hypomethylated: Mean beta values of control samples were above 0.75 and at
least 20% of samples had beta values below 0.5.

A new supervised hierarchical cluster analysis was obtained using the pooled
group of probes found to be differentially methylated with the three
bioinformatic methods.

MIAME-compliant dataset containing raw array data files were deposited in the
Gene Expression Omnibus (GEO) database and are available under the accession
numbers GSE31600 (control samples) and GSE42042 (CMPN samples).

3.3.1.2 Gene characteristics analysis
Functional enrichment analysis of Gene Ontology (GO) was performed using
differentially DNA methylated genes between CMPN and control samples using
standard hypergeometric tests(Draghici, 2006). Gene annotations were extracted
from Ensembl database (http://www. ensembl.org).
Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com) was also used to
identify deregulated gene networks that contain differentially DNA methylated
genes between CMPN patients and healthy controls. Both GO and IPA were
performed integrating the differentially DNA methylated genes obtained from
the bioinformatic methods (Section 3.3.1.1; 260 differentially methylated CpGs
that correspond to 249 genes).
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Enrichment of transcription factor binding sites was also analysed, to determine
if aberrantly DNA methylated genes contained specific binding sites for relevant
transcription factors. This analysis was done using TRANSFAC database using
Gene Set Enrichment Analysis (GSEA) with a pre-ranked algorithm and 1000
permutations(Nischal, 2013).

3.3.1.3 Functional annotation of differentially methylated genes
Analysed genes were classified as polycomb repressive complex 2 (PRC2) targets
according to the genome-wide mapping of Polycomb target genes in embryonic
stem cells (ESCs) provided by Zhao et al(Zhao J., 2010). The proportion of PRC2targets among differentially DNA methylated genes in CMPN samples versus
healthy controls was established. To analyse whether promoter regions of
differentially methylated genes showed different CpG compositions, a
classification of gene promoters was used to classify genes as having high (HCP),
intermediate (ICP) and low (LCP) CpG content(Weber, 2007).
To further complement functional analysis, information about genes encoding
miRNA and small nucleolar RNA (snoRNA) was obtained. A complete list of
currently known miRNA and snoRNA together with their respective host gene
(if

applicable)

was

retrieved

from

(http://www.mirbase.org/)

available
and

databases

miRBase
snoRABase

(http://www.snorna.biotoul.fr/index.php). Subsequently, genes included in
DNA methylation array were annotated as including miRNA or snoRNA
matching gene symbol ID between both lists.
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3.3.2 Analysis of 450k microarray data
Similarly, a global view on the DNA methylation profile of CMPN and healthy
PB/BM control samples was obtained using an unsupervised hierarchical cluster
analysis, including only CpGs with standard deviation (SD) >.0.25 among
samples and an FDR <0.05 (Genesis Software, version 1.7.5)(Sturn, 2002).
Standard T-tests, volcano analysis, principal component analysis and scatter plot
graphs have been performed as described above (Section 1.3.1). Comparison was
done initially between primary and secondary MF, and subsequently between
the entire MF cohort and the healthy control samples.

3.3.2.1 Annotation of chromatin marks
To perform a comprehensive and correlative analysis of DNA methylation and
chromatin state modifications, each CpG site was linked to the neighbour
chromatin marks using published analysis of CHIP-seq experiments. Specifically
for these analysis, we have used the ChromHMM algorithm(Wijetunga, 2014), to
define 7 differential chromatin states, relative to the transcriptional activity of
CD34+ human hematopoietic progenitor cells. The algorithm has been adapted
to further categorise chromatin into 4 functional states (0: heterochromatin; 1-3:
transcription-start sites; 4-6: enhancer regions [weak and strong]; 7: promoters).
Each CpG site was annotated with one of the 4 functional chromatin states
defined. An enrichment analysis using hypergeometric tests was performed for
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all 4 chromatin categories, to identify if MF-associated differentially methylated
CpG (DMC) were enriched with any particular chromatin state/mark. MIAMEcompliant dataset containing raw array data files were also deposited in the GEO
database and are available under the accession number GSE118241.

3.3.2.2 Bioinformatic pathway analysis
Hereafter, bioinformatic analyses were focused on enhancer-related DMC.
Functional enrichment analysis of Gene Ontology (GO) and Ingenuity Pathway
Analysis (IPA, www.ingenuity.com) were performed as described above (Section
3.3.1.2) using the DMC between MF and controls that were mapped to enhancer
regions.

3.3.2.3 Principal component analysis
For the 450k DNA methylation array data, principal component analysis (PCA)
strategy was used for dimension reduction of data, to aid in the interpretation of
DNA methylation patterns. PCA is based on single value decomposition
analysis, a technique that creates a single numerical value that accounts for the
degree of DNA methylation of each CpG probe (M-value). For the PCA, we used
the 5000 CpG sites with the greatest statistical differences of DNA methylation
between neoplastic and normal samples with a subsequent linear combination of
M-values of each probe and each sample. The linear combination results in the
configuration of principal components, which are fitted linear representations of
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the M-values that best explain the differences between the samples. The use of
two perpendicular principal components was sufficient to segregate the samples
according to their differences in DNA methylation.

3.3.3 Validation of DNA methylation
3.3.3.1 Pyrosequencing
For pyrosequencing analysis, bisulfite modified DNA was obtained as described
above (See section 3.3).
Bisulfite DNA amplification was performed using a pair of primers spanning the
desired region (containing a variable number of CpG sites). The reverse primer
was conjugated with biotin for further processing as per manufacturer
instructions(Kreutz, 2015). Alternatively, a 2-step PCR procedure was used to
amplify problematic transcripts, using universal biotinylated forward and
reverse primers with a customized 9-mer 3´ tag, whose complementary sequence
was also included on the 5´ end of the strand-specific primers (Annex 3).
The PCR results were analysed using a 2% agarose gel electrophoresis with
ethidium bromide to confirm the specificity and the efficiency of the
amplification. Well-amplified DNA samples were selected for pyrosequencing.
The procedure was done using the PyroMark Q96 instrument and analysed with
Pyromark ID software (Qiagen, Netherlands)
Briefly the samples were incubated with streptavidin beads and then processed
with the manufacturer provided Vacum Prep-Tool ®, to purify the biotin54

labelled transcript for sequencing. Pyrosequencing reaction was subsequently set
up using manufacturer instructions and the Pyromark reagents kit with the
appropriate forward sequencing primer(Kreutz, 2015).
3.3.3.1.1 Pyrosequencing of patient samples
Quantitative analysis of DNA methylation was performed with pyrosequencing
as a technical validation of the results obtained from the DNA methylation
microarrays. For CMPN in general, GAS2 was selected as hypermethylated gene
whereas and BHMT was selected as hypomethylated gene. Primer sequences for
PCR amplification and sequencing primers are described in Annex 3.
Peripheral blood leukocyte DNA from healthy donors was used as negative
control for DNA methylation-specific assays. Human male universally
methylated genomic DNA (Intergen Company, USA) was used as a positive
control for methylated alleles. Water blanks were included with each assay.

3.3.3.2 Bisulfite Sequencing
For the MF samples, the DNA methylation was validated using traditional
bisulfite sequencing. Briefly, after bisulfite modification, the fragment of interest
was amplified using a high-fidelity Platinum™ Taq Polimerase (Invitrogen,
Walthman, USA). PCR products were revealed with a 2% agarose gel. PCR
product was extracted from the agarose gel before cloning when needed (Gel
PCR clean up kit; Macherey-Nagel, Germany) and the fragment was cloned into
the pGEM-T vector (Promega, Madison, USA).
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After cloning, JM109 competent E.Coli (Promega, Madison, USA) were
transformed using a standard heat-shock protocol. After 24 hours of culture,
plasmid DNA was extracted from single E. coli colonies for sequencing
(Nucleospin Plasmid, Macherey Nagel, Germany). For each condition, at least 10
plasmids from 10 different colony forming units were sequenced by classical
Sanger method using Genetic Analyzer 3130XL (Life Technologies, Carlsbad,
USA). BigDye® Terminator kit V3.1 and dGTP BigDye® Terminator Cycle
Sequencing (Life Technologies, Carlsbad, USA) were used for sequencing
reactions, together with universal SP6 or T7 primers (Annex 3). Universally
methylated human DNA (Zymo research, USA) was used as a DNA methylated
control for the bisulfite modification.

3.4 Gene expression profiling
A publicly available gene expression dataset for primary MF was used for
comparisons with DNA methylation data (n=9). This dataset is available on the
GEO database with the accession number GSE26049. The gene expression
profiling was performed using the Human Genome U133 Plus 2.0 Array
(Affymetrics, Santa Clara, USA)(Skov, 2011). The data was processed using R
software(Ihaka, 1996) and the open source LIMMA Package(Smyth, 2004).
To explore if the differential DNA methylation of enhancer regions had an
impact on gene expression, a simple correlation was initially established between
DNA methylation and expression of genes with enhancer-related DMC.
Subsequently, median gene expression among MF samples was compared using
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the Mann-Whitney U test, grouping genes into hypermethylated (Δβ<-0.4) or
hypomethylated (Δβ>0.4) according to their enhancer DNA methylation status.
Finally, to identify the genes with the best correlation between enhancer DNA
methylation and gene expression, a dual filter was applied to the DNA
methylation and expression data; a list of genes with extreme differential
enhancer DNA methylation (FDR<0.01) and any significant change in gene
expression (p<0.05; logFC ≠ 0) was obtained. The output of this final analysis
was a working list of candidate genes with the highest probability of enhancermediated regulation of gene expression, to guide further functional experiments.
ZFP36L1 was chosen among these genes for further functional experiments (See
results, section 4.2.2.1)

3.4.1 Motif discovery analysis
After confirming ZFP36L1 downregulation in MF samples, two bioinformatic
approaches were used to gain insight into the effect of ZFP36L1 downregulation
on its putative mRNA targets.
DREME motif (Discriminative regular expression motif elicitation) is a
bioinformatic algorithm originally designed to discover core DNA transcription
factor binding sites of eukaryotic transcription factors(Bailey, 2011). The 3`-UTR
regions of genes with upregulated transcripts in MF patients (see Section 3.4)
were used as input database. The algorithm was run to search for a single
consensus-binding motif for ZPF36L1 (GTATTTDT) amongst our list of genes.
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AREsite database was subsequently used as a second bioinformatic approach.
AREsite is an on-line tool for the investigation of AU-rich elements in mRNA
sequences(Fallmann, 2016). The mRNA transcripts upregulated in MF patients
arising from the same gene expression array as above, we used as input data for
this analysis. The algorithm then uses a Markov model to assess for enrichment
on the AU-rich motifs in the dataset against the reference genome (i.e. homo
sapiens).

3.5 In vitro studies
3.5.1 Cell lines
SET-2 cell line (DSMZ # ACC-608) was chosen as in vitro model for the study of
the epigenetics of myelofibrosis. SET-2 cell line has been derived from a post-TE
myelofibrosis and features a complex karyotype with JAK2V617F mutation.
Additional myeloid cell lines were used for proof of concept experiments. Such
cell lines are HL60 (DSMZ # ACC-3) and HEL (DSMZ # ACC-11), both are
derived for acute myeloid leukaemia patients and are JAK2 wild-type.

3.5.1.1 Cell culture protocol
Cell lines were grown in suspension cultures. Medium for culture was RPMI1640
(Lonza, Basel,Swizerland) supplemented with 20% fetal bovine serum (Gibco,
Waltham, USA), ampicillin (Sigma, Saint Louis, USA) and streptomycin (Sigma,
Saint Louis, USA). Medium was refreshed every 48-72h with a dilution of 1:5 to
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maintain cells between a concentration of 0.5x10 and 1x10 cells/ml. Regular
6

6

mycoplasma testing was performed on cell media (MycoAlert

TM

kit, Lonza,

Basel,Swizerland). Cells were frozen using 10% DMSO (Sigma, Saint Louis, USA)
and 25% FBS in RPMI1640, mycoplasma test was also performed at every
freezing-thawing cycle. Frozen cells were stored either at -80ºC or in liquid
nitrogen.

3.5.2 Pharmacologic treatment
All

pharmacologic

treatments

were

performed

using

locally

available

compounds whenever possible, gently provided by Dr. Oyarzabal (Molecular
Therapeutics Program, Centro de Investigación Medica Aplicada, Pamplona,
Spain). GI50 was calculated when applicable using a standard drug
concentration curve and the sigmoidal standard curve non-linear model with
least squares fitting method. For GI50 calculations, culture was maintained in 96well tissue culture plates at a density of 100.000 cells/well.

3.5.2.1 DNA hypomethylating agent treatment
Cell lines were experimentally treated with variable concentrations of 5azacytidine or Decitabine (gently provided by Dr. Oyarzabal). For HL-60 and
HEL cell lines, treatment time was 2 days, whereas for SET-2 cell line the
treatment time was 4 days, according to each cell type doubling time in culture
conditions.
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3.5.3 Cell proliferation assays
Proliferation of treated cell lines was assessed with standard MTS assays using
the CellTiter 96® AQueous MTS Reagent (Promega, Madison, USA) following
manufacturer’s instructions. Briefly, after the established incubation time, cells
were centrifuged at 1800 RPM for 5 minutes and medium was replaced with a 1:5
mixture of AQueous reagent and RPMI culture medium.
Plates were incubated at 37˚C until the medium reached an absorbance value of
at least 0.8 units. Absorbance was measured in the Sunrise ™ instrument (Tecan,
Männedorf, Switzerland) at a wavelength of 490nm and a reference wavelength
of 650nm. Medium only samples were included as background controls and
untreated samples as positive controls. Proliferation rate was calculated as the
percentage of absorbance relative to the control sample. GI50% calculations were
performed as described above (Section 3.5.2.2).

3.5.4 Apoptosis assays
Anexin V-FITC (Merck-Millipore, Burlington, USA) has been used to assess
apoptosis in drug treatment experiments. Briefly, cells were treated with
campothecin for 4-6h at a final concentration of 4-6 µM. After incubation, cells
were washed with PBS and stained for 15 minutes at 25˚C in the dark, with
Annexin-V-FITC antibody and propidium iodide in 100µL of binding buffer.
After incubation, percentage of apoptotic cells was determined by flow
cytometry using FACScanto™ flow cytometer and analysed using CellQuest
software™ (Becton Dickinson, Franklin Lakes, USA).
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3.5.5 Luciferase assay for ZFP36L1 enhancer activity
For this experiment the pCPG-L vector system was used, gently provided by Dr.
Michael Rehli(Klug, 2006). The ZF36L1 enhancer fragment was amplified using
the high-fidelity Platinum® Taq polymerase (Invitrogen, Carlsbad, USA). The
primers were designed within the putative enhancer region identified by the
established chromatin marks H3K27Ac and H3K4me1. The greatest possible
number of CpG dinucleotides were included in the amplicon with a resulting
PCR product of 534 bp.

The fragment was cloned in the pGEM-T easy vector system and then subcloned
in the pCPG-L vector using the same pair of restriction enzymes (BamHI and
HindIII; Thermo Fisher Scientific, Whaltman, USA) and T4 ligase (Takara,
Kustasu, Japan). The digestion fragments were resolved in a 0.8% agarose gel
and purified (Gel PCR cleanup, Macherey Nagel) prior to ligation.

PIR1 competent E.coli cells (Invitrogen, Carlsbad, USA) were used for cloning
with a standard heat shock protocol and expanded in LB broth medium with 25
ug/mL of Zeozin (Thermo Fisher Scientific, Whaltman, USA). Cloning was
confirmed with direct sequencing of plasmids from single colony forming units,
using specific primers designed for it (Annex 3). Following ZPF36L1 enhancer
cloning,

a

CpG-free

minimal

promoter

sequence

(5´_AGAGGGTATATAATGGAAGCTTAACTTCCAG_3´), previously described
by our group(Agirre, 2015), was cloned upstream of the enhancer sequence using
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the SpeI restriction enzyme (Thermo Fischer Scientific, Whaltman, USA).
Successful cloning was confirmed as described above.

After completing the cloning phase, the vectors were treated with SSSI CpG
methyltransferase (New England Biolabs, Ipswich, USA) using manufacturer
instructions, to artificially DNA methylate the cloned enhancer fragment. The
luciferase experiment was performed in 293-T cells using conditions below. The
pCPG-L-CMV vector (containing the CMV enhancer cassette) was used as a
CpG-free control reporter vector, to exclude damage of the vector structure with
the SSSI methyltransferase treatment and normalize the luciferase activity to the
unmethylated pCPG-L CMV vector.
•

pCPG-L + CMV as positive control;

•

pCPG-L + CMV as positive control; methylated

•

pCPG-L + enhancer;

•

pCPG-L + enhancer; methylated

•

pCPG-L + enhancer + minimal promoter

•

pCPG-L + enhancer + minimal promoter; methylated

•

Renilla firefly luciferase for normalization.

The cells were transfected using Lipofectamine

TM

(Sigma-Aldrich, Saint Louis,

USA), following manufacturer´s instructions. The luciferase activity was
analysed using the Dual-Luciferase® reporter system (Promega, Madison,
Wisconsin). All experiments were performed in triplicate.
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3.5.6 Lentiviral induced ZFP36L1 gene expression
A vector containing the ZFP36L1 open reading frame was kindly provided by Dr.
Murphy(Zekavati, 2014) and subcloned into a pSINpGK vector. TOP10 competent
E.coli cells (Invitrogen, Carlsbad, USA) were transformed with standard heat
shock and grown overnight for plasmid extraction.

Near confluent 293T cells were transfected with pSINpGK, pMAX (packaging
plasmid), and pMD.G (vesicular stomatitis virus protein G envelope plasmid) at
a ratio of 3:2:1 using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) in OptiMEM culture medium (Gibco). After 72 hours, viral supernatant was collected,
sterile filtered, ultra-centrifuged, stored at −80°C until use. pSIN-EGFP plasmid
was used as infection control.

SET-2 cell line was infected with ZFP36L1-lentivirus using complete medium
(Life Technologies, Carlsbad, USA) and polybrene to a final concentration of 510µg/ml (Sigma-Aldrich, St. Louis, USA). Cell proliferation was assessed on
days 4 to 7 with standard MTS assay, as described above. Anexin-V apoptosis
was also assessed on days 5 and 7 as described. Cells were also collected at 5 and
7 days for gene expression and western blot experiments. All experiments were
performed in triplicate.

3.5.7 RNA extraction and Quantitative RT- PCR
After RNA extraction (See section 3.1.1), 1µg of total RNA was reversetranscribed using PrimeScript RT-perfect real time reagent Kit (Takara,
63

Katsushika, Japan). Quantitative PCRs were performed in triplicate using 20 ng
of cDNA from each sample. SYBR Green Master Mix (Applied Biosystems, Foster
City, USA) was used as detector and QuantStudio-3 96-well real-time PCR
system (Applied Biosystems, Foster City, USA) was use for analysis. Primer
sequences

were

designed

using

primer3(Untergasser,

2012)(Website:

http://frodo.wi.mit.edu/) (Annex 3). Analysis of gene expression was
performed by relative quantification using standard curve or double delta Ct
method as indicated.

3.5.8 Western Blotting
Cell pellets were washed with cold PBS and lysed on ice for 30 minutes (buffer
containing 1% Triton X-100, 50 mM Tris HCl pH8, 150 mM NaCl, 1 Mm NaVO4,
10 mM NaF and 1X complete EDTA free (Roche, Mannheim, Germany). After
centrifugation (13000 rpm, 15 minutes, 4°C) protein lysates were quantified using
a BCA standard curve (Pierce Chemical, West Pico, USA). A total of 20µg were
separated by SDS-PAGE electrophoresis at variable concentrations and
transferred into a nitrocellulose membrane (Bio-Rad, Hercules, USA). The
membranes were blocked overnight at 4ºC with 0.1% BSA in 0.01% Tween 20PBS and incubated with a polyclonal rabbit antibody anti- (ZFP36L1/ ZFP36L2)
(Cell signaling technology, Danvers, USA). As loading control an antibody
against β-actin (Sigma, St. Louis, USA) was also included. Alkaline phosphatase
conjugated secondary antibody was added for an additional hour (1:10000 at RT;
Sigma, St. Louis, USA). Inmunoreactive bands were developed using a
chemiluminescent substrate (CSPD® and Tropix®, Thermo Fischer Scientific,
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Whaltman, USA) and Hyperfilm ECL plus films (Amersham, Arlington, Heights,
IL). Autoradiographies were obtained with exposure times ranging from 1 to 10
minutes.
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4 RESULTS
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4.1 DNA Methylation profiling of CMPN (27k arrays)
The first part of the work is a thorough descriptive evaluation of the DNA
methylation patterns of CMPN, studied with the 27k DNA methylation
microarrays. Overall, there was a lower epigenetic burden than expected, when
compared to previous results from our group in other hematological
malignancies(Agirre, 2015; Alvarez, 2010; Kulis, 2015; Martin-Subero, 2009).
Nevertheless, the epigenetically deregulated genes found in CMPN are part of
main signaling pathways (e.g. NFkB) and therefore, may have a role in
pathogenesis and disease progression of CMPN. The results are summarized in a
publication from our group “Aberrant DNA methylation profile of chronic and
transformed classic philadelphia negative myeloproliferative neoplasms” (Annex 5).
Although I am not a coauthor in this publication, the initial high-throughput
work was part of my early months as PhD candidate. Results hereby presented
led to the design of the second part of the work focused on myelofibrosis (Section
4.2), the experiences gathered with this initial analysis were invaluable for the
conduit of the second part of the study.

4.1.1 CMPN patients and control samples show a distinct DNA
methylation signature
The DNA methylation profile of samples from patients with CMPN (N=71),
obtained by the human 27k DNA methylation microarrays, was compared with
the DNA methylation profile of BM and PB samples from healthy donors (N=8).
We have previously shown that BM and PB samples were equivalent in terms of
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DNA methylation profile and could thus be combined for the purpose of this
analysis(Perez, 2013).

Unsupervised hierarchical cluster analysis revealed that most of the CMPN
samples clustered together and separated from healthy controls (Figure 7), with
the main changes in the DNA methylation profile towards hypermethylation as
shown in the heatmap. Fifty-six DMC were found between control samples and
CMPN, of these, 40 CpG probes (71%) were hypermethylated in CMPN
(including tumor suppressor genes such as WT1). These represent only 0.2% of
the DNA methylation array probes.

The heterogeneity of DNA methylation among CMPN samples would exclude
from unsupervised analysis probes with differential DNA methylation in some
of the patient samples. To compensate for this, we applied a combination of three
different statistical strategies (t-test, Volcano analysis and DNA methylation
threshold analysis, section 3.3.1.1) to define DMC with a slightly more flexible
criteria, resulting in 176 DMC which had a similar distribution as above and
confirming a differential DNA methylation profile between CMPN and healthy
donors (Figure 8).

The DNA methylation results obtained by the microarray were validated with
pyrosequencing in selected loci. GAS2 (cg06493930; average Δβ 0.307; p=0.008)
and BHMT (cg05890484; average Δβ -0.303; p=0.05) genes were selected as
hypomethylated and hypermethylated examples respectively, and further
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analyzed in an independent cohort of 25 CMPN patients (13 ET, 8 PV and 4
PMF). 56% of the new CMPN sample set showed hypomethylation in the
analyzed CpG of GAS2 gene, whereas the studied CpG of BHMT gene was
hypermethylated in 20% of the CMPN patient samples, according to what was
found in the DNA methylation array. Representative pyrograms from
pyrosequencing experiments are shown in figure 9.

Figure 7. Hierarchical cluster analysis based on DMC of CMPNs in comparison with healthy
donor samples. β-values are depicted using a pseudocolor scale. Red: hypermethylated probes;
Green: hypomethylated probes. Probes are represented in rows and patients in columns. The
color-coded bars above the heatmap indicate the sample type (1-2) and JAK2-TET2 mutational
status (3).
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% Methylation
Whole BM and Whole PB (N=8)

JAK2V617F (+)

ET (n= 23)

JAK2V617F (-)

PV (n= 24)

TET2 (+)

IMF (n= 24)

TET2 (-)

Figure 8. Heatmap showing DMC obtained by the composite of the 3 statistical methods used. βvalues are depicted using a pseudocolor scale. Red: hypermethylated probes; Green:
hypomethylated probes. Probes are represented in rows and patients in columns. The colorcoded bars above the heatmap indicate the JAK2-TET2 mutational status and the subtype of
CMPN.
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Figure 9. Pyrosequencing results of GAS2 and BHMT CpGs included in the DNA methylation
array. The values are expressed as percentage of DNA methylation. MPN1 and MPN2 are PB
samples from 2 separate CMPN patients; PB is a peripheral blood control sample. The gray bars
indicate the cytosine on the CpG dinucleotide.

4.1.1.1 Individual analysis of the DNA methylation profile of CMPN
entities
To determine whether the three subtypes of CMPN had a specific profile of DNA
methylation, each entity was compared to the healthy control group using the
composite of the 3 statistical methods described previously. The global numbers
of DMC for this analysis were: 167 CpG probes corresponding to 161 different
genes in the case of PV, 81 CpG probes corresponding to 75 genes in the case of
ET samples and 116 CpG probes corresponding to 109 different genes in the case
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of PMF samples (Figure 10; Annex 4). Again, the differentially DNA methylated
CpG probes were predominantly hypermethylated in all neoplasms studied.

Only 14 genes were differentially DNA methylated between all three entities,
moreover, individual comparisons between CMPN entities revealed 12 DMC
between PV and PMF, 22 DMC between ET and PV, and 61 DMC between PMF
and ET. These differences were not sufficient to lead to disease clustering in an
unsupervised analysis and confirm the similarity between the CMPN subtypes in
terms of DNA methylation profiles.

Whole BM and Whole PB (N=8)

JAK2V617F (+; N=12)

PV (n= 24)

JAK2V617F (-; N=12)
TET2 (+;N=2)

ET (n= 23)

TET2 (-;N=20)

PMF (n= 24)

% Methylation

PV

Whole BM and Whole PB (N=8)

% Methylation

Whole BM and Whole PB (N=8)

ET

PV (n= 24)

TE (n= 23)
JAK2V617F (+; N=12)

JAK2V617F (+; N=24)

JAK2V617F (-; N=11)

TET2 (+;N=2)
TET2 (-;N=22)

TET2 (+;N=1)
TET2 (-;N=22)

% Methylation

PMF

Whole BM and Whole PB (N=8)
PMF (n= 24)

JAK2V617F (+; N=12)
JAK2V617F (-; N=12)
TET2 (+;N=2)

TET2 (-;N=20)
Figure 10 . Hierarchical cluster analysis of DMC between healthy control samples
and individual
CMPN entities, using the composite statistical method. β-values are depicted using a pseudocolor
scale. Red: hypermethylated probes; Green: hypomethylated probes. Probes are represented in
rows and patients in columns. The color-coded bars above the heatmap indicate the JAK2-TET2
mutational status
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4.1.1.2 Localization and characterization of DMC probes
DNA Hypermethylation was predominant in all three CMPN entities (Figure 10).
Amongst DMC common to all 3 entities, WT1 gene is worth mentioning as an
example of a tumor suppressor gene potentially silenced and NCOR2 as an
example of a potential oncogene experiencing DNA hypomethylation. Mapping
of DMC according to the localization within a CpG islands (CGI vs nonCGI), the
CG content of the promoter region (HCP: High-density CpG promoter vs. LCP:
Low-density CpG promoter) and the belonging to a polycomb repressing
complex gene (PRC) gene (PRC vs nonPRC), are summarized in figure 11. There
was no enrichment of DNA hypermethylated probes in the majority of the
characteristics analyzed. In PV hypomethylated probes were enriched outside
CGI and in the non-PRC genes, whereas in ET DNA hypomethylated probes
were enriched in PRC genes.
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Figure 11. Annotation of DMC according to CpG island localization (CGI/nonCGI), CG content
of the promoter (HCP/LCP, see text) and belonging to a polycomb repressing complex gene
(PRC/nonPRC), in all three CMPN entities (A-C). Asterisks denote only those categories with a
significant enrichment (p<0.05). DNA methylation status is color coded according to the legend.
HypoM: Loss of DNA methylation, HyerM: Gain of DNA methylation.
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Very few DMC were mapped to regions containing non-coding RNAs, with only
1 probe associated with a microRNA (Hsa-mir-770) and 2 probes with lncRNAs
(SNORD68 and SNORD105/105A), none of which has been associated with
pathologic processes in myeloid lineage. Low numbers precluded statistical
analysis of these annotations.

Distance of mapped DMC related to nearest TSS was generally short (PV:
median 213bp; TE: median 212bp; MF: median 230bp; 27k array: median 267bp),
suggesting that DMC were likely located inside or very close to promoter
regions. Distance of DMC relative to TSS was slightly reduced in CMPN when
compared to the global array data, however the difference was non-statistically
significant (p=0.15).

To exclude DMC that could be the result of age differences between the patients
from the cohort used, a publicly available DNA methylation dataset (GEO
accession number GSE41037) was used. This dataset contains the DNA
methylation information from whole blood samples from 394 healthy subjects
aged 16-88 years. None of the CMPN-related DMC was present in the age related
analysis, confirming that the DMC detected in CMPN patient samples were
disease-specific.
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4.1.2 Differentially methylated genes in CMPN are implicated in
specific biological pathways
DMC from each of the entities were compared using a Venn diagram (Figure 13).
This analysis revealed that CMPN entities have a common group of DMC that in
all three cases was greater than the unique DMC to each of the entities,
supporting a common epigenetic background of CMPN. The genes containing
DMC probes were further analyzed for enrichment of biological relevant
pathways. Ingenuity pathway analysis (IPA) identified some gene networks of
potential

relevance,

namely,

cell-to-cell

signaling,

cell

interaction

and

hematologic system development, all involving NF-κB complex. The output
network and the interactions between the genes are shown in figure 12.

The analysis identified activators of NF-κB(Battaglia, 2010; Morlon, 2005; Zhao J.
L., 2011) such as CLEC7A (cg26066361) EDARADD (cg09809672) and NCOR2
(cg22580512), to be DNA hypomethylated in CMPN patients [(CLEC7A: AVG-β
0.5907; Δβ -0,1772; p= 0.02); (EDARADD: AVG-β 0,2363; Δβ -0,2231; p<0.001);
(NCOR2: AVG-β 0,5604; Δβ -0,2780; p=0.001)]. Another relevant gene of the
network is FASLG (cg00071250; AVG-β 0,7749; ∆β 0,2082; p<0.001), a known proapoptotic gene that was found hypermethylated in CMPN patients(Madkaikar,
2011)
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Figure 12. Ingenuity pathway analysis of DMC between CMPN and healthy controls showing
involvement of the NFkB pathway. DNA hypermethylated genes are shown in red, DNA
hypomethylated genes are shown in green, uncolored genes are not present in the DMC and have
been added by the software to complete the network.

Gene ontology (GO) analysis was done independently for all three CMPN
entities, using the gene list obtained from DMC as the input data. Remarkably,
there was enrichment of several common GO terms among CMPN with p values
<0.001, namely, TNF receptor signaling, programmed cell death, cell cycle arrest,
T-cell signaling, and regulation of cell proliferation (Figure 13). All of these
biological processes are consistent with a neoplastic cell state.

To further characterize the potential impact of the differentially DNA methylated
genes, a bioinformatic analysis of transcription factor binding sites was done
using the algorithm described by Nischal et al(Nischal, 2013). Differentially DNA
methylated genes in chronic CMPN were significantly enriched for transcription
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factor-binding sequences, of which GATA1 and SP1 stand out as potential
relevant in normal and malignant hematopoiesis (Table 4).
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Figure 13. Gene Ontology (GO) analysis of DMC. The common DMC among the CMPN entities is
depicted in the Venn diagram (A). The gene ontology outputs are shown for PV (B), ET (C) and
MF (D). Each par represents a GO-term. The red dashed line indicates the threshold of
significance (p=0.05). Values are expressed as inverse logarithm of the p value.

4.1.2.1 DNA methylation of CMPN is not associated to known
genetic mutations
CMPN-associated mutations affect some relevant epigenetic enzymes, such as
JAK2, TET2 and EZH2, which were hypothesized to contribute to the epigenetic
deregulation observed in our cohort of CMPN. The distribution of CMPN
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samples according to JAK2, TET2 and EZH2 mutation status is detailed in Figure
14.

Table 4. Results of the GSEA algorithm applied for enrichment of transcription factor binding
sites among hypermethylated genes in CMPN.
Hypermethylated genes
(n=96)
Transcription
factor

Hypomethylated genes
(n=25)

P value

Transcription
factor

P value

CP2
PAX4

<10E-12
<10E-12

PEA3
SMAD

0.009
0.019

SP1
OCT1
GATA1
YY1
LHX3
TCF1P

<10E-12
0.019
0.036
0.004
0.006
0.007

ETS1

0.034

HNF3B
FAC1
MYC

0.012
0.013
0.014

The frequencies of JAK2 or TET2 mutations found in our cohort are consistent
with the published data for these mutations in CMPN(Tefferi A., 2018c).
Unsupervised clustering analysis showed no clear relation between the JAK2
mutation status and the DNA methylation profile in our CMPN cohort (Figures 7
and 8). There were also no differences in DNA methylation of CpG probes
mapped to JAK2 gene promoter between controls and CMPN samples.

TET2 was mutated in only 5 patients (Figure 14). EZH2 mutation status was only
analyzed in chronic PMF samples and was mutated in only 1 of 24 PMF samples,
in both cases, the low frequencies of mutations precluded any further statistical
analysis.
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Figure 14. Distribution of JAK2, TET2 and EZH2 mutations in the CMPN cohort. Each row
represents a CMPN patient sample. The status has been color coded from 0 to 2. Light green (0)
represents unmutated status for genes and normal karyotype; Red (2) represents mutated TET2
and EZH2, homozygotic mutation of JAK2 and abnormal karyotype. Dark green (1) represents
JAK2 mutation in heterozygosis. Gray cells represent missing data. PV: Polycythemia vera; ET:
Essential thrombocythemia; PMF: Primary myelofibrosis.

4.1.3 Methylation profiling of MPNs transformed into AML shows
higher levels of methylation than MPNs in chronic phase
To analyze the role of DNA methylation in leukemic transformation of CMPN,
the DNA methylation profile of 13 samples of transformed-CMPN (4 PV; 4 ET; 5
PMF) were analyzed using the same DNA methylation microarray platform. The
samples were obtained at the diagnosis of AML transformation.
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DNA methylation profile comparisons between transformed-CMPN and its
corresponding chronic-phase CMPN were also made (e.g. chronic-phase PV with
respect to transformed PV). Overall numbers of DMC resulting from these
analysis were 373 probes corresponding to 353 different genes in the case of PV
samples, 419 probes corresponding to 380 different genes for ET samples and 58
probes corresponding to 56 different genes for PMF samples (Figure 16).
Analogue to the global analyses, the majorities of these DMC were DNA
hypermethylated and predominantly mapped to CpG islands in all 3 cases. There
were 17 common DMC between transformed CMPN (Venn diagram, Figure 17),
which were sufficient to discriminate between transformed and chronic phase
MPN using supervised clustering (Figure 17).
PV (n= 24)

Whole BM and Whole PB (N=8)

ET (n= 23)

Transformed CMPN

PMF (n= 24)

PV

ET

PMF

Figure 16. Unsupervised hierarchical cluster analysis of transformed CMPN compared to
chronic-phase MPN and healthy controls, separated by disease entity. β-values are depicted
using a pseudocolor scale as shown in the legend: Red: hypermethylated probes; Green:
hypomethylated probes. Probes are represented in rows and patients in columns. The colorcoded bars above the heatmaps indicate the type of sample as described in the legend.
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Figure 17. Common DMC between CMPN and transformed CMPN shown in a Venn diagram
(A). Unsupervised hierarchical clustering of all samples using the 17 common DMC (B).
Dendrogram is color coded as shown in the legend. β-values are depicted using a pseudocolor
scale. Red: hypermethylated probes; Green: hypomethylated probes. Probes are represented in
rows and patients in columns. TrPV: Transformed polycythemia vera, TrET: Transformed
essential thrombocytemia, TrPMF: Transformed primary myelofibrosis.

Interestingly, GSEA analysis revealed that differentially DNA methylated genes
in chronic CMPN were significantly enriched (P<0.001) in the dataset of
transformed CMPN, suggesting that epigenetic alterations of chronic phase are
maintained and additional DNA methylation aberrations are likely gained in the
process of transformation to AML (Figure 18A).

Ingenuity pathway analysis was done with the composite group of 862 DMC
probes between transformed CMPN and each chronic CMPN subtype (373
probes from PV samples, 419 probes from ET samples and 58 probes from PMF
samples, figure 16). The output revealed several networks of interest: cell-to-cell
signaling and interaction, hematologic system development and function, and
inflammatory response. Of note, a significant network containing DNA
hypermethylated genes who are directly or indirectly involved in the regulation
of NFkB pathway was found (Figure 18). Some specific genes of interest were
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also found, for example, AIM2 was hypermethylated in transformed CMPN, a
gene known to control cell proliferation, inducing cell cycle arrest in colon cancer
and renal cell carcinoma(Chai, 2018; Chen J., 2017; Woerner, 2007).

To determine if the DNA methylation profile of transformed CMPN was
comparable to de-novo AML, GSEA was also performed to interrogate for
enrichment of DMC from transformed CMPN in a public dataset of
cytogenetically normal AML (CN- AML; n=89)(Alvarez, 2010). Statistically
significant enrichment of DMC from transformed CMPN was indeed found in
the AML dataset (Figure 18B). Additionally, transcription factor binding sites
were also analyzed for enrichment among genes with hypermethylated DMC, as
described above (Section 4.1.2). Three relevant transcription factors were
obtained amongst those enriched, namely LMO2, CEBP and LEF1, all of which
are known to be relevant for myeloid differentiation (See discussion, section 5.1).

Functional analysis of differentially DNA methylated genes in transformed
CMPN, showed 64 genes involved in inflammatory response (P=3.72E-10 to
9.34E-03) and 47 in immunological disease (P=7.81E-07 to 7.98E-03). Among the
genes that were involved in these networks two prominent cytokines were
found, IL23 and IL27 (both hypermethylated and likely repressed). IL-23 has
potent anti- tumor and anti-metastatic effects(Hao, 2006) and is known to induce
the production of IFN gamma(Belladonna, 2002). IL-27 has also been shown to
induce the expression of IFN gamma, resulting in an environment that favors
anti-tumor immunity (Wei, 2013).
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Figure 18. GSEA analysis comparing DMC in CMPN with DMC in transformed CMPN (A) and
comparing DMC in transformed CMPN with DMC in AML (B). Top panel shows enrichment
profile, middle panel with vertical black bars represent common DMC and bottom panel
represents ranked list of DMC by correlation coefficient. (C) Ingenuity pathway analysis of DMC
between CMPN and transformed CMPN showing DNA hypermethylated genes involved in the
NFkB pathway. Hypermethylated genes are shown in red, uncolored genes are not present
among the DMC and have been added by the software to complete the network.
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4.2 DNA Methylation profiling of myelofibrosis (450k
array)
From the results obtained from CMPN DNA methylation profiling, it was
evident that PMF was the entity with the greatest changes in the DNA
methylation profile compared to healthy samples. PMF patients also showed a
DNA methylation profile that was closest to that of the transformed CMPN.
Therefore, a more thorough and deep analysis of DNA methylation was
performed on both primary and secondary MF, using in this case the 450k DNA
methylation microarray which interrogates 485,577 probes(Sandoval, 2011). This
work has also been published under the title “Epigenomic profiling of myelofibrosis
reveals widespread DNA methylation changes in enhancer elements and ZFP36L1 as a
potential tumor suppressor gene epigenetically regulated”, included as Annex 6.

4.2.1 Myelofibrosis is characterized by a specific DNA methylation
pattern enriched in enhancer regions
A second cohort of 39 MF patient-samples was obtained to further investigate the
DNA methylation profile of MF, compared to 8 healthy donor samples as
controls using the 450k methylation array (See methods, section 3.3).

Unsupervised hierarchical clustering revealed that MF samples were clustered
separated from healthy donor samples (Figure 19). A total of 35216 DMC were
found between MF and healthy controls (FDR <0.05), corresponding to 10904
genes and representing roughly 7.8% of all probes included in the DNA
methylation array. Loss of DNA methylation was predominant, 34.7% of DMC
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resulted hypermethylated (corresponding to 12236 CpGs) whereas the remaining
65.2% were hypomethylated (23002 CpGs), as shown in figure 19. Despite of the
low percentage of DMC compared with the number of array probes (7.8%), it is
worth noting that 52% of Ensemble genes were found to have at least one probe
with aberrant DNA methylation. The striking predominance of loss of
methylation in MF is thought to be due to the location of the probes of the array,
with a wider coverage of non-promoter regions of the genome. This is further
discussed in section 5.2.

The first result worth highlighting is the epigenetic similarity, from the DNA
methylation point of view, between primary and post-ET/post-PV secondary
myelofibrosis. These entities were evenly represented in our patient cohort and
showed no differences in terms of the DNA methylation profile (Figure 19A),
allowing hereafter, to consider myelofibrosis samples as a single cohort (n=39).
Principal component analysis and linear correlation have shown significant
differences in the DNA methylation profile of MF when compared to healthy
control samples, confirming that it is plausible to differentiate MF samples based
solely on the DNA methylation profile (Figure 19).

The results revealed a broader spectrum of inappropriate DNA methylation in
MF using the new 450k DNA methylation microarray, therefore, further analysis
of differentially DNA methylated regions was performed. Validation of
microarray DNA methylation was performed for a single gene using bisulfite
sequencing, as discussed above (Section 3.3.3.2).
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Figure 19. Principal component analysis of DMC (A), showing differential DNA methylation
profile of MF compared to healthy controls. Distribution of DMCs according to CpG island
mapping (left graph) or functional chromatin analysis (right graph) grouped by DNA
methylation status of the probes[legend] *p < 0.05 (B). Unsupervised clustering of enhancer
related DMC, between MF patients and healthy controls (C). Scatter plot shows no differences
between primary[x-axis] and secondary MF[y-axis] (D) and confirms differential methylation
profiles between of control[y-axis] and MF samples[x-axis] (E). Heatmaps show DNA
methylation array probes in rows and patients in columns, Control patient samples are shown in
green whereas MF patient samples are coded in blue. The DNA methylation scales represent 100x
β-values.
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4.2.1.1 Localization and characterization of DMC probes
Each DMC was annotated with the location relative to CpG islands (CGI) and the
chromatin state following the ChromHMM algoritm (Methods, section 3.3.2.1).
Functional annotations showed that DMCs were located preferentially outside of
CGI for both hypermethylated and hypomethylated subgroups (p<0.0001, Figure
20) with a tendency to spare traditional CGI. The ChromHMM annotation of
chromatin states provided additional functional data to appropriately
characterize DMC located outside CGI.
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Figure 20. Descriptive aspects of DNA methylation array data. (A) Global percentage of
differentially DNA methylated CpG (DMC). (B) Cumulative percentage of CpG probes according
to the location respect to CG islands. (C) Cumulative percentage of CpG probes according to
chromatin states defined in CD34+ cells (section 3.3.2.1).

DMCs were significantly enriched to enhancer regions accounting for 8764
probes (24.9%; p<0.001 vs global DMC, figure 20). Consequently, DMCs were
strikingly underrepresented in promoter regions, the a priori most frequent sites
for DNA methylation abnormalities(Nischal, 2013). Enhancer-specific DMCs were
predominantly hypomethylated (5619 probes, 64.1%), with the remaining 3142
probes hypermethylated (27.6%), comprising 2131 genes. Table 5 summarizes the
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findings of the enrichment analysis and the specific DMC frequencies for each
one of the categories.
Table 5. Annotation of 450k DNA methylation array and enrichment analysis of categories
among hypermethylated and hypomethylated DMC.

Category
Enhancer
Heterochromatin
Promoter
Transcription

450K array probes
(Reference)
n
%
44352
9,86
201002
44,67
132976
29,55
71669
15,93

CGI
Outside CGI
Shelf
Shore

139002
163710
43613
103675

30,89
36,38
9,69
23,04

Hypermethylated
n=12236
n
%
p value
3141 25,67 1,18E-58
6492 53,05 1,49E-09
1252 10,23 2,57E-91
1351 11,04 4,67E-07

Hypomethylated
n=23002
n
%
p value
5629 24,47 2,67E-97
8720 37,91 9,90E-12
4340 18,87 2,28E-33
4313 18,75 1,00E-04

752
7358
1810
2316

1864
10762
2688
7688

6,15
60,13
14,79
18,93

4,36E-104
2,54E-65
5,74E-09
2,00E-04

8,10
46,79
11,69
33,42

3,60E-162
6,24E-06
8,00E-04
2,14E-31

4.2.1.2 Enhancer-specific DMCs are widely distributed and involve
genes with relevant functions.
Enhancer-related DMC were then used to map potential genes with differential
enhancer DNA methylation, identifying the most adjacent gene to each of the
probes and assigning the DNA methylation status of the enhancer to each of
them.

Unsupervised hierarchical clustering of the MF and healthy control samples
using only DMC located to defined enhancers regions has consistently revealed
that MF samples can be segregated based solely on the DNA methylation profile
of the enhancer regions, differing significantly from that of healthy donors
(Figure

19C).

These

findings

demonstrate

widespread

aberrant

DNA

methylation on enhancer regions in MF, with potential pathologic relevance.
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Relevance of enhancer-related DMC was initially evaluated using Gene-ontology
PANTHER

overrepresentation

analysis,

performed

separately

for

hypermethylated and hypomethylated enhancer-DMC. The raw output from the
GO analysis was further filtered with 2 criteria: 1) p value <0.05 and 2) Fold
enrichment above 1.5. From these filtered lists, GO terms were then assigned to
one of 3 relevant categories as follows: 1) Apoptosis/cell death; 2) Immune
system function and 3) Hematopoietic development/differentiation.

Figure 21 summarizes the GO terms allocated to these 3 later categories, showing
that DNA hypermethylated enhancers were associated with consistently higher
numbers of GO terms, as well as a significantly higher value of enrichment
scores, suggesting that DNA hypermethylated enhancers are more likely to be
involved in relevant cellular processes to MF. Detailed data of the GO analysis
output is also shown in Table 6.

4.2.2 DNA methylation of enhancer regions is associated with gene
expression profile in MF
Using a publicly available gene expression array data (Methods, section 3.4), a
correlation was established between the DNA methylation level of the enhancer
regions and the expression of the adjacent genes. Although the correlation was
not strong (R =0.03; p<0.0001; Figure 22), some genes seemed to have the
2

expected correlation of high-DNA methylation/low-expression and vice versa.
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GO Term Fold Enrichment

6

4

Enrichment of relevant GO term categories.
Enhancer-related DMC

p=NA

p=0.0002

p<0.0001

2

0
Cell death/
apoptosis

Immune system related

Haematopoietic
development/
differentiation

Figure 21. Graphical overrepresentation of GO PANTHER enrichment analysis by category. Bars
indicate GO terms, blue bars indicate terms from DNA hypermethylated enhancer-related
analysis, whereas yellow bars indicate terms from DNA hypomethylated enhancer-related
analysis.

Gene expression values were then grouped according to their enhancer DNA
methylation status into hypermethylated (Δβ>0.4) or hypomethylated (Δβ<-0.4).
There was a significant difference in gene expression between hypermethylated
and hypomethylated enhancers (p<0.0001). To complement this analysis, DNA
methylation and corresponding expression values of 400 genes with the greatest
gains and 400 genes with the greatest loss of DNA methylation (Δβ>0.4 or Δβ<0.4) are also depicted in a comparative heatmap.
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Table 6. GO-PANTHER overrepresentation analysis with DMC enhancers, separated in relevant
categories.

GO Term

GO Code

GO INPUT: Genes
adjacent to
hypermethylated
enhancers
TOTAL GO OUTPUT
TERMS (N=211)
Fold
-Log P
Enrichment

GO INPUT: Genes adjacent
to hypomethylated
enhancers
TOTAL GO OUTPUT
TERMS (N=171)
Fold
-Log P
Enrichment

CELL DEATH/APOPTOSIS
positive regulation of cell death

GO:0010942

1,85

5,00922

positive regulation of programmed
cell death
programmed cell death

GO:0043068

1,78

3,26600

GO:0012501

1,74

7,10902

cell death

GO:0008219

1,71

6,79860

regulation of programmed cell death

GO:0043067

1,57

6,34775

regulation of cell death

GO:0010941

1,55

6,30016

positive regulation of apoptotic
process
apoptotic process

GO:0043065

1,78

3,19518

GO:0006915

1,76

6,20831

regulation of apoptotic process

GO:0042981

1,58

6,50446

regulation of cell growth

GO:0001558

1,71

4,179798541

IMMUNE SYSTEM FUNCTION
alpha-beta T cell activation involved
in immune response
positive regulation of immune
response
regulation of immune response

GO:0002287

5,23

1,34969

GO:0050778

1,8

5,27819

GO:0050776

1,7

6,28567

T cell migration

GO:0072678

5,71

1,31158

alpha-beta T cell activation involved
in immune response
T cell selection

GO:0002287

5,23

1,34969

GO:0045058

4,54

1,75696

alpha-beta T cell differentiation

GO:0046632

3,94

1,60730

alpha-beta T cell activation

GO:0046631

3,57

1,30364

T cell activation

GO:0042110

3,3

11,70774

regulation of alpha-beta T cell
activation
positive regulation of T cell
activation
regulation of T cell activation

GO:0046634

3,2

1,55752

GO:0050870

3,11

9,45842

GO:0050863

2,83

11,73518

T cell receptor signaling pathway

GO:0050852

2,65

2,78781

B cell activation

GO:0042113

2,67

2,34679

neutrophil activation involved in
immune response
neutrophil activation

GO:0002283

1,87

9,76700389

GO:0042119

1,86

9,732828272

neutrophil degranulation

GO:0043312

1,86

9,634512015

granulocyte activation

GO:0036230

1,85

9,714442691

neutrophil mediated immunity

GO:0002446

1,85

9,510041521
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positive regulation of immune
effector process
myeloid cell activation involved in
immune response
myeloid leukocyte activation

GO:0002699

1,85

1,36552273

GO:0002275

1,83

9,580044252

GO:0002274

1,82

10,64589156

myeloid leukocyte mediated
immunity
leukocyte degranulation

GO:0002444

1,81

9,092588639

GO:0043299

1,81

8,860120914

leukocyte activation involved in
immune response
regulation of T cell activation

GO:0002366

1,71

8,09420412

GO:0050863

1,68

2,358525889

leukocyte activation

GO:0045321

1,64

10,5421181

chemotaxis

GO:0006935

1,59

3,411168274

1,81

2,853871964

1,71

5,518557371

1,6

20,67366414

HAEMATOPOIETIC
DEVELOPMENT/DIFFERENTIATION
regulation of leukocyte
GO:1902105
differentiation
positive regulation of cell
GO:0010720
development
regulation of cell differentiation
GO:0045595
regulation of hemopoiesis

GO:1903706

1,55

1,735182177

hematopoietic or lymphoid organ
development
hemopoiesis
CD4-positive, alpha-beta T cell
differentiation involved in immune
response
T-helper cell differentiation

GO:0048534

1,51

2,585026652

1,51

2,189095719

alpha-beta T cell differentiation
involved in immune response
T cell differentiation in thymus

GO:0030097
GO:0002294

5,45

1,52724

GO:0042093

5,45

1,52724

GO:0002293

5,23

1,34969

GO:0033077

4,31

2,11634

alpha-beta T cell differentiation

GO:0046632

3,94

1,60730

T cell differentiation

GO:0030217

3,63

7,56384

regulation of T cell differentiation

GO:0045580

2,81

2,50724

lymphocyte differentiation

GO:0030098

2,76

6,32331

regulation of lymphocyte
differentiation
leukocyte differentiation

GO:0045619

2,53

1,99140

GO:0002521

2,41

5,90309

regulation of leukocyte
differentiation
hematopoietic or lymphoid organ
development
immune system development

GO:1902105

2,15

2,12494

GO:0048534

2,18

9,30016

GO:0002520

2,17

9,88273
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FIGURE 2
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adjacent gene expression100are
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shown in a scatter plot graph (A), showing that some of the genes have an inverse correlation
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between DNA methylation and expression.
Green box depicts hypomethylation/upregulation
and red box depicts hypermethylation/downregulation. (B) Violin plot of gene expression of
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focused on hypermethylated enhancer regions to identify potential tumor
suppressors that could be regulated by enhancer DNA methylation in MF.

Identification of candidate genes was done applying a narrower filter to DNA
hypermethylated enhancer regions as described in methods (section 3.4). Genes
with differential enhancer DNA methylation (FDR<0.01) and any significant
change in gene expression (p<0.05; logFC ≠ 0) were identified, obtaining a final
list of 27 candidate genes (Figure 23). A literature review was done for each of
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SET2

2.5µM 5µM
AZA treatment

MF
sample

the 27 gene candidates, to establish their relevance for hematopoiesis, myeloid
lineage and oncogenic/pathogenic potential.

Among these 27 genes, ZFP36L1 gene was selected for further functional
experiments for several reasons. ZFP36L1 gene is a member of the tristetraprolin
familiy (TTP), which codes for a zinc-finger RNA-binding protein recognizing
AU-rich elements in 3´UTR regions, mediating target mRNA decay (Figure 24).
ZFP36L1 has also been implicated in several myelopoietic and lymphopoietic
processes and has been proven to mediate mRNA decay of relevant genes
(Discussion, section 5.2).
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Figure 23. Genes with enhancer-related DMC in MF. Genes with substantial increase in DNA
methylation (FDR <0.01) and downregulation in their expression were selected. The final of 27
genes with these features are depicted in the graph. DNA methylation is shown in blue and
expression in red. All genes except 2 (PXN and INPP5A) exhibited consistent gain in DNA
methylation and loss of their expression. Error bars show ± SD. ZFP36L1 gene was selected as
candidate for functional studies (Arrow).
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A
ZFP36L1
CONTROLA LA VIA JAK2
DEGRADANDO
STAT5B
STAT5
mRNA

B

ZFP36L1

C

ZFP36L1

ZFP36L1

Figure 24. ZFP36L1 mediates mRNA decay. (A) Binding of ZFP36L1 to AU-rich elements of
mRNA catalyzes deadenylation and subsequent mRNA molecule degradation. (B) STAT5
represents an example of an mRNA whose decay is mediated by ZFP36L1, (C) downregulation of
ZFP36L1 would lead to accumulation of STAT5 mRNA molecules and an excess of STAT5
protein. Adapted from Vignudelli et al. Mol Biol Cell, 2010.

ZFP36L1 showed the appropriate pattern of enhancer DNA hypermethylation
and downregulation of its expression in MF patient samples, moreover, it had on
the 450K DNA methylation array several probes located to the enhancer region,
all of them showing DNA hypermethylation in MF patient samples.

4.2.3 ZFP36L1 acts as a tumor suppressor gene in CMPN
Initially, the DNA methylation status of ZFP36L1 in MF patient samples and
myeloid cell lines was studied with pyrosequencing, to validate the results
obtained with the DNA methylation array. Gene expression was also validated
by RT-qPCR. ZFP36L1 DNA methylation and expression was also confirmed in
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an independent cohort of MF patients. Amongst the cell lines used we have
0

included SET2, as an in vitro model-1for JAK2V617F mutated CMPN (Figure 25).
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Figure 25. Correlation between expression and DNA methylation of ZFP36L1 in the myeloid
compartment. ZFP36L1 downregulation was validated by real-time qPCR in MF patients and
three myeloid cell lines (including SET-2) compared to healthy controls (PBL. n=3) (A). Bisulfite
sequencing of the ZFP36L1 enhancer region (B) and promoter region (C) in healthy controls
(PBL), cell lines and primary MF samples. For each sample, the graph shows the mean ± SD of ten
CpG dinucleotides for enhancer regions and 15 CpG dinucleotides for promoter regions.
Schematic representation of ZFP36L1 locus and the comparative DNA methylation of all CpG
dinucleotides included in the DNA methylation array for MF samples [upper panel] and controls
samples [lower panel] (D). Each vertical bar represents a CpG dinucleotide from the array, bar
height represents normalized DNA methylation value as per the scale on the left. Chromatin state
annotation is depicted on the color-coded horizontal bar on the top. Green boxes represent
predicted CpG islands from UCSC genome browser. RefSeq transcript variants are shown in the
bottom. Representative examples of bisulfite sequencing experiments from enhancer and
promoter regions (E). Samples belong to the results shown in (B) and (C). Black dots represent
methylated and white dots are unmethylated CpG dinucleotides.
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Bisulfite sequencing revealed that DNA methylation was preferentially present
at the enhancer region of ZFP36L1 (Figure 25), which is mapped to the first
intron of the gene. The DNA methylation of the enhancer was intermediate in the
healthy control samples and was consistently higher in all MF samples, as well as
in myeloid cell lines HL60, HEL and SET-2. Conversely, the putative promoter of
ZFP36L1 was completely devoid of DNA methylation in all the samples
analyzed, suggesting that ZFP36L1 expression is governed by the enhancer
region.

To complement these findings, data from the public gene expression array
GSE26049 was used to assess ZFP36L1 expression, showing consistent
downregulation in MF samples, when compared to controls, for all 3 probes
present in the expression microarray (Figure 26).
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Figure 26. Expression of ZFP36L1 in an independent MF cohort (GSE26049). The Affymetrix gene
expression array contains 3 probes against ZFP31L1. Graph shows adjusted B value of the 3
individual probes comparing MF samples to healthy controls, showing consistent
downregulation of ZFP36L1 in MF patients.
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4.2.3.1 DNA methylation of enhancer in ZFP36L1 is functional
To examine the regulatory potential of ZFP36L1 enhancer region, we have used a
luciferase-reporting system described in previous publications from our group
(Section 3.5.5)(Agirre, 2015). The luciferase-based assay is probably the key
element of the second part of the present thesis, as it directly links the alterations
found on the enhancer DNA methylation to the transcription of the ZFP36L1
gene.

The CpG-free vector utilized contains the luciferase gene downstream of the
cloning site (Figure 27), hence, luciferase expression in this in vitro model can be
interpreted as evidence of successful transcription factor binding and DNA
polymerase recruitment to the cloned fragment. ZPF36L1 enhancer had several
CpG sites amenable for DNA methylation as shown in figure 25D, successful
cloning of this region into the vector system has permitted the evaluation of the
functional consequences of DNA methylation within the specific enhancer
fragment in question. It is worth underlining the importance of a CpG-free vector
for this in vitro system, allowing the treatment with methyltransferase enzymes
without affecting the capacity of the vector to be transduced.

Prior experiments from our group using pCpG-L vector, have incorporated a
minimal CpG promoter upstream of the enhancer in question, as described in
section 3.5.5. The purpose of this minimal promoter was to assess the
functionality of an enhancer fragment lacking capacity to initiate transcription
independently. To our surprise, the minimal promoter was dependable for
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ZFP36L1 enhancer activity when cloned into the vector. This implies that the
enhancer in question has a strong DNA polymerase recruiting capability and
might act as a promoter for some of the isoforms of ZFP36L1 or possibly other
distant genes. The analysis of this potential alternative function of ZFP36L1
enhancer has exceeded the limits of the present work.

Figure 27. pCpG-L vector design, depicting the location of luciferase gene downstream of the
cloning box (MCS) where he ZFP36L1 enhancer has been introduced. Zeocin gene was used for
identification of successfully transformed bacteria based on antibiotic resistance. R6K:
Transcription origin, MAR: Matrix attachment region, S/MAR: Scaffold/matrix attachment
region, SV40 pA: Poly-A sequence. AseI, PstI, SpeI, BamHI, BglII, HindIII, NcoI, KpnI, MfeI, SfiI
are all restriction enzyme motifs included in the sequence of the vector. (Adapted from Rehli et
al, Epigenetics, 2006).

The intense luciferase activity found with the cloning of ZFP26L1 enhancer was
completely hindered by the exogenous DNA methylation of the enhancer
fragment. Interpreted in the context of the absence of DNA methylation of
ZFP36L1 enhancer in healthy donor samples, our findings strongly suggest that
aberrant DNA methylation of ZPF36L1 at this enhancer site could have a direct
100

impact on the transcription of the gene. Although this phenomenon has been
previously described for other malignant conditions this is, to our knowledge,
the first evidence of this phenomenon in CMPN(Agirre, 2015; Klug, 2006)

The exact mechanism by which enhancer ZFP36L1 DNA methylation impedes
gene transcription remains to be elucidated. It is possible, analogue to other
known enhancer elements(Basta, 2015; Ooi, 2007; Otani, 2009; Zhang, 2010), that
recruitment of methyl-binding proteins and direct exclusion of transcription
factors to the aberrantly methylated regions play a role in the silencing of
ZFP36L1 in MF.
Further indirect evidence of the regulatory capacity of enhancer DNA
methylation was obtained from treatment of SET-2 cell line with 5´-azacytidine.
After exposure to 5’- azacytidine, ZFP36L1 enhancer DNA methylation levels
were reduced in SET-2 cell line, an event that was associated with partial
restoration of gene expression, to levels that approached normality (Figure 28).
Based on these experimental design, we cannot completely exclude additional
mechanisms of 5-azacytidine-induced ZFP36L1 expression, it is plausible that
changes in DNA methylation and expression of other locus can indirectly
influence ZFP36L1 expression. Nevertheless, the results clearly depict the
reversibility of ZPF36L1 enhancer DNA methylation and add strength to our
hypothesis.
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Figure 28. Functional methylation of ZFP36L1 enhancer region. (A) pCpG-L luciferase reporter
assay showing the inhibition of luciferase activity after treatment of the ZFP36L1 enhancer region
with Sss-I methyltransferase. (B) DNA methylation levels of the enhancer region after 5azacytidine treatment of SET-2. (C) ZFP36L1 expression levels after 5-azacytidine treatment of
SET-2. Plots/bars indicate mean ± SD. FC: fold change; AZA: 5-azacytidine.

4.2.3.2 Bioinformatic analysis of putative ZFP36L1 mRNA targets.
Following confirmation of ZFP36L1 downregulation as a potentially important
event for the neoplastic clones in MF, a bioinformatic approach to search for
putative ZFP36L1 target mRNA was performed within the expression array
dataset (GSE26049, methods section 3.4). Firstly, a genome-wide screening was
performed to identify transcripts containing possible AU-rich binding motifs.
The screening used the DREME algorithm (Discriminative Regular Expression
Motif Elicitation), specifically designed to find short, core DNA-binding motifs
(Bailey, 2011).

The consensus motif GTATTTDT (E-value=4.5*10-15) was selected as the core
motif for ZFP36L1 (Figure 29), which was found to be enriched among the
upregulated genes in MF (log FC >1; p<0.05; p=7.96x10E-20). This suggests that
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many of the target mRNA of ZFP36L1 might be upregulated after its epigenetic
silencing.

To subsequently validate the hypothesis of a genome-wide effect of ZFP36L1
downregulation, the AREsite(Fallmann, 2016) was searched for enrichment of
ARE-binding motifs. Upregulated mRNA transcripts in MF samples (log FC >1;
p<0.05) had enrichment of ARE-binding sites when compared to random
samples of genes (p=2.5x10E-14). The 9-mer sequence WTATTTATW (p-value=
0.003) and the 13-mer sequence WWWTATTTATWWW (p-value= 0.03) were
specifically enriched, both plausible ZFP36L1 binding motifs (Figure 29).

A

DREME motif discovery
Motif GTATTTDT
e-value= 4x5E10-15

B

Figure 29. Bioinformatic analysis of ZFP36L1 potential mRNA targets in MF. DREME motif
discovery was performed among upregulated transcripts of MF samples (with low ZFP36L1
expression), finding a significant enrichment of the consensus motif GTATTTDT among the
upregulated transcripts in MF (A). Table shows the AU-rich binding motifs found enriched
among upregulated transcripts in MF patients using the AREsite database (B).
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Moreover, the upregulated genes with ARE-binding sites (127 transcripts) were
introduced in the GO-PANTHER enrichment analysis tool, revealing a
significant enrichment of the process “mitotic cell cycle” (GO:0000278; Fold
enrichment 3.73; p =7.47Ex10-6), which could be consistent with an upregulation
of the mitotic process in ZFP36L1-deficient cells.

4.2.3.3 Loss of ZFP36L1 might confer a survival advantage to
myeloid cells.
To further explore the potential role of ZFP36L1 in MF, the gene ORF was
overexpressed using the pSINpGK vector in SET-2 cell line (which has been
previously demonstrated to have reduced ZFP36L1 expression). Adequate
induction was validated by western blot and RT-qPCR and controlled with
eGPF-pSINpGK vector (Methods, section 3.5.6). Rescue of ZFP36L1 expression
had a significant effect on SET-2 cell lines, resulting in a near 50% drop on cell
proliferation rate and a significant increase in AnnexinV+ apoptotic cells 72h
after the infection (Figure 30). This model provides evidence of a direct effect of
ZFP36L1 on cell proliferation and survival in a JAK2V617F in vitro model and
suggests that the downregulation of this gene may contribute to neoplastic cell
propagation.
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Figure 30. ZFP36L1 expression was restored in SET-2 cell line with the lentiviral vector pSINpGK
and validated by RT-qPCR (A) [top graph], efficiency of lentiviral infection was controlled with
EGFP expression [bottom graph]. Successful induction of ZFP36L1 was demonstrated by Western
Blot (B). ZFP36L1 rescue of SET-2 cells resulted in decreased cell proliferation (C) and an increase
in Anexin V apoptosis (D).

4.2.3.4 Downstream effects of ZFP36L1 rescue in SET-2 cell line
As seen in Figure 32C, CDK6 expression is reduced after ZFP36L1 lentiviral
rescue, this represents a plausible explanation for the resulting drop in
proliferation and survival. Further experiments were conducted using PMA (a
known ZFP36L1 inductor, methods section 3.5.2.2). PMA is known to regulate
ZFP36L1

and

its

close

analogue

ZFP36L2

through

ERK-mediated

phosphorylation. ZFP36L1 activity and affinity to target mRNA molecules is
increased after PMA-induced phosphorylation(Adachi, 2014). Treatment of SET2
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CDK6 through ARE-mediated RNA decay. This has been previously
demonstrated for CDK6 in the myeloid lineage(Chen M. T., 2015) and could be
extrapolated to CMPN, linking ZFP36L1 to cell-cycle regulation. Conversely,
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the ZFP36L1-deficient MF could constitute a therapeutic target, in light of the
current clinical availability of CDK6 inhibitors (e.g. Palbociclib). Nonetheless, our
findings remain only exploratory and hypothesis-generating, as no definitive
conclusions regarding CDK6 can be drawn from the performed experiments.
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5 DISCUSSION

108

Epigenetic control of gene expression has been widely described as a core
process for hematopoietic differentiation(Lara-Astiaso, 2014; Yu Y., 2013) and
consequently, as a prominent target for pathological derangement in
hematological malignancies(De, 2013; Heuck, 2013; Rani, 2017; Wong, 2015).

Mutations in genes involved in regulation of epigenetic mechanisms are highly
prevalent in CMPN, in fact, clonal detection of these mutations is currently part
of the WHO diagnostic criteria(Barbui, 2018; Tefferi A., 2009). However, driver
mutations alone seem to be insufficient to explain the phenotypic variability of
CMPN, as patients with identical JAK2, CALR or MPL mutation profile can have
completely different presentation and clinical courses(Grinfeld, 2018; Nischal,
2013). Thus, the main hypothesis of the present work was that epigenetic
profiling can provide and additional layer of information that could help to
explain the phenotypic variability of CMPN, discover new potential therapeutic
targets and improve the current prognostic scoring systems. The work of this
thesis has been published in two independent articles (Annexes 5 and 6), hence
the discussion will address individually each one of these articles. An additional
review article has been produced from the section 5.2 of the discussion (Annex
7).
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5.1 Article 1: DNA Methylation profiling of CMPN
Comprehensive analysis of DNA methylation was performed for CMPN at
diagnosis and at transformation, using a platform that focused on DNA
methylation of putative promoter regions (27k DNA methylation array).

The first aspect that merits discussion from the CMPN sample cohort is the
adequacy of the healthy control samples. The use of unfractionated PB or BM
samples from the outset could be interpreted as a potential limitation of our
work, however, it is important to highlight that clonal involvement of both of the
myeloid and lymphoid lineage has been demonstrated in CMPN(Kremer, 2008;
Vainchenker, 2017). On the contrary, the use of unfractionated BM/PB samples
might represent a strength of our results, the dynamic nature of DNA
methylation throughout differentiation makes selected cell-types (i.e. CD34+
cells) less desirable as “control” candidates, as their use could result in the
overlook

of

some

of

the

epigenetic

aberrations

occurring

during

differentiation(Buenrostro, 2018). These premises support our choice of control
samples for the study, although studies with fractionated samples confirming
our findings would be desirable to exclude subtle lineage specific changes in
DNA methylation biasing our findings.

Another relevant aspect pertaining the control samples is the potential
differences of the DNA methylome between PB and BM samples, which can
further challenge our choice of control samples. On this matter, preliminary
work of our group has shown that the DNA methylome of healthy donor BM
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and PB samples is essentially identical, when interrogated with DNA
methylation microarray platforms(Martin-Subero, 2009; Perez, 2013). These results
allowed pooling healthy donor BM and PB samples as controls for our
experiments. This finding might contribute to future research in the field of
epigenetics, as procurement of PB samples from healthy donors is simpler than
BM samples. Also, the ethical implications of BM extraction of healthy donors for
similar experiments could be questioned if the same information and the same
conclusions can be obtained using PB samples.

Focusing now on the global DNA methylation profile of CMPN. We found that
aberrant DNA methylation had a lower prevalence than expected. The absolute
number of differentially DNA methylated CpG was unexpectedly low compared
with other hematologic malignancies, such as acute lymphoblastic leukemia
(Dunwell, 2009; Taylor, 2007), CMML (Perez, 2012), CLL (Subhash, 2016) or AML
(Akalin, 2012; Yamazaki, 2013). The DNA methylation array that was employed
was mostly limited to CpG sites near the transcription start sites, probably overrepresenting promoters(Bibikova, 2009).

It is also worth noting that at the time of the conduction of these experiments, the
coverage of DNA methylation provided by the 27k DNA methylation array was
among the widest available for microarray techniques. Although relatively small
in absolute numbers, the aberrant DNA methylation found in CMPN frequently
involved genes and/or pathways relevant for the pathobiology of CMPN. These
results, rather than undermining the value of DNA methylation in CMPN,
suggest that it can play a relevant role in the process of malignant
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transformation. As discussed below (Section 5.2), later development of platforms
with deeper and more comprehensive coverage of CpG sites across the genome
has helped to identify and investigate the DNA methylation of other functional
regions of the genome (e.g. enhancers), providing a more comprehensive
landscape of DNA methylation in CMPN. This has been true not only for CMPN
but also for other hematological malignancies(Qu, 2017; Sur, 2016; Taberlay, 2014;
Yamazaki, 2015).

One of our main initial hypotheses was the potential correlation of CMPN driver
mutations with the DNA methylation profile. JAK2V617F was the first described
of the CMPN driver mutations, followed in more recent years by calreticulin
(CALR) and MPL. At the time of our experiment design and sample collection,
JAK2V617F was the only clinically validated assay and hence, no information
was available for other driver mutations from the present cohort. Of all three
mutations JAK2, CARL and MPL, only JAK2V617F had been described to have a
potential epigenetic role. Mutated JAK2 protein is known to phosphorylate noncanonical targets and displays aberrant nuclear localization, where it can
phosphorylate histone 3 (H3) tail residues(Dawson, 2009). Hence, H3 aberrant
phosphorylation represents a potential link between driver CMPN mutations
and epigenetic regulation of gene expression. JAK2V617F is also known to
synergize with loss of EZH2 to promote myelofibrosis on in vivo rodent
models(Shimizu, 2012). No prior data was available on the impact of JAK2V617F
mutation on the DNA methylation profile of CMPN, however, it seemed
plausible that JAK2V617F could be associated with a specific DNA methylation
signature based on the indirect evidence available.
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The unsupervised cluster analysis performed in our samples failed to correlate a
specific DNA methylation profiles with the JAK2V617F mutation status, which
suggests that JAK2 function does not have a significant impact in the global DNA
methylome, when analyzed with the 27k DNA methylation array. Our data
suggests that JAK2V617-driven epigenetic alterations, if present, are not focused
on DNA methylation and could perhaps, be focused on chromatin modifications
linked to EZH2 loss. Other potentially relevant mutations such as TET2 or EZH2,
were not found with sufficient frequency in our cohort to draw conclusions
about their implications in the shaping of the DNA methylome of CMPN. It is
certainly possible that TET2 and EZH2 mutations are relevant for DNA
methylation profile of CMPN, however, larger cohorts of samples would be
invariably required to reach a meaningful conclusion. Further research on this
matter is warranted and exceeded the scope of the present study.

Aberrant DNA methylation can also result in the exclusion of transcription
factors from their binding sites(Hogart, 2012; Webber, 2013). We sought to
determine if there was evidence of this phenomenon in CMPN neoplastic clones
by interrogating the differentially DNA methylated CpGs for enrichment of
transcription factor binding motifs. GATA1(Gilles, 2017) and SP1(Meinders, 2015)
were relevant examples of enriched factors obtained with this analysis, providing
a direct link between DNA methylation and abnormal hematopoietic
differentiation.

GATA1

is

a

well-described

driver

of

haematopoietic

differentiation(Kaneko, 2012; Shimizu, 2012; Tijssen, 2011), whose demethylation is
crucial for GATA2 activation and erythroid differentiation(Takai, 2013). GATA1
aberrant expression in differentiated cells is a recognized mechanism of
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leukemogenesis(Figueroa,

2010a;

Sportoletti,

2019;

Uhm,

2012).

DNA

hypermethylation of GATA1 regulatory regions could constitute the main
mechanism for GATA1 deregulation in the context of CMPN.

To contextualize the results of the DNA methylation profile within the gene
expression landscape, we performed the GO analysis and IPA analyses (See
section 3.3.1.2). Using the differentially methylated genes as an input for these
platforms, we were able to identify relevant biological pathways that are likely to
be deranged as a consequence of aberrant DNA methylation. NF-κB pathway
was the main deregulated pathway by DNA methylation in our CMPN sample
cohort. Interestingly, a similar algorithm of analysis was applied to an
independent cohort of CMPN with transcriptional profiling data(Skov, 2011)
resulting in a similar derangement of NF-kB pathway at the transcriptional level.
Further supporting our findings, single-cell transcriptomic analysis have also
confirmed the NF-kB pathway involvement in CMPN(Fisher, 2017; Fisher, 2019).

NF-κB pathway is composed of five master transcription factors (NF-κB1/p105,
NF-κB2/p100, RelA/p65, RelB and c-Rel), whose homodimers are known to bind
consensus DNA motifs on promoter regions to directly induce transcription. NFkB functions expand to all hematological lineages in both normal and
pathological states(Xia, 2014). NF-kB is known to directly induce expression of
several anti-apoptotic genes, of which the BCL-2 family members are
prominent(Schwartz, 2015; Xia, 2014). NF-kB pathway has been found
deregulated

in

myeloid

lineage

diseases

such

as

myelodysplastic

syndromes(Braun, 2006), myelofibrosis and AML(Fisher, 2017).
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The proposed activation of NF-kB pathway by DNA hypomethylation of its
components, provides a rationale for NF-kB inhibition as a therapeutic strategy
for CMPN and myelodysplastic syndromes, which could be achieved with
proteasome inhibitors(Vrabel, 2019). Proteasome inhibitors act by interrupting the
degradation of IkBa subunit by the proteasome, which then prevents NF-kB
dimer translocation into the nucleus(Obeng, 2006). In vitro data theoretically
supports a role of proteasome inhibition in the treatment of CMPN, synergistic
effects of direct IKK inhibitors (analogue to proteasome inhibitors) with the JAK2
inhibitor ruxolitinib have been described in vitro(Fisher, 2017). Unfortunately,
phase I trials of bortezomib for MF have been undertaken with disappointing
results, due to added hematological toxicity (mainly thrombocytopenia), which is
a significant drug-class effect of proteasome inhibitors(Barosi, 2010).

AML transformation is a terminal and many times catastrophic event of CMPN.
Interestingly the DNA methylation profile of transformed CMPN was novel at
the time of publication of our results and represents a significant contribution of
our work to the field of epigenetics. We essentially extended the initial analysis
of CMPN into the transformed CMPN samples, concluding that CMPN
transformation is profoundly influenced by aberrant DNA methylation. The
DNA methylation profile of transformed CMPN was comparable to that of AML
both in terms of the number of aberrantly DNA methylated sites, but also in the
genes and pathways differentially methylated. These results were largely
overlapping with those found in an independent AML cohort(Alvarez, 2010), and
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mirrored previous work in de novo AML(Akalin, 2012; Alvarez, 2010; Yamazaki,
2013).

The global DNA methylation profile of transformed CMPN also provided some
insight on the DNA methylation profiles of each one of the CMPN (i.e. PV, ET
AND MF). The MF DNA methylation profile resulted as closest to the
transformed CMPN profile, whereas PV and ET were closest to the DNA
methylation profile of healthy donors. This implies that MF epigenetic burden is
higher to that of PV and ET and that the process of MF transformation will
invariably involve less dramatic epigenetic changes to that of transformed PV or
ET. This finding is also consistent with the clinical course of the three subtypes of
CMPN, as MF has a higher frequency of AML transformation and tends to have
less leukemia free survival, when compared to PV and ET(Szuber, 2019).

Transcription factor binding site enrichment analysis was also performed for
transformed CMPN samples, revealing LMO2 as one of the prominent
epigenetically deregulated genes in transformed CMPN. LMO2 gene codes for a
transcription

factor,

known

to

orchestrate

terminal

haematopoietic

differentiation acting as a transcriptional complex that binds, among others,
GATA1 genes regulatory regions(Sincennes, 2016; Wu, 2018). LMO2 is known to
target several haematopoietic-related transcription factors such as LHX3, OCT1,
AP1, NF-E2, RUNX2, CEBP-δ, PU.1, FOXJ2 and PAX4(Wu, 2018) and has been
linked

to

the

PML-RARa

mediated

transformation

of

promyelocytic

leukemia(Yang X., 2018).
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CEBP transcription factor binding sites were also enriched among DNA
hypermethylated genes in transformed CMPN. Loss of CEBP-alpha has been
described to increase myeloid proliferation and contribute to granulocyte
transformation(Porse, 2005). Absence of CEBP protein fails to orchestrate PU.1
and RUNX1 expression to induce myeloid differentiation(Friedman, 2015), in fact,
CEBP-alpha mutations are relatively frequent in AML(Pabst, 2001). This data
suggests that DNA methylation of CEBP binding sites might act as a driver of
CMPN transformation, resulting in a de facto loss of CEBP and epigenetic
inactivation of its target genes.

AML transformation of CMPN also carries epigenetic derangement of relevant
signaling pathways (e.g. NF-κB)(Fisher, 2017; Fisher, 2019). We identified
additional pathways with prominent epigenetic deregulation in transformed
CMPN, of which TNF signaling was prominent. IL-23 and IL-27 were both found
to gain DNA methylation in CMPN, providing an additional link between TNF
signaling and CMPN pathobiology. IL-27 involvement is of further relevance for
CMPN as downstream signaling of IL-27 is mainly conducted via JAK/STAT
pathway. JAK2 inhibition with Ruxolitinib is also known to modulate IL-27
expression, among others cytokines(Febvre-James, 2018). These findings may help
to support the concept of a state of chronic inflammation associated with CMPN
transformation(Hasselbalch, 2013) and provides additional rationale for the use of
JAK2 inhibitors in this context. The chronic inflammation hypothesis also
provides rationale for interferon-alpha2 treatment, traditionally the first active
therapy with considerable success in PV, with normalization of blood counts and
achievement of molecular remission(Kiladjian, 2011). Interestingly, interferon117

alpha2 is currently being tested in clinical trials to synergize with JAK2 inhibitors
and improve clinical response in PV(Hasselbalch, 2019).

In summary, the main results from the 27k DNA methylation profiling of CMPN
can be summarized in the following points:

•

CMPN show a distinct DNA methylation signature from healthy donors, but
the same pattern of aberrant DNA methylation among pathologies, hence,
changes in DNA methylation cannot fully explain the differences in the
clinical phenotype of CMPN.

•

Genes differentially DNA methylated in CMPN could be involved in the
pathogenesis of these diseases, predominantly through deregulation of the
NF-kB pathway. Whether these abnormalities are cause or consequence of
additional genetic insults remains to be appropriately studied.

•

CMPN transformation to acute leukemia has an increased number of
differentially DNA methylated genes compared to MPNs in chronic phase,
and these genes overlap with those seen in primary AML. These epigenetic
alterations could be playing an important role in the transformation of
neoplastic cells and the deregulation key genes and pathways leading to
uncontrolled proliferation.

•

Differential DNA methylation of IFN pathway genes may play a role in
disease progression through a state of chronic inflammation.
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Further investigation should expand our understanding of the precise role of
aberrant DNA methylation on the specific relevant pathways described above. If
DNA methylation was proven to be a central abnormality of at least some CMPN
cases, further studies should provide rationale for pharmacologic targeting of the
epigenetically deranged pathways, possibly including the use of epigenetic
drugs (e.g. hypomethylating agents). Therapeutic interventions could be
envisioned either during chronic phase to prevent/delay progression and after
CMPN transformation, to improve treatment response and prognosis.
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5.2 Article 2: Epigenomic profiling of myelofibrosis
reveals widespread DNA methylation changes in
enhancer elements and ZFP36L1 as a potential tumor
suppressor gene
Following the results on the DNA methylation profile of CMPN using the 27k
DNA methylation array (Section 5.1), we choose to broaden the study of DNA
methylation profile of MF in a new cohort of samples from patients with primary
and secondary MF. The rationale for the second part of this study and for the
focus specifically on MF, was the higher burden of aberrant DNA methylation
found in MF in our previous study using the 27k DNA methylation array.

Similar to what has been discussed regarding control samples in the prior
section, it could be argued that using purified CD34+ cells, as has been done is
similar studies(Nielsen, 2017; Nischal, 2013), would have been more suitable to
test our hypotheses. In light of our results, the dynamic nature of DNA
methylation of enhancers during differentiation and the nature of MF, with
several

co-existing

malignant

clones

in

several

stages

of

myeloid

differentiation(Ouyang, 2015), supports the appropriateness of unselected control
samples.

Further on our choice of control samples, no difference in DNA methylation
profile of PB and BM healthy donor samples was found, hence the use of PB and
BM mononuclear cells as controls for high-throughput DNA methylation
microarray studies remained valid for the 450k arrays. Also, DNA methylome of
MF samples suggests that there is epigenetic homogeneity between primary and
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secondary MF. Both unsupervised and supervised analysis of DNA methylation
data have failed to reveal a distinctive DNA methylation profile between
primary and secondary MF, supporting the theory of a common biological origin
of these entities(Palandri, 2018).

Conversely, there is some recent evidence suggesting biological differences
between primary and secondary MF. The Spanish MF registry have suggested
that traditional prognostic factors are not applicable for secondary MF and that
post-ET MF seems to have longer survival as compared to post-PV and primary
MF(Hernandez-Boluda, 2014; Masarova, 2017; Palandri, 2018). Notwithstanding,
primary and secondary MF continue to be treated indistinctively according to
most published guidelines(Cervantes, 2014; Reilly, 2014; Tefferi A., 2018b). The
epigenetic homogeneity between primary and secondary MF influenced our
subsequent analyses, allowing us to consider primary and secondary MF within
a single cohort of patients, increasing the statistical power of our analysis and the
strength of the conclusions drawn from our data.

Genome-wide DNA methylation profiling of myelofibrosis had been previously
addressed by some authors (Nielsen, 2017; Nischal, 2013; Perez, 2012). Although
many of these studies have found relatively small numbers of epigenetic
abnormalities in MF, they were sufficient to establish differential DNA
methylation profiles, as it was the case of the first part of our study described in
the preceding section. The mutational landscape of myelofibrosis provides
additional indirect evidence of a prominent role of epigenetics, mutations
frequently involve key epigenetic proteins such as DNMT3A, TET2, ASXL1,
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found in 6-15%, 8-14% and 36-46% percent of MF patients, respectively(Delic,
2016; Milosevic, 2013).

A first global conclusion drawn from the DNA methylome of MF revealed a
significantly higher number of DMC when compared to controls and
consequently, a specific DNA methylation profile in MF that was significantly
different from that of healthy controls. This has been emonstrated with the clear
segregation of samples with unsupervised clustering and PCA (Figure 19). Loss
of DNA methylation was the most frequent aberration seen in MF samples,
hypomethylation has also been a common finding in the DNA methylation
profile of other haematological malignancies such as chronic lymphocytic
leukemia, acute myeloid leukemia or multiple myeloma(Agirre, 2015; Akalin,
2012; Baer, 2012; Kulis, 2012; Qu, 2017).

The DNA hypomethylated phenotype found on haematological malignancies in
general and MF in particular, might be explained by the fact that DNA
methylation predominates in the ‘healthy’ genome and hence, demethylation is
more likely to occur in a setting of uncontrolled proliferation(Popovic, 2013;
Weber, 2005). In addition, the distribution of CpG probes within the 450K DNA
methylation array, with a wider coverage of non-CGI regions, increased the
likelihood of detecting loss of DNA methylation regions with less CpG
density(Agirre, 2015). In fact, we observed enrichment of DNA hypomethylated
CpG in CGI-shores and a striking low amount of demethylation mapped to CGI
(Figure 20). The consequences of DNA hypomethylation phenotype are not yet
completely understood, but it has been linked to genomic instability and
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propensity for point mutations in the context of human cancer cells(Popovic,
2013).

One of the key elements of our study was the possibility of mapping the DNA
methylation abnormalities to functional genomic elements (based on chromatin
marks), complementing the global DNA methylation profile described above
(Table 5, Figure 20). This was made possible by the ChromHMM algorithm(Ernst
J., 2017), based on the genome-wide annotation of dynamic chromatin marks
(ENCODE). ChromHMM has provided scientists with an invaluable tool to
perform correlative studies of DNA methylation, chromatin remodeling and
gene expression, such as the present thesis.

The annotation of the chromatin marks of the CD34+ haematopoietic stem cells
with ChromHMM became available from the extraordinary work of Wijetunga
and collaborators(Wijetunga, 2014). Chromatin state data from the CD34+ cells
identified regulatory elements of the genome likely to play a relevant
physiological role in the haematopoietic compartment and consequently, for the
pathobiology of MF(Haeno, 2009). The annotation of our samples with the CD34+
functional element map, which is now of public domain, is expected to
contribute towards further work in the field, contextualizing the findings of
DNA methylation in an unprecedented way.

The analysis of the DMC after the chromatin states functional annotation,
revealed from the outset, a potentially significant role of enhancer epigenetic
deregulation in MF. The previously available genome-wide DNA methylation
123

studies had focused on putative promoter regions, a priori, the obvious sites for
deregulation of DNA methylation. The DNA methylation abnormalities mapped
to promoter regions were scarce as discussed in section 5.1, whereas the number
of DMC mapped to regions with enhancer chromatin marks (H3K27Ac +
H3K4me1) was remarkably higher.

The first step in our investigation was to determine if there was an enhancer
specific DNA methylation profile. Segregation of MF samples with supervised
clustering, using enhancer-related DMCs as input data, revealed for the first time
a differential DNA methylation profile of enhancers in MF patients (Figure 19).
The enrichment of DMC located to enhancer regions added to the
underrepresentation of DMC in promoters, are thought to be among the most
significant findings of our study, as it allowed to shift the attention away from
promoter regions and focus our study in the enhancer regions.

Little data has been published specifically for DNA methylation on enhancer
regions. Enhancer DNA methylation has been described as a physiological
mechanism of gene expression control in several haematopoietic subsets, such as
T-cells(Schmidl, 2009) and neutrophils(Ronnerblad, 2014), suggesting a highly
dynamic enhancer DNA methylation regulation during haematopoietic
differentiation (Heyn, 2016; Rasmussen, 2015). More importantly, epigenetic
regulation of enhancers is relevant for neoplastic conditions, including
myelodysplastic syndrome and AML(Benetatos, 2018). This is particularly
relevant for MF, as it involves the transformation of a hematopoietic precursor
undergoing an abnormal pathway of differentiation(Ouyang, 2015). Based on
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these evidences, we hypothesized that disrupted DNA methylation of key
enhancer regions had a prominent role in the biology of MF.

To support our hypothesis, we provided indirect experimental evidence about
the effect of enhancer DNA methylation on gene expression (assuming cis-acting
enhancers). Paired DNA-RNA samples were not retrospectively available from
our cohort, therefore, for expression correlative studies we used a validated
public dataset containing gene expression data of MF patients (Methods section
3.4). Analogue to what is known of promoters, enhancer DNA hypermethylation
was associated with decreased gene expression of host/adjacent coding genes. In
contrast, DNA hypomethylated enhancers regions were less strongly correlated
with gene expression (Figure 22). This observation is in line with existing reports
about enhancer DNA methylation profiles and the effect of enhancer DNA
methylation on gene expression(Qu, 2017). Experimental evidence of epigeneticmediated disruption of gene expression was available for MF, particularly linked
to TET2(Nischal, 2013; Rasmussen, 2015) and ASXL1 mutations(Nielsen, 2017) but
up until recently, never linked to enhancer regions.

These correlative studies of DNA methylation and expression have two main
limitations. On the one hand, the unpaired nature of DNA and RNA samples
represent an unsalvageable bias, despite the good technical quality of DNA
methylation and expression datasets. On the other hand, there is potential loss of
information related to the DNA hypermethylated enhancers that do not have a
corresponding gene annotation on the expression array (i.e. possibly transacting). Although this represents a minority of probes, there are potentially
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relevant genes for which correlation between enhancer DNA methylation and
gene expression could not be established. Correlative studies using paired DNA
methylation and expression analysis are warranted in the context of CMPN,
ideally incorporating annotation of trans-acting enhancer regions to the DMC.

During the conduct of this study, evidence became available showing that
enhancer regions suffered changes in DNA methylation and in chromatin mark
deposition, in a similar fashion to promoter regions (Akalin, 2012; Heintzman,
2009; King, 2016; Qu, 2017). For example, H3K4 marks at enhancer elements
inversely correlates with DNMT3A activity and its absence is required for active
DNA methylation(Otani, 2009). The deeper molecular mechanisms of enhancermediated epigenetic regulation and the relevant epigenetic readers and writers
involved in this process have been subject to intense investigation in recent years
and remain to be completely clarified.

Accepting the premise that enhancer DNA methylation directly or indirectly
influenced gene expression, we decided to identify the relevant pathways
affected by aberrant enhancer-DNA methylation. The GO-PANTHER analysis
provided additional evidence for the relevance of the aberrantly DNA
methylated enhancers, which were implicated in many physiological processes
that could be linked directly or indirectly to malignant transformation (Figure 21
and Table 6).

The GO-PANTHER was run with the list of genes that were adjacent to
differentially DNA methylated enhancers (presumed cis-acting). The algorithm
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for annotation of cis-acting enhancers to coding genes required the enhancers to
be located within the ORF of the gene or closer than 200bp from the transcription
start site(Rada-Iglesias, 2011). This has been discussed above as a potential
shortcoming of our study, as many enhancer regions are known to have
prominent trans-acting capabilities. The complexity of the techniques required
for a comprehensive analysis of trans-acting enhancers made such analysis
impossible in our cohort, due to the quality and quantity of the baseline samples.
Considering this potential bias, our study successfully provided evidence about
the functional relevance of genes containing aberrantly DNA methylated
enhancers in MF. Also, it remains plausible, that the pathways described by the
PANTHER analysis reflect physiological changes in DNA methylation during
hematopoietic differentiation(Buenrostro, 2018; Ronnerblad, 2014), correlative
DNA methylation studies with sorted myeloid populations would be required to
exclude this possiblity.

Since enhancer regions displayed a higher frequency of aberrations in DNA
methylation, we centered subsequent analyses on the DNA hypermethylated
enhancers. It is accepted that DNA hypermethylation in the context of cancer
cells is strongly correlated with silencing of gene expression, whether located to
promoters or enhancer regions(Akalin, 2012; Bell, 2016; Jeltsch, 2016; Meissner,
2008). Enhancer DNA hypermethylation has been previously reported in
neutrophils(Ronnerblad, 2014), B-cells(Bergmann, 2017),AML cells(Qu, 2014) and
multiple myeloma(Agirre, 2015). On the contrary, loss of enhancer DNA
methylation is not always capable of recruitment of all the necessary machinery
to render genes accessible for transcription(Qu, 2017) and is likely to require
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additional cues to induce gene expression. One of the main goals of our study
was the discovery of novel/relevant genes for the biology of MF, hence, an indepth study of DNA hypermethylated enhancers was deemed more likely to
reveal novel candidate genes. The functional implication of enhancer
demethylation in MF remains an interesting subject for further investigation but
exceeded the scope of the present work.

After performing additional stringent filtering of the genes associated with
hypermethylated enhancers (Methods section 3.4 and results section 4.2.2.1), we
were able to identify a small subset of genes with greatest correlation between
gain of DNA methylation and loss of gene expression. This small list contained
27 genes, that in our opinion were potentially relevant for MF, and whose
individual investigation was merited. Based mainly on literature searches, we
decided to focus on ZFP36L1, one of the 27 genes with a priori the highest
probability of being relevant and functionally studied.

ZFP36L1 gene is a member of the tristetraprolin family (TTP), which codes for a
zinc-finger RNA-binding protein recognizing AU-rich elements in 3´UTR
regions, mediating target mRNA decay(Baou, 2011; Chen M. T., 2015; Galloway,
2016; Gruber, 2011). ZFP36L1 deficiency has been recognized clinically as a
hereditary syndrome called cerebellar-facial-dental syndrome(Borck, 2015; Jee,
2017), however no mention on haematopoietic abnormalities is found on these
reports.

ZFP36L1

has

been

implicated

in

normal

and

malignant

hematopoiesis(Hodson, 2010) and has been proven to mediate mRNA decay of
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relevant genes for cell proliferation, survival and differentiation such as
CYCLIND1, CDK6, TNF-alpha, BCL2, NOTCH1 and STAT5B(Chen M. T., 2015;
Suk, 2018; Vignudelli, 2010; Zekavati, 2014).

We demonstrated that gain of DNA methylation of ZFP36L1 enhancer in MF
samples was associated with reduced gene expression. We also demonstrate with
the luciferase-based experiments, that the DNA methylation of ZPF36L1
enhancer

region

had

regulatory

capabilities.

Treatment

with

DNA

hypomethylating agents was able to partially restore of the unmethylated status
of the ZFP36L1 enhancer, rescuing its expression. In the first instance, our results
highlight the value of luciferase assays using CpG-free vectors and the use of
hypomethylating agents, as two valid and complementary strategies to
interrogate

functional

structures(Klug,

2006)

DNA

methylation

status

DNA

hypomethylating

of

agents,

specific
albeit

enhancer
having

a

promiscuous demethylating effect, are also known to reduce DNA methylation
of specific myeloid-related genes, such as EZH2 and NOTCH1(Asano, 2019;
Gawlitza, 2019). We believe that the indirect genomic and transcriptomic
observations, added to the luciferase assays and 5’-azacytidine treatment
provided a robust body of evidence that confirms our hypothesis of ZFP36L1
epigenetic regulation through its enhancer region. The confirmation of reduced
expression and enhancer hypermethylation of ZFP36L1 in a separate cohort of
MF, provides further strength to our conclusions, reducing the likelihood of it
being a random observation.
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In addition to the biologic functionality of ZFP36L1 enhancer, the effect of 5´azacytidine treatment on the DNA methylation and the expression of ZFP36L1
provided valuable evidence for the potential pharmacologic manipulation of
ZFP36L1. This constituted an unexplored therapeutic potential of 5´-azacytidine
in the context of MF, as an adjunctive agent for the subgroup of patients with
demonstrated downregulation of ZFP36L1. The combination of JAK2 inhibitors
(i.e. Ruxolitinib) and DNA hypomethylating agents has already been attempted
in clinical trials. Initial early phase studies showed acceptable safety profiles and
encouraging improvements in spleen size and marrow fibrosis of MF
patients(Masarova, 2018; Rampal, 2018).

DNA hypermethylation of an enhancer regulatory element represented a novel
mechanism for disruption of gene expression in the context of MF. Although we
cannot exclude that additional mechanisms might cooperate with enhancer DNA
methylation to downregulate ZFP36L1 in MF (e.g. chromosomal aberrations
and/or point mutations), we propose ZFP36L1 as a bona fide tumour suppressor
gene in the myeloid compartment, subject to pathological silencing in MF
through enhancer hypermethylation. Aberrant enhancer DNA methylation has
come to spotlight only recently, with a handful of examples currently published.
Amongst these, WT1 gene is of relevance, as it is a well-described tumor
suppressor, repressed by aberrant enhancer methylation in Wilms tumors(Mares,
2001) and AML(Qu, 2017). Analogue examples have been described in multiple
myeloma, namely PVT1 and NCOR2 genes(Agirre, 2015).
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It seemed clear from our results that loss of ZFP36L1 expression in MF is a
relevant event, whether or not it is mediated though enhancer DNA methylation.
We performed a number of functional experiments to gain further insight into
the functional consequences of ZFP36L1 loss of expression. To explore this
hypothesis, additional bioinformatic analysis focused on ZFP36L1 binding motifs
on mRNA molecules. We successfully applied two different bioinformatic
approaches (DREME motif discovery and AREsite) to provide indirect evidence
of the consequences of ZFP36L1 loss in the overall transcriptome of MF. These
findings are at present only correlative but suggest that reduced ZFP36L1
expression had a consequent upregulation of putative ZFP36L1 targets and/or
mRNA molecules containing AU-rich elements. Validation of these results would
require conditional knockout of ZFP36L1 in myeloid cell lines to explore the
changes in the transcriptome induced by the loss of ZPF36L1. These are likely to
be the focus of future experiments.

Additional indirect evidence on the consequences of ZPF36L1 loss of expression
has come from experiments on ZFP36L1 conditional knockout mice identifying
relevant ZFP36L1 mRNA targets in the lymphoid lineage. ZFP36L1 knockout has
an effect on the cell cycle activity of T-cells(Vogel, 2016), directly affecting the
mRNA transcripts of many relevant genes linked to cell cycle regulation (e.g.
Myc, Cyclin-D3 and Cyclin-E2)(Galloway, 2016).

We have performed additional exploratory experiments to identify some of the
mRNA targets of ZFP36L1 that may contribute to malignant transformation in
the context of MF. This was achieved using both PMA (a known ZFP36L1
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inducer) and the ZFP36L1 lentiviral vector. We identified CDK6 as a potential
mRNA target of interest based on prior evidence of ZFP36L1-CDK6 association
in the myeloid compartment(Chen M. T., 2015) and the currently available CDK6
inhibitors for the treatment of breast cancer(Cristofanilli, 2016; Rugo, 2019).
Lentiviral induction of ZFP36L1 seemed to reduce CDK6 expression on both
mRNA and protein level, suggesting an association of ZFP36L1 and CDK6
mRNA in MF. This interesting association has remained, at present, only
exploratory, further validation of this interaction is warranted and shall also be
the scope of future work.

It remains to be demonstrated if ZFP36L1 enhancer DNA hypermethylation is an
event capable of transforming haematopoietic stem cells to a neoplastic
phenotype, in other words, if epigenetic loss of ZFP36L1 could be an early
transforming event in the pathobiology of MF. Conditional mice knockout
models of ZFP36L1 have proven its capability to induce malignant
transformation of CD2+ cells. ZFP36L1 knock-down results in thymic
development abnormalities and ultimately development of T-ALL(Hodson, 2010).
In the myeloid compartment, ZFP36L2, a close analogue with similar functions,
has been shown to downregulate terminal-erythroid differentiation genes,
allowing BFU-E colony expansion(Stumpo, 2009), linking ZFP36L2 to abnormal
haematopoietic development, a central feature of MF.

It is worth reiterating that the mechanism of gene silencing through enhancer
DNA hypermethylation is novel to the field of epigenetics and to our knowledge,
demonstrated for the first time in MF. Moreover, we believe our experimental
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model can serve as a template for a robust and relatively simple demonstration
of similar phenomena occurring in MF and also in other neoplastic entities.
Although ZFP36L1 might be relevant for other myeloid malignancies (i.e AML),
we caution about extrapolation of our work into other myeloid neoplasms.

In summary, the work of the present thesis provides a comprehensive and
descriptive study of DNA methylation in CMPN in general and MF in particular,
using cutting-edge genomic technologies available at the time of experimental
design. We have demonstrated that DNA methylation in general and enhancer
DNA methylation in particular, can affect relevant genes and/or pathways in
CMPN and MF, representing an important and current aspect of the
pathobiology of these diseases.
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6 CONCLUSIONS
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1. Bone marrow and peripheral blood mononuclear cells from healthy donors
have an equivalent DNA methylation profile when interrogated with DNA
methylation microarrays, hence, both can serve indistinctively as reference
samples for high-throughput DNA methylation studies using these
techniques.

2. DNA methylation profile of chronic myeloproliferative neoplasms and
particularly of myelofibrosis is distinctive to that of healthy controls.

3. Differential DNA methylation of chronic myeloproliferative neoplasms
involves a relatively small number of genes, however these are potentially
implicated in relevant signaling pathways for the pathobiology of the disease,
of which NF-kB is the most representative example.

4. Aberrant DNA methylation of promoter regions in chronic myeloproliferative
neoplasms could contribute to the characteristic impaired differentiation of
these neoplasms, impeding the successful engagement of key transcription
factors for haematopoietic differentiation such as GATA1.

5. Transformed chronic myeloproliferative neoplasms have a DNA methylation
profile that is distinct of both untransformed chronic myeloproliferative
neoplasms and healthy controls and resembles that of acute myeloid
leukemia.
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6. The interrogation of DNA methylation profile of chronic myeloproliferative
neoplasms with a platform that allows coverage of the genome outside
traditional promoter regions, has unveiled an unexpected prominence of
DNA methylation outside CpG islands that is likely to be extrapolated to
other haematological malignancies.

7. Myelofibrosis has a distinct DNA methylation profile compared to healthy
controls, specifically enriched in differential methylation of enhancer regions
in which the loss of DNA methylation was the most prominent alteration.

8. Aberrant DNA methylation of enhancer regions in myelofibrosis was
correlated with loss of gene expression of adjacent genes and may constitute a
relevant mechanism for deranged gene expression in this context.

9. ZFP36L1 constitutes a potential, novel tumor suppressor gene that is
aberrantly DNA methylated on its enhancer region and is downregulated in a
subset of patients with myelofibrosis.

10. Loss of ZFP36L1 expression in patients with myelofibrosis may lead to an
upregulation of its putative mRNA targets, constituting an important event
that could contribute to disease transformation and/or progression.

11. Restoration of ZFP36L1 expression in previously deficient myeloid cell lines is
capable of reducing cell proliferation and inducing apoptosis, possibly
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representing a novel target for pharmacologic or genetic manipulation in the
context of myelofibrosis with ZFP36L1-loss.
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ANNEX 1
Table A1. 2008 WHO classification of myeloid neoplasms and acute myeloid leukemia

Chronic Myeloproliferative

AML and related neoplasms

neoplasms (CMPN)
•

BCR-ABL1–positive CML

Acute myeloid

leukemia with recurrent

•

Chronic neutrophilic leukemia

genetic abnormalities!

•

Polycythemia vera (PV)

•

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1!

•

Primary myelofibrosis (PMF)

•

AML

•

Essential thrombocythemia (ET)

•

Chronic

with

inv(16)(p13.1q22)

or

t(16;16)(p13.1;q22); CBFB-MYH11
•

APL with t(15;17)(q22;q12); PML-RARA!

otherwise specified

•

AML with t(9;11)(p22;q23); MLLT3-MLL!

•

Mastocytosis

•

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

•

Myeloproliferative

•

!AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2);

eosinophilic

leukemia,

not

neoplasms,

unclassifiable

Myeloid
associated

and
with

RPN1-EVI1

lymphoid

neoplasms

eosinophilia

FGFR1

•

Myeloid

and

lymphoid

neoplasms

•

Provisional entity: AML with mutated NPM1!

•

Provisional entity: AML with mutated CEBPA

Acute

myeloid

leukemia

with

associated with PDGFRA rearrangement

myelodysplasia-related changes

Myeloid

Therapy-related myeloid neoplasms

neoplasms

associated

with

PDGFRB rearrangement

•

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

and

abnormalities of PDGFRA, PDGFRB, or

•

•

Myeloid

and

lymphoid

Acute
neoplasms

associated with FGFR1 abnormalities

myeloid

leukemia,

not

specified
•

AML with minimal differentiation!

Myelodysplastic/myeloproliferative

•

AML without maturation

neoplasms (MDS/MPN)

•

!AML with maturation!

otherwise

•

Chronic myelomonocytic leukemia

•

Acute myelomonocytic leukemia!

•

Atypical CML (BCR-ABL1–negative)

•

Acute monoblastic/monocytic leukemia

•

Juvenile myelomonocytic leukemia

•

Acute erythroid leukemia

•

Myelodysplastic/myeloproliferative

•

Pure erythroid leukemia

neoplasm, unclassifiable

•

Erythroleukemia, erythroid/myeloid

•

Acute megakaryoblastic leukemia

•

Acute basophilic leukemia!

•

Acute panmyelosis with myelofibrosis

•

Provisional:

Refractory

anemia

with

ring

sideroblasts and thrombocytosis

Myelodysplastic syndrome (MDS)
•

Refractory

cytopenia

with

unilineage

dysplasia

Myeloid sarcoma
Myeloid proliferations related to Down

Refractory anemia

syndrome

Refractory neutropenia

•

Transient abnormal myelopoiesis

•

Myeloid

Refractory thrombocytopenia
•

Refractory anemia with ring sideroblasts

•

Refractory

cytopenia

with

multilineage

dysplasia
•

Refractory anemia with excess blasts

•

MDS with isolated del(5q)

•

Myelodysplastic syndrome, unclassifiable

•

Childhood myelodysplastic syndrome

•

Provisional: Refractory cytopenia of childhood

leukemia

associated

with

Down

syndrome

Blastic plasmacytoid dendritic cell neoplasm
Acute leukemias of ambiguous lineage
•

Acute undifferentiated leukemia!

•

Mixed

phenotype

acute

leukemia

with

leukemia

with

t(9;22)(q34;q11.2); BCR-ABL1
•

Mixed

phenotype

acute

t(v;11q23); MLL rearranged!
•

Mixed phenotype acute leukemia, B-myeloid,
NOS!

•

Mixed phenotype acute leukemia, T-myeloid,
NOS

!Provisional entity: natural killer (NK) cell lymphoblastic
leukemia/lymphoma

AML: Acute Myeloid Leukemia.; CML: Chronic Myelogenous leukemia.
Adapted from:(Tefferi et al, Leukemia 2008)

Table A2. List of most relevant post-translational histone modifications in mammalian
cells.

HISTONE

MODIFICATION
Acetylation
Phosphorylation

H2A

Methylation

RESIDUE

FUNCTION

ENZYME(S)

K4/5/7

Activation

CBP/P300

S1

Repression

CK2A

R3

Activation

PRMT

S1

Repression

MSK1

S139 (H2A.X)

DNA repair

ATR/ATM

T120

Repression

BUB1

T142
Ubiquitylation
Biotinylation
Acetylation
H2B

Phosphorylation
Ubiquitylation

DNA repair/
Apoptosis

K119

Spermatogenesis

K9/13

Unknown

K5/12/15/
20

Activation

WSTF
Ring2
Biotinidase
P300/CBP
ATF2

S14

Apoptosis

S33

Activation

K120

Meiosis

UbcH6

K123

Activation

RAD6

K4

Activation

Mst1

Gcn5
Rtt109

K9

K14

H3

Activation

Gcn5

Histone deposition

SRC-1

Activation

Gnc5/PCAF

DNA repair

SRC-1

Histone deposition

Esa1
Tip60

Acetylation

Elp3
PCAF
P300

K18

Euchromatin

Sas2/Sas3

RNApol

TAF1

transcription

hTFIIIC90

Activation

P300

DNA repair

Gnc5

DNA replication

K23

Activation

Gnc5

Histone deposition

Sas3

DNA repair

P300

K27/36

Activation

Gnc5

K56

Activation

ScRTT109

R2

Repression

PRMT 5
PRMT 6

R8

Activation

PRMT5

R17/26/42

Activation

CARM1

K4

Activation

MLL 1-5
ALL-1
SET1A
SET1B
ASH1
Set 7/9 (tri-Me)

Methylation
K9

Repression

G9a
SUV39H 1-2
(tri-Me)
SETDB1 (triMe)

K27

Silencing

G9a, EZH2

K36

Activation

SET2

K79

Activation

Dot1

S10

Activation

IKK-α
Snf1

S10
Phosphorylation

Mitosis/Meoisis

Aurora kinase

Activation

MSK-1

S28
S10
S28

MSK-2

T3

Mitosis

Haspin

T6

Unknown

PKCβI

T11

Mitosis

Dlk/Zip

Y41

Activation

JAK2

Y45

Apoptosis

PKCδ

Expression

Biotinidase

Activation

ScFPR4

K4
Biotinylation

K9
K18

Isomerization
Acetylation

P30
P38
K5

Activation

K8

P300
ATF2

K12
K5

Histone deposition

Hat1

DNA repair

Esa1

K12
K5
K8

Tip60

K12
K16
K8

H4

Activation

K16
Methylation

Gnc5
ATF2

K16

Euchromatin

Sas2

R3

Activation

PRMT1/6

Repression

PRMT 5/7

Silencing

Set7

Heterochromatin

SUV4-20H (tri-

K20

Me)
Phosphorylation
Biotinylation

S1

DNA repair

CK2

K12

DNA repair

Biotinidase

Adapted from: Kouzarides et al, Cell, 2007 and Lawrence et al, Trends Gen, 2016.

ANNEX 2
Table A3. Demographic characteristic of CMPN cohort interrogated with the 27k methylation array.

Mutational status
Patient ID
PV1
PV2
PV3
PV4
PV5
PV6
PV7
PV8
PV9
PV10
PV11
PV12
PV13
PV14
PV15
PV16
PV17
PV18
PV19
PV20
PV21
PV22
PV23
PV24
ET1
ET2
ET3
ET4
ET5
ET6
ET7
ET8
ET9
ET10
ET11
ET12
ET13
ET14
ET15
ET17
ET18
ET19
ET20
ET21

Age
(Yr)
67
72
79
67
76
82
85
78
85
NA
62
76
54
46
63
NA
80
68
55
NA
82
74
87
64
78
71
80
80
80
61
61
87
61
55
55
81
50
65
71
60
28
84
NA
31

Cytogenetics
46,XX,del(20)(q12)
46,XX
NA
46,XY
NA
NA
46,XY
NA
NA
NA
NA
46,XX
NA
NA
NA
NA
NA
NA
NA
NA
46,XX
NA
NA
NA
NA
NA
NA
NA
NA
46,XY
NA
NA
NA
46,XY
NA
46,XX
NA
NA
NA
NA
NA
NA
46,XY
NA

JAK2

TET2

JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HET
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F- HOMO
WT
WT
WT
WT
JAKV617F- HOMO
JAKV617F- HOMO
JAKV617F- HOMO
WT
WT
WT
JAKV617F- HOMO
WT
WT
JAKV617F- HOMO
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
WT
WT

WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
R1516X
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
V1395L
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
NA
WT
WT
WT
WT
WT
WT
ins/del
WT
WT

EZH2
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

ET22
ET23
ET24
PMF1

65
60
90
77

NA
46,XX
NA
NA

JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET

WT
WT
WT
T1372I

PMF2

79

NA

JAKV617F-HOMO

WT

PMF3
PMF4
PMF5
PMF6
PMF7
PMF8
PMF9
PMF10
PMF11
PMF12
PMF13
PMF14
PMF15
PMF16
PMF17
PMF18
PMF19
PMF20
PMF21
PMF22
PMF23
PMF24

70
77
47
59
52
70
61
60
48
69
63
67
NA
57
NA
65
69
74
61
72
43
78

JAKV617F-HOMO
JAKV617F-HET
JAKV617F-HOMO
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
JAKV617F-HOMO
JAKV617F-HET
JAKV617F-HET
JAKV617F-HET
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT

WT
WT
WT
ins/del
WT
WT
WT
WT
WT
WT
NA
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
NA

TRANSFORMED
PV1

73

46,XY
46,XX
NA
46,XY,t(8;12)(q12;p11) [7%]
47,XX,+8 [63%]
NA
NA
46,XY
NA
NA
NA
46,XX
NA
NA
47,XX,del(13)(q12q21) [37%]
NA
NA
46,XY
46,XY
46,XY
46,XY
47,XY,+8 [3%]
59,X,Y,+1,+2,+6,+8,+9,+13,+14
,+15,+19,+20,+4mar [80%]
45,X,-Y [20%]

NA
NA
NA
WT
73980T>TG
660L>L/V
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT

JAKV617F-HET

NA

NA

TRANSFORMED
PV2

80

46,XY,der(20)t(1;20)(q21,q1)

JAKV617F-HET

NA

NA

TRANSFORMED
PV3

75

JAKV617F-HET

NA

NA

TRANSFORMED
PV4

76

JAKV617F-HET

NA

NA

TRANSFORMED
ET1

77

JAKV617F-HET

NA

NA

TRANSFORMED
ET2

60

JAKV617F-HOMO

NA

NA

TRANSFORMED
ET3

46

WT

NA

NA

TRANSFORMED
ET4

68

JAKV617F-HET

NA

NA

WT

NA

NA

WT

NA

NA

JAKV617F-HET

NA

NA

TRANSFORMED
PMF1
TRANSFORMED
PMF2
TRANSFORMED
PMF3

47
75
NA

44,X,-Y,17,der(19)t(17;19)(p13;q12)
[54%] 45,X,-Y [46%].
44,XY,del(2)(q?),4,del(5)(q13q32)-17 [43%]
45,XY,del(5)(q13q32),del(12)
(p13)-17 [47%] 46,XY [30%]
46,XY,5,add(6)(p25),+mar[20]
47,XX,del(20)(q13)x2 [10%]
46,XX
[90%]
46,XX,del(5)(q15q31),del(20)
(q11)[50]
47,XX,del(5)(q13q32),-13,17,+21,+2mar [57%] 46,XX
[43%]
46,XY,del(1)(p33) [77%]
46,XY[23%]
46,XY,add(12)(p13) [40%]
46,XY[60%]
46,XX,-7,+mar

TRANSFORMED
PMF4

62

46,XY,del(1)(p32),-7,-8, 12,
add(16)(q24), +3mar [80%]
46,XY[20%]

WT

NA

NA

TRANSFORMED
PMF5

64

46,XY,+der(1)del(1)(p21),-7

WT

NA

NA

ANNEX 3
Table A4. Primers for PCR-based mutation analysis

Gene

Primer

JAK2
(V617F
mutation)

Forward Outer
(FO)
Reverse Outer
(RO)
Forward Wildtype
Reverse mutant
Exon 2_Fw
Exon 2_R
Exon 3_Fw
Exon 3_R
Exon 4_Fw
Exon 4_R
Exon 5_Fw
Exon 5_R
Exon 6_Fw
Exon 6_R
Exon 7_Fw
Exon 7_R
Exon 8_Fw
Exon 8_R
Exon 9_Fw
Exon 9_R
Exon 10_Fw

EZH2

Exon 10_R
Exon 11_Fw
Exon 11_R
Exon 12_Fw
Exon 12_R
Exon 13_Fw
Exon 13_R
Exon 14_Fw
Exon 14_R
Exon 15_Fw
Exon 15_R
Exon 16_Fw
Exon 16_R
Exon 17_Fw
Exon 17_R
Exon 18_Fw
Exon 18_R
Exon 19_Fw

5´to 3´sequence

Size
(bp)

TCCTCAGAACGTTGATGGCAG
463
ATTGCTTTCCTTTTTCACAAGAT
GCATTTGGTTTTAAATTATGGAGTATaTG

229

GTTTTACTTACTCTCGTCTCCACAaAA
GGTGATCATATTCAGGCTGG
AAACTTATTGAACTTAGGAGGGG
TTTCTCCTTTCCTCTCCTTCA
TCCAATAGCATAAACCAAAAGATG
GGCTACAGCTTAAGGTTGTCCT
CTGTCTTGATTCACCTTGACAAT
AAATCTGGAGAACTGGGTAAAGAC
TCATGCCCTATATGCTTCATAAAC
AGGCTATGCCTGTTTTGTCC
AAAAGAGAAAGAAGAAACTAAGCCC
CTGACTGGCATTCCACAGAC
AAGTGTAGTGGCTCATCCGC
CATCAAAAGTAACACATGGAAACC
TTGTAATAAATGATAGCACTCTCCAAG
TCCATTAATTGACTTTTCCAGTG
ACCTCCACCAAAGTGCAAAG
TTCTCTTCCATCAAAATGAGTTTTAG
TCCTCACAACACGAACTTTCAC
GAGTTGTCCTCATCTTTTCGC
CCAAGAATTTTCTTTGTTTGGAC
AAGAATGGTTTGCCTAAATAAGAC
CCTTGCCTGCAGTGTCTATC
TCTTGGCTTTAACGCATTCC
CAAATTGGTTTAACATACAGAAGGC
TGATCGTTTCCATCTCCCTG
AGGGAGTGCTCCCATGTTC
GAGAGTCAGTGAGATGCCCAG
TTTGCCCCAGCTAAATCATC
TTTTTGATGATGTGATTGTGTTTT
TGGCAATTCATTTCCAATCA
TTCTGTCAGGCTTGATCACC
CTCGTTTCTGAACACTCGGC
AGGCAAACCCTGAAGAACTG
TTCCAATTCTCACGTCAAAGGTA
CCGTCTTCATGCTCACTGAC

279
257
251
270
316
332
380
348
246
360
362
212
289
278
371
239
220
217
204

Exon 19_R
Exon 20_Fw
Exon 20_R
Exon 3_ P1_Fw
Exon 3_P1_R
Exon 3_ P2_Fw
Exon 3_P2_R
Exon 3_ P3_Fw
Exon 3_P3_R
Exon 3_ P4_Fw
Exon 3_P4_R
Exon 3_ P5_Fw
Exon 3_P5_R
Exon 3_ P6_Fw
Exon 3_P6_R
Exon 4_Fw
Exon 4_R
Exon 5_Fw
Exon 5_R
Exon 6_ Fw
Exon 6_R

TET2

Exon 7_Fw
Exon 7_R
Exon 8_Fw
Exon 8_R
Exon 9_Fw
Exon 9_R
Exon 10_Fw
Exon 10_R
Exon 11_
P1_Fw
Exon 11_ P1_R
Exon 11_
P2_Fw
Exon 11_ P2_R
Exon 11_
P3_Fw
Exon 11_ P3_R
Exon 11_
P4_Fw
Exon 11_ P4_R

IDH1
(R132)
Exon 4 R
Exon 4_Fw
IDH2
(R140/R172) Exon 4_R
Exon 4_Fw

AAAAACCCTCCTTTGTCCAGA
CTTCAGCAGGCTTTGTTGTG
GGGGAGGAGGTAGCAGATG
TGAACTTCCCACATTAGCTGGT
GAAACTGTAGCACCATTAGGCATT
CAAAAGGCTAATGGAGAAAGACGTA
GCAGAAAAGGAATCCTTAGTGAACA
GCCAGTAAACTAGCTGCAATGCTAA
TGCCTCATTACGTTTTAGATGGG
GACCAATGTCAGAACACCTCAA
TTGATTTTGAATACTGATTTTCACCA
TTGCAACATAAGCCTCATAAACAG
ATTGGCCTGTGCATCTGACTAT
GCAACTTGCTCAGCAAAGGTACT
TGCTGCCAGACTCAAGATTTAAA
ATACTACATATAATACATTCTAATTCCCTCACTG
TGTTTACTGCTTTGTGTGTGAAGG
CATTTCTCAGGATGTGGTCATAGAAT
CCCAATTCTCAGGGTCAGATTTA
AGACTTTATGTATCTTTCATCTAGCTCTGG
ACTCTCTTCCTTTCAACCAAAGATT
ATGCCACAGCTTAATACAGAGTTAGAT
TGTCATATTGTTCACTTCATCTAAGCTAAT
GATGCTTTATTTAGTAATAAAGGCACCA
TTCAACAATTAAGAGGAAAAGTTAGAATAATATTT
TGTCATTCCATTTTGTTTCTGGATA
AAATTACCCAGTCTTGCATATGTCTT
CTGGATCAACTAGGCCACCAAC
CCAAAATTAACAATGTTCATTTTACAATAAGAG
GCTCTTATCTTTGCTTAATGGGTGT

163
954
835
842
866
787
780
494
285
594
362
354
361
774
749

TGTACATTTGGTCTAATGGTACAACTG
AATGGAAACCTATCAGTGGACAAC

1107

TATATATCTGTTGTAAGGCCCTGTG
CAGAGCTTTCTGGATCCTGACAT

533

GCCCACGTCCATGAGAACTATACTAC
TCTAAGCTCAGTCTACCACCCATCCATACA
TGCTCGCTGTCTGACCAGACCTCATCG
TGCCACCAACGACCAAGTCA
TGTGTTGAGATGGACGCCTATTTG
GGGGTTCAAATTCTGGTTGA
CTAGGCGAGGAGCTCCAGT

554
481
290

Table A5. Primers for pyrosequencing and bisulfite sequencing

Gene

GAS2

BHMT

ZFP36L1
promoter

ZFP36L1
enhancer

Primer

5´to 3´sequence

GAS2-F

TGTGGATATTGATTAATTGTAGTTG

GAS2-R

TTAAAAAAAACCACCAAAACC

GAS2-P

AAGGAATGTTTTTTTTTAATT

BHMT-F

TTTGGGTGAATAATTTGGATTATTT

BHMT-R

TAAAAAAAACCTCCCAACCAC

BHMT-P

GGTTTGATGAAGGGTTGGTGGG

ZFP-PR-F

gtgacgtactagcaacgGGTTGGAGGGTAGTAGTAGAATAAG

ZFP-PR-R

tagcaggatacgactatcAATTAAATCACCCCATTATAAACAC

SP6

TATTTAGGTGACACTATAG

ZFP-EH-F

gtgacgtactagcaacgGTTGTTTTTGGGTGGGTAGTAGT

ZFP-EH-R

tagcaggatacgactatcCACCCCTACTAATAAAAACTTCCCT

SP6

TATTTAGGTGACACTATAG

Size (bp)

T˚

132

50˚C

Pyrosequencing
primer
134

50˚C

Pyrosequencing
primer
333

56˚C

Sequencing
primer
188

57˚C

Sequencing
primer

Table A6. Primers for pCPGL vector experiments

Gene

Primer

ZFP36L1
enhancer

ZFP-EH-FBamHI
ZFP-EH-FHindIII

Minimal
Promoter

5´to 3´sequence

Size
(bp)

T˚

GTTGTTGGATCCAGCTCCAAGTTCCACCAGAA

534

50˚C

GGTGGTAAGCTTGTCATCGGCGCTCAGAATAG

MinProm-F

CTAGAGAGGGTATATAATGGAAGCTTAACTTCCAG

-

-

MinProm-R

CTAGCTGGAAGTTAAGCTTCCATTATATACCCTCT

-

-

pCPGL-F

TAAATCTCTTTGTTCAGCTCTCTG

-

-

pCPGL-R

TTTTCACTGCATTCTAGTTGTGG

-

-

GTGAGCAAACAGCAGATTAAAAGGA

-

-

GGGACCAGGGCATACCTCTT

-

-

pCPGL
sequencing pCPGL-Fw-

short
pCPGL-RVshort
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Table A7 List of DMC between PV and control samples.
TargetID

GENE NAME

AVERAGE BM/PB

AVERAGE PV

CPG ISLAND

cg22381196
cg02679745
cg26928972
cg00974864
cg03330678
cg27606341
cg16682903
cg03801286
cg06317209
cg21991396
cg15361231
cg24211388
cg06270401
cg05342835
cg26581729
cg24777950
cg07285167
cg01441777
cg08368934
cg09809672
cg09868035
cg12819826
cg06812844
cg01820374
cg13185177
cg03086857
cg23089840
cg18459342
cg11126134
cg15517609
cg11647681
cg21053323
cg27304754
cg00160914
cg00208967
cg23326689
cg13282837
cg18059933
cg11473104
cg27202708
cg20807545
cg13315147
cg02197293
cg19564367
cg02844545
cg16142218

DHODH
FUT7
CSTA
FCGR3B
10-Sep
FYB
ACVR1
KCNE1
AVIL
CIAS1
GLRX2
AIF1
DYRK4
SYNC1
NPDC1
CTSG
CSF3R
CSNK1E
GPR97
EDARADD
C20orf135
PPAN
TRPM2
LAG3
GP5
EDNRB
LRRC3
TPD52
FLJ14834
RYR1
PCDHGA12
SUMO3
CALB2
C1orf183
OLFM2
STMN2
TCL1A
TP53INP1
NUDT15
C1orf65
ADAMTS18
CYP2E1
FBXO27
AFAP
GCM2
CHMP7

0,36968375
0,32349125
0,33198625
0,3629725
0,32948875
0,34687
0,3423125
0,35793625
0,33387
0,3793475
0,363515
0,368415
0,38709625
0,37698375
0,400245
0,403095
0,3818875
0,42881875
0,40119625
0,45952125
0,3675075
0,44543
0,47571375
0,44145
0,54835375
0,0755475
0,1446025
0,1792075
0,097
0,24266375
0,18495125
0,17776
0,2021425
0,2206675
0,135705
0,22190125
0,2185975
0,1356
0,20259875
0,2340325
0,24765
0,230225
0,2400225
0,22905875
0,18554375
0,1485025

0,166435417
0,16776875
0,175003333
0,1803075
0,181395
0,18236
0,18828625
0,190639583
0,190930417
0,193795
0,196634167
0,20515125
0,208355
0,217124167
0,220044167
0,221465417
0,22160625
0,222425833
0,226647917
0,231697083
0,2327625
0,240856667
0,24332375
0,250072917
0,25206625
0,258715833
0,266139167
0,269565
0,285857917
0,289357917
0,291069583
0,2964825
0,304072917
0,304783333
0,305524583
0,305866667
0,307667917
0,30845375
0,31023
0,31913
0,322690833
0,323851667
0,324857083
0,334244167
0,3350025
0,341939167

TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE

cg23191950
cg26465611
cg21096915
cg25500444
cg07621046
cg26279025
cg05250458
cg19125999
cg09582042
cg02757432
cg03679734
cg25307081
cg26718122
cg09188980
cg27243140
cg04378886
cg05294243
cg06268694
cg00911351
cg16853982
cg02061229
cg01530101
cg15747595
cg00186701
cg12111714
cg03918304
cg03743584
cg25782229
cg25133685
cg09547224
cg05436231
cg17036737
cg22136365
cg12973651
cg14100184
cg08321346
cg06493930
cg06653796
cg07665060
cg22580512
cg05890484
cg26066361
cg00174500
cg16731240
cg01560871
cg06563300
cg19815376
cg26143719
cg11134443
cg08632701
cg25226014
cg13358084
cg02131853
cg06796611

ALDH1A3
MEGF10
MGC16291
FLJ23514
C10orf82
IL11
ZNF177
C1orf172
ITR
GPR26
CKMT1B
BRD7
SFRS6
CALCA
OTOP3
RCN3
KLK13
CELSR1
PCDHGB4
ACTN2
MMP10
KCNQ1DN
TSPYL5
TSPYL5
ATP8A2
HOXD10
PRAP1
WT1
OR2W1
SLC5A1
CD164L2
RBM8A
TAT
CNFN
GNG13
ANKMY1
GAS2
LIME1
C19orf33
NCOR2
BHMT
CLEC7A
CMTM5
ZNF577
C10orf27
SLC17A8
FLJ34503
C1QTNF6
KYNU
SETD4
CXCR6
RPL13
FLJ23235
IL24

0,20328
0,19553125
0,22168375
0,15913375
0,220885
0,23730375
0,24452875
0,246405
0,23726375
0,22560125
0,22602
0,2877
0,26705625
0,1632275
0,2147125
0,245755
0,197385
0,18007875
0,149185
0,2392625
0,230925
0,139985
0,2238125
0,2238125
0,22684875
0,2211725
0,2453925
0,23454625
0,21791125
0,24059875
0,1985925
0,2842425
0,24351125
0,21890875
0,21205375
0,21517375
0,804255
0,21508875
0,23064
0,838495
0,21008625
0,76799125
0,82150125
0,1359375
0,76245625
0,25599
0,7962975
0,8642125
0,7879725
0,8448575
0,514635
0,59445375
0,570095
0,5802675

0,3449925
0,345344167
0,346295
0,351384583
0,354119583
0,354768333
0,355042917
0,355630833
0,35568
0,358788333
0,359051667
0,36202625
0,362625
0,3645725
0,366198333
0,373474583
0,374663333
0,377639167
0,383144167
0,390717083
0,39092375
0,393159167
0,394017917
0,394017917
0,400073333
0,40128
0,40326375
0,4042475
0,410002917
0,410376667
0,4110225
0,41186
0,413445833
0,418093333
0,42101
0,426612917
0,455557083
0,473809583
0,48742
0,52288625
0,539899167
0,545106667
0,555007083
0,55579875
0,603369583
0,609709583
0,626095833
0,630350833
0,680190833
0,6943125
0,70103125
0,706404167
0,7094625
0,711235833

TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE

cg15373285
cg20535085
cg10846410
cg01697865
cg21917349
cg12757684
cg22534509
cg10995925
cg15298545
cg11173246
cg24612198
cg01656470
cg10997248
cg26240939
cg16008138
cg12588299
cg11295113
cg02786378
cg21171615
cg20559736
cg12626411
cg17338258
cg26548883
cg02212836
cg10368842
cg02374486
cg18920397
cg25928444
cg13765961
cg21458041
cg15234096
cg10517312
cg25545088
cg22378065
cg02677802
cg07643942
cg19098268
cg25623640
cg02641676
cg03584220
cg21865006
cg07685034
cg10324224
cg26264314
cg23685580
cg18841952
cg00071250
cg22375610
cg00323915
cg00955451
cg07086380
cg21988465
cg17709873
cg15913671
cg03649060
cg13461622
cg15880738
cg27440002

MEG3
SLAMF1
HSPA2
IL10RA
APBA2
PLAGL1
GPR81
LTA
LOC81691
TSPAN4
CD3E
ZIM2
FXYD2
LOC57149
RNF190
GPR31
FOLR2
SLC7A2
PTPRC
CEACAM19
PRG4
SHBG
CCL15
LY86
C10orf81
PRF1
LY9
INHA
MS4A1
TNP2
LIX1
RNF36
ABCC10
PLAGL1
ITPR2
LACRT
PEG3
IGJ
SLC20A2
XCL2
ZCCHC14
PCBP3
TTC13
NALP5
CATSPER2
GPR115
FASLG
APOBEC2
GIMAP4
APBA2
TNFAIP8
GNAS
LTA
TMEM105
ELOF1
RUNX3
CD3G
LEAP-2

0,63599625
0,58043125
0,55660125
0,5801225
0,6071175
0,65386625
0,55839375
0,57652125
0,62031375
0,62576625
0,577885
0,6397525
0,58539875
0,64825625
0,61379125
0,61033125
0,62582375
0,6693575
0,64310625
0,683035
0,62791125
0,66945
0,66006875
0,55839
0,6564925
0,63203
0,56907625
0,6607225
0,6123375
0,66429875
0,643005
0,64019
0,679285
0,68892
0,675525
0,66173
0,6638725
0,67852625
0,640975
0,63324375
0,690055
0,6654025
0,60027875
0,895295
0,64620375
0,68142
0,5667675
0,65360625
0,61349
0,667495
0,6715475
0,6787975
0,609565
0,67067625
0,6185725
0,58544625
0,64693
0,69891625

0,714184583
0,7194
0,721167083
0,721692917
0,7291025
0,732133333
0,733478333
0,734418333
0,737505417
0,737600417
0,73936875
0,7401775
0,7408325
0,743472917
0,7474575
0,748284167
0,748530833
0,750875833
0,752847083
0,75455625
0,756332917
0,75692
0,75722625
0,75756
0,758684167
0,760158333
0,761132917
0,762450417
0,76477125
0,764883333
0,76530375
0,7660775
0,766498333
0,76654625
0,767595833
0,767820833
0,76897
0,769220833
0,770547917
0,772723333
0,776004583
0,776444583
0,778714167
0,77890625
0,779494167
0,779516667
0,781500417
0,783768333
0,784290417
0,7845525
0,789057083
0,78927
0,789683333
0,791850833
0,7924525
0,793805
0,797290833
0,797835

TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

cg09830866
C16orf24
0,59432375
0,805870417
TRUE
cg09453312
ITK
0,6652925
0,810184583
FALSE
cg01367992
LY9
0,59668
0,81147375
FALSE
cg24841244
CD3D
0,6375875
0,82150125
FALSE
cg17078393
LCK
0,59949375
0,827300417
TRUE
cg00795812
PDCD1
0,65784875
0,82968
TRUE
cg23760945
ELOF1
0,673325
0,832667083
FALSE
cg24949488
DNTT
0,62400375
0,839848333
TRUE
cg10161121
FASLG
0,67715875
0,84213375
FALSE
BM: Bone Marrow; PB: Peripheral blood; TRUE: Inside CpG island; FALSE: Outside CpG island

Table A8 List of DMC between TE and control samples.
TargetID

GENE NAME

AVERAGE BM/PB

AVERAGE TE

CPG ISLAND

cg03330678
cg26928972
cg02679745
cg04353769
cg07285167
cg21991396
cg15361231
cg03801286
cg27606341
cg24211388
cg08368934
cg06270401
cg01820374
cg24777950
cg24427660
cg06812844
cg07408456
cg09809672
cg05373457
cg11126134
cg13185177
cg07388493
cg00186701
cg15747595
cg04378886
cg05436231
cg05890484
cg17036737
cg25133685
cg06653796
cg12973651
cg16731240
cg16853982
cg04230060
cg12188860
cg22580512
cg06493930
cg01560871
cg19682367
cg19815376
cg00174500
cg08632701
cg10995925
cg06796611
cg10846410
cg24612198
cg12588299
cg18920397
cg21917349
cg15234096
cg17709873
cg16470760

40431
CSTA
FUT7
MS4A6A
CSF3R
CIAS1
GLRX2
KCNE1
FYB
AIF1
GPR97
DYRK4
LAG3
CTSG
PNPLA2
TRPM2
PGLYRP2
EDARADD
KCNS2
FLJ14834
GP5
NDUFS5
TSPYL5
TSPYL5
RCN3
CD164L2
BHMT
RBM8A
OR2W1
LIME1
CNFN
ZNF577
ACTN2
SUSD1
TOP1MT
NCOR2
GAS2
C10orf27
FAM79B
FLJ34503
CMTM5
SETD4
LTA
IL24
HSPA2
CD3E
GPR31
LY9
APBA2
LIX1
LTA
CD4

0,32948875
0,33198625
0,32349125
0,31961375
0,3818875
0,3793475
0,363515
0,35793625
0,34687
0,368415
0,40119625
0,38709625
0,44145
0,403095
0,442845
0,47571375
0,4138175
0,45952125
0,17989875
0,097
0,54835375
0,46929125
0,2243825
0,2238125
0,245755
0,1985925
0,21008625
0,2842425
0,21791125
0,21508875
0,21890875
0,1359375
0,2392625
0,78767
0,76857375
0,838495
0,804255
0,76245625
0,754165
0,7962975
0,82150125
0,8448575
0,57652125
0,5802675
0,55660125
0,577885
0,61033125
0,56907625
0,6071175
0,643005
0,609565
0,60287125

0,165643478
0,17463087
0,17758
0,177821739
0,18812087
0,190113913
0,193724783
0,194808261
0,199011304
0,203183913
0,207788261
0,217953913
0,22690087
0,228498696
0,232587391
0,24271913
0,249196522
0,254772609
0,2702125
0,270346667
0,279308696
0,283166087
0,296005
0,310379167
0,34055875
0,363139583
0,370016667
0,372951304
0,376455
0,39981875
0,403504583
0,40721375
0,407915
0,51164913
0,539581667
0,545395217
0,550874167
0,604125417
0,60661875
0,642577917
0,64494625
0,677165833
0,710306522
0,71760087
0,723648261
0,727806957
0,727964783
0,730886087
0,731035652
0,73714087
0,739446087
0,740891739

TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

cg13765961
MS4A1
0,6123375
0,743160435
FALSE
cg02374486
PRF1
0,63203
0,74368087
FALSE
cg15298545
LOC81691
0,62031375
0,746155652
FALSE
cg25623640
IGJ
0,67852625
0,752913478
FALSE
cg01941619
MEP1B
0,6572425
0,754039565
FALSE
cg13461622
RUNX3
0,58544625
0,754150435
FALSE
cg03649060
ELOF1
0,6185725
0,755659565
FALSE
cg00071250
FASLG
0,5667675
0,75679913
FALSE
cg10977115
CRTAM
0,6038825
0,758562609
FALSE
cg25545088
ABCC10
0,679285
0,75976
FALSE
cg21171615
PTPRC
0,64310625
0,762213913
FALSE
cg00323915
GIMAP4
0,61349
0,764001304
FALSE
cg10324224
TTC13
0,60027875
0,76689913
FALSE
cg17738194
GK2
0,65942625
0,769633478
TRUE
cg07685034
PCBP3
0,6654025
0,77019
FALSE
cg00955451
APBA2
0,667495
0,777635217
FALSE
cg01367992
LY9
0,59668
0,778774348
FALSE
cg15880738
CD3G
0,64693
0,779374783
FALSE
cg24841244
CD3D
0,6375875
0,780196522
FALSE
cg09830866
C16orf24
0,59432375
0,780801739
TRUE
cg22375610
APOBEC2
0,65360625
0,783145652
FALSE
cg26822175
CRYBA4
0,8633225
0,783262083
FALSE
cg09453312
ITK
0,6652925
0,783612609
FALSE
cg15913671
TMEM105
0,67067625
0,784295217
FALSE
cg17078393
LCK
0,59949375
0,788524348
TRUE
cg00795812
PDCD1
0,65784875
0,793494348
TRUE
cg23760945
ELOF1
0,673325
0,806745217
FALSE
cg10161121
FASLG
0,67715875
0,808505217
FALSE
cg24949488
DNTT
0,62400375
0,828429565
TRUE
BM: Bone Marrow; PB: Peripheral blood; TRUE: Inside CpG island; FALSE: Outside CpG island

Table A9 List of DMC between PMF and control samples.
TargetID

GEN NAME

AVERAGE BM/PB

cg16826718
cg23018448
cg08717396
cg26928972
cg10970409
cg06850526
cg02679745
cg27606341
cg03801286
cg03718539
cg12819826
cg24211388
cg07285167
cg00466249
cg24777950
cg09809672
cg10106284
cg27202708
cg05874478
cg16301617
cg27059238
cg26718122
cg18182399
cg05337441
cg23713520
cg05073035
cg17788832
cg08832227
cg25802093
cg06911084
cg20907471
cg26711820
cg14605021
cg05968233
cg26279025
cg13749822
cg00970325
cg25133685
cg21053323
cg22136365
cg02757432
cg17036737
cg26069745
cg02197293
cg12061236
cg08126211
cg08632701
cg00911351
cg06268694
cg20134215
cg21992250

HRK
QTRT1
HIST1H2AG
CSTA
VIPR1
MGC15523
FUT7
FYB
KCNE1
ETNK2
PPAN
AIF1
CSF3R
MGC15523
CTSG
EDARADD
FAM49A
C1orf65
PSME2
TMC6
HIST1H2BI
SFRS6
DES
APOB
TM4SF11
ZIC1
PSKH2
KCNA1
SPAG6
DLX5
PAX1
MYF6
FGF20
ALKBH7
IL11
HHIP
PAQR9
OR2W1
SUMO3
TAT
GPR26
RBM8A
HOXA2
FBXO27
AKAP12
KAAG1
SETD4
PCDHGB4
CELSR1
MCHR2
SLC15A3

0,30042125
0,3366375
0,30778
0,33198625
0,3221
0,4251275
0,32349125
0,34687
0,35793625
0,38385375
0,44543
0,368415
0,3818875
0,4609675
0,403095
0,45952125
0,5074
0,2340325
0,204885
0,1825975
0,24963375
0,26705625
0,12905125
0,16799875
0,22154125
0,12043125
0,17087875
0,21144125
0,07939375
0,193485
0,24907625
0,16231375
0,188765
0,17789125
0,23730375
0,20590625
0,11530875
0,21791125
0,17776
0,24351125
0,22560125
0,2842425
0,22414875
0,2400225
0,158345
0,2397
0,8448575
0,149185
0,18007875
0,2194775
0,14758625

AVERAGE PMF
0,15670362
0,15747123
0,159800433
0,19754421
0,200267165
0,202683102
0,204675831
0,209395494
0,213094403
0,219006229
0,219297158
0,222626054
0,227194714
0,248130896
0,255462032
0,26170145
0,295031838
0,305679167
0,310655625
0,331105458
0,357409608
0,358610275
0,361218333
0,3696375
0,37315
0,382985455
0,38563
0,389299167
0,392722099
0,393265
0,402631667
0,404065833
0,40654
0,411453333
0,415325
0,415369167
0,420549167
0,421343333
0,422228333
0,425971667
0,429968333
0,437497517
0,439723333
0,439770833
0,441606667
0,444668333
0,445461667
0,4539075
0,456455
0,456608333
0,458096667

CPG ISLAND
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE

cg17963840
cg14826456
cg07612655
cg09851465
cg04378886
cg12335708
cg26465611
cg06493930
cg25782229
cg01530101
cg12973651
cg13315147
cg16853982
cg16731240
cg15747595
cg05436231
cg12111714
cg13603171
cg27243140
cg09582042
cg14456683
cg08321346
cg07665060
cg05890484
cg02131853
cg20535085
cg24612198
cg12757684
cg12588299
cg18920397
cg21917349
cg02374486
cg23517677
cg02786378
cg21171615
cg10846410
cg00071250
cg20559736
cg11295113
cg03649060
cg13765961
cg19594666
cg13461622
cg22375610
cg15234096
cg02212836
cg15298545
cg25623640
cg25545088
cg01367992
cg23685580
cg00323915
cg09453312
cg24841244
cg07086380
cg17709873

ADRA1A
ADRB1
PTGIS
C1orf87
RCN3
DPP4
MEGF10
GAS2
WT1
KCNQ1DN
CNFN
CYP2E1
ACTN2
ZNF577
TSPYL5
CD164L2
ATP8A2
MOXD1
OTOP3
ITR
ZIC1
ANKMY1
C19orf33
BHMT
FLJ23235
SLAMF1
CD3E
PLAGL1
GPR31
LY9
APBA2
PRF1
POLR2G
SLC7A2
PTPRC
HSPA2
FASLG
CEACAM19
FOLR2
ELOF1
MS4A1
LEP
RUNX3
APOBEC2
LIX1
LY86
LOC81691
IGJ
ABCC10
LY9
CATSPER2
GIMAP4
ITK
CD3D
TNFAIP8
LTA

0,22624625
0,179515
0,22631875
0,10844125
0,245755
0,24889375
0,19553125
0,804255
0,23454625
0,139985
0,21890875
0,230225
0,2392625
0,1359375
0,2238125
0,1985925
0,22684875
0,17516375
0,2147125
0,23726375
0,19700875
0,21517375
0,23064
0,21008625
0,570095
0,58043125
0,577885
0,65386625
0,61033125
0,56907625
0,6071175
0,63203
0,6516675
0,6693575
0,64310625
0,55660125
0,5667675
0,683035
0,62582375
0,6185725
0,6123375
0,45224125
0,58544625
0,65360625
0,643005
0,55839
0,62031375
0,67852625
0,679285
0,59668
0,64620375
0,61349
0,6652925
0,6375875
0,6715475
0,609565

0,459155
0,460199167
0,460709167
0,4636825
0,4714625
0,4717075
0,477871667
0,482920833
0,4842575
0,485225833
0,499411667
0,515954167
0,517433333
0,517917283
0,518326667
0,522765833
0,531996667
0,534780833
0,538989167
0,546974167
0,552544167
0,5763008
0,594126667
0,629618333
0,700806058
0,711593704
0,714222821
0,724568475
0,730806138
0,739482329
0,739917896
0,743398396
0,744035363
0,744132263
0,744271529
0,745575383
0,746412688
0,747352871
0,748440038
0,749150196
0,750174842
0,755341254
0,756076638
0,756092938
0,756830454
0,758537213
0,75854885
0,759857871
0,760842933
0,764598192
0,767573096
0,7679417
0,7683532
0,773555833
0,774890975
0,777732292

TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
FALSE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE

cg15880738
CD3G
0,64693
0,780672308
FALSE
cg00955451
APBA2
0,667495
0,78315625
FALSE
cg12782180
LEP
0,4578625
0,785187513
TRUE
cg27440002
LEAP-2
0,69891625
0,798913188
FALSE
cg00795812
PDCD1
0,65784875
0,804241675
TRUE
cg17078393
LCK
0,59949375
0,804716292
TRUE
cg24949488
DNTT
0,62400375
0,810887988
TRUE
cg10161121
FASLG
0,67715875
0,810932513
FALSE
cg23760945
ELOF1
0,673325
0,834932104
FALSE
BM: Bone Marrow; PB: Peripheral blood; TRUE: Inside CpG island; FALSE: Outside CpG
island
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ABSTRACT

Most DNA methylation studies in classic Philadelphia-negative myeloproliferative neoplasms have been performed on a gene-by-gene basis. Therefore, a more comprehensive methylation profiling is needed to study the
implications of this epigenetic marker in myeloproliferative neoplasms. Here, we have analyzed 71 chronic (24
polycythemia vera, 23 essential thrombocythemia and 24 primary myelofibrosis) and 13 transformed myeloproliferative neoplasms using genome-wide DNA methylation arrays. The three types of chronic Philadelphia-negative myeloproliferative neoplasms showed a similar aberrant DNA methylation pattern when compared to control
samples. Differentially methylated regions were enriched in a gene network centered on the NF-κB pathway, indicating that they may be involved in the pathogenesis of these diseases. In the case of transformed myeloproliferative neoplasms, we detected an increased number of differentially methylated regions with respect to chronic
myeloproliferative neoplasms. Interestingly, these genes were enriched in a list of differentially methylated regions
in primary acute myeloid leukemia and in a gene network centered around the IFN pathway. Our results suggest
that alterations in the DNA methylation landscape play an important role in the pathogenesis and leukemic transformation of myeloproliferative neoplasms. The therapeutic modulation of epigenetically-deregulated pathways
may allow us to design targeted therapies for these patients.

Introduction
Polycythemia vera (PV), essential thrombocythemia (ET),
and primary myelofibrosis (PMF) are clonal hematopoietic
stem cell disorders, characterized by increased proliferation of
terminally differentiated myeloid cells. They have been
recently categorized as classic Philadelphia chromosome-negative myeloproliferative neoplasms (MPNs) by the WHO
classification of 2008.1
In spite of PV, ET and PMF being stem-cell derived clonal
diseases, their clonal architecture and hierarchy is complex
and not always predictable.2 The disease course is generally
chronic, but some patients show an inherent tendency for
transformation into acute leukemia, a major complication
with a poor prognosis which is hypothesized to be accompanied by the acquisition of additional genomic lesions.3
Currently known MPN associated mutations involve JAK2,4
MPL,5 TET2,6 ASXL1,7 IDH1, IDH2,8 CBL,9 IKZF1,10 LNK,11
and EZH2.12 Most of these mutations originate at the progenitor cell level but they do not necessarily represent the primary clonogenic event and are not mutually exclusive.2
Interestingly, most of the genes mutated in MPNs are genes

involved in the regulation of different epigenetic mechanisms.
As the epigenetic machinery is one of the main targets of
genetic changes in MPNs, it can be hypothesized that the
epigenome is altered in these neoplasms. Unlike DNA mutations, which are irreversible changes in the DNA sequence
that can result in gene activation or inactivation, epigenetic
changes are defined as reversible modifications that affect
gene expression without altering the DNA sequence itself.13
Among all the epigenetic mechanisms, DNA methylation is
probably the best characterized. It occurs in cytosines followed by guanines (CpG) and its role in gene regulation is
well known.14 Aberrant DNA methylation patterning has
been extensively described during oncogenesis, with the gain
of methylation in certain tumor suppressor genes (which
would result in gene inactivation) and loss of methylation in
some other proto-oncogenic genes. DNA methylation
changes have been frequently described in various subtypes
of hematologic neoplasms.15,16 Aberrant DNA methylation
profile is also frequent in myeloid malignancies, particularly
in myelodysplastic syndrome (MDS) and acute myeloid
leukemia (AML).17
Regardless of the recent advances in MPN diagnosis and
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description of new molecular markers, very little is known
about the molecular mechanisms involved in the pathogenesis of MPNs and their leukemia transformation. The
identification of new markers for diagnosis and prognosis
is needed to identify best molecular targets for therapy.
There are currently no epigenetic biomarkers in widespread clinical use and most epigenetic studies in MPNs
have focused on the analysis of a few tumor suppressor
genes.16 Therefore, the present study was designed to
establish a global DNA methylation profiling of PV, ET
and PMF.

Methods
Samples and gene mutation analysis
Bone marrow (BM) aspirates and peripheral blood (PB) samples
(n=71) were collected from patients diagnosed with PV (n=24), ET
(n=23) or PMF (n=24). For this study we also included samples of
4 patients with PV, 4 patients with ET, and 5 patients with PMF at
the time in which the disease had transformed to acute myeloid
leukemia (AML). Diagnosis of MPN was made according to the
World Health Organization (WHO) classification system of hematologic malignancies.1 Control samples included BM (n=4) and PB
(n=4) from healthy donors. In all the cases, the DNA was isolated
from unselected cells. Human samples were drawn after informed
consent had been obtained from the patient or the patient’s
guardians in accordance with the Declaration of Helsinki. This
study was approved by the Research Ethics Committee at the
University of Navarra, Spain. Samples were analyzed for detection
of JAK2V617F mutations by ARMS technique and mutations of
TET2 and EZH2 by direct sequencing as previously described.18

DNA methylation profiling and analysis
of microarray data
The strategy used for DNA methylation profiling and the bioinformatics analysis of the DNA methylation data of MPN, MPNs
transformed to acute myeloid leukemia (MPN-AML) and control
samples are described in the Online Supplementary Design and
Methods.

Results
MPN patients and control samples show a distinct DNA
methylation signature

The methylation profile of samples from patients with
MPNs was compared with the methylation profile of BM
and PB samples from healthy donors. We have previously
shown that BM and PB samples are equivalent in terms of
methylation profile and can thus be combined.18
Unsupervised hierarchical analysis performed on samples obtained from healthy donors (n=8) and patients diagnosed with MPNs (n=71) showed that most of the MPN
samples clustered together and separated from healthy
controls (Online Supplementary Figure S1). Furthermore,
when we applied the combination of the three different
statistical strategies (t-test, Volcano analysis and methylation threshold analysis) we found 56 CpGs (corresponding
to 56 unique genes) that showed a consistent differential
DNA methylation between MPNs and control samples
(Figure 1 and Online Supplementary Table S1). Of the 56 differentially methylated CpGs, 40 CpG probes (71%) were
hypermethylated in MPNs (including tumor suppressor
genes such as WT1) and from these CpGs, 35 (87.5%)
haematologica | 2013; 98(9)

were located in CpG islands. The remaining 16 CpG
(28.6%) were hypomethylated in MPNs (including
NCOR2 gene, a transcriptional co-repressor protein with
well-established oncogenic roles in prostate or breast cancers);19 8 (50%) of them were located in CpG islands.
Using a publicly available methylation dataset from GEO
with accession number GSE41037 (that contains DNA
methylation information from whole blood samples of
394 healthy subjects aged 16-88 years old) we verified that
differential methylation of these 56 CpGs is not due to differences in age between our control and MPN sample
groups (data not shown). Analysis of the DNA methylation
levels of two (GAS2 and BHMT) of these 56 genes by
pyrosequencing in a new series of 25 chronic MPN patient
samples and peripheral blood of healthy donor samples,
supports the results obtained in the analysis of the array.
Fifty-six percent of the new sample set analyzed showed
hypomethylation in GAS2, whereas 20% BHMT were
hypermethylated when compared with the control cohort
(Online Supplementary Figure S2). As expected, the results
confirmed what had previously been seen in the methylation arrays, validating the arrays for further experiments.
To determine whether the three types of MPN analyzed
have a specific profile of DNA methylation, we performed
a new analysis strategy in which each type of MPN was
compared to the control group. The global numbers of differentially methylated CpG probes for this analysis were:
91 probes corresponding to 89 different genes in the case
of PV (Online Supplementary Table S2), 25 probes corresponding to 24 genes in the case of ET samples (Online
Supplementary Table S3), and 133 probes corresponding to
122 different genes in the case of PMF samples (Online
Supplementary Table S4). Again, the differentially methylated CpG probes were predominantly hypermethylated in
all neoplasms studied. There were fourteen common
genes differentially methylated in the three neoplasms
when compared with controls (Online Supplementary Figure
S3A and Online Supplementary Table S5). Interestingly,
when we performed the cluster analysis with the common
(14 genes, Online Supplementary Figure S3B) and uncommon (107 genes: 32 in PV, 4 in ET and 71 in PMF, Online
Supplementary Table S6 and Online Supplementary Figure
S3C) genes, we did not find a specific DNA methylation
profile for each different malignancy. Moreover, the individual comparisons between the three disease entities
revealed 12 CpGs differentially methylated between PV
and PMF, 22 CpGs between ET and PV, and 61 between
PMF and ET. These differences were not sufficient to lead
to disease clustering in an unsupervised analysis, confirming the similarity between MPN subgroups in terms of
DNA methylation levels (Online Supplementary Figure S4).
Taken together, these results suggest that PV, ET and
PMF have a distinct DNA methylation profile compared to
control samples and are very similar between them, and
that this is true when comparing all the neoplasms together against the controls as well as each neoplasm against
the control group. Furthermore, most of the differentially
methylated genes are hypermethylated and map to CpG
islands (72% in PV, 86% in ET, 83% in PMF).

Differentially methylated genes in MPNs are implicated
in specific biological pathways

As shown in the Venn diagram in Online Supplementary
Figure S3, a total of 164 genes were differentially methylated in PV, ET and PMF with respect to control samples.
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Ingenuity pathway analysis of these genes identified a particular gene network of interest: cell-to-cell signaling and
interaction, hematologic system development and function, immune cell, involving NF-κB complex (Online
Supplementary Figure S5). NF-κB has been identified as a
key mediator of inflammation-induced carcinogenesis and
the development of progressive myeloproliferative diseases.20 Our study identifies some genes known to indirectly activate NF-κB such as CLEC7A21 or EDARDD,22
both hypomethylated, and others that are involved in
apoptosis and cancer progression, like NCOR2
(hypomethyalted, up-regulated in some cancers)19 or
FASLG (which triggers apoptosis if hypermethylated).23
Ingenuity functional analysis revealed a set of 37 genes
(P=3.22E-05 to 1.48E-02) associated with inflammatory
disease, among which we can find RUNX3, which is
hypermethylated, and known to be preventive for bowel
inflammatory disease,24 or IL3 which is hypomethylated
and associated with inflammatory responses.25 Gene
ontology (GO) analysis showed no enrichment of any
interesting biological function. The bioinformatic analysis
of transcription factor binding sites revealed that differentially methylated genes in chronic MPNs were significantly enriched in GATA1, SP1 and other transcription factors
that play important roles in normal and malignant
hematopoiesis (Online Supplementary Table S7).
Currently known MPN associated mutations involve
some important epigenetic enzymes, like JAK2, TET2 and

1

Controls

Essential thrombocythemia

2

Controls

Chronic MPNs

3

JAK2 wildtype

EZH2. Therefore, we hypothesized that mutations in
those genes could be implicated in some of the epigenetic
deregulation observed in chronic MPNs. The distribution
of MPN samples and mutations analyzed in JAK2, TET2
and EZH2 genes is detailed in Online Supplementary Table
S8. The clustering analysis (Figure 1) and supervised analysis between chronic MPNs with JAK2 mutated in
homozygous state and chronic MPNs with wild-type
JAK2 (data not shown) revealed no clear relationship
between JAK2 mutations and the DNA methylation profile. On the other hand, differences in methylation of the
JAK2 promoter were not related to the differential DNA
methylation patterns observed in patients with chronic
MPNs. A b value between 0.3 and 0.7 was found in 7
healthy donor samples and 37 MPN samples, a b value
over 0.7 in 5 MPNs, and 29 MPN samples with a methylation b value below 0.3. TET2 (studied in all chronic MPN
samples) and EZH2 (only analyzed in chronic PMF samples) were found to be mutated in a very low number of
chronic MPN patients in our sample cohort, precluding
any further meaningful analysis.

Methylation profiling of MPNs transformed into AML
shows higher levels of methylation than MPNs in
chronic phase

The role of DNA methylation in leukemic transformation was assessed by comparing the methylation profile of
13 MPNs that had transformed into AML with the 71

Polycythemia vera

Primary myelofibrosis

JAK2V617F

Figure 1. Hierarchical cluster analysis based on differentially methylated genes in MPNs samples in comparison with healthy donor samples.
b values are depicted using a pseudocolor scale. Red: hypermethylated genes; Green: unmethylated genes. The top bar beneath the dendrogram indicates PV, ET, PMF sample type in a specific color-code. Second bar indicates MPNs and healthy donor samples. Third bar indicates
MPNs samples with or without JAK2V617F mutation.
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chronic MPNs. Samples were obtained at the time of
transformation.
An unsupervised hierarchical correlation cluster analysis
was performed using all the probes on the array (except
those located on sex chromosomes), including transformed MPNs, chronic MPNs and control samples (Online
Supplementary Figure S6). Subsequently, to investigate the
differences between MPNs and their leukemic transformation we used a combination of two different strategies: ttest and volcano analysis. Due to the small number of
samples in transformation, in this analysis we do not use
the methylation threshold analysis. We found 172 differentially methylated CpGs corresponding to 159 unique
genes between chronic phase MPNs and their transformed

Controls

Essential thrombocythemia

Transformed essential thrombocythemia
Controls

Chronic MPNs

state MPN samples (Figure 2 and Online Supplementary
Table S9). Although GSEA analysis revealed that differentially methylated genes in chronic MPN were significantly
enriched (P<0.001) among this gene set (Online
Supplementary Figure S7A), transformed MPN included a
larger number of differentially methylated genes. A total
of 165 CpG probes (96%) where hypermethylated in
transformed MPNs, and from these CpGs, 73 (44%) were
located in CpG islands. In contrast, only 7 CpG probes
(4%) were hypomethylated in MPNs (including genes like
TM4SF1, which encodes for a cell surface antigen and is
highly expressed in different carcinomas).26 Only 2 (29%)
of them were located in CpG islands.
Next, independent comparisons of each type of chronic

Polycythemia vera

Primary myelofibrosis

Transformed polycythemia vera

Transformed primary myelofibrosis

Transformed MPs

Figure 2. Hierarchical cluster analysis based on differentially methylated genes in MPNs samples transformed to acute leukemia in comparison with MPNs in chronic phase. b values are depicted using a pseudocolor scale. Red: hypermethylated genes; Green: hypomethylated
genes. The top bar beneath the dendrogram depicts control samples, PV, ET, PMF samples or their transformed state in a specific color-code.
Second bar indicates controls, chronic MPNs or transformed MPN samples.
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MPN with its transformed phase (e.g. samples of chronic
PV with respect to PV samples in transformation phase)
were made using the two above-mentioned strategies.
The overall numbers of differentially methylated CpG
probes for this analysis were 373 probes corresponding to
353 different genes in the case of transformed PV samples
(Online Supplementary Table S10), 419 probes corresponding to 380 different genes in the case of transformed ET
samples (Online Supplementary Table S11), and 58 probes
corresponding to 56 different genes in the case of transformed PMF samples (Online Supplementary Table S12).
The differentially methylated probes were again predominantly hypermethylated and mapped to CpG islands in
all transformed neoplasms studied.
We found 18 common genes differentially methylated
in the transformed MPNs when compared with the chronic phase (Online Supplementary Figure S8A and Online
Supplementary Table S13). Interestingly, when we performed the cluster analysis with the common (18 genes,
Online Supplementary Figure S8B) and uncommon (463
genes, Online Supplementary Table S14 and Online
Supplementary Figure S8B and C, respectively) genes, we
did find a specific DNA methylation profile distinguishing
the transformed and the chronic phase of the disease.
However, the methylation differences between the different subtypes of MPNs transformed into AML were subtle,
and the MPN subtypes transformed into AML were clustered together.
When we compared the methylation profile of the
transformed MPN with publicly available methylation
data from a total of 89 cytogenetically normal AML (CNAML) samples27 we found a statistically significant enrichment of genes differentially methylated in the transformed MPNs among the gene set of differentially methylated genes in samples from patients with primary acute
myeloid leukemia (Online Supplementary Figure S7B).

Differentially methylated genes in transformed MPNs
are implicated in specific biological pathways

A total of 628 different genes (corresponding to 862 different CpG probes, coming from both the hierarchical
cluster and the Venn diagram representations, Online
Supplementary Figure S8) that were differentially methylated between transformed and chronic MPNs were included
in the analysis. Ingenuity pathway analysis of these genes
revealed a particular gene network of interest: cell-to-cell
signaling and interaction, hematologic system development and function, and inflammatory response (Online
Supplementary Figure S9). Functional analysis showed that
64 genes were involved in inflammatory response
(P=3.72E-10 to 9.34E-03) and 47 in immunological disease
(P=7.81E-07 to 7.98E-03). Among the genes that are
involved in these networks and those two functional
routes we found two cytokines, IL23 and IL27 (both
hypermethylated in our dataset). IL23 has potent antitumor and anti-metastatic effects28 and is known to induce
the production of IFN gamma.29 In the same way, IL27 has
been shown to induce the expression of IFN gamma,
which in turn modulates the expression of other molecules involved in the inhibition of tumor growth and
metastasis.30 We also found hypermethylated AIM2 which
is thought to mediate reduction of cell proliferation by cell
cycle arrest in some types of cancer.31
Gene ontology analysis showed that genes differentially
methylated between transformed and chronic phases of
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MPNs are implicated in immune and inflammatory
response, negative regulation of development process,
negative regulation of lymphocyte activation, negative
regulation of mononuclear cell proliferation, negative regulation of T-cell proliferation, positive regulation of cellular process, regulation of cell differentiation, and regulation of leukocyte proliferation. The bioinformatic analysis
of transcription factor binding sites revealed that differentially methylated genes in transformed MPNs with respect
to chronic MPNs were significantly enriched in LMO2,
LEF1 and other transcription factors that play important
roles in normal and malignant hematopoiesis (Online
Supplementary Table S7).

Discussion
Myeloproliferative neoplasms are clonal malignant diseases that arise from the transformation of hematopoietic
stem cells/progenitors (HSCs/HPs) and are characterized
by overproduction of mature erythrocytes, granulocytes
and megakaryocytes. A single point mutation in the tyrosine kinase JAK2 (JAK2V617F), present in approximately
95% of patients with PV and 50-60% of patients with ET
and PMF, is considered to be an important driver of these
diseases and has become a formal component of diagnostic criteria. However, this mutation does not explain the
differences between MPNs, indicating that initiation event
or phenotypic differences between these three hematologic diseases could be influenced by additional unknown
factors.2
Because several genes involved in the regulation of epigenetic mechanisms have been described as being altered
in MPNs, we hypothesized that MPN might show differences in the epigenetic landscape (in terms of DNA
methylation) both at diagnosis and after their transformation to acute leukemia. The main findings of our study
suggest that abnormal methylation profile is not particularly prevalent in MPN and only during transformation to
acute leukemia are significant changes in the methylation
profile observed. This is consistent with other studies that
indicate that disease progression is associated with abnormal methylation.32-34 Unlike the previous study by Barrio et
al.,35 we found some differences in the methylation profile
between MPNs and healthy donor samples consistent
with a recent work36 that also reported a significant number of aberrantly methylated genes in MPNs. On the other
hand, we did not find a differential methylation pattern
between PMF and PV/ET. Some of these differences may
be due to differences in sample collection, array coverage
and design or data analysis. A current limitation of our
study was the use of unfractionated BM or PB that may
skew the results of DNA methylation. As clonal involvement both of the myeloid as well as the lymphoid lineage
have been clearly demonstrated in MPNs, we believe that
the use of unfractionated BM or PB samples is suitable to
analyze DNA methylation. Nevertheless, confirmatory
studies using unfractionated samples and preferably purified cells could be useful to clarify the validity of this
approach.
Regarding the involvement of genes implicated in regulation of epigenetic mechanisms, in our study JAK2 mutational analysis did not show a clear influence in the DNA
methylation profile and the limited sample number of
chronic MPN patients with TET2 or EZH2 lesions precluded any further analysis. However, as has been shown,
haematologica | 2013; 98(9)
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other mutations such as ASXL1 could influence the DNA
methylation profile of these MPN diseases.36 Whether
studies including larger sets of samples and complete
methylome analysis would be able to implicate inappropriate DNA methylation in the pathogenesis of MPNs
remains uncertain. Although the number of differentially
methylated genes reported in our study is low compared
with other hematologic malignancies, such as acute lymphoblastic leukemia,37,38 or other MPNs, such as CMML,18
our results indicate that aberrant DNA methylation may
contribute to the pathogenesis of classic Philadelphia chromosome-negative MPNs mainly in the transformation to
acute leukemia.
Despite the limited number of DMR found in MPN, our
results suggest that aberrantly methylated genes in MPNs
are involved in important signal transduction pathways
such as NF-κB associated networks (Online Supplementary
Figure S5). This was not only indicated by the ingenuity
pathway analysis of our samples but was also supported
when we applied the same analysis to publicly available
expression data39 (P=3.02E-02). Deregulation of NF-κB signaling cascade has been described in myeloid and lymphoid neoplasias, correlating its degree of activation with
the risk of progression from MDS to AML.40 Beside the
NF-κB pathway, in agreement with a recent report,36 in our
methylated genes data set we found an enrichment of
binding sites for transcription factors such as GATA1 or
SP1 that are altered in hematologic malignancies.41 These
results suggest that the inappropriate methylation of
CpGs may prevent proper binding of these transcription
factors, indirectly altering their participation in the transcription of necessary genes.
Differences in networks affected by aberrant methylation between chronic phase and transformed MPNs were
clearly identified, the INF pathway being one of them.
IFNs are normally present at low levels in plasma, which
presumably plays an antiviral and antitumor surveillance
role.42,43 IFN promotes apoptosis of a variety of tumor cell
types44,45 and it has anti-angiogenic properties.44,46 Hence,
this network could be deregulated since several genes
related to IFN are hypermethylated like IL2328 and IL27,47
which could contribute to the pathogenesis of transformed MPNs. It is interesting that IFN has been used with
considerable success in PV, with normalization of blood
counts and achievement of molecular remission in many
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KEY POINTS:
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Epigenetic profiling of myelofibrosis patients reveals that aberrant DNA methylation
is enriched in enhancer regions, outside traditional CpG islands.

•

ZFP36L1 is inactivated through DNA methylation of its enhancer region and
represents a potential novel tumour suppressor, with a potential role in myelofibrosis.

ABSTRACT
In this study we have interrogated the DNA methylome of myelofibrosis patients using
high-density DNA methylation arrays. We detected 35,215 differentially methylated
CpGs corresponding to 10,253 genes between myelofibrosis patients and healthy controls.
These changes were present both in primary and secondary myelofibrosis, which showed
no differences between them. Remarkably, the majorities of differentially methylated
CpGs were located outside gene promoter regions and showed a significant association
with enhancer regions. This enhancer aberrant hypermethylation showed a negative
correlation with the expression of 27 genes in the myelofibrosis cohort. Of these, we
focused on ZFP36L1 gene and validated its decreased expression and enhancer DNA
hypermethylation in an independent cohort of patients and myeloid cell-lines. In vitro
reporter assay and 5’ azacitidine treatment confirmed the functional relevance of the
enhancer hypermethylation of ZFP36L1. Furthermore, in vitro rescue of ZFP36L1
expression had an impact in cell proliferation and induced apoptosis in SET-2 cell line
indicating a possible role of ZFP36L1 as a tumor suppressor gene in myelofibrosis. We
describe the DNA methylation profile of myelofibrosis, identifying extensive changes in
enhancer elements and revealing ZFP36L1 as a novel candidate tumor suppressor gene.

INTRODUCTION
Philadelphia chromosome-negative myeloproliferative neoplasms (MPN), namely
polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis
(MF) are characterized by a clonal transformation of hematopoietic progenitors leading to
expansion of fully differentiated myeloid cells1. Primary MF carries the worst prognosis
of all MPN, harboring progressive marrow fibrosis, extramedullary hematopoiesis, mild
to severe splenomegaly and increased risk of leukemic transformation2. Secondary MF
can also arise from PV and ET (post-PV or post-ET MF hereafter) by mechanisms that
are still poorly understood and are clinically and morphologically indistinguishable from
primary MF3.
MF has been intensively studied from the genetic perspective4,5, in fact, the modified
WHO diagnostic criteria for MPN requires the demonstration of a genetic marker of
clonal hematopoiesis (JAK2V617F, CALR or MPL mutations)6. The frequency of
mutations on relevant epigenetic genes (i.e DNMT3A, EZH2 and ASXL1), suggest that
MF might have an epigenetic component that to our knowledge, remains poorly
characterized5. Actually, epigenetic changes such as DNA methylation have been
scarcely addressed in MF7 partly due to the limited changes in promoter DNA
methylation compared to other hematological malignancies, as previously published by
our group8. DNA methylation of CpG islands (mostly on putative promoter regions) has
been traditionally studied in both normal and neoplastic hematopoiesis9,10. However, high
throughput platforms offer a wider coverage of the genome, allowing a better
understanding of DNA methylation dynamics in regions distant from CpG islands11. In
this regard, enhancer regions have been characterized as potentially relevant sites of
DNA methylation outside CpG islands12-14. ChIP-seq studies have permitted the reliable
mapping of genome-wide active enhancer regions based on histone modifications (i.e.
H3K4me1 and H3K27Ac)15,16, allowing the identification of enhancers playing a role in
the dynamic transcriptional regulation during hematopoiesis17.
The present work describes a comprehensive genome-wide analysis of DNA methylation

in MF patients, which has been coupled with gene expression analysis and information of
functional chromatin states and compared with healthy donor samples16. Focusing on
potential epigenetic alterations in enhancer regions, we identified ZFP36L1 as potential
tumor suppressor gene with relevance for the pathogenesis of MF.

METHODS
Patient samples and clinical data
MF patient samples (n=39) were composed of either bone marrow (BM), granulocytes or
total peripheral blood (PB) cells. Among the MF cohort there were primary MF (n=22),
MF post-ET (n=7) or MF post-PV (n=10). PB cells from healthy donors (n=6) were used
as control samples in this study. All patients were diagnosed using the 2008 version of
the World Health Organization (WHO) classification system of hematological
malignancies18. Data for JAK2V617F mutation was retrospectively available for all
patients, no data for CALR and MPL mutations was available. Patient’s data are
accessible from the Gene Expression Omnibus (GSE118241).
Samples and patient data were provided by the Biobank of the University of Navarra and
were processed following standard operating procedures approved by the local Ethics &
Scientific Committee. All patients consented prior to sample extraction and for the use of
stored material for research purposes.
DNA Methylation profiling
DNA methylation was assessed with Human-Methylation 450K Bead-Chip kit (Illumina,
Inc., San Diego, CA, USA) and the data was analyzed by Bioconductor open source
software. The analytical pipeline implemented several filters to exclude technical and
biological biases and taking into account the performance characteristics of Infinium I
and Infinium II assays19. Differentially Methylated CpGs (DMC) were defined as
previously described13,19. Details on the experimental procedures, annotation of CpG sites,
detection of differentially methylated regions, and Gene Ontology analysis20 are
described in the online Supplementary Methods.
Identification of candidate genes targeted by aberrant DNA methylation in
enhancers
Data of gene expression profiling from primary MF and healthy PB samples was
obtained from the publicly available GEO accession bank number GSE2604921. Data was
further processed using R and the open source Limma package22. Further details are
described in online Supplementary Methods.

Luciferase reporter assays
The CpG-free vector (pCPG-L), gently provided by Dr. Michael Rehli23, was used to
clone the ZFP36L1 enhancer region. Luciferase experiments were performed in
triplicates and the details are described in the online Supplementary Methods. Primer
sequences are available in Supplementary Table 1.
ZFP36L1 binding motif search
To further validate the potential relevance of ZFP36L1 gene in MF, DREME motifdiscovery algorithm24 was used to assess enrichment of genes with the ZFP36L1
consensus binding sequence among those genes differentially expressed in MF (FDR
.
Overexpression of ZFP36L1
A vector containing ZFP36L1 open reading frame was kindly provided by Dr. Murphy
and sub-cloned into a PL-SIN-GK vector25. Further details are described in the online
Supplementary Methods.
Statistical Analysis
For parametric group comparisons one-way ANOVA with Dunnet correction was used,
whereas for non-parametric group comparisons Kruskall-Wallis test with Dunn
correction was employed. Paired data was analyzed with Friedman non-parametric test
with Dunn correction for multiple comparisons, for the data with single measurements.
Two-way ANOVA with Tukey correction was used for data with multiple paired
measurements. All tests were performed using Prism 7TM software (GraphPad, La Jolla,
USA).
Details of other experimental procedures are given in the Online Supplementary Methods.

RESULTS AND DISCUSSION
MF is characterized by a specific DNA methylation pattern enriched in enhancer
regions
In order to provide an exhaustive analysis of the DNA methylation profile in patients
with MF, we analyzed the DNA methylome of patients with primary MF, secondary MF
(including MF post-ET/post-PV) and healthy donors as controls, using the HumanMethylation 450K array. The first result worth highlighting is the epigenetic similarity,
between primary and post-ET/post-PV myelofibrosis. Interestingly, with a FDR < 0.05,
no differentially methylated CpGs (DMCs) between primary and secondary MF were
found. Furthermore, we did not identify any CpG differentially methylated between postET and post-PV MF. However, both unsupervised principal component analysis (PCA)
(Figure 1A) and hierarchical clustering study (Supplementary Figure 1A) using all
CpGs analyzed confirmed an explicit segregation and a clear epigenetic difference
between MF patient samples and healthy controls. These results allowed us hereafter to
consider MF samples as a single sample cohort. Primary and secondary MFs are known
to have very similar biological features, presenting symptoms and clinical course and in
fact, both entities are treated indistinctively according to most published guidelines26 .
Nevertheless, some recent evidence from large retrospective trials has suggested that
traditional prognostic factors may not be applicable to secondary MF as post-ET MF
seems to have longer survival as compared to post-PV and primary MF3,26-28. Our current
results are consistent with the similarities in the biological and clinical characteristics of
primary and secondary MF, who are also remarkably homogenous in terms of their
epigenetic profile, supporting a common biological origin29.
Next, we sought to interrogate changes in DNA methylation between MF samples
(considering primary and post-ET/PV MF as a single entity) and healthy controls. In this
supervised analysis, we detected 35,215 DMCs (FDR

0.05) corresponding to 10,253

coding genes. Among all of these DMCs, 65.3% were hypomethylated (corresponding to
22,998 CpGs) and the remaining 34.7% were hypermethylated (a total of 12,217 CpGs),
suggesting that loss of DNA methylation is the predominant alteration in this disease.
Global DNA hypomethylation has also been a common finding in other hematological

malignancies such as chronic lymphocytic leukemia, multiple myeloma or acute myeloid
leukemia13,30,31.
Changes in DNA methylation levels are known to cooperate with the deposition of
chromatin marks, particularly H3K4 methylation, to render the enhancers/promoters
accessible/inaccessible for the transcription machinery32-34. Hence, the changes in DNA
methylation observed in MF are very likely to impact the transcriptional profile of MF
and potentially contribute to the malignant phenotype. In this context, differences in the
DNA methylome between the novel MF subtypes defined by the new 2016 WHO
classification (prefibrotic and over MF) remains to be characterized. This aspect
exceeded the possibilities of our cohort, but warrants further investigation.
Even though previous studies have already interrogated the DNA methylation landscape
of MF35, their findings are limited to small numbers of epigenetic abnormalities mainly
focused on the study of promoter regions. Our genome-wide approach of DNA
methylation analysis using the 450k array allowed us to interrogate regulatory regions
outside traditional promoters and obtain a deeper insight into the aberrant DNA
methylome of MF. Therefore, in order to characterize the functionality of the detected
DMCs, we performed a series of analyses. First, we analyzed their genomic location and
identified that both hyper and hypomethylated CpGs were underrepresented in classical
CGIs and significantly enriched outside CGIs (Figure 1B). This is an interesting finding,
because

traditionally,

neoplasms

acquire

hypomethylation

outside

CGIs

and

hypermethylation in CGIs13,31, and suggests that patterns of methylation gain in MF
might differ to other neoplasms. To shed light into the specific function of the DMCs,
chromatin state categorization of each CpG was done adapting a publicly available
annotation of ChIP-seq data from CD34+ hematopoietic progenitor cells, in which four
distinct states were defined: promoter (with H3K4me3), active enhancer (with H3K4me1
and H3K27ac), transcribed regions (showing H3K36me3) and heterochromatin
(including H3K9me3 and H3K27me3)16. Both hyper and hypomethylated CpGs showed
a significant enrichment in enhancer regions, together with a striking underrepresentation
in promoter regions (Figure 1B). Unsupervised clustering of DMCs located exclusively

in enhancer regions (Supplementary table 2) displayed a clear segregation of the
majority of MF patients from healthy controls (Figure 1C) identifying 4182 hyper and
10935 hypomethylated. This result reveals that patients with MF show an intrinsic
aberrant pattern of DNA methylation preferentially located in enhancer regions of the
genome.
To functionally characterize this aberrant DNA methylation of enhancer regions in MF,
GO-PANTHER enrichment analysis was performed separately in differentially
methylated genes. GO terms with an adjusted FDR < 0.05 were selected, showing in the
case of hypermethylated enhancers interesting cellular processes such as cellular defense
response or induction of apoptosis (Figure 1D). Enhancer DNA methylation changes
have been described to play a more prominent role in transcriptional regulation than
promoter DNA methylation, governing processes such as hematopoietic differentiation
and neoplastic transformation through the regulation of key transcription factors and
genes12,13,31,34,36. These evidence translated into the context of MPN, might support the
implication of aberrant enhancer DNA methylation in the abnormal pattern of
differentiation leading to MF.
DNA methylation of enhancer regions is associated with gene expression profile in
MF
Next, DNA methylation levels of enhancer regions were associated with the expression
of host and adjacent coding genes using publicly available gene expression data of an
independent cohort of MF patients and healthy donors (GSE26049)21. Fold increase in
gene expression values were grouped according to the hypermethylated (∆β > 0.4) or
hypomethylated (∆β < -0.4) enhancer status in MF versus controls. This analysis showed
that enhancer DNA hypermethylation was associated with decreased gene expression of
host/adjacent coding genes. In contrast, hypomethylated enhancer regions were not
related to increased gene expression (Figure 2A). These data suggest that aberrant DNA
hypermethylation may be functionally more relevant than hypomethylation in MF.
Enhancer hypermethylation has been reported in neutrophils12, B-cells37,AML cells30 and
myeloma13 adding evidence to dynamic enhancer DNA hypermethylation as a relevant

regulatory mechanism of gene expression both in normal and neoplastic hematopoietic
cells.
Next, we designed a more stringent approach to identify the set of genes underlying the
most significant and substantial changes in enhancer DNA methylation (FDR < 0.01,
> 0.4), coupled with downregulation of their expression (LogFC < 0) (Figure 2B). After
identifying a number of potential candidates (27 genes), we focused on ZFP36L1, which
codes for a RNA-binding protein that mediates the decay of unstable mRNAs with AU
rich elements in the 3’ untranslated region (3’UTR)38,39. ZFP36L1 has been previously
implicated in normal hematopoiesis40 and specifically associated with erythroid and
myeloid differentiation41, suggesting a possible role of this gene in MF onset and
progression. Moreover, ZFP36L1 is also known to mediate mRNA decay of relevant
genes for cell proliferation, survival and differentiation such as CDK6, TNF , BCL2,
NOTCH1 and STAT5B42,43. Interestingly, the enhancer region associated with this
candidate gene was located in its intragenic region, presumably acting as a cis-regulatory
element of ZFP36L1 transcription. Noteworthy, this regulatory element was consistently
hypermethylated in the MF patient cohort and showed the largest number of
hypermethylated enhancer-related CpG probes among the final 27-gene list. Such
hypermethylation correlated with downregulation of ZFP36L1 expression in MF as
compared to controls (Figure 2B and Supplementary Figure 1B), which was further
confirmed in an independent cohort of MF patients and myeloid cell lines (Figure 2C).
Bisulfite sequencing confirmed that DNA methylation of the enhancer region of
ZFP36L1 was consistently higher in all MF samples and myeloid cell lines as compared
to control samples, whereas the promoter region remained unmethylated (Figure 2D-E,
and Supplementary figure 1C). Results obtained by luciferase-reporting assays
demonstrated that the exogenous DNA methylation reduced significantly the ZFP36L1
enhancer activity (Figure 2F

azacytidine hypomethylating treatment was

able to reverse the DNA methylation levels of the enhancer region in vitro, restoring the
gene expression levels of ZFP36L1 in SET-2 cell line (Figures 2G and 2H). Although
the potential implication of ZFP36L1 in myeloid differentiation has been previously
described41, our results suggest that epigenetic downregulation of ZFP36L1 might be a

prominent event in the pathobiology of MF; more importantly, hypermethylation of an
enhancer regulatory element represents a novel mechanism for disruption of normal gene
expression in the context of MF and ZFP36L1.
ZFP36L1 acts as a tumor suppressor gene in MPN
ZFP36L1 is known to mediate the degradation of mRNAs with AU rich elements in their
3’UTR. Therefore, we hypothesized that ZFP36L1 downregulation could lead to
upregulation of its putative targets in MF. To further validate this hypothesis, we used
DREME, a motif discovery algorithm specifically designed to find short, core DNAbinding motifs enriched in the 3 UTR of genes. We found that the motif GTATTTDT (Evalue = 4.5*10-15) was in fact overrepresented in transcripts upregulated in MF patients
(Figure 3A). Subsequently, an analysis of motif enrichment was performed, revealing a
significant enrichment of the mentioned motif (p = 7.69*10-20) in transcripts upregulated
in MF patients (log FC > 1; p < 0.05).
Moreover, as a complementary approach, we searched the database for AU-rich elements
AREsite44 to determine if, from the differentially expressed genes (B-value > 10) between
MF and controls, we could detect an enrichment of these sequences in the upregulated
subset of genes. Of all the possible AU motifs, we focused on the most restricted 9, 11
and 13-mer motifs. Interestingly, we were able to identify an enrichment of 9-mer
sequence WTATTTATW (p = 0.01) and the 13-mer sequence WWWTATTTATWWW
(p = 0.03) exclusively among the upregulated genes in MF patients (Figure 3A).
Remarkably, both AU motifs highly resemble the core binding motif for ZFP36L1
predicted by DREME algorithm, enforcing the regulatory role of this gene in MF. These
results may suggest that ZFP36L1 downregulation is involved in MF pathogenesis
through a global deregulation of its transcriptome.
To further characterize the impact of ZFP36L1 downregulation in MF, we tried to revert
this phenotype by ectopic overexpression of the gene using lentiviral infection in the cell
line SET-2. 72 hours post-infection, the levels of EGFP positive cells were evaluated to
infer the efficacy of infection, together with the expression and protein levels of

ZFP36L1 to ensure the correct overexpression of the gene (Figures 3B-D). Cell viability
was measured for five consecutive days by MTS assay and a decrease of more than 50%
in cell proliferation was observed, with an increase of AnnexinV positive cells as
measured by flow cell cytometry (Figures 3E and 3F). Taken together, these results
suggest that ZFP36L1 downregulation can lead to significant alterations in the
transcriptome, including relevant genes for cell proliferation, survival and differentiation,
as previously described41,42,45,46. Consequently, when ZFP36L1 expression levels are
restored, SET-2 cells loss their malignant proliferative phenotype, enforcing the tumor
suppressor role of this gene in MF.

CONCLUSION
The DNA methylation landscape of primary MF and post-ET/post-PV MF compared to
healthy individuals show a consistent and differential DNA methylation profile between
them. Absence of differences between primary MF and post-ET/post-PV MF suggests
that these changes are founding epigenetic alterations occurring at the level of MPN stem
cells and maintained in differentiated myeloid cells. Aberrant DNA methylation in MF is
predominantly located in enhancer regions and has a significant impact on the expression
of their target genes. Combining DNA methylation and gene expression data, we have
identified ZFP36L1 as an attractive new possible therapeutic target that shows a decrease
of gene expression mediated by enhancer hypermethylation. Our results also suggest a
direct effect of ZFP36L1 downregulation in the gene expression profile of MF, through
upregulation of mRNAs harbouring ARE canonical sites. For instance, in vitro rescue of
ZFP36L1 expression had an impact in cell proliferation and induced apoptosis in SET-2
cell line, indicating a possible role of ZFP36L1
azacytidine further evidenced the plausibility of ZFP36L1
pharmacologic manipulation. Taken together, these results constitute an unexplored
therapeutic target for MF patients, which remain to be properly evaluated in the preclinical scenario.
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LEGENDS TO THE FIGURES
Figure 1. MF harbors a differential DNA methylation profile compared to control
samples, with changes located primarily on enhancer regions. A) Unsupervised
principal component analysis (PCA) showing a differential DNA methylation profile of
MF patients and healthy controls with no differences between primary and secondary MF.
B) Distribution of DMCs according to CpG island mapping (left graph) or functional
chromatin analysis (right graph) grouped by DNA methylation status of the probes
(legend). *p < 0.05 C) Hierarchical clustering of DMC located to enhancer regions in MF
patients and healthy controls. D) GO-PANTHER analysis of genes adjacent to enhancerDMCs. Analysis of hypermethylated and hypomethylated genes is shown on the left and
right panel respectively.

Figure 2. Aberrant enhancer DNA methylation regulates gene expression in MF. A)
Violin density plots of expression of genes with differentially methylated CpGs located to
enhancer regions. Vertical axis represents fold change in gene expression. The horizontal
width of the plot represents density of data along the y axis. B) Candidate genes with
substantial changes in DNA methylation (FDR < 0.01) and differential gene expression.
Red bars represent average of DNA methylation of all enhancer-mapped probes and
black bars the average expression of all probes, error bars represent SD. C) ZFP36L1
downregulation validation by RT-qPCR in MF patients and 3 myeloid cell lines
(including SET-2) compared to healthy controls (HC) (n=3). D-E) Bisulfite sequencing
of ZFP36L1 D) enhancer region and E) promoter region in healthy controls (HC), cell
lines and primary MF samples. For each sample, graph shows mean ± SD of 10 CpG
dinucleotides for enhancer region and 15 CpG dinucleotides for promoter region. F)
pCpG-L luciferase reporter assay showing the inhibition of luciferase activity after
treatment of ZFP36L1 enhancer region with Sss-I methyltransferase. G) DNA
methylation levels of the enhancer region (same 10 CpG dinucleotides as in D)
azacytidine (AZA) treatment of SET-2. H) ZFP36L1
azacytidine (AZA) treatment of SET-2. Plots/bars indicate mean ± SD.

Figure 3. ZFP36L1 decreases cell viability in MF. A) Consensus binding motif for
ZFP36L1 obtained by DREME motif discovery among transcripts with putative AU-rich
motifs upregulated in MF samples. B) Efficiency of infection measured by percentage of
EGFP positive cells after lentiviral infection. C) Q-PCR validation of ZFP36L1
restoration in SET-2 cell line after lentiviral infection. D) ZFP36L1 protein restoration
measured by Western Blot in SET-2 cell line after lentiviral infection. E) ZFP36L1
rescue in SET-2 cell line decreased cell proliferation rate and F) increased AnnexinV
positive cells.

SUPPLEMENTARY METHODS
DNA Methylation profiling
DNA methylation was assessed with Human-Methylation 450K Bead-Chip kit
(Illumina, Inc., San Diego, CA, USA). The array-based assays for DNA methylation
profiling were performed at the National Centre of Oncologic Investigations (CNIO,
Madrid, Spain). Briefly, 500ng of genomic DNA were modified with sodium bisulfite
(EZ DNA Methylation Kit, Zymo Research) and subsequently whole genome amplified
following manufacturer’s recommendations. Samples were then hybridized in the assay
chips as previously described1. Data arising from the 450K Human-Methylation array
was analyzed by Bioconductor open source software. The analytical pipeline
implemented several filters to exclude technical and biological biases (i.e. sex-specific
methylation or overlapping CpGs with SNPs) and taking into account the performance
characteristics of Infinium I and Infinium II assays2. Differentially Methylated CpGs
(DMC) were defined as previously described2,3. DNA methylation data sets are
available from the Gene Expression Omnibus (GSE118241).
!
Genomic and functional annotation of CpG sites
The hg19 version of the UCSC Genome Browser database was used to annotate raw
data from the DNA methylation array. DMCs were annotated into four categories
relative to CpG islands (CGI) as follows: inside CGI, CGI-shore (0-2 Kb from the CGI),
CGI-shelf (>2 Kb up to 4 Kb from the CGI) and outside CGI (>4kb from the CGI). All
annotations were extracted from Ensembl database (http://www.ensembl.org). DMCs
were also annotated according to publicly available functional chromatin states of
human CD34+ cells following the ChromHMM algorithm4,5. Chromatin states were
categorized in six functional features (0: heterochromatin; 1-3: transcription-start sites;
4-5: enhancer regions (weak and strong); 6: promoters). This final annotation led to the
identification of a group of DMC between MF and healthy controls that mapped to
enhancer regions. The genes adjacent to these enhancers were then used for Gene
Ontology (GO) functional enrichment analysis (GO-PANTHER) as described
elsewhere6.

Identification of candidate genes targeted by aberrant DNA methylation in
enhancers
Data of gene expression profiling (Affymetrix gene expression array) from primary MF
(n=9) and healthy peripheral blood samples (n=21) was obtained from the publicly
available GEO accession bank number GSE260497. Data was further processed using R
and the open source Limma package8. Genes showing consistent and ample differences
in DNA methylation between MF and the control group were included (FDR<0.01;
Δβ>0.4) and then were subsequently filtered by the changes in gene expression (logFC
values below 0). The final list included 31 probes, encompassing 27 coding genes. Each
of these genes was subsequently explored by literature search to identify those with
potential implication in the hematopoietic system.
Cell culture
The SET-2 cell line (DMSZ # ACC-608; established from the peripheral blood of a
patient diagnosed with essential thrombocythemia at megakaryoblastic leukemic
transformation) was maintained in RPMI medium supplemented with 20% fetal bovine
serum and antibiotics (100 IU/mL penicillin, 50 µg/mL streptomycin). HEL (DSMZ #
ACC-11) and HL-60 (DSMZ # ACC-3) cell lines were maintained in RPMI medium
supplemented with 10% fetal bovine serum and antibiotics (100 IU/mL penicillin, 50
µg/mL streptomycin). Cells were seeded at 0.5x106 cells/ml and incubated at 37oC and
5% CO2 with 95% humidity.!
Bisulfite sequencing
DNA methylation levels were interrogated and validated using traditional bisulfite
sequencing. Briefly, after bisulfite modification (CpGenome DNA modification Kit,
Merck, Darmstadt, Germany), the fragment of interest was amplified, sub-cloned into
the pGEM-T easy vector system (Promega, Madison, USA) and transformed in JM109
competent cells (Promega, Madison, USA). Plasmid DNA was extracted (Nucleospin
Plasmid, Macherey Nagel, Germany) and for each condition, at least 10 different CFUs
(colony forming units) were sequenced by classical Sanger method using Genetic
Analyzer 3130XL (Life Technologies, Carlsbad, USA). Universally methylated human
DNA (Zymo research, USA) was used as a positive DNA methylation control for
bisulfite modification. Primer sequences are available in Supplementary Table 1.

Luciferase reporter assays
The CpG-free vector (pCPG-L), gently provided by Dr. Michael Rehli9, was used to
clone the ZFP36L1 enhancer region, after amplification with high-fidelity PlatinumTM
Taq polymerase (Invitrogen, Walthman, USA). Cloned plasmids were amplified on
PIR1 competent E. coli cells (Invitrogen, Carlsbad, USA) and then treated with SssI
CpG methyltransferase enzyme (New England Biolabs, Ipswich, USA) following
manufacturer ́s instructions. HEK293T cells were co-transfected with 10 ng/µl of DNA
methylated or unmethylated reporter plasmids and 0.5 ng/µl renilla luciferase vector
(pRL-SV40

Renilla

Luciferase

Control

Reporter

Vector,

Promega),

using

Lipofectamine- 2000 (Invitrogen, Carlsbad, CA). Forty-eight hours after transfection,
luciferase/Renilla activity was analyzed using the Dual Luciferase® reporter assay
system (Promega, Madison, USA) in an automatic 96-well plate reader according to
manufacturer's instructions. Luciferase experiments were performed in triplicates.
Primer sequences are available in Supplementary Table 1.
!
Gene expression by Q-PCR
Quantitative PCRs (Q-PCR) were performed with SYBR Green Master Mix (Applied
Biosystems, Foster City, USA) and QuantStudio-3 96-well real-time PCR system
(Applied Biosystems, Foster City, USA). GUSB gene was used as housekeeping
reference gene in all cases. Primer sequences are available in Supplementary Table 1.
Overexpression of ZFP36L1
A vector containing ZFP36L1 open reading frame was kindly provided by Dr. Murphy
and sub-cloned into a PL-SIN-GK vector10. The same vector backbone carrying an
EGFP open reading frame was used as experimental control. Lentiviral particles were
generated by co-transfecting HEK293T cells with ZFP36L1-encoding plasmid, psPAX2
(Addgene, #12260) and pMD2G (Addgene, #12259) plasmids (3:2:1 ratio) using
Lipofectamine-2000 (Invitrogen, Carlsbad, CA). Viral supernatant was harvested after
72h, filtered (0.2 µm), concentrated by ultra-centrifugation (26,000 g for 2.5 hours at 4
o

C) and supplemented to the cells for infection with polybrene (Sigma-Aldrich, Saint

Louis, USA) at 4 µg/ml. SET-2 cell line was used as an in vitro model of JAK2V617F
mutated MPN. Infection efficiency was assessed after 72h, determining EGFP positive

cells by FACScanto-IITM flow cytometer (BD Biosciences, San Jose, USA) and
CellQuest softwareTM (Becton Dickinson, Franklin Lakes, USA).
Apoptosis and cell proliferation assays
Apoptosis was assessed using the FITC Annexin V Apoptosis Detection Kit I (BD
Biosciences, San Jose, USA) following manufacturer ́s protocol. Apoptosis was
analyzed using FACScantoTM flow cytometer and CellQuest softwareTM (Becton
Dickinson, Franklin Lakes, USA). Cellular proliferation was assessed with standard
MTS assays using the CellTiter 96® AQueous MTS Reagent (Promega, Madison,
USA). All experiments were performed in triplicates.
Western Blotting
After standard protein extraction, 50µg of protein were separated by 10% SDS-PAGE
electrophoresis and transferred onto a nitrocellulose membrane (Bio-Rad, Hercules,
USA). Membranes were incubated with the primary antibodies as follows: polyclonal
rabbit anti ZFP36L1/ZFP36L2 (#2119 Cell Signaling, Leiden, Netherlands), loading
control was made with mouse anti β-actin antibody (A5441 Sigma-Aldrich, St. Louis,
MO). Anti-rabbit IgG (A3687 Sigma-Aldrich, St. Louis, USA) and anti-mouse IgG
(A1418 Sigma-Aldrich, St. Louis, USA) antibodies conjugated with alkaline
phosphatase were used as secondary antibodies.
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FIGURE S1. ZFP36L1 is hypermethylated in MF A. Unsupervised dendrogram of
DMC between MF and control samples show a distinctive pattern of DNA methylation
of MF samples and controls (and no differences between primary and secondary MF).
B) Schematic representation of ZFP36L1 locus and the comparative DNA methylation
of all CpG dinucleotides included in the array for MF samples (upper panel) and
controls samples (lower panel). Vertical bars represent normalized DNA methylation
value as per the scale on the left. Chromatin state annotation is depicted on the colorcoded horizontal bar on the top. Green boxes represent predicted CpG islands from
UCSC genome browser. RefSeq transcript variants are shown in the bottom. C)
Bisulfite sequencing of the enhancer and promoter region of ZFP36L1 in peripheral
blood cells, different myeloid cell lines and MF patients. Black dots represent
methylated and white dots are unmethylated CpG dinucleotides.
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Supplementary Table 1. Lits of primers used for pyrosequencing, gene expression (qPCR) and pCPGL vector cloning.

Primers(for(pyrosequencing(and(bisulﬁte(sequencing
Primer
Gene

5´to(3´sequence

ZFP-PR-F

gtgacgtactagcaacgGGTTGGAGGGTAGTAGTAGAATAAG

ZFP36L1 promoter ZFP-PR-R
SP6

tagcaggatacgactatcAATTAAATCACCCCATTATAAACAC

ZFP36L1 enhancer

gtgacgtactagcaacgGTTGTTTTTGGGTGGGTAGTAGT

ZFP-EH-R
SP6

tagcaggatacgactatcCACCCCTACTAATAAAAACTTCCCT

Primers(for(RT@QPCR(experiments
Primer
Gene
GUSB
ZFP36L1

TATTTAGGTGACACTATAG

ZFP-EH-F

TATTTAGGTGACACTATAG

5´to(3´sequence

GUS-RT-Fw

GAAAATATGTGGTTGGAGAGCTCATT

GUS-RT-Rv

CCGAGTGAAGATCCCCTTTTTA

ZFP36L1-RT-Fw

GATGACCACCACCCTCGT

ZFP36L1-RT-Rv

CTGGGAGCACTATAGTTGAGCA

Primers(for(pCPGL(vector(experiments
Primer
Gene

5´to(3´sequence

Size((bp)

T˚

333

56˚C

Sequencing primer
188

57˚C

Sequencing primer

Size((bp)

T˚

101

60˚C

90

60˚C

Size((bp)

T˚

534

50˚C

ZFP36L1 enhancer

ZFP-EH-F-BamHI
ZFP-EH-F-HindIII

GTTGTTGGATCCAGCTCCAAGTTCCACCAGAA

Minimal Promoter

MinProm-F
MinProm-R

CTAGAGAGGGTATATAATGGAAGCTTAACTTCCAG

-

-

CTAGCTGGAAGTTAAGCTTCCATTATATACCCTCT

pCPGL-F

TAAATCTCTTTGTTCAGCTCTCTG

-

-

pCPGL-R

TTTTCACTGCATTCTAGTTGTGG

-

-

pCPGL-Fw-short
pCPGL-RV-short

GTGAGCAAACAGCAGATTAAAAGGA

-

-

pCPGL sequencing

GGTGGTAAGCTTGTCATCGGCGCTCAGAATAG

GGGACCAGGGCATACCTCTT

-

-
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Abstract: Gene regulation through DNA methylation is a well described phenomenon that has a
prominent role in physiological and pathological cell-states. This epigenetic modification is usually
grouped in regions denominated CpG islands, which frequently co-localize with gene promoters,
silencing the transcription of those genes. Recent genome-wide DNA methylation studies have
challenged this paradigm, demonstrating that DNA methylation of regulatory regions outside
promoters is able to influence cell-type specific gene expression programs under physiologic or
pathologic conditions. Coupling genome-wide DNA methylation assays with histone mark annotation
has allowed for the identification of specific epigenomic changes that affect enhancer regulatory
regions, revealing an additional layer of complexity to the epigenetic regulation of gene expression.
In this review, we summarize the novel evidence for the molecular and biological regulation of
DNA methylation in enhancer regions and the dynamism of these changes contributing to the
fine-tuning of gene expression. We also analyze the contribution of enhancer DNA methylation on the
expression of relevant genes in acute myeloid leukemia and chronic myeloproliferative neoplasms.
The characterization of the aberrant enhancer DNA methylation provides not only a novel pathogenic
mechanism for different tumors but also highlights novel potential therapeutic targets for myeloid
derived neoplasms.
Keywords: DNA methylation; Enhancer regions; myeloid neoplasms; acute myeloid leukemia (AML);
myeloproliferative neoplasms

1. Enhancer Definition
Differentiation of the wide range of existing cell types requires the establishment of spatiotemporal
patterns of gene expression during embryogenesis, but also during processes involving continuous
differentiation through adulthood, such as hematopoietic differentiation [1]. Since their discovery in
1981 [2], enhancer elements have been demonstrated to play a key role in the regulation of transcriptional
programs both under physiological and pathological conditions [3]. Enhancer regulatory elements
function as integrated binding platforms for a variety of transcription factors [4], regulating the
transcription of their target genes independently of orientation and at various distances from their
target promoter [5]. The flexible nature of DNA allows enhancers to come into close spatial proximity
to their target promoters through chromatin looping [6]. Remarkably, whereas promoter activation is
largely invariant across cell types, enhancer regions have been demonstrated to be highly dynamic
and correlate with cell-specific gene expression profiles [7–10]. Genome-wide studies have suggested
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that enhancers are likely to be the most dynamic elements in the genome, revealing more than 400,000
putative enhancer elements, pointing out to a key role in the spatiotemporal regulation of transcriptional
programs [3].
Until recently, the identification and functional annotation of enhancer elements had proved
challenging, owing to the intrinsic dynamic nature of enhancers across cell types, their highly
variable location, and the lack of a well-defined consensus sequence. The advances in epigenomic
profiling technologies such as ChIP-seq (chromatin immunoprecipitation followed by high-throughput
sequencing) have been effectively used to correctly annotate them, associating putative enhancer
regions with the presence of monomethylation of lysine 4 in histone 3 (H3K4me1) and acetylation
of lysine 27 in histone 3 (H3K27ac) (Figure 1). These two modifications, often in combination with
chromatin accessibility data provided by DNase-seq (sequencing of DNase I hypersensitive sites)
or ATAC-seq (assay for transposable-accessible chromatin-sequencing), provide a robust readout
of genome-wide location of active enhancers, and have been utilized for enhancer annotation in a
myriad of studies [8,11–14]. These chromatin marks are not simply passive modifications, for instance,
in primed or poised enhancers associated with H3K4me1 modification, addition of the methyl group
to the histone tail can prevent DNA methylation, facilitate nucleosome repositioning, and promote the
binding of the so called “pioneer” factors responsible for enhancer activation [15,16]. Additionally, these
marks can provide further functional information about the enhancer activation status, as presence of
H3K27ac in adjacent nucleosomes distinguishes active enhancer states from those poised for activation,
which are bivalently marked by H3K4me1 and H3K27me3 (trimethylation of histone 3 lysine 27) in
specific cell types (Figure 1). Such poised enhancers have been defined to be at a “pre-activated” state,
which allows rapid and temporal switch on/off, a feature of high relevance for complex differentiation
programs, such as hematopoiesis [17].

Figure 1. Chromatin landscape for heterochromatin, poised and active enhancer regions. (A) The
inactive DNA is tightly packed around histone proteins marked with H3K27me3 modification, in the
form of heterochromatin. This structure prevents any interactions of transcription factors (TF) with the
DNA sequence. (B) When the enhancer region is pre-activated or poised, addition of H3K4me1 to the
histone tails make the nucleosomes mobile, allowing their displacement to form highly accessible DNA
regions, which get frequently demethylated. (C) Upon activation of enhancer region, nucleosomes
flanking this region acquire H3K27ac, losing the repressing H3K27me3 mark, which subsequently
recruits the corresponding transcription factors.

Cancers 2019, 11, 1424

3 of 14

2. Enhancer DNA Methylation
DNA methylation is a key mechanism for gene expression regulation. It consists in the addition
of a methyl group (-CH3 ) to the 5-carbon position of cytosine bases in CpG dinucleotides by DNA
methyltransferase enzymes (DNMTs), yielding 5-methyl-citosine (5mC). These enzymes are involved in
both establishing de novo DNA methylation patterns (DNMT3A and DNMT3B) and their maintenance
during cell division (DNMT1) [18]. Whereas DNA methylation mechanisms are well characterized,
the DNA demethylation process is still controversial. On one hand, DNA methylation can be passively
lost due to an inefficient maintenance during cell division. On the other hand, active DNA demethylation
can occur by deamination of 5mC to thymine, catalyzed by Activation-induced Cytidine Deaminase
(AID) enzyme; or by hydroxylation to 5-hydroxymethylcytosine (5hmC), catalyzed by the Ten-Eleven
Translocation protein family (TET1, TET2 and TET3) [19]. Some recent studies have revealed preferential
activity of TET protein family on enhancer regions during embryonic or other physiological processes
such as Forkhead Box P3 (FOXP3) expression in T-lymphocytes [20–23] or the DNA demethylation of
super-enhancer activity of AID by TET proteins during the B cell differentiation [24].
Cytosine methylation to 5mC involving CpG dinucleotides has been predominantly implicated
in transcriptional silencing, particularly when located in promoter regions. Remarkably, DNA
methylation can also take place outside promoters (i.e. gene bodies or intergenic regions) [25].
Although the mechanisms are not fully characterized, non-promoter DNA methylation has also
been demonstrated to control gene expression through regulation of transcriptional elongation [26],
determination of alternative promoters [27], regulation of mRNA splicing [28] or by interfering
with binding of transcription factors to enhancer regions [29–31]. Such DNA methylation outside
promoter elements has been shown to be more dynamic and more tissue-specific than canonical
promoter methylation, largely overlapping with enhancer functionality [25,32,33]. In fact, inactive
enhancers display higher levels of DNA methylation, whereas hypomethylation of enhancer DNA
is associated with transcription factor binding and subsequent transcriptional activation [34,35]
(Figure 1). However, it is worth noting that epigenetic regulation of enhancer activation does
not rely only on DNA methylation, as histone modifications cooperate with DNA methylation to
control accessibility of chromatin to key transcription factors in a cell-specific and time-dependent
manner [36]. Epigenetic-mediated enhancer activation/inactivation has been observed throughout
embryonic development [37], influencing, for example, primordial embryonic stem cells differentiation
or neural-glial specification [38,39]. Enhancer DNA methylation also influences terminal differentiation
processes in mature individuals, such as T-cell lineage specification or granulopoiesis [29,40].
Accordingly, deregulation of DNA enhancer methylation translates into pathological states, such
as neoplastic transformation, where aberrant enhancer methylation contributes to the malignant
phenotype inducing cellular de-differentiation in both solid and hematological tumor cells [41–45].
Although the defining features of enhancer regions are common (high levels of H3K4me1 and
H3K27ac histone marks as well as DNA hypomethylation), their cell-type specific function should
be determined by the binding of additional factors that may further alter the chromatin structure
or influence transcription. Moreover, these epigenetic modifications are deposited in a cell-type
dependent context by distinct histone chaperones or chromatin modifying enzymes, subsequently
recruited to the enhancer regions by sequence-specific DNA binding proteins or other factors [46].
The coordinated recruitment of multiple transcription factors and chromatin modifiers to enhancer
regions involves complex regulatory machinery, which will be summarized in the following section.
3. Epigenetic Machinery Associated with Enhancer Regulation
Most genome-wide studies show and inverse correlation between histone H3K4 methylation and
DNA methylation, in putative enhancer regions. The interaction between both epigenetic modifications
is regulated by a cross-talk among: (1) histone methyltransferases (HMTs), which can recognize
hypomethylated DNA through methyl binding domains (MBDs) and zinc finger CXXC domains, and
(2) DNMTs, which contain domains recognizing methylated histones [15]. Six different lysine-specific
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HMT have been shown to catalyze H3K4 methylation in mammal cells: four Mixed Lineage Leukemia
enzymes (MLL1-4) and two SET domain containing proteins (SET1A and SET1B). Specifically, MLL3 and
MLL4 are recognized examples of enzymes responsible for organizing genome-wide H3K4me1 levels
at enhancer elements [47]; this event frequently occurs upon DNA demethylation [48,49], rendering
enhancer structures accessible for activation. MLL proteins have been reported to interact with
cell-type specific and signaling-dependent transcription factors [38,50,51], suggesting that enhancer
activation can be orchestrated by specific transcription factors. Transcription factor binding can
directly activate gene transcription of enhancer regions; however, this event requires recruitment of
different co-activator proteins. CREB binding protein (CREBBP or CBP) and p300 are two examples
of ubiquitously expressed histone acetyltransferases (HATs) constituting a co-activation complex
that targets enhancer regions [52]. In fact, p300/CBP complexes have been successfully used for
genome-wide enhancer mapping in different cell types and tissues [7,53,54]. An additional layer of
complexity comes from the bivalent state of enhancers, which is marked by the presence of acetylated
residues in neighbor histones, such as H3K27ac [14,17,55] (Figure 1). It remains to be demonstrated
if the acetylation is directly responsible for the transition from poised to active enhancer, or on the
contrary is only a passive marker of enhancer activation.
Deposition of enhancer-related histone marks is closely co-regulated with enhancer DNA
methylation. However, the hierarchy of these enhancer epigenetic modifications remains unclear.
On the one hand, there is evidence of regulation of DNA methylation through specific histone mark
deposition, as demonstrated by the recruitment DNMTs to sites of unmethylated histones (H3K4me0)
and the activity of chromatin-interacting complexes, such as the ATRX-DNMT3-DNMT3L [56,57].
This later complex specifically recognizes H3K4 methylation and guides DNA methylation activity
of DNMT3A towards enhancer elements [57–59]. In contrast, some recent studies define DNA
methylation as the leading epigenetic modification, instructing histone mark deposition through
recruitment of methyl-CpG binding proteins (MBD) [60] and exclusion of the PRC2 complex from
demethylated enhancers and promoters [61]. As an example, mouse embryonic stem cells devoid
of DNA methylation by DNMT3A knockout, show H3K4me3 and H3K27ac chromatin marks as
the fundamental modifications regulating gene transcription. However, these histone marks were
reversed upon reconstitution of DNMT3A expression resulting in downregulation of gene expression.
Therefore, although it is plausible that the regulation between DNA methylation and histone mark
deposition would also be cell-type specific, further research is required to expand our knowledge of
the chromatin/DNA methylation co-regulation, specifically in hematopoiesis [62].
4. Enhancer DNA Methylation in Myeloid Diseases
Hematopoiesis is a well-defined differentiation process that involves widespread chromatin
remodeling. Recent studies demonstrate that the establishment, activation or decommission of
enhancer regions through different lineage commitment steps is crucial for proper cell differentiation [9].
A clear example of this phenomenon occurs in normal granulopoiesis, where enhancers seem to suffer
an increase of DNA methylation in the initial stages of differentiation (from the common myeloid
progenitor to granulocyte-monocyte progenitor), followed by the loss of enhancer DNA methylation in
mature granulocytes, which correlates with gene expression patterns in these cells [32,55]. Monocyte
differentiation is also dependent on the expression of a specific enhancers repertoire, tightly regulated by
epigenetics [63,64]. Evidence of such a prominent role of enhancer DNA methylation in hematopoiesis
leads us to assume that the aberrant DNA methylation of cancer cells can potentially affect enhancer
regions, thereby deregulating the cell transcriptome in hematological neoplasms (Figure 2).
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Figure 2. Aberrant DNA methylation of enhancer regions deregulates the transcriptional program
of myeloid neoplasms. (A) In DNTM3A/FLT3 mutated AML, DNA demethylation activates new and
poised enhancers, making accessible binding sites for transcription factors implicated in myeloid
differentiation, such as RUNX family transcription factor 1 (RUNX1) or Spi-1 proto-oncogene (SPI1 or
PU.1). Such aberrant regulatory landscape induces a leukemic transcriptome, altering for example the
expression of the HOXB gene cluster. (B) DNA methylome of myelofibrosis patients is characterized by
an aberrant enhancer DNA methylation signature, which alters the gene expression pattern of relevant
genes for neoplastic transformation, such as tumor-suppressor gene ZFP36L1, silenced in patients
after aberrant DNA enhancer hypermethylation. (C) TET2 mutated chronic myelomonocytic leukemia
(CMML) cells shows an aberrant methylated DNA landscape, overlapping with regulatory enhancer
regions in normal cells. Such DNA hypermethylation prevents binding of key regulators for myeloid
differentiation, such as p300 or PU.1, altering the transcriptional program of these cells.

4.1. Aberrant Enhancer DNA Methylation in Acute Myeloid Leukemia
Acute myeloid leukemia (AML) is a hematologic neoplasm characterized by an impaired
differentiation process, leading to an accumulation of immature blasts in the blood [65]. Recent
studies have demonstrated that AML clones feature abnormal DNA methylation preferentially in CpG
sites mapped to enhancer regions, with a striking predominance of hypomethylation [66]. AML with
specific cytogenetic and mutational profiles shows differential DNA methylation profiles, in particular,
DNMT3A and IDH gene mutations have been shown to have antagonistic patterns of enhancer DNA
methylation, suggesting that epigenetic consequences of these mutations could be largely contributing
to their malignant phenotype. Interestingly, AML with CEBPA silencing represents an exception to
this, featuring hypermethylation of promoter regions and little changes in enhancer DNA methylation,
in line with the distinct clinical and biological characteristic of this AML subtype [66].
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Additional studies published by Qu Y et al, have shown that not only AML patients with gene
mutations but also unmutated AML harbor an aberrant DNA methylome compared to healthy CD34+
cells, which is significantly altered at enhancer regulatory regions [67]. Genome wide profiling of these
cells have linked such changes in DNA methylation to chromatin mark deposition in enhancer regions,
showing significant correlation between DNA hypomethylation and active chromatin marks (DNAse
sensitivity, H3K4me1, H3K4me3 and H3K27ac). Consequently, DNA demethylation activates new and
poised enhancers in AML, causing a leukemia-associated transcriptome in these cells [67] (Figure 2A).
Importantly, aberrant enhancer DNA methylation in AML has been shown to be independent of the
expected differentiation-induced changes at these sites, suggesting that this aberrant DNA methylation
profile is unique to the pathological state in AML and could be a central event in leukemogenesis [68].
Moreover, DNA methylation levels at specific enhancer regulatory regions could be used to predict
overall survival of AML patients [68].
The studies conducted by Yang L et al, provide further evidence supporting the key role of
enhancer DNA methylation in AML development and its association to DNMT3A activity, known to
be frequently altered in myeloid neoplasms and particularly in AML [69–71]. Their experiments with
DNMT3A knockout mice demonstrate that loss of DNA methylation, in the context of a heterozygous
DNMT3A knockout, coupled with FLT3-ITD mutation are capable of developing de novo AML in
affected mice [72]. Furthermore, DNMT3A knockdown was associated with predominant changes in
DNA methylation at enhancer sites, whose functional analysis revealed potential binding sites for many
of the transcription factors known to drive myeloid differentiation (e.g., RUNX1, PU.1) [72] (Figure 2A).
These observations have also been confirmed in patient samples with DNMT3A R882 mutation,
which displayed enrichment of DNA hypomethylation at enhancer sites, similar to those observed
in the DNMT3A knockout model. Gene expression pathway analysis of the gene signatures related
to these hypomethylated enhancers also revealed enrichment of functions related to hematopoietic
development, among which HOXB gene cluster was prominent [72] (Figure 2A). This gene cluster
has been previously recognized as an important player of hematopoiesis [73] and shows significant
overexpression in AML patients [74].
Further evidence pointing towards the importance of enhancer regulatory regions in AML
pathogenesis comes from a phenomenon called enhancer hijacking [75], which consists of recurrent
translocations involving enhancer elements in the myeloid compartment. AML patients with inv(3) or
t(3;3) are characterized by repositioning of GATA2 enhancer into the EVI1 locus. This result in a double
effect of inappropriate EVI1 upregulation coupled with downregulation of GATA2, proven drivers of
AML development [76,77].
Overall, it is now accepted that enhancer deregulation is a frequent and predominant alteration
of AML cells. The consequences of these alterations still remain to be fully investigated, however,
it seems clear that enhancer DNA methylation couples with chromatin mark deposition to govern
enhancer functionality, ultimately affecting transcription factor binding to the enhancer regions and
shaping the transcriptomic profile of AML cells.
4.2. Deregulation of the DNA Methylation Signature in Philadelphia Chromosome-Negative Myeloproliferative Neoplasms
Philadelphia chromosome-negative myeloproliferative neoplasms (MPN), including polycythemia
vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (MF), are characterized by
a clonal transformation of hematopoietic progenitors leading to expansion of fully differentiated
myeloid cells [78]. Primary MF carries the worst prognosis of all MPN, in which recent reports
have associated the phenotypic characteristics of MF patients with an aberrant DNA methylation
profile [79]. Initial studies focused on promoter DNA methylation identified a limited number
of differentially methylated CpG sites in MPN when compared to healthy donors, being unable
to find specific DNA methylation profiles for each different malignancy (i.e., MF, PV or, ET) [80].
The findings on promoter DNA methylation indirectly indicate that aberrant DNA methylation could
be targeting CpG sites outside of the canonical promoter region, as it has been later demonstrated.
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Work by Martinez-Calle et al, has indeed shown that the DNA methylome in MF is characterized
by a pathological enhancer DNA methylation signature, independent of JAK2V617F mutation status.
This aberrant enhancer DNA methylation correlated with changes in expression of relevant genes
for hematopoietic differentiation revealing a gene expression profile that is likely to contribute to
the malignant phenotype [43]. One representative example of this phenomenon is the silencing of
ZFP36L1 transcriptional regulator mediated by DNA hypermethylation of its associated enhancer in
MF patients (Figure 2B). This gene behaves as a tumor suppressor gene in MF, highlighting the crucial
role of aberrant enhancer DNA methylation in deregulating the expression of key genes for neoplastic
transformation. Additional genome-wide studies have also confirmed differential DNA methylation
profile of MF samples, showing an enrichment of differentially methylated CpGs in regions marked by
the enhancer-related H3K4me1 histone mark [79].
Overall, DNA methylation landscape of chronic MPN is significantly altered, deregulating
its transcriptional profile and affecting a significant number of relevant signaling pathways.
More importantly, the enhancer signature of these patients is largely affected by changes in DNA
methylation patterns, as demonstrated also for AML cells, suggesting that enhancer DNA methylation
is indeed common to myeloid malignant transformation in both cases. The specific role of enhancer
DNA methylation in the early transforming events and the maintenance of the malignant phenotype
continues to be actively investigated.
4.3. DNA Methylation in TET2 Mutated Chronic Myelomonocytic Leukemia
Enhancer DNA methylation is also relevant for other myeloid neoplasms such as chronic
myelomonocytic leukemia (CMML). This rare clonal hematological disorder is characterized by the
aberrant transformation of the hematopoietic stem cell compartment, displaying overlapping features
of myelodysplastic syndromes (due to defective hematopoiesis), and myeloproliferative neoplasms
(due to aberrant hyperactivated hematopoiesis) [81]. Pérez et al demonstrated that changes in DNA
methylation in CMML patients seem to be associated with TET2 mutations [82]. TET2 is an epigenetic
regulator that has been shown to catalyze the conversion of 5mC to 5-hydroxymethyl-cytosine (5hmC),
leading to active DNA demethylation of the modified CpG sites. It plays important roles in normal
hematopoiesis, including stem cell self-renewal, lineage commitment and terminal differentiation of
monocytes [83–85]. TET2 has been recognized as a tumor-suppressor gene, which is frequently mutated
in human hematopoietic malignancies. TET2 mutations can lead to frame-shift, new stop-codons,
in-frame deletions, or highly conserved amino acid substitutions [85]. Such mutations have been
demonstrated to impair TET2 catalytic activity, resulting in reduced 5hmC levels in affected cells.
Interestingly, such aberrant DNA methylation profile detected in TET2-mutated CMML patient samples
was significantly enriched outside CpG islands, which overlap with enhancer regulatory regions
enriched for PU.1 transcription factor and p300 regulatory complex (Figure 2C), as was further validated
in different studies [86–88]. However, these studies have also revealed a heterogeneous behavior of
5mC and 5hmC profiles in CMML patients, suggesting that epigenetic changes in this neoplasm are
driven by additional mechanisms beyond the inactivation of TET2 protein.
Homozygous and heterozygous mutations in TET2 gene are recurrent in hematopoietic
malignancies besides CMML (frequency ranging from 30 to 60%), including myelodysplastic syndromes
(20–35%), AML (12–34%) or lymphoid malignancies (2–33%) [85]. Moreover, TET2 deletion has been
demonstrated to be sufficient to cause both myeloid and lymphoid malignancies in mice [89]. Biological
consequences of TET2 mutations are thought to extend beyond DNA demethylation, as TET2 might
also participate in the regulation of the immune system, processes of the DNA repair response and
may even cooperate with other gene mutations to promote neoplastic transformation [85]. Additional
studies are required to shed light on the implications of TET2 mutations in regulation of the DNA
methylation landscape of normal and malignant hematopoietic cells.
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5. Diagnostic and Therapeutic Implications
In spite of the quickly accumulating evidence of enhancer-specific DNA methylation changes and
its potential relevance for myeloid malignancies, the therapeutic restoration of physiological DNA
methylation status remains utopic, although some advancements have been made. Hypomethylating
agents (i.e., DNMT3A inhibitors) are a clinical reality in the treatment of myelodysplastic syndromes
and AML [90,91] providing modest but meaningful improvement in response rates and survival of
patients. However, linking the DNA hypomethylating effect to efficacy of these agents has remained
elusive, in fact, the precise mechanism of action responsible for the control of leukemic clones is still
largely unknown. These agents have a broad specificity for DNA methylated sites of the genome and
many off-target effects. Therefore, this is unlikely to represent a solution for the precise and temporary
manipulation of DNA methylation that is required for a targeted epigenetic therapy.
The Bromodomain and Extra-Terminal Domain (BET) proteins constitute a family of epigenetic
readers that can recognize acetylated lysine residues in histones, recruiting specific effector proteins to
active chromatin regions, such as promoters and specially enhancers of active genes. BET proteins
have been reported to play a crucial role in regulating gene transcription during cell proliferation
and cell differentiation [92], such as the mechanistic studies conducted by Dey et al, revealing that
BET protein BRD4 binds preferentially to super-enhancer structures contributing to the expression of
lineage specific genes in the myeloid compartment [93]. Besides their role in physiological cellular
processes, BET proteins have been also identified as key players in the maintenance of the neoplastic
phenotype [94]. Indeed, several lines of evidence point towards targeting BET proteins as a new
strategy for cancer treatment. For these reasons, BET protein inhibitors (BETi) are a novel class of
epigenetic drugs that have experienced an exponential development over the last decade. The first
published clinical results of a BETi resulted in cell growth inhibition, cell-cycle arrest and apoptosis
of AML cell lines, driven by the decreased expression of BRD2 and BRD4 BET genes and relevant
oncogenes, such as c-MYC [95,96] or NF-kappa β complex genes [97,98]. Mivebresib and OTX015 are
examples of BETi tested in AML patients [97,98], showing an acceptable safety profile. BETi in fact
constitute the first class of enhancer-directed epigenetic therapy reaching clinical development and
have the potential to become part of the therapeutic armamentarium for AML and other hematological
malignancies, such as B-cell lymphomas [87,88].
The main obstacle for epigenetic therapy is the unselective activity of DNMT inhibitors and BETi,
potentially affecting the expression of genes that could result in unpredictable biologic consequences.
To overcome these obstacles several alternatives have been explored, including TALEN or Zinc-finger
proteins coupled with TET2 demethylase [99] as well as methyltransferase domains [100]. Preliminary
experiments with these engineered proteins have successfully altered the DNA methylation status and
the expression of a single locus [101]. These techniques hold promise for a tailored epigenetic therapy
that can be applied to the diseased hematologic precursors; however, they remain in their infancy.
Enhancer DNA methylation can also serve as a biomarker for treatment response. Genome-wide
DNA methylation studies in CMML have revealed a signature of differentially DNA methylated regions
that associate with responders to DNA hypomethylating agent Decitabine [102], that is now widely
used in clinical practice for myelodysplastic syndromes and AML. The enhancer DNA methylation
profile associated with response to Decitabine leads to downregulation of specific cytokines in CMML
patients; indeed, exogenous administration of these cytokines to responders reduced Decitabine
efficacy. This implies that the enhancer DNA methylome may constitute a promising biomarker to
predict response to therapeutic agents. Moreover, such a resistant phenotype could be at least partially
and temporarily reversed to enhance therapeutic response [103].
Finally, apart from therapeutic manipulation of enhancer DNA methylation, this epigenetic mark
could also be envisioned as diagnostic tool. Some epigenetic programs are sufficiently conserved
in cancer cells, as has been widely demonstrated in genome-wide studies [104,105], allowing for
early detection of tumoral cells based on DNA methylation abnormalities in routine clinical samples.
This is already a reality for colorectal and breast cancer: the identification of vimentin gene DNA
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methylation [106] in blood samples and the PTIX2 gene in breast cancer are two representative
examples [32]. In AML, CEBPA gene DNA methylation has also been proposed as a favorable
prognostic biomarker at diagnosis [107,108]. None of these biomarkers are specific for enhancer
regions, but given the predominant role of enhancers in cancer-specific gene expression, identification
of key aberrantly DNA methylated enhancers in tumoral samples can potentially turn them into useful
clinical biomarkers.
6. Conclusions
Deranged enhancer DNA methylation is emerging as a prominent feature of myeloid neoplasms,
adding an additional layer of complexity to the already entangled epigenetic landscape of these
diseases. As has been described above, enhancer regulation is also crucial for hematopoietic and
myeloid differentiation; hence, it is of no surprise that they also play an important role in neoplastic
transformation. Much remains to be learnt from the dynamic and complex regulation of the DNA
methylation status of enhancer regions before it can be translated into the diagnostic and therapeutic
fields. Enhancer regulation is certainly a nascent and promising topic in epigenetic research that is
expected to yield significant advancements in the next decades.
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