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General Introduction

“A journey of a thousand miles begins with a single step”

Lao Tse






General Introduction

1. Myelodysplastic syndromes

1.1. Disease overview

Myelodysplastic syndromes (MDS) are a heterogeneous group of hematopoietic stem cell
disorders characterized by clonal and ineffective hematopoiesis, resulting in various degrees
of peripheral blood (PB) cytopenias, bone marrow (BM) hypercellularity, and morphological
dysplasia in one or more myeloid Iineages.l'3 MDS present a highly variable clinical course,
ranging from indolent conditions with a near-normal life expectancy over many years, to an

aggressive disease with a rapid progression to acute myeloid leukemia (Al\/IL).4’5

1.2. Incidence and causes

MDS are one of the most common hematological malignancies in Western countries and is
generally considered to be a disease of the elderly, with a median age of 6570 years at
diagnosis, and with <10% of the patients younger than 50 years. The annual incidence of
MDS is about 4 patients per 100,000 people, but the disease becomes more common with
increasing age, such that the incidence rises to 30 per 100,000 per year for people over 70
years of age. In Asian populations MDS tend to appear at an earlier age'6’8 MDS more
frequently affect males, except for the 5g- syndrome, which is slightly more frequent in

3,6-11 . . . .
women. MDS in children are considerably less common and have different

characteristics from those of adults.™

Several risk factors have been implicated in the development of MDS. These include age,
male gender, previous use of radiotherapy or chemotherapy, immunosuppressive agents,
viral infections, exposure to ionizing radiation or to benzene, smoking tobacco, excess

6,7,12,13
In fact, the

alcohol intake, and other environmental or occupational exposures.
incidence of secondary MDS has been increasing in recent years, maybe in relation to the
use of chemotherapy and radiotherapy in cancer."" An inherited predisposition was seen in a

third of pediatric cases, including children with Bloom syndrome, neurofibromatosis, and
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inherited bone marrow-failure syndromes such as Fanconi anemia, Schwachman-Diamond
syndrome, severe congenital neutropenia, dyskeratosis congenital and Diamond-Blackfan

. 6,7,11,13
anemia.

1.3. Diagnosis: clinical features and diagnostic tests

The diagnosis of all hematological malignancies, including MDS, needs accurate clinical
evaluation combined with precise pathological and genetic analyses. MDS are typically

diagnosed on the basis of peripheral blood and bone marrow findings.11

Clinical presentation, signs and symptoms

The predominant clinical manifestations in MDS patients are fatigue, infections and bleeding
as a result from the presence of peripheral blood cytopenias (anemia, neutropenia and
thrombocytopenia), which are a consequence of bone marrow failure.”* However, those
symptoms are non-specific and could be related to other pathological processes including
nutritional disorders (folate and vitamin B12 deficiencies), toxic exposures (alcohol,
environmental toxins, certain drugs), infectious states (HIV, parvovirus B19, hepatitis
viruses), autoimmune disease, liver disease, hypersplenism, rare forms of hereditary
anemias, and other clonal hematopoietic conditions (aplastic anemia, paroxysmal nocturnal
hemoglobinuria or myeloproliferative disorders). A careful study must be performed to
exclude these diseases with similar characteristics to those of MDS. The diagnosis of MDS

should be considered in any patient with unexplained cytopenias(s).7’11'13

Peripheral blood and bone marrow examination

The suspicion of a diagnosis of MDS is based on the presence of cytopenias in a routine
analysis of the peripheral blood.” In general, 90% of MDS patients have anemia (hemoglobin
levels <10 g/dL), while a third of patients show thrombocytopenia (platelet count <50x109/L)
and/or neutropenia (neutrophil count <1.5x109/L). In addition, small numbers of circulating

blasts (hematopoietic cell precursors) can be found, but at a level rarely exceeding 5%.’
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A diagnosis is confirmed by performing a morphological examination of the peripheral blood
smear and bone marrow aspirate.7’9’11 The BM in MDS is usually hyper- or normocellular and
shows dysplasia in one or several myeloid hematopoietic lineages (erythroid, granulocytic,

7,11,13,14

megakaryocytic). Dysplasia is considered when at least 10% of the cells, of at least one

myeloid BM lineage, show unequivocal morphological changes.n’14

The proportion of blasts
in the BM must also be assessed to provide a correct classification.”" By contrast, BM biopsy

is not mandatory, but is important for identifying fibrotic MDS or hypocellular MDS.’
Cytogenetic findings

The key feature of MDS is the clonal nature of the dysplasia, and the cytogenetic evaluation
of bone marrow samples from patients with MDS has become the most widely available and
standardized method for establishing the clonality of these disorders and is needed to

complete the laboratory evaluation of a patient with MDs. >

Therefore, a cytogenetic
analysis should be performed in any patient with a suspected MDS in whom BM examination
is indicated, and at least 20 metaphases should be analyzed whenever possible, as a

11,13,15,16 .
Chromosomal abnormalities

standard criterion for a reliable cytogenetic result.
should be described according to the International System for Human Cytogenetic

Nomenclature (ISCN) recommendations.”’

At the time of diagnosis, clonal recurrent chromosomal abnormalities are detected in
approximately half (40-60%) of primary MDS patients and 80% of therapy-related MDS

(tMDS) by chromosome banding anaIysis,.2’3’7’13’16’18

These chromosomal aberrations appear
as single abnormalities or combined with one or several other aberrations within a complex
karyotype, defined as the presence of more than 3 abnormalities.”® The most frequent single
aberrations in MDS patients include del(5q), -7/del(7q), +8, del(20q), and —y 271820 Other
less frequent abnormalities have been identified as isolated aberrations or in the frame of
complex karyotypes, and include del(11q), del(12p), i(17)(q10), inv(3)/t(3q)/del(3q), +19,
+21, der(1,7), -X, -21, -13/del(13q), del(16q), t(11923), -1/del(1p), t(5q), del(17p), +1q, or

16,19,20

+11 These karyotypic aberrations are not specific to MDS and are commonly found in
other myeloid neoplasms such as chronic myelomonocytic leukemia (CMML) and acute
myeloid leukemia (Al\/IL).21 Many of these chromosomal abnormalities not only confirm the

diagnosis of MDS but also are very important for definining the outcome and the risk of
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progression to AML, and, in some subsets of patients, to select the most effective

2,19,22

therapy. In addition, a significant fraction of MDS patients acquired additional

cytogenetic changes over time. This evolution has been associated with an increased risk of

. . . 19,23,24
leukemic transformation and worse survival.

In the absence of clonal cytogenetic
abnormalities, a careful evaluation of other causes of bone marrow abnormalities, with

pathological characteristics similar to MDS, must be assessed to define the MDS diagnosis.11

1.4. Classification of MDS

Given the clinical heterogeneity of MDS, several classification systems have been developed
to identify groups of patients with similar morphological features, molecular etiology,

. - . 2526
prognosis, and likelihood of response to common therapies.

Morphological classification

The first classification system of MDS was proposed by the French-American-British (FAB)
cooperative group in 1982, and has been widely used.”” Some years later, cytogenetics was
incorporated in an attempt to include the 5g- syndrome (MIC classification).28 More recently,
the World Health Organization (WHO) 2001 and currently the WHO 2008 classification

systems have also been used to classify MDs.**°

1.4.1.1. WHO 2008 classification

The currently used system of classification of MDS is that of the World Health Organization
(WHO) 2008. This classification divides MDS into several disease entities based on the
morphological findings in peripheral blood and bone marrow such as the type and degree of
dysplasia, the number of cytopenias, the proportion of blasts in the BM and PB, and the

11,14,25

presence of a specific chromosomal abnormality (deletion of chromosome 5q). The
WHO classification scheme identified the following MDS subtypes: refractory cytopenia with
unilineage dysplasia (RCUD), which includes refractory anemia (RA), refractory neutropenia

(RN) and refractory thrombocytopenia (RT); refractory anemia with ringed sideroblasts
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(RARS); refractory cytopenia with multilineage dysplasia (RCMD); refractory anemia with
excess of blasts-type 1 (RAEB-1); refractory anemia with excess of blasts-type 2 (RAEB-2);
MDS unclassified (MDS-U); MDS associated with isolated deletion 5g (MDS with del(5q))
(Table 1). In addition, in the WHO 2008 classification of myeloid neoplasms, chronic
myelomonocytic leukemia (CMML), characterized by the presence of >1x10°/L monocytes in
the PB or the BM, and refractory anemia with ringed sideroblasts and marked
thrombocytosis (RARS-T), with a platelet count >450x109/L, >15% ringed sideroblasts and
large megakaryocytes in the BM, are included in a new category of mixed
myelodysplastic/myeloproliferative neoplasms (MDS/MPN). The presence of a 220% blasts in
the PB or BM is considered as acute myeloid leukemia (AML) when it occurs de novo, or
secondary AML (sAML) when it occurs in the setting of a previously diagnosed MDS,

MDS/MPN, or myeloproliferative neoplasm (l\/IPN).14

Table 1. WHO 2008 criteria for classifying MDS patients. (Adapted from Vardiman et al. (2009) **).

Category  Peripheral blood findings Bone marrow findings Cytogenetics

Blasts Cvtopenias Blasts Myeloid lineages Ringed

(%) yiop (%) with dysplasia ** sideroblasts (%)
RCUD (RA, Possible
RN, RT) + <1 Lor2 <5 1 <15 abnormal
RARS <1 1 (Anemia) <5 1 (Erythroid) >15 Possible

abnormal
. i :

RCMD <1 51 <5 59 +15 Possible

no Auer rods no Auer rods abnormal
RAEB-1 <5t >1 5-9 >1 Irrelevant Possible

no Auer rods no Auer rods abnormal
RAEB2 >~ 197 54 10-19% 5y Irrelevant Possible

+ Auer rods + Auer rods abnormal
MDS-U <1+ >1 <5 21 Cytogenetic

abnormality

MDS with 1 (Anemila) <s Normal/increased . Isolated
del(s <1 Normal/increased N . megakaryotyctes with Irrelevant del(5q)
el(5q) platelet count no Auerrods hypolobated nuclei a

T RA, for those with anemia and only erythroid displasia (dyserythropoiesis); RN, for those with neutropenia and only dysgranulopoiesis; RT, for those with
thrombocytopenia and only megakaryocytic dysplasia (dysmegakaryocytopoiesis).

¥ Cytogenetic abnormality considered as presumptive evidence for a diagnosis of MDS.

* Bicytopenia in the PB may occasionally be observed. Cases with pancytopenia should be classified as MDS-U.

** Myeloid lineages with dysplasia in > 10% cells, neutrophil and/or erythroid precursors and/or megakaryocytes.

*** Cases with <5% myeloblasts in the BM but with 2-4% myeloblasts in the PB, should be classified as RAEB-1. Cases of RCUD and RCMD with 1%
myeloblasts in the PB should be classified as MDS-U.

11 Cases with <10% myeloblasts in the BM and <5% myeloblasts in the PB but with Auer rods in the blood should be classified as RAEB-2. Although the
finding of 5-19% blasts in the PB is, in itself, diagnostic of RAEB-2, cases of RAEB-2 may have <5% blasts in the PB if they have Auer rods or 10-19%
myeloblasts in the BM or both. Similarly, cases of RAEB-2 may have <10% blasts in the BM but may be diagnosed by the other two findings, Auer rods+
and/or 5-19% blasts in the PB.
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Risk stratification / Prognostic scoring systems

MDS patients have a highly variable clinical course, with large differences in overall survival
(OS) and risk of transformation to AML, ranging from indolent conditions over many years to
forms rapidly progressing to leukemia.*>*" This clinical heterogeneity is relevant in clinical
decision-making regarding therapeutic modalities and timing of intervention.” Thus, a
prognostic classification of MDS is of great importance for risk stratification, prediction of
survival, risk of evolution to AML, and also to help in the timing and choice of therapy.9
Several studies have identified important prognostic factors, and in some instances, have
developed prognostic scoring systems to predict the outcome of MDS patients. These
include the International Prognostic Scoring System (IPSS), the WHO classification-based
Prognostic Scoring System (WPSS), the Lower-Risk MDS Prognostic Scoring System (LR-PSS),
the MD Anderson Comprehensive Scoring System (MDA-CSS), the French Prognostic Scoring
System (FPSS), and more recently published the Revised International Prognostic Scoring

5,22,25,30,31

System (IPSS-R). However, some of these prognostic scoring systems have not been
formally included in common clinical guidelines.25 It is important to point out that none of
these prognostic systems was designed to predict the response to any particular therapy in
MDS.*® However, they may help clinical decision-making. The MDS prognostic scoring

systems most currently used are reviewed below.
1.4.1.2. IPSS-R (2012)

The IPSS-R is an MDS prognostic scoring system based on the proportion of blasts in the BM,
cytogenetic abnormalities, and the severity of peripheral cytopenias, each considered

22,25 . . .
These five prognostic variables

individually (hemoglobin, platelet and neutrophil levels).
are weighted as shown in Table 2. Moreover, chromosomal abnormalities are stratified over
5 cytogenetic risk groups, according to the new MDS cytogenetic classification proposed by
Schanz et aI.,19 and are summarized in Table 2. According to the score calculated by
combining these five parameters, the IPSS-R assigned patients to 1 of 5 risk groups with
significantly different OS and risk of progression to AML. In addition, the IPSS-R recognizes

the role of age, performance status, serum ferritin, and lactate dehydrogenase (LDH) levels

for overall survival, but not for AML evolution. An on-line calculator tool to help apply the
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IPSS-R is available at http://www.ipss-r.com and http://www.mds-

foundation.org/calculator/index.php.*****!

Table 2. Revised International Prognostic Scoring System (IPSS-R). (Adapted from Greenberg et al. (2012)%).

Score Value

Prognostic Variables

Cytogenetics Very good _ Good _ Intermediate Poor Very Poor
BM blasts % <2 _ >2-<5% _ 5-10% > 10%
Hemoglobin (g/dL) >10 _ 8-<10 <8 _ _ _
Platelets (x10°/L) >100 50 - < 100 <50 _ _ _ _
ANC (x10°/L) 208 <038 _ _ _ _ _
Very good del(11q), -Y

Good Normal, del(5q), del(12p), del(20q), double including del(5q)

Intermediate del(7q), +8, i(17q), +19, any other single or double independent clones

Poor inv(3)/t(3g)/del(3q), -7, double including -7/del(7q), complex: 3 abnormalities
Very poor Complex: >3 abnormalities

IPSS-R Risk group Very low Intermediate Very high
Risk score

Median OS (years) 8.8 5.3 3.0 1.6 0.8
AML progression* Not reached 10.8 3.2 1.4 0.7

*Median time to 25% AML evolution (years).
ANC, absolut neutrophil count.

1.4.1.3. Refined WPSS

The refined WPSS is an MDS prognostic scoring system mainly based on the WHO 2008
classification system.25 However, other variables, such as the presence of severe anemia,

have been shown to be of prognostic value in MDS, and are therefore included in the final

5,25,31,32

refined WPSS model. The presence of severe anemia, recently defined as hemoglobin

levels <9g/dL in males and <8g/dL in females, has been correlated with poor clinical

outcomes in MDS and has proved to be as effective as red blood cell (RBC) transfusion-

5,22,31

dependency in the prognostic assessment of MDS. These three disease variables: the
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WHO 2008 MDS categories, cytogenetic abnormalities, and the presence of severe anemia
are scored as shown in Table 3. Based on the scores of these three variables, the refined
WQPSS stratified patients into five risk groups with significantly different survival and

probability of leukemic evolution™*** (

Table 3). The refined WPSS is very simple to apply and
does not require additional testing to implement. In addition, this prognostic system can be

applied at any time during follow-up, enabling it to be used as a dynamic scoring system.s’25

Table 3. Refined WHO Classification-based Prognostic Scoring System (WPSS). (Adapted from Malcovati et al.
(2011)°).

Score Value

Prognostic Variables

RCUD, RARS, MDS

WHO cat RCMD RAEB-1 RAEB-2
category with isolated del(5q)

Cytogenetics Good Intermediate Poor _

Severe anemia* Absent Present

Cytogenetic risk

Good Normal, del(5q), del(20q), -Y

Intermediate Other abnormalities

Poor Chromosome 7 abnormalities or complex (>3 abnormalities)
WPSS Risk group Very low Low Intermediate High Very high
Risk score

Median OS (years)** >10 8-9 45-55 1.8-25 05-1
AML progression** * 6% 24% 48% 63% 100%

*Severe anemia: Hemoglobin < 9 g/dL in males or < 8 g/dL in females.
**From Malcovati et al. (2007) * and Estephan et al. (2014) 2,
a) Cumulative probability of AML progression in 5 years.
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2. Biological and molecular abnormalities of MDS

The natural history of MDS is highly variable. This probably reflects the large number of
cytogenetic, genetic and epigenetic alterations that are associated with MDs. '
Cytogenetic abnormalities are present in a high proportion of MDS patients, where they are
often associated with specific clinical features.” However, more than 50% of patients have
normal cytogenetics. These findings indicate that many underlying molecular lesions within
the MDS bone marrow remain to be identified. There is increasing evidence that
haploinsufficiency, epigenetic changes, abnormal apoptosis, immune system deregulation,
abnormal signal transduction pathways, and the BM microenvironment contribute to the

11,33

development and progression of MDS.” "~ Several recent studies have demonstrated the

presence of gene mutations in most MDS. The presence of a genetic lesion is not isolated,

2,34-36
Therefore,

and a combination of gene mutations or cytogenetic abnormalities is usual.
in MDS, as in other types of cancer, a single genetic event is not sufficient for a cell to
develop into cancer. Instead, several gradually acquired DNA alterations are required,

resulting in the development and progression of the disease.”’

This section will summarize some of the biological mechanisms involved in the pathogenesis

of MDS.

2.1. Cryptic genomic lesions

The study of structural variation in the human genome has become of great interest in
cancer since the acquisition of genomic changes such as deletions, amplifications,
translocations, and inversions that affect certain regions of the genome can drive the
development of cancer through the activation or inactivation of genes that may promote
. 38-41

tumor progression.
High-resolution genome-wide scanning techniques such as array-based comparative

genomic hybridization (aCGH) and single nucleotide polymorphism arrays (SNP-A) have been
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applied in the study of several hematological malignancies, and have identified new
chromosomal defects that are not detected by standard cytogenetics, suggesting their

18,41-57

potential clinical utility in karyotyping analysis. Array-CGH and SNP-A represent two

whole-genome approaches for the identification of copy number abnormalities (CNAs) with a

34798 These CNAs consists of

higher resolution than conventional cytogenetics (CC).
unbalanced chromosomal defects in the form of losses (deletions) or gains
(duplications/amplifications) of genetic material."*** In addition, SNP-A also enables
detection of copy-neutral loss of heterozygosity (CN-LOH), a lesion that can occur due to
uniparental disomy (UPD). UPD arises as a consequence of the loss of genetic material on
one chromosome and subsequent duplication of the missing part from the remaining
chromosome.”**" This abnormality cannot be detected by classic cytogenetic methods
because there is no change in the quantity of genetic material,**/48°1%3

To date, several aCGH and SNP-A studies in MDS and other myeloid malignancies have been
reported, in which copy number changes have been identified in cases with a normal
karyotype, single chromosome aberrations, complex karyotypes, as well as with non-
informative cytogenetic results due to no growth. These studies have demonstrated that
array-based techniques can detect almost all the aberrations that can be identified by
conventional cytogenetics at higher resolution, except for balanced translocations and
inversions and when the abnormal clone is below the limits of aCGH/SNP-A sensitivity (<25-

18,43,46,48-50,52,53
30% of abnormal cells).

Thus, array-based karyotyping allows the detection of
clonal chromosomal aberrations in 50% of MDS cases with non-informative CC.**** These
include the most frequent abnormalities found in MDS such as del(5q), -7/del(7q) and
trisomy 8, which occur at similar frequencies to those in patients with successful CC exam.
However, large defects were also identified involving regions previously described in myeloid
malignancies, such as chromosomes 1, 12, and 13.% Nevertheless, these high-resolution
techniques have the advantage of revealing cryptic chromosomal defects that are not
detected by standard cytogenetics due to their size (<5 Mb, below the resolution of
conventional karyotyping) or the technical shortcomings of CC. Such cryptic lesions have
been identified in approximately 70-90% cases of MDS and related myeloid neoplasms and in

18,41-57

>50% of MDS patients with normal cytogenetics. These submicroscopic abnormalities

involved chromosomal regions containing genes of known significance in the pathogenesis of
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these disorders, including TET2, RUNXI, ETV6, TP53, NF1, and DNMT3A.*****¥°% sNp-aA
studies also showed that recurrent areas of CN-LOH are wide-spread lesions occurring in 10-

43,47,48

20% of MDS, and are particularly frequent in CMML. We would emphasize that these
newly detected chromosomal aberrations, including CN-LOH and submicroscopic deletions,
are often the most informative for implicating individual genes for detailed sequence
analysis. However, these are also the most difficult to distinguish from nonpathological
variations.****
In addition to the assessment of clonality in newly diagnosed cases of MDS, aCGH and SNP-A
analyses have provided new insights into the molecular pathogenesis of these complex stem
cell diseases. Indeed, the identification of cryptic clonal aberrations in MDS by high-
resolution genome-wide scanning techniques is likely to be the best starting point for the

discovery of new genetic mutations and signal transduction pathways involved in MDS,

leading to the development of more effective targeted therapies.44

2.2. Genomic Instability: Chromothripsis

Cancer is driven by the progressive accumulation of genomic changes, such as somatically
acquired point mutations and chromosomal rearrangements, leading to the inactivation of
tumor suppressor genes, activation of oncogenes and/or the formation of fusion proteins
with oncogenic potential. This wide variety of genomic changes has been well documented
in tumor cells, indicating that chromosome instability is a central aspect of cancer cell

39,40,58

biology. As a result, cellular processes including cell cycle control, apoptosis, and DNA

repair are impaired, conferring a growth advantage on cells and promoting tumor
. 37,38

progression.

Recent studies using next-generation DNA sequencing, array-based copy number profiling

(aCGH, SNP-A) described an alternative mechanism of genomic instability, termed

chromothripsis, (from the Greek; ‘chromo’ for chromosome; ‘thripsis’ for shattering into

pieces), whereby tens to hundreds of clustered genomic rearrangements occur in an

37-40,58-60

apparently one-step catastrophic event. These multiple and complex
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rearrangements usually criss-cross back and forth across the involved regions, resulting in a
large number of copy number oscillations rapidly alternating between two, or occasionally

37-39,58,60,61
three, copy number states.

For example, a normal region with two copies would be
followed by a region with one copy, followed by another region with two copies, followed by
another region with three copies61 (Figure 1). Existing data have shown that this complex
genomic abnormality usually affects an entire chromosome, a chromosome arm, or even a
few megabases of a chromosome, and in some instances, several chromosomes.*’#0°%6061
Based on previous studies, chromothripsis could be inferred when at least 10 changes in
segmental copy number involving two or three distinct copy-number states on a single

chromosome are detected™ (Figure 1).
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Figure 1. Plot showing complex rearrangements on chromosome 8 resulting from chromothripsis in a small cell
lung cancer cell line. The illustration shows the copy number profile, allelic ratio, and rearrangements of
chromosome 8, showing a complex pattern of alternating gains and losses. (Taken from Stephens et.al. (2012)*°).

By far the simplest explanation for this genomic chaos is that, at some point during cancer
development, distinct chromosomes or chromosomal regions are broken into many pieces,
some, but not all of them being inaccurately stitched back together by the DNA repair

38-40,61

machinery into a derivative chromosome. Some of these chromosomal pieces, from

diverse locations, are joined together in all possible orientations generating a highly mosaic

20
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derivative chromosome, while other fragments from shattered chromosomes may not be
incorporated into this derivative chromosome and are lost to the cell, or could become
stitched together in a circular extra-chromosomal structure (so-called “double-minute”
chromosome) that may then become ampliﬂed40’59 (Figure 2). Under this scenario, those
fragments that are retained in the eventual derivative chromosome or in the “double-
minute” chromosome will have the higher copy number states, while those that are lost to
the cell will be present in the lower copy number state.” Thus, chromothripsis generates a
wide variety of genomic changes that lead to loss or disruption of tumor suppressor genes,
activation of oncogenes and/or the formation of potentially oncogenic fusion genes, all

39,61

occurring at the same time. A cell suffering this genomic crisis would be expected to

undergo apoptosis. Surprisingly, a cell can survive this catastrophic event and emerge with a
highly aberrant genomic landscape that confers a significant selective growth advantage on

that clone, thereby promoting cancer progression.Sg’39

Intact chromosome

Telomere Centromere Telomere

R ] (@

Catastrophic chromosome
breakage

10s to 100 of

Q @ \\\k @ @ DNA fragments

Chromosome repair

(NHEJ)
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lost to
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Amplified double-minute chromosomes

Figure 2. Mechanism generating complex chromosomal rearrangements after chromosome shattering. (Adapted
from Holland et.al. (2012)%).

21



General Introduction

The mechanisms that could produce such massive and highly localized genomic
rearrangements remain to be determined. However, the following mechanistic hypotheses
have been suggested: high-energy ionizing radiation during mitosis, premature chromosome

compaction, DNA replication stress, critical telomere shortening, abortive apoptosis and

. 37,38,40,59,61,63
TP53 mutations.

Chromothripsis has been described in in various types of cancer, including hematological
malignancies and solid tumors. In certain tumors, such as bone cancers, chromothripsis is

particularly prevalent with an incidence of ~25%. In addition, some congenital disorders also

37-39,58-61,64-71

display chromothripsis. Furthermore, given the potential impact that a single

catastrophic event may have on a cell, chromothripsis has been particularly associated with
more aggressive tumors and forms of cancer known to gradually evolve into a more

aggressive disease. Consequently, this phenomenon has been related to poor

37,38,59,60

prognosis. However a systematic analysis of the incidence of chromothripsis in MDS

and the possible relation with the outcome of the patients has not been undertaken.

2.3. DNA Methylation

DNA methylation is an epigenetic process that involves the addition of a methyl group (CHs)

to the C5 position of the cytosine ring in the CpG dinucleotide, when the cytosine (C) is

2-75

followed by a guanine (G).7 The CpG dinucleotides are underrepresented in the human

genome but they frequently cluster together in the so-called CpG-islands. These CpG-islands

are often located in or near the promoter regions of the genes (promoter-associated CpG-

72,74,75

islands). Methylation of DNA is catalyzed by DNA methyltransferases (DNMTs) including

DNMT1, DNMT3a, and DNMT3b, and is a key mechanism for controlling the stabilization of

72,74,76,77

the genome, the remodeling of the chromatin and gene transcription. In normal

cells, most of the intergenic DNA is methylated, whereas promoter-associated CpG-islands

72,74,75,78

are generally unmethylated, allowing for gene transcription. DNA methylation

patterns are tissue-specific and conserved through cell division, with the parental pattern as

72,74

the template for the methylation of the newly synthesized DNA. Methylation of

22
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promoter-associated CpG-islands has been associated with gene silencing through inhibition

of gene transcription.72’75’7(}81

Aberrant DNA methylation is now recognized as as having an important role in
carcinogenesis and, particularly, in the pathogenesis of myeloid neoplasms. In cancer cells,
global DNA hypomethylation has been associated with genomic instabililty, whereas gene

promoter hypermethylation has been related to gene si|encing.72’7‘r”77’79’82

In recent years,
several tumor-suppressor genes (TSGs) have been described as being transcriptionally
inactivated by aberrant promoter hypermethylation in myeloid neoplasms. Some of these
genes are tumor-suppressors involved in cell cycle regulation (CDKN1B, CDKN2B, HIC1 and
FHIT), while others are involved in cell adhesion (/GSF4, CDH1 and CDH13), apoptosis
regulation (DAPK1), cell growth (ESRI) and DNA damage repair (/\ALHI).77’79’80’83’89 For

ink4b

instance, hypermethylation of the CDKN2B gene promoter, also known as P15, has been

found in 20-50% of MDS and AML patients and has been correlated with poor

78,79,83,84,86,88,90

outcome. In addition, hypermethylation of some other genes, such as HICI,

CDH1, ESR1 and FHIT, has also been associated with poor prognosis and increased risk of

79,80,84,87,89,90

progression to AML. The exact mechanism that leads to aberrant DNA
methylation is not fully understood. However, the recent discovery of mutations in
regulators of the DNA methylation, such as DNMT3A, IDH1, IDH2, and TET2 genes, may help
to clarify some of these mechanisms.”*”” Mutations in these epigenetic regulators will be

reviewed below.

In contrast to genetic aberrations, silencing of genes by DNA methylation is a reversible
process. Modification of this hypermethylation and consequently, gene reactivation, is now
being used therapeutically for treating MDS and AML patients with hypomethylating agents

such as 5-azacytidine and decitabine.”*”"**

2.4. Somatic gene mutations

Our understanding of the molecular pathogenesis of MDS has dramatically improved in the

last 10 years with the application of next-generation sequencing techniques (whole exome,
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2,31,36

whole genome sequencing and targeted gene set approaches). More than 40
recurrently mutated genes have been identified in MDS and related myeloid neoplasms, with
several more being discovered as genome sequencing technologies have continued to
improve.26,34—36,92

Recent studies have demonstrated that more than 90% of MDS patients had at least one
mutation, even those patients with a normal karyotype. In addition, approximately 40% of
MDS patients had 2 or 3 gene mutations, while 10% of MDS show between 4 and 8
mutations.”*° These recurrently mutated genes are involved in signal transduction (JAK2,
KRAS, NRAS, CBL), transcriptional regulation (RUNX1, BCOR, BCORL1, ETV6, EVI1, GATA2,
TP53), DNA methylation (DNMT3A, TET2, IDH1, IDH2), chromatin modification (EZH2, ASXL1,
ATRX, KDM®6A), RNA-splicing machinery (SF3B1, U2AF1, SRSF2, ZRSR2, PRPF8), DNA
replication (SETBPI) or cohesin complex (STAG2, RAD21, SMC1A, SMC3), among others.”**
3693101 Moreover, some of these mutations are related to morphological and clinical
phenotypes,.34’35 Thus, mutations of splicing factors genes, especially SF3B1, are present in
12.4% of MDS patients, and are associated with the presence of ringed sideroblasts and

26,100,102,103

better outcome. By contrast, the presence of mutations in RUNX1, EZH2, ASXL1 or

2,26,34-36,95,97,99
A summary of recurrent

TP53 genes are associated with a worse outcome.
mutations found in de novo MDS patients in multiple studies and their prognostic impact is

shown in Figure 3.
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Figure 3. Mutational landscape in MDS. Summary of the current knowledge of somatic mutations in MDS and their

effect on overall survival. (Adapted from Steensma (2015)°).

2.5. Gene expression deregulation in MDS

Microarray-based gene expression profiling (GEP) studies have proved to be a powerful tool

in the study of transcriptional pathways involved in cancer. These studies have helped

identify gene expression signatures associated with distinct cancer subtypes and contributed

to better classify neoplasias. They have also enabled patients to be stratified into different

risk classes and the deregulated genes and gene pathways implicated in cancer development

to be identified.'®*%®

GEP has also been used to analyze tumor progression, in order to

25



General Introduction

identify genes specifically activated or inactivated during the different stages of the

tumor.'% Furthermore, GEP studies have identified new prognostic markers related to

patient outcomes and response to treatment, providing new information about potential

- . 106,107,111-113
target genes for therapeutic intervention.

During the last decade, many microarray-based GEP studies have been directed towards the

study of hematological malignancies, including lymphoma, leukemia, and MDS, 104100407109

LI The first GEP report was able to distinguish AML and ALL patients without previous

knowledge of the respective leukemia classes, and even to distinguish novel leukemia

111,112

subclasses. Subsequently, the international multi-institutional Microarray Innovations in

LEukemia (MILE) study, centered on the European LeukemiaNet (ELN, www.leukemia-

net.org), assessed the clinical utility of microarray-based GEP in the diagnosis and sub-

106,107

classification of 16 clinically recognized subtypes of leukemia, as well as MDS. Although

GEP accurately classified leukemias, it failed to confirm the clinical diagnosis of MDS in half of

the MDS samples.106 However, GEP has shown itself capable of distinguishing clinical MDS

. . . . 106,108,110
subgroups of prognostic relevance, in terms of time to AML transformation.

Several GEP studies of MDS have been undertaken, mainly focusing on the analysis of
enriched CD34+ cell populations, and predominantly in MDS with del(5q). These studies have
facilitated the discrimination between MDS and healthy individuals, between specific MDS

subtypes, and between cytogenetic subclasses, providing valuable insights into the biology of

106,109-111,115-121

these disorders. Interestingly, patients with del(5q), -7/del(7q) or trisomy 8

have characteristically different gene expression signatures, reflecting the fact that gene

116,119-121

expression is affected by gene dosage. Thus, the most significantly deregulated gene

pathways in MDS patients with del(5q) were related to ribosome, translation and chromatin

116

assembly.”™ In fact, these patients showed reduced expression of multiple ribosomal genes,

116,120,121

including RPS14, which is contained in the deleted region. Similarly, patients with

chromosome 7 abnormalities were characterized by the activation of the JNK pathway, and

MDS with trisomy 8 featured deregulation of gene pathways associated with the immune

116,119

response and leukocyte activation. The study of specific MDS subtypes revealed that

RARS patients were characterized by the up-regulation of mitochondrial and iron-related

117,118,122

genes when compared to RA patients and non-leukemic controls. GEP studies also
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demonstrated that low-risk MDS were characterized by an increased apoptosis and
deregulated immune response, while in high-risk MDS patients DNA damage response, cell

cycle, and DNA repair were the most deregulated pathways.lwnl’m'116

Thus, microarray-
based GEP has helped the identification of genes and gene pathways deregulated in patients
with MDS, which are implicated in the pathogenesis of these disorders, providing novel
targets for treatment and predicting prognosis and response to therapy.111 However, the

mechanisms underlying the progression from MDS to AML are still not well characterized

and further investigation is required.

L eeee——
Low-risk MDS Controls

Figure 4. Hierarchical clustering of differentially expressed genes between low-risk MDS and normal BM
samples. Green indicates up-regulation and red indicates down-regulation. Each row represents a single gene and
each column corresponds to a single patient sample. (Adapted from Del Rey et al (2013) '™).
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3. Treatment of MDS: 5-Azacytidine

Treatment options for MDS patients are highly variable and depend on the MDS subtype,

disease severity, patient age and comorbidities.”***?

Thus, the main goal of treatment is to
ameliorate symptoms and side effects, and to improve the quality of life for low-risk MDS
(LR-MDS) patients, whereas for high-risk MDS (HR-MDS), the main objective is to modify the
natural course of the disease, delaying the progression to AML, and to extend overall
survival.”*®

Patients with LR-MDS are either asymptomatic or suffer from anemia, infections and
bleeding as a result of peripheral cytopenias.6’7’26 Asymptomatic patients may only need
observation and periodic PB count monitoring. In symptomatic LR-MDS patients, therapy is
based on best supportive care consisting of red blood cell (RBC) or platelet transfusions,
hematopoietic growth factors (EPO, darbepoietin alfa or G-CSF), antibiotics, thrombopoietin-
receptor agonists (romiplostim, eltrombopag) and iron chelation agents (deferasirox,

7,26,123

deferiprone). In addition, lenalidomide is an immunomodulatory agent with proven

clinical efficacy that has been approved by the US Food and Drug Administration (FDA) for
the treatment of the 5g-syndrome (Table 4).7’26

In contrast, patients with HR-MDS have a very poor prognosis, with a survival of less than 1
year if they are not treated. Allogeneic stem-cell transplantation (SCT) remains the only
potential curative treatment for high-risk MDS, with prolonged disease-free survival of 35—
50%. As such, it should always be considered as a potential therapeutic option in all HR-MDS

. 7,26,123
patients.

However, SCT plays a limited role due to the advanced age of many patients,
associated comorbidities, the toxicity of this procedure and/or lack of a suitable donor. Thus,
fewer than 5% of MDS patients can benefit from it.”* For these reason, in HR-MDS patients
other treatment options should be considered. These include intensive chemotherapy (ICT,
combinations of anthracyclines, cytarabine and/or fludarabine) or hypomethylating agents

7,26,123,124

(HMA) such as 5-azacytidine and decitabine. These two hypomethylating agents

have been approved for the treatment of all subtypes of MDS and are new promising

therapies with proven clinical efficacy, especially in HR-MDS patients (Table 4).26
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Table 4. Approved drugs for the treatment of MDS.

Chemical Structure

Lenalidomide

Azacytidine

Decitabine

Antiangiogenic and

.
S
o ° DNMTs inhibitors
H on
W)N;”
Ho @ o DNMTs inhibitors

Mechanism of action

immunomodulatory agent

Population

Low- / Int-1 risk MDS
with del(5q)

Int-2 / high-risk MDS
Primary treatment failure

Int-2 / high-risk MDS
Primary treatment failure

DNMTs, DNA methyltransferases; Int, intermediate; MDS, myelodysplastic syndromes.

These therapies can be effective for improving cytopenias, achieving cytogenetic remissions,

and reducing the proportion of bone marrow blasts. However, increasing knowledge about

the pathogenesis of MDS, through genetic, epigenetic, immunological, and other biological

mechanisms, as well as the mechanisms of action and resistance to current therapies have

facilitated the development of novel and targeted treatments and the refinement of existing

therapies that can lead to improvements in the outcome of MDS.*® These novel therapies are

summarized in the Table 5.
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Table 5. Novel therapies under investigation for the treatment of MDS. (Adapted from Ridgeway et al. (2012)

Mechanism of action

Trial / Population

Response

125
).

Grade 3 / 4 adverse
effects

ARRY-614

Entinostat
(SNDX-275/
MS-275)

Erlotinib

Everolimus

Ezatiostat

Panobinostat
(LBH589)

Rigosertib
(ON-01910;
Estybon)

P38/Tie-2

HDAC

EGFR
signaling

mTOR

GST P1-1

HDAC

Polo-1
kinase,
PI3K, AKT

P38-MAPK inhibitor,
Antineoplastic, anti-
infammatory, and
antiangiogenic activity

HDAC-1 / HDAC-3 inhibitor

Tyrosine kinase inhibitor,
Blocks EGFR signaling

mTOR inhibitor,
Induces G1 arrest

GST P1-1 inhibitor,
Stimulates proliferation of
myeloid precursors

HDACs inhibitor,
Inhibits differentiation,
induces apoptosis

Inhibits mitotic progression,
induces apoptosis

Phase |
Low- / Int-1 risk MDS

Combination with AZA
Phase IlI
High-risk MDS

Phase Il
Int-2 and high-risk
MDS

Phase Il
Low- / Int-1 risk MDS

Phase |
Int-2 risk MDS

Phase Il
Relapsed / refractory
MDS

Phase Il
Int-1/ Int-2 / high-risk
MDS

HI and CyR did not differ
between AZA/Placebo vs
AZA/Entinostat

ORR: 17%

HI: 38%

SD: 70%

>50% blast decrease: 27%
(34% of 38% patients
relapsed / refractory after
HMAS)

Median OS (weeks):
responders, 51 /SD, 37;
progressive disease, 15

¢ Thrombocytopenia: 63%
 Fatigue: 23%

e Diarrhea: 21%
¢ Thrombocytopenia: 17%
® Rash: 17%

* Neutropenia: 7%

¢ Thrombocytopenia: 80%
* neutropenia: 70%

* leukopenia: 60%

* anemia: 50%

« febrile neutropenia: 20%

Well tolerated without
evidence of myelotoxicity

Tie-2; protein receptor tyrosine kinase (epithelial-specific); MAPK, mitogen activated protein kinase; Int-intermediate; MDS-myelodysplastic syndromes;
HDAC, histone deacetylase; AZA, azacytidine; HI, hematological improvement; CyR, cytogenetic response; EGFR, epidermal growth factor receptor; ORR,
overall response rate; mTOR, mammalian target of rapamycin; GST P1-1, glutathione S-transferase P1-1; SD, stable disease; PI3K, phophatidylinositol 3-kinase;
AKT, protein kinase B; HMAs, hypomethylating agents; OS, overall survival.

The two hypomethylating agents, 5-azacytidine (AZA) and decitabine (DAC), have recently

been approved for the treatment of patients with MDS. Although the mechanisms of action

of these agents are not fully understood, they have been shown to induce gene and global

hypomethylation in vivo !

2

* and to inhibit DNA methyltransferases (DNMTs), which are the

enzymes responsible for DNA methylation. Incorporation of AZA or decitabine into DNA

results in the dose- and time-dependent inhibition of DNA methyltransferase activity by

irreversible binding to the enzymes, which prevents the methylation of newly synthesized

DNA.”?
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As mentioned in section 2.3, aberrant DNA methylation of promoter-associated CpG-islands
has been associated with gene silencing and has been related to the pathophisiology of MDS,
especially in HR-MDS, who are associated with a higher number of methylated gene

loci.”>">777980 | addition, the increased number of methylated loci is associated with

26,72

progression of the disease from LR-MDS to HR-MDS. Thus, the use of hypomethylating
agents results in a reversal of the epigenetically silenced genes, a progressive reduction of
DNA methylation and gene expression reactivation in MDS patients, which restores the

72,74,77,91

normal cell growth and differentiation of hematopoietic cells. For these reasons,

these drugs have become the first-line treatment for most HR-MDS patients and also those

with AML with a low blast count.”**®

In clinical practice, it is usually used in patients with an
initial diagnosis of HR-MDS, and in LR-MDS patients who have failed previous and other

26
treatments.

In recent years an increasing number of patients with hematological malignancies are being
treated with hypomethylating agents (azacytidine and decitabine). Several studies have
shown that AZA induces 50-60% responses in MDS and AML patients, with 10-20% of
complete responses (CR), 10-20% partial remissions (PR), and 30-40% hematological

. 7,78,126,127
improvement (HI).

Treatment with AZA has shown to improve peripheral blood
values, reduce transfusion requirements, and significantly improve the quality of life.
Moreover, AZA has demonstrated to delay progression to AML and prolong overall survival
compared with best supportive care regimens or traditional chemotherapy.72’74’78’124’128'130
Clinical experience has demonstrated the effectiveness of this epigenetic therapy in MDS
and AML patients. However, there are some unresponsive patients, and therefore it is

important to better identify the predictive factors for response to these agents.
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General Introduction

In summary, despite the advances in our knowledge of the mechanisms involved in the
pathogenesis MDS in recent years, there are still questions to be resolved, such as the
potential clinical utility of aCGH in the study of MDS cases with an insufficient number of
mitosis, the assessment of chromothripsis, and the potential diagnostic and prognostic value
of cryptic abnormalities detected by aCGH. In addition, the dynamics of gene expression
changes in MDS patients has not been extensively studied, and thereby the analysis of the
GEP could be a valuable tool for a better understanding of the biology of these diseases.
Finally, since 5-azacytidine is one of the most widely used drugs in the treatment of MDS, the

definition of new markers for predicting the response to this drug could be of great interest.
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Hypothesis

Myelodysplastic syndromes comprise a highly heterogeneous disease due to its complex
pathophysiology. An accurate diagnosis is essential to understand the clinical and biological
behavior of MDS. Therefore, it is necessary to complement the clinical data, morphology and
cytogenetic studies with other markers that may provide important insights into MDS
biology, in order to predict more accurately the course of the disease and to explore novel

and more effective targeted therapies.

Diagnosis and classification of MDS depends on the presence of morphological and
cytogenetic abnormalities found in BM elements combined with biological parameters.
Conventional metaphase cytogenetics (CC) remains the gold standard in the identification of
chromosomal abnormalities occurring in MDS patients and still holds a central role in the
prognostic assessment of these disorders. However, prognosis and risk stratification may be
difficult especially in those patients with inconclusive morphological findings, low blast
count, and without clonal cytogenetic aberrations, as is the case of normal or non-
informative karyotypes. In fact, approximately 40-60% of MDS have a normal karyotype, and
in 10-15% of MDS only poor-quality or few metaphases are available for karyotypic studies.
In these patients some subtle chromosomal abnormalities can be undetectable or masked.
Furthermore, the use of genome-wide scanning techniques (aCGH, SNP-A) enables the
identification of novel abnormalities and a much improved characterization of unbalanced
genetic changes in MDS. For this reason, these CC techniques may not be sufficient for a

thorough study of these disorders.

In the era of high-resolution genomic technologies, mutations represent a new factor in the
diagnosis and prognostic evaluation of MDS, since 70-90% of these patients carry at least
one oncogenic mutation, even in patients with a normal karyotype. More than 40 recurrently
mutated genes have been identified in patients with MDS, SF3B1, TET2, SRSF2, ASXLI,
DNMT3A and RUNX1 (>10%) being the most frequently mutated genes. Some of these
mutations have been associated with specific MDS subtypes while others have been shown
to have a clear impact on clinical outcome through their association with shorter survival and
increased risk of progression to AML. Furthermore, some of these genes, such as TETZ2,
RUNX1, and TP53, were also common targets of genomic deletions in the wild-type allele as

revealed by CC, aCGH and SNP-A.
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Thus, next-generation sequencing and genome-wide copy number studies have both
identified several abnormalities in a number genes with a wide variety of functions in MDS
and other hematological malignancies. The broad spectrum of these genetic defects
highlights the clinical and pathophysiological heterogeneity observed in MDS. Therefore,
high-throughput deep sequencing combined with genome-wide copy number analyses will
enable us to have a large-scale comprehensive landscape of the genetic lesions occurring in

MDS and increase our understanding of the biology of these disorders.

Gene expression profiling (GEP) studies using microarrays identified gene expression
signatures distinguishing specific subgroups of MDS, as well as genes and biological pathways
implicated in these disorders. Our group has shown that early stages of MDS (low-risk MDS)
are characterized by an impairment of cell differentiation and intramedullary increased
apoptosis, which would explain the ineffective hematopoiesis and PB cytopenias seen in
MDS. In more advanced stages (high-risk MDS) further genetic and epigenetic events may
occur, resulting in increased cell proliferation and decreased apoptosis, leading to the
accumulation of blasts in the BM and progression to AML. Despite the advances in
understanding the biology of MDS and AML through GEP and high-resolution techniques
described above, the molecular mechanisms underlying the progression from MDS to AML
are largely unknown. Therefore, the study of GEP in MDS and AML could help improve our

knowledge of the mechanisms of leukemic transformation.

A large number of hypermethylated genes and gene mutations in key regulators of the DNA
methylation have been described in MDS and AML patients. Thus, the use of
hypomethylating agents such as 5-azacytidine appears to be a good therapeutic approach for
the treatment of these disorders. In fact, it has become the first-line treatment for high-risk
MDS patients and AML with low blast count, proving to be an effective treatment for these
diseases. However, it remains unclear whether the number or type of hypermethylated
genes is associated with clinical response to these agents. Therefore, the evaluation of the
DNA methylation status in MDS and AML treated with AZA could select the group of patients
in whom this drug could be effective. Furthermore, it has been reported that patients with
noncomplex chromosome 7 abnormalities, who have a particularly poor outcome with

traditional management strategies, had a longer survival with AZA with more than 40% of
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responding patients. Therefore, we support the analysis of the methylation status before
AZA treatment, complemented by genomic data, for identifying the predictive factors that

may be related to the response to this drug.
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Aims

General aim:

To identify new genetic markers that may contribute to a better diagnosis and prognostic
evaluation of patients with MDS, and that could be related to the biological processes
involved in the pathogenesis of MDS and in the progression from MDS to AML, as well as

molecular markers of response to treatment with hypomethylating agents.

Specific aims:

* To explore the presence of novel genetic abnormalities in MDS patients through

array-based comparative genomic hybridization (aCGH) analysis.

* To assess the application of genome-wide scanning techniques, such array-based
karyotyping (aCGH) and next-generation sequencing (NGS) in the clinical diagnosis

of MDS as a complementary tool to conventional cytogenetics (CC).

* To analyze the gene expression profile (GEP) of patients with MDS, AML and
nonmalignant disorders in order to identify those genes and mechanisms underlying

the development of MDS and their progression into AML.

* To evaluate the influence of the aberrant methylation status and cytogenetic

abnormalities on survival and clinical response to 5-azacytidine.
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This section includes the experimental work performed on this thesis, including Material and

Methods, Results and Discussion. This section has been divided into three chapters:

Chapter 1. M Abaigar, C Robledo, R Benito, F Ramos, M Diez-Campelo, L Hermosin, J
Sanchez-del-Real, ] Maria Alonso, R Cuello, M Megido, JN Rodriguez, G Martin-Nufiez, C
Aguilar, M Vargas, AA Martin, JL Garcia, A Kohlmann, MC del Cafiizo, JM Hernandez-Rivas.
Chromothripsis is a recurrent genomic abnormality in high-risk myelodysplastic

syndromes. Genes Chromosomes Cancer. Second review.

Chapter 2. M Abadigar, S Aibar, R Benito, M Diez-Campelo, F Ramos, E Lumbreras, FJ Campos-
Laborie, M Megido, | Recio, L Hermosin, J Sanchez-del-Real, C Olivier, R Cuello, L Zamora, K
Mills, MC del Cafiizo, J De Las Rivas, JM Hernandez-Rivas. Common and progressive gene
expression changes in the progression of myelodysplastic syndromes to acute myeloid

leukemia. Haematologica. Submitted.

Chapter 3. M Abadigar, F Ramos, R Benito, M Diez-Campelo, J Sdnchez-del-Real, L Hermosin,
JN Rodriguez, C Aguilar, | Recio, JM Alonso, N de las Heras, M Megido, M Fuertes, MC del
Cafiizo, JM Hernandez-Rivas. Prognostic impact of the number of methylated genes in
myelodysplastic syndromes and acute myeloid leukemias treated with azacytidine. Ann
Hematol. 2013 Nov;92(11):1543-52. doi: 10.1007/s00277-013-1799-9. PubMed PMID:
23740492.

All of them have been developed to accomplish the general aim of this work and give the
title to this doctoral dissertation: “Molecular Characterization of Myelodysplastic Syndromes
(MDS): Analysis of genomic abnormalities in the development of MDS, progression to Acute

Myeloblastic Leukemia and response to treatment with 5-Azacytidine”.

A General Discussion, with additional data and which comprises all research, is addressed in

a separate section of this thesis.

In addition, the supplementary material corresponding to each of the above chapters is

collected at the end of the digital version of the thesis.
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To explore novel genetic abnormalities occurring in myelodysplastic syndromes (MDS) through an integrative study combining
array-based comparative genomic hybridization (aCGH) and next-generation sequencing (NGS) in a series of MDS and MDS/MPN
patients. 301 patients diagnosed with MDS (n=240) or MDS/MPN (n=61) were studied at the time of diagnosis. A genome-wide
analysis of DNA copy number abnormalities was performed. In addition, a mutational analysis of DNMT3A, TET2, RUNXI, TP53 and
BCOR genes was performed by NGS in selected cases. 285 abnormalities were identified in 71 patients (23.6%). Three high-risk
MDS cases (1.2%) displayed chromothripsis involving exclusively chromosome |3 and affecting some cancer genes: FLT3, BRCA2
and RBI. All three cases carried TP53 mutations as revealed by NGS. Moreover, in the whole series, the integrative analysis of
aCGH and NGS enabled the identification of cryptic recurrent deletions in 2p23.3 (DNMT3A; n=2.8%), 4924 (TET2; n=10%) 17p13
(TP53; n=8.5%), 21q22 (RUNXI; n=7%), and Xp1 1.4 (BCOR; n=2.8%), while mutations in the non-deleted allele where found only in
DNMT3A (n=1), TET2 (n=3), and TP53 (n=4). These cryptic abnormalities were detected mainly in patients with normal (45%) or
non-informative (15%) karyotype by conventional cytogenetics, except for those with TP53 deletion and mutation (15%), which had
a complex karyotype. In addition to well-known copy number defects, the presence of chromothripsis involving chromosome |3
was a novel recurrent change in high-risk MDS patients. Array CGH analysis revealed the presence of cryptic abnormalities in
genomic regions where MDS-related genes, such as TET2, DNMT3A, RUNX| and BCOR, are located.

Keywords: Chromothripsis, array-based comparative genomic hybridization, amplicon-based next-generation sequencing, myelodysplastic

syndromes
INTRODUCTION mutations, provide the basis for cancer development
(Suela et al., 2007; Forment et al., 2012). However,
The progressive accumulation of genetic aber- recent studies have revealed the presence of an
rations such as copy number abnormalities, in the alternative mechanism, termed chromothripsis, in
form of gains or losses of genetic material affecting which massive chromosome rearrangements occur in

certain regions of the genome, and particular gene a one-step catastrophic event, indicating that
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chromosome instability is a central aspect of cancer
cell biology. A key feature of chromothripsis is the
occurrence of tens to hundreds of clustered genomic
rearrangements usually in one or, in some instances,
several chromosomes. This complex abnormality can
affect an entire chromosome, a chromosome arm, or
be confined to a single region of a chromosome
(Kloosterman et al., 2011; Magrangeas et al., 2011;
Stephens et al., 2011; Forment et al., 2012; Maher
and Wilson, 2012; Rausch et al., 2012; Korbel and
Campbell, 2013; Kloosterman et al., 2014). These
rearrangements usually appear crisscrossing the
involved regions (Stephens et al.,, 2011), and chro-
mosomes affected by chromothripsis show a
characteristic pattern of copy number oscillations
between two (or occasionally three) copy number
states (Stephens et al., 2011; Korbel and Campbell,
2013). By far the simplest explanation of such
rearrangements is that, at some stage during cancer
development, distinct chromosomes or chromo-
somal regions are broken into many segments and
then inaccurately stitched back together by DNA
repair mechanisms (Meyerson and Pellman, 2011;
Forment et al., 2012; Maher and Wilson, 2012).
Chromothripsis was initially observed in chronic
lymphocytic leukaemia (CLL), but it is present in a
wide range of human cancers, including multiple
myeloma (MM), acute lymphoblastic leukaemia
(ALL), acute myeloid leukaemia (AML), Hodgkin
lymphoma, bone cancers, medulloblastoma, neuro-
blastoma, colorectal cancer and melanoma. Some
congenital disorders also show chromothripsis
(Kloosterman et al., 2011; Magrangeas et al., 2011;
Meyerson and Pellman, 2011; Stephens et al., 2011;
Edelmann et al., 2012; Maher and Wilson, 2012;
Rausch et al., 2012; Boeva et al., 2013; Hirsch et al.,,
2013; Kloosterman and Cuppen, 2013; Korbel and
Campbell 2013;Mackinnon and Campbell, 2013;
Nagel et al., 2013; Kloosterman et al., 2014; Li et al.,
2014).

Myelodysplastic syndromes (MDS) are a clinically
heterogeneous group of clonal hematopoietic stem
cell disorders characterized by morphological
dysplasia, ineffective haematopoiesis and peripheral
blood cytopenias (Cazzola et al., 2013). MDS and
chronic myelomonocytic leukaemia (CMML), an
entity sharing features of myelodysplastic syndromes
and chronic myeloproliferative disorders (Such et al,,
2011), have a highly variable clinical course
(Malcovati et al., 2005). The presence of chromo-
somal abnormalities is a recurrent hallmark of both
MDS and CMML patients, with consequences for

their diagnosis, risk stratification and prognosis
(Greenberg et al., 2012; Cazzola et al., 2013; Such et
al., 2013). In fact, these genetic changes are directly
incorporated into the Revised International
Prognostic Scoring System (IPSS-R) for MDS and the
CMML-Specific Prognostic Scoring System (CPSS)
(Greenberg et al., 2012; Such et al, 2013). In
addition, gene mutations are also very frequent (80-
90%) in MDS and related myeloid neoplasms
(Papaemmanuil et al., 2013; Haferlach et al., 2014).
These mutations affect transcription factors such as
RUNX1 and BCOR, epigenetic modulators such as
TET2, DNMT3A, IDH1/2, ASXL1 and EZHZ2, tumour
suppressor genes such as TP53, several components
of the RNA-splicing machinery such as SF3B1, SRSF2,
U2AF1, and ZRSR2, genes involved in DNA replication
such as SETBPI1, and genes of the cohesin complex
such as STAG2, RAD21, SMC1A, and SMC3. The list of
genes carrying mutations involved in the patho-
genesis of MDS is still growing (Bejar et al., 2011;
Cazzola et al., 2013; Papaemmanuil et al., 2013;
Haferlach et al., 2014).

Conventional metaphase cytogenetics (CC) is still
the gold standard for karyotypic studies; however,
diagnosis and prognostication may be difficult in the
10-15% of patients with non-informative cyto-
genetics, due to the absence of mitosis, or the 40-
60% with a normal karyotype (Thiel et al., 2011;
Merkerova et al., 2012). Additionally, the presence of
complex karyotypes with three or more chromo-
somal abnormalities may hinder the identification of
the chromosomes involved in these changes
(Martinez-Ramirez et al., 2005). Therefore, these CC
techniques are not sufficient for a thorough study of
these myeloid malignancies. The use of molecular
genome-wide scanning techniques allows the
identification of cryptic abnormalities in patients with
a normal karyotype and the better characterization
of unbalanced genetic changes (Heinrichs et al,
2009; Kolquist et al., 2011; Thiel et al., 2011;
Merkerova et al., 2012; Papaemmanuil et al., 2013;
Haferlach et al., 2014). Thus, array-based karyotyping
revealed MDS and related myeloid neoplasms with a
normal karyotype to have one or more genomic
abnormalities, including deletions of TET2 and
RUNX1 genes (40%) (Heinrichs et al., 2009; Thiel et
al.,, 2011; Merkerova et al., 2012). These studies
suggest the potential clinical utility of such genome-
wide scanning techniques for the management of
MDS and related diseases.

To gain insight into the characterization of the
molecular changes in MDS and to explore novel
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genetic abnormalities occurring in these disorders,
an integrative study combining array-based com-
parative genomic hybridization (aCGH) and next-
generation sequencing (NGS) in a series of MDS and
MDS/MPN patients was carried out. The results
demonstrated the presence of infrequent but
recurrent chromothripsis involving chromosome 13
in these diseases and also showed that aCGH could
be used in a clinical setting as a complementary
method to conventional cytogenetics for identifying
copy number changes in MDS and CMML patients.

MATERIALS AND METHODS
Patients

A total of 301 patients diagnosed with MDS
(n=240) or MDS/MPN (n=61) at the time of diagnosis
were studied. The main clinical characteristics of the
patients are summarised in Table 1. The median age
was 77 years (range, 11-93 years), and 191 patients
(63.5%) were male. Diagnoses were established
according to the 2008 World Health Organization
criteria (Vardiman et al., 2009) (Table 1). This study
was performed in accordance with the Declaration of
Helsinki guidelines, and was approved by the Local
Ethical Committees. All patients provided written
informed consent.

Array-based comparative genomic hybridization
studies

Genome-wide DNA copy number abnormalities
(CNAs) were analysed in all samples using the Human
CGH 12x135K Whole-Genome Tiling v3.0 Array
(Roche NimbleGen, Madison, WI). For sample
preparation and hybridization the NimbleGen CGH
array standard protocol was followed (Robledo et al.,
2011) (See Supplementary Methods). All detected
CNAs were carefully reviewed to identify regions
overlapping those previously reported to be copy
number variants (CNVs) in the Database of Genomic
Variants (http://dgv.tcag.ca/); these were excluded
from subsequent analysis. Genomic abnormalities
were interpreted and reported in accordance with
the International System for Human Cytogenetic
Nomenclature (ISCN 2013) guidelines (Shaffer et al,,
2013). All the array data discussed in this publication
have been deposited in NCBI's Gene Expression
Omnibus and are accessible through GEO Series
accession number GSE67682.

Additionally, conventional metaphase cytogenetic
results were available from all patients. Based on CC
results, patients were divided into three groups:

TABLE 1. Main characteristics of the whole series of patients

included in the study

Variables Median [Range]

Number of patients 301
Gender (Male/Female) 191/110
Age (years) 77 [11-93]
Peripheral blood values
Hemoglobin level (g/dl) 10 [4-17]
Neutrophil count (x10°/L) 2.5[0.1-90]
Platelet count (x10°/L) 125 [5 - 1018]
Bone marrow blasts (%) 1.4[0-20]
WHO 2008 classification
MDS 240
RCUD 20
RARS 11
RCMD 147
RAEB-1 23
RAEB-2 23
MDS-U 9
MDS del(5q) 7
MDS/MPN 61
CMML-1 51
CMML-2 7
RARS-T 3
Conventional cytogenetics
Normal 216
<10 metaphases 14
11 - 19 metaphases 38
> 20 metaphases 164
Abnormal 45
-5/del(5q) 9
double including del(5q) 1
-7/del(7q) 1
+8 3
del(11q) 2
del(20q) 1
-Y 8
complex (23 abnormalities) 12
any other single abnormality 8
Non-informative 40

WHO, World Health Organization; MDS, myelodysplastic syndromes;
RCUD, refractory cytopenia with unilineage dysplasia; RARS, refractory
anemia with ringed sideroblasts; RCMD, refractory cytopenia with
multilineage dysplasia; RAEB, refractory anemia with excess of blasts;
MDS-U, MDS unclassified; MDS del(5q), MDS associated with isolated
del(5q); MDS/MPN, myelodysplastic/myeloproliferative neoplasms;
CMML, chronic myelomonocytic leukemia; RARS-T, RARS with
thrombocytosis; del, deletion.
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patients with non-informative cytogenetics (n=40,
13.3%) due to the absence of mitosis, patients with
an abnormal karyotype (n=45), and patients with a
normal karyotype (n=216, 71.7%). The latter group
was further divided into three categories according
to the number of good-quality metaphases
evaluated: 220 metaphases (n=164), between 11 and
19 metaphases (n=38), and <10 metaphases (n=14).
Detailed information about the cytogenetic groups is
summarised in Table 1, and the cytogenetic
abnormalities found in the whole series are listed in
Supplementary Table S1.

All genomic changes found by aCGH but not
detected by conventional metaphase cytogenetics
were validated by interphase fluorescence in situ
hybridization (FISH), in the case of large recurrent
deletions and gains, or by using an independent
genome-wide analysis of DNA copy number changes
with the SurePrint G3 Human CGH Microarray
(8x60k) (Agilent Technologies, Palo Alto, CA) for small
recurrent and individual abnormalities.

Next-generation sequencing studies

Mutations in DNMT3A, TET2, RUNX1, TP53 and
BCOR genes were screened by amplicon-based next-
generation sequencing (NGS) in selected cases using
454 Titanium amplicon chemistry (Roche Applied
Science, Penzberg, Germany). Briefly, all coding
exons of TET2, RUNX1 and BCOR, exons 7-23 of
DNMT3A and exons 4-11 of TP53 were covered by
27,7, 29, 16 and 8 amplicons, respectively (Supple-
mentary Table S3). Amplicon libraries were prepared
following the manufacturer’s recommendations and
previously described methods (Kohlmann et al,
2011) (See Supplementary Methods).

For the detection of variants, all amplicon reads
were analysed with the Sequence Pilot software
(v3.5.2; JSI medical systems, Kippenheim, Germany)
and GS Amplicon Variant Analyzer Software (v2.9;
Roche Applied Science). Single nucleotide polymor-
phisms (SNPs) (http://www.ncbi.nlm.nih.gov/projects
/SNP/) and variants within introns were not scored.

RESULTS

Chromothripsis on chromosome 13 is a recur-
rent abnormality in high-risk MDS

The analysis of copy number profiles derived from
aCGH data identified complex genomic rearrange-
ments on the aCGH chromosome plots, showing
multiple non-contiguous CNAs, with the hallmarks of
chromothripsis. Based on previous studies, evidence

of chromothripsis was defined as the presence of at
least ten changes in segmental copy number
between two or three copy number states on an
individual chromosome (Rausch et al., 2012). Using
these criteria, three MDS cases (1.2%) exhibited
chromothripsis (Fig 1A and B), with more than 11
copy number involving  exclusively
chromosome 13. The copy number states rapidly
alternate between one (deletion), two (normal) and

changes

three (gain) copies. The patterns of genomic
alteration were different between the three high-risk
MDS patients. However, it should be pointed out that
involvement of a total of 91 genes mapping on
chromosome 13 were common to the three patients.
As examples XPO4, FLT3 and FLT1 were commonly
amplified genes; BRCA2 and RB1 were commonly
deleted genes (Supplementary Table S6). All these
results were validated using an independent
microarray (SurePrint G3 Human CGH Microarray,
8x60k, Agilent Technologies). The three patients with
chromothripsis were diagnosed as high-risk MDS
(RAEB 3/40; 7.5%), two of them were RAEB-1, with
6% and 8% of BM blasts, respectively, and the
remaining patient was RAEB-2, with 12% of BM
blasts. All three patients died within one year. All of
them had a complex karyotype revealed by aCGH
(3/17; 17.6%; patients #026, #027, #072; Fig 1A),
with a median of 21 CNAs (range, 19-33) throughout
the whole genome. The three patients showed
genomic losses on 5g23.2-g35.3, two of them also
carried losses on 7g22.3-9g36.3 and 15g11.1-21.2
(Supplementary Table S1).

All cases showing chromothripsis carried TP53
mutations as revealed by NGS (Fig 1C). Specifically,
two missense mutations (p.Lys132Arg, p.Pro278Leu)
and two nonsense mutations (p.GIn136*, p.GIn167%*)
were identified. The p.GIn167* and p.Lys132Arg
mutations, located in exon 5, were observed in one
patient each with a variant allele frequency (VAF) of
93.5% and 92.5%, respectively. However, the
p.GIn136* and p.Pro278Leu mutations were ob-
served in the same patient with VAFs of 46.5% and
43.5%, and were located on exon 5 and exon 8, res-
pectively. Taken together, most of these mutations
affected exon 5 of TP53, and all of them were located
in the sequence-specific DNA binding domain, which
plays a central role in transcriptional transactivation.

aCGH and NGS allow the identification of
hidden recurrent genetic CNAs and gene
mutations in MDS

A total of 285 abnormalities were identified (1-33
changes per patient) in 71 of the entire series of 301
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Figure 1. Recurrent chromothripsis on chromosome 13 in
high-risk MDS. (A) Whole genome view ratio plots derived
from aCGH data of MDS patients (#026, #027 and #072)
showing chromothripsis on chromosome 13, indicated by
the red-shaded box. The three patients had complex
karyotypes: patient #026 had 33 aberrations and affecting
seven chromosomes; patient #027 had 19 abnormalities
affecting five chromosomes; patient #072 had 21
aberrations affecting six chromosomes. The Y-axis
represents the log, ratio values of MDS:control signal
intensities for each probe. The X-axis illustrates all the
probes in the array sorted by chromosome and physical
mapping position. Chromosome numbers are indicated
below the X-axis. (B) Detailed view of the whole
chromosome 13 in patients #026, #027 and #072 showing a
complex pattern of alternating copy number gains and
losses. Boxes shaded in pale-red and pale-blue depict copy
number losses and gains, respectively. Patient #026 had 18
alternating copy number changes, patient #027 had 11, and
patient #072 had 16 changes along the whole chromosome
13. Copy number profiles differed between these patients.
The Y-axis represents log, ratios and the X-axis shows all
probes of chromosome 13 sorted by chromosome position.
Genomic location (Mb) is indicated below the X-axis. (C)
Distribution of 7P53 mutations identified by amplicon-based
deep sequencing in the three MDS patients with
chromothripsis. All 7P53 mutations were located in the
sequence-specific DNA binding domain. One patient had two
mutations in heterozygosis, while the other two patients had
one mutation each in homozygosis. The variant allele
frequencies (VAFs) are represented in brackets. Each circle
W w represents a mutation found in one patient. Green and red
circles depict missense and nonsense mutations,
respectively. Each patient is illustrated by a different-colour
triangle. The complete coding region of TP53 is illustrated
and the respective exons and amino acid (AA) positions are
indicated at the bottom. The following protein domains are
shown: TAD1 and TAD2, amino-terminal transactivation
domains 1 and 2; DBD, sequence-specific DNA-binding
domain; NLS, nuclear localization signalling domain; 4D,
carboxy-terminal tetramerization domain; Neg, negative
regulation domain. Gene variants were represented using
the R package “R453PlusToolbox” (Klein et al., 2011).
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patients (23.6%): 61 of 244 (25%) were MDS

patients, while 10 of 58 (17.3%) had a diagnosis of
CMML. Copy number losses (72.6%) were more
frequent than gains (27.4%). The detected CNAs
were distributed amongst all chromosomes except
for chromosomes 14 and 16.

Among the global series, CNAs were present in 9.3%
of the normal karyotype patients, in 86.7% of cases
with abnormal cytogenetics, and in 30% of patients
with unsuccessful cytogenetic analyses
(Supplementary Fig S1). The most frequent large
recurrent aberrations were del(5q) (35.2%), del(20q)
(18.3%), -Y (14.1%), trisomy 8 (14.1%), del(7q)
(12.7%), +1/+1q (7%), -18/del(18p) (5.6%), del(17p)
(5.6%), del(11q) (5.6%), del(4q) (4.2%), del(15q)
(4.2%), and del(12q) (4.2%) (Supplementary Fig S2).
The most frequent aberrations in CMML were —Y
(5.2%) and gains on 1q (3.4%), while in RCMD losses
on 5q (6.1%), 20g (5.4%), and -Y (3.4%)
predominated. By contrast, in RAEB patients, losses

involving 5g (21.7%), 7q (13%) and 17p (6.5%), and
trisomy 8 (10.9%) were frequently observed
(Supplementary Fig S2). In addition, in 38 of 301
cases (12.6%), aCGH revealed the presence of 81
small aberrations (<5 Mb), which were below the
detection limit of CC. In 21 of these cases only one
cryptic CNA was detected: 17 deletions and four
gains. In the other 17 cases, two or more cryptic
aberrations were observed, consisting of 49 deletions
and 11 gains. Notably, these cryptic CNAs involved
regions such as 2p23.3, 4924, 5g33.1, 7g22.1,
21g22.12, 21g22.3 and Xp14, where genes implicated
in the pathogenesis of MDS and MDS/MPN are
located, including DNMT3A, TET2, SPARC, CUXI,
RUNX1, U2AF1 and BCOR, respectively.

Furthermore, an in-depth analysis by NGS of the
regions with genomic deletions of >100 kb by aCGH,
where recurrently mutated genes in MDS and CMML
are located, was carried out. Thus, aCGH analysis
identified two cases with a deletion in 2p23.3 (DNMT3A)
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Figure 2. Combination of aCGH and NGS analysis for regions with
frequently mutated genes in MDS and MDS/MPN. (A, C, E, G, H)
Detailed view of the whole chromosomes 2, 4, 17, 21 and X, where
recurrent regions of deletion where found by aCGH, indicated by the
red-shaded box. A magnified view of the minimal deleted regions with
a schematic diagram showing the genes included within the deletion.
For all figures, genomic locations are indicated in Mb, and the
chromosome position (bp) and size (kb) of the minimal deleted regions
are indicated in the upper part of each chromosome view ratio plots.
The Y-axis represents the log, ratio values and all probes for each
chromosome are sorted by genomic position along the X-axis. (A) A
533.4-kb deletion on 2p23.3 affecting the DNMT3A locus. (C) A 381.2-
kb deletion on 4q24 affecting the TET2 locus. (E) An 11.14-Mb deletion
on 17p13.3-p12 affecting the TP53 locus. (G) A 298.7-kb deletion on
21q22.12 affecting the RUNXI locus. (H) A 697.1-kb deletion on Xp11.4
affecting the BCOR locus. Genes were represented using the R package
“GenomeGraphs”. (B, D, F) Distribution of DNMT3A, TET2 and TP53
mutations identified by targeted amplicon-based deep sequencing. The

(Fig 2A), seven cases with a deletion in 4924 (TET2)
(Fig 2C), six cases with a 17p13 deletion (TP53) (Fig
2E), five cases with a deletion in 21922 (RUNXI) (Fig
2G) and two cases with an Xp11.4 deletion (BCOR)
(Fig 2H). NGS studies detected that one patient with
a DNMT3A deletion carried a missense mutation
(p.Gly654Asp) in the other allele with a VAF of 73.5%.
This mutation was located in the methyltransferase
domain (Fig 2B). Three patients harbouring a TET2
deletion carried one nonsense mutation (p.Arg550%),
one missense mutation (p.Ser1284Phe) and one
frameshift deletion (p.Leu1855Trpfs*32) each in the
non-deleted allele. The variant allele frequencies
were 96.5%, 3.5% and 89%, respectively. The latter
two mutations affected the two evolutionarily
conserved domains in the TET family proteins (Fig
2D). Of the six patients with a 17p13 deletion
affecting the TP53 locus, four carried one missense
mutation each (p.Cys275Tyr, p.lle195Phe,
p.Val274Asp, p.Tyr220Ser) with VAFs of 52%, 76.5%,
45% and 54%, respectively. These TP53 mutations
were located in the sequence-specific DNA binding
domain. None of the other studied genes showed
mutations in those patients with losses in the regions
of interest (Fig 2F).

Relationship between cytogenetic results and
aCGH data

Array CGH results were compared with the
cytogenetic data from each patient. 56 of 83
chromosomal imbalances previously identified by CC
were detected by aCGH. A remarkably high
correlation between CC and aCGH results was
observed in this series. In addition, given that
patients from different groups ascertained by CC
were included in the study, we decided to analyse
the concordance between CC and aCGH, but
considering each cytogenetic group of patients

variant allele frequencies (VAFs) are represented in brackets. The
complete coding regions of DNMT3A, TET2 and TP53 are illustrated
and the respective exons and amino acid (AA) positions are indicated
below. Each circle represents a mutation found in a single patient.
Green, red and blue circles depict missense, nonsense and frameshift
mutations, respectively. (B) One patient carried a DNMT3A missense
mutation located in the MTase domain. The following protein domains
are shown: PWWP, proline-tryptophan-tryptophan-proline domain;
ZNF, zinc finger domain; MTase, methyltransferase domain. (D) Three
patients with a TET2 deletion harbored one nonsense, one missense
and one frameshift mutation each. The two evolutionarily conserved
domains, boxes 1 and 2, are shown. (F) Four patients carried one TP53
missense mutation each. The following protein domains are shown:
TAD1 and TAD2, amino-terminal transactivation domains 1 and 2; DBD,
sequence-specific  DNA-binding domain; NLS, nuclear localization
signalling domain; 4D, carboxy-terminal tetrame-rization domain; Neg,
negative regulation domain. Gene variants were represented using the
R package “R453PlusToolbox” (Klein et al., 2011).

separately: the non-informative cytogenetic, normal
and abnormal karyotype groups.

Focusing on the 216 patients with a normal
karyotype as determined by CC, the aCGH results
were in excellent agreement with the cytogenetics of
those patients with 220 and 11-19 metaphases
studied (92.1 and 89.5%, respectively). However,
only 78.6% of those patients with <10 successful
metaphases and no changes by CC displayed no copy
number changes by aCGH (Supplementary Fig S3).
Thus, 20 patients (9.3%) with a normal karyotype as
determined by CC showed at least one genomic
abnormality by aCGH. Only one chromosome was
affected in 16 of these patients. Considering those
patients with an aberrant karyotype, aCGH revealed
the same genomic abnormalities as previously
identified by CC in 86.7% of cases. Indeed, only six of
the 45 (13.3%) cases with an abnormal karyotype
established by G-banding analysis showed no copy
number abnormalities with aCGH. One of these
patients had a balanced translocation, which was not
detectable by aCGH, and four patients had
chromosomal abnormalities in three metaphases of
the analysed cells, clonal cell populations below the
detection limit of the aCGH. Detailed information
about these discordant cases is presented in
Supplementary Table S1. With respect to the patients
with unsuccessful cytogenetic analyses, 70% of cases
displayed a normal aCGH profile, while 30% had at
least one copy number aberration. Four patients
(three high-risk MDS and one CMML) had a complex
karyotype, defined by the presence of at least five
copy number changes, as revealed by aCGH.

DISCUSSION

The presence of specific chromosomal abnor-
malities and genetic changes is a hallmark of MDS
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(Haase et al., 2007; Bejar et al., 2011; Mallo et al,,
2011; Cazzola et al.,, 2013; Papaemmanuil et al.,
2013; Haferlach et al.,, 2014). In this study, we
analysed a large cohort of MDS patients by
integrating two genetic methodologies: array-based
comparative genomic hybridization (aCGH) and
amplicon-based deep sequencing (NGS). Our results
demonstrated the presence of chromothripsis,
inferred from aCGH profiles, as an infrequent but
recurrent genomic abnormality in high-risk MDS. In
addition, our results showed that the combination of
these conventional and genome-wide scanning
approaches enables a better characterization of MDS
and related neoplasms, and provides new infor-
mation that could improve the current diagnostic
and treatment of these patients.

Chromothripsis is a genetic abnormality in which
tens to hundreds of clustered genomic rearran-
gements occur in a one-step catastrophic event
(Kloosterman et al., 2011; Magrangeas et al., 2011;
Stephens et al., 2011; Forment et al., 2012; Maher
and Wilson, 2012; Rausch et al.,, 2012; Korbel and
Campbell, 2013; Kloosterman et al.,, 2014). In the
present study, chromothripsis was observed in three
cases of high-risk MDS (two cases of RAEB-1 and one
patient with RAEB-2), two entities known to progress
gradually to a more aggressive disease. The occu-
rrence of chromothripsis in myeloid malignancies has
been demonstrated in AMLs by SNP array-based copy
number profiling, in which 8% of AML patients
carried massive and complex rearrangements
consistent with chromothripsis (Rausch et al., 2012;
Zemanova et al., 2014). The molecular basis of this
genomic chaos remains to be fully explained.
However, several reports suggested that mechanisms
such as ionizing radiation, premature chromosome
compaction, DNA replication stress, telomere
shortening, abortive apoptosis and 7P53 mutations
could be involved in the origin of this complex
genomic abnormality (Meyerson and Pellman, 2011;
Crasta et al., 2012; Forment et al.,, 2012; Jones and
Jallepalli, 2012; Maher and Wilson, 2012; Rausch et
al., 2012; Korbel and Campbell, 2013). In addition,
approximately 50% of AML patients carrying TP53
mutations and approximately 40% of complex
karyotype AML patients displayed chromothripsis,
while only 1% of AML with wild-type TP53 and no
cases with non-complex karyotype showed this
aberration (Rausch et al., 2012; Zemanova et al.,
2014). Moreover, it was also demonstrated that
almost all medulloblastomas showing evidence of
chromothripsis had TP53 mutations (Rausch et al.,

2012). These findings reinforce the link between
somatically acquired T7P53 mutations and the
presence of complex karyotypes with chromothripsis.
It is of particular interest that the three MDS cases
with chromothripsis reported in this study had
complex karyotypes as revealed by aCGH and carried
TP53 mutations, a previously described association
(Rausch et al., 2012). Additionally, the outcome of
the three cases was poor, a feature that is in
accordance with high-risk MDS patients, the
presence of a complex karyotype or TP53 mutations
(Greenberg et al., 2012; Cazzola et al.,, 2013). This
complex genomic abnormality has not previously
been comprehensively described in MDS patients,
perhaps because the previous high-resolution copy
number studies in MDS mainly concerned cases with
a normal karyotype (Heinrichs et al., 2009; Thiel et
al,, 2011; Merkerova et al.,, 2012; Haferlach et al.,
2014). Other copy number studies in MDS with
abnormal and complex karyotypes have been
reported. These studies aimed to analyse the
relationship of copy number to the CC data and their
prognostic impact, and they did not show the
presence of chromothripsis (Martinez-Ramirez et al.,
2005; O'Keefe et al., 2007; Slovak et al., 2010;
Kolquist et al., 2011; Tiu et al.,, 2011). It should be
noted that, in our study, chromothripsis was seen
exclusively to affect the entire chromosome 13 in all
three MDS patients. The presence of this genomic
chaos restricted to a single chromosome has been
described. Chromothripsis is typically found to affect
different chromosomes at random, but was reported
to involve chromosome 16p in 3/7 MM patients, and
chromosome 21 in 5/9 iAMP21 ALL patients
(Magrangeas et al., 2011; Li et al., 2014). However,
the presence of chromothripsis involving chro-
mosome 13 has not been previously reported in
myeloid malignancies (Rausch et al., 2012; Cancer
Genome Atlas Research Network, 2013; Mackinnon
and Campbell, 2013; Zemanova et al., 2014). In this
study, chromothripsis affected only chromosome 13,
with patterns of genomic alteration differing
between the three high-risk MDS patients. FLT3 was
commonly amplified, while BRCA2 and RB1 were
commonly deleted in the cases with chromothripsis.
FLT3 is an oncogene that regulates hematopoietic
stem cell differentiation, proliferation and survival.
FLT3-activating mutations were recurrently described
in myeloid malignancies, mainly in AML, and are
associated with poor prognosis (Bains et al., 2011).
RB1 and BRCA2 abnormalities play a role in the
development of several cancers and are considered
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to be tumour suppressor genes (Di Fiore et al., 2013;
Lee, 2014). Our results suggest the involvement of
the FLT3 gene and BRCAZ2 and RB1 inactivation in the
pathogenesis of some cases of MDS.

The present study revealed the presence of cryptic
abnormalities that were not targeted by FISH and
that were below the threshold of resolution by
conventional cytogenetics. In fact, 12.6% of MDS
patients showed cryptic changes. Some of these
submicroscopic CNAs involved regions with genes of
known significance in MDS pathogenesis and were
deletions in 2p23.3 (DNMT3A), 4924 (TET2), 5933.1
(SPARC), 7922.1 (CUX1), 21g22.12 (RUNXI) and
Xp11.4 (BCOR), and gains in 21g22.3 (U2AF1), that
were detected in 19 patients (Bejar et al., 2011;
Kolquist et al., 2011; Thiel et al., 2011; Cazzola et al.,
2013). These regions were equally likely to be
involved in low- and high-risk MDS or CMML. In
addition, the genes included in these recurrent
cryptic deletions were further investigated by NGS to
identify whether mutations occurred in the other
allele. The sequencing results showed that only two
of the seven cases with the TET2 deletion carried
TET2 mutations, while only one of the two cases with
losses in 2p23.3 showed DNMT3A mutations. Our
results did not indicate any correlation between the
presence of deletions and mutations in these MDS
patients, which is in accordance with previously
reported data (Haferlach et al., 2014). Therefore, our
results support the idea that conventional
cytogenetic and aCGH studies could be comple-
mented by the sequencing of multi-gene panels,
which have already been described for MDS and
related myeloid neoplasms, instead of single genes,
in routine workflows for the study of these group of
patients.

The presence of cytogenetic changes is a keystone
in the prognosis of MDS and CMML patients. In fact,
conventional cytogenetics is essential in most
prognostic systems to stratify these haematological
disorders (Greenberg et al.,, 2012; Cazzola et al.,
2013; Such et al., 2013). However, in some subsets of
MDS and CMML, conventional cytogenetic tech-
niques fail to provide any results due to a lack of cell
growth during culturing, and consequently some
aberrations may be missed, making the diagnosis and
prognostic stratification very difficult. Our study
showed that 30% of karyotype failures carried
genomic abnormalities revealed by aCGH. Four
patients had complex karyotypes, two had trisomy 8
and one showed a del(5q), while the others showed
deletions in 9p, 129, 17p, 21922, and -Y, and gains in

1g and 15g (Supplementary Table S1). Therefore,
identifying these clinically relevant lesions s
significant in patients with failed CC results. The
clinical utility of SNP-A as a karyotyping tool in a
series of MDS patients with unsuccessful cyto-
genetics has been previously demonstrated (Arenillas
et al.,, 2013). This method was also useful in those
MDS patients with a normal karyotype when fewer
than 20 good-quality metaphases are available for
analysis. We demonstrated that in 10% of cases with
11-19 successful metaphases and in 21% of those
with <10 harboured genomic aberrations aCGH will
provide additional information that could redefine
the prognostic risk of these patients, as previously
suggested (Coleman et al., 2011). Thus, at least 20
metaphases need to be analysed for a karyotype to
be considered normal (Haferlach et al., 2007).
Therefore, the use of aCGH enabled the prognostic
stratification according to the IPSS-R that could
change the clinical management of this group of
patients.

In summary, the present report describes the
presence of a high incidence of genomic changes in
MDS and CMML patients by the integrative analysis
of several molecular genetic methodologies. In
addition to well-known copy number defects, the
presence of chromothripsis involving chromosome
13 was a novel recurrent change in high-risk MDS
patients. Moreover, aCGH analysis revealed the
presence of cryptic abnormalities in genomic regions
where MDS-related genes, such as TET2, DNMT3A,
RUNX1 and BCOR, are located. Thus, the integrative
analysis of conventional cytogenetics, aCGH and NGS
in MDS will provide a better understanding of the
molecular abnormalities occurring in these patients,
and could improve the clinical management of MDS.
The potential diagnostic and prognostic value of
these new genomic abnormalities should be studied
in prospective studies.
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Myelodysplastic syndromes (MDS) are a group of hematopoietic stem cell disorders at high risk of developing acute myeloid
leukemia (AML). In order to gain insights into the molecular mechanism underlying the evolution of MDS to more aggressive
stages, a multi-platform genome-wide expression profiling (the Human Genome U133 Plus 2.0 and the Human Exon 1.0 ST
microarrays (Affymetrix)) was carried out in a series of 73 patients with normal cytogenetics and |7 controls. Expression profiling
revealed that several genes and gene pathways were commonly and progressively deregulated in the transition from non-malignant
bone marrow conditions through early and advanced MDS to AML. Several genes began to be up-regulated in early MDS and
continued that trend towards AML (patternl, MDS/AML-up, (NPM [, MYSTI, RPL22, RPS6)), while other genes showed the biggest
change in their expression level in the transition from advanced MDS to AML. (pattern3, AML-up, HOXA9, MEISI, FLT3)). By
contrast, other genes were progressively down-regulated during the evolution of the disease, showing the minimum levels in AML
(pattern 2 and 4, MDS/AML- and AML-down, respectively, CEACAM3, CRISP3, CAMP, MMP9). Pattern | was related to DNA
damage response and ribosome. Pattern 3 to cell proliferation and differentiation arrest, while patterns 2 and 4 with immune
response. Furthermore, two transcription factors (ATF2, TAF7) were identified as controlling a large number of these dynamically
deregulated genes. The present study demonstrated the presence of a progressive deregulation of several cellular functions, with

common deregulated genes, in the transition from non-malignant bone marrow through early and advanced MDS to AML.

Keywords: Gene expression profiling, myelodysplastic syndromes, acute myeloid leukemia, progression
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INTRODUCTION

Myelodysplastic syndromes (MDS) represents a
heterogeneous group of clonal myeloid stem cell
disorders characterized by abnormal differentiation
and maturation of myeloid cells, bone marrow (BM)
failure, and a genetic instability with an enhanced
risk to transform to acute myeloid leukemia (AML).l'3
Both hematological malignancies, MDS and AML, are
characterized by high biological and clinical hetero-
geneity due to their complex pathophysiology, which
is based on the accumulation of a wide variety of
genetic and epigenetic aberrations in hematopoietic
progenitor cells, resulting in altered cell growth and
differentiation.’

Genome-wide expression profiling (GEP) based on
high-density microarray platforms have been largely
used in the study of transcriptional pathways
involved in cancer. These studies proved to be a
powerful tool to further characterize gene expression
signatures associated with distinct cancer subtypes
and helped to better classify these diseases, to
stratify patients into different risk classes and to
identify deregulated genes implicated in cancer
development, including acute and chronic leukemias,
and MDS.>*® It is worth to mention that, unlike for
AML, 50% of MDS samples could not accurately be
classified using specific markers selected from
expression data.? However, gene expression analysis
distinguished clinical MDS subgroups with prognostic
relevance, in terms of time to AML transformation,
and classified MDS with a more aggressive disease
and those with a more indolent clinical course as
different disease entities.”® The analysis of the genes
discriminating these prognostic MDS entities
revealed several pathways with genes known to be
actively involved in AML, including HOXAS, FLT3, KIT,
and WT1.>®

In contrast to the wealth of global expression and
transcriptomic  data for most leukemia and
lymphoma entities, the MDS have not been yet
extensively analyzed. However, several studies
comparing gene expression signatures between
MDS, healthy individuals, and AML have been
reported providing valuable insights into the genes
and biological pathways implicated in these
disorders."™ ™ Most of these studies were focused
in the analysis of enriched CD34+ cell populations,
mainly in MDS with del(5q). Interestingly, these
studies revealed that distinct gene expression
signatures were associated with specific MDS
subtypes and also with different cytogenetic
abnormalities, since patients showing del(5q), -

7/del(7q), and trisomy 8 have a characteristically
different expression profile.l'a’w'11 Thus, patients with
RARS were characterized by deregulation of
mitochondrial and iron-related genes.l‘14 Moreover,
CD34+ cells from MDS patients with del(5qg) had a
decreased expression of multiple ribosomal genes
including RPS14, contained in the deleted region.lz’13
In addition, patients with -7/del(7q) were character-
rized by an activation of the JNK pathway, while
patients with trisomy 8, showed a deregulation of
immune response and leukocyte activation.'®*
Overall, transcriptomic studies along recent years
have revealed that early MDS (low-risk MDS) were
characterized by a deregulation of the immune
response and an increased apoptosis in the bone
marrow, with an elevated ratio of apoptosis/pro-
liferation, but the mechanisms for this finding are not
yet established. In contrast, advanced MDS (high-risk
MDS) showed a decreased apoptosis, as well as
deregulation of DNA damage response and check-
point pathways.3’4'9’m'15 The deregulated pathways
identified in MDS provide deeper insights into the
molecular mechanisms underlying MDS and AML,
and thereby have provided novel targets for
treatment, and holds promise for further advances in
predicting prognosis and response to therapy.

Thus, the use of current genome-wide expression
platforms and large scale analyses have allowed to
propose some gene signatures associated with
patients with MDS. However, the molecular mecha-
nisms underlying myelodysplastic pathogenesis and
evolution, and its frequent progression to AML are
not fully understood, and further investigation of the
specific genes and pathways involved in the defective
hematopoietic cell differentiation and abnormal
clone expansion in those patients who undergo
progression to AML is required. Therefore, we
performed a multi-platform profiling of gene
expression changes occurring from non-malignant
marrow conditions through different stages of MDS
and towards AML, frequently evolving from MDS. In
this report, we identified common genes with a
progressive up-/down-regulation in AML patients
when compared to high-risk MDS, low-risk MDS, and
non-leukemic controls.

MATERIALS AND METHODS
Samples collection

A total of 182 patients with myeloid malignancies
(127 MDS and 55 AML) and 17 age-matched controls
with non-malignant disorders (referred to as non-
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leukemic controls, Nol) were assessed by GEP.
Previously reported microarray-based GEP studies
revealed that specific MDS subtypes and patients
with cytogenetic abnormalities (i.e. del(5q), -7/del
(7g) or trisomy 8) had distinct gene expression
profiles and deregulated gene pathways.l’w'11 For
this reason MDS patients with ringed sideroblasts, as
well as those patients with chromosomal rearran-
gements were excluded. Thus, the final cohort of the
study (n=90) only comprised patients with normal
cytogenetics. All MDS and AML samples were ob-
tained from untreated patients at the time of
diagnosis, while five AML samples were secondary
AML following MDS (sAML). After this appropriate
selection of samples, MDS were classified according
to the 2008 World Health Organization (WHO)
criteria,16 and the following morphological subtypes
were included: refractory cytopenia with unilineage
dysplasia (RCUD, n=11), refractory cytopenia with
multilineage dysplasia (RCMD, n=23), refractory
anemia with excess blasts type 1 (RAEB-1, n=9), and
RAEB-2 (n=10). Because of the low number of
subjects within each MDS subtype and according to
the WHO classification, patients with RCUD and
RCMD were grouped together and considered as
low-risk MDS (LR-MDS, n=34), while RAEB-1 and
RAEB-2 were grouped as high-risk MDS (HR-MDS,
n=19), based on the percentage of bone marrow
blasts.

All cases that entered the study were clinically well
characterized and bone marrow morphology was
carefully reviewed before inclusion (Supplementary
Table S1). Patient age ranged from 48 to 88 years
(median 76) and the female/male distribution was
38/52.

All samples were collected with written informed
consent for research purposes according to the
guidelines of the Declaration of Helsinki and the
appropriate Local Ethical Committees approvals for
all patients included in the study.

Gene Expression analytic platforms

Gene expression profiling (GEP) studies were
performed in three series of patients on two
different analytic platforms (see Supplementary
Figure S1A): the Human Genome U133 Plus 2.0
microarray (Affymetrix, Santa Clara, CA), and the
Human Exon 1.0 ST microarray (Affymetrix). The last
comprised 36 samples (10 low-risk MDS, 10 high-risk
MDS, 5 AML, 5 sAML and 6 controls) and was
considered the “main group of expression data”. In
the remaining two series, the Human Genome U133
Plus 2.0 microarray (Affymetrix) was used as part of

the Microarray Innovations in LEukemia (MILE)
Study.7 These two last series were produced at
different times and following different molecular
biology protocols, and merged into a single series as
explained below (see section Bioinformatic analysis:
Data preprocessing). After merging, it comprised 54
samples (24 low-risk MDS, 9 high-risk MDS, 10 AML
and 11 controls) and was considered the “secondary
group of expression data”.

Gene expression microarray preparation

Total RNA was isolated from bone marrow
mononuclear cells according to the MILE Study
protocol.7 The Human Genome U133 Plus 2.0
microarray and the Human Exon 1.0 ST microarray
(Affymetrix) were labeled and hybridized according
to the MILE Study described methods’ and following
the manufacturer’s protocols for the GeneChip
platform by Affymetr/x,17 respectively.  Briefly,
methods included first- and second-strand cDNA
synthesis, double-stranded cDNA purification, cRNA
synthesis and biotin-labeling by in vitro transcription,
recovery and quantification of labeled cRNA, cRNA
fragmentation and subsequent hybridization onto
the microarray, post-hybridization washings, staining
using a streptavidin-coupled fluorescent dye, and
scanning. The following Affymetrix GeneChip
instruments were used: Hybridization Oven 640,
Fluidics Station FS450, and Scanner GCS3000.

Bioinformatic analysis
Data preprocessing

The main series, on GeneChips Human Exon 1.0 ST,
was preprocessed (background correction,
normalization, and summarization) using RMA 18 ith
the gene mapper chip definition file (CDF) from
GATExplorer,19 which mapping  the
unambiguous probesets directly to Ensembl gene loci
and removal of cross-hybridization noise (Ensembl
Version 57, March 2010, assembly NCBI36). Three
outlier samples were detected with
arrayQualityMetrics % and removed.

In order to merge the other two series, on the
microarray platform Human Genome U133 Plus 2.0,
each dataset was normalized individually using the
algorithm Frozen RMA (fRMA)21 with the gene
mapper CDF from GAT,‘_-'xplorer.19 To calculate the
fRMA vectors for this CDF, we used a collection of
1,335 human samples from 163 GEO datasets,
grouped into 267 batches of 5 samples each (being
these batches based on study and tissue, as
recommended in the paper). Once the two datasets

allows
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were preprocessed independently with fRMA, they
were merged into a single dataset with
InSilicoMerging,”” using Combat ** to remove the
remaining batch effect.

Detection of genes with increasing/decreasing expression
trends

To identify the genes with an increasing/decreasing
trend along the stages of the disease we calculated
the Goodman and Kruskal's Gamma correlation,24
implemented in R package Rococo,” between the
gene expression and the categorical value
representing the stage of the disease, sorted as non-
leukemic samples (Nol), low-risk MDS (LR-MDS),
high-risk MDS (HR-MDS), and AML. The disease stage
was defined based on MDS risk classification (4 stage
contrast): NoL=> LR-MDS - HR-MDS - AML. In this
way, a correlation value (Gamma value) was obtained
for each gene. The genes with a significant Gamma
(absolute gamma >0.50, and FDR adjusted P value
<0.05) were selected as correlated with the
progression of the disease. This correlation study
provided 2 gene lists (see Supplementary Figure
S1B):

e The Full List of 1163 genes correlated with the
progression of the disease in the “main group of
expression data” (Human Exon 1.0 microarray).

The Core List of 266 genes, which was a subset of
the genes correlated in the main series, which was
also confirmed in the “secondary group of
expression data” (Human Genome U133Plus2.0
microarray). This list is the intersection of genes
correlated with the progression of the disease in
Series 1+2, and the main Series (P value of the
intersection <0.00001).

For subsequent analyses we only considered the
Core List of 266 genes. Furthermore the Full List of
1163 genes was only used in the analysis of the
transcription factors potentially associated with the
evolution of MDS. Both lists are available in the
Supplementary Table S2.

Detection of patterns within the genes with increasing/
decreasing trends

To identify groups of genes with similar expression
patterns we used a clustering based on Self
Organizing Maps (50/\/7),26 a robust unsupervised
clustering and dimensionality reduction method that
allows to search for common expression patterns
among groups of genes. For this purpose, the
expression of each gene was normalized by

subtracting its mean and dividing by the standard
deviation. Then, for each gene, the expression values
were sorted in ascending or descending order
(ascending if the mean expression in AML samples
was higher than in Nol, and descending otherwise).
With this normalized and sorted gene expression
data, the genes were clustered with the SOM
implementation in Kohonen R package 7 using a 3x3
grid with rectangular topology to allocate up to nine
possible clusters (see Supplementary Figure S1C).
Within the nine groups provided by the clustering
analysis, three groups were not assigned any genes,
and four major patterns included a significant
number of genes. To obtain the final assignment of a
gene to one pattern, it was required that the gene
was assigned consistently to the same pattern in
both groups of the study (main and secondary
groups), or to one of the main patterns in one of the
groups and to the related intermediate pattern in the
other group.

Functional analysis of the genes included in the patterns

A standard singular Functional Enrichment Analysis
(FEA) approach, without additional filtering or
clustering, was applied to the gene lists from each
pattern. For each of the gene lists, and independent
analysis was performed through RDAVIDWebService
using DAVID’s Functional Annotation Chart with the
main annotations related to pathways and biological
processes (GO-BP, KEGG, REACTOME, PANTHER and
BIOCARTA).

Transcription factors associated to the gene patterns

We searched for enriched transcription factor
binding sites (TFBS) and chip-seq tracks in the
promoter regions of the genes in the Full List of 1163
genes using iRegulon, % 3 Cytoscape plugin that
includes a method to detect enriched TFBS and their
direct targets. For each pattern we splitted the genes
into up-regulated and down-regulated. Then, we
searched for enriched TFBS in the close promoter
region (up to 500bp upstream) and also at +10kb
from the translation start site of each genes.

RESULTS

Gene expression changes correlated with MDS
evolution

To find the genes whose expression may be
associated to the evolution of the disease, we
searched for genes whose expression levels evolved
following and increasing or decreasing trend through
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the different stages of MDS, with the non-leukemic
samples as reference of the origin stage, and the
AML samples as reference of the malignant stage
they are heading to. Thus, we calculated the
correlation between the expression level of each
gene and the disease stage, being grouped by risk
level as non-leukemic controls, LR-MDS, HR-MDS,
and AML.

The results allowed us the identification of 4 major
patterns with a significant number of genes: pattern
1, MDS/AML-up signature; pattern 2, MDS/AML-
down signature; pattern 3, AML-up signature; and
pattern 4, AML-down signature. Pattern 1 described
a group of genes with progressively increasing
expression levels in low-risk MDS, high-risk MDS
patients, with the maximum in AML samples. Genes
within this pattern showed the greatest increase in
their expression level (>50% of the expression range)
in low-risk MDS patients (Figure 1A, Table 1). Pattern
2 described a group of genes whose expression levels

Pattern 1
MDS/AML-up
(83 genes)
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Pattern 3
AML-up
(26 genes)

Pattern 2
MDS/AML-down
(70 genes)

were progressively and significantly lower in low-risk
MDS patients when compared to non-leukemic
controls, and that these levels reduced again in high-
risk MDS patients, reaching minimum in AML
samples. Only in pattern 2, the genes showed the
greatest decrease in their expression level in low-risk
MDS patients (Figure 1B, Table 1). Pattern 3
describes a group of genes that were significantly up-
regulated in AML patients when compared to MDS
(patients with LR and HR-MDS) and non-leukemic
controls. It should be noted that these genes showed
a highly attenuated but continued up-regulation in
high-risk MDS vs low-risk MDS, and in low-risk MDS
vs non-leukemic controls. It was only the AML
patients that showed a greater than 50% change in
the expression range (Figure 1C, Table 1). Finally,
pattern 4 described a group of genes with
significantly lower expression in AML patients than in
MDS (patients with LR and HR-MDS) and non-
leukemic controls (Figure 1D, Table 1).

Figure 1: Expression patterns found in the
progression of MDS. Boxplots represent the
normalized expression level of the genes
identified within each pattern from unified
datasets grouped by disease category,
including non-malignant samples, low-risk
MDS, high-risk MDS and AML. In the
background, gene expression values used for
the SOM clustering (see methods): each dot
represents the expression of one gene in one
sample (total number of samples n=90). For
each gene, samples were sorted on increasing
or decreasing expression values. The
color indicates the disease category (blue =
Non-malignant; green = LR-MDS; orange = HR-
MDS; and red = AML). The black line in the
background along the expression value
represents the average expression of the
genes. The delta/2 value (8/2, horizontal grey
dotted line) indicates the 50% change in the
expression range (i.e. the half height between
the minimum and maximum expression) and
the stage of the disease in which it falls
(vertical grey dotted line). Patterns 1 (A) and 2
(B) had the §/2 value in the LR-MDS stage with
a more linear behavior, while patterns 3 (C)
and 4 (D) had the §/2 in the AML stage.

AML
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A b2

Pattern 4
AML-down
(32 genes)
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Table 1. Genes and cellular functions deregulated in each pattern

Gene Symbol
AC010619.2 C200rf199  RAB37 CLECAE
RP11-209A2.1  C220rf28  RAGIAP1 SIRPA
RPLI2 Cdorf14 SLC25A36 SIRPB1
RPLI3 Csorf26 SLC25A5 CEACAM21
RPLI3A Céorfas SNHGS CEACAM3
RPLIS CAMLG TFAM MMP25
RPL22 ceNBIIPT  TFPI MMP27
RPL28 CFD TMEM147 AC107883.1
RPL3 cMTM3 TMEM159 AKTIP
RPSS DCTD TOMM20 AL034374.4
RPS6 DDAH2 TOPIMT ARHGAP24
. MRPS12 DDOST 75€2201 T ARSG
S R DHPS T7C19 3 AtP202
2 Rk FLAD1 TWSG1 174
< PsMAL FPGS UBE2E1 2 00177
8 PUFED GAMT UFM1 S CAd
2 DHX30 GLTSCR2 ~ USE1 S csies?
o MysTI GNA1S 787810 = CcHITI
5 H3F3B GNB2L1 INF618 £ aru
8 HisT1H26D GPxi £ crisp2
NPM1 GTF2F1 & CSGALNACT1
RASSF1 HINT1 DAPK2
RCC1 HSP90AB1 DNAH10
cenG1 IMPDH2 E2F8
PDCD7 LDHB 5
PMAIP1 LETMD1 FBXW2
APRT LRPS5L FGD4
ATP1B1 LYSMD2 GLRX
ATP5G2 NT5C GPR155
BMP1 PDLIM1 HIRA
BIW?2 PEBPI HSPAIL
C120rf10 PPTC7 IPCEF1

The most representative cellular funct

* Ribosomal Proteins and translation
pathways

¢ DNA damage response and checkpoint,
cell cycle

¢ Apoptosis

¢ Nucleosome and chromatin assembly

p1 (MDS/AML-up)

* Immune response
¢ Cell adhesion
¢ Matrix metalloproteinases

p2 (MDS/AML-down)

Analysis of the deregulated genes included in
each pattern of MDS evolution

As mentioned before, we searched for those genes
whose expression levels followed a continued up- or
down-regulation as the disease evolved. The, pattern
1, defined as MDS/AML-up signature, consisted of 83
genes, pattern 2, MDS/AML-down signature,
contained 70 genes, whereas pattern 3 and 4 (AML-
up and AML-down signatures) consisted of 26 and 32
genes, respectively (Figurel, Table 1). A Functional
Enrichment Analysis was performed for the
dynamically deregulated genes within each pattern in
order to get the most representative cellular
functions corresponding to each pattern, and to get
some insights into the biological functions that were
consistently deregulated as the disease progressed.

According to this, pattern 1 (MDS/AML-up
signature) was characterized by the progressive up-
regulation of the DNA damage response and

Gene Symbol Gene Symbol Gene Symbol
KCNJ15 SYNE2 HOXA3 CRISP3
KLRK1 TMEM154 HOXA7 LTF
LILRA3 TMEM2 HOXA9 CAMP
LRRC4 TRPM6E HOXB2 CLEC4D
MANSC1 UCA1 HOXB3 S100A12
MAPK1 ZDHHC3 MEIS1 S5100A9
MAST3 FLT3 PGLYRP1
NAV2 ADA CEACAME
NELL2 ANGPT1 CEACAMS
NFAM1 C120rf76 MMP8
NLRC4 CALCOCO2 MMP9
NUDT19 CEP70 ANXA3
ORM1 —  CLp2 T ARG1
ORM2 S cot2aa1 3 csorf3z
PADI2 s EGA7 3 cp2a4
PFKFB2 < EF3G 2 A
PLSCR1 'g FAM116B < CHI3LI
PLXNC1 § GPR114 £ CKAP4
PPEF1 E ISYNA1 % ELOVLS
PRKAA1 KIAA0125 o GCA
PTPRJ MSI2 GLT1D1
RAB11FIP4 PPFIBP1 HP
RASGRP1 RBMS2 1QSEC1
RETN STAR ITGAM
ROGDI TMTC4 LCN2
S100A11 TWISTNB MGAM
SFXN1 PLBD1
SLC16A14 QPCcT
SLC25A21 RAB31
SNTB2 STOM
SVIL TCN1
SYNE1 WIPI1
deregulated in each pattern
p3 (AML-up) . Inducthn of cell préllferatlgn.

* Repression of cell differentiation

* Growth inhibition
p4 (AML-down) ¢ Immune résponse

¢ Cell adhesion

¢ Matrix metalloproteinases

checkpoint pathways (NPM1, RASSF1, RCC1, CCNGI),
apoptosis (PDCP7, PMAIPI), as well as ribosome and
translation pathways (RPL12, RPL13, RPL13A, RPL1S,
RPL22, RPL28, RPL3, RPS5, RPS6, MRPS12, EEF2,
EIF3K, PUF60, DHX30) (Table 1). It should be noted
that a large number of these progressively over-
expressed genes were ribosomal protein-coding
genes. Other biological functions enriched within
pattern 1 were nucleosome and chromatin assembly
(MYST1, H3F3B, HIST1H2BD), where some genes
coding for histones were found up-regulated. By
contrast, the functional enrichment analysis of the
genes in Pattern 2 (MDS/AML-down signature)
identified genes related to immune response
(CLEC4E, SIRPB1, SIRPA), matrix metalloproteinases
(MMP25, MMP27), and cell adhesion (CEACAM3)
(Table 1).

The genes included in the Pattern 3 (AML-up
signature) and Pattern 4 (AML-down signature) were
mainly involved in cell differentiation, and cellular
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growth and proliferation (Table 1). Pattern 3
contained several pro-proliferative genes, such as
HOX genes (HOXA3, HOXA7, HOXA9, HOXB2, HOXB3),
MEIS1 and FLT3, while pattern 4, had some anti-
proliferative genes such as CRISP3, all of them known
to be actively involved in AML. Furthermore, HOX
genes were also related to cell differentiation, as
they act as repressors of this process. In addition,
some genes related to immune response (LTF, CAMP,
CLEC4D, S100A12, PGLYRPI), matrix metallo-
proteinases (MMP8, MMP9), and cell adhesion
(CEACAMS8, CEACAM6) were also observed in pattern
4 (Table 1). Examples from each pattern are shown in
Supplementary Figure S2.

Transcription factors potentially associated with
the gene expression patterns in the evolution of
MDS

Interestingly, the analysis of the genes included
within each pattern revealed that some of them
were transcription factors (TFs). Due to the genes
studied had an increasing or decreasing trend in their
expression levels, we decided to explore whether any
deregulated TF could potentially be leading the
expression changes we observed. For this reason we
further examined the putative transcription factor
binding sites (TFBS), and their probable regulators,
within the promoter regions of the genes in the Full
List of 1163 genes. This analysis provided a total of
660 TFs, of which 42 were included in the list of
deregulated genes (Full List) (see Supplementary
Table S3). We then focused on exploring which genes
assigned to each pattern (from the Core List) were
potentially regulated by any of these 42 TFs.

Intriguingly, only 7 TFs (TAF7, ATF2, XBP1, ETS2,
NR1H3, TGIF2, CBFB) appeared to be regulating
many of the genes from pattern 2, MDS/AML-up
signature (Figure 2A). By contrast, the 26 genes in
pattern 1 have TFBS for many TFs, some of them
within the same gene list, which leads to a very
connected network (Figure 2B). TAF7 and ATF2 had
34 and 35 potential targets within pattern 2,
respectively, many of them being ribosomal protein-
coding genes. Looking deeper into these two TFs,
TAF7 was found increasingly up-regulated during
disease evolution, since early MDS stages, while ATF2
was found continuously up-regulated mainly in the
transition from advanced MDS to AML.

DISCUSSION

Myelodysplastic syndromes (MDS) are considered
as a pre-leukemic state that frequently progresses to

acute myeloid leukemia (AML). The presence of
common molecular mechanisms affected in both
diseases has been described. In fact both, MDS and
AML, show mutations in common genes, such as
RUNXI, TET2, FLT3, DNMT3A and others”?® At
transcriptional level MDS patients show a well-
defined gene expression signature, mainly high-risk
MDS and MDS associated with cytogenetic
abnormalities in which a gene dosage effect has been
reported.l’z“l'g'm'34 Thus, the present study was
restricted to MDS with normal cytogenetics and was
focused on the identification of common and
progressively deregulated genes, which may
potentially be associated with the progression of the
disease, by a multi-platform genome-wide expression
profiling. This methodological approach allowed us to
identify a set of genes that began to be deregulated
(up-regulated/down-regulated) in early MDS stages
(LR-MDS) and remained progressively altered during
the progression towards advanced MDS (HR-MDS)
and AML, while the gene expression level of other
genes changed drastically in more advanced disease
stages (HR-MDS/AML).

These common and dynamically deregulated genes
implicated in the progression of the disease were
related to key cellular functions of known relevance
in MDS. Thus, apoptosis, DNA damage response and
checkpoint pathways, ribosome and translation
pathways (mainly enriched in pattern 1, MDS-up),
immune response (enriched in patterns 2 and 4,
MDS- and MDS/AML-down), cell differentiation, and
cellular growth and proliferation (mainly enriched in
pattern 3, AML-up), were progressively deregulated
during the evolution of MDS. It should be noted that
nucleosome and chromatin assembly were additional
significant functions that were also altered.

An important group of genes that participated in
the evolution of the disease was related to the DNA
damage response and checkpoint pathways. DNA
damage facilitates the activation of the responses to
DNA damage stimuli and checkpoint pathways, in
order to slow down cell cycle progression and allow
cells to repair of damaged DNA.%%73¢ The efficient
repair of damaged DNA is crucial for the
maintenance of genome integrity and cell survival,
preventing the propagation of cells containing
genomic abnormalities.*®* If the DNA damage is too
extensive, these mechanisms can trigger apoptosis or
cell senescence (via activation of p53) in order to
eliminate defective cells.'®** It is well recognized
that advanced MDS are characterized by high levels
of genomic instability, due to defective function of the
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Figure 2: More relevant transcription factors and their targets involved within pattern 1, MDS/AML-up (A), and pattern 3, AML-up (B). Pink and
blue nodes represent the up-regulated genes within each pattern, and green represents the up-regulated transcription factors from the Full List. An
arrow pointing from A to B indicates that A potentially regulates B.
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DNA repair mechanisms. % Interestingly, in our
study, those gene pathways related to the DNA
damage response and checkpoints already appeared
up-regulated in early MDS, suggesting that in early
MDS these mechanisms are fully active, maybe to
compensate for a damage generated in the DNA
sequence. Moreover, and somehow expected, these
genes involved in DNA damage response and
checkpoints pathways were consistently up-
regulated in HR-MDS with the maximum expression
levels in AML patients. Some of them are implicated
in chromatin assembly such as MYST1, H3F3B,
HIST1H2BD, while others are related to DNA damage
response and cell cycle arrest (NPM1, RCC1, RASSF1,
and CCNGI). MYST1 gene belongs to a family of
lysine acetyltransferases with important roles in gene
regulation and DNA damage response.38 It has been
reported that this protein is required for efficient
repair of DNA damage through recruitment of other
DNA repair mediator proteins such as Mdcl, 53bp1,
and Brcal to the sites of DNA damage.38 Of note, less
studied cellular functions were also altered in the
transition from non-malignant BM through MDS to
AML, involving nucleosome and chromatin assembly.
Thus, MYST1 also plays important roles in
transcription regulation through the acetylation of
the histone H4, by regulating higher-order chromatin
structures, and also the transcription factor p53.%%*
Overall, histones play a central role in transcription
regulation, DNA repair, DNA replication and
chromosomal stability. NPM1 gene encodes a
moonlighting protein that is involved in several
cellular processes such as mediating ribosomal and
histone (H3, H2B and H4) assembly, centrosome
duplication, participating in DNA repair and
regulating stability of tumor suppressors like p53.
Previous observations have demonstrated that is
consistently overexpressed in malignant tissues or
cell lines in comparison to the benign state.”
Mutations in this gene are associated with AML.
RCC1 (Regulator Of Chromosome Condensation 1)
encodes a protein involved in the regulation of the
cell cycle by detecting unreplicated DNA and
inhibiting the progression through it. During the cell
cycle, nuclear DNA replication (S phase) and mitosis
(M phase) are linked such that replication of DNA
must be complete before mitosis can begin. Thus, an
active system for detecting unreplicated DNA and
transducing an inhibitory signal to prevent the
activation of mitotic factors could be present in the
cells even at early stages of MDS. The RCC1 protein
has proven to be involved in this regulatory process.

RCC1 defects resulted in abnormal chromosome
segregation and genomic instability, which are
characteristic of many cancer cells.**?  RASSF1
encodes a protein that mediates the apoptotic
response to Ras activation and also plays an
important role in the DNA damage response as it has
been shown to inhibit the accumulation of cyclin D1,
inducing cell cycle arrest,” playing a critical role in
the DNA repair itself by interacting with the DNA
repair protein XPA, essential for the nucleotide
excision repair mechanism.* CCNGI encodes cyclin
G1, which is an important cell cycle regulator, and is
associated with cell cycle arrest in response to DNA
damage.45 The overexpression of these genes may
indicate that even in the earliest stages of the
disease the cells show a defensive reaction against
DNA damage. However, as the disease progresses,
these mechanisms are still fully active, but they are
not enough stronger to efficiently repair the
damaged DNA, resulting in an increased genomic
instability and conferring the cell a growth advantage
over its normal counterparts, leading to the
progression to AML.

One of the hallmarks of MDS is the increased
apoptosis, which is widely known as deregulated in
MDS, especially in early MDS stages, and considered
to contribute to the characteristic ineffective blood
cell production in MDS, which results in peripheral
blood cytopenias. In this study we found over-
expression of genes involved in apoptosis-related
pathways in early MDS patients when compared to
non-leukemic controls, such as PDCD7 and PMAIP1
was observed. These findings are consistent with
prior studies in which bone marrow of LR-MDS is
characterized by high level of apoptosis.3 However, in
HR-MDS and AML patients the expression levels of
these apoptosis-related genes showed an attenuated
but continued up-regulation when compared to
those of LR-MDS (Figure 1). PDCD7 (Programmed Cell
Death 7) encodes a protein that interfere the splicing
of mRNA precursors, in association with the U1l
small nuclear ribonucleoprotein (snRNP). This protein
have been shown to promote apoptosis when
overexpressed.46 In addition, PDCD7 overexpression
has been associated with shorter overall survival (OS)
and relapse-free survival (RFS) in a subset of AML
patients with normal karyotype, and thereby, with
more aggressive forms and poor prognosis of AMLY
PMAIP1 gene, also known as NOXA, is a pro-
apoptotic member of the Bcl-2 family, and is involved
in inducing p53-mediated apoptosis after DNA
damage in tumor cells.”® It has also been shown that
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this protein binds specifically Mcl-1 (Myeloid Cell
Leukemia 1), and displaces Mcl-1/Bak1 interaction,
resulting in  the release of Bakl (BCL2-
Antagonist/Killer 1) which leads to mitochondrial
membrane permeabilization, efflux of apoptogenic
proteins from the mitochondria, and finally the
activation of caspases and apoptosis.49

We have observed a consistent up-regulation of
genes coding for ribosomal proteins (RPs) in MDS and
AML, demonstrating that a substantial number of
RPs-coding genes were overexpressed in early MDS
and continued to be up-regulated in advanced MDS
and AML. Several studies have shown that
deregulated ribosome biogenesis leads to the release
of RPs, triggering the so-called nucleolar stress.
These free RPs could lead to the activation of p53
(via MDM2) to induce cell cycle arrest, senescence,
or apoptosis, as well as transcription/translation,
mMRNA processing, DNA repair, and tumorigenesis.so'
> In our study, an up-regulation of several RPS-
coding genes, as well as other translation-related
genes in MDS and AML displaying normal karyotypes
was observed. Of note, RPS6 has been reported as a
downstream effector of the mTOR pathway, and was
shown to contribute to cell growth and proliferation
through the translation of specific mRNAs.>>** In
addition, RPL22 has been shown to be associated
with histone H1 and co-localize on condensed
chromatin. Its overexpression results in gene
transcription inhibition, while reduction of RPL22
results in transcriptional up-regulation of genes.50
Altogether, these findings and previous reported
data in several other neoplastic conditions may
indicate that RPs could play a fundamental role in
disease progression and aggressiveness.g’so'51

Two important cellular  functions  mainly
deregulated in the transition from advanced MDS to
AML are cellular differentiation and proliferation. We
observed an up-regulation of genes promoting
proliferation while suppressing differentiation (HOX
genes, FLT3), and down-regulation of genes that
inhibit cellular proliferation (LTF, CRISP3). One of the
most up-regulated genes were the homeodomain
containing genes, HOX gene family and ME/S1, whose
role in leukemogenesis has been convincingly
demonstrated.>*>*” In addition to their role in
establishing body plan during development, HOX
genes have been implicated in several biological
processes, including cell migration, proliferation and
differentiation, as well as hematopoietic stem cell
self-renewal ”®*° HOXA9, in particular, and its
cofactor MEIS1 have been extensively studied in

AML, since these genes are frequently found up-
regulated in acute leukemias.>>>**% |n addition, the
aberrant expression of HOXA9 has been associated
with poor prognosis in AML.>*®. Our results are in
accordance with previous reported data in which
HOXA9 and MEIS1, as well as other HOXA and HOXB
cluster genes, are overexpressed in MDS at high risk
of developing AML or in MDS who, indeed, evolved
to AML>® Interestingly, HOXA9 overexpression has
been shown to promote hematopoietic progenitor
cells self-renewal and expansion. In contrast,
reduced expression has been associated with
hematopoietic differentiation.® It should be noted
that the up-regulation of HOXA9 is linked to the up-
regulation of FLT3, which is implicated in cell
proliferation.s&60 HOXA7, HOXB3, and HOXB2 have
also been found overexpressed in HR-MDS, AML and
several solid tumors, also promoting cell
proliferation.2'8’55'56’61'64 Consistent with this, the up-
regulation of HOX genes, mainly HOXA9 in its
cofactor MEISI, will promote hematopoietic
progenitor cells proliferation, while suppressing
myeloid differentiation, leading to the accumulation
of blasts in the BM and progression to AML. In
addition, in the transition form advanced MDS to
AML we observed a marked down-regulation of
CRISP3 and LTF, both implicated in immune response
and growth inhibition.®®” LTF has been proposed as
having an anti-tumorigenic function, through the
regulation of natural killer (NK) cell activity, inhibition
of cell proliferation and enhancement of apoptosis.
Some studies have shown that LTF expression is
down-regulated in lung, breast, prostate and gastric
cancer, glioblastoma, and leukemia.®’

The analysis of the putative transcription factor
binding sites (TFBS) in the promoter regions of our
deregulated genes allowed us to infer that two main
transcription factors (TFs), TAF7 and ATF2, could
potentially lead the expression changes that we
observed. TAF7 was found increasingly up-regulated
during disease evolution, and with many ribosome-
related genes as potential targets. TAF7 (TATA
binding protein associated factor 7) is a component
of the TFIID protein complex, and controls the first
steps of transcription, reflecting that plays an
essential role in cell prolifera‘cion.68 Moreover, ATF2
was found up-regulated mainly in the transition from
advanced MDS to AML, with many RPs-coding genes
as potential targets. ATF2 (Activating Transcription
Factor 2) gene encodes a moonlighting protein based
on its ability to perform multiple cellular functions,
such as transcriptional control under stress
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conditions, chromatin remodeling, DNA damage
response and cell death, depending on its subcellular
localization.®*”? Several studies have demonstrated
that overexpression, phosphorylation and altered
subcellular localization of ATF2, as well as interaction
with oncogenic proteins (JUN), play a crucial role in
oncogenic transformation and tumorigenesis. Thus,
strong nuclear ATF2 localization has been observed
in more aggressive cancers and associated with
metastasis.””>  Further functional studies are
warranted to discern the consequences of the
deregulation of these two TFs. However, as they
seem to be deregulating a large number of genes in
our study, they open up the possibility for
therapeutic intervention.

In summary, the present study demonstrated the
presence of a progressive deregulation of several
cellular functions, with common deregulated genes,
in the transition from non-malignant bone marrow
through early and advanced MDS to AML. The main
cellular functions directly or indirectly implicated in
disease evolution were DNA damage response and
checkpoint pathways, “nucleolar stress” proteins,
apoptosis, cellular proliferation and suppression of
myeloid differentiation, as well as deregulation of
immune responses. Furthermore, a large number of
the dynamically deregulated genes identified in the
present study seem to be regulated by two
transcription factors, ATF2 and TAF7, not previously
related to myeloid malignancies, which could be
potential targets for therapeutic intervention.
Therefore, the evolution from normal bone marrow
trough MDS to AML seems to be an orchestrated
mechanism that involves common deregulated
functional pathways.
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Abstract The prognostic impact of the aberrant hypermethyla-
tion in response to azacytidine (AZA) remains to be determined.
Therefore, we have analyzed the influence of the methylation
status prior to AZA treatment on the overall survival and clinical
response of myeloid malignancies. DNA methylation status of
24 tumor suppressor genes was analyzed by methylation-specific
multiplex ligation-dependent probe amplification in 63 patients
with myelodysplastic syndromes and acute myeloid leukemia
treated with azacytidine. Most patients (73 %) showed methyl-
ation of at least one gene, but only 12 % of patients displayed
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>3 methylated genes. The multivariate analysis demonstrated
that the presence of a high number (>2) of methylated genes
(P=0.022), a high WBC count (P=0.033), or anemia (P=0.029)
were independent prognostic factors associated with shorter
overall survival. The aberrant methylation status did not cor-
relate with the response to AZA, although four of the five
patients with >3 methylated genes did not respond. By con-
trast, favorable cytogenetics independently influenced the
clinical response to AZA as 64.7 % of patients with good-
risk cytogenetic abnormalities responded (P=0.03). Aberrant
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methylation status influences the survival of patients treated
with AZA, being shorter in those patients with a high number
of methylated genes.

Keywords Acute myeloid leukemia - Azacytidine -
Methylation - Myelodysplastic syndromes - Survival

Introduction

Myelodysplastic syndromes (MDS) are clonal hematopoietic
stem-cell disorders associated with a myeloid differentiation
blockade leading to bone marrow (BM) accumulation of myeloid
progenitor cells and peripheral blood cytopenias. Approximately
30 % of MDS progress to acute myeloid leukemia (AML) [1, 2].

For many years, therapy for MDS was based on best sup-
portive care consisting of red blood cell or platelet transfusions,
as well as intensive chemotherapy, and allogeneic stem-cell
transplantation (alloSCT) for high-risk MDS, the latter being
the only curative strategy although only a few patients benefit
from it. However, in recent years, new promising treatment
options with proven clinical efficacy, such as hypomethylating
agents (azacytidine and decitabine) and lenalidomide have
emerged [3-06].

Azacytidine (AZA) is a natural analog of cytidine that
irreversibly binds to DNA methyltransferases and inhibits their
function, resulting in a progressive reduction of DNA methyl-
ation and gene expression reactivation [7]. Recent studies have
shown that AZA induces 50-60 % responses in MDS and
AML patients and significantly improves overall survival [3,
4, 7-11].

DNA methylation is an epigenetic mechanism that consists
in the addition of methyl groups to cytosine residues within
CpG-islands, which are located in or near gene promoter
regions. Aberrant DNA methylation of CpG-islands has been
associated with gene silencing, via inhibition of gene transcrip-
tion [11, 12]. Interestingly, in recent years, an increasing num-
ber of hypermethylated tumor suppressor genes have been
related to myeloid neoplasms. Some of these genes are related
to cell cycle control (CDKNI1B, CDKN2B, HICI, and FHIT),
cell adhesion (/GSF4, CDH1, and CDH13), apoptosis regula-
tion (DAPKT), and cell growth (ESRI) [11, 13-17]. However,
the prognostic impact of the aberrant methylation status prior to
any treatment with hypomethylating agents in patients with
MDS or AML has been poorly investigated. In fact, the results
from the few studies that explored the relationship between
aberrant DNA methylation and response to hypomethylating
agents are discordant [10, 11]. In addition, no association
between aberrant methylation of 10 selected genes and clinical
response to decitabine was found, while there was an associa-
tion with overall survival [11]. Conversely, a relationship be-
tween the hypermethylation of P15 gene or the presence of high
levels of methylation and response to AZA and survival has

@ Springer

been reported by others [10, 13]. In addition, 7E72 mutations
and DNMT3B gene amplification have been recently described
to be associated with response to AZA treatment [18-20].

In the present study, we have analyzed the methylation
status of a selected set of tumor suppressor genes in MDS
and AML patients treated with azacytidine, in order to
evaluate the influence of aberrant methylation on survival
and clinical response to azacytidine.

Materials and methods
Patient characteristics

A total of 78 patients from 11 Spanish institutions diagnosed as
MDS or AML who had been treated with AZA (VIDAZA®,
Celgene Corp., Summit, NJ) were prospectively evaluated.
Among these, 15 patients were excluded from the study be-
cause AZA had been used as maintenance after alloSCT (n=5),
response was not assessable (n=4), or DNA quality was con-
sidered inadequate for analysis (#=6). Finally, the study cohort
included a total number of 63 patients. BM samples were
obtained before AZA therapy. In addition, five control BM
samples were obtained from healthy individuals. This study
was performed in agreement with the guidelines of Declaration
of Helsinki, was approved by the Local Ethical Committees,
and all patient samples were collected after obtaining informed
consent.

Patient characteristics were collected just before AZA treat-
ment and are summarized in Table 1. Median age was 69 years
(range 49-84) and 65.1 % of the patients were males.
According to the World Health Organization (WHO) 2008
classification [21], the study included 39 patients diagnosed
with MDS and 24 with AML. Among the MDS patients, two
had MDS associated with isolated del(5q), 14 cases had
refractory cytopenia with multi-lineage dysplasia, 12 patients
had refractory anemia with excess blasts (RAEB) type 1,
8 cases were diagnosed as RAEB-2, and the remaining 3
patients, as MDS unclassified (MDS-U). Median leukocyte
count was 3 x 10°/L (range 0.7 to 51.4x 10°/L) with 11.9 % of
patients showing at least >15x10%/L, median hemoglobin
level was 8.9 g/dL (range 5.4 to 14.0 g/dL) with 67.8 % of
patients showing less than 10 g/dL, and median platelet count
was 51.9% 10°/L (range 2 to 836 x 10%/L) with 49.2 % having
less than 50x 10°/L. Among MDS patients, one half had less
than 5 % BM blasts and among patients with AML, also one
half had less than 30 % BM blasts (Table 1).

Conventional cytogenetics
Conventional cytogenetic analysis was carried out with stan-

dard G-banding with trypsin-Giemsa staining in all samples
included in the study, as previously described [22]. Chromosomal
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Table 1 Patient characteristics before AZA treatment

% Median [Range]

Age (years) 69 [49-84]
<70 52.4

>70 47.6

Sex

Male 65.1

Female 349

WHO diagnosis

MDS del(5q) 32

RCMD 222

RAEB-1 19.0

RAEB-2 12.7

MDS-U 4.8

AML with MDS related changes 17.5

AML, other 20.6

IPSS-R score (MDS patients)

Very Low 2.8

Low 16.7

Intermediate 27.8

High 27.8

Very High 25.0

WBC count (x10%/L) 3[0.7-51.4]
<15 88.1

>15 11.9

Hemoglobin level (g/dL) 8.9 [5.4-14.0]
<10 67.8

>10 322

Platelet count (x10°/L) 51.9 [2-836]
<50 49.2

>50 50.8

LDH (U/L) 393 [189-4486]
<450 60.0

>450 40.0

BM blasts (%) 9.5[0.6-80.0]
<5 32.1

5-20 32.1

20 - 30 17.9

>30 17.9

PB blasts (%) 0 [0-58]
Absent 56.1

Present 43.9

Cytogenetics

Normal 55.6

=5/ del(5q) 6.3

=7/ del(7q) 11.1

+8 79

=5/ del(5q) + other abnormality 6.3

Other abnormality 4.8

Complex 79
N° cycles 6 [1-21]

WHO World Health Organization, IPSS-R Revised International
Prognosis Scoring System, WBC white blood cells, LDH lactate
dehydrogenase, BM bone marro, PB peripheral blood

abnormalities were classified using the International System for
Human Cytogenetic Nomenclature criteria [23].

FISH analysis

Interphase fluorescence in situ hybridization (FISH) was per-
formed on all samples using commercially available probes for
the following regions: 5p15, 5q33-q34 (LSI D5S23, D5S721
probe), 7pl1, 7q31 (Vysis D7S522, CEP 7 Probe), and for the
centromere of chromosome 8 (CEP 8§ DNA probe) all of them
from Vysis/Abbott (Co, Downers Grove, IL), using the previ-
ously described methods [24]. Dual-color FISH was performed
using differently labeled control and test probes. At least 400
interphase nuclei per probe were analyzed by two independent
observers, and images were recorded using an E1000 micro-
scope (Nikon, Tokyo, Japan) equipped with the Quips system
(Vysis, Downers Grove, IL). Both, FISH and cytogenetic stud-
ies were carried out at the Hospital Universitario de Salamanca.

Response criteria

Clinical response in patients with MDS as well as in AML
with low-blast cell count (20-30 %) was assessed according to
the International Working Group (IWG) response criteria for
MDS [25] in accordance to Fenaux et al. [3, 8], while patients
with more than 30 % BM blasts were rated according to the
International Working Group (IWG) criteria for AML follow-
ing European LeukemiaNet recommendations [26].

DNA isolation

DNA from all samples was isolated with QIAamp DNA Mini
Kit (Qiagen) according to manufacturer’s standard protocol.
Concentration and quality of extracted DNA were determined
with NanoDrop spectrophotometer by measuring the ratio of
absorbance at 260 and 280 nm (A260/280). DNA integrity
was also evaluated by agarose gel electrophoresis.

Methylation analysis-MLPA

DNA methylation status was analyzed using the methylation
specific multiplex ligation-dependent probe amplification
(MS-MLPA®) technique. The MS-MLPA probe-mix used
was MEOO1-C1 v08 0808 (MRC-Holland, Amsterdam, The
Netherlands) [27] which contains 41 probes. Of these, 26
probes correspond to CpG-islands located in promoter regions
of24 different tumor suppressor genes (listed in Table 2) while
the 15 remaining probes are reference probes that lack the
Hhal digestion site. These 15 probes were used to quantify the
methylation level.

The MS-MLPA experiments were performed following
the manufacturer’s recommended guidelines with small
modifications [27, 28]. In brief, approximately 100 ng of
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Table 2 Incidence of methylated genes in MDS and AML samples assessed by MS-MLPA

Gene symbol Chromosome position  Gene function Patients with methylated genes (%)
MDS (n=36) AML (n=17)  Total (n=53)
TP73 1p36.32 Cell cycle control 0 42 1.6
CASPS 2q33.1 Apoptosis regulation 0
VHL 3p25.3 Transcription factor binding, apoptosis 0 0
regulation, cell cycle control
RARB 3p24.2 Transcription regulation, signal transduction 7.7 12.5 9.5
MLHI 3p22.2 Cell cycle control, DNA repair 0 0 0
RASSF1 3p21.31 Cell cycle control, Ras signaling 0 0 0
FHIT 3pl4.2 Cell cycle control, nucleotide metabolism 0 42 1.6
APC 5922.2 Whnt signaling, cell adhesion 2.6 0 1.6
ESRI 6q25.1 Transcription regulation, signal transduction, 17.9 333 23.8
cell growth regulation
CDKN2A4 9p21.3 Cell cycle control 5.1 0 32
CDKN2B 9p21.3 Cell cycle control 25.6 20.8 23.8
DAPK1 9q21.33 Apoptosis regulation 0 0 0
PTEN 10923.31 Cell adhesion, apoptosis regulation, 0 0 0
cell cycle control
CD44 11pl3 Cell adhesion 2.6 0 1.6
GSTPI 11q13.2 Apoptosis regulation 5.1 0 32
ATM 11q22.3 DNA repair, apoptosis regulation, 0 0 0
cell cycle control
IGSF4 (CADM1)  11q23.2 Cell adhesion 17.9 41.7 27.0
CDKNIB 12p13.1 Cell cycle control 12.8 8.3 11.1
CHFR 12q24.33 Cell cycle control, ubiquitination 0 0 0
BRCA2 13q13.1 DNA repair, cell cycle control 0 0 0
CDHI3 16q23.3 Cell adhesion 12.8 29.2 19.0
HICI 17p13.3 Cell cycle control, transcription regulation 2.6 0 1.6
BRCAI 17q21.31 DNA repair, cell cycle control 0 0 0
TIMP3 22q12.3 Apoptosis regulation 0 4.2 1.6

genomic DNA from each sample were denatured and sub-
sequently hybridized with MS-MLPA probes. After hybrid-
ization, each mixture was equally split into two tubes: in one
tube, all probes were ligated to their respective target
sequences; while in the other tube, the ligation reaction
was combined with Hhal enzyme digestion. Subsequently,
all products were amplified by PCR. Due to the fact that
Hhal enzyme is a methylation-sensitive endonuclease, if the
DNA is methylated, the Hhal enzyme is not able to digest
the DNA-probe hybrid, resulting in the amplification by
PCR of only the methylated complex. PCR products were
analyzed by capillary electrophoresis and quantified with
GeneMapper software (Applied Biosystems). Finally, meth-
ylation level was determined with Coffalyser MLPA soft-
ware v9 (MRC-Holland), as the ratio between peak areas of
the digested and the undigested samples. All reactions were
carried out twice. According to the methylation level showed
by the controls (Supplementary Table S1), a methylation of
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>0.30 for CDKN2B gene and >0.10 for the remaining genes
was considered qualitatively as an aberrant methylation status.

Statistical analysis

To assess the influence of methylation status and clinical
covariates in response to AZA treatment, univariate compar-
isons were performed using ¢ test for continuous variables
analysis and Chi-square test for categorical variables. Only
those variables with a P value <0.1 in univariate analysis
were introduced in a multivariate study, using the logistic
regression model.

Survival analysis was performed using standard univari-
ate and multivariate statistical tests by using Kaplan—Meier
test (log-rank) and Cox regression method, respectively.

For both the association and survival analyses, P values
<0.05 were considered statistically significant. The statisti-
cal package used for all analyses was SPSS version 17.0.
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Results
Cytogenetics

A total of 28 patients had abnormal cytogenetics: 4 with
isolated —5/del(5q), 7 with isolated —7/del(7q), 5 with triso-
my 8, 4 with an additional chromosomal abnormality to
chromosome 5 alteration, 1with trisomy 9, 1 with trisomy
11, 1 with trisomy 14, and 5 patients with a complex
cytogenetics (=3 abnormalities). The remaining 35 patients
showed normal cytogenetics. Those cases with abnormal
karyotype are summarized in the Supplementary Table S2.

All patients with complex cytogenetics or additional
chromosomal abnormalities to chromosome 5 alterations
were considered as having adverse cytogenetics. In contrast,
trisomy of chromosomes 8§, 9, 11, and 14, as well as normal
cytogenetics were defined as favorable. According to previ-
ous reports, isolated —5/del(5q) or —7/del(7q) were consid-
ered as adverse abnormalities in the AML group [29, 30].
By contrast, the presence of isolated —5/del(5q) and isolated
del(7q) were defined as being favorable in MDS patients,
while the presence of isolated monosomy 7 or —7/del(7q)
with any additional chromosomal abnormalities were con-
sidered as adverse cytogenetics [3, 31, 32].

Methylation analysis

The MS-MLPA analysis detected aberrant DNA methyla-
tion of at least one gene in 46 of all 63 patients (73 %): 23
patients displayed an aberrant methylation of only one gene,
15 samples in two genes, and in the remaining 8 patients, an
aberrant methylation was detected in three or more genes.

Table 3 Prognostic factors for overall survival

No differences in the frequency of methylation in AML vs.
MDS samples were observed (79.2 vs. 69.2 %, P=0.39).

The most frequently methylated genes were /GSF4 (also
known as CADMI) (27 %), CDKN2B (23.8 %), ESRI
(23.8 %), CDHI13 (19 %), and CDKNIB (11.1 %). Other
genes such asTP73, RARB, FHIT, APC, CDKN24, CD44,
GSTP1, HIC1, and TIMP3 were found methylated in less
than 10 % of patients. All of these genes are listed in
Table 2. No methylation was observed in the control
samples.

Analysis of prognostic factors for overall survival

Among the 63 patients included in the study, 41 patients
died during the study. Median survival was 11.7 months
(range 0.6-40.5), with a median follow-up time of
19.2 months. In the univariate analysis, a WBC count
>15x10%L (P=0.021), a hemoglobin level <10 g/dL
(P=0.015) and the presence of >2 methylated genes (P=
0.017) were associated with shorter overall survival (OS)
(Table 3, Fig. 1). In contrast, the presence of an aberrant
cytogenetics (P=0.085) was not a predictive factor for over-
all survival. It is noteworthy that no statistical differences
between patients with MDS and those with AML were
found (P=0.507) (Fig. 2).

Multivariate analysis revealed that the presence of a
WBC count >15x10°/L (P=0.033), a hemoglobin level
<10 g/dL (P=0.029) and a high number of methylated genes
(>2 genes methylated) (P=0.022) were independently asso-
ciated with shorter OS (Table 3). It should be noted that the
eight patients with >3 methylated genes showed a shorter
survival (Supplementary Fig. S3).

Patient characteristics before treatment Univariate analysis

Multivariate analysis

Median OS (months) P value HR [95 % CI] P value
Age (years) (<70/>70) 12.8/16.6 0.680
Sex (Male/Female) 12.6/20.3 0.175
WHO diagnosis (MDS/AML) 13.5/11.8 0.507
WBC count (x10%/L) (<15/>15) 13.5/9.7 0.021 2.7 [1.1-6.9] 0.033
Hemoglobin level (g/dL) (<10/>10) 10.7/20.3 0.015 0.4 [0.2-0.9] 0.029
Platelet count (x10°/L) (<50/>50) 9.7/19.6 0.073
LDH (U/L) (<450/>450) 12.8/13.2 0.538
BM blasts % (<5/5-20/20-30/>30) 19.2/10.7/9.3/11.8 0.945
PB blasts (absent/present) 13.5/11.8 0.562
Cytogenetics (favorable/adverse) 16.6/8.9 0.085
Normal cytogenetics (yes/no) 12.8/13.2 0.226
Number of methylated genes (<1/>2) 19.2/10.7 0.017 2.2 [1.1-4.3] 0.022

OS overall survival, WHO World Health Organization, WBC white blood cells, LDH lactate dehydrogenase, BM bone marrow, PB peripheral blood,

HR hazard ratio, CI confidence interval
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Fig. 1 Kaplan—Meier curves according to a WBC count, b hemoglobin level, ¢ cytogenetic group, and d number of methylated genes. Patients
showing a WBC count >15%109/L, a hemoglobin level <10 g/dL, adverse cytogenetics, and >2 methylated genes had a shorter OS

Analys

is of predictive factors for response to azacytidine

In order to assess the factors influencing the overall response
to AZA, we excluded from the study those patients who
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received less than 4 cycles (n=10) in which response to
AZA could not be evaluated. The median number of cycles
administered was 7 (range from 4 to 21). Responses are
summarized in Table 4. In brief, among all patients, 49.1 %
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Fig. 2 Kaplan—Meier curves according to a MDS or AML diagnosis
and b the BM blasts cell count (%). No statistical differences were
observed between MDS and AML, as well as between patients with

achieved a response to AZA: 26.4 % achieved a complete
remission (CR), 5.7 % of patients had a partial remission
(PR), and 17 % showed a hematological improvement (HI),
while 9.4 % had stable disease (SD). By contrast, 22.6 % of
patients did not achieve any response and the remaining
18.9 % showed progressive disease (Table 4). WHO-
defined MDS and AML patients showed similar responses
as regards to overall survival, complete remission, and
progression rates. We grouped those patients who achieved
CR, PR, and HI as “responders”, while those not achieving
any response or progressing under AZA therapy were
grouped as “non-responders”.

Univariate analysis showed that the only factors predictive
of'aresponse to AZA treatment were the presence of less than
5.5 % of blast cells in peripheral blood (PB) (P=0.05) and
favorable cytogenetics (P=0.02). However, methylation level
or the methylation status of any individual gene was not
significantly associated with response to AZA treatment
(Table 5). WHO diagnosis of MDS vs. AML did not show
any influence on clinical response to AZA.

Methylation level was not significantly associated with
response. However, only one out of the five patients with >3
genes methylated before treatment achieved a partial remis-
sion. The other four patients, who did not respond, included
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5 % BM blasts compared to those showing 5-20, 20-30, and 30 % of
blast cells in the bone marrow

one case with adverse cytogenetics, one patient showing a mono-
somy 7, and the remaining two cases with normal cytogenetics.

Multivariate analysis including cytogenetics and the
methylation status revealed that favorable cytogenetics
(P=0.026) was the only factor that independently influenced
the response to AZA (Table 5). In our study cohort, 64.7 %
of patients with favorable cytogenetics responded to AZA,
while only 28.6 % with adverse cytogenetics did respond to
the drug. Interestingly, the study comprised seven cases with
isolated —7/del(7q): four AML patients, of which only one
patient did show a response to AZA (SD), and three MDS
patients, of which all had a response.

Discussion

Nowadays there are an increasing number of patients with
hematological malignancies treated with hypomethylating
agents (azacytidine and decitabine). Clinical experience
has demonstrated the effectiveness of this epigenetic therapy
as a high proportion of patients treated with these agents
achieve a response. However, there are some unresponsive
patients, and therefore, it is important to better identify the
predictive factors for response to these agents. In the present
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Table 4 Response to AZA treatment (based on IWG criteria)

IWG 2006 MDS AML TOTAL
n=36 Percent (%) n=17 Percent (%) n=53 Percent (%)

Complete remission (CR) 10 27.8 4 23.5 14 26.4

Partial remission (PR) 2 5.6 1 59 3 5.7
Hematological improvement (HI) 7 19.4 2 11.8 9 17.0

Stable disease (SD) 4 11.1 1 59 5 9.4

Failure 6 16.7 6 353 12 22.6
Disease progression 7 19.4 3 17.6 10 18.9

IWG criteria applied to each individual AML patient were dependent on his/her actual BM blast count (30 % cutoff) (see Materials and Methods

section for additional details)

IWG International Working Group.

study, we carried out a methylation analysis of 24 tumor-
related genes in a series of 63 patients with myeloid malig-
nancies. Our data showed that AML and MDS patients had
a low incidence of aberrant hypermethylation, which is even
lower among MDS patients, and that the methylation status
correlated with survival as an independent factor. Thus, a
high number of methylated genes, in addition to a high
WBC count and the presence of anemia were associated
with shorter overall survival. By contrast, only cytogenetics
independently influenced the response to AZA.
Furthermore, one of the goals of the present study was to
evaluate the clinical application of the MS-MLPA technique for
methylation analysis. Among the other techniques available
today for the analysis of the aberrant methylation status of
single or multiple genes, such as methylation-specific PCR,

Table 5 Analysis of predictive factors for response to AZA

bisulfite pyrosequencing, and methylation arrays, the multiplex
MS-MLPA technique allows the screening of promoter meth-
ylation status of a large number of genes in one single exper-
iment. Both MDS and AML patients showed promoter aberrant
hypermethylation of several genes [10-17, 33, 34]. Our study
included the analysis of many of these previously reported
genes such as CDKN2B, CDKNIB, HICI, FHIT, IGSF4,
CDH]13, TP73, ESRI, and MLH]I, and our results are in con-
cordance with those in previous reports, as the most frequently
methylated genes were IGSF4, CDKN2B, ESR1, CDH13, and
CDKNIB [11, 15, 17, 34]. The MS-MLPA technique uses a
low amount of DNA and only requires standard laboratory
equipment [27, 35-38]. Thus, MS-MLPA could be a technique
that could be used in the clinical setting for the analysis of DNA
methylation.

Patient characteristics before treatment Univariate analysis

Multivariate analysis

Mean or Number of patients P value OR [95 % CI] P value
Responders Non-responders

Age (years) 68.0 67.2 0.753

Sex (male/female) 17/9 15/7 0.838

WHO diagnosis (MDS/AML) 19/7 13/9 0.306

WBC count (x10%/L) 5.1 6.1 0.640

Hemoglobin level (g/dL) 9.3 8.6 0.124

Platelet count (x10°/L) 141.7 73.6 0.147

LDH (U/L) 4493 541.4 0.267

BM blasts (%) 14.4 17.3 0.600

PB blasts (%) 1.4 10.8 0.047

Cytogenetics (favorable/adverse) 22/4 12/10 0.022 0.36 [0.04-0.7] 0.026

Normal cytogenetics (yes/no) 15/11 11/11 0.594

Number of methylated genes (<1/>2) 17/9 13/9 0.654 0.011 [-0.29-0.3] 0.942

OR overall response, WHO World Health Organization, WBC white blood cells, LDH lactate dehydrogenase, BM bone marrow, PB peripheral blood
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The presence of gene promoter hypermethylation in MDS
and AML patients has been reported in several studies to have
prognostic significance [11, 13, 16]. In our study, the presence
of more than two methylated genes was related to a shorter
survival in patients treated with AZA. Several studies have
measured the DNA methylation level of a selected set of
genes, previously evaluated in MDS and AML, showing that
lower levels of methylation correlated with longer survival [3,
9, 11]. Both previously reported data and our results suggest
that poor-risk cytogenetics and a high number of methylated
genes predict a shorter OS [11] (Herman JG, et al. Presented
at. AACR 2009 [Abstract 4746]).

The relationship between aberrant methylation of single or
multiple genes and response to treatment with hypomethylating
agents remains a controversial issue. In accordance with previ-
ous reports, we failed to demonstrate any significant associa-
tion between aberrant DNA methylation immediately before
treatment and response to AZA [11]. By contrast, a single study
suggested that hypermethylation of CDKN2B gene at baseline
may predict response to AZA, as the methylation level in
responders was lower than in non-responders [10].

Cytogenetics was related to response to AZA, and our data
suggest that the presence of poor-risk cytogenetic abnormalities
could predict a lower response. The presence of complex cyto-
genetics and any additional abnormality accompanying chromo-
some 5 alteration in either MDS or AML patients, as well as
isolated —5/del(5q) and —7/del(7q) in AML patients, should be
considered poor predictive features, as previously described [10].
By contrast, we have considered MDS with isolated del(7q) as a
good prognostic category because in the AZA-001 trial, MDS
patients with —7/del(7q) treated with AZA had a significantly
higher overall survival than MDS patients with —7/del(7q) with
conventional care [3]. In addition, a recent study reported that
MDS patients with isolated del(7q) had a better prognosis than
those with isolated monosomy 7 or those having —7/del(7q) with
any other additional chromosomal abnormalities [31]. For these
reasons, we considered MDS patients treated with AZA with
isolated del(7q) as having favorable cytogenetics. Interestingly,
among our study cohort, three MDS patients had isolated
—7/del(7q), all of which responded, and by contrast, only one
of four AML patients with isolated —7/del(7q) did show a re-
sponse to AZA. Sample size considerations and a lack of addi-
tional biological insight preclude any speculation on the biolog-
ical basis of this surprising fact.

Despite the huge number of gene mutations that have been
reported in MDs and AML, the genetic factors that could
predict response to hypomethylating agents as azacytidine still
remain largely unknown. Nevertheless, mutations in 7E72
and DNMT3A genes, as well as DNMT3A gene amplification
have been described to be associated with a higher response
rate to hypomethylating drugs. However, many other epige-
netic and genetic factors should be studied in larger series to
better analyze their prognostic value. [18-20]

In summary, our results demonstrate that a number out of a
selected panel of tumor suppressor genes are found hypermethy-
lated in MDS and AML patients and that their aberrant methyl-
ation has a negative influence on overall survival. Moreover, our
results suggest that the analysis of the methylation status before
AZA treatment by a feasible methodology such as MS-MLPA
could be useful for clinicians in order to identify a group of
patients with poor survival with AZA therapy, in which other
alternative therapeutic approaches might be considered. Further
studies in a large cohort of patients are necessary to clearly
elucidate the implication of the methylation status in the outcome
of patients treated with azacytidine.
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General Discussion

Myelodysplastic syndromes (MDS) are a group of clonal stem cell disorders characterized by
a high clinical and biological heterogeneity with a high risk of progression to acute myeloid
leukemia (AML). No single genomic event that potentially might be responsible for the
development of MDS and its frequent progression to AML has been identified. Instead, a
wide variety of genomic and epigenetic abnormalities have been identified, resulting in
abnormal differentiation, maturation and growth of hematopoietic myeloid cells, leading to
bone marrow (BM) failure and an enhanced risk to develop AML. Considering the molecular
heterogeneity of MDS, high-throughput genome-wide studies (aCGH, SNP-A, microarray-
based GEP, NGS) are powerful tools to further characterize genomic abnormalities in MDS
patients, rather than the study of single targets. Such analyses have provided valuable
insights into our current understanding of the biology of these complex disorders, and
thereby an improvement in the diagnosis and prognostic assessment of these diseases, as

well as provided novel targets for treatment.

High-resolution genome-wide genotyping techniques, such as single nucleotide
polymorphism array (SNP-A) and array-based comparative genomic hybridization (aCGH), are
powerful tools for studying copy number abnormalities (CNAs) in the genome with higher
resolution compared to conventional cytogenetics (CC).47 The application of these genome-
wide scanning techniques in the study of MDS, despite the drawback of their inability to
detect balanced translocations, allowed for the identification of new, cytogenetically cryptic
and recurrent CNAs that are not detected by CC. To date, several aCGH and SNP-A studies of
MDS have been reported, all with similar end-point data, suggesting their potential clinical

A8 These techniques led to a higher detection rate of chromosomal aberrations

utility.
(70-90%) compared with that picked up with standard cytogenetics alone (40-60%), including
those with or without cytogenetic abnormalities, such as patients with normal or non-
informative standard cytogenetic results.” In our study we identified that 30% of MDS
patients with non-informative cytogenetics carried clonal copy number changes as revealed
by aCGH, which is in accordance with previous reported series showing CNAs in 50% of this
subset of patients.48 In addition, we identified CNAs in patients with normal karyotypes
(10%), mainly in patients with less than 20 good-quality metaphases (overall 13.5%; 11-19
metaphases = 10.5%; <10 metaphases = 21.4%). Therefore, aCGH and SNP-A studies provide

additional information over CC, allowing the prognostic stratification according to the IPSS-R
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that could change the clinical management of this group of patients.48 In addition, our study
confirmed most (86.7%) of the aberrations already detected by CC in patients showing an
abnormal karyotype. Thus, a high concordance between aCGH data was observed,
confirming the reliability of this technique for the assessment of large genetic abnormalities.
Clinically, our results and previous reported data showed that microarray-based karyotyping
refines the prognostic assessment of patients with MDS for known lesions (i.e., -5/5q-, -7/79-

, trisomy 8, 20g-, complex karyotype).42’46’47’53’77

Moreover, microarray-based karyotyping
enabled the identification of submicroscopic copy number changes. Thus, in the present
study we identified cryptic abnormalities (27% of patients) in regions of known relevance in

2,34,42,50

MDS and MDS/MPN pathogenesis, such as deletions in 2p23.3 (DNMT3A), 4924
(TET2), 5q33.1 (SPARC), 7q22.1 (CUXI), 21g22.12 (RUNXI) and Xp1l.4 (BCOR), as well as
gains in 21g22.3 (U2AFI). Forty five percent of patients with cryptic CNAs had normal
karyotypes, while 15% were non-informative results by CC. Of note, 20% and 15% of normal
karyotype patients carried TET2 and RUNX1 deletions, respectively. Therefore, microarrays

provided new information about critical regions involved in the pathogenesis of MDS. This

technique should be used in the screening of large series of MDS patients.

We would emphasize that all CNAs have in common that they either lead to a loss of
function in case of the deletion of tumor suppressor genes (TSG) or to a gain of function in
case of the amplification of oncogenes. Moreover, cryptic regions of CNAs (microdeletions,
microamplifications) or LOH, as they often implicate individual or a few genes, are the most
revealing for targeted sequencing, and indeed, these regions have been instrumental in the

. . 44,47,131
detection of novel gene mutations.

Thus, new microarray-based-detected lesions
allowed for the identification of mutations in TET2 in MDS/MPN, CBL in CMML, MPL in RARS-
T, and EZH2 in MDS, CMML and AML."" For this reason we decided to assess whether gene
mutations occur in the non-deleted allele of the most relevant genes included within the
regions affected by cryptic CNAs. Therefore, TET2, DNMT3A, RUNX1, and BCOR genes were
selected for further amplicon-based deep sequencing. In addition, we also analyzed TP53
gene in those cases showing a deletion in 17p13, due to its pathogenic significance. Our
results showed that a low proportion of patients carried a simultaneous deletion and

mutation in the genes investigated, except for TP53. In fact, only one patient carried a

DNMT3A mutation, three patients had a TET2 mutation, and four patients showed TP53
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mutations. The presence of these mutations, or the concomitant deletion and mutation, may

show an impact on survival. However, further studies are required.

A consideration when using whole-genome microarray-based techniques for the detection of
CNAs/LOH is the incidental finding of copy number variations (CNVs) that are present in
normal individuals."** These CNVs, which are thousands of regions in which segments of DNA
are gained or lost, together with SNPs are responsible of the inherited diversity among

. L. 44,133,134
individuals.

Thus, a straightforward comparison with matched normal DNA for each
patient is required to reliably detect aberrations arising from acquired clonal genomic
changes.44 This is one limitation of our study, and thereby in order to reduce the number of

false positives generated by the analysis of aCGH, either technical artifacts or CNVs, several

| 1% |r/

measures were undertaken: 1) A commercial “pool” of female/male DNA was used as the
control sample in the experiment, 2) Any detected CNA overlapping with those regions
cataloged as CNV in the Database of Genomic Variants (http://dgv.tcag.ca/) was excluded
from further analysis, and 3) All CNAs were further confirmed by interphase fluorescence in
situ hybridization (FISH) or by an independent genome-wide analysis of CNAs with a
microarray from a different platform to that used in the main study. In addition, aCGH and
SNP-A studies are not able to detect balanced abnormalities (translocations, inversions) and
minor pathologic clones. Thus, integrated analysis including both CC and aCGH/SNP-A will
overcome this limitation.***°

In the era of genomic medicine, chromosomal abnormalities will continue to have clinical
significance and conventional cytogenetics will continue to have a fundamental role in the
study of MDS.” Our results and previously reported data support the idea that CC should be
complemented not only by genome-wide microarray-based analyses, but also by high-
throughput sequencing of multi-gene panels, which have already been described for MDS
and related myeloid neoplasms, instead of single genes, in the workflows for the study of

these groups of patients. However, further studies are warranted to clarify how to integrate

this increased knowledge of CNAs and gene mutations in MDS into the clinical practice.

The definition of a complex karyotype is based on the presence of at least 3 independent
clonal abnormalities. However, few groups have proposed different thresholds of

complexity.16 In our study we detected three HR-MDS patients showing a much higher
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complexity than expected as revealed by aCGH. These three patients displayed complex
genomic rearrangements, showing multiple non-contiguous CNAs involving a single

. . . . 37-40,58-60,71
chromosome, consistent with chromothripsis.

Although this genetic abnormality
was initially inferred from sequencing data, it could also be inferred from aCGH/SNP-A data.
Thus, at least ten changes in segmental copy number between two, or occasionally three,
copy number states confined to one chromosome, chromosome arm, or even a few
chromosomes are required to define chromothripsis.59 Similar patterns of copy-number

alterations were associated with chromothripsis in other studies.™

Generally,
chromothripsis involves different chromosomes with a random distribution. However, we
detected three MDS patients (1.2%) showing chromothripsis on chromosome 13 exclusively.
To support the hypothesis that chromothripsis could affect recurrently one single
chromosome or chromosomal regions, there are several works reporting chromothripsis on
chromosome 16p in 3/7 multiple myeloma patients, chromosome 21 in 5/9 iAMP21 acute
lymphoblastic leukemia cases, chromosome 5 in 3/8 chronic lymphocytic leukemia, and

. . 60,70,136,137
recently, chromosome 13 in three retinoblastoma cases.

Noteworthy, this last work
is the first reporting chromothripsis on chromosome 13, spanning the RBI locus, as a
recurrent abnormality. The authors suggested that a chromothripsis event, disrupting and,
therefore inactivating the tumor suppressor gene RB1, might be responsible for the initiation

of retinoblastoma by the inactivation of the RB1 gene.137

The three MDS cases of our study,
displayed different patterns of genomic alteration on chromosome 13, but several genes
were found affected in the same way. Thus, FL73 was commonly amplified, while BRCA2 and
RB1 were commonly deleted. According to the suggestion by Mcevoy et a/.,E'7 whereby the
inactivation of a tumor suppressor gene by chromothripsis could potentially initiate
tumorigenesis, we found two TSGs disrupted in the three patients showing chromothripsis,

138,139

BRCA2 and RBI1. Moreover, TP53 mutations, another TSG, have been described as

1 0f note, the three MDS cases with

involved in this complex genomic abnormality.
chromothripsis carried TP53 mutations. All together, FLT3 amplification, a gene promoting
proliferation, BRCA2 and RB1 disruption, and TP53 mutations could be implicated in the
pathogenesis of some cases of MDS. Chromothripsis has been considered as a “poor risk”
feature, as it has been associated with more aggressive tumors, i.e. AML>%%0 n
agreement to this, the three cases of the study were high-risk MDS, showing a poor outcome

with less than one year survival. Several mechanisms have been suggested as responsible for
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37,38,40,59,61,63,140

this catastrophic genome breakage. One of these mechanisms is the telomere

shortening, a phenomenon that has been described in MDS leading to genomic instability,

. . . . 11,77
and associated with disease progression.

Telomerase, TERT on 5p13.33, is essential to
maintain telomeres integrity. Inhibition of telomerase activity has been shown to cause
cellular senescence and cell death. By contrast, increased TERT expression and telomerase
activity, leads to telomeres erosion and chromosome end fusion, and consequently
chromosome instability.11 Interestingly, Salaverria et al. observed that the 3 CLL cases with

chromothripsis on chromosome 5p had the TERT gene locus ampliﬂed.136

Undoubtedly,
some genetic details could be missed in our study. Nevertheless, aCGH was able to detect a
highly rearranged chromosome 13, which reflects many breakage events, sufficient to
identify the genomic signature of chromothripsis. Therefore, this genetic abnormality could
be involved in the pathogenesis of some cases of MDS. "

All cytogenetic, genetic and epigenetic abnormalities may affect gene expression by means
of aberrant transcription, epigenetic regulation, or gene dosage effects.”” Gene expression
profiling has proved to be a powerful tool for the simultaneous analysis of expression levels
of nearly all known genes, and has been applied in the study of MDS allowing for a better
understanding of their complex biology. Such studies were mainly focused on the
identification of independent gene markers for each disease subtype, by comparing gene
expression signatures between MDS and healthy individuals, between different risk groups,

. . 106,109-111,115-121
or between different cytogenetic subclasses.

In addition, given that
morphological dysplastic features, cytogenetic and epigenetic abnormalities, as well as
several gene mutations are common lesions found in MDS and other related myeloid
disorders, including AML, it has been suggested that these complex disorders might have

. . 2,35,92
common underlying genetic defects.

For these reasons we aimed to analyze common
deregulated genes and gene pathways during the evolution of the disease. In this effort, we
applied a multi-platform genome-wide gene expression profiling to study those genes whose
expression levels evolved following and increasing or decreasing trend from non-malignant

BM conditions through early (LR-MDS) and advanced MDS (HR-MDS) to AML.

We identified common genes and gene pathways that were progressively deregulated (up-

or down-regulated) in the transition from non-malignant BM conditions to early MDS stages
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(LR-MDS), which also remained progressively deregulated during the progression towards
advanced MDS (HR-MDS) and AML. Thus, several cellular functions of known relevance in
MDS were identified as progressively up-regulated, including DNA damage response and
checkpoint pathways, apoptosis, ribosome and translation-related pathways, as well as
nucleosome and chromatin assembly, while immune responses showed an increasing down-
regulation. Additionally, we identified another group of genes whose expression levels
changed drastically in the transition from HR-MDS to AML. These genes were related to
promoting cellular growth and proliferation, suppressing the differentiation of myeloid

progenitor cells, and down-regulating the immune response.

It is well recognized that advanced MDS are characterized by high levels of genomic
instability, translated into an increased occurrence of genomic abnormalities in comparison
with early MDS, due to defective function of the mechanisms responding to and repairing of

109,116,143

DNA damage. Genomic instability is a condition in which cells are prone to acquire

. 143,144
and accumulate permanent genomic defects.

The presence of genetic abnormalities is
frequent in MDS and AML. Thus, clonal chromosomal abnormalities are found in 40-60% of
MDS patients at diagnosis, while cryptic lesions are detected in 70-90% patients as revealed
by microarray-based karyotyping, and 90% of MDS patients have at least one mutation in
one of 40 known cancer-related genes. Furthermore, the acquisition of additional genomic

lesions over time is often found as the disease progresses. Therefore, genomic instability has

become an important feature of MDS.

Under normal conditions, our genome is constantly exposed to genotoxic stress (i.e., reactive
oxygen species, y-radiation, benzene), however, cells have several mechanisms to protect
themselves against permanent DNA damage and its adverse effects, known as DNA damage

response (DDR), replication and spindle checkpoints.m’144

Interestingly, we found a
progressive overexpression of several genes implicated in chromatin assembly (MYSTI,
H3F3B, HIST1H2BD), DNA damage response and cell cycle arrest (NPM1, RCC1, RASSFI,
CCNG1) during the progression of MDS. Noteworthy, we detected that these DDR and
checkpoint pathways already appeared up-regulated in early MDS stages, and continued that

trend towards advanced MDS stages and AML. Accordingly, several authors reported an

overexpression of several DDR and checkpoints-related genes (JUN, TLK1, TP53BP1,
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109,116

MRE11A) in RAEB-2 patients. Of note, the activation of the DDR machinery (i.e., pNBS1,
pATM and yH2AX) was observed in LR-MDS patients, was higher in HR-MDS, and was further
increased in AML patients when compared to MDS, suggesting that the activation of DDR is
an early event during neoplastic transformation.'” In the presence of a fully operational
machinery that efficiently repairs the DNA damage, the chances of a cell to acquire and

143 . . .
However, several genetic or epigenetic

accumulate genomic alterations are low.
abnormalities affecting key genes of these processes, such as TP53 and RAS mutations,
CDKN2B hypermethylation, RAD51, RB1, BRCA2, FANCA and FANCDZ2 down-regulation have

116,144

been identified in MDS patients. In addition, it has been suggested that the DNA repair

M8 Which is of great interest since MDS is

in the hematopoietic system decreases with age,
a disease that generally affects older population. In addition, several congenital BM failure
syndromes (i.e., Fanconi anemia, Bloom syndrome) associated with abnormal DNA repair, as
well as people who have received chemo/radiotherapy show an enhanced risk to develop

MDS 144

Based on our observations we might say that in MDS patients, cells are showing a
defensive reaction against DNA damage, even in normal karyotype patients and also in the
earliest stages of the disease. However, as the disease progresses from early to advanced
MDS and AML, these DDR and checkpoint pathways are still overexpressed, maybe still
responding to a constant damage in the DNA sequence. Unfortunately, likely due to either
deficient repair mechanisms or too much DNA damage, MDS cells accumulate and/or mis-
repair damaged DNA, resulting in an increased genomic instability, leading to the progression

116,144

to AML. All these observations indicate that MDS could be a disease associated with an

inability to properly respond to DNA damage.

110,115,116,147,148 .
In fact, previous work

Increased apoptosis is a striking feature of early MDS.
from our group showed that BCL2 expression levels were lower in LR-MDS, and that the
underexpression of BCL2 was caused by aberrant hypermethylation. In addition, this work
also suggested that the hypermethylation and decreased expression of the ETSI
transcription factor, with the consequent deregulation of its apoptosis-related targets, could
promote apoptosis in MDS patients.115 In the present study we found an overexpression of
some apoptosis-related genes, such as PDCD7 and PMAIPI, in early MDS patients when

compared to non-leukemic controls. These data reflect that initially, in early MDS stages, in

response to cells carrying a cellular damage, the homeostasis is working in the right way:
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143

eliminating defective cells.”~ However, in our study, we found increased levels of some

apoptosis-related genes in LR-MDS, but also these genes continued to be progressively up-

regulated in HR-MDS and AML patients.

Over the last decade, growing evidence has been accumulated regarding the importance of

ribosome function and translational control in the development of several human diseases,

149-153

including cancer. Mutations and deletions of several ribosomal protein-coding genes

has been found in various congenital disorders and ribosomopathies, such as RPS19 in

116,120,149,153,154

Diamond-Blackfan anemia (DBA), and RPS14 in the 5g- syndrome. By contrast,

RPS3 has been found up-regulated in colorectal tumors, RPL15 and RPL19 in gastric cancer,

150,155

and RPL7a and RPL37 in prostate cancer. Furthermore, many key tumor suppressors

(p53, Rb and PTEN) and oncoproteins (MYC, RAS and PI3K/AKT/mTOR signaling components)

149,150,152

have been found to directly regulate ribosome biogenesis, and therefore highlighting
its association with malignant transformation and tumor progression. Various studies have
shown that the disruption of ribosome biogenesis by cell stressors (i.e., DNA damage, drugs,

oxidative stress, hypoxia) leads to the release of ribosome-free forms of proteins, which,

| “ |H

beyond their role in stabilizing the ribosome, also show additional “extra-ribosoma
functions that have not yet been fully characterized, but include activation of p53 (via
MDM2) to induce cell cycle arrest, senescence, or apoptosis, as well as
transcription/translation,  mRNA  processing, DNA  repair, development and

150,152,153,155-159 iy . .
In addition, it has also been reported that the overexpression of

tumorigenesis.
various RPs can promote either tumor progression (RPS6, RPS3, RPS13, RPL13) or suppress
tumorigenesis by activating tumor suppressors or inactivating oncoproteins (RPL11, RPLS5,
RPL23, RPS7, RPS?)).m’lSO’lSE"160 The most widespread function of RPs is the activation of p53.
Several RPs have been shown to bind the MDM2 protein, and to inhibit the MDM?2 E3 ligase
activity towards p53. This will result in the stabilization and activation of p53, and

. . 149,150,152,153,155-160
consequently in p53-dependent cell cycle arrest and apoptosis.

By contrast,
other RPs have shown to play an oncogenic role such as RPS3 in non-small cell lung cancer,
when phosphorylated. Akt-mediated phosphorylation of RPS3 triggers its translocation into
the nucleus where it has shown to induce the expression of prosurvival genes via association

153

with NF-kB.”™ In the present study we observed an increasing overexpression of several

genes coding for RPs during disease evolution. As these RPs-coding genes appear constantly
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and progressively overexpressed, they seem promote cell proliferation and progression
rather than inducing apoptosis. In fact, various RPs-coding genes were found overexpressed
in MDS vs normal individuals, and more significantly in MDS who undergo progression to
AML, suggesting that up-regulation of RPs may be associated with disease progression and
aggressiveness.110 Interestingly, since rDNA transcription can be therapeutically targeted
with the small molecule CX-5461, and mTOR signaling is currently targeted by
sirolimus/rapamycin,m’150 ribosome biogenesis represents a potential target for treatment

in MDS and AML patients.

Deregulation of the homeodomain-containing genes (HOX and non-HOX) has been
increasingly accepted as implicated in many hematologic malignancies with a well-

104,161

recognized role in leukemogenesis. According to published data, we identified

overexpression of HOXA9, HOXA7, HOXB3, HOXB2 and MEIS1 genes in the transition form

104,106,108,161-165

advanced MDS stages to AML. Intriguingly, HOX genes, preferentially A and B

clusters, and MEIS1 are expressed at high levels in early hematopoietic progenitor cells and

63-166

are down-regulated following differentiation.” In myeloid cells, Hoxa9 and Meis1 have

been shown to form a DNA-binding complex that cooperates, with other factors such as Flt3,

164,165,167 .
Consistent

to regulate the cellular proliferation, differentiation and self-renewal.
with this, the up-regulation of HOX genes, specially the concomitant overexpression of
HOXA9 in its cofactor MEISI, promote hematopoietic progenitor cells self-renewal and
proliferation, while inducing myeloid differentiation arrest. Of interest, cooperative activity
of Hoxa9 and Meis1 has been shown to protect cells from pro-apoptotic signals, contributing
to a general anti-apoptotic effect.”®’ Altogether, these mechanisms in turn may lead to the

clonal expansion of the malignant clone and explain the accumulation of blasts in the BM

and progression to AML.

There is growing evidence that immunodeficiency also underlies the complex pathogenesis
of MDS and could be related to disease progression. In our study we observed a down-
regulation of several genes implicated in immune response, matrix metalloproteinases, and
cell adhesion during the evolution of the disease. It is worth to mention that some of these
genes were continuously reduced form non-malignant samples through MDS to AML, while

others were drastically repressed in the transition from HR-MDS to AML. This is consistent
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with the idea that a dysfunctional immune system favors an immunosuppressive BM

. . . . . 168
microenvironment that allows malignant clones to survive and proliferate.

Non-malignant Low-risk High-risk AML
BM MDS MDS

DNA damage response N
Cell-cyclearrest NG
Nucleosome, chromatin assembly/IEEEEEGEG_—_—_—
Ribosomal Proteins NN
T Apoptosis

Immune Response .
Cell adhesion
Matrix Metalloproteinases

Self-renewal / Proliferationiiil
Differentiation arrest N

Immune Response - I
Cell adhesion
Matrix Metalloproteinasesiill

Figure 5. Proposed model to explain genome-wide expression changes in the development of MDS and
progression towards AML. Red indicates up-regulation and green indicates down-regulation.

On the basis of our observations, we propose a model for MDS development and
progression towards AML (Figure 5). Under this scenario, the current picture depicts a
malignant disease, with marked genomic abnormalities even at early stages. During the
initial phases the cells will show a defensive reaction against DNA damage, by activating the
machinery to repair the DNA damage, leading to cell cycle arrest and apoptosis. One of the

mechanisms that could activate the DNA damage response may be driven by the
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deregulation of ribosomal proteins, via stabilization and activation of p53, after disruption of
the nucleolar integrity. Under this conditions, cells will show increased levels of apoptosis,
which means that the bone marrow cells are working in the right way, trying to eliminate the
defective cells. At this point, the cells still retain their differentiation/maturation capacity.
However, the ratio apoptosis/self-renewal-proliferation in the BM is high. This reflects that
the derived cells from the initial clone not only continue to differentiate, but also die
prematurely. At the same time, due to a down-regulation of the immune response,
increased levels of pro-apoptotic cytokines are released. These dysfunctional mechanisms
result in an intramedullary excessive apoptosis, which would explain, at least in part, the
ineffective hematopoiesis and peripheral blood cytopenias observed in LR-MDS patients

(Figure 5).

However, in the presence of accumulating damage on hematopoietic stem cells (HSCs),
these cells still show an activation of the DNA damage respond and repair mechanisms, as
well as an up-regulation of ribosomal proteins. In addition, due to deficient DNA repair
machinery or excessive DNA damage, HSCs and progenitors acquire and accumulate
additional genetic and/or epigenetic abnormalities. At this point, damaged cells will show
increased proliferative and self-renewal properties, whereas they are not capable to
differentiate. Furthermore, these cells show an increased resistance to apoptosis and
immune evasion, demanding a high protein synthesis to survive. This could explain the up-
regulation of ribosomal proteins, which in this case might contribute to progression.
Altogether, these mechanisms would provide to the malignant cell a selective growth
advantage, and cooperate allowing for malignant clone expansion. As a result, the
proportion of blasts in the bone marrow increases over time and AML eventually develops
(Figure 5). Altogether, these data suggest that MDS progression towards AML is an
orchestrated process resulting as a consequence of accumulating DNA damage, likely due to

that HSCs are not able to accurately respond to DNA damage.

Our study provided a biological basis for many of the alterations in cellular pathways of
known significance in MDS evolving to an overt AML, and thereby allowing for a better
understanding of the mechanisms underlying the pathogenesis of MDS and their propensity

to progress to more aggressive stages. In order to reduce the genetic heterogeneity among
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the samples included in the study, we restricted the analysis to patients with normal
karyotype exclusively, and excluded RARS and RCMD-RS, which have been associated with
somatic SF3BI mutations. A possible limitation of our study is the assessment of the
mutational status of the samples analyzed. Future studies should be carried out to better
identify whether the presence of specific gene mutations might drive the oncogenesis in

MDS patients.

Many of MDS patients die due to complications of the disease or progress to AML if they are
not treated. In recent years, two DNA methyltransferase inhibitors, decitabine and 5-
azacytidine, have been approved for the treatment of patients with MDS and AML and
become the standard therapy in MDS and AML patients not suitable for allogeneic stem-cell
transplantation (alloSCT). These drugs are effective for the treatment of these disorders,
since they have shown to induce responses in about half of patients, with 10-15% of
complete responses (CRs), to improve hematopoiesis, delay disease progression and, in
some cases, the elimination or reduction of the malignant clone. Therefore, hypomethylating
agents (HMAs) have shown to prolong overall survival compared with best supportive care
regimens or traditional chemotherapy.80 However, these responses are temporary and there
are still 40% to 50% of patients unresponsive to these agents‘8 For this reason, molecular
biomarkers are needed to identify patients who are most likely to respond to treatment with

HMAs.

Epigenetic changes have been frequently found in MDS and AML patients and, aberrant

80,81,169-171
In contrast to

hypermethylation especially, has been associated with gene silencing.
genetic abnormalities, epigenetic silencing is a reversible process‘74 In fact, several studies
showed a reduction in methylation after treatment with DNMT inhibitors, and a deregulation

80,172

of specific cancer-related genes, such as CDKN2B, CDH1, and DAPK1. For these reason,
we thought that DNA methylation could be used as a predictive factor of response to HMAs.
Only few studies explored this hypothesis, but it is still unclear whether baseline methylation
correlates with clinical response. Here we examined the methylation status of a panel of 24
tumor suppressor genes in MDS and AML patient who received AZA treatment by MS-MLPA.
Despite one study reporting that CDKN2B hypermethylation may predict response to AZA,83

another work reported that no association was found.”” In addition, methylation reversal
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after treatment was not associated with clinical response either.'”” Accordingly, we failed to
demonstrate any significant correlation between the presence of an aberrant methylation
prior AZA treatment of either any single gene or gene combinations and the clinical
response. However, due to response to specific treatments could alter the prognostic impact
of adverse disease features or genetic abnormalities,173 we explore the relationship between
methylation status and overall survival, in order to define the group of patients most likely to
benefit from treatment with 5-azacytidine. First of all, we found no statistical differences in
survival between patients with MDS and those with AML after AZA treatment. For this
reason, we analyzed MDS and AML as a unique entity. Our data showed that baseline
methylation status before treatment with AZA was associated with overall survival as an
independent factor. Actually, the presence of =2 methylated genes was associated with
shorter survival in these subset of patients treated with AZA. Noteworthy, we also analyzed
the prognostic impact of the presence of 0, 1, 2 and >3 aberrantly methylated genes,
showing that as the number of methylated genes increases, the survival decreases. This
analysis revealed that those patients displaying the highest level of methylation (=3 genes)
had a very short survival. Hypermethylation of several genes such as CDKN2B, HIC1, CDH1,
ESR1 and FHIT genes were previously reported as associated with poor prognosis.79’83’84’8689
Therefore we also examined the relationship between the methylation status of any
individual gene or gene combinations and the outcome. However, no correlation was found,

likely due to sample size limitations.

Recently, TET2 mutations have shown to predict an increased response to HMAs, especially
when allele burden is above 10% and no ASXLI mutations are present. However, the
presence of these mutations was not associated with differences in overall survival.'>*7*
More importantly, the work form Bejar et al. also stated that no pattern of mutation was
strongly associated with a lack of response to treatment to HMAs, not even those that confer
a very poor prognosis, such as RUNXI and TP53. Moreover, the presence of TP53, RUNXI,
ASXL1, EZH2, and ETV6 mutations, usually associated with a poor outcome, were not found

173,174

to be related to the prognosis in those MDS patients treated with HMAs. Thus,

mutational information alone should not be used as a basis for denying therapy with an HMA

173

if treatment is indicated. Since an increasing number of genetic and epigenetic

abnormalities have been described in MDS and AML patients, the combination of genetic
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and epigenetic scanning techniques might hold promise to select those patients who could

benefit from HMAs therapy.

In summary, the biologic and molecular data presented herein, from genome-wide
expression profiling, high-density microarray-based karyotyping, amplicon-based deep
sequencing and methylation analysis in the study of myelodysplastic syndromes, have
improved our knowledge of the complex biology underlying the pathogenesis of these
disorders, trough the identification of genomic abnormalities that may have clinical
relevance. The use of aCGH may be a used as a complementary tool to conventional
cytogenetics in the study of MDS, mainly in those patients with poor-quality or few
metaphases to be analyzed. In addition, this study shows the involvement of novel genes and

gene pathways that could be considered as potential therapeutic targets in the future.
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The use of aCGH karyotyping in the routine evaluation of MDS patients could be used as
a complementary technique to conventional cytogenetics, especially in those patients
with either non-informative cytogenetic results or few metaphases available for
karyotypic studies. Thus, in this subset of patients, aCGH allows the detection of genetic
abnormalities enabling the prognostic stratification according to the IPSS-R, which could

change the clinical management of this group of patients.

Genome-wide DNA copy number analysis allows the identification of cytogenetically
cryptic chromosomal lesions in regions of known relevance in the pathogenesis of MDS,
including deletions in DNMT3A, TET2, SPARC, CUX1, and RUNXI loci, as well as gains in
the U2AF1 locus. Further amplicon-based deep sequencing reveals that a low proportion

of patients carry a simultaneous deletion and mutation in the investigated genes.

High-throughput copy number analysis allows the detection of chromothripsis involving
chromosome 13 in three high-risk MDS patients. Chromothripsis patterns of genomic
alteration are different among the three patients. However, some cancer-related genes
such as FLT3, FLT1, and XPO4 are commonly amplified, while BRCA2 and RBI1 are
commonly deleted. In addition, all three patients display complex karyotypes, TP53

mutations, and show a poor outcome.

MDS progression from non-malignant bone marrow conditions towards AML seems to
be an orchestrated process. Thus, genome-wide expression profiling during MDS
evolution shows that several genes and gene pathways are commonly and progressively
deregulated in the transition from non-malignant BM conditions through early and

advanced MDS stages to AML.

4.1. DNA damage response and checkpoint pathways, apoptosis, ribosome and
translation-related pathways, as well as nucleosome and chromatin assembly are
progressively up-regulated during the progression of the disease, even since early
MDS stages. However, cell proliferation, self-renewal and differentiation arrest are

up-regulated in the transition from advanced MDS to AML.
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4.2. Immune response, cell adhesion and matrix metalloproteinases related genes are
increasingly down-regulated during the evolution of the disease, showing a more

repression in the transition from advanced MDS to AML.

5. The presence of two or more methylated genes in MDS and AML patients before
treatment with 5-azacytidine is associated with a shorter overall survival. Baseline
methylation does not correlate with clinical response. However, the presence of an
adverse cytogenetics is associated with a worse response to treatment with 5-

azacytidine.

108



Resumen en castellano

Tesis Doctoral

Caracterizacion Molecular de los
Sindromes Mielodisplasicos (SMD):

Anilisis de las alteraciones gendmicas en el
desarrollo de los SMD, la progresion a
leucemia aguda mieloblastica y la respuesta
al tratamiento con 5-Azacitidina

Directores:

Prof. Dr. JesUs M. Hernandez Rivas
Dra. M. del Rocio Benito Sanchez

Maria Abaigar Alvarado
2015






“Cuando buscamos el tesoro, nos damos cuenta de que el camino es el propio tesoro”

Paulo Coelho






Introduccion General

“Un viaje de miles de millas comienza con un solo paso”

Lao Tse






Introduccion General

1. Los sindromes mielodisplasicos

1.1. Generalidades

Los sindromes mielodisplasicos (SMD) constituyen un grupo heterogéneo de enfermedades
hematoldgicas que afectan a la célula madre hematopoyética mieloide. Se caracterizan por
la presencia de alteraciones morfoldgicas, inmunofenotipicas, funcionales y gendmicas de las
células de las diferentes lineas hematopoyéticas mieloides, por la presencia de células
inmaduras (blastos), por una hematopoyesis clonal e ineficaz en la médula dsea (MO) que da
lugar a citopenias en sangre periférica (SP) (anemia, neutropenia y/o trombocitopenia en
grado o combinaciones variables), a pesar de una médula ésea normo o hipercelular. la
forma de presentacién asi como la evoluciéon de los SMD es muy variable, desde formas
indolentes con una esperanza de vida casi normal durante afios a otras mas agresivas que
progresan rapidamente a leucemia aguda mieloblastica (LAM), aunque generalmente se
asocian a mal prondstico debido a que acortan la supervivenciafl’5 Se manifiestan
generalmente en personas mayores de 50 afios y su incidencia aumenta con la edad, siendo
la mediana de aparicién de 70 afios. Ademas, la enfermedad es mas comun en hombres que
en mujeres. et
En el desarrollo de los SMD se han implicado varios factores de riesgo, como la edad, el sexo
masculino, haber recibido un tratamiento anterior de quimioterapia o radioterapia, los
agentes inmunosupresores, las infecciones viricas, el tabaco, el alcohol, la exposicidn
prolongada a radiacién ionizante, al benceno, y otras exposiciones ambientales u

6,7,12,13 . .
Aungue en algunas ocasiones se ha observado que existe una

ocupacionales.
predisposicién genética, como ocurre en pacientes con anemia de Fanconi, sindrome de
Schwachman-Diamond, neutropenia congénita severa, disqueratosis congénita o anemia de

. 6,7,11,13
Diamond-Blackfan.
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1.2. Clasificacidn diagndstica, citogenética y prondstica

El diagnodstico vy la clasificacion a dia de hoy de los SMD se realiza en base a las alteraciones
morfoldgicas y citogenéticas que presentan las células de la médula dsea.'"™” La
clasificacion diagndstica mas reciente de la Organizacién Mundial de la Salud (OMS) se basa
en el porcentaje de blastos en médula ésea y sangre periférica, el tipo y grado de displasia
mieloide y la presencia de sideroblastos en forma de anillo."" En el afio 2008, la OMS ha
establecido las siguientes entidades para los SMD: citopenia refractaria con displasia unilinea
(CRDU) que incluye los subtipos de anemia (AR), neutropenia (NR) y trombocitopenia
refractaria (TR), AR con sideroblastos en anillo (AR-SA), citopenia refractaria con displasia
multilinea (CRDM), anemia refractaria con exceso de blastos tipol y tipo2 (AREB-1 y AREB-2),

sindrome 5g- (aportacion citogenética) y SMD inclasificable (MDS-U). La presencia de mas

del 20% de blastos en médula ésea se define como LAM.™

Con respecto a la clasificacion citogenética debemos saber que las técnicas de citogenética
convencional (CC) han demostrado que un 40-60% de los pacientes con SMD presentan

2,3,7,13,16,18 .
Estas alteraciones

alteraciones cromosdmicas al momento del diagndstico.
cromosomicas pueden afectar a uno o a varios cromosomas.’® Las alteraciones mas
frecuentes son la pérdida total o parcial del cromosoma 5 (-5/del(5q)), asi como del
cromosoma 7 (-7/del(7q)), la trisomia del cromosoma 8, las pérdidas del brazo largo del

2,7,13,16,20 .
Se ha visto que la

cromosoma 20 (20g-), y la monosomia del cromosoma Y.
frecuencia de alteraciones citogenéticas aumenta con la severidad de la enfermedad.
Ademas, la adquisicion de estas anomalias a lo largo del tiempo se ha asociado con un mayor

19,23,24 .
La presencia de

de riesgo de transformacion leucémica y una supervivencia mas corta.
alteraciones citogenéticas y la proporcion de blastos en la médula ésea son, hasta la fecha,
los indicadores prondsticos mas importantes para la supervivencia, el riesgo de
., L. ., . . 2,19,22
transformacion leucémicay, en algunos casos, para la seleccién del tipo de tratamiento.
Debido a la gran heterogeneidad prondstica dentro de un mismo subtipo morfoldgico y el
reconocimiento de que el cariotipo de las células de la médula d6sea puede predecir la

evolucién de la enfermedad, es necesario disponer de sistemas que ayuden a establecer el

prondstico de cada enfermo para valorar la necesidad y el tipo de tratamiento que deben
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.49 . . e .
recibir.”” Por esta razon se han desarrollado diversas clasificaciones prondsticas, como el
indice Prondstico Internacional (IPSS) vy el indice Prondstico basado en la clasificacion OMS
(WPSS), que han sido los sistemas de clasificacion prondstica mas empleados hasta la fecha,

5,22,25,30,31
En todos

y actualmente también el IPSS revisado (IPSS-R), una actualizacién del IPSS.
ellos, la proporcion de blastos en médula dsea, los hallazgos citogenéticos, el nimero vy
grado de las citopenias en sangre periférica y la dependencia transfusional son los
indicadores prondsticos mas importantes para la supervivencia y el riesgo de transformacion
a LAM. Combinando estos factores, todos estos sistemas de estratificacion han establecido
diferentes grupos de riesgo, y diferencian los llamados SMD de bajo riesgo de los SMD de

5,22,30 . . . .
Estos grupos de pacientes se diferencian en la esperanza de vida, que es

alto riesgo.
inferior en los SMD de alto riesgo, entre 4 meses y 1 afio para este grupo de pacientes, y en
la probabilidad de trasformacion a LAM, siendo superior en los SMD de alto riesgo, en los

que a 1,5 afios el 25% de pacientes evolucionan a LAM.>*

2. Alteraciones bioldgicas y moleculares de los SMD

Poco a poco se van perfilando las bases moleculares que determinan la heterogeneidad de
los SMD, pero aun queda mucho por avanzar. Entre los mecanismos que pueden contribuir
al desarrollo y progresion de los SMD se encuentran: las alteraciones citogenéticas, las
disomias uniparentales (UPD), la haploinsuficiencia, las mutaciones, las alteraciones
epigenéticas, una apoptosis anormal, una desregulacion del sistema inmune y de las vias de
transduccion de sefiales y las alteraciones en el microambiente medular.""* Ademas, en los
SMD, al igual que en otros tipos de cancer, un Unico evento genético no es suficiente para
gue una célula pueda derivar en el desarrollo de un cancer, sino que la adquisicién gradual

. . . . 37
de varias alteraciones son necesarias para el desarrollo y progresion de esta enfermedad.

117



Introduccion General

2.1. Alteraciones en el nimero de copias y anomalias cripticas

El estudio de las alteraciones estructurales del genoma ha sido de gran interés ya que a
través de la adquisicién de reordenamiento gendmicos como deleciones, amplificaciones,
translocaciones e inversiones, que afectan a determinadas regiones del genoma, pueden
activar o inactivar determinados genes que pueden promover el desarrollo y la progresién
tumoral.***!
Los avances en las técnicas gendmicas de alta resolucion, como los arrays de CGH (aCGH) o
de SNPs (SNP-A), y su aplicacién en el estudio de las neoplasias hematolégicas, como en los
SMD, ha permitido la identificacion de variaciones en el nimero de copias (ganancias y
pérdidas), con una mayor resolucion que la CC, a excepcion de las translocaciones e
inversiones o la presencia de clones minoritarios (<25-30% de células alteradas). También
han permitido la deteccion de disomias uniparentales (UPD). Estos datos sugieren que el los

18,41-57

estudios de aCGH y SNP-A podrian tener una gran utilidad a nivel clinico. Por un lado,

han permitido la deteccion de alteraciones en un 50% de los casos sin mitosis.***® Pero
ademas, han hecho posible la identificacidon de alteraciones cripticas (<5 Mb), no detectables
mediante las técnicas de CC, en un 70-90% de los SMD y en >50% de los SMD con cariotipo

18,41-57

normal. Estas alteraciones cripticas afectaban a regiones importantes en la patogénesis

de los SMD, siendo las mas frecuentes las deleciones de los genes TET2, RUNX1, ETV6, TP53,

42,44,49,50

NF1y DNMT3A. Por tanto, los estudios de aCGH y SNP-A han permitido una mejor
caracterizacion de las alteraciones cromosdmicas que presentan los SMD vy han
proporcionado un nuevo punto de partida para el estudio de genes concretos mediante
secuenciacion, para la identificacion de mutaciones genéticas. De este modo han supuesto
un gran avance en el conocimiento de algunas de las rutas alteradas en los SMD que podrian

. - , ) 44,47,48
llevar al desarrollo de terapias dirigidas mas eficaces.

2.2. Inestabilidad genémica: Cromotripsis

Tradicionalmente el cédncer se produce por la adquisicion progresiva de mutaciones y

37-40

alteraciones que dan lugar a la progresion tumoral. Recientemente se ha descrito un
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fendmeno denominado “cromotripsis” (del griego: “chromo” de cromosoma y “thripsis” de
romperse en pedazos), en el cual se producen decenas e incluso cientos de reordenamientos
cromosomicos en una catastrofe celular Unica, que generalmente afecta a un cromosoma o

37-40,58-61 .
La firma de

regidon cromosémica, y en algunos casos, a varios cromosomas.
cromotripsis comprende multiples y complejos reordenamientos que pueden observarse a
modo de variaciones en el nimero de copias que oscilan entre una, dos y, ocasionalmente, 3

37-39,58,60,61 . ., . .
Por ejemplo, una regidon normal con dos copias puede estar seguida por

estados.
una regién con una copia, seguida por otra regién normal, y ésta seguida de otra regién con
3 copias.61 La explicacion mas sencilla para este fendmeno es que, en algin momento
durante el desarrollo del cancer, uno o mas cromosomas son completamente fragmentados
y reensamblados de forma aleatoria y errénea por la maquinaria de reparacion del ADN.**
1001 £g decir, algunos de estos fragmentos son reensamblados sin ningln orden aparente y
en cualquier orientacion generando un cromosoma derivativo. Otros fragmentos no son
incorporados a este nuevo cromosoma y se pierden, dando lugar a pérdidas de material
genético. Mientras que otros son ensamblados formando unas estructuras circulares extra-
cromosomicas, que citogenéticamente se observan como “dobles minutos”, que en los
siguientes ciclos de divisién de la célula pueden ser amplificados, dando lugar a ganancias en
el numero de copias.39’40’59

El fendmeno de la cromotripsis se ha observado en un 2-3% de los canceres en general,
incluyendo las neoplasias hematoldgicas y los tumores soélidos. Sin embargo, se ha descrito

37-39,58-61,64-71 ,
Este fendmeno se

una incidencia muy superior, del 25%, en los canceres dseos.
ha asociado con las formas mas agresivas de un tumor, un prondstico adverso y mutaciones

37,38,40,59-61,63
de TP53.

2.3. Alteraciones en la metilacion del ADN

Los SMD y LAM también se caracterizan por presentar alteraciones en la metilacién del ADN.
La metilacion del DNA es un mecanismo epigenético que consiste en la adiciéon de grupos
metilo a las citosinas de las islas CpG de las regiones promotoras de los genes, constituyendo

un proceso clave en la estabilizacion del genoma, la remodelacion de la cromatina y la

119



Introduccion General

72-77

regulacion de la transcripcion. En particular, la hipermetilacion de las islas CpG se ha

. . L .. 72,75,77,79-82
asociado con el silenciamiento génico.

En los SMD y LAM se han descrito un gran
numero de genes que estan hipermetilados. Algunos estan relacionados con el control del
ciclo celular (CDKN1B, CDKN2B, HIC1 y FHIT), adhesion celular (/IGSF4, CDH1 y CDH13),
regulacion de la apoptosis (DAPK1), crecimiento celular (ESRI) y reparacién del ADN
(/\ALHJ).77’79’80’83’89 Ademas, la hipermetilacion de algunos de estos genes como CDKNZ2B,
HIC1, CDH1, ESR1y FHIT se ha asociado con un prondstico adverso y un elevado riesgo de

78-80,83,84,86-90

transformacion a LAM. Por otro lado, se han encontrado mutaciones en genes

reguladores de la metilacién (DNMT3A, TET2, IDH1, /DH2).2’34’3"r”36’92’93’94’101 Al contrario que
las alteraciones citogenéticas, el silenciamiento génico causando por una metilacion

74,77,91 , G
Por esta razén, la metilacién aberrante

aberrante del ADN es un proceso reversible.
constituye una atractiva diana terapéutica en los SMD y LAM. De hecho, actualmente se
estan utilizando agentes hipometilantes, como la 5-azacitidina, que se ha observado que
producen una progresiva reduccion de la metilacién del ADN vy, consecuentemente, de la

reactivacion de la expresién génica, para el tratamiento de los pacientes con SMD vy

72,74,77,91
LAM.

2.4. Mutaciones génicas

Se han producido grandes avances en el conocimiento de los mecanismos moleculares
implicados en la patogénesis de los SMD en los ultimos diez afios gracias a la aplicacién de las
técnicas de secuenciacion masiva, como la secuenciacién completa del genoma y exoma, o
de grandes paneles de genes.z’m’36 De este modo se han identificado mutaciones en mas de
40 genes relacionados con mecanismos implicados en la patogénesis de los SMD vy otras

. L 26,34-36,92
neoplasias mieloides.

Estos genes estan involucrados en las vias de sefializacién
(JAK2, KRAS, NRAS, CBL), de regulacion transcripcional (RUNX1, BCOR, BCORL1, ETV6, EVII,
GATA2, TP53), regulacion epigenética (DNMT3A, TET2, IDH1/2, EZH2, ASXL1, ATRX, KDM6A),
en la maquinaria de “splicing” del ARN (SF3B1, U2AF1, SRSF2, ZRSR2, PRPF8), replicacion del
ADN (SETBPI) y en el complejo de las cohesinas (STAG2, RAD21, SMC1A, SMC3). >>*3%%310
En el momento actual se estima que un 80-90% de los pacientes con SMD presentan al

., , . . — 35,36
menos una mutacién en algun gen, incluso aquellos que tienen un cariotipo normal.
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Algunas de estas alteraciones han demostrado tener valor diagndstico y prondstico. Se han
descrito, por ejemplo, mutaciones en TET2 en el 20-30% de los SMD, en SF3B1 en el 15-30%
de los SMD y en mas del 75% de los SMD con sideroblastos en anillo. Pero ademas, se ha
visto que mutaciones en los genes ASXL1, ETV6, EZH2, RUNX1y TP53, presentes en menor

proporcion (<10% cada una), predicen una supervivencia mas corta y un alto riesgo a

. . 2,26,34-36,95,97,99,100,102,103
desarrollar leucemia en los pacientes con SMD.

2.5. Alteraciones a nivel de la expresidn génica

El andlisis de los perfiles de expresion génica (PEG) mediante microarrays constituye la
técnica mas comunmente utilizada para estudiar la expresién de miles de genes y una

herramienta para el estudio de los distintos tipos de cancer, ya que permiten clasificar las

. s . . . . 104-108
diversas formas de céncer e incluso determinar la presencia de nuevos subtipos.

Ademas, permiten identificar nuevos marcadores para un diagndstico mas preciso,

marcadores de la progresion de la enfermedad vy/o de posibles dianas

106,107,109,111-113

terapéuticas. En los SMD se han realizado una gran variedad estudios de

expresion génica, principalmente en poblaciones celulares separadas como CD34+, y
predominantemente en SMD con del(5qg). Estos estudios han permitido establecer
diferencias entre los SMD y los individuos sanos, entre subtipos especificos de SMD, y entre

subclases citogenéticas, permitiendo profundizar en la biologia de estas enfermedades.

1061091111412 by ejemplo, los pacientes con del(5q), -7/del(7q) o trisomia 8 presentan un

116,119-121

PEG distinto, poniendo de manifiesto el efecto de dosis génica. Asi, los SMD con

del(5q) presentan una desregulacion de los genes ribosomales, los SMD con pérdidas del

cromosoma 7 se caracterizan por la activacion de la via JNK, y los SMD con trisomia 8 por

116,119-121

una desregulacion de la respuesta inmune. Del mismo modo, las AR-SA se

caracterizan por una desregulacién de genes relacionados con el metabolismo del hierro y

117,118,122

mitocondria. Por lo tanto, estos estudios han permitido profundizar en la

patofisiologia de los SMD, revelando que éstos presentan trastornos en la apoptosis,

. . 4 . . .y . . . 109-111,114-121
proliferacién y diferenciacion celular y del sistema sistema inmune.
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3. Tratamiento de los SMD: 5-Azacitidina

El tratamiento actual de los SMD es muy variable y depende del subtipo de SMD vy de la
severidad de la enfermedad (riesgo del paciente, estratificado segin estos sistemas

. L. , . 26,123
prondsticos), asi como de la edad y el estado general del paciente.

El objetivo del
tratamiento en los pacientes con SMD de bajo riesgo es mejorar las citopenias, la
sintomatologia y la calidad de vida, mientras que en los pacientes con SMD de alto riesgo, el
objetivo es modificar el curso natural de la enfermedad, prolongando la supervivencia y
reduciendo el riesgo de transformacion a LAM.”?°

En los SMD de bajo riesgo el tratamiento consiste en transfusiones de sangre o plaquetas,
agentes estimulantes de la eritropoyesis y granulopoyesis, antibioticos, analogos de la

7,26,123

trombopoyetina y quelantes del hierro. Para los SMD de alto riesgo, el Unico

. . . , , 7,26,123
tratamiento con finalidad curativa es el trasplante de médula ésea.

Sin embargo, la
edad avanzada de muchos pacientes, la toxicidad de dicho procedimiento y/o el no disponer
de un donante compatible limitan su empleo, siendo muy pocos los pacientes (<5%) que
pueden beneficiarse de él.7?® Por esta razén se recurre al empleo de otras medidas
terapéuticas, sin capacidad curativa, como la quimioterapia. En los ultimos afios se han
desarrollado nuevos farmacos para el tratamiento de los SMD, tales como la lenalidomida
(agente de gran efectividad en los pacientes con sindrome 5g-) y los agentes hipometilantes

(5-azacitidina y decitabina).7’26’123’124

Estos farmacos han demostrado ser eficaces en corregir
las citopenias, logrando remisiones citogenéticas y la reduccién de la proporcion de blastos
en la MO.”® De hecho, estan recomendados, por la mayor parte de las guias internacionales,
como primera opcién de tratamiento en los pacientes con SMD de bajo riesgo y del(5q), vy
. . 7,126,130

alto riesgo, respectivamente.

La 5-azacitidina (5-AZA) es un agente que inhibe la funcién de las DNA-metiltransferasas, lo
gue resulta en una progresiva reduccién de la metilacién del ADN y, consecuentemente, de

. ., ., L. 72,74,77,91
la reactivacion de la expresion génica.

La experiencia clinica y los datos publicados
han demostrado que la 5-AZA es un tratamiento eficaz para los SMD y LAM, ya que un 50-
60% de estos pacientes alcanzan una respuesta, mostrando una mejoria de las cifras en SP,

una reduccion de los requerimientos transfusionales, asi como una mejoria en la calidad de
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vida. Ademas, ha demostrado retrasar la progresion a LAM y prolongar la supervivencia.
7,72,74,78,124,126-128,130 . . . . . .

A pesar de su eficacia, algunos pacientes siguen siendo refractarios a
estas terapias, y en el momento actual no existen factores predictivos de respuesta a estos

agentes.

A pesar de los avances en el conocimiento sobre los mecanismos implicados en la
patogénesis de los SMD en estos Ultimos afios, todavia quedan cuestiones por resolver,
como la utilidad clinica de los arrays genémicos (aCGH) en el estudio de los SMD con un
numero insuficiente de mitosis, la evaluacion de la cromotripsis, asi como el valor
diagndstico y/o prondstico de las anomalias cripticas detectadas por aCGH. Ademas, la

dinamica de los cambios en la expresion génica en los pacientes con SMD no ha sido

estudiada en profundidad, por lo que el andlisis del PEG podria ser una herramienta valiosa
para una mejor comprension de la biologia de estas enfermedades. Por ultimo, ya que la 5-
azacitidina es uno de los farmacos mas ampliamente empleados en el tratamiento de los
SMD, seria de gran interés el poder definir posibles factores predictivos de respuesta a este

farmaco.
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Los sindromes mielodisplasicos constituyen una enfermedad muy heterogénea debido a su
compleja fisiopatologia. Un diagndstico preciso resulta esencial para la comprensién del
comportamiento clinico y biolégico de los SMD. Por lo tanto, resulta necesario
complementar los datos clinicos y los estudios de morfologia y citogenética con otros
marcadores que definan la biologia de los SMD, con la intencién de predecir con mas
precision la evolucién de la enfermedad y disefiar nuevas estrategias terapéuticas mas

dirigidas y especificas.

El diagndstico y clasificacion de los SMD se establece de acuerdo a las alteraciones
morfoldgicas y citogenéticas que presentan las células de la MO, combinadas con
determinados parametros bioldgicos. La citogenética convencional (CC) sigue siendo el
estandar oro para la identificacion de las alteraciones cromosémicas en los SMD y todavia
desempefia un papel fundamental en la evaluacidon prondstica de estos pacientes. Sin
embargo, en ocasiones resulta dificil establecer una clasificacion prondstica correcta,
especialmente en los casos que presentan pocas alteraciones morfolégicas, con escasa
poblacién de blastos y sin alteraciones citogenéticas, como es el caso de los SMD con
cariotipo normal o no informativo, debido a la ausencia de mitosis. De hecho,
aproximadamente un 40-60% de los SMD presentan un cariotipo normal y en un 10-15% de
los SMD no se obtienen suficientes metafases o son de mala calidad, lo que no excluye que
presenten defectos genéticos que no hayan sido detectados por las técnicas de CC. Ademas,
el empleo de los arrays genémicos (aCGH, SNP-A) en el estudio de los SMD ha hecho posible
la deteccion de nuevas alteraciones y una mejor caracterizaciéon de las alteraciones
cromosomicas que presentan estas enfermedades. Por esta razén, las técnicas de CC no son

suficientes para el estudio en profundidad de estas enfermedades.

En la era de las técnicas gendmicas de alta resolucidn, las mutaciones representan un nuevo
parametro a tener en cuenta en el diagndstico y evaluacién prondstica de los SMD, ya que
un 70-90% de estos pacientes presentan al menos una mutacidon oncogénica, incluso
aquellos pacientes que tienen un cariotipo normal. Se han detectado mutaciones
recurrentes en mas de 40 genes en los SMD, siendo SF3B1, TET2, SRSF2, ASXL1, DNMT3Ay
RUNX1 (>10%) los genes mas frecuentemente mutados. Algunas de estas mutaciones se han

asociado con subtipos concretos de SMD mientras que otras han demostrado tener un
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importante valor prondstico, ya que se han asociado con una supervivencia mas corta y un
mayor riesgo de transformacion a LAM. Ademas, algunos de estos genes como TET2, RUNXI,

y TP53, también presentan deleciones en el alelo no mutado.

Como podemos observar, los estudios mediante arrays gendmicos y la secuenciacion masiva
han identificado un gran numero de alteraciones en genes implicados en diversos procesos
en los SMD vy otras neoplasias hematoldgicas. La gran diversidad de estos defectos genéticos
y sus combinaciones ponen de manifiesto la gran heterogeneidad observada en los SMD. Por
esta razon, la combinacion de ambas metodologias de alta resolucién nos permitird tener
una vision global, y a la vez mas detallada, de los defectos genéticos que se producen en los

SMD y profundizar en el conocimiento de la biologia de estas enfermedades.

Los estudios del perfil expresion génica (PEG) mediante microarrays han demostrado que los
diferentes subtipos de SMD presentan un PEG diferente, y han permitido la identificacién de
algunos de los genes y mecanismos implicados en estas enfermedades. Nuestro grupo ha
demostrado que los estadios mas precoces de los SMD (SMD de bajo riesgo), se caracterizan
por presentar trastornos de la diferenciacion celular y una elevada apoptosis intramedular, lo
que explicaria, al menos en parte, la hematopoyesis ineficaz y las citopenias periféricas
caracteristicas de los SMD. En estadios mas avanzados de la enfermedad (SMD de alto
riesgo) se producirian nuevas alteraciones genéticas y epigenéticas que darian lugar a un
aumento de la proliferacién celular y una reduccién relativa de la apoptosis, lo que
conduciria a la acumulacién de blastos en la MO vy transformacion a LAM. A pesar de los
avances que se han producido en el conocimiento de la biologia de los SMD y LAM gracias a
la aplicacion de los microarrays de expresién, asi como de las técnicas de alta resolucion
descritas anteriormente, los mecanismos moleculares que podrian determinar la progresion
de SMD a LAM son en gran parte desconocidos. Por ello, el estudio del PEG en los SMD y

LAM puede permitirnos profundizar en los mecanismos de su trasformacion leucémica.

En los SMD y LAM se han descrito un gran niumero de genes que estan hipermetilados y se
han observado también mutaciones en genes reguladores de la metilacién del ADN. Por esta
razon, el empleo de agentes hipometilantes, como la 5-azacitidina (5-AZA), parece ser una
buena opcién terapéutica para estas hemopatias. De hecho, se ha convertido en el

tratamiento de primera linea para los SMD de alto riesgo y LAM con pocos blastos,
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demostrando ser un tratamiento eficaz para estas enfermedades. Sin embargo, aun no esta
claro si el nimero o el tipo de genes hipermetilados puede estar relacionado con la
respuesta a estos agentes. Por lo tanto, la valoracién del estado de metilacion en los SMD y
LAM tratados con 5-AZA podria seleccionar grupos de enfermos en los que este farmaco
pudiera tener mayor o menor eficacia. Ademas, se ha demostrado que la existencia de
alteraciones no complejas en el cromosoma 7, asociadas a un prondstico adverso con las
terapias tradicionales, define un grupo de enfermos respondedores a 5-AZA (40%) que
presentan, ademads, una supervivencia mas larga. Por ello, consideramos que el estudio de la
metilacion antes del tratamiento con 5-azacitidina debe complementarse con datos
gendmicos para definir aquellos factores que puedan estar relacionados con la respuesta a

este farmaco.
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Objetivo general:

Identificar nuevos marcadores genéticos que puedan contribuir a un mejor diagnostico y
prondstico en la evaluacion de los pacientes con SMD, y que podrian estar relacionado con
los procesos bioldgicos implicados en la patogénesis de los SMD y en la progresion de los
SMD a LAM, asi como marcadores moleculares de la respuesta al tratamiento con agentes

hipometilantes.

Objetivos especificos:

* Identificar nuevas alteraciones genéticas en los pacientes con SMD mediante arrays

gendmicos (aCGH).

* Evaluar la aplicacién de las técnicas de andlisis gendmico masivo, tales como los
arrays gendmicos (aCGH) y la secuenciacion masiva (NGS) en el diagndstico de los

SMD como herramienta complementaria a la citogenética convencional (CC).

* Analizar el perfil de expresion génico (PEG) en los SMD, LAM y enfermos sin
hemopatias malignas con el fin de identificar aquellos genes y mecanismos que

puedan estar implicados en el desarrollo de los SMD y su progresion a LAM.

* Evaluar la influencia de un estado de metilacion aberrante y las alteraciones

citogenéticas en la supervivencia y respuesta a 5-azacitidina
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Esta seccion incluye un resumen del trabajo experimental realizado en esta tesis doctoral,

incluyendo Material y Métodos, Resultados y Discusion, y esta dividida en tres capitulos:

Capitulo 1. M Abadigar, C Robledo, R Benito, F Ramos, M Diez-Campelo, L Hermosin, J
Sanchez-del-Real, ] Maria Alonso, R Cuello, M Megido, JN Rodriguez, G Martin-Nufiez, C
Aguilar, M Vargas, AA Martin, JL Garcia, A Kohlmann, MC del Cafiizo, JM Hernandez-Rivas.
Chromothripsis is a recurrent genomic abnormality in high-risk myelodysplastic

syndromes. Genes Chromosomes Cancer. En segunda revision.

Capitulo 2. M Abdigar, S Aibar, R Benito, M Diez-Campelo, F Ramos, E Lumbreras, FJ Campos-
Laborie, M Megido, | Recio, L Hermosin, J Sanchez-del-Real, C Olivier, R Cuello, L Zamora, K
Mills, MC del Cafiizo, J De Las Rivas, JM Hernandez-Rivas. Common and progressive gene
expression changes in the progression of myelodysplastic syndromes to acute myeloid

leukemia. Haematologica. Enviado.

Capitulo 3. M Abaigar, F Ramos, R Benito, M Diez-Campelo, J Sdnchez-del-Real, L Hermosin,
JN Rodriguez, C Aguilar, | Recio, JM Alonso, N de las Heras, M Megido, M Fuertes, MC del
Cafiizo, JM Herndndez-Rivas. Prognostic impact of the number of methylated genes in
myelodysplastic syndromes and acute myeloid leukemias treated with azacytidine. Ann
Hematol. 2013 Nov;92(11):1543-52. doi: 10.1007/s00277-013-1799-9. PubMed PMID:

23740492.

Todos ellos han sido desarrollados para lograr el objetivo general de este trabajo y dar el
titulo de esta tesis doctoral: "Caracterizacién molecular de los sindromes mielodispldsicos
(SMD): Analisis de las alteraciones gendmicas en el desarrollo de los SMD, la progresién a

leucemia aguda mieloblastica y la respuesta al tratamiento con 5-azacitidina".
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La version original, incluyendo tablas y figuras esta disponible en las paginas 40 - 60 y el

material suplementario en las paginas 189 - 195.
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Introduccidn y objetivos

El estudio de las alteraciones estructurales del genoma ha sido de gran interés ya que, a
través de la adquisicion de reordenamientos gendmicos, se pueden activar o inactivar
determinados genes que pueden promover la progresién tumoral. Un descubrimiento
reciente es el fendmeno denominado “cromotripsis”, que consiste en la generacién de entre
10 y cientos de reordenamientos cromosomicos de manera simultdanea en un cromosoma o
region cromosoémica. Este fendmeno ha sido descrito en un 2-3% de los cdnceres en general,
incluyendo diversas neoplasias hematoldgicas como el mieloma multiple (1,3%) y la leucemia
linfatica cronica (10%), aunque en los osteosarcomas se ha observado con una incidencia

mas elvada (25%), y se ha asociado con mal prondstico y mutaciones en 7P53.

Por otro lado, la presencia de alteraciones citogenéticas junto con la proporcion de blastos
en la MO son los parametros con mayor valor prondstico para los pacientes con SMD vy
LMMOC, asignandolos a diferentes categorias de riesgo en funcién de la supervivencia y
probabilidad de evolucion a LAM. Sin embargo, en ocasiones resulta dificil establecer una
clasificacion prondstica correcta, ya que aproximadamente un 40-60% de los SMD y LMMC
tienen un cariotipo normal y en un 10-15% el cariotipo es no informativo por citogenética

convencional.

Por otro lado, el empleo de los arrays gendmicos (aCGH, SNP-A) en el estudio de los SMD ha
permitido la deteccién de alteraciones cripticas, como las deleciones de los genes TET2 y
RUNX1, en aquellos pacientes con un cariotipo normal. Recientemente, los estudios
mediante secuenciacién masiva han identificado una gran cantidad de genes que presentan

mutaciones y que estan implicados en la patogénesis de los SMD.

Por ello nos propusimos estudiar la presencia de nuevas alteraciones genéticas en los SMD y
LMMC mediante un estudio integrado combinando las técnicas de aCGH y secuenciaciéon

masiva (NGS) en una serie de pacientes con SMD y LMMC.
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Pacientes y métodos

Se analizaron un total de 301 pacientes al momento del diagndstico clasificados segun
criterios OMS 2008 como SMD (n=240) y SMD/SMP (n=61). La mediana de edad era de 77
afios (11-93) con predominio de varones (63,5%). Todos los casos fueron estudiados
mediante CC y FISH de manera rutinaria para la identificacion de alteraciones citogenéticas.
En un 13% de los pacientes no se obtuvieron mitosis, el 15% presentaron un cariotipo
patoldgico, mientras que el 72%, la mayor parte de los pacientes incluidos en el estudio,
tenian un cariotipo normal. Este Ultimo grupo fue dividido en tres categorias en funcion al
numero de metafases de buena calidad que fueron analizadas: 220 metafases (n=164), entre

11-19 metafases (n=38), y <10 metafases (n=14).

En todos los pacientes se realizaron estudios de aCGH para identificar las variaciones en el
numero de copias, ganancias y pérdidas, con una mayor resolucion que la CC, mediante el
aCGH Human CGH 12X135K Whole-Genome Tiling Array v3.0 (Roche-NimbleGen). Todas
odas las regiones ganadas o perdidas fueron contrastadas con la informacién existente en la

base de datos Database of Genomic Variants (http://dgv.tcag.ca/) para eliminar aquellas

regiones descritas como variaciones en el nimero de copias (CNV) en la poblacion normal.

Ademas, los resultados fueron validados mediante FISH o un aCGH distinto (Agilent).

Ademas, en una serie de casos seleccionados se analizaron las mutaciones de los genes
DNMT3A, TET2, RUNX1, BCORy TP53 mediante secuenciacion masiva de amplicones (NGS)
con el sistema GS-Junior (454-Roche). Concretamente se estudiaron la regiones codificantes
completas de los genes TET2, RUNX1y BCOR, mientras que solo los exones 7-23 de DNMT3A
y 4-11 de TP53. Todas las variantes descritas como polimorfismos en la bases de datos

dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) y las variantes intrénicas fueron excluidas.

Resultados

El analisis de los perfiles de aCGH mostré la presencia de reordenamientos masivos que
cumplian los criterios de cromotripsis en 3/240 (1.2%) SMD. En los tres casos, esta alteracién
se observd afectando a un cromosoma, no a varios, y en este estudio en particular, al

cromosoma 13 exclusivamente. Estos 3 pacientes estaban diagnosticados de AREB (3/40,
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7.5%) y tenian un cariotipo complejo por aCGH (3/17, 17,6%), con una mediana de 16
regiones alteradas (un rango de 11-25). Cabe destacar que los 3 pacientes presentaron
pérdidas a nivel de 5923.2-g35.3 y dos de ellos, ademas, tenias pérdidas en 79g22.3-g36.3 y
15g11.1-21.2. Como corresponde a la cromotripsis, no se observd un patrén comun de
alteracion a nivel global. Sin embargo, pudimos observar que determinadas regiones
aparecian ganadas o perdidas en comun en los 3 pacientes, afectando a genes relacionados

con cancer como XPO4, FLT1, FLT3, BRCA2 vy RBI.

Como ya se ha indicado, la cromotripsis se ha asociado con la presencia de mutaciones en
TP53. Por esta razén, estudiamos la presencia de mutaciones en este gen en estos tres
pacientes mediante secuenciacién masiva de amplicones. Los tres enfermos con SMD vy
cromotrisis presentaron mutaciones en TP53, todas ellas localizadas en el exdn 5, que
corresponde al dominio de unién al ADN. Cabe sefialar, que la supervivencia de los tres casos

fue inferior a 1 afio.

Por otro lado, el anélisis de la serie global reveld un total de 285 alteraciones por aCGH en 71
pacientes (23,6%). Las alteraciones mas frecuentes fueron: del(5q) (35%), del(20q) (18%),
del(7q) (14%), -Y (14%), trisomia 8 (10%) y del(4q24) (10%). Ademas, mediante en andlisis de
aCGH se identificaron alteraciones cripticas (<5 Mb), por debajo del limite de deteccion de la
CC, en 23 casos. Estas alteraciones afectaban a genes importantes en la patogénesis de los
SMD, siendo las mas frecuentes las deleciones en 2p23.3 (DNMT3A, n=2), 4924 (TET2, n=7),
21922 (RUNXI1, n=5), y Xpll.4 (BCOR, n=2). Estos genes contenidos en las regiones
delecionadas fueron estudiados por secuenciacidon masiva de amplicones. Ademas, también
se analizaron las mutaciones de TP53 en aquellos casos que presentaron deleciones a nivel
de 17p13. El estudio de secuenciacidn masiva reveld que sélo 1 paciente con delecién de
DNMT3A, 3 pacientes con pérdida de TET2 y 4 enfermos con delecidon de TP53 presentaron
mutaciones en el otro alelo. El resto de los genes estudiados no presentaron ninguna

mutacion en los casos analizados.

Debido a que se disponia de la informacién de la citogenética convencional de todos los
casos, los resultados del analisis de aCGH fueron comparados con los de la CC. Asi se observé
que el 9,3% de los pacientes con cariotipo normal y el 30% de los pacientes sin mitosis

presentaron alteraciones. El andlisis de los casos con cariotipo alterado corrobord los
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resultados en el 86,7% de los casos, mostrando una gran concordancia entre los datos de CC
y aCGH. Ademas, el estudio de los resultados del analisis de aCGH de los 216 casos con
citogenética normal por CC, confirmd que el 92% de los pacientes con >20 metafases
analizadas, el 89% de aquellos casos con 11-19 metafases estudiadas, y sélo el 78% de los

casos con <10 metafases no presentaron alteraciones por aCGH.

Conclusiones

El estudio de aCGH identificd la presencia de cromotripsis como un fenédmeno novedoso y
recurrente, aunque poco frecuente, en tres SMD de alto riesgo. En los tres casos afectd
exclusivamente al cromosoma 13, con genes como XPO4, FLT1 y FLT3, comunmente
amplificados, y BRCA2 y RB1, como comunmente delecionados. Los tres casos con SMD y
cromotripsis presentaron ademads un cariotipo complejo, mutaciones en TP53 y una
supervivencia muy corta, todas ellas caracteristicas que se han asociado con el fenémeno de

cromotripsis.

Por otro lado, el estudio integrado de arrays gendmicos y secuenciacion masiva permitieron
la identificacién de deleciones cripticas en regiones gendmicas donde se localizan genes
relacionados con los SMD, como DNMT3A (2p23.3; n=2.8%), TET2 (4924; n=10%) TP53
(17p13; n=8.5%), RUNX1 (21g22; n=7%), and BCOR (Xp11.4; n=2.8%), asi como mutaciones
en el otro alelo en DNMT3A (n=1), TET2 (n=3), y TP53 (n=4). Estas alteraciones cripticas se
observaron principalmente en pacientes con cariotipo normal (45%) o no informativo (15%)
por citogenética convencional, a excepcién de aquellos pacientes con una delecién vy

mutacion simultdneas de TP53 que tenian un cariotipo complejo.

Ademas, el presente estudio demuestra que los arrays gendmicos pueden utilizarse como
una técnica complementaria a la citogenética convencional en la evaluacién de los pacientes
con SMD y LMMC, principalmente en los pacientes sin crecimiento o con un cariotipo normal

y <20 metafases analizables.
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Introduccidn y objetivos

Los sindromes mielodisplasicos (SMD) representan un grupo heterogéneo de enfermedades
clonales de la células madre hematopoyéticas caracterizadas por una diferenciacion vy
maduracién anormal de las células mieloides, inestabilidad genética y un elevado riesgo de
progresion a LAM. Ambas hemopatias, tanto los SMD como las LAM, presentan alteraciones
genéticas, epigenéticas y mutaciones comunes que resultan en un crecimiento vy

diferenciacion celular anémalos.

El analisis del perfil de expresién génica (PEG) mediante microarrays de alta densidad se ha
utilizado en el estudio de los mecanismos transcripcionales que estan alterados e implicados
en cancer, incluyendo las leucemias y los SMD. Estos estudios han proporcionado grandes
avances en el conocimiento de los genes y los mecanismos implicados en la patogénesis de
estas enfermedades. Su aplicacion en los SMD demostré que los éstos podian ser
estratificados en diferentes grupos, en términos de tiempo de transformacién a LAM, en
base a sus perfiles de expresion. Asi, aquellos SMD con una enfermedad mds agresiva eran
clasificados como una entidad diferente de aquellos SMD con un curso clinico mas indolente.
Algunos de los genes que discriminaban estas entidades eran HOXA9, FLT3, KITy WT1. Estos
estudios, a lo largo de los ultimos afios, han demostrado también que los SMD, en los
estadios mas tempranos, se caracterizan por una desregulacion de la respuesta inmune y un
aumento de la apoptosis intramedular, con un ratio apoptosis/proliferacién elevado. Por el
contrario, en estadios mas avanzados se observa una disminucion de la apoptosis, asi como
una desregulacion de la respuesta y reparacién del dafio en el ADN. Sin embargo, las bases
moleculares que expliquen estas alteraciones y que podrian determinar la progresién de los

SMD a LAM son en gran parte desconocidos.

Por ello, se analizaron los cambios de expresidon génica que se producian en la transicion
desde una médula dsea no maligna, a través de los diferentes estadios de los SMD, hacia

LAM mediante dos plataformas de microarrays de expresion de alta densidad.
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Pacientes y métodos

Se estudiaron un total de 182 pacientes con hemopatias malignas, 127 eran SMD y 55 eran
LAM, mediante microarrays de expresion. Ademas, se incluyeron 17 muestras de pacientes
sin hemopatias de origen tumoral que se utilizaron como controles, denominados en este
trabajo como no leucemias (Nol). Para evitar el efecto de dosis génica, excluimos del estudio
todos aquellos pacientes que presentaran alteraciones citogenéticas. Asimismo, debido a
que los SMD con sideroblastos en anillo presentan un PEG caracteristico, éstos fueron
también eliminados del estudio. De este modo, el grupo finalmente analizado estaba
constituido por 90 pacientes con citogenética normal. Estos fueron clasificados segun
criterios OMS 2008 en: CRDU (n=11), CRDM (n=23), AREB-1 (n=9), AREB-2 (n=10) y AML
(n=20). Los pacientes con CRDU y CRDM fueron agrupados y considerados como SMD de
bajo riesgo (SMD-BR), mientras que los pacientes con AREB-1 y AREB-2 fueron considerados

como SMD de alto riesgo (SMD-AR).

Los estudios del pefil de expresién génico se realizaron en dos plataformas diferentes: el

microarray Human Genome U133 Plus 2.0y el Human Exon 1.0 ST (Affymetrix).

Basandonos en la hipdtesis de que los distintos subtipos de SMD son estadios consecutivos
en la progresion hacia LAM, se buscaron aquellos genes cuya expresion seguia una tendencia
creciente o decreciente durante la evolucion de la enfermedad. Para ello se calculd la
correlacién (Goodman and Kruskal's Gamma correlation) entre la expresion génica y el
estadio de la enfermedad, ordenados como NoL — SMD-BR — SMD-AR — LAM. De esta
manera, para cada gen se obtuvo un valor de correlacion (valor Gamma). Para continuar con
el estudio de evolucidon, se seleccionaron aquellos genes que se correlacionaban con la
progresion de la enfermedad, es decir, tenian una valor de correlacién Gamma significativo

(valor Gamma absoluto >0,50 y un FDR con Pvalor ajustado <0,05).

Resultados

Como vya se ha indicado, con el fin de identificar aquellos genes que podrian estar
relacionados con la progresion de la enfermedad, se buscaron aquellos genes cuyos niveles

de expresion seguian una tendencia creciente o decreciente a través de los diferentes
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estadios de los SMD, considerando las no leucemias como el punto de origen no maligno y
las LAM como el estado final de la progresién. Para ello, se empled el método SOM, un
meétodo de agrupacion no supervisado que identifica grupos de genes con un patrén de
expresion similar. De este modo este andlisis identificd una serie de genes y funciones
celulares que estaban comun y progresivamente desreguladas durante la transicion desde
una medula 6sea no maligna, a través de estadios tempranos de los SMD (SMD-BR), estadios

de SMD mas avanzados (SMD-AR), hasta las LAM.

En concreto, se observd que algunos genes comenzaban a estar sobre-expresados en los
SMD de bajo riesgo y que continuaban con esa tendencia de expresion creciente hacia las
LAM (patréon 1 o patrén creciente SMD/LAM) como NPM1, CCNG1, PMAIP1, MYST1, RPL22,
RPS6. Otros genes, a pesar de seguir esta misma tendencia creciente, presentaban el mayor
cambio en sus nivel de expresion en la transicién de los SMD de alto riego a LAM (patrén 3 o
patrén creciente LAM). Algunos de estos genes eran HOXA9, HOXA7, MEIS1y FLT3. Por el
contrario, se observé que otro grupo de genes se iban infra-expresando progresivamente
durante la evolucion de la enfermedad, alcanzando unos niveles de expresién minimos en las
LAM (patron 2 o patron decreciente SMD/LAM vy patrén 4 o patrén decreciente LAM).
Algunos de estos genes eran MMP25, CEACAM3, LTF, CRISP3, CAMP, MMP9. Los genes
icluidos en el patrén 1 estaban relacionados con la respuesta al dafio en el ADN vy los
ribosomas. Los genes del patrén 3 estaban implicados en promover la proliferacién celular y
suprimir la diferenciacion, mientras que los genes de los patrones 2 y 4 estaban relacionados

con la desregulacién de la respuesta inmune.

Curiosamente, el analisis funcional de los genes incluidos en cada uno de los patrones reveld
qgue algunos de ellos eran factores de transcripcién. Debido a que los genes estudiados
seguian unas tendencias crecientes o decrecientes en sus niveles de expresidon, decidimos
buscar si algun factor de transcripcién que estuviera desregulado en nuestro estudio podria
ser el responsable de los cambios de expresion observados. De manera interesante se
identificaron 42 factores de transcripcion, dos de los cuales, ATF2 y TAF7, parecian estar
controlando un gran numero de los genes del patrén 1, siendo la mayoria de ellos genes

ribosomales.
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Conclusiones

El presente estudio, y la metodologia aplicada en este trabajo, demostrd que una serie de
funciones celulares estan desreguladas de manera progresiva, y con genes desregulados en
comun, durante la transicion desde una médula dsea no maligna, a través de los SMD de

bajo riesgo y los SMD de alto riesgo, hasta las LAM.

Las principales funciones celulares que podrian estar directa o indirectamente implicadas en
la progresién de la enfermedad fueron: una activacién de la respuesta dafio en el ADN vy los
puntos de control del ciclo celular, una sobre-expresién de los genes codificantes para
proteinas ribosomales y responsables del denominado “estrés nucleolar", una elevada
apoptosis, un aumento en la proliferacion celular y la supresion de la diferenciacion

mieloide, asi como una desregulacién de la respuesta inmune.

Por otra parte, un gran numero de los genes identificados como progresivamente
desregulados en este estudio podrian estar regulados por dos factores de transcripcién,
ATF2 y TAF7, que no han sido previamente relacionados con las neoplasias mieloides. Estos
dos factores de transcripciéon, o las funciones que éstos regulan, resultan dianas

potencialmente atractivas para la investigacion de nuevas terapias.

Por lo tanto, la evolucion desde una médula ésea normal a través de los SMD hacia la
leucemia parece ser un mecanismo organizado que implica genes y funciones celulares

desreguladas en comun.
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Introduccidn y objetivos

Los agentes hipometilantes, como la 5-azacitidina, han supuesto un gran avance en el
tratamiento de los sindromes mielodisplasicos (SMD) y las leucemias agudas mieloblasticas
(LAM) ya que muchos de estos pacientes alcanzan una respuesta y porque aumentan
significativamente la supervivencia. La 5-azacitidina (5-AZA) es un agente hipometilante que
se une de forma irreversible a las DNA-metiltransferasas e inhiben su funcién, lo que resulta
en una progresiva disminucién de la metilacién del ADN. La metilacién aberrante de las islas
CpG del ADN se ha asociado con el silenciamiento génico, por esta razon, el tratamiento con
5-azacitidina podria reactivar la expression génica. En los Ultimos afios se ha descrito que
diversos genes supresores tumorales estan hipermetilados en las neoplasias mieloides. Por
ello, la 5-azacitidina parece ser una buena opcion para el tratamiento de estas hemopatias.
Sin embargo, el significado prondstico del estado de metilacion del ADN en la respuesta

terapéutica a estos agentes esta poco definido.

Por esta razén analizamos el estado de metilacion previo al tratamiento con 5-azacitidina de
un grupo de genes supresores tumorales en pacientes con SMD y LAM, con el fin de evaluar
la influencia de un estado de metilacion aberrante en la supervivencia y respuesta a este

farmaco.

Pacientes y métodos

Se incluyeron un total de 78 pacientes con SMD o LAM que habian sido tratados con 5-
azacitidina. Sin embargo, a lo largo del estudio se excluyeron 15 pacientes porque no
cumplian los criterios de inclusién, que eran: el haber recibido mas de 4 ciclos de
tratamiento, que la 5-azacitidina no fuese utilizada como tratamiento de mantenimiento tras
un trasplante alogénico, que la respuesta fuese evaluable y el disponer de ADN de buena
calidad. Asi que finalmente, el estudio se centré en 63 pacientes: 39 SMD y 24 LAM, de los
gue se recogieron las caracteristicas clinicas, de respuesta al tratamiento, supervivencia,
citogenética y FISH. Ademas, se analizaron 5 muestras de MO procedentes de donantes

Sanos.
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El analisis de metilacidn se analizd en todos los enfermos mediante la técnica MS-MLPA, una
metodologia basada en la PCR, para un panel de 24 genes supresores tumorales
relacionados con control del ciclo celular, regulacién del a apoptosis, reparacién del ADN,
adhesién celular y crecimiento celular. La respuesta al tratamiento se evalué de acuerdo con
los criterios del “International Working Group” (IWG) para los SMD vy las LAM. Aquellos
pacientes que alcanzaron una remisién completa (RC), una respuesta parcial (RP) o una
respuesta hematoldgica (RH) fueron considerados como respondedores, mientras que
aquellos pacientes en los que falld el tratamiento (FT) o progresaron (PROG) fueron

considerados como no respondedores.

Resultados

En la mayoria de los pacientes (73%) se observd metilacion de alguno de los genes
estudiados: 23 pacientes tenian 1 sélo gen metilado, 15 tenian 2 genes metilados y los
restantes 8 (12%) presentaron 3 o mas genes metilados. Los genes metilados con mayor
frecuencia fueron: /GSF4 (27%), CDKN2B (23.8%), ESR1 (23.8%), CDH13 (19%) y CDKNI1B
(11.1%). Otros genes como TP73, RARB, FHIT, APC, CDKN2A, CD44, GSTP1, HIC1y TIMP3
aparecieron metilados en menos del 10% de los pacientes. Por en contrario no se observd

metilacion de ninguno de los genes en los individuos control.

Nuestro objetivo era evaluar si el estado de metilacidon, asi como otras caracteristicas
clinicas, podrian estar relacionadas con la supervivencia y la respuesta al tratamiento con 5-
azacitina. En primer lugar, no se encontraron diferencias estadisticas en la supervivencia
entre los pacientes con SMD y LAM. Por esta razon, analizamos los SMD y LAM como una
Unica entidad. El andlisis estadistico revelé que la presencia de anemia (P=0,015),
leucocitosis (P=0,021), y un elevado nivel de metilacién, definido como mas de 2 genes
metilados (P=0,017), se asociaron con una menor supervivencia en el analisis univariante.
Todas estas variables mantuvieron su significacién en el analisis multivariante (P=0,029,
P=0,033 y P=0,022, respectivamente) como factores prondsticos independientes de la
supervivencia en los pacientes tratados con 5-azacitidina. Cabe sefialar que el analisis de los
pacientes que no presentaron metilacion de alguno de los genes estudiados, aquellos con 1

gen metilado, los que tienen 2 genes metilados y aquellos con 3 o mas genes metilados,
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mostré que a medida que el nimero de genes metilados aumenta, la supervivencia
disminuye. De hecho, los pacientes del grupo con mayor nimero de genes metilados son los

gue presentan una supervivencia muy corta.

En relacidn con la respuesta a 5-azacitidina, se observéd que el estado de metilacién no se
asocid de forma significativa con la respuesta a este farmaco (P=0.654), aunque 4 de los 5
pacientes con mas de 3 genes metilados no respondieron. Por el contrario, la presencia de
una citogenética favorable era el Unico factor que podria predecir, de forma independiente,
la respuesta a 5-azacitidina (P=0,026). En nuestro estudio, de todos los pacientes con una
citogenética favorable, un 64,7% respondieron. Cabe destacar que 3 SMD presentaron

alteraciones del cromosoma 7 y todos ellos respondieron al tratamiento con 5-AZA.

Conclusiones

Los resultados del presente estudio mostraron que, ademas de los factores clinicos
previamente descritos, la presencia de un estado de metilacion aberrante influia
negativamente en la supervivencia de los enfermos tratados con 5-azacitidina, siendo mas
corta en el grupo de pacientes con los niveles de metilacién mas elevados. Por el contrario,

una citogenética adversa se asocié con una peor respuesta a este farmaco.

En resumen, nuestros resultados sugieren que el analisis del estado de metilacion previo al
tratamiento con 5-azacitidina mediante una metodologia como MS-MLPA, podria ser util
para identificar el grupo de pacientes con una supervivencia mas corta con los agentes

hipometilantes, en los que podrian considerarse otras alternativas terapéuticas.
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Los sindromes mielodisplasicos (SMD) constituyen un conjunto de enfermedades
hematoldgicas clonales que afectan a la célula madre hematopoyética mieloide. Se
caracterizan por una gran heterogeneidad clinica y bioldgica con un elevado riesgo de
progresion a leucemia aguda mieloblastica (LAM). Se han identificado una gran variedad de
alteraciones gendmicas y epigenéticas que resultan en una diferenciaciéon, maduracién vy
crecimiento andmalo de las células hematopoyéticas mieloides, lo que da lugar a un fallo
medular y a un mayor riesgo de desarrollar leucemia. Sin embargo, hasta el momento no se
ha identificado una uUnica mutacién o anomalia gendmica que pueda ser responsable del
origen y desarrollo de los SMD asi como de su frecuente progresion a LAM. Teniendo en
cuenta la heterogeneidad molecular de los SMD, las técnicas gendmicas de alta resolucién
(aCGH, SNP-A, PEG mediante microarrays, NGS) son herramientas de gran utilidad y mucho
mas eficaces en el analisis de las anomalias gendmicas en los pacientes con SMD. Estos
estudios han proporcionado grandes avances en el conocimiento de la biologia de estas
enfermedades tan complejas, y por lo tanto una mejora en su diagnostico y evaluacion

prondstica, asi como han dianas para el desarrollo de nuevos farmacos para su tratamiento.

Hasta la fecha son muchos los estudios que se han realizado en los SMD mediante aCGH y
SNP-A permitiendo la identificacion de alteraciones nuevas y cripticas, no detectadas por las

13,47,48
Los

técnicas de citogenética convencional (CC), sugiriendo su utilidad a nivel clinico.
resultados presentados en esta tesis doctoral, asi como los datos previamente publicados,
han demostrado que existe una muy buena concordancia entre los datos de aCGH y CC,
confirmando la fiabilidad de esta técnica para el analisis de grandes anomalias genéticas.
Asimismo, los estudios de arrays gendmicos han permitido redefinir el prondstico de algunos
pacientes con SMD para las alteraciones ya conocidas como -5/5q-, -7/79-, trisomia 8, 20g-,

42,46,47,53,77 . ,
Cabe destacar que todas las alteraciones en el numero de

y cariotipos complejos.
copias CNA conducen a una pérdida de funcién en el caso de la delecién de un gen supresor
tumoral o0 a una ganancia de funcién en el caso de la amplificacion de un oncogén. Por esta
razon, las alteraciones cripticas (microdeleciones, microamplificaciones, LOH) han
despertado un gran interés, ya que a menudo implican a genes individuales o muy pocos

44,47,131
De hecho, estas

genes, que pueden ser estudiados posteriormente por secuenciacion.
regiones han sido fundamentales en el descubrimiento de nuevas mutaciones, como TET2 en

los SMD/SMP, CBL en las LMMC, MPL en las ARSA-T, y EZH2 en los MDS, LMMC y LAM.* En
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nuestro estudio se identificaron alteraciones cripticas en regiones importantes en la
patogénesis de los SMD como deleciones en 2p23.3 (DNMT3A), 4924 (TET2), 5g33.1
(SPARC), 7922.1 (CUX1), 21922.12 (RUNX1) y Xpll.4 (BCOR), y ganancias en 21g22.3
(U2,4F1).2’34’42’50 Asi decidimos analizar si existian mutaciones en el alelo no delecionado en
los genes genes mas relevantes aplicando la técnica de secuenciacion masiva de amplicones.
Nuestros resultados mostraron que una baja proporcion de pacientes presentaba una
delecion y mutacion simultdnea en los genes analizados, a excepcién de TP53. Por lo tanto,
los arrays gendmicos proporcionan informacién nueva sobre regiones criticas involucradas
en la patogénesis de los SMD, y sugerimos que series mas amplias de pacientes con SMD

deberian ser estudiadas mediante aCGH.

Ademas, en la era de la gendmica, las alteraciones cromosdémicas continuaran siendo
relevantes a nivel clinico y la citogenética convencional (CC) seguird desempefiando un papel
fundamental en el estudio de los SMD.” Nuestros resultados junto con los datos previamente
publicados sugieren que la CC debe complementarse no sélo con estudios mediante arrays
gendmicos sino también con estudios de secuenciacion masiva para la evaluacién de estos
enfermos con SMD, utilizando paneles de genes en lugar de genes individuales. Sin embargo,
resulta necesario ampliar estos estudios para integrar toda la informacion generada a través
de estos analisis gendmicos masivos, como las alteraciones cripticas y las mutaciones, en la

practica clinica para el manejo de los pacientes con SMD.

Por otro lado, los analisis mediante aCGH nos permitieron identificar la presencia de
cromotripsis en tres pacientes con SMD de alto riesgo, una subtipo de SMD que presenta un
alto riesgo de desarrollar una leucemia. Generalmente, la cromotripsis afecta a diferentes
cromosomas de manera aleatoria. Sin embargo, en nuestro estudio observamos multiples y
complejas alteraciones consistentes con los criterios de cromotripis en el cromosoma 13 en
los tres pacientes. Otros estudios han reportado la presencia de este fendmeno en un
cromosoma de manera recurrente, como en 16p en 3/7 pacientes con mieloma multiple, en
el cromosoma 21 en 5/9 iAMP21 casos de leucemia linfoblastica aguda, en el cromosoma 5
en 3/8 casos con leucemia linfocitica crénica, y mas recientemente, en el cromosoma 13 en

60,70,136,137

. . 137
tres casos de retinoblastoma. De acuerdo con la sugerencia de Mcevoy et al.,””" de

gue la inactivacion de un gen supresor tumoral por un evento de cromotripsis podria iniciar
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el desarrollo de un tumor, como por ejemplo la inactivacion de RBI en el retinoblastoma,
cabe mencionar que en nuestro estudio encontramos dos genes supresores de tumores

138,139

alterados en los tres pacientes con cromotripsis, BRCA2 y RBI. Ademas, los tres

pacientes con cromotripsis presentaron mutaciones de 7P53, otro gen supresor tumoral que

59,136 .
Sin duda, en nuestro podemos

ya se ha relacionado con el fendmeno de cromotripsis.
estar perdiendo muchos detalles genéticos, sin embargo, el estudio de aCGH identificd
cromosoma 13 altamente alterado, reflejando muchos puntos de ruptura, consistentes con
la firma gendmica de la cromotripsis. Por lo tanto, esta compleja anomalia genética podria
estar implicado en la patogénesis de algunos casos de smp. "

Hay que tener en cuenta que todas las alteraciones citogenéticas, genéticas y epigenéticas
pueden afectar la expresion génica a través de anomalias a nivel de la transcripcién, de la
regulacion epigenética, o por el efecto de dosis génica.142 El estudio de los perfiles de
expresion génica ha demostrado ser una herramienta Util para el analisis simultdneo de los
niveles de expresion de casi todos los genes conocidos, y se ha aplicado en el estudio de los
SMD proporcionando una mejor comprensién de los complejos mecanismos que subyacen
su patofisiologia. Dichos estudios se han centrado principalmente en la identificaciéon de
marcadores genéticos especificos para cada subtipo de SMD, comparando el PEG entre los
SMD e individuos sanos, entre los diferentes grupos de riesgo, o entre los diferentes subtipos
de SMD,'OOIOTHLIAA g embargo, dado que los SMD vy las LAM tienen anomalias
morfolégicas, citogenéticas, epigenéticas y mutaciones comunes, nos propusimos analizar
los genes y funciones celulares desreguladas en comun durante la evolucién de los

2,35,92

SMD. Asi, se identificaron una serie de genes y funciones celulares que estaban
desregulados en comun y de manera progresiva (creciente o decreciente) durante la
transicién desde una médula dsea no maligna, a través de los SMD de bajo y alto riesgo,
hasta las LAM. Los genes desregulados estaban implicados en la activacion de la respuesta al
dafio en el ADN vy de los puntos de control del ciclo celular, un aumento de la apoptosis, de
los ribosomas, el ensamblaje de los nucleosomas y la remodelacién de la cromatina, en

promover crecimiento celular y la proliferacion, la supresién de la diferenciacién de las

células progenitoras mieloides, y una represién de respuesta inmune.

16l



Discusiéon General

En base a nuestras observaciones, proponemos un modelo para el desarrollo de los SMD y la
progresion hacia la LAM (Representado en la figura 5, pagina 100). En este modelo se
representa una enfermedad maligna que tiene alteraciones gendmicas incluso en las
primeras etapas de la enfermedad. Durante las fases iniciales, las células mostrarian una
reaccion frente a un dafio en el ADN, a través de la activacion de los mecanismos de
reparacion, que producirian una parada del ciclo celular o apoptosis. Esta respuesta al dafio
en el ADN podria estar desencadenada por la desregulacion de las proteinas ribosomales, a
través de la estabilizacién y activacion de p53. Ante esta situacion, las células mostrarian un
aumento en los niveles de apoptosis indicando que las células de médula dsea estan
actuando de la manera correcta, es decir, tratando de eliminar las células defectuosas. En
este punto, las células todavia conservarian su capacidad de diferenciacion/maduracion. Sin
embargo, el ratio apoptosis/auto-renovacion-proliferacién en la MO es elevado. Esto
reflejaria que las células derivadas a partir del clon maligno inicial no sélo continuarian
diferencidndose, sino que también moririan de forma prematura. Al mismo tiempo, debido a
un mal funcionamiento de la respuesta inmune se produciria una liberacion de citoquinas
pro-apoptoticas. Estos mecanismos desregulados darian lugar a una elevada apoptosis
intramedular, lo que explicaria, al menos en parte, la hematopoyesis ineficaz y citopenias

periféricas observadas en los pacientes con SMD de bajo riesgo.

Sin embargo, ante la acumulacion de dafio en las células madre hematopoyéticas, las células
todavia mostrarian una activacién de los mecanismos de respuesta y reparacion del dafio en
el ADN y responde las de reparacion, asi como una sobre-expresiéon de las proteinas

ribosomales. Ademas, debido a una maquinaria de reparacién deficiente o a un dafio

excesivo en el ADN, las células madre hematopoyéticas y las células progenitoras adquiririan
y acumularian nuevas alteraciones genéticas y/o epigenéticas. En este punto, las células
dafiadas mostrarian un aumento en las propiedades proliferativas y de auto-renovacién,
mientras que no serian capaces de diferenciarse hacia estadios mas maduros. Ademas, estas
células mostrarian una resistencia aumentada a la apoptosis, asi como una evasion al sistema
inmune, exigiendo una alta sintesis de proteinas para sobrevivir. Esto podria explicar la
sobre-expresién de las proteinas ribosomales, que en este caso podrian contribuir a la

progresion de la enfermedad. En conjunto, estos mecanismos proporcionarian a la célula

maligna una cara ventaja proliferativa, y cooperarian permitiendo la expansién del clon
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maligno. Como resultado, la proporcion de blastos en la médula 6sea aumentaria a lo largo
del tiempo, desarrollandose la leucemia. En conjunto, estos datos sugieren que la progresién
de los SMD hacia LAM es un proceso organizado, resultado de la acumulacién de dafio en el
ADN, probablemente debido a que las células madre hematopoyéticas no son capaces de

responder adecuadamente a este dafio.

Nuestro estudio proporciona una base biolégica que explicaria muchas de las alteraciones
obsevadas en funciones celulares implicadas en la progresion de los SMD a LAM. Con el
objetivo de reducir la heterogeneidad genética entre las muestras incluidas en el estudio, el
analisis se restringio a aquellos pacientes con cariotipo normal exclusivamente. Ademas, se
excluyeron aquellos SMD con sideroblastos en anillo, que se han asociado con mutaciones
somaticas de SF3B1. Una posible limitacién de nuestro estudio es que desconocemos las
mutaciones que puedan presentar de las muestras analizadas. Por esta razén, creemos que
es necesario realizar estudios en series mas amplias de pacientes para identificar si la
presencia de mutaciones en genes concretos podria estar relacionado con la desregulacion

génica observada en los SMD.

En los ultimos afios, se han desarrollado nuevos farmacos para el tratamiento de los SMD y

LAM, como los agentes hipometilantes (5-azacitidina y decitabina), de hecho, se han

7,126,130
Estos

convertido en el tratamiento de primera linea para estas enfermedades.
farmacos has demostrado ser eficaces, con una tasa de remisiones completas del 10-15%,
produciendo una mejoria hematoldgica, e incluso retrasando la progresién a LAM vy

7,72,74,78,124,126-128,130 . .
Sin embargo, un 40-50% de los pacientes

prolongando la supervivencia.
siguen siendo refractarios a estas terapias. Por esta razén, en el momento actual es de gran
interés el poder disponer de factores predictivos de respuesta a estos agentes, para

. . , .. . 8
seleccionar aquellos pacientes que mas se beneficiarian con este tratamiento.

En los SMD y LAM, se han descrito alteraciones en la metilacién del ADN, asociadas con el

80,81,169-171

silenciamiento génico. Algunos estudios han demostrado que el tratamiento con

agentes hipometilantes produce una reduccion de la metilacion y una re-expresion de genes

como CDKN2B, CDH1y DAPK1.2*"

Por esta razon, pensamos que el estado de metilacion
previo al tratamiento podria predecir la respuesta a estos agentes. Sin embargo, nuestro

estudio, al igual que otros previamente descritos, demostraron que una metilacién
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aberrante para los genes estudiados no se asociaba con la respuesta a 5-AZA. Ademis,

el responder o no a un determinado farmaco, podria alterar el prondstico de una

173
enfermedad.

Por ello, el estudio de la supervivencia en relacion con la metilacién, en estos
pacientes tratados con 5-AZA, es también de gran interés para definir el grupo de pacientes
con mayor probabilidad de beneficiarse de este tratamiento. Nuestros datos demostraron
qgue el estado de metilacion previo a la 5-azacitidina, en concreto la presencia de >2 genes
metilados, estaba asociada con una supervivencia mas corta, siendo menor en el grupo de
pacientes con los nivel de metilacion mas elevados (23 genes). Resultados similares habian
sido reportados para los genes CDKN2B, HIC1, CDH1, ESR1 y FHIT, en los que la
hipermetilacion se asociaba con un peor pronc')stico.79’83’84’86'89

Estudios recientes han demostrado que los pacientes con mutaciones de TET2 presentan
mejores respuestas a los agentes hipometilantes, cuando estas mutaciones aparecen en mas
del 10% de las células y no existen mutaciones de ASXL1. Por el contrario, estas mutaciones

. . . . 173,174
no se asociaron con mejoras en la supervivencia.

Sin embargo, y lo que es mas
importante, este trabajo demostré que no existe una mutacién o combinacién de
mutaciones que se asociara con la falta de respuesta a estos farmacos, ni siquiera aquellas

173,174 .
Del mismo

mutaciones que confieren un pronoéstico muy adverso como RUNX1y TP53.
modo, ninguna de estas mutaciones se relaciond con mal prondstico en el grupo de
pacientes tratados con 5-AZA. Por ello, hasta la fecha no existen suficientes evidencias que
contraindiquen el tratamiento con agentes hipometilantes en estos pacientes.173 Debido a
gue el numero de alteraciones genéticas y epigenéticas que se van descubriendo en los SMD
y LAM aumenta cada dia, estudios integrados combinando las diferentes técnicas de analisis

gendmico, serian de gran interés para para seleccionar aquellos en los que los agentes

hipometilantes fueran mas eficaces.

En resumen, los datos bioldgicos y moleculares presentados en esta tesis doctoral, en base a
los estudios del perfil de expresion génico, de arrays gendmicos, secuenciacién masiva y
metilacion, han permitido ampliar nuestro conocimiento sobre la biologia de estas
hemopatias, mediante la identificacién de alteraciones gendmicas que podrian tener
relevancia clinica. Nuestros datos resaltan la utilidad de las técnicas de analisis masivo en el

estudio de los SMD, principalmente en aquellos pacientes con cariotipo normal o pocas
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metafases analizables. Y ademas, los genes y mecanismos descritos podrian ser considerados

como posibles dianas terapéuticas en el futuro.
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El empleo de la técnica de aCGH en la evaluacién de los pacientes con SMD podria
utilizarse como una técnica complementaria a la citogenética convencional,
especialmente en aquellos pacientes con resultados no informativos, debido a la
ausencia de mitosis, o con pocas metafases evaluables para los estudios citogenéticos.
Por lo tanto, en este grupo de pacientes, los aCGH pueden detectar alteraciones
genéticas permitiendo la estratificacion prondstica de acuerdo con el IPSS-R, lo que

podria modificar la practica clinica para el manejo de este grupo de pacientes

El analisis de las alteraciones en el niumero de copias mediante arrays gendmicos
permite la identificacién de anomalias cripticas en regiones relevantes en la patogénesis
de los SMD, como deleciones en DNMT3A, TET2, SPARC, CUX1 y RUNXI, asi como
ganancias en U2AF1. Ademas, los estudios de secuenciacion masiva revelan que una
baja proporcién de pacientes presenta una delecion y mutacién simultaneas en los

genes estudiados.

Las técnicas gendmicas de alta resolucién para el analisis del nimero de copias permiten
la deteccion de cromotripsis en el cromosoma 13 en tres pacientes con SMD de alto
riesgo. Los patrones de alteracién gendmica en los casos con cromotripsis son diferentes
entre los tres pacientes. Sin embargo, algunos genes relacionados con cancer como
FLT3, FLT1, y XPO4 estan comunmente amplificados, mientras que BRCA2 y RBI
aparecen comunmente delecionados. Ademads, los tres pacientes presentan cariotipos

complejos, mutaciones en TP53, y un prondstico adverso.

La progresion de los SMD desde una médula ésea no maligna hasta las LAM parece ser
un mecanismo organizado. Asi, el analisis de los perfiles de expresién génica, durante la
evolucién de los SMD, muestra que determinados genes y funciones celulares estan
desregulados en comun y de manera progresiva durante la transicion desde una médula

6sea no maligna, a través de los SMD de bajo vy alto riesgo, hasta las LAM.

4.1. Los genes relacionados con la respuesta al dafio en el ADN vy los puntos de control
del ciclo celular, con la apoptosis y los ribosomas, asi como con el ensamblaje de
los nucleosomas y la remodelacion de la cromatina estan progresivamente sobre-

expresados durante la evolucién de la enfermedad, incluso desde los estadios mas
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4.2.

tempranos de los SMD. Sin embargo, los genes implicados en la proliferacién
celular, la capacidad de auto-renovacion y la diferenciacion celular estan sobre-

expresados en la transicion de los SMD de alto riesgo a las LAM.

Los genes relacionados con la respuesta inmune, la adhesion celular y
metaloproteinasas de la matriz extracelular estan progresivamente infra-
expresados durante la evolucion de la enfermedad, mostrando una mayor

represién en la transicion desde los SMD en estadios mas avanzados hacia las LAM.

La presencia de dos o mas genes metilados en pacientes con SMD y LAM antes del

tratamiento con 5-azacitidina se asocia con una supervivencia global mas corta. Sin

embargo, el estado de metilacion previo al tratamiento no se correlaciona con la

respuesta clinica. Por el contrario, la presencia de una citogenética adversa se asocia

con una peor respuesta al tratamiento con 5-azacitidina.
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Chromothripsis is a recurrent genomic abnormality in
high-risk myelodysplastic syndromes

Maria Abaigar,' Cristina Robledo,' Rocio Benito,I Fernando Ramos,?3 Maria Diez-Campelo,* Lourdes Hermosin,’
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SUPPLEMENTARY METHODS

Patients

All patients were classified according to the 2008 World Health Organization criteria (Vardiman et al., 2009).
The following morphological subtypes were included: MDS associated with isolated del(5q) (MDS del(5q), n=7),
refractory cytopenia with unilineage dysplasia (RCUD, n=20), refractory cytopenia with multilineage dysplasia
(RCMD, n=147), refractory anemia with ringed sideroblasts (RARS, n=11), refractory anemia with excess of blasts
type 1 (RAEB-1, n=23), RAEB-2 (n=23), MDS unclassified (MDS-U, n=9), CMML (n=58), and RARS with
thrombocytosis (RARS-T, n=3) (Table 1).

Array-based comparative genomic hybridization studies

Genomic DNA (gDNA) was isolated using the QlAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s standard protocol. gDNA concentration and quality were assessed with a NanoDrop
spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE) by measuring the ratio of absorbance
at 260 and 280 nm (A260/280), and also at 230 nm (A260/230). gDNA integrity (degradation) was evaluated by
running a 1% agarose gel with ethidium bromide visualization.

DNA copy number abnormalities (CNAs) were studied in all samples with the Human CGH 12x135K Whole-
Genome Tiling v3.0 Array (Roche NimbleGen). This platform contains around 135,000 60-mer oligonucleotide
probes, with a median probe spacing of approximately 12 kb (12,524 bp) (NCBI Build 36.1; UCSC hgl8, March
2006) across the human genome. Pooled male or female human commercial DNA samples were used as
reference (Promega, Mannheim, Germany). Sample preparation and hybridization were performed following the
NimbleGen CGH array standard protocol. Briefly, 500 ng of gDNA from each patient and sex-matched reference
sample were labeled in parallel with Cy3 and Cy5, respectively. Subsequently, 20 pg of each labeled test and the
corresponding sex-matched reference DNA were mixed and co-hybridized to the microarray overnight at 42°C.
After hybridization, slides were washed and scanned at 2-um resolution using the NimbleGen MS 200
Microarray Scanner (Roche NimbleGen) (Robledo et al., 2011). Raw data were extracted from the scanned
images and analyzed using the segMNT algorithm from NimbleScan software (version2.6; Roche NimbleGen),
which divides aCGH data into segments consisting of regions of homogenous copy number. This software
produces a variable called mad1.dr, which represents the median absolute deviation of the log, ratio difference
between consecutive probes along the chromosome. This parameter was used as a measure of the noise in the
hybridization and to create sample-specific cut-offs for the detection of CNAs. An objective cut-off value above
(gains) and below (losses) the mad1.dr parameter and a simultaneous visual examination of whole-genome view
ratio plots using SignalMap (version1.9; Roche NimbleGen) were used to distinguish regions of gain or loss. Only
CNAs larger than 500 kb were considered. Genome location and size of all CNAs detected by aCGH were
converted to hg38 assembly (GRCh Build 38; UCSC hg38, December 2013) (http://genome.ucsc.edu/cgi-

bin/hgLiftOver).
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Next-generation sequencing studies

We applied amplicon-based next-generation sequencing using 454 Titanium amplicon chemistry (Roche
Applied Science) in selected cases to investigate mutations occurring in DNMT3A, TET2, RUNX1, TP53 and BCOR
genes. The complete coding region of TET2, RUNX1 and BCOR, exons 7-23 of DNMT3A and exons 4-11 of TP53
were covered by 27, 7, 29, 16 and 8 amplicons, respectively (Supplementary Table S3). Amplicon libraries were
prepared following the manufacturer’s recommendations and previously described methods (Kohlmann et al,,
2011). In brief, individual amplicons were amplified in five preconfigured 96-well primer plates using the
FastStart High Fidelity PCR System kit and GC-RICH PCR System kit (Roche Applied Science). After amplification,
all amplicons of each plate were individually purified using Agencourt AMPure XP beads (Beckman Coulter,
Krefeld, Germany), in order to remove short fragments, quantified with the Quant-iT PicoGreen dsDNA kit
(Invitrogen, Carlsbad, CA, USA), adjusted to a final concentration of 1x10° molecules/uL and combined in an
equimolar ratio to generate the corresponding amplicon pools. Subsequently, each pool was adjusted to a final
concentration of 2x10° molecules/uL. Further, 454 Life Sciences NGS steps, such as the emulsion PCR, breaking
of the emulsions, enrichment of beads carrying amplified DNA, loading DNA beads on a PicoTiterPlate and
sequencing were performed following the manufacturer’s recommendations (Roche Applied Science). Multiple
molecular barcodes were used to identify each patient. Gene and transcript IDs, information on primer
sequences and the respective amplification mixes and cycler protocols are given below (Supplementary Tables
S2, 53,54 and S5).

All sequencing data were generated during several runs on the 454 Sequencing Systems, GS FLX and GS Junior,
and processed using GS Run Browser software (version 2.9; Roche Applied Science). All amplicon reads were
aligned against the reference transcripts (Supplementary Table S2) of the corresponding genes (DNMT3A, TET2,
RUNX1, TP53 and BCOR) for variant detection using the Sequence Pilot software (version 3.5.2; JSI medical
systems) and GS Amplicon Variant Analyzer Software (version 2.9; Roche Applied Science). For the detection of
variants, filters were set to display sequence variants occurring in >2% of bidirectional reads per amplicon in at
least one patient (Kohlmann et al., 2011).
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SUPPLEMENTARY TABLES

Supplementary Table S1. All genomic copy number changes detected by aCGH and all conventional cytogenetic

information for the whole series. (Available in the CD)

Supplementary Table $2. Ensembl gene and transcript IDs for the five genes selected for NGS.

Gene Symbol Gene ID Transcript ID
DNMT3A ENSG00000119772  ENST00000264709
RUNX1 ENSG00000159216  ENST00000344691
TET2 ENSG00000168769  ENST00000380013
TP53 ENSG00000141510  ENST00000269305
BCOR ENST00000378444

ENSG00000183337

Supplementary Table S3. PCR primer-pair sequences for all amplicons representing DNMT3A (16), RUNX1 (7),

TET2(27), TP53(8) and BCOR (29) genes.

Gene Exon/Amplicon Forward Sequence 5' -> 3'
DNMT3A 7 TTCCTGGAGAGGTCAAGGTG
DNMT3A 8 GCCTCGTGACCACTGTGTAA
DNMT3A 9 CTCCTCTTTGCATCGGGTAA
DNMT3A 10 TGTGCCACCCTCACTACTCA
DNMT3A 11-12 GACCTTGGCACCTGCTTTC
DNMT3A 13 GGTCACAGTGCCTCCCTTT
DNMT3A 14 CACAGGCAGATGAGGTTTCC
DNMT3A 15 CCCTAGCCATGCTCCAGAC
DNMT3A 16 CAGGGTGTGTGGGTCTAGGA
DNMT3A 17 AAAGATAGGACTTGGGCCTACA
DNMT3A 18 TGGTCCCGTTCTTGTTTAGG
DNMT3A 19 GACAGCTATTCCCGATGACC
DNMT3A 20 TGTGTGGCTCCTGAGAGAGA
DNMT3A 21 TGGTGGATTTGTGTCTTTGC
DNMT3A 22 CTGCGAACTCTGCTCACTCA
DNMT3A 23 CACTCACCCTGCCCTCTCT

RUNX1 3 GCTGTTTGCAGGGTCCTAAC
RUNX1 4 CATTGCTATTCCTCTGCAACC
RUNX1 5 AAATTCCGGGAGTGTTGTCA
RUNX1 6 TGATCTCTTCCCTCCCTCCT
RUNX1 7 ATTTGAACAAGGGCCACTCA
RUNX1 8.01 CTCCGCAACCTCCTACTCAC
RUNX1 8.02 CCCGTTCCAAGCCAGCTC
TET2 3.01 ATTCAACTAGAGGGCAGCCTTG
TET2 3.02 GAATACCCTGTATGAAGGGAAGC
TET2 3.03 TGTAGCCCAAGAAAATGCAG
TET2 3.04 CATCTCACATAAATGCCATTAACA
TET2 3.05 GAAAATAACATCCAGGGAACCA
TET2 3.06 GGAGTTTTAGAAGAACACCACCA
TET2 3.07 CCAATTTTTGGTAGCAGTGGA
TET2 3.08 TGACCTCCAAACAATACACTGG
TET2 3.09 CCCAGTGTTGAAACAGCA
TET2 3.10 TGGTGAAAATCAGTATTCAAAATCA
TET2 3.11 CTTCTTCACAGGTGCTTTCAAG
TET2 3.12 TTGCCATAGTCAGATGCACAG
TET2 3.13 TTGACTAGACAAACCACTGCTG
TET2 4 TGGCACATTTTCTAATAGATCAGTC
TET2 5 AAACCGTTCATTTCTCAGGATG

Reverse Sequence 5' -> 3' Length PCR Mix PCR Protocol
TGGAGAGAGGAGAGCAGGAC 345 1 1
ACCCACCACAGGCAGAGTAG 341 1 1
ACCTGCACTCCAACTTCCAG 335 1 1
TCCCTAAGCATGGCTTTCC 334 1 1
CCACACTAGGAGTGCCAGAGTT 358 1 1
ACCCTGTACATGCCCAGAAG 332 1 1
CCCAGCTAAGGAGACCACTG 332 1 1
CCCACAACCAAGGCTCAG 345 1 1
TGCATACGTTTCCACTTCACA 343 1 1
CTGCCTCCAGGTGCTGAG 332 1 1
CAAGGAGGAAGCCTATGTGC 339 1 1
GCTCCACAATGCAGATGAGA 346 1 1
CATGGCAGAGCAGCTAGTCA 335 1 1
CATCCTGCCCTTCCTTCTC 337 1 1
AGCAAGCACAGCAATCAGAA 333 1 1
AAAGCCCTCCGGTATTTCC 345 1 1
GGCCTCCGCCTGTCCTC 348 2 2
GTTTGTTGCCATGAAACGTG 342 2 2
GAAAGGTTGAACCCAAGGAA 341 2 2
CAGTTGGTCTGGGAAGGTGT 348 2 2
AATGTTCTGCCAACTCCTTCA 342 3 2
CCCACCATGGAGAACTGGTA 342 3 2
GCTTGTCGCGAACAGGAG 342 3 2
ACTGTGCGTTTTATTCCTCCAT 338 1 1
CCCACTGCAGTTATGTGTTGAA 335 1 1
TGGGTGAGTGATCTCACAGG 343 1 1
AGCTTGCAAATTGCTGCTG 350 1 1
CCCTCTATTTTCACTTCCCTTAAA 350 1 1
TCGACCCTTCAGAATCTCTTG 348 1 1
CCAGCTGTGTTGTTTTCTGG 334 1 1
TGAGTTTGAAAATGGCTCAGTC 350 1 1
ACTTCCTCCAGTCCCATTTG 339 1 1
CCCTGTAGAACTGAAGCTTGTTG 336 1 1
ATACAGGCATGTGGCTTGC 348 1 1
CTGAAGAAGTTGTTTGCTGCTCT 350 1 1
TTTATGAGCCTTTACAAATTGCTG 343 1 1
CTTTGTGTGTGAAGGCTGGA 344 1 1
GTAATGTTCTTTTTAACTGGCATGA 335 1 1
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Supplementary Table S3 (Continued)

Gene Exon/Amplicon Forward Sequence 5' -> 3' Reverse Sequence 5' -> 3' Length PCR Mix PCR Protocol
TET2 6 TGACCCTTGTTTTGTTTTGG CGCTGAACTCTCTTCCTTTCA 355 1 1
TET2 7 ATAGACACCTATAATATCAGCTGCAC CAGTTTGGGAAAAACTTTGATTA 349 1 1
TET2 8 CCATATATTGTGTTTGGGATTCAA GCAGTGGTTTCAACAATTAAGAG 337 1 1
TET2 9 TGCTCTATTTTGTGTCATTCCATT CAGTGTGAGAACAGACTCAACAG 341 1 1
TET2 10.01 GGGACCTGTAGTTGAGGCTGT GGGGCTGACTTTTCCTTTTC 347 1 1
TET2 10.02 GAGTTTGGGAGTGTGGAAGC GGGGGCAAAACCAAAATAAT 335 1 1
TET2 11.01 GCCTTCATAAAATAATCATCAACA CTGCAGCTTGAGATGAGGTG 344 1 1
TET2 11.02 CCAATCCAGTTAGTCCTTATCCA AAAACTCTGGCTATTTCCAAACC 350 1 1
TET2 11.03 CAAGCCAAGACCCTCTGTCT GCATGAAGAGAGCTGTTGAA 352 1 1
TET2 11.04 GGTGAACATCATTCACCTTCTC GAATTGACCCATGAGTTGGAG 355 1 1
TET2 11.05 AGACAGCGAGCAGAGCTTTC AAGTTTCATGTGGCTCAGCA 335 1 1
TET2 11.06 AGCCCGTGAGAAAGAGGAAG ACTGTGACCTTTCCCCACTG 336 1 1
TP53 4 ACCTGGTCCTCTGACTGCTC CAGGCATTGAAGTCTCATGG 361 4 1
TP53 5 CACTTGTGCCCTGACTTTCA CACTCGGATAAGATGCTGAGG 343 4 1
TP53 6 CAGATAGCGATGGTGAGCAG TTGCACATCTCATGGGGTTA 335 4 1
TP53 7 GCACTGGCCTCATCTTGG AAGAGGTCCCAAAGCCAGAG 334 4 1
TP53 8 GGACAGGTAGGACCTGATTTC TCTCCATCCAGTGGTTTCTTC 346 4 1
TP53 9 AAAGGGGAGCCTCACCAC TGTCTTTGAGGCATCACTGC 342 4 1
TP53 10 GCTGTATAGGTACTTGAAGTGCAG CTGCCTTTGACCATGAAGG 349 4 1
TP53 11 AGGGAAAAGGGGCACAG CCCCACAACAAAACACCAGT 339 4 1
BCOR 2 CTGTAGACAGCAGGCACAGC CACGGTGGCTGTGAGAAGT 341 1 1
BCOR 3 GGGAGATCTGTGAAAGATGGA CAGGAAGGCAAGACTGGAAG 333 1 1

BCOR 4.01 TAAGGCTGATGGCATGTTGA GCAGAAGCCTCCACTGTCTC 338 1 1
BCOR 4.02 GTCCCGGGAAACATCGTC CACCCTCCATGTAAGGATTGA 346 1 1

BCOR 4.03 CAAACAGAGCCCTCTCAACA CTGACGCCCATCTTCCAC 360 1 1

BCOR 4.04 GAGGCTCTCGACACCTTCG TATGGCTTTGACAGGGCAAC 333 1 1
BCOR 4.05 ACTCGGAGTTCCACAAGCAC CACTTCCAGCCCTGCTGT 360 1 1

BCOR 4.06 AGATGCTTCCAAAGCTGACC CACTCGACACTGACCCTGAA 341 1 1

BCOR 4.07 CACAGCAGCGGAGTTCATC ACTCCTGGGGTAGGGAATTG 359 1 1
BCOR 4.08 GGCCTTCCACCAAGCTCTAT GACCGGGATCTCCTCTCTG 353 1 1

BCOR 4.09 TACCACACACGCCCATAGAG GCTCAACTGAGGGCTTGG 342 1 1
BCOR 4.1 CCAGCTTTGCAGCAGAGAG GGGGTCACATCCACACTTG 340 1 1
BCOR 4.11 AACCCAAGAGGATCCCAAAC GTGCCCTGCCCTACCATAC 342 1 1

BCOR 5 AGGTTGCTTAAAGGGATAGAGTATGT  CACAAACTTCCCTTTGTATATTTGG 350 1 1
BCOR 6 TTTTCCATCTCCGTTCTCTTTC TGCCACCATTCATAAGGACA 333 1 1
BCOR 7.01 CAGATCCTGCCTTCTCATGG GCAGACAGGGCTCACCTTTA 344 1 1

BCOR 7.02 CCAGGCGAGTATAGTGTTGGA TCCACATCTCCTGTCCATCC 347 1 1
BCOR 8.01 GGGGGCTTTTTGATTAATTTG ACCAGCTTCTGTTGCCTTTG 346 1 1

BCOR 8.02 CAACCTGAAGGTGTGCATTG GCCCTTTCCTACAGAGAGTGG 346 1 1

BCOR 9.01 GTAACGCCCGCTTCTTCTC TGGACTCCTGAGGGATCAAG 337 1 1
BCOR 9.02 AAAAGCAGGCTCAGCCAAG AAAGCTTTGTCCCCTCAAGC 348 1 1

BCOR 10.01 GAAGCAGCGGCTGTTAGAAG CCCACAGGGACACACCTC 331 1 1
BCOR 10.02 TGTCCGGAGATTCAGAAAGC GAGCTCTGCTCTCCATGTCC 344 1 1
BCOR 11 GCAGTGATCTGATGGCATTC CCCAGTGGTCAGTGTGCTTA 342 1 1

BCOR 12 AAGTGTGGCTTGCATGAGC AGTTCAAACACTCGGCTGCT 331 1 1
BCOR 13 CCTTCCAGCCTGTCATGAAT TCCACAGTTGTCAACAACAACA 348 1 1
BCOR 14 GCAGGACTCACTTGGGAAAG CTGCTCAAAGCGCATTTCTA 350 1 1

BCOR 15.01 TGGGAGCAGAATGAAAGGAC GAGCCCAGCAGAGTCTGAAT 358 1 1
BCOR 15.02 ) GGCAGGTTTCTGCAAGTCTC i ATGTTTCTAAGTCCTTCTGACTGGA 331 1 1

Length, including sequence-specific primer.
PCR Mix: PCR amplification mixes
PCR Protocol: PCR amplification protocol

Specific PCR amplification mixes and protocols are referred to by a number corresponding to those listed in Supplementary Tables S4 and S5,

respectively.
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Supplementary Table S4. PCR amplification mixes for NGS.

All PCR reactions were prepared from a starting material of 30-60 ng of genomic DNA, according to the
manufacturers’ recommendations. Amplification mixes #1, #2 and #4 were used with the FastStart High Fidelity
PCR System, dNTPack (Roche Applied Science) and amplification mix #3 was used with the GC-RICH PCR System,
dNTPack (Roche Applied Science).

Amplification Mix #1 Amplification Mix #3
For 1 well (ul) For 1 well (pl)

Molecular Biology Grade Water 19.75 Molecular Biology Grade Water 145
FastStart 10x Reaction Buffer with MgCl, (vial #2) 2.5 PCR Grade Nucleotide Mix (vial #6) 0.5
PCR Grade Nucleotide Mix (vial #6) 0.5 GC-RICH Resolution Solution (vial #3) 2.5
FastStart High Fidelity Enzyme Blend (vial #1) 0.25 GC-RICH PCR Reaction Buffer (vial #2) 5.0
Patient DNA (20 ng/ul) 2.0 GC-RICH Enzyme Mix (vial #1) 1.0
Total volume 25 Patient DNA (20 ng/ul) 1.5
Total volume 25
Amplification Mix #2 Amplification Mix #4
Molecular Biology Grade Water 18.75 Molecular Biology Grade Water 15.75
FastStart 10x Reaction Buffer with MgCl, (vial #2) 2.5 FastStart High Fidelity ReactionBuffer without 35
PCR Nucleotide Mix (vial #6) 05 MgCl; (vial #3)
FastStart High Fidelity Enzyme Blend (vial #1) 0.25 MgCl, Stock Solution (vial #4) 25
Patient DNA (20 ng/ul) 3.0 DMSO (vial #5) 1.25
Total volume 25 PCR Nucleotide Mix (vial #6) 0.5
FastStart High Fidelity Enzyme Blend (vial #1) 0.5
Patient DNA (20 ng/pl) 2.0
Total volume 25

Supplementary Table S5. PCR protocols for NGS.

All PCR reactions were performed in the 96-Well GeneAmp® PCR System 9700 (Applied Biosystems, Foster City,
CA).

PCR Protocol #1 PCR Protocol #2
Cycles Temperature (°C) Time Cycles Temperature (°C)  Time (min)
1x 95 10 min x 95 3
95 30s 95 1
10x *63 - touchdown, 58 30s 44x 60 1
72 305 72 1
95 305 1x 72 10
25% 58 305 1x 12 on hold
72 30s
1x 72 10 min
1x 12 on hold

*Touchdown: decreasing by 0.5°C per cycle to 58°C

Supplementary Table S6. Details of chromosome 13 rearrangements in the three high-risk MDS patients
affected by chromothripsis. (Available in the CD)
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SUPPLEMENTARY FIGURES
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Supplementary Figure S1. Proportion of the whole series of patients with normal and abnormal aCGH
profiles. Each aCGH category is then divided by the cytogenetic subgroups detected by CC studies: normal,
abnormal and non-informative karyotype. Percentages represent the proportion of patients from the total
number of patients within each cytogenetic subgroup.
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Supplementary Figure S2. Frequency of large recurrent genomic abnormalities and frequency of cryptic
recurrent CNAs involving genes of known significance in MDS and MDS/MPN patients only seen by aCGH. All
abnormalities are classified by MDS and MDS/MPN subtypes and color-coded as indicated on the right panel of
the figure.
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Supplementary Figure S3. Relationship between aCGH and CC studies in the normal karyotype group. Normal
karyotype patients are divided into three categories on the basis of the number of good-quality metaphases
evaluated: <10, 11-19 and >20. Patients with normal and abnormal aCGH results within each category are
represented by different shades of blue.
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SUPPLEMENTARY TABLES

Supplementary Table S1. Summary of the clinical characteristics of the patients included in the study.

Variables Median [Range] % of samples
Age (years) 76 [48 - 88]
Gender (Male/Female) 57.8/42.2
Peripheral blood values

Hemoglobin level (g/dl) 7[10.2-12.8]

Neutrophil count (x10°/L) 2[0.3-7.5]

Platelet count (x10°/L) 176 [27 - 499)
Bone marrow blasts (%) * 0[6.3-88.8]

<10% 46.6

10 -20% 26

>20% 27.4
Disease

Non-malignant disorders 18.9

MDS (WHO 2008 classification)

RCUD 12.2
RARS 0
RCMD 25.6
RAEB-1 11.1
RAEB-2 22.2
MDS-U 0
MDS del(5q) 0
AML 22.2

Conventional Cytogenetics
Normal 100
Abnormal 0

* Calculated for MDS and AML samples

Supplementary Table S2. Information of the 1163 deregulated genes from the Full List. The first 266 rows
correspond to the genes included in the Core List. Red indicates up-regulation and green down-regulation. The
following columns represents the mean difference in expression level between samples and controls
(mean.Diff), fold change (FC.R), gamma and adjusted p values from correlation analysis, the pattern to which
each gene was assigned by the SOM clustering, gene type and gene description (Available in the CD)
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Supplementary Table S3. The 42 deregulated transcription factors (TFs) from the Full List. FC.R, Fold change in
the Full List / Main Series; Pattern, the pattern to which each TF was assigned by the SOM clustering (the asterisk
indicates that it was also assigned to the same pattern in the Core List / Series 1+2). The top half of the table
shows the TFs that are up-regulated (Red), and the bottom half, the ones down-regulated (Green). (Available in
the CD)

SUPPLEMENTARY FIGURES

0 Series of samples Microarray Platform # samples
Main Series Affymetrix GeneChip Human Exon 1.0 ST array 36
Series 1 Affymetrix GeneChip Human Genome U133 Plus
. 2.0 Array 54
Series 2
Series 1+2 Main Series

Core List
» | 266 genes
A Full List

1,163 genes

Supplementary Figure S1. Conceptual design. (S1A) Scheme illustrating the series of the study. (S1B) The genes
that correlate with the progression of the disease, based on the risk level in the Mains Series and Series 1+2, and
the composition of each of the gene lists (Full List and Core List). (S1C) The nine expression patterns provided by
the SOM clustering analysis (S1C). The four patterns selected (p1, p2, p3 and p4) are highlighted in blue.
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Supplementary Figure S2. Example of expression patterns associated with the progression of the disease. The
boxplots represent the expression signal distributions (y axis, normalized intensity signal in log2) in the samples
grouped by disease stage (x axis, blue = non-malignant; green = LR-MDS; orange = HR-MDS; and red = AML) for
four selected genes per pattern. Pattern 1 (A), pattern 2 (B), pattern 3 (C), and pattern 4 (D).
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Prognostic impact of the number of methylated genes
in myelodysplastic syndromes and acute myeloid leukemias
treated with azacytidine
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Supplementary Table S1 Methylation in control samples assessed by MS-MLPA

Gene Control-1 Control-2 Control-3 Control-4 Control-5
TP73 0.02 0.02 0.01 0.01 0.03
CASPS8 0.02 0.02 0.02 0.02 0.03
VHL 0.02 0 0.01 0.01 0
RARB 0.09 0.03 0.03 0.04 0.04
MLHI 0.02 0.02 0.01 0.02 0.03
MLHI 0.04 0 0 0 0
RASSF1 0.04 0 0.01 0 0
RASSF1 0.02 0 0 0.01 0.01
FHIT 0.02 0.01 0.01 0.01 0.01
APC 0.04 0.04 0.01 0.06 0.03
ESRI 0.03 0.04 0.05 0.06 0.01
CDKN2A4 0.05 0.01 0.01 0.01 0.06
CDKN2B 0.18 0.21 0.21 0.18 0.2
DAPK1 0.03 0.02 0.02 0.02 0.01
PTEN 0.02 0.02 0.01 0.02 0.01
CD44 0.01 0.01 0 0.02 0.02
GSTP1 0.03 0.03 0.03 0.03 0.04
ATM 0.01 0.01 0 0.01 0.02
IGSF4 0 0 0.02 0 0.01
CDKNIB 0.14 0.03 0.04 0.01 0.02
CHFR 0.01 0 0 0 0
BRCA2 0.03 0 0 0.01 0.01
CDHI3 0.05 0.03 0.02 0.03 0.08
HICI 0.01 0.01 0 0.01 0.01
BRCAI 0.01 0.01 0.01 0.02 0.01
TIMP3 0.04 0.01 0.01 0.01 0.01

* Based on the methylation levels of CDKN2B gene found in our control samples (0.18 — 0.21) we considered a methylation
cutoff of >0.30 for CDKN2B gene.
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Supplementary Table S2 Summary of cytogenetic results

Code No. MDS/AML Karyotype

51 AML 47,XY,del(5)(q13q31),+8,ins(13)(q13q22),add(19)(p13)[cp20]
85 AML 44,XY ,add(1)(p36),del(5)(q13q31),-15,-17[3]/46,XY[7]
87 AML 45,XY,-7[5]/46,XY[15]
115 AML 47,XY,+14[14]/46,XY[6]
91 AML 45,XX,-7[5]/46,XX[10]
37 AML 48,XX,add(3)(p21),del(5)(q13q31),+11,-12,add(17)(p13),+21[13]/46,XX[2]
34 AML 47, XX, +11[7]1/46,XX[13]
80 AML 47,XY,+9[15]/46,XY[5]
131 MDS 47,XY +del(1)(p13),del(7)(q21)[111/46,XY[9]
20 MDS 46,XX,del(5)(q13q31)[22]
98 MDS 46,XY,del(7)(q21),+mar[15]/46,XY[5]
26 MDS 7.XY,+8[4]/46,XY[16]
113 MDS 47,XX,+8[4]/46,XY[14]
67 MDS 46,XX, add(14)(q32)[10]/46,XX[6]
12 MDS 46,XX,del(5)(q13q31)[20]/46,XX[5]
112 MDS 47,XY ,del(5)(q21q31),+21[20]
15 MDS 47,XX,+8[4]/46,XX[12]
69 MDS 46,XX,del(5)(q21q31),del(7)(q21)[7]/46,XX[13]
94 MDS 45,XX,add(5)(q31),del(6)(q21),-7,-14,+1[17]/46,XX[3]
68 MDS 46,XX,del(5)(q13q31),del(7)(q21)[8]/46,XX[12]
9 MDS 53,XX,+3,+14,+15,+20,marx3[18]/46,XX[2]
76 MDS 46,XY,del(5)(q21q31),del(7)(q21)[51/46,XY[15]

* In 6 additional cases abnormal FISH was found
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Supplementary Figure S3
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Supplementary Figure S3 Kaplan-Meier curves according to the number of methylated genes with the cutoffs of 0, 1, 2 and >3
methylated genes. This analysis showed that with an increasing number of methylated genes, the survival decreases. Thus patients
with at least 3 methylated genes had a shorter OS than patients with 2 methylated genes. Moreover, patients with 2 methylated genes
had a shorter OS than those with 1 methylated gene, and this last group in relation to those patients with no methylation (median

survival of 5.5, 13.5, 13.5 and 20.3 months respectively, p<0.001).
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