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Introduction 
 

1. Myelodysplastic Syndromes 
 

Disease overview 
 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal 
hematopoietic disorders characterized by ineffective hematopoiesis with resulting 
peripheral blood (PB) cytopenia, a hyper-cellular bone marrow (BM), dysplastic 
morphology in at least one myeloid lineage and an increased risk of progression to 
secondary acute myeloid leukemia (sAML) 1-4. 

MDS present a highly variable clinical course, ranging from indolent conditions 
with a near-normal life expectancy spanning years, to aggressive forms of the disease 
rapidly progressing to sAML 5-7. 

The process of normal blood cell development and how this is disrupted in MDS 
is still on debate. The mutated MDS cell clone can suppress normal hematopoiesis 
and alters ability to develop along all lineages, resulting in dysplasia and deficiencies 
(PB cytopenia) of multiple cell lineages (Figure 1). 

 

 
Figure 1. Myelodysplastic syndromes alter normal hematopoiesis (adapted from Corey et al., Nat 
Rev Cancer, 2007) 8. In MDS, the mutated Hematopoietic Stem Cells (HSC) clones impair ability to 
develop along all cell lineages, suppressing normal hematopoiesis. Thereby, cell lineages 
progenitors, such as early erythroid progenitor (CFU-E), granulocyte-monocyte progenitor (CFU- 
GM) and megakaryocyte progenitor (CFU-Mega), can be altered, resulting in dysplasia and 
deficiencies or cytopenia along all cell lineages. 

 
 

Epidemiology and etiology 
 

MDS are some of the most prevalent hematological malignancies and are often 
described as a disease of the ageing population, with a median age at diagnosis of 65- 
70 years and with <10% of patients younger than 50 years 8-10. 
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The annual incidence of MDS ranges from 2-12 cases in 100.000 people per year, 
increasing with age, and reaching 40-50 per 100.000 among patients aged over 70 
years 8,9,11. There are not known ethnic differences in the incidence, however, a 
different pattern is seen in Asia, where MDS tend to occur at an earlier age with a 
median age at diagnosis of 53 years 12,13. MDS affects more frequently males than 
females, except for in the form which isolated 5q deletion in which women 
predominate 14,15. 

The cause of MDS is known in only 15% of cases, but the association of MDS with 
ageing population suggests genetic damage by hazardous exposure or inherited 
susceptibility. Environmental risk factors include exposure to chemotherapy, 
radiation, benzene and its derivatives, diesel fuel, excess alcohol intake, smoking, 
viral infections and immunosuppressive agents 8,16-20. In fact, the incidence of therapy- 
related MDS has been increasing in recent years, perhaps in relation to the use of 
chemotherapy and radiotherapy in cancer 10. Although MDS in older adults typically 
presents with age-associated acquisition of somatic mutations driving clonal 
evolution, children and young adults are more likely to harbor a germline genetic 
condition leading to MDS. Genetic susceptibility to MDS occurs in a third of pediatric 
cases, including in children with Down’s syndrome, Fanconi’s anemia, Schwachman- 
Diamond syndrome and neurofibromatosis 9. In adults, inherited predisposition is less 
common, but in the last years when genetic sequencing has become increasingly 
integrated into clinical practice, multiple hereditary predispositions to MDS have 
been recently discovered 21. 

 
 

Diagnosis 
 

The diagnosis of MDS is often very challenging because they are a very 
heterogeneous group of diseases. It is mainly based on the presence of cytopenias in 
a routine analysis of the PB and the predominant clinical manifestations are fatigue, 
infections and bleeding as a result from the PB cytopenias 11,16. According to the World 
Health Organization (WHO) and International Prognostic Scoring System (IPSS), the 
threshold levels consider as cytopenias are: anemia, when hemoglobin is lower than 
10 g/dL; thrombocytopenia, when platelet count is lower than 100 x109/L; and 
neutropenia, when absolute neutrophil count is lower than 1.6 (WHO criteria) or 1.8 
x109/L (IPSS criteria) 22. 

Morphological examination of the peripheral blood smear and bone marrow 
aspirate should be performed in order to confirm that the cytopenias are a 
consequence of bone marrow failure 23. The BM in MDS patients is usually hyper- or 
normocellular with dysplasia in one or several myeloid hematopoietic lineages 
(erythroid, granulocytic, megakaryocytic), considering as dysplasia when higher than 
10% of the cells of at least one myeloid lineage show unequivocal morphological 
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changes 16,24,25. Moreover, the proportion of blasts in the BM must also be assessed 
to provide a correct classification, since the forms with <2% BM blasts are to be 
distinguished from those with >2% blasts, as they have a better prognosis, and 
further, according to WHO, a 20% BM blasts is the threshold for the diagnosis of AML. 
By contrast, BM biopsy is not mandatory, although is important for identifying 
fibrotic MDS or hypocellular MDS 9. 

A careful study must be performed to exclude patients with cytopenia but no 
dysplasia, which could have similar characteristics to those of MDS. Moreover, the 
key feature of MDS is the clonal nature of the dysplasia. Thus, the detection of a 
chromosomal abnormality (karyotype and/or FISH), flow cytometry analysis, as well 
as mutational analysis must be considered as complementary technique to better 
define MDS subtypes and prognosis of these patients 9,11,26,27. 

 
 

Classification 
 

MDS is a heterogeneous disease and thus it is necessary to categorize patients 
to identify groups of patients with similar morphological features, molecular 
etiology, prognosis and likelihood of progression to sAML and of response to 
common therapies 28. 

Morphological classification 

In 1982 the French-American-British (FAB) cooperative group proposed the first 
classification system according to cytomorphology and blasts percentage at 
diagnosis 29. The FAB system has gone through several stages of revision integrating 
blood cytopenias, morphological features, cytogenetic and genetic information in 
order to refine the diagnostic classification. In this sense, the WHO 2001, the WHO 
2008 and currently the WHO 2017 classification systems have also been successfully 
used to classify MDS 30-32. 

The latest used system of classification of MDS is the WHO 2017 classification. 
This system divides MDS into several disease entities based on the morphological 
findings in PB and BM such as the type and degree of dysplasia, the number of 
cytopenias, the presence of ring sideroblasts, the proportion of blasts in the BM and 
PB, the presence of specific chromosomal abnormality (deletion of chromosome 5q) 
and, for the first time, genetic information (presence of SF3B1 mutations) 32-36. 

The last edition of WHO classification identify 9 MDS subtypes: MDS with single 
lineage dysplasia (MDS-SLD), MDS with multilineage dysplasia (MDS-MLD), MDS with 
ring sideroblasts and single lineage dysplasia (MDS-RS-SLD), MDS with ring 
sideroblasts and multilineage dysplasia (MDS-RS-MLD), MDS with isolated del(5q), 
MDS with excess of blasts type 1 and type 2 (MDS-EB-1 and MDS-EB-2), MDS 
unclassifiable (MDS-U) and refractory cytopenia of childhood (Table 1). 
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Table 1. WHO 2017 criteria for classifying MDS patients (adapted from Arber et al., Blood, 2016) 32. 
 

 
Name Dysplastic 

lineages 

 
Cytopenias* 

Ring 
sideroblasts in 

BM (%) 

BM and PB blasts 
(%) 

 
Cytogenetics 

MDS with single lineage dysplasia 
(MDS-SLD) 1 1 or 2 <15% / <5%† BM <5%, PB <1%, no 

Auer rods 
Any, unless fulfills all criteria for 

MDS with isolated del(5q) 
MDS with multilineage dysplasia 

(MDS-MLD) 2 or 3 1-3 <15% / <5%† BM <5%, PB <1%, no 
Auer rods 

Any, unless fulfills all criteria for 
MDS with isolated del(5q) 

MDS with ring sideroblasts and 
single lineage dysplasia 

(MDS-RS-SLD) 

 
1 

 
1 or 2 

 
≥15% / ≥5%† BM <5%, PB <1%, no 

Auer rods 
Any, unless fulfills all criteria for 

MDS with isolated del(5q) 

MDS with ring sideroblasts and 
multilineage dysplasia 

(MDS-RS-MLD) 

 
2 or 3 

 
1-3 

 
≥15% / ≥5%† 

BM <5%, PB <1%, no 
Auer rods 

Any, unless fulfills all criteria for 
MDS with isolated del(5q) 

MDS with isolated del(5q) 1-3 1-2 None or any BM <5%, PB <1%, no 
Auer rods 

Del(5q) alone or with 1 additional 
abnormality except -7 or del(7q) 

MDS with excess of blasts type 1 
(MDS-EB-1) 0-3 1-3 None or any BM 5%-9% or PB 2%-4%, 

no Auer rods Any 

MDS with excess of blasts type 2 
(MDS-EB-2) 0-3 1-3 None or any BM 10%-19% or PB 5%- 

19% or Auer rods Any 

MDS Unclassifiable (MDS-U)      

With 1% blood blasts 1-3 1-3 None or any BM <5%, PB = 1%, ‡ no 
Auer rods Any 

With single lineage dysplasia and 
pancytopenia 1 3 None or any BM <5%, PB <1%, no 

Auer rods Any 

Based on defining cytogenetic 
abnormality 0 1-3 <15%§ BM <5%, PB <1%, no 

Auer rods MDS-defining abnormality 

Refractory cytopenia of childhood 1-3 1-3 None BM <5%, PB <2% Any 
 

* Cytopenias defined as: hemoglobin, <10 g/dL; platelet count, <100 x 109/L; and absolute neutrophil count <1.8 x 109/L. Rarely, MDS may present with mild 
anemia or thrombocytopenia above these levels. PB monocytes must be <1 x 109/L. 
† SF3B1 mutation is present. 
‡ One percent PB blasts must be recorded on at least 2 separate occasions. 
§ Cases with ≥15% ring sideroblasts by definition have significant erythroid dysplasia, and are classified as MDS-RS-SLD. 



Introduction 
 

 
Risk stratification 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 5,6,28. For this 
reason, prognostic scoring systems have been developed in order to risk-stratify 
patients according to their predicted survival and risk of evolution to AML, and, 
consequently, to help clinical decision-making and to assess a better prognosis 
estimation of MDS. 

Some of these prognostic scoring systems are 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) and the Revised International Prognostic 
Scoring System (IPSS-R) 6,28,37-41. 

The most widely adopted predictor of prognosis for patients with MDS has been 
the IPSS, first published in 1997 by Greenberg and his colleagues 38. However, over 
time, IPSS has been noted as not very precise predictor of prognosis in lower-risk 
patients 42. Therefore, the IPSS has been revised (IPSS-R) in order to refine it 
incorporating larger and more differentiated cytogenetic subgroups, more stringent 
blast description and more detailed cytopenia information 41. The revised prognostic 
scoring system IPSS-R is detailed below (Table 2). 

The IPSS-R include five risk groups that are significantly different in overall 
survival and risk of progression to AML. The two lowest and the two highest risk 
groups are often called ‘low risk MDS’ and ‘high risk MDS’, respectively. However, the 
intermediate group, which represents nearly 20% of the MDS patients, is a 
heterogeneous category with indolent patients similar to lower risk MDS and other 
patients with aggressive disease 43,44. 

One of the most important limitations of the IPSS-R is the lack of genetic 
information. In the recent years, huge amounts of molecular data from MDS patients 
have been generated providing significant knowledge about some gene mutations 
have a significant influence in the prognosis of the patients. In fact, SF3B1 mutations 
are associated with favorable outcome while TP53, SRSF2, DNMT3A, IDH2, RUNX1 and 
ASXL1 mutations are associated with poor outcomes 36,45-51. Therefore, a proposal to 
include this molecular knowledge into the IPSS-R stratification system is being carried 
out. 
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Table 2. Revised International Prognostic Scoring System (IPSS-R) (adapted from Greenberg et 
al., Blood, 2012) 41. 

 
 Score Values 

0 0.5 1 1.5 2 3 4 
 
 

Cytogenetics 

 
 

-Y, 
del(11q) 

 

 
- 

 
Normal, del(5q), 

del(12p), 
del(20q), doublé 
including del(5q) 

 

 
- 

Del(7q), +8, 
+19, i(17q), any 
other single or 

double 
independent 

clones 

-7, 
inv(3)/t(3q)/del(3q), 

double including 
-7/del(7q), 

Complex: 3 
abnormalities 

 
 

Complex: >3 
abnormalities 

BM Blasts % ≤2 - >2% to <5% - 5% to 10% >10%  

Hemoglobin 
(g/dL) 

≥10 - 8 to 10 <8 
   

Platelets 
(x109/L) ≥100 50 to 

<100 <50 
    

ANC (x109/L) ≥0.8 <0.8      
 

 Categories and Clinical Outcomes 

Very Low Low Intermediate High Very High 
Risk Score ≤1.5 >1.5 to 3 >3 to 4.5 >4.5 to 6 >6 

Patients (%) 19% 38% 20% 13% 10% 

Survival 
(median, years) 8.8 5.3 3.0 1.6 0.8 

Time to 25% 
AML evolution 
(median, years) 

 
Not reached 

 
10.8 

 
3.2 

 
1.4 

 
0.7 
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Outcome 
 

MDS patients present a wide range of clinical courses, from indolent conditions, 
having a near-normal life expectancy spanning years, to forms rapidly progressing to 
acute leukemia. Thereby, this clinical heterogeneity complicates decision making 
regarding therapeutic the choice of treatment and therapeutic modalities, as well as 
the timing of intervention 5. In addition to disease-specific variables, patient-related 
factors, such as age and other pathologies, are also essential for risk estimation. In 
fact, due to the median age at diagnosis of MDS is around 70 years, patients 
frequently have comorbidities that may influence outcomes and the spectrum of 
available therapies 43. 

 
MDS treatment 

Therapeutic options for patients with MDS vary from supportive care and 
symptomatic treatment of blood cytopenias, mainly by transfusions, to ultimately 
allogenic hematopoietic stem cell transplantation (allo-HSCT), depending on disease 
and patient-related risk factors 7. Moreover, MDS mainly affect the elderly 
population, which means that the majority of patients cannot tolerate intensive 
therapeutic approaches such as intensive chemotherapy and allogeneic transplant 52. 

Over the years, three drugs have been approved by the Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) for their use in 
MDS-related indications: lenalidomide (approved in 2005), an orally administered 
immunomodulatory drug; and azacitidine and decitabine (approved in 2004 and 
2006, respectively), two nucleoside analogs that are DNA hypomethylating agents 
(HMA). In addition to these agents, there is extensive off-label use of the 
erythropoiesis-stimulating agents (ESAs), such as epoetin and darbepoetin 43. 
However, since decitabine´s approval in 2006, more than 15 years have passed 
without any new drug for MDS patients 53, except for luspatercept, approved for 
treating anemia in MDS patients in 2020 54. 

Therefore, MDS therapy is selected based on their risk classification and the goals 
of therapy are different in low-risk patients than in high-risk individuals, and even in 
those after HMA failure. 

In low-risk MDS, the goal is to reduce transfusion needs with erythropoiesis- 
stimulating agents and luspatercept treatment, and prevent the transformation to 
higher-risk disease or sAML, as well as to improve survival. Additionally, low-risk 
patients with del(5q) display high response rates to lenalidomide, reaching 
transfusion independence and, even, cytogenetic remission 52,55,56. 
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In high-risk MDS, the goal is to prolong survival and current available therapies 

include growth factor support, lenalidomide, HMAs, intensive chemotherapy and 
allo-HSCT. Before starting any treatment in high-risk patients, the eligibility of the 
patient for allo-HSCT should be evaluated, because it is the only available curative 
treatment and, consequently, this will have an important effect on patient 
surveillance. However, for those patients who are not transplant candidates, HMA 
therapy is most appropriate 55,56. 

Although HMA are active in roughly one-half of MDS patients, the majority either 
fail to respond or lose an initial response. For these patients with progressive or 
refractory disease after HMA-based therapy, at the present time there are no 
approved interventions and the options include participation in a clinical trial, 
cytarabine-based therapy or allo-HSCT 52,55,56. 

Notwithstanding these options, there remains a substantial number of patients 
who display disease progression and evolve to sAML. Thus, there is a tremendous 
clinical need for novel therapies in MDS patients. 

 

MDS progression to sAML 

MDS patients are at high risk of eventually progression to MDS-related acute 
myeloid leukemia (secondary AML, sAML), occurring this transformation in 
approximately one third of patients. By definition, progression to sAML is clinically 
confirmed when a rise in the proportion of BM blasts is observed in a morphological 
evaluation, accounting for higher than 20% 32,57. 

The progression of the disease is associated with a dismal prognosis, partly 
because most of these patients are resistant to currently available treatments, have 
inferior rates of complete remission and the long-term survival rate of treated 
patients is less than 10% 42,58. Similarly, this risk pattern to sAML progression should 
be taken into account when making critical treatment decisions, such as whether and 
when to suggest hematopoietic stem cell transplantations, as in done in other high 
risk premalignant conditions 58. 

More detailed information about MDS progression to sAML is covered below, 
introduction section 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

12 



Introduction 
 

 

2. Genetic and molecular pathways in MDS 

It is well recognized that MDS is, like other cancers, shaped by recursive rounds 
of positive selections, where gene mutations and other genetic alterations play 
central roles 59-61. Moreover, the presence of a only genetic lesion is uncommon, and 
a combination of gene mutations and/or cytogenetic abnormalities is usual 62,63. Thus, 
to decipher what alterations and by what mechanisms are involved in the positive 
selections (‘driver’ alterations) is central to the understanding of the pathogenesis 
and disease phenotypes of MDS 64. 

Early genetic studies on MDS were mainly focused on cytogenetic abnormalities 
detected by conventional karyotyping. The cytogenetic alterations are found in 
approximately 50% of MDS cases and are one of the most important factors 
associated with the patient’s outcome 33,38,41,65. Most of these alterations in MDS are 
unbalanced changes, which result in gains and losses of chromosomal materials. The 
most frequent among these are -5/del(5q) and -7/del(7q), followed by +8, del(20q), - 
18/del(18q), -Y, +21q gains, del(17p)/iso(17q) and inv/t(3q). Many of these lesions often 
co-occur being part of complex karyotypes 33,65. The recurrent chromosomal 
abnormalities and the incidence in MDS are shown in Figure 2. 

 

350 

300 

250 

200 

150 

100 

50 

0 

Cytogenetic abnormalities 
 

Figure 2. Frequencies of the most common cytogenetic anomalies subdivided into isolated, with 
1 additional anomaly and complex anomalies (adapted from Haase et al., Blood, 2007) 33. This 
graph shows the most frequent cytogenetics alterations in MDS patients. The presence of the 
alterations with other anomalies or isolated is represented by color: green for isolated 
cytogenetic alterations, yellow for cases with one additional anomaly, and orange for the 
presence in complex karyotypes. 

 
However, more than 50% of MDS patients have normal cytogenetics and, 

additionally, several studies have demonstrated the presence of gene mutations in 
practically all MDS 62-64,66. 
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Mutational landscape of MDS 
 

Patient’s genetic profile critically impacts on clinical phenotype, prognosis and 
response to therapy, highlighting the importance of updated knowledge about MDS 
genetics for predicting clinical course of patients as well as optimizing therapy and 
management 64. 

Until 2010 only a handful of genes, such as TP53, EZH2, RUNX1, TET2, NRAS, KRAS, 
FLT3, ASXL1, had been known to be recurrently mutated in MDS due to the application 
of SNP array karyotyping and Sanger sequencing 67-69. However, during the following 
decade, our knowledge about MDS genomes has exponentially improved through a 
comprehensive detection of somatic mutations in MDS thanks to the application of 
novel advanced high-throughput sequencing technologies 62,63,70. 

In the last years, it has been described that 78 to 90% of MDS patients carries at 
least one genetic mutation 62,63,71, and it is noted that most of these genetic mutations 
(approximately two thirds) are found in patients with normal karyotype 3,66. 
Furthermore, the number of mutations was shown to vary depending on the MDS 
subtype. In this sense, while a typical low-risk MDS patient, including MDS-SLD with 
or without sideroblasts and MDS with isolated del(5q), harbors a median of 2-3 driver 
mutations detected by target-deep sequencing and 6 alterations by whole exome 
sequencing, high-risk MDS (MDS-EB and MDS-MLD) and sAML patients tend to show 
higher number of mutations, ranging from 9 to 13 alterations 64. 

To date, more than 40 driver genes have been identified involved in the 
pathogenesis of MDS. These can be categorized into several functional pathways: 
RNA splicing (SF3B1, SRSF2, U2AF1, ZRSR2, among others), DNA methylation (TET2, 
DNMT3A, IDH1/IDH2), transcription (RUNX1, ETV6, TP53, BCOR, among others), 
chromatin modification (EZH2, ASXL1, ATRX, among others), cohesin complex (STAG2, 
STAG1, RAD21, SMC1A, SMC3, CTCF) and signal transduction (NRAS, KRAS, FLT3, CBL, 
JAK2, along with others). Among these, genes implicated in the epigenetic regulation, 
including DNA methylation and chromatin modification, as well as RNA splicing are 
the most frequently mutated. However, most genes are mutated at low frequency, 
with only the 6 most frequently genes mutated in >10% of cases 62,63,71-75. The 
frequencies of driver alterations identified by sequencing or by cytogenetics and the 
most frequent altered functional pathways are shown in Figure 3, stratified by MDS 
subtypes. 

 
 
 
 
 
 
 
 
 
 
 
 

14 



Introduction 
 

 
 

 
 

Figure 3. Frequencies of driver alterations identified by sequencing or by cytogenetics and the 
most frequent altered functional pathways considering the MDS subtypes (adapted from 
Papaemmanuil et al., Blood, 2013 and from Haferlach et al., Leukemia, 2014) 62,63. a) The most 
frequent alterations in MDS patients are SF3B1, TET2, SRSF2, ASXL1, del(5q), DNMT3A, RUNX1, 
complex karyotype, U2AF1 and TP53. b) Regarding the functional pathway which could be altered 
in MDS patients, the most frequent target is RNA splicing, followed by genes associated with DNA 
methylation. 

 

 
Under this scenario, where multiple driver genes are mutated, the combination 

of mutations is not totally random. Some of them tend to appear together (co- 
occurrence) more frequently than expected only by chance, while others are defined 
as mutually exclusive, since they are rarely observed together. Overall, this suggests 
that gene-gene interactions, mutationally speaking, are behind the positive and 
negative clone selections during the whole course of the disease 64,75. As few 
examples, gene mutations in the spliceosome components as well as in the cohesin 
complex are considered almost mutually exclusive, likely due to synthetic lethality of 
mutations in genes acting in the same cellular pathway 76,77. By contrast, RNA splicing 
and DNA methylation mutations appear to occur together at an early state of disease, 
being reported as ‘founder’ mutations in over 50% MDS patients 78, RUNX1 mutations 
are associated with ASXL1 alterations 79 or STAG2 mutations co-occur with others in 
RUNX1, SRSF2, ASXL1 or EZH2 77,80,81. 

Thereby, MDS is characterized by mutations in multiple driver genes, a complex 
structure of gene-gene interactions and extensive subclonal diversification, showing 
a great heterogeneity, inter-patient and intratumoral. Nevertheless, despite low 
mutation frequency and inter-patient variation, some of the mutations have 
demonstrated correlation with disease phenotype and prognostic value. 
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For instances, TP53 mutations are associated with complex karyotype 45,82 while 

SF3B1 mutations are strongly associated with increased ring sideroblasts in BM and 
generally predict a favorable prognosis 34,36,51. Moreover, the presence of some 
mutations has been associated with a worse clinical outcome and the number of 
oncogenic mutations negatively correlates with leukemia-free survival, providing 
independent prognostic information after stratification by IPSS-R classification 62. In 
contrast to generally favorable prognosis in SF3B1-mutated cases, patients with other 
splicing mutations, such as SRSF2 and U2AF1, have a poor overall survival 83-85. 
Similarly, mutations in TP53, DNMT3A, RUNX1, EZH2 and ASXL1 have been described as 
predictors of poor overall survival 62,82,86-89. Furthermore, some studies have recently 
reported the impact of genetic aberrations in the context of other mutations on the 
disease phenotype and outcome of MDS patients. In this line, the co-mutation 
pattern between SRSF2 and RAS-pathway mutations is associated with leukocytosis 
while the co-occurrence of SRSF2 mutations with STAG2, RUNX1 and IDH1/2 mutations 
is associated with blast phenotype 81. Similarly, the co-occurrence of SF3B1 mutations 
with specific genes, such as SRSF2, IDH2, BCOR, NUP98 and STAG2, is linked to a dismal 
prognosis 90. 

A summary of the most frequent mutations found in MDS patients and their 
associated prognostic impact is shown in Figure 4. 

Therefore, the identification of recurrent mutations in several mechanistic 
pathways has improved our knowledge about the clinical impact of these mutations, 
suggesting that the diagnostic and prognostic categorization of patients can be 
foster by the inclusion of genetic data. However, large data bases are required for 
understanding the patho-mechanisms and tailoring therapy for specific mutations 
accordingly. Furthermore, lack of clinical validation limits adoption of sequencing of 
these identified genes into real-time clinical practice. 
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Figure 4. Summary of the most frequent mutations found in MDS patients and their prognostic 
impact (adapted from Steensma, Mayo Clin Proc, 2015)23. Mutational frequencies of the genes 
affected in MDS patients are described, as well as their prognostic significance is represented by 
color: green, genes whose mutations predict a favorable prognosis (such as SF3B1); orange, 
mutations in genes associated with poor prognosis (such as SRSF2, ASXL1, DNMT3A, RUNX1, TP53, 
U2AF1 and EZH2); and blue, genes whose clinical impact is not defined. 

 
 
 

The cohesin complex 
 

Cohesin is a multimeric protein complex that is conserved across species and is 
composed of two structural maintenance of chromosomes (SMC) subunits SMC1A 
and SMC3 and an α-kleisin subunit RAD21 which form a ring that binds to either a 
stromal antigen one or two (STAG1/2) subunit 91,92 (Figure 5). 

Cohesin complex is canonically known to align and stabilize sister chromatids 
during metaphase in cell division 92. However, cohesin mutations have been 
described in several neoplasms, not being associated with aneuploidy or complex 
cytogenetics 93,94, thereby suggesting an alternative mechanism by which altered 
cohesin function leads to clonal expansion and malignant transformation. Recent 
studies have characterized the role of the cohesin complex in post-replicative DNA 
repair 95-97 and transcriptional activation through long-range cis interactions, 
specifically in DNA-loop formation between enhancers and promoters within 
topologically associated domains bounded by the CCCTC-binding factor (CTCF) 92,98- 
102. 
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Figure 5. Representation of the cohesin protein complex (adapted from Ogawa, Blood, 2019) 64. 
Cohesin is composed of two structural maintenance of chromosomes (SMC) subunits SMC1A and 
SMC3 and an α-kleisin subunit RAD21 which form a ring that binds to either a stromal antigen one 
or two (STAG1/2) subunit. 

 

In the case of myeloid malignancies, mutations in the genes coding to all 
aforementioned cohesin complex subunits (STAG2, STAG1, SMC3, SMC1A, RAD21 and 
CTCF) have been found in 10-15% of patients, being most prevalent in high-risk MDS 
and AML, where their incidence raised to 20% 77. Clonal analysis has shown that they 
are early events 103 and discrimination by variant allele frequency (VAF) suggests that 
mutations are in the dominant clone 94. Retrospective clinical outcomes by several 
groups found that, although not independently prognostic, cohesin mutations trend 
towards a worse prognosis in patients with myeloid diseases 63,77,94. Regarding their 
functional and pathophysiological role in MDS, as described previously in other 
neoplasms, some studies have identified that cohesin mutations do not contribute to 
hematopoietic transformation by affecting chromosomal instability 94,103, instead 
they might alter the transcriptional orchestration of differentiation/proliferation, as 
well as the DNA damage repair, and therefore, may have a role in clonal evolution and 
tumorigenesis 77,97. In addition, some authors suggest that cohesin mutations may 
have a negative impact on functional hematopoiesis, being an ancestral clone 
susceptible to a ‘second-hit’ resulting in leukemic transformation 104. 

With regard to the co-occurrence of cohesin mutations in myeloid patients, these 
mutations were described to co-occur with others known to be drivers of clonal 
evolution, such as splicing mutations (SRSF2) 80,105, epigenetic chromatin modifiers 
(BCOR and ASXL1), transcription regulation (RUNX1, NPM1) 77,94 and Ras pathway 
alterations 77. Thereby, these data indicate that epigenetic dysregulation may be 
synergistic in the mechanism of action exerted by cohesin haploinsufficiency. 
Likewise, activated Ras signaling may alter the expression of key identify genes, 
which are then further dysregulated by cohesin inactivity 77. 

 
 
 
 
 
 

18 



Introduction 
 

 
Nevertheless, the molecular mechanisms by which cohesin mutations promote 

leukemogenesis are not well understood and the clinical significance of these 
mutations is not clear. 

 

 
The Ras signaling pathway 

 

RAS is a proto-oncogene that belongs to the family of small GTP-ases and is 
involved in cellular signal transduction 106,107. This gene family is composed of NRAS, 
KRAS and HRAS genes encoding homologous proteins that have the biochemical 
property of binding guanine nucleosides and exhibit intrinsic GTPase activity. 
Therefore, it is implicated with the transduction of receptor-mediated external 
signals into the cell 108. 

Activating RAS mutations, which means that RAS is an active state, and thus 
preventing hydrolysis of GTP, are commonly found in a diverse range of human 
malignancies, including MDS, AML, chronic myelomonocytic leukemia (CMML) and 
juvenile myelomonocytic leukemia 109-113. RAS activation leads to increase signaling 
through the RAS/RAF/MEK and RAS/PI3K pathways 114 and therefore, activating RAS 
mutations lead to increased proliferation of hematopoietic progenitor cells 115,116. 
Moreover, besides the direct effect of activating RAS mutations, on this pathway, the 
RAS-dependent signaling cascade can be induced in response to mutations in other 
genes that encode RAS signaling upstream factors (FLT3, KIT, CBL), genes that are 
involved in RAS signaling regulation (NF1, PTPN11, PTPN1), as well as in genes coding 
RAS downstream effectors (BRAF) 116,117. 

In the case of myeloid neoplasms, RAS-pathway mutations have been reported 
in 10-15% of cases in AML but they appear to be less frequent among patients with 
MDS, being around 5-10% and mainly occurring in the NRAS gene 112,118,119. Although the 
prognostic impact of these gene mutations has been extensively studied in patients 
with myeloproliferative neoplasms (MPN) and AML, limited and contradictory 
information is available regarding the prognosis of MDS patients carrying RAS- 
pathway mutations 112. 

Some studies have described that RAS-pathway mutations do not appear to 
correlate with a poor prognosis 112,120. By contrast, other recent studies have 
described that RAS-pathway mutations may promote cell proliferation and be 
associated with a high risk of progression to AML and worse prognosis 121-123. Similarly, 
patients harboring RAS-pathway mutations were most frequently diagnosed with 
MDS with excess blast and with IPSS-R high-risk categories, and also they display 
higher white blood cell counts and bone marrow blasts percentages 112,124. Regarding 
their functional and pathophysiological role in MDS, mutations in RAS-pathway can 
lead to constitutive signaling activation or hyper-responsiveness to endogenous 
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stimuli and, consequently, they might enhance proliferation, decreased apoptosis or 
alteration of cell growth and survival 4. Nonetheless, functional studies in MDS cells 
and in vivo models are required to confirm these effects. 

In MDS patients, RAS-pathway mutations have been described as late events in 
the disease course, being sub-clonal events that co-occur with other ‘founder’ 
mutations 70. Regarding the co-occurrence of these mutations, patients with RAS- 
pathway mutations were enriched in U2AF1, RUNX1, WT1, PTPN11, ETV6 and NPM1 
mutations 124, but patients carried these mutations do not overlap with FLT3 
mutations (ITD or TKD) 112. 

Hence, information about the clinical impact of RAS-pathway mutations is limited 
and contradictory and the molecular mechanisms by what these mutations are 
involved in MDS pathogenesis and disease progression are still partly unknown. 
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3. Progression of MDS to secondary Acute Myeloid 
Leukemia 

The clinical course of MDS is highly variable, but approximately one third of MDS 
patients eventually progress to AML, commonly termed secondary AML or sAML, 
involving a dismal prognosis 42,58,125. 

sAML represents up to 25-35% of total AML cases, with most (60-80%) arising 
from an antecedent of MDS 126-128, and it presents different clinicopathologic 
characteristics than de novo AML. In fact, in the WHO 2017 classification, AML 
developing from previous MDS is classified as a distinct entity termed AML with 
myelodysplasia-related changes (AML-MRC) 32, which displays inferior rates of 
complete remission, relapse-free and overall survival compared to de novo AML128-130. 

While MDS and secondary AML are classified as distinct entities, they represent 
a disease continuum that undergoes genetic clonal evolution. In fact, as defined by 
the IPSS-R, the overall survival of high-risk and very high-risk MDS 41 is similar with 
that of AML-MRC 131, indicating that higher-risk MDS and secondary AML are clinically 
similar, and they would represent cancer states on a disease continuum. However, 
these two identities show some cellular differences. AML is characterized by a 
complete block in hematopoietic cell maturation, leading to an accumulation of 
myeloblasts in the BM (≥20% of nucleated cells), while MDS patients produce mature, 
but defective, blood cells, because maturation and morphology are aberrant, and, 
consequently, low number of mature cells is observed. In addition, MDS is usually 
characterized by increased apoptosis and inflammatory cell death processes, but 
sAML, and AML in general, are associated with increased cell survival and 
proliferation, suggesting that the increased cell death phenotype in MDS gives way 
to a pro-survival phenotype during sAML progression 57. 

By definition, blast count in BM is the parameter used to differentiate MDS from 
sAML. However, it is a subjective measurement, relying on a morphological 
assessment which is sensitive to interobserver variability 132,133, and has some 
limitations due to disease progression is a continuum and to define a boundary is 
quite complex. In fact, the definition of sAML transformation has little evolved during 
time and it is currently set at a threshold of ≥20% BM blasts by the WHO, but in the 
earlier FAB classification this threshold was ≥30% 134. Moreover, recent genetic studies 
have identified clonality in MDS, since nearly all MDS patients have a clonal mutation, 
providing a measure of tumor burden that often greatly exceeds the blast 
percentage 70,135-137. For these reasons, incorporating serial sequencing to monitor 
dynamic changes in MDS tumor burden over time may be useful, in combination with 
blast count among other clinical parameters, to anticipate and to identify progression 
earlier. 
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The genetics of progression from MDS to sAML: Clonal 
Evolution 

 

MDS and sAML show similar cytogenetic abnormalities, such as del(5q), del(7q), 
del(20q) or complex karyotype, which are considered as ‘MDS-associated’ 
cytogenetic abnormalities. In fact, the presence of these alterations defines the 
WHO-diagnosis of AML-MRC, even in the absence of a previous MDS diagnosis or 
morphological dysplasia. By contrast, balanced rearrangements are more common in 
de novo AML, such as t(15;17), t(8;21), inv(16) or KMT2A rearrangements 32,65. 

Likewise, large-scale next generation sequencing studies have identified 
mutations in genes that are shared between MDS and sAML, such as mutations in 
spliceosome genes (SRSF2, SF3B1, U2AF1), EZH2, BCOR and STAG2 genes, whose 
presence is highly suggestive of an AML evolved from MDS, even without a known 
history of previous MDS diagnosis 80,138-140. Thus, these mutations occur early in MDS 
pathogenesis prior to sAML progression. 

Next generation sequencing studies have also shown that a MDS patient´s BM 
can be clonally complex with multiple genetically-related but unique clones, including 
a founding clone and subclone(s) derived from the founding clone 70,135,141. Besides 
complexity, sAML progression has been defined as a dynamic process, where the 
founding clone of MDS persists, but new subclones with different genetic alterations 
grow or appear, triggering an increase of intraclonal heterogeneity 70. Thus, sAML 
evolution is a process of clonal expansion, which includes genetic and epigenetic 
diversification, and clonal selection, requiring dynamic adaptability, resulting in a 
complex clonal architecture, namely a BM composition with great intraclonal 
heterogeneity. 

In this context of intraclonal heterogeneity, the co-occurrence of gene mutations 
as well as the order of mutation acquisition are critical for disease pathogenesis, 
though deciphering the exact order of mutation acquisition in a patient can be 
difficult. 

Recently, some studies have shown that around 10% of people older than 70 years 
have somatic mutations in their blood cells, defined as Clonal Hematopoiesis of 
Indeterminate Potential (CHIP) 59,142,143. Many of these mutations (DNMT3A, TET2, 
ASXL1 and spliceosome genes) are commonly mutated with high VAFs in both MDS 
and sAML, suggesting that mutations in these genes occur early in the development 
of the disease and are present in the majority of cells, which means that they are 
present in the founding clone 70,135,137. In contrast, other mutations are more common 
in sAML, such as mutations in transcription factor (RUNX1, GATA2, CEBPA) and 
activating signaling related genes (RAS family genes, FLT3), suggesting that these 
mutations are acquired later during disease progression in a subset of expanding cells 
121,137,144,145. 
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In this line, Makishima et al. identified two sets of gene mutations associated 

with sAML evolution from MDS: mutations in genes that were enriched in sAML 
compared to high-risk MDS, designated as type-1 mutations (mutations in genes 
including FLT3, PTPN11, WT1, IDH1, NPM1, IDH2 and NRAS); and type-2 mutations that 
were enriched in high-risk compared to low-risk MDS (mutations in TP53, GATA2, 
KRAS, RUNX1, STAG2, ASXL1, ZRSR2 and TET2) 70. 

Altogether, these results suggest that mutations follow a typical order of 
mutations acquisition during progression. Nevertheless, our understanding of the 
order of mutation acquisition remains incomplete because most data are based on 
the frequency of gene mutations in cohorts of unpaired MDS and sAML rather than 
serial samples from the same patient. 

In order to solve this limitation, recent studies have included some paired serial 
MDS/sAML samples from the same patient and have confirmed that a typical order 
of mutation acquisition may exist during MDS progression to sAML. Mutations in 
spliceosome genes and epigenetic modifiers had already present in the MDS sample 
with high VAFs, indicating that they are acquired early in the disease course, while 
mutations in signaling genes were only rarely detectable at MDS, indicating that they 
are acquired later in disease progression 70,135-137. These results are in line with the 
traditional simplistic model of sAML evolution that postulated to require mutations 
in two classes of cancer associated genes 146,147. This model proposed that loss-of- 
function mutations in transcription factors, such as RUNX1, CEBPA and RARA 
(denominated as ‘Class II’ mutations), impair hematopoietic differentiation and led 
to the accumulation of more primitive cells. However, these variations alone are not 
sufficient to cause acute leukemia and a second mutations (‘Class I’ mutations) in 
activated signaling genes, such as FLT3, RAS and KIT, are required to promote 
proliferative and/or survival advantage to hematopoietic stem cells 148-150. 
Nonetheless, these serial studies have also demonstrated that the mutational 
spectrum is substantially more complicated than a two-class model could explain and 
that sAML progression is a very complex and heterogeneous process, including other 
genes frequently mutated that do not fit into either of Class I and Class II categories 
134. 

 

In addition, the wide-range of sequencing approaches used across these studies 
limited the ability to consistently detect low-level mutations and define clonality. 
Thus, imputing accurate clonal architecture is limited when mutations are present at 
low VAFs, making it challenging to determine whether mutations co-occur in the 
same cell or exist in parallel subclones. In these cases, single-cell sequencing 
technologies may be needed, however, they can be limited by allele drop-out, namely 
loss of the mutated allele during PCR amplification of DNA caused by sequence 
variations or mutations 57. 
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Taking into account all of these results, progression from MDS to sAML is clearly 

a process of clonal evolution, which can occur over a relatively short period of time 
(e.g., weeks to months). Analysis of clonal evolution has shown that evolution can 
display two patterns: linear, in which each successive subclone occurs within the 
previous parental clone, or branched, in which a founding clone can generate several 
parallel subclones 70,136,137. In addition, a process termed ‘clone sweeping’ has been 
identified when a subclone expand to occupy the entire tumor, forcing the collapse 
of other subclones 70 (Figure 6). 

Furthermore, recently Chen et al. performed sequencing experiments in a limited 
number of phenotypically defined stem cell populations in MDS/sAML patients. They 
have described that subclonal diversity may be higher in stem cells than in blasts at 
both MDS and sAML and that the dominant clone in the stem cells at MDS is not 
always the same as the dominant clone at AML, indicating a potential non-linear path 
of clonal evolution at the stem cell level 141. Thus, these results suggest a greater level 
of clonal diversity than appreciated using bulk BM samples, raising interesting 
questions about the clonal diversity of stem cells in MDS and sAML. 

Therefore, in this scenario of ‘game of clones’ that occurs during MDS 
progression to sAML, additional studies of paired MDS and sAML samples are needed 
to provide more information regarding the genetic patterns of clonal expansion 
during disease progression. Moreover, these sequential studies could provide insight 
into a critical order of mutation acquisition that drives disease evolution and is 
predictive of MDS progression, potentially allowing for early intervention. 
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Figure 6. Clonal evolution during progression from MDS to sAML (adapted from Menssen, 
Blood, 2020) 57. A) A model for sequential accumulation of mutations during MDS progression 
to sAML is shown. Black cells are normal at MDS and sAML stages. Mutations in blue and yellow 
are acquired early, being present in the founding clone. Blue mutations expand in the marrow at 
sAML stage, while yellow mutations disappear at sAML stage for clone sweeping. Some cells 
acquire orange mutations, form a subclone and expand at the time of sAML progression. B) 
Percent of patients with a gene mutation detectable at MDS and/or sAML states. Mutation 
detectable at only MDS time are represented in yellow, detected only at sAML state are in orange 
and detected at MDS and persist during disease progression are represented in blue. C) Patterns 
of clonal evolution during the MDS progression to sAML. Three patterns of subclone expansion 
are observed during progression from MDS to sAML: linear evolution, branched evolution and 
clone sweeping. 

 
 

MDS treatment and clonal evolution 
 

Clonal evolution during progression to sAML is characterized by the persistence 
of founding clone mutations and typically the expansion of a subclone with unique 
mutations. Although this pattern is similar for patients receiving supportive care or 
some treatments such as erythropoietin, thrombopoietin receptor agonists or G-CSF, 
other specific therapies can influence the pattern of clonal evolution 57. 

One of the most common chromosomal abnormalities in MDS and sAML is 
del(5q). Lenalidomide is associated with a decrease in clonal del(5q) cells in the BM 
and patients harboring del(5q) treated with this drug can achieve a complete 
remission 151,152. However, patients who eventually relapse present usually an 
expansion of the del(5q) cells with additional abnormalities, such as TP53 mutations 
136,153. These TP53 mutations have been found at low levels months prior to disease 
progression 154, suggesting that lenalidomide treatment can exert a selective 
pressure that may impact clonal evolution during progression to sAML. 
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Likewise, hypomethylating agents (HMAs) are one of the most common drugs 

to treat MDS patients and they have been considered standard of care for MDS for 
more than a decade. Though they are associated with longer overall survival in 
controlled clinical trials 155-158, a high number of patients either fail to respond or lose 
an initial response 52,55,56,159. Predicting response to HMAs based on a patient’s gene 
mutations remains challenging and, to date, results are variable across studies. 
Interestingly, some studies have shown that HMA therapy can induce C>G 
transversion in genes implicated in MDS and AML pathogenesis 160,161. Moreover, 
these C>G transversion mutations can occur in a subclone that emerge at relapse 162, 
indicating that HMAs may influence clonal evolution and raising questions of whether 
HMAs may induce pathogenic mutations. 

Regarding allogeneic hematopoietic stem cell transplantation, it is the only 
curative therapy for MDS and sAML patients and it significantly improve their 
outcome. However, relapse is still common 52,163. A recent study of MDS patients who 
progressed after transplantation has shown that founding clone mutations were 
detectable at relapse in all cases and that subclones emerged at progression often 
harbored a new structural variant 162, suggesting a pattern of clonal evolution and 
disease progression following transplant that can be useful to monitor patients for 
molecular residual disease. 

Taken altogether, current available therapeutic options for MDS patients do not 
prevent that a substantial number of patients display disease progression and evolve 
to sAML. Furthermore, some treatments, such as lenalidomide, HMAs or allo-HSCT, 
can influence the pattern of clonal evolution underlying the sAML progression. 
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4. Next generation sequencing (NGS) in the MDS 
study 

DNA sequencing is a critical tool in biological research. Traditional Sanger 
sequencing has been the most used method for more than three decades since it was 
first introduced in 1977 164. It is based on the use of radioactively or fluorescently 
labeled chain-terminating nucleotides (dideoxy nucleotides) 164-166. Nevertheless, 
traditional Sanger sequencing is restricted to the discovery of substitutions and small 
insertions and deletions (indels) and, thus, new and exciting technology, enabling 
faster and more accurate sequencing to occur in parallel reactions, was emerged 167. 

Next Generation Sequencing (NGS), massively parallel or deep sequencing are 
related terms that describe a DNA sequencing technology which has revolutionized 
genomic research 165,168. Most so-called ‘massively parallel’ or ‘next-generation’ 
sequencing methods are based on the standpoint of Sanger fundamental 
enzymological support, but in an orchestrated and stepwise fashion, enabling 
sequence data to be generated from tens of thousands to billions of templates 
simultaneously 169. 

There are three main types of NGS sequencing of DNA that can be used for the 
identification of genomic mutations: whole-genome sequencing (WGS), whole- 
exome sequencing (WES) and targeted-deep sequencing (TDS) 170. WGS provides 
data of the entire human genome, but as approximately 98% of the genome is non- 
coding and little is known about involvement of non-coding DNA in MDS 
pathogenesis, this method is rarely used clinically in MDS patients 171. WES has played 
an important role in the study of myeloid neoplasms, particularly in unveiling the 
clonal evolution in MDS and AML 135,136. Although WES and WGS may be considered a 
priori the best options due to the high number of assessed regions, they actually have 
limitations to incorporate into routine clinical practice. Some of these limitations are 
the high sequencing costs, the time-consuming bioinformatics analysis and the 
laborious clinical interpretation of the sequencing results 172-174. In addition, WGS and 
WES can miss some subclonal mutations with low VAF, but with clinical relevance, 
such as TP53 mutations 175. For these reasons, TDS, that allows sequencing only a 
target regions of interest, is a powerful approach that can fulfil the best balance 
between the accurate identification of targeted events with great sensitivity and the 
overall cost and data burden for large-scale executions. Additionally, read depths of 
TDS are greater and allow detection of VAF at lower fractions, being a key 
consideration in MDS study because it displays a very high intratumoral 
heterogeneity and the vast majority of known pathogenic variants are found in a 
relatively small number of genes 62,63,166. 
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TDS comes in two main forms, amplicon or capture-based. Amplicon-based 

enrichment utilizes specifically designed primers to amplify only the regions of 
interest prior to library preparation. In contrast, in capture-based approaches, the 
DNA is fragmented and targeted regions are enriched via hybridization 
oligonucleotide bait sequences attached to biotinylated probes, allowing for 
isolation from the remaining genetic material 176-178. Amplicon-based enrichment is 
the cheaper of the two technologies, shows a greater number of on target reads and 
requires much less starting material than capture, making it ideal if there is little DNA 
available for TDS. However, the coverage of the target regions is more uniform with 
hybrid sequencing 170. Moreover, capture has been shown to produce fewer PCR 
duplicates than amplicon enrichment (<40% vs. ~80%, respectively) and they can be 
removed computationally easier, because the random shearing of the DNA in capture 
platforms reduces the likelihood of two unique fragments aligning to the same 
genomic coordinates. Similarly, the long bait sequences used in capture allow the 
sequencing of difficult regions, such as repeated sequences, and a greater level of 
specificity in region selection 170. Therefore, capture based techniques provide more 
accurate and uniform target selection, while amplicon-based methodologies are 
often used in small scale experiments where sample quantity or cost are a factor. 

A summary of the main types of NGS sequencing of DNA and of the two TDS 
approaches that can be used for the identification of genomic mutations is shown in 
Figure 7. 

 

Figure 7. The main types of next generation sequencing of DNA (adapted from Bewicke-Copley, 
Comput Struct Biotechnol J, 2019) 170. Whole genome, whole exome and targeted deep 
sequencing are shown, as well as the two targeted deep sequencing approaches (amplicon and 
capture-based enrichment) that can be used for the identification of genomic mutations. 
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All approaches involve a series of general steps that are common to most NGS 

platforms: 1) sample preparation and choice of DNA sequencing strategy; 2) library 
preparation; 3) sequencing; and 4) data analysis. 

Sample preparation and choice of DNA sequencing strategy 

The first step in NGS is the extraction of genetic material, DNA or RNA. Although 
this step can be considered trivial, quantity and quality of the input material is crucial 
because the generation of micrograms of DNA from input material by PCR is a 
sensitive process subject to many variations. 

Ideally, a NGS library would perfectly represent the DNA present in the biological 
specimen from which it was derived and it cannot create more information than was 
present in the original template. NGS libraries can be made from small amounts of 
DNA, but reducing the input may comprise assay sensitivity due to the loss of 
sequence heterogeneity by the overamplification of particular DNA molecules during 
the process of library construction (duplicate reads). In fact, these duplicate reads 
cause failure to detect sequence variants that were present in the original specimen, 
over- or under-representation of particular variants, and false-positive variants calls 
resulting from PCR errors that are propagated through library preparation and 
sequencing 179,180. 

Likewise, the choice of DNA sequencing strategy is one of the first steps that 
should be assessed. As it is described previously, there are several types of NGS 
approaches that differ in total sequence capacity, sequence read length, sequence 
run time and the quality and accuracy of the data. Therefore, these characteristics 
should be considered in order to choose the best strategy to be used regarding the 
specific clinical applications 174. 

Library preparation 

Library preparation is a process that consists of the fragmentation of genomic 
DNA and the generation of a random set of short DNA fragments of a particular size 
range, usually 100 to 500 base pairs, flanked by platform-specific adapters at both 
ends. 

As detailed previously, two main approaches are used for target enrichment 
during the library preparation: capture-based and amplicon-based methods. In the 
case of capture-based assays, library preparation begins with random shearing of the 
genomic DNA, by mechanic or enzymatic fragmentation, followed by capture of the 
regions of interest using biotinylated oligonucleotides probes complementary to 
these sequences. Then, targeted fragments are isolated using streptavidin magnetic 
beads. On the other hand, amplicon-based methods involve PCR amplification of the 
selected genome regions using primers, thus, the sequencing reads generated will 
have the same start and stop coordinates dictated by the primer design 166,169,174. 
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In both cases, platform-specific adapters are attached at each end of the 

template fragments. These adapter sequences are complementary to 
oligonucleotides bound to beads or another solid surface, called ‘flow cell’, so that 
libraries can undergo bridge hybridization in the sequencer platform 166. Thereby, 
sequencing templates are immobilized on a proprietary flow cell surface designed to 
present the DNA in a manner that facilitates access to enzymes while ensuring high 
stability of surface-bound template and low non-specific binding of fluorescently 
labeled nucleotides. 

Sequencing 

Most commercial platforms using massively parallel sequencing are based on the 
concept of sequencing by synthesis. In essence, these methods allow nucleotide 
incorporation using a variety of enzymes and detection schemes that permit the 
corresponding instrument platform to collect data in lockstep with enzymatic 
synthesis on a template 169. 

Sequencing by synthesis consists of the amplification in parallel reactions of DNA 
fragments using bridge hybridization and PCR in the presence of fluorescently- 
labelled nucleotides. In details, after the hybridization of the amplified libraries on the 
flow cell, library fragments act as a template, from which a new complementary 
strand is synthesized by PCR, and template strand is removed. As complementary 
strands undergo bridge hybridization with neighboring adaptor binding sites, 
repeated PCR cycles lead to cluster amplification 166,169,181. Finally, the sequencer 
detects the fluorescence generated by the incorporation of fluorescently labeled 
nucleotides by PCR into the growing strand of DNA 181,182. During each sequencing 
cycle, a single labeled nucleotide is added to the nucleic acid chain, and it serves as a 
terminator for polymerization, so after each nucleotide incorporations, the 
fluorescence is imaged to identify the base and then enzymatically cleaved to allow 
incorporation of the next nucleotide. The result is highly accurate base-by-base 
sequencing that eliminates sequence-context specific errors, enabling robust base 
calling across the genome, including repetitive sequence regions and within 
homopolymers. 

Nevertheless, sequencing by synthesis presents some limitations. For example, 
it is ultimately limited in its length of sequence read (‘read length’) because of the 
increasing noise over sequential incorporation and imaging cycles and, still, their read 
lengths remain shorter than Sanger read lengths. These limitations should be 
considered because they have impacted on how the sequence data are analyzed 169. 
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The main steps of library preparation, bridge hybridization, cluster amplification 

and sequencing by synthesis are shown in Figure 8. 
 

 
Figure 8. The steps of next generation sequencing (adapted from Spaulding, Br J Haemat, 2020) 
166. The library preparation, bridge hybridization, cluster amplification and sequencing by 
synthesis steps are shown. 

 
 

Data analysis 

NGS generates large amounts of data that require substantial computational 
infrastructure for storage, analysis and interpretation. Thus, data analysis of NGS can 
be an extremely complex, time-consuming and laborious process. 

The workflow of NGS data analysis includes four phases: 1) base calling, 
assignment of base quality scores and de-multiplexing; 2) alignment of reads to a 
reference assembly or sequence(s) and variant calling; 3) annotation of the variants; 
and 4) interpretation of clinically relevant variants 183. Nowadays, there is a huge 
number of bioinformatics tools and software to analyze NGS data. Most of them are 
algorithms specialized on one phase of the analysis, but there are also multiple 
pipelines that group several algorithms which analyze the data serially. 

The first phase of data analysis occurs into the sequencer platform, where 
sequence reads are produced. It is consisted of: i) the base calling, which is the 
identification of the specific nucleotide present at each position in a single 
sequencing read; ii) the base calling accuracy measured by the Phred quality score (Q 
score) that indicates the probability that a given base is called incorrectly by the 
sequencer; and iii) the de-multiplexing that is the computational association of reads 
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with a patient when multiple samples have been multiplexed (pooled) before 
sequencing 183,184. 

The second phase of NGS data analysis is the mapping and alignment of each 
read to the reference human genome assembly, which is available from the Genome 
Reference Consortium (the latest versions can be found at 
http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/). The 
alignment tools used by clinical laboratories include multiple algorithms that 
sometimes trade speed for accuracy and can incorporate different levels of sensitivity 
and specificity. However, it is recommended that alignment includes additional 
processing for local realignment, removal of PCR duplicates and recalibration of base- 
call quality scores. As a consequence of the alignment analysis, the next step is the 
variant calling that is the process of comparing the aligned reads to a reference 
genome to identify base pair variations. A variety of software tools and strategies are 
also available for variant calling, but no single software setting is currently able to 
identify all variant classes with equal accuracy. Thus, several variant callers and/or 
parameters setting should be evaluated to optimize the detection of different variant 
types during assay development 170,183,185. 

Following variant calling, the next phase is to annotate the variants in relation to 
genes (within or outside a gene), codon, amino acid positions, and classify types of 
variants, such as nonsense, missense, exonic deletions and synonymous variants. This 
allows for greater understanding of their functional consequences on genes they 
relate to. In many studies, only non-silent exonic or splicing mutations are selected 
for further analysis, focusing on functional coding variants and mutations only. 
However, these criteria may change depending on the purpose of the study, for 
example variants in UTRs or in promoter regions can be interesting 170. 

The final phase of NGS data analysis is a clinical assessment to determine which 
variants should be reported and how they should be described in the laboratory 
report. There are some algorithms that optimize settings to predict deleterious 
variants located in clinically relevant genes and to filter out selected variants, such as 
those with a high population allele frequency. Similarly, existing database, such as 
ClinVar, COSMIC, ClinGen, protein predictors or Human Variome Project, are valuable 
tools for assessing the relevance of variants and for categorizing variants according 
to predicted functional impact (‘often benign’, ‘likely benign’, ‘uncertain 
significance’, ‘likely pathogenic’ or ‘pathogenic’). Nonetheless, the interpretation of 
variants is a greater challenge because there is no standard format and a common 
understanding of variant data between laboratories. Therefore, collaborations and 
ongoing discussions among laboratory researchers, clinicians, manufacturers, 
bioinformatics, software developers and professional organizations are needed to 
ensure the quality of NGS tests and to guide clinical decision-making in myeloid 
malignancies 183,185. 
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Despite the potential to inform and guide clinical practice, NGS has some 

limitations. Although the costs for NGS have recently become more affordable, they 
remain be high. In addition, it can take one to three weeks to receive a finalized data 
report, which may be too long to affect an initial treatment decision for a patient with 
more aggressive disease. Regarding practical considerations, NGS are not 
standardized and there is still a lack of gold-standard pipelines for analysis, which can 
lead to poor reproducibility between laboratories, even for the same data sets. Thus, 
there is a need for collaboration to form larger data pools in order to improve the 
accuracy and efficacy in variant calling for prognostic and therapeutic signatures and 
to infer meaningful conclusions 166,170. Moreover, though the ability of NGS to detect 
down to 1% VAF is an improvement from Sanger sequencing (threshold >20% VAF), 
interpreting VAF in a meaningful way requires context. Not all somatic gene 
mutations detected by NGS are guaranteed to be pathogenic mutations contributing 
to myeloid malignancy development and further studies are needed to establish a 
meaningful threshold for VAF sensitivity 166. 

Therefore, NGS has revolutionized genomic research and it is one of the most 
rising methodologies that will change the management of patients. However, it will 
be important to standardize sequencing and variant calling methods and continue to 
expand knowledge of the pathogenic and prognostic role of specific variants in order 
to improve the clinical utility of NGS. 
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MDS are a heterogeneous group of clonal hematopoietic disorders that present 
a highly variable clinical course, being their diagnosis, prognostic stratification and 
clinical decision making very challenging. In last years, the implementation of high- 
throughput techniques, such as NGS, has revolutionized the genomic research, 
expanding our knowledge about the molecular abnormalities underlying MDS 
pathogenesis and improving our understanding of the mechanisms involved in 
disease progression. However, the lack of efficient combination of genetics and 
clinical information has restrained the clinical interpretation of the sequencing results 
and, consequently, it has limited the adoption of NGS data into real-life clinical 
practice. 

 
 

Although the clinical course of MDS is variable, approximately a third of patients 
diagnosed with MDS eventually evolve to sAML, displaying these patients a dismal 
prognosis. The application of high-throughput techniques has enabled to define that 
this disease evolution is clearly a process of clonal evolution and also to identify some 
of the molecular alterations behind this progression. Nevertheless, most data are 
based on studies using cohorts of unpaired MDS-sAML samples rather than 
sequential samples from the same patients. Accordingly, the order of mutations 
acquisition as well as the mutational dynamics remain incomplete and, thus, the 
mechanisms involved in leukemic transformation have just begun to become clear. 
Hence, longitudinal sequencing genomic studies are still required to determine which 
mutations, alone or in combinations, are involved in MDS progression to sAML as well 
as to define the clonal evolution patterns underlying this progression. 

Over the last several years, our knowledge about the MDS mutational landscape 
has improved due to the application of NGS methodologies. It has identified that 
approximately 90% of MDS patients carry at least one mutation, being some of them 
correlated with clinical features and being of prognostic value. However, multiple 
driver genes are affected in MDS patients and combinations of mutations are 
demonstrated not to be totally random, suggesting the presence of gene-gene 
interactions that could underlay clonal evolution. Moreover, the lack of clinical 
validation has restrained the diagnostic and prognostic categorization of MDS 
patients based on sequencing results. Therefore, large studies combining genomic 
data and reliable clinical information are required to define the prognostic impact of 
mutations and translate them into clinical practice. 

Cohesin mutations have been found in 10-15% of MDS patients and have been 
described to alter the transcriptional orchestration of differentiation/proliferation 
processes, suggesting that cohesin complex plays a relevant role in the MDS 
pathogenesis. Nonetheless, given the molecular heterogeneity of MDS, the clinical 
impact of cohesin mutations is still undetermined. Thus, it is necessary to gain insight 
into the relevance of cohesin mutations to clinical phenotypes, as well as clinical 
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outcome, thereby further studies in large cohorts of patients with detailed clinical 
information are still required. 

Similarly, RAS-pathway mutations have been reported in 5-10% of MDS cases, 
being most prevalent in high-risk MDS and AML patients. RAS-pathway pathway is 
one of the several functional pathways that are involved in the pathogenesis of MDS, 
and activating RAS-pathway mutations are shown to lead to increased proliferation 
of hematopoietic progenitor cells. Although the prognostic impact of these 
mutations has been extensively studied in patients with MPN and AML, information 
regarding their impact on MDS patients is limited. This implies that there is a lack of 
clear consensus about which the prognosis of patients carrying RAS-pathway 
mutations could be. Hence, and similar as before, further investigation using large 
patient cohorts is needed. 

In summary, the implementation of the new high-throughput technologies will 
help us to elucidate the mechanisms involved in both MDS pathogenesis and their 
leukemic progression. Moreover, the integration of mutation information with the 
clinical-biological parameters, already included in current prognostic classifications, 
would allow us to advance towards a more accurate integrated diagnosis, a more 
precise prognostic stratification and even a more adequate therapeutic orientation, 
due to it would enable the detection of somatic mutations against which target drugs 
are being developed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

38 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Aims 



 

 



 

Aims 
 
 

General Aim: 
To characterize the molecular mechanisms and the clonal evolution patterns that 

are involved in the pathogenesis of MDS and the progression from MDS to sAML, as 
well as to use the molecular data in order to reach a more accurate integrated 
diagnosis and a more precise prognostic stratification. 

 
 

Specific aims: 
1. To characterize the mutational landscape of MDS patients evolving to sAML. 

 
1.1. To assess the mutational dynamics and the clonal evolution patterns 

underlying the MDS progression to sAML. 

1.2. To explore the effect of disease-modifying treatment on clonal evolution 
profiles during the leukemic transformation of MDS patients. 

 
2. To define the relevance of cohesin mutations in MDS patients: 

 
2.1. To analyze the incidence of somatic mutations in cohesin genes by next 

generation sequencing in a large cohort of MDS patients, as well as the 
co-occurrence between these mutations with other myeloid-related 
genes. 

2.2. To correlate the presence of mutations in cohesin genes, alone or in co- 
occurrence with additional mutations, with the clinical characteristics 
and outcome of MDS patients. 

2.3. To analyze the effect of the integration of molecular data from cohesin 
genes into the current diagnostic and prognostic classifications. 

 

3. To study the significance of somatic mutational profiling in oncogenic RAS 
signaling pathway genes in MDS pathogenesis: 

 
3.1. To establish the incidence of somatic RAS-pathway mutations in MDS 

patients through next generation sequencing techniques, as well as to 
assess the mutational profile of MDS patients with RAS-pathway 
mutations. 

3.2. To define the correlation of activating RAS-pathway mutations with 
disease phenotype and clinical impact on overall survival and time to 
progression to sAML. 
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Results 
 
 

This section includes the experimental work performed on this thesis, including 
Patients and Methods, Results and Discussion. This section has been divided into 
three chapters: 

 
 

Chapter 1. Martín-Izquierdo M, Abáigar M, Hernández-Sánchez JM, Tamborero D, 
López-Cadenas F, Ramos F, Lumbreras E, Madinaveitia-Ochoa A, Megido M, Labrador 
J, Sánchez-Real J, Olivier C, Dávila J, Aguilar C, Rodríguez JN, Martín-Nuñez G, Santos- 
Mínguez S, Miguel-García C, Benito R, Díez-Campelo M, Hernández-Rivas JM. Co- 
occurrence of cohesin complex and Ras signaling mutations during progression 
from myelodysplastic syndromes to secondary acute myeloid leukemia. 
Haematologica. 2021 Aug 1;106(8):2215-2223. doi: 10.3324/haematol.2020.248807. 
PMID: 32675227. 

 
 

Chapter 2. Martín-Izquierdo M, Díez-Campelo M, Sánchez-Real J, Hernández-Sánchez 
A, Hernández-Sánchez JM, Janusz K, López-Cadenas F, Tormo M, Megido M, Olivier 
C, Madinaveitia-Ochoa A, Dávila J, Sierra M, Vargas M, Santos-Mínguez S, Miguel- 
García C, Benito R, Hernández Rivas JM, Ramos F, Abáigar M. Incorporation of 
cohesin mutational data into current IPSS-R classification may improve the 
prognostic stratification of very low/low-risk myelodysplastic syndromes. Am J 
Hematol. Second review. 

 
 

Chapter 3. Martín-Izquierdo M, Ramos F, Abáigar M, Hernández-Sánchez JM, 
González T, López-Cadenas F, Quijada-Álamo M, Santos-Mínguez S, Miguel-García C, 
Lumbreras E, Janusz K, del Rey M, Toribio-Castelló S, Hernández-Rivas JM, Díez- 
Campelo M and Benito R. RAS-pathway mutations are associated with a worse 
clinical outcome in myelodysplastic syndromes patients Cancers. Submitted. 

 
 

All of them have been developed to accomplish the general aim of this PhD work and 
give the title to this doctoral dissertation: “Molecular mechanisms and clonal evolution 
underlying the progression of Myelodysplastic Syndromes to Acute Myeloid Leukemia: 
Genomic characterization by Next Generation Sequencing”. 

 
 

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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ABSTRACT 
 

yelodysplastic syndromes (MDS) are hematological disorders at 
high risk of progression to secondary acute myeloid leukemia 
(sAML). However, the mutational dynamics and clona! evolu­ 

tion underlying disease progression are poorly understood at present. In 
arder to elucidate the mutational dynamics of pathways and genes 
occurring during the evolution to sAML, next-generation sequencing 
was performed on 84 serially paired samples of MDS patients who 
developed sAML (discovery cohort) and 14 paired samples from MDS 
patients who did not progress to sAML during follow-up (control 
cohort). Results were validated in an independent series of 388 MDS 
patients (validation cohort). We used an integrative analysis to identify 
how mutations, alone or in combination, contribute to leukemic trans­ 
formation. The study showed that MDS progression to sAML is charac­ 
terized by greater genomic instability and the presence of severa! types 
of mutational dynamics, highlighting increasing (STAG2) and newly­ 
acquired (NRAS and FLT3) mutations. Moreover, we observed co-opera­ 
tion between genes involved in the cohesin and Ras pathways in 15-20% 
of MDS patients who evolved to sAML, as well as a high proportion of 
newly acquired or increasing mutations in the chromatin-modifier genes 
in MDS patients receiving a disease-modifying therapy befare their pro­ 
gression to sAML. 

 

lntroduction 
 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clona! 
hematopoietic disorders characterized by peripheral blood (PB) cytopenia with dys­ 
plastic bone marrow (BM) morphology and an increased risk of progression to sec­ 
ondary acute myeloid leukemia (sAMl).13 Approximately one third of patients diag- 
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nosed with MDS eventually transfarm into sAML.4 Disease 
progression is associated with a dismal prognosis, partly 
because most of these patients are resistant to currently 
available treatrnents, and the long-term survival rate of 
treated patients is less than 10% after a couple of years.'·7 

In recent years, new high-throughput genomic technolo­ 
gies, such as next-generation sequencing (NGS), have 
enabled a large number of studies to elucidate sorne of the 

mechanisms involved in MDS pathogenesis such as epige­ 
netic regulation, transcription, signaling pathways, splicing, 
cohesin complex, apoptosis and angiogenesis. However, 
MDS exhibit great genetic and clinical heterogeneity, so the 
nature of their pathogenesis is still not fully understood.8·10 

The mutational dynamics and clona! evolution underly­ 
ing disease progression have just begun to become clear. 
Previous studies have identified multiple genes recurrently 
mutated in MDS and sAML and these have provided 
insight into the great intratumoral heterogeneity typical of 

progression from MDS to sAML.ª·13 These studies have 
shown that the evolution of the disease is a complex 

process involving new additional alterations co-existing 
with the MDS faunder clone.14 Moreover, recent studies 
have described the association of mutations in genes such 

as TET2, RUNX1, ASXL1, and STAG2 with high-risk MDS, 
as well as the presence of mutations in genes activating sig­ 
naling pathways, such as FLT3, PTPN11, NPM 1, and NRAS, 
which are newly ac uired in sAML and associated with 
faster progression.15·1 However, this complexity and the 
lack of large cohorts of serial samples means that molecular 
mechanisms of disease progression are only partly under­ 
stood. Thus, longitudinal sequencing genomic studies are 

still required to determine which mutations or combina­ 
tions of them are important in leukemic transfarmation. 

In this study, we perfarmed whole-exome sequencing 
(WES) and/or targeted deep sequencing (TDS) on serial 
samples from MDS patients who evolved to sAML (discov­ 
ery cohort) befare and after progression, as well as TDS on 
additional MDS patients who did not progress to sAML 
during fallow-up (control cohort). The results were validat­ 
ed in an independent series of MDS patients (validation 
cohort). Interestingly, we undertook an integrative analysis 
to determine the mutational dynarnics of the pathways and 
genes and to identify how mutations, alone or in combina­ 
tion, contribute to leukemic transfarmation. The study 
showed involvement of co-occurrence of alterations in the 
cohesin and Ras pathways in the MDS transfarmation to 
sAML, as well as a high proportion of newly acquired or 
increased clona! selection of mutations in the chromatin­ 
modifier genes in MDS patients who received a disease­ 
modifying therapy befare their progression to sAML. 

 

Methods 

Study design 
In arder to study the mutational changes occurring during the 

evolution to sAML from a previous myelodysplastic phase, 486 
samples from 437 patients were included in the study. The patient 
series was divided into three cohorts (Online Supplementary Figure 
S1): i) discovery cohort: a cohort of MDS -+ sAML progressing 
patients that included 42 patients diagnosed with MDS who pro­ 
gressed to sAML; according to the study design, 84 BM serial 
patient-matched samples were collected and sequenced on two 
occasions with the first sampling, at initial presentation of the dis­ 
ease (diagnosis, MDS stage), and the second sampling, after pro- 

 
gression to sAML (disease evolution, leukemic phase); ali samples 
were analyzed by a TDS strategy; furtherrnore, 16 of those pro­ 
gressing patients (32 samples) were initially studied by WES; infar­ 
mation about the treatrnent received befare progression was avail­ 
able far ali 42 patients: azacytidine (n=16), lenalidomide (n=4) and 
no treatrnent or supportive care (n=22); ii) control cohort: a cohort 
of MDS non-progressing patients consisted of 14 BM paired sam­ 
ples from seven MDS patients who did not progress to sAML after 
a  mínimum  of  3-year  fallow-up  far  low-risk  MDS 
(LR-MDS) and 1 year far high-risk MDS (HR-MDS) (median fal­ 
low-up of 52 months; range, 20-89 months); according to the study 
design, the second sampling in this control cohort corresponded to 
a time when the disease was stable and TDS was perfarrned on ali 
these samples; iii) validation cohort: a cohort of 388 BM or PB sam­ 
ples from patients suffering MDS at diagnosis and far which only 
one time-point (sample) was studied by TDS;. notably, 63 of these 
patients eventually evolved to sAML, while 325 had not pro­ 
gressed to sAML after a median fallow-up of 19.6 months. The 
main patient clinical characteristics are summarized in the Online 
S11pple111entary Table S1. 

This research was perfarmed in accordance with the 
Declaration of Helsinki guidelines, and was approved by the Local 
Ethics Committee ("Comité Ético de Investigación Clínica, 
Hospital Universitario de Salamanca"). Ali patients provided writ­ 
ten informed consent. 

 
Sequencing analysis 
Who/e-exome sequencing 

WES was perfarmed on matched diagnosis-progression samples 
from 16 patients of the discovery cohort. The mean coverage of 
WES was 77.6x (range, 36-124) and at least 73% of the captured 
regions had a coverage of 30x or more far ali 32 samples (Online 
S11pple111entary Table S2). See the Online Supplementary Appendix far 
ful! details. 

 
Targeted-deep sequencing 

Ali genomic DNA samples underwent TDS using an in-house 
custom capture-enrichment panel of 117 genes previously related 
to the pathogenesis of myeloid malignancies (Online Supplementary 
Table S3). The mean coverage ofTDS was 665x (range, 251-1,198) 
where 99.5% of target regions were captured at a leve! greater 
than l00x. See the Online S11pple111entary Appendix far full details. 

 
Analysis of mutational dynamics 

The main aim of this study was to analyze the mutational 
changes occurring between the first sampling (MDS stage) and the 
second sampling (stable disease/sAML stage) in the discovery and 
control cohorts. To this end, variant allele frequency (VAF) at these 
two stages were compared using two approaches: i) VAF ratio 
between second and first sampling, where thresholds of >1.2 and 
<Ü.8 were used to classify mutations as increasing or decreasing, 
respectively, while ratios between these thresholds were consid­ 
ered to be stable; and ii) Fisher' s exact test where values of P<0.05 
were taken to indicate statistically significant changes during pro­ 
gression. 

 
 

Results 

Molecular landscape of the progression from 
myelodysplastic syndromes to secondary acute myeloid 
leukemia 

In order to characterize the main cohort of the study, the 
discovery cohort, 16 patients (patients #27 - #45) were ana­ 
lyzed by WES at the time of diagnosis and at leukemic 
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transformation, as previously explained. After a stringent 
analysis18 as described in the Online Supplementary 
Appendix, 61 variants were identified as likely somatic 
mutations: 40 were called driver and 21 were called passen­ 
ger using the novel bioinformatics too! "Cancer Genome 
Interpreter"19 (Online Supplementary Table S4). A total of 47 
variants in genes known to drive myeloid malignancies 
were further validated with a true positive rate of >89% 
using TDS and VAF correlation between two platforms was 
high (Pearson' s r=0.90) (Online 5upplementary Figure 52). 
However, the application of TDS revealed that severa! driv­ 
er mutations were not detected by WES as they were poor- 

 
!y covered and displayed a low VAF. Then, we decided to 
more comprehensively study disease progression by apply­ 
ing the TDS panel in a larger cohort of serially collected 
samples. 

We performed TDS on these 16 patients of the initial dis­ 
covery cohort and in additional 26 patients. A total of 159 
mutations were identified at diagnosis of the 42 patients 
(Online 5upplementary Table 55). The most recurrently 
mutated genes were TET2 (14 of 42, 33%), 5F3B1 (13 of 42, 
31%), 5R5F2 (ten of 42, 24%), DNMT3A (10 of 42, 24%), 
STAG2 (8 of 42, 19%), TP53 (8 of 42, 19%) and A5XU (6 
of 42, 14%). At the time of the second sampling, the sAML 
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Figure 1. Boxplots showing the differences in the number of mutations (A-B) and variant allele frequency (C-D) between the two times analyzed during the evolu 
tion of the disease and between the different French-American-British/World Health Organization (FAB/WHO) subtypes at the time of diagnosis. {A) Differences 
in the number of mutations between diagnosis and follow-up/secondary acute myeloid leukemia (sAML) stages within and between the control and discovery 
cohorts. These graphs show a statistically significant increase in the number of mutatlons during disease evolution in patients who progressed to sAML (P<0.0001). 
(B) No significant differences in the number of mutations between the FAB/WHO subtypes at time of diagnosis (number of mutations low-risk myelodysplastic syn 
dromes [LR-MDS] vs. high-risk MDS [HR-MDS], P=0.588). (C) Differences in variant allele frequency (VAF) of detected mutations between diagnosis and sAML stage 
in the discovery cohort. The VAF was higher at the time of sAML progression (P<0.0001). (O) No significant difference in VAF between the FAB/WHO subtypes at 
time of diagnosis (VAF: LR-MDS vs. HR MDS, P=0.528). NS: not significant; *P<0.05; ****P<0.0001. 
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Figure 2. Dynamics of gene mutations in the myelodysp1astic syndromes to secondary acute myeloid leukemia progression axis. (A) Comprehensive landscape of 
mutational dynamics in the discovery and control cohorts. Genes are grouped by cellular functions and are represented in rows; each column represents a patient. 
Dynamics are represented by a color gradient: red/orange for newly acquired/increasing mutations, yellow far stable mutations, and blue/green colors for decreasing 
mutations. (B) Co-occurrence of cohesin complex and Ras signaling mutations in the discovery cohort. Circos plot of statistically significant associations between 
mutations detected in the discovery cohort, grouped by functional pathways. Graphs represent patients with mutations in the cohesin complex and Ras slgnaling, 
and the most frequently mutated genes ln these pathways, STAG2 and NRAS, showing a statistically significant association (P=0.023 and P=0.002, respectively). (C) 
lncidence of this co-occurrence pattern in the discovery and validation cohorts. The table contains the number of patients with the combination of cohesin and Ras 
signaling mutations in the discovery and validation cohorts andan indication of whether they evolved to secondary acute myeloid leukemia (sAML). (O) Prognostic 
impact of the co-occurring mutations in the cohesin complex and Ras pathway. Kaplan-Meier curves for overall survival and sAML progression-free survival in patlents 
bearing co-occurring cohesin and Ras pathway mutations in the entire validation cohort. VAF: variant allele frequency; LR: low-risk; HR: high-risk; NS: not significant; 
*P<0.05. 
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stage, 210 mutations were detected, 159 of which were 
already known to be present in the MDS stage, at clona! or 
subclonal levels (128 were retained and 31 evolved during 
disease progression), while 51 were detected only at the 
second sampling. The most recurrently mutated genes at 
the sAML stage were similar to those noted at the MDS 
stage: TET2 (17 of 42, 40%), SF3B1 (13 of 42, 31%), TP53 
(12 of 42, 29%), SRSF2 (ten of 42, 24%), DNMT3A (ten of 
42, 24%), ASXL1 (nine of 42, 21%) and STAG2 (eight of 42, 
19%). However, the NRAS gene (9 of 42, 21%) also stood 
out at this stage. lt should be noted that 32 of 54 genes 
(59%) were mutated only in fewer than three (<7%) 
patients, highlighting the great heterogeneity in the mecha­ 
nisms of disease evolution. 

 
Regardless of World Health Organization diagnosis 
subtypes, patients progressing to secondary acute 
myeloid leukemia present a higher number of 
mutations than those that do not progress 

In arder to analyze the changes in clona! size and distri­ 
bution during evolution to sAML, we compared the num­ 
ber of mutations identified at diagnosis and at the second 
sampling in the discovery and control cohorts. The control 
cohort presented a median of three mutations at both sam­ 
pling times (p10-p90: 2-4 in both), indicating no significant 
differences (P=0.449). By contrast, the discovery cohort had 
a median of four (p10-p90: 1-6) and five (p10-p90: 2-9) 
mutations at the first and second samplings, respectively, 
representing a highly significant increase in the number of 
mutations during disease progression (P<0.0001). 
Remarkably, the control and discovery cohorts hada similar 
number of mutations at the time of diagnosis (P=0.097), 
although a slight trend was observed, while patients who 
progressed showed a significantly higher number of muta­ 
tions at the time of sAML than the control patients at the 
second sampling (P=0.027) (Figure lA). Considering the dis­ 
covery cohort patients by World Health Organization diag­ 
nosis subtype (LR-MDS and HR-MDS) <lid not revea! any 

 
significant differences in the number of mutations in 
patients progressing to sAML (P=0.588) (Figure lB). 

In arder to further study what characterizes disease evo­ 
lution, we compared the VAF of mutations at both times. 
Patients who evolved to sAML presented a significantly 
higher VAF median at second sampling (29.11% vs. 
36.76%, P<0.0001) (Figure lC). However, no differences 
were identified in the median VAF between each subtype at 
the time of diagnosis (P=0.528). (Figure lD). 

Therefore, tak.ing ali these results together, MDS patients, 
irrespective of their diagnostic subtype, displayed a greater 
genomic instability during disease progression than patients 
who <lid not evolve to sAML. 

 
Mutational dynamics during the progression to 
secondary acute myeloid leukemia: clonal evolution 

In arder to study the mutational dynamics and identify 
which mutations could be involved in clona! evolution 
and play an important role during disease progression, 
the VAF of mutations detected at both times (follow­ 
up/sAML vs. diagnosis) were compared in ali patients of 
the discovery and control cohorts. 

Four types of clona! dynamics were identified: type 1, 
in which mutations were initially present in the MDS 
stage, but whose VAF increased significantly in the sAML 
stage; type 2, mutations whose VAF significantly 
decreased; type 3, mutations that were newly acquired at 
the sAML stage; type 4, mutations that persisted with a 
similar allelic burden at both stages. 

Stable mutations (Figure 2A, type 4, depicted in yellow) 
were detected in genes involved in the spliceosome and 
DNA methylation pathways, such as the splicing factor 
SRSF2 (diagnosis vs. sAML median VAF, P=0.4922) and 
the DNA methylation gene DNMT3A (diagnosis vs. 
sAML median VAF, P=0.7695) (Online Supplementary 
Figure S3). 

Only a minority of the mutations detected at diagnosis 
showed a decrease in their allelic burden (Figure 2A, type 

 
Patient #43: 

Diagnosis: RAEB-1, 5% blasts 
Time to sAML: 15 months 

 
MDS diagnosis sAML 

I= 15 months 

 
 

Figure 3. Model of clonal evolution during myelodysplastic syndrome progressíon to secondary acute myeloid leukemia using patient #43 asan example and apply 
ing the Fishplot R package.29 In this patient diagnosed as RAEB-1, an myelodysplastic syndrome (MDS) founder clone was present at the time of diagnosis with 
typical myeloid mutations such as TET2 and SRSF2. This clone also harbored a mutation in STAG2, thus it triggered the acquisition of a subsequent mutation in a 
Ras pathway gene, namely NRAS. This clone expanded, driving the evolution of the disease. 
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2, in green-blue), and these were randomly distributed 
throughout all the genes without showing a pattern. 

The most interesting dynamic patterns were those of 
newly acquired mutations (Figure 2A, type 3, represented 
in red) or increased in clona! size (Figure 2A, type 1, in 
orange) at the time of sAML progression. These muta­ 
tional patterns were mainly found in the cohesin complex 
and Ras signaling, where they were clustered in the 
STAG2 and NRAS, KRAS and FLT3 genes. These profiles 
were also detected in transcription factors and epigenetic 
modifiers, but in these cases they were randomly distrib­ 
uted among the genes. In fact, the STAG2 VAF median 
was significantly higher at sAML stage (diagnosis vs. 
sAML median VAF, P=0.023) and this gene was mutated 
in eight patients of the discovery cohort, in five of which 
the VAF had increased by the time they had become 
sAML (On/ine Supplementary Figure S3). The increase was 
statistically significant in three of these five patients, 
while it was not significant in the other two, although a 
trend was observed (P<0.08), probably because the VAF 
at diagnosis was already very high. Moreover, most of the 
mutations (nine of 12) in the cohesin complex genes were 
of the frameshift or stop gained (loss of function) type 
and the cohesin-mutated patients showed a higher num­ 
ber of mutations than wild-type patients (median number 
of mutations: seven vs. four, P=0.0179). On the other 
hand, NRAS and FLT3 mutations were newly acquired 
(diagnosis vs. sAML median VAF, P=0.0029 and P=0.0078, 
respectively) during the evolution and so were detected at 
the sAML stage (Online Supplementary Figure S3). 

 
Co-occurrence of cohesin complex and Ras signaling 
mutations in patients after progressing to secondary 
acute myeloid leukemia 

Within this heterogeneous landscape of mutational 
dynamics, we focused our study on increasing (type 1) 
and newly acquired (type 3) mutations because their 
dynamic patterns suggested that they were positively 
selected during disease evolution. Moreover, in order to 
better characterize the mechanisms driving sAML pro­ 
gression, we studied which pathways and combination 
of them were affected by these types of mutations. 

In the discovery cohort, a high proportion of Ras signal­ 
ing-mutated patients at the sAML stage, already harbored 
cohesin complex mutations. In fact, 26% (11 of 42) of the 
discovery cohort patients carried mutations in the 
cohesin complex at diagnosis. On the other hand, 52% 
(22 of 42) of the patients had at least one Ras pathway 
mutation at the sAML stage, mainly acquired during the 
evolution of the disease. Of interest, nine of these 
cohesin-mutated patients (nine of 11, 82%) carried a co­ 
occurring Ras signaling mutation at the sAML stage. 
Considering only the most recurrently mutated gene, 
STAG2 (n=eight of 11), seven patients (seven of eight, 
88%) carried another mutation in the Ras pathway, this 
being a NRAS mutation in five patients. Therefore, there 
was a statistically significant co-occurrence of these two 
pathways (P=0.023) and of the most recurrently mutated 
genes of these pathways, STAG2 and NRAS (P=0.002) 
(Figure 2B). 

In order to confirm these observations and their impact 
on MDS progression to sAML, the combination of the 
cohesin complex and Ras pathway mutations was sought 
in the validation cohort, an independent cohort of 388 
patients in which the disease was studied on only one 
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occasion, at diagnosis. In fact, these co-occurring muta­ 
tions were detected in eleven additional patients: nine of 
which finally transforrned into sAML (nine of 63), while 
two patients did not evolve during the median follow-up 
of 19.6 months (two of 325) (Figure 2C). Although all sam­ 
ples of this cohort were studied at diagnosis, these nine 
patients carried cohesin and Ras co-occurring mutations at 
an advanced stage of the disease, indeed these were 
detected in sAML sampling or in patients who trans­ 
formed in a median time of 11 months from sampling. 

The discovery cohort included only patients who 
evolved to sAML, and therefore displayed a very poor 
outcome. This made it difficult to measure the impact of 
this co-occurrence in these patients. For that reason and 
also to further study the clinical consequences of this co­ 
occurrence on outcome, the effects on overall survival 
and progression-free survival in the validation cohort 
(median follow-up of 19.6 months) were analyzed. In our 
validation cohort, where 16.2% of patients evolved to 
sAML and 44.76% died (Online Supplementary Table S1), 
those patients harboring both the cohesin complex and 
Ras signaling mutations had significantly shorter overall 
survival (16 vs. 60 months, P=0.005) and significantly ear­ 
lier progression to sAML (10 vs. 15 months, P=0.005) 
(Figure 2D). Moreover, in order to study the contribution 
of the cohesin and Ras mutations alone to these effects, 
comparison of median overall survival of the double­ 
mutant and cohesin and Ras single mutant patients was 
performed and patients harboring double mutations 
showed shorter overall survival than patients with Ras or 
cohesin single mutations (16 vs. 25 vs. 37 months, respec­ 
tively, P=0.018, Online Supplementary Figure S4). 

 
Higher proportion of newly acquired or increasing 
mutations in chromatin modifiers in treated 
myelodysplastic syndrome patients 

As previously mentioned, 48% of the patients in the 
discovery cohort of this study were treated with 5-azacy­ 
tidine (AZA) (n=16) or lenalidomide (n=4), and pro­ 
gressed to sAML after therapy, whereas the other 52% 
received no treatment (only supportive care). Thus, we 
investigated whether the mechanisms of progression 
could be slightly different between patients who were 
treated with disease-modifying agents (AZA and 
lenalidomide) before transformation into sAML and non­ 
treated patients. 

In order to achieve this aim, the proportions of the dif­ 
ferent mutational dynamics were compared between 
treated and untreated patients. Thereby, the mutational 
dynamics featured a significantly higher proportion of 
newly acquired or increasing mutations in chromatin 
modifiers at the time of sAML in treated patients (eight of 
15 mutations), while in untreated patients the majority of 
mutations were stable (53% [eight of 15] vs. 19% [four of 
21], P=0.031). By contrast, and with respect to the treat­ 
ment, no differences were detected in the dynamics of 
the cohesin complex (50% [three of six] of newly 
acquired or increasing mutations in treated patients vs. 
50% [three of six] in untreated, P=l.00) or Ras pathway 
mutations (91% [ten of 11] in treated vs. 76% [13 of 17] 
in untreated patients, P=0.3299) (Online Supplementary 
Figure S5). Thus, our study suggests that mutations in 
chromatin-modifier genes could be related to the evolu­ 
tion of patients who receive disease-modifying treatment 
before progression to sAML. 
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Discussion 

 
Our study characterizes the landscape of mutations 

during progression toward sAML and how mutations, 
alone or in combination, contribute to leukemic transfar­ 
mation, based on the analysis of a large number of serial 
samples from patients who progressed to sAML. 
Moreover, the comparison of a control and a validation 
cohort supports the identification of mechanisms mostly 
related to evolution to sAML. 

Previous studies have documented the clona! evolution 
and greater clona! heterogeneity during cancer develop­ 
ment and, specifically, as MDS evolves to advanced 
stages and transfarms into sAML,8•

9
•1'-16•2º and according 

to this fact, the study demonstrates that MDS patients, 
irrespective of their diagnostic subtype, gain more muta­ 
tions and a higher VAF during disease progression. 
Therefare, these results are evidence that progression 
toward sAML is associated with pronounced genomic 
instability and a heavy mutational burden. 

The mechanisms of disease evolution showed a great 
heterogeneity.1'·

17 However, this study identified faur dis­ 
tinct types of mutational dynamics and their roles during 
sAML progression. It is of particular note that this study 
shows a higher incidence of mutations in the cohesin 
complex and Ras si naling genes than in previously pub­ 
lished MDS series, ·9

•
21

•
22 probably because this cohort 

consisted only of patients who progressed to sAML. 
Moreover, increasing mutations (type 1) were mainly 
faund in genes of this pathway, such as STAG2, most of 
which were loss of function mutations. Previous studies 
of cohesin mutations had already shown that these muta­ 
tions could be related to sAML progression, 15 21 22 but the 
dynamics observed in this study confirm that mutations 
of cohesin complex genes could be an early event in 
sAML progression, and the loss of function of these genes 
could play an important role in the leukemic transfarma­ 
tion. Similarly, the dynamics of Ras signaling genes 
observed here, mainly newly acquired mutations (type 3), 
highlight the importance of this pathway in sAML pro­ 
gression. Earlier studies have described how alterations in 
Ras pathway genes, such as NRAS and FLT3, could drive 
the progression to sAM123·25 but these results confirm 
that they are late events that may drive leukemic transfar­ 
mation. Furthermore, this study reveals a significant co­ 
occurrence of mutations in these two pathways and, also, 
in the main genes of these pathways (STAG2 and NRAS"), 
excluding the FLT3-!TD mutations which could have a 
different behavior than other mutations in Ras pathway 
and they could be involved in an independent mechanism 
of sAML progression.26•27 Although Walter ,;¡ al.28 
described that NRAS and cohesin mutations tend to be 
mutually exclusive, this work included a low number of 
patients and, conversely, this co-occurrence was briefly 
described in another study with a higher number of 
patients.21 Thus, this study, dueto detecting in a cohort of 
sAML-progressing patients, demonstrates that this pro­ 
gressive combination of the cohesin complex, mainly 
STAG2, and Ras signaling mutations, mostly NRAS, could 
play an important role in the progression of MDS to 
sAML. In addition, the results from the validation cohort 
confirmed the impact of this co-occurrence on sAML pro­ 
gression not only in the discovery cohort, but also in the 
validation cohort. Therefare, these findings support a 
hypothesis of genetic "predisposition", that early muta- 

 
tions shape the future trajectories of clona! evolution 
from MDS to sAML. Therefare, a new model of genetic 
evolution could be suggested consisting of cohesin muta­ 
tions as an early event in the evolution of the disease that 
trigger to acquire new mutations, mainly Ras signaling 
mutations. Consequently, this clone expands, driving the 
disease evolution (Figure 3, model of clona! evolution 
using Fishplot R package).29 Recent studies have described 
that cohesins are involved in DNA damage repair, chro­ 
matin accessibility and transcription factor activity3°·32 
and our results show than cohesin-mutated patients dis­ 
played a higher number of mutations, thereby cohesins 
could cause an instability where new mutations are gen­ 
erated, mainly Ras mutations, leading the disease pro­ 
gression. These are not absolute rules and, unfartunately, 
this novel model does not fully explain the progression to 
sAML, but it could explain the evolution in 15-20% of ali 
sAML transfarmations. Moreover, cohesin mutations 
potentiate the subsequent acquisition of Ras mutations, 
so these mutations could be used to identify patients 
whose disease is progressing befare symptoms associated 
with progression to sAML are manifested. 

On the other hand, the mutations that were stable dur­ 
ing the evolution (type 4) were faund in splicing and 
DNA methylation genes. This is in line with the finding 
of sorne recent reports showing that variants affect these 
pathways in this steady-state pattern.16 Moreover, muta­ 
tions in DNA methylation and RNA splicing pathways 
are well known to have a heavier mutational burden than 
those in other?enes, suggesting an early event in MDS 
development.a, Considering these findings together, 
these results showed that mutations in these pathways, 
which have high VAF and are stable during the disease 
evolution, could be directly involved in MDS pathogene­ 
sis (driver role) but not in sAML progression (passenger 
role). The mutations whose VAF decreased during pro­ 
gression (type 2) were distributed randomly throughout 
ali the genes without showing a particular pattern. This 
could be the result of clone sweeping, a previously 
described event,15 that is specific to each patient rather 
than to a specific pattern of each gene or pathway. 

Furthermore, a mechanism that could be linked to the 
evolution of patients who receive disease-modifying 
treatment befare progression to sAML was detected. 
Severa! studies have described the mutational dynamics 
in treated MDS patients and have demonstrated that ther­ 
apy alters clona! distribution, but the predictive impact of 
the dynamics is still unclear.33-37 A significantly higher 
proportion of newly acquired or increasing mutations in 
chromatin modifiers at the time of sAML was identified 
in treated patients. Thus, these results suggest that muta­ 
tions in chromatin-modifier genes could be related to the 
evolution of treated patients. However, more studies 
with larger numbers of patients are required to validate 
this result. 

In summary, MDS progression to sAML is character­ 
ized by greater genomic instability, irrespective of the 
MDS subtypes at diagnosis, and there are faur types of 
mutational dynamics during the disease evolution, 
increasing and newly acquired mutations (type 1 and 
type 3, respectively) being of particular importance. 
Moreover, a co-occurrence of cohesin complex and Ras 
signaling mutations could play an important role in the 
15-20% of MDS patients who evolved to sAML. With regard to treatment, we faund that mutations in chro- 
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matin-modifier genes could be related to the evolution of 
MDS patients who received disease-modifying treatment 
befare progression to sAML. 
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Abstract 

Mutations in cohesin genes have been described as novel 
mutations occurring in 10-15% of myelodysplastic 
syndromes (MDS), suggesting that the cohesins plays an 
important role in the MDS pathogenesis. However, the 
clinical impact of cohesin mutations is still in discussion. 
We studied a cohort of 418 MDS patients and we aimed 
to elucidate the clinical characteristics of MDS patients 
harboring cohesin mutations (STAG1, STAG2, SMC1A, 
SMC3, RAD21 and CTCF) with respect to genetic profile, 
disease phenotype and outcome, as well as to assess the 
prognostic impact of integration of these mutations with 
risk factors already defined in MDS. The study identified 
cohesin mutations in 11.5% of cases, which likely result 
in loss-of-function. The most frequently mutated gene 
was STAG2 (n=34, 69% of all cohesin-mutated patients), 
followed by SMC3 (n=7), RAD21 (n=5), SMC1A (n=3) and 
CTCF (n=1). Strong significant co-occurrences between 
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cohesin and splicing mutations, mainly SRSF2, Ras 
pathway alterations and chromatin modifiers mutations 
were observed. Interestingly, patients harboring these 
mutations displayed a poor prognosis disease 
phenotype, with severe cytopenias and higher number 
of bone marrow blasts, and a worse clinical outcome, 
characterized by a shorter leukemia-free survival (1.3 vs. 
3.5 years, p<0.0001) and an earlier leukemic progression, 
mainly, in very low, low and intermediate-risk IPSS-R 
patients (multivariate analysis: HR 2.44, 95%CI 1.19-4.98; 
p=0.015). Furthermore, our study proved that cohesin 
mutations also have impact on the IPSS-R stratification 
of very low and low-risk patients. Thus, incorporation of 
mutational profiles into current IPSS-R classification may 
improve the prognostic stratification of MDS patients. 

 

1 ǀ  INTRODUCTION 
 

Myelodysplastic syndromes (MDS) are a 
heterogeneous group of clonal hematopoietic 
disorders characterized by peripheral blood 
(PB) cytopenia with dysplastic bone marrow 
(BM) morphology and an increased risk of 
progression to secondary acute myeloid 
leukemia (sAML)(1-4). Over the last several 
years, the use of high-throughput next 
generation sequencing has enabled great 
strides in the MDS molecular characterization 
identifying some of the mechanisms involved 
in their pathogenesis such as epigenetic 
regulation, splicing, transcription, and cohesin 
complex(5, 6). Moreover, it has also identified 
that approximately 90% of MDS patients have 
at least one mutation and that some of them 
are associated with distinct clinical features 
and can predict survival(5, 7, 8). However, due 
to their great genetic and clinical 
heterogeneity, the molecular data has not yet 
been included in the current prognostic 
classifications(2, 9, 10), except the status of 
SF3B1 mutation in the updated 2017 WHO 
classification, which clearly defines a distinct 
subgroup of MDS with ring sideroblasts(11). 

In recent years, mutations in the cohesin 
complex  have  been  described  as  novel 

mutations occurring in 10-15% of MDS 
patients, suggesting that the cohesin complex 
plays an relevant role in the MDS 
pathogenesis(12-14). Cohesin is a multimeric 
protein complex composed of 2 long 
structural maintenance proteins, SMC1A and 
SMC3, which heterodimerize at the hinge 
domain, forming a closed loop by binding at 
the α-klesin end to RAD21 and adapter 
proteins STAG1/STAG2(15-17). This complex is 
canonically known to align and stabilize sister 
chromatids during the metaphase regulating 
chromosome segregation during meiosis and 
mitosis(16, 18). Interestingly, more recent 
studies suggest that cohesin genes have 
additional functions such as double-strand 
DNA repair, chromatin accessibility and 
transcriptional activation, specifically in DNA- 
loop formation between enhancers and 
promoters bounded by CCCTC-binding factor 
(CTCF), contributing to self-renewal and 
leukemogenesis (19-23). 

However, given the molecular heterogeneity 
of MDS, the clinical impact of cohesin 
mutations is still undetermined and further 
investigation in large patient cohorts with 
detailed clinical information is required to 
define their relevance to clinical phenotype, 
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genetic background and clinical outcome. 
Therefore, we studied a large cohort of 418 
patients diagnosed with MDS and we aimed to 
elucidate the clinical characteristics of MDS 
patients harboring cohesin mutations with 
respect to genetic profile, disease phenotype 
and clinical outcome, as well as to assess the 
prognostic impact of integration of these 
mutations with the MDS risk factors (IPSS and 
IPSS-R). 

 
2 ǀ  MAT ERIALS AND METHODS 

 
2. 1  ǀ Pat ient s 

To study the mutational status of cohesin 
genes (STAG2, STAG1, SMC1A, SMC3, RAD21 
and CTCF), diagnostic BM or PB samples from 
418 patients with MDS from different Spanish 
institutions were included. Clinical parameters 
studied included age, gender, diagnosis, bone 
marrow morphology, blood counts, sAML 
progression and overall survival (OS). 
Conventional cytogenetic and FISH analyses 
were carried out in all samples, as previously 
described(24-26). Diagnoses were established 
according to the 2008 and 2017 World Health 
Organization criteria and detailed analysis of 
clinical parameters and cytogenetic findings 
was performed to facilitate risk stratification, 
according to the International Prognostic 
Scoring System (IPSS) and the revised IPSS 
(IPSS-R). The median follow-up of the cohort 
was 28.1 months (range, 1-187.4 months). 
During this follow-up 49% of patients died and 
29% evolved to secondary acute myeloid 
leukemia (sAML) (Supplementary Table S1). 

Written informed consent from all patients 
was obtained in accordance with the 
Declaration of Helsinki guidelines, and the 
studies were approved by the Local Ethics 
Committee (“Comité Ético de Investigación 
Clínica, Hospital Universitario de Salamanca”). 

2. 2  ǀ  Analysis  of  cohesi n 
mut at ions 

 
DNA isolation 

 

Genomic DNA (gDNA) was obtained from all 
samples from BM/PB fixed pelleted cells or 
mononuclear cells using a QIAamp DNA Mini 
Kit (Qiagen) according to the manufacturer’s 
standard protocol. The concentration of 
extracted DNA was determined using a Qubit® 
2.0 Fluorometer system (Life Techonologies, 
Carlsbad, CA, USA) and the adequate quality 
for the sequencing was tested using a 
TapeStation 4200 (Agilent Technologies, Santa 
Clara, CA, USA) and a nanodrop 
spectrophotometer (ND-1000, NanoDrop 
Technologies, Wilmington, DE, USA) by 
measuring the ratio of absorbance at 230/260 
and 280 nm (A230/280 and A260/280). 

Targeted-deep sequencing 
 

All gDNA samples underwent targeted-deep 
sequencing using an in-house custom capture- 
enrichment panel of 117 genes previously 
related to the pathogenesis of myeloid 
malignancies (Supplementary Table S2), 
according to a Nextera sequencing design 
using Illumina DesignStudio. Sequencing 
libraries were prepared according to the 
manufacturer´s instructions (Nextera Rapid 
Capture Enrichment, Illumina), using unique 
barcodes for each sample, multiplexed and 
sequenced on Illumina NextSeq 500 and 
MiSeq platforms. Sequencing data was 
analyzed by applying an in house informatics 
pipeline as previously described in our group 
(27). After this analysis, we performed a 
variant filtering and synonymous, noncoding 
variants and polymorphisms, present at a 
population frequency (MAF) ≥ 1% in 
dbSNP138, 1000G, EXAC, ESP6500 and our in- 
house databases, were excluded. Similarly, 
variants suspected of being sequencing errors 
after visual inspection with the IGV browser 
and  described  in  our  internal  artefacts 
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database were removed. The remaining 
variants were considered candidate somatic 
mutations based on the following criteria: (i) 
variants with ≥10 mutated reads; (ii) described 
in COSMIC and/or ClinVar as being cancer- 
associated and known hotspot mutations; and 
(iii) classified as deleterious and/or probably 
damaging by PolyPhen-2 and SIFT web-based 
platforms. 

The mean coverage of the sequencing was 
537X (p10-p90: 305-929) where 98.4% of 
target regions were captured at >100X. 

 
2. 3  ǀ  St at i st ical analyse s 

 
Baseline characteristics were described as 
frequencies for categorical variables and as 
the medians and ranges for quantitative 
variables. Comparisons of proportions 
between patient subsets were performed by 
χ2 test or Fisher´s exact test, as appropriate, 
while comparisons of quantitative values and 
ranks were performed by the Student t-test 
and by Mann-Whitney U test for means and 
medians of continuous variables, respectively. 
Binary logistic regressions were performed to 
predict disease phenotype based on 
mutational profile. 

The Kaplan-Meier method was used to analyze 
survival outcomes using the log-rank test to 
compare the curves of each group. For the 
analysis of OS, patients who were still alive 
were censored at the date of last observation 
and survival time was counted from diagnosis. 
Leukemia-free survival (LFS) was defined from 
the time of diagnosis until evolution to sAML 
or death from any cause, whichever came 
first. Evolution to sAML was also analyzed with 
time to leukemic progression (TTL), which was 
defined as the time from diagnosis to the time 
of evolution to sAML only. Univariate and 
multivariate Cox proportional hazard 
regression analysis was used to identify 
independent prognostic factors for OS, LFS 

and TTL. Significant covariates were 
dichotomized at their medians, and the 
resulting 2-group log-rank test differences 
were visualized using Kaplan-Meier methods 
and Cox models. Two-sided values of p<0.05 
were considered statistically significant. 
Analyses were performed with the statistical 
software package IBM SPSS Statistics 22.0 
(IBM Corp., Armonk, NY) and GraphPad Prism 
6.0 (GraphPad software, San Diego, CA). 

 

3 ǀ  RESULTS 
 

The main clinical characteristics of all enrolled 
patients are summarized in Supplementary 
Table S1. The median age at diagnosis was 
74.9 years (range 29.4-92.2), with 58.9% 
males. According to 2017 WHO classification, 
most of patients belonged to MDS with 
multilineage dysplasia with or without ring 
sideroblasts (MDS-RS-MLD and MDS-MLD, 
45.6%), followed by MDS with excess blasts 
type-2 (MDS-EB2, 16.3%), with excess blasts 
type-1 (MDS-EB1, 14.7%) and MDS with 
isolated del(5q) (10.1%). By IPSS-R 
classification, most patients had very low 
(26.8%) and low (44.4%) risk, 15.3% had 
intermediate risk while the remaining 13.6% 
had high-risk MDS (high and very high risk). 
Regarding cytogenetics, 84.5% of the series 
harbored normal karyotype or clonal 
alterations of very good or good risk. 

 
3. 1 ǀ Fre quency and di st ribut ion 
of cohesi n mut at ions 

 
Sequencing analysis of the global cohort 
identified 52 mutations in cohesin genes in 48 
patients (11.5%) (Supplementary Table S3). 
The most frequently mutated gene was STAG2 
(n=34, 69% of all cohesin-mutated patients), 
followed by SMC3 (n=7), RAD21 (n=5), SMC1A 
(n=3) and CTCF (n=1). Cohesin mutations were 
almost always mutually exclusive, although >1 
mutated gene was detected in 2 patients 
(Figure 1A and 1B). 

 
64 



Results – Chapter 2 
 

CTCF RAD21 
2% 10% SMC1A 

6% 

14% SMC 

69% 
STAG2 

C 

RAD21 
NM_006265 

631aa 

WAPL & PDS5B Interaction STAG1 Interaction Pro-rich 
STAG2 

NM_006603 
1231aa 

Poly-Ser 
SMC1A 

NM_006306 
1233aa 

STAG SCD 

ATP binding SMC hinge Coiled coil DA-box 

SMC3 
NM_005445 

1217aa CTCF 
NM_001191022 

ATP binding SMC hinge Coiled coil DA-box Zinc finger 

 
727aa 

 

MARTÍN-IZQUIERDO ET AL. 
 

 
Figure 1 

A 

 

pts B 
34 
7 
5 
3 3 
1 

 
 
 

 

normal karyotype  +8 ND del(20q) 11q23-MLL +C del(5q) inv(9) 
 

MDS-EB1 

 

MDS-EB2 

 

MDS-SLD 

 

MDS-MLD MDS-RS-MLD 

 

MDS del(5q) 

 
 
 
 
 
 
 
 
 
 
 

 
 

FIGURE 1: Genetic alterations of the cohesin complex in myelodysplastic syndromes. A) Landscape of 
mutations identified in a 418 MDS patients’ cohort. Cytogenetic alterations of cohesin-mutated patients are 
represented by color: grey, normal karyotype; pink, trisomy 8, green, deletion of 20q; yellow, 11q23- 
MLL rearrangement; purple, gain of C chromosome; red, deletion of 5q; navy blue, inversion of chromosome 9; 
and white, not determined. Also, WHO 2017 diagnosis are represented by color: pink, MDS-EB; sky blue, MDS- 
SLD; green, MDS- MLD; lilac, MDS-RS-MLD; light yellow, MDS del(5q); and white, not available. B) Distribution of 
mutations in cohesin family identified in 418 MDS patients. The most commonly mutated gene was STAG2, 
representing the 69% of all cohesin-mutated patients. C) Location and type of mutations in the cohesin genes 
(STAG2, SMC3, SMC1A, RAD21, STAG1 and CTCF) in 418 MDS patients. No mutations hotspots were identified. 
Different types of mutations are represented by color: red, missense mutations; green, nonsense mutations; and 
yellow, frameshift mutations. The amino acid changes are referred to using their three-letter abbreviations. 
Abbreviations: pts, patients; MDS-EB1, myelodysplastic syndromes with excess blasts type 1; MDS-EB2, 
myelodysplastic syndromes with excess blasts type 2; MDS-SLD, myelodysplastic syndromes with single lineage 
dysplasia; MDS-MLD, myelodysplastic syndromes with multilineage dysplasia; MDS-RS-MLD, myelodysplastic 
syndromes with ring sideroblasts and multilineage dysplasia; MDS del(5q), syndrome myelodysplastic with 
isolated del(5q); ND, not determined; NA, nota available. 

 
All cohesin mutations were heterozygous, 
except for mutations in STAG2 and SMC1A, 
due to these genes are located on 
chromosome X and result in the absence of 
expression of a wild-type allele. Of note, 
STAG2 mutations were more frequent in 
males (n=28, hemizygous) than females (n=8, 

heterozygous) while, in SMC1A, mutations in 1 
female (heterozygous) and in 2 males 
(hemizygous) were observed. Interestingly, no 
hotspot mutation was identified in any of the 
genes and most of them were loss-of-function 
type mutations (39 out of 52, 75%), including 
nonsense (n=22) and frameshift (n=17) 
mutations.  In  particular,  92%  of  STAG2 
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mutations were nonsense (n=20) or frameshift 
(n=13) and 80% of RAD21 mutations were 
loss-of-function type. On the other hand, 
missense mutations were more frequently 
found in SMC3, with only 2 out of 7 were 
frameshift (Figure 1C). 

 
3. 2 ǀ Mut at ional pr of i le of 
cohesi n mut at ed pat ient s 

 
In order to characterize the genetic 
background and profile of cohesin mutated 
patients, we compared the median number of 

mutations and mutational incidence of other 
MDS-related genes in patients harboring 
cohesin mutations (from now on referred to as 
“cohesin-MUT”) versus patients with no 
mutations in cohesin genes (from now on 
referred to as “cohesin-WT”). 

The cohesin-MUT patients presented a median 
of four mutations (p10-p90: 2-8), whereas the 
cohesin-WT patients had a median of two 
mutations (p10-p90: 0-4), showing a 
significantly higher number of mutations at 
cohesin-MUT patients (p<0.0001) (Figure 2A). In 

 

Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 2: Co-occurring somatic mutations in cohesin mutated patients. A) Differences in the number of 
mutations between cohesin-mutated patients (cohesin-MUT) and patients with no mutations in cohesin genes 
(cohesin-WT). These graphs show a statistically significant increase in the median of the number of mutations in 
cohesin mutated patients (2 vs. 4 mutations, p<0.0001). Individual as well as median values are depicted. B) 
Mutational frequencies and associations in the MDS cohort according to the presence of cohesin mutations. 
Significant p-values are annotated with asterisks. Cohesin-MUT patients showed higher mutation frequencies of 
SRSF2 (54.2% vs. 11.1%, p<0.0001), ASXL1 (20.8% vs. 6.8%, p=0.0031), RUNX1 (18.8% vs. 6.5%, p=0.0074) and 
EZH2 (12.5% vs. 3.8%, p=0.0185) genes. C) Co-occurrence of cohesin mutations and other MDS-related pathways 
and D) the co-occurrence of the most frequent cohesin gene STAG2 and other MDS-related genes in 418 MDS 
patients. Strong significant co-occurrences between cohesin and splicing mutations (p<0.0001), Ras pathway 
alterations (p=0.001) and chromatin modifiers (p=0.007) were detected in our MDS cohort. In this sense, strong 
significant co-occurrences between STAG2 and SRSF2 and ASXL1 were also detected (p<0.0001, both). 
Abbreviations: ****, p<0.0001; **, p<0.01. 
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addition, cohesin-MUT patients showed higher 
mutation frequencies of SRSF2 (p<0.0001), 
ASXL1 (p=0.0031), RUNX1 (p=0.0074) and 
EZH2 (p=0.0185) genes (Figure 2B). 

 
Furthermore, with this same aim, gene 
mutations were analyzed for co-occurrence 
regarding individual genes and the functional 
pathways they are implicated in. Interestingly, 

a strong significant co-occurrence was 
observed between mutations in cohesin and in 
splicing genes (p<0.0001), Ras pathway 
alterations (p=0.001) and chromatin modifiers 
(p=0.007) (Figure 2C). In this sense, a robust 
significant co-occurrence was found between 
mutations in STAG2 and SRSF2 splicing gene 
(p<0.0001), as well as with ASXL1 chromatin 
modifier (p<0.0001) (Figure 2D). 

 
Figure 3 

A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 3: Disease phenotype of patients with cohesin family gene mutations. A) Frequency of cohesin gene 
mutations within each category of the WHO 2017 classification. A higher frequency of cohesin mutations was 
found in excess blasts subtypes (p=0.004), where somatic alterations were detected in 25.5% of MDS-EB1 and 
18.0% of MDS-EB2. B) Frequency of cohesin family gene mutations within each category of the IPSS-R. Cohesin- 

MUT patients were more likely to be associated with intermediate and high-risk IPSS-R categories (p=0.001), where 
mutations were detected in 20.8% of intermediate-risk and 18.5% of high-risk IPSS-R patients. C) Clinical and 
biological characteristics of patients with mutations in the cohesin genes within the entire cohort (n=418). This 
graph shows the comparison of the proportions of cohesin-WT versus cohesin-MUT patients regarding gender, age, 
cytogenetic risk, presence of trisomy 8, hemoglobin levels, platelets and neutrophils cell counts, blasts in bone 
marrow, need for disease-modifying treatment, AML progression and vital status. For the establish of the 
cytogenetic, hemoglobin, platelets, neutrophils and blast categories, the scores of IPSS-R calculation were used. 
The statistically significant proportions are represented in bold (gender, p=0.006; cytogenetic risk, p=0.001; 
trisomy 8, p<0.0001; platelets, p=0.009; neutrophils, p=0.0008; blasts, p=0.0014; need for disease-modifying 
treatment, p=0.049; and AML progression, p<0.0001). 
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3. 3 ǀ Disease phenot ype of 
pat ient s   har bor ing   cohesin 
mut at ions 

 
We analyzed the clinical and biological 
characteristics of patients with mutations in 
the cohesin genes within the entire cohort (n 
= 418) (Table 1). Regarding WHO 2017 
classification, a higher frequency of cohesin 
mutations was found in excess of blasts 
subtypes (p=0.004), where somatic alterations 
were detected in 25.5% of MDS-EB1 and 
18.0% of MDS-EB2 (Figure 3A). In addition, 
cohesin-MUT patients were more likely to be 
associated with intermediate and high-risk 
IPSS-R categories (p=0.001) (Figure 3B). 
Normal cytogenetics was present in 52% of 
cohesin-MUT patients, a proportion comparable 
to cohesin-WT patients. However, among 
patients with an abnormal cytogenetics, 
cohesin mutations were associated with 
intermediate risk alterations (cytogenetic-risk 
score 2, p=0.001), especially with the presence 
of trisomy 8 (22% cohesin-MUT vs. 3% cohesin- 
WT), showing a significant co-occurrence of 
these two events (p<0.0001) (Figure 3C). 

Additionally, cohesin-MUT patients showed a 
higher incidence of traditional poor prognostic 
markers, such as lower platelets, absolute 
neutrophils and white blood cells counts in PB 
(p=0.009,   p=0.0008   and   p=0.016, 
respectively), and a higher number of BM 
blasts (4% vs. 1.4%, p=0.0014) 
(Supplementary Figure S1). Moreover, a 
higher proportion of patients displaying 
cohesin gene mutations received disease- 
modifying treatment (54% vs. 38%, p=0.049) 
and showed a higher rate of progression to 
sAML (55% vs. 25%, p<0.0001) (Figure 3C) 
(Table 1). 

 

Taking into account that SRSF2 mutations 
were found to be strongly enriched in cohesin- 
MUT patients, all aforementioned clinical 
characteristics (blasts, hemoglobin, platelets, 

neutrophils, cytogenetics, AML progression 
and status) were assessed by a logistic 
regression in order to identify if any of them 
could be directly associated with the co- 
occurrence of SRSF2 and cohesin mutations. 
Thereby, this co-occurrence was associated 
solely with AML progression (p=0.017; odds 
ratio [OR] 6.8, 95% confidence interval [CI] 
1.4-32.6) (Supplementary Table S4). 

 
3. 4  ǀ  Cl inical out come of MDS 
pat ient s   har bor ing   cohesin 
mut at ions 

 
Median follow-up time for all patients was 
28.1 months (range, 1-187.4 months). First, 
we analyzed the impact on clinical outcome in 
the entire cohort considering all cohesin gene 
mutations as a whole. In this sense, cohesin- 
MUT patients showed a trend towards shorter 
OS (median: 3.1 vs. 5.2 years; Hazard ratio 
[HR] 1.5, 95% CI 1.0-2.3, p=0.069), a 
significantly shorter LFS (median: 1.3 vs. 3.5 
years; HR 2.1, 95% CI 1.4-3.1, p<0.0001) and a 
shorter TTL (median: 1.4 vs. 8.3 years; HR 3.3, 
95% CI 2.0-5.5, p<0.0001) (Figure 4A). Next, 
we evaluated the prognostic impact of each 
cohesin gene separately in the global cohort. 
Due to these analyses were limited by the 
small number of mutated patients per gene, it 
was only performed for STAG2 and SMC3, 
which were mutated in more than five 
patients. Kaplan-Meier curve analysis showed 
that STAG2 had a negative influence on both 
OS (p=0.022), LFS (p<0.0001) and TTL 
(p<0.0001), whereas SMC3 had no influence 
on neither OS (p=0.574) nor LFS (p=0.919), 
although a trend on TTL was observed 
(p=0.072) (Supplementary Figure S2). 

Furthermore, we studied the prognostic 
impact of the co-occurrence of cohesin 
mutations and SRSF2 mutations on OS, LFS 
and TTL. Therefore, we considered the 
following subgroups of patients: (i) cohesin- 
SRSF2 double mutated patients (double 
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TABLE 1: Clinical and biological characteristics of cohesin-MUT vs. cohesin-WT patients 

Variables Cohesin-MUT
 

(n = 48) 
Cohesin-WT 

(n= 370) 
 

p-value 
 

Age at diagnosis, median (range, years) 73 (34-88) 75 (29-92) 0.757 
Gender, n (%)   0.006 

Male 37 (77.1%) 209 (56.5%)  

Female 11 (22.9%) 161 (43.5%)  

WHO 2017 Classification at diagnosis, n (%)   0.004 
MDS-SLD 1 (2.3%) 17 (5.1%)  

MDS-MLD 10 (22.7%) 93 (28.1%)  

MDS-RS-SLD 0 21 (6.3%)  

MDS-RS-MLD 7 (15.9%) 61 (18.4%)  

MDS-EB1 14 (31.8%) 41 (12.4%)  

MDS-EB2 11 (25.0%) 50 (15.1%)  

MDS with isolated del(5q) 1 (2.3%) 37 (11.2%)  

MDS unclassifiable 0 11 (3.3%)  

IPSS stratification, n (%)   <0.0001 
Low 6 (15.0%) 164 (50.5%)  

Intermediate 1 25 (62.5%) 103 (31.7%)  

Intermediate 2 7 (17.5%) 44 (13.5%)  

High 2 (5.0%) 14 (4.3%)  

IPSS-R stratification, n (%)   0.001 
Very low 3 (8.3%) 90 (28.9%)  

Low 14 (38.9%) 140 (45.0%)  

Intermediate 11 (30.6%) 42 (13.5%)  

High 5 (13.9%) 22 (7.1%)  

Very high 3 (8.3%) 17 (5.5%)  

Cytogenetic risk, n (%)   0.001 
Very good 1 (2.4%) 15 (4.4%)  

Good 28 (68.3%) 277 (81.7%)  

Intermediate 11 (26.8%) 24 (7.1%)  

Poor 1 (2.4%) 11 (3.2%)  

Very poor 0 12 (3.5%)  

Blood count at diagnosis    

Hemoglobin level, g/dL, median (range) 9.7 (5.5-14.8) 9.9 (3.8-15.4) 0.686 
Platelet count, x109/L, median (range) 100.5 (2.0-314.0) 161.0 (4-1067) 0.009 

ANC, x109/L, median (range) 1.2 (0.1-56.0) 2.0 (0.1-11.8) 0.0008 
WBC, x109/L, median (range) 3.6 (1.6-8.4) 4.1 (1.2-16.0) 0.016 

Bone marrow study at diagnosis    

% blasts, median (range) 4.0 (0.0-19.0) 1.4 (0.0-19.9) 0.0014 
% ring sideroblasts, median (range) 0.0 (0.0-48.0) 0.0 (0.0-100.0) 0.583 

Disease-modifying treatment, yes, n (%) 23 (53.5%) 127 (37.9%) 0.049 
sAML progression, yes, n (%) 21 (55.3%) 65 (24.9%) <0.0001 
Status, deceased, n (%) 26 (54.2%) 172 (47.9%) 0.415 

Note. Significant values are shown in bold. Percentage are based on the number of non-missing values. 
Abbreviations: MDS-SLD, syndrome myelodysplastic with single lineage dysplasia; MDS-RS-SLD, syndrome 
myelodysplastic with ring sideroblasts and single lineage dysplasia; MDS-MLD, syndrome myelodysplastic with 
multi-lineage dysplasia; MDS-RS-MLD, syndrome myelodysplastic with ring sideroblasts and multi-lineage 
dysplasia; MDS-EB1, myelodysplastic syndrome with excess blasts type-1; MDS-EB2, myelodysplastic syndrome 
with excess blasts type-2; IPSS, International Prognostic Scoring System; IPSS-R, International Prognostic Scoring 
System Revised; WBC, white blood cell; ANC, absolute neutrophil count; sAML, secondary acute myeloid 
leukemia. 
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mutants); (ii) SRSF2 single mutated patients 
(SRSF2-MUT); (iii) cohesin single mutated 
patients (cohesin-MUT); and (iv) cohesin-SRSF2 
wild-type (cohesin-WT + SRSF2-WT). Kaplan- 
Meier survival analysis showed that the 
median OS of the double mutants was shorter 
than SRSF2-MUT, cohesin-MUT and cohesin-WT + 
SRSF2-WT patients (18.3 vs. 45.1 vs. 40.1 vs. 
64.6 months, respectively, p=0.031) 
(Supplementary Figure S3). Moreover, the LFS 
as well as the TTL of the double mutants was 
shorter than SRSF2-MUT and cohesin-WT + SRSF2- 
WT patients, but similar to cohesin-MUT patients 
(median LFS: 13.8 vs. 27.4 vs. 45.4 vs. 17.7 
months, respectively, p<0.0001; median TTL: 
14.5 vs. 56.6 vs. 99.6 vs. 18.6 months, 
p<0.0001) (Figure 4B). 

To further study the prognostic value of 
cohesin mutations, OS, LFS and TTL analyses 
were carried out for each IPSS-R group, 
separately. Interestingly, IPSS-R very 
low/low/intermediate-risk patients harboring 
cohesin mutations displayed a significant 
worse outcome, showing a shorter LFS 
(median: 24.7 vs. 53.8 months, p=0.017) 
(Supplementary Figure S4) and an earlier 
sAML progression than cohesin-WT patients 
(median TTL: 24.7 vs. 107.7 months, p<0.0001) 
(Figure 4C). However, no significant 
differences in OS were observed (p=0.218) 
(Supplementary Figure S4). Within this subset 
of patients, additional univariate and 
multivariate Cox regression analyses were 
performed on TTL, by assessing the presence 
of cohesin mutations and the IPSS-R 
prognostic variables BM blasts, hemoglobin, 
platelets, neutrophils and cytogenetic. 
Thereby, we identified that cohesin 
mutations, together with BM blasts, were 
significantly associated with a shorter time to 
sAML progression (HR 2.44, 95% CI 1.19-4.98; 
p=0.015) (Figure 4D). 

Finally, in view of these results, we further 
assessed the prognostic value of the cohesin 

mutations on the IPSS-R stratification. Due to 
limited number of cohesin-MUT patients in the 
very low-risk and in the very high-risk groups, 
the very low and low-risk patients were 
considered as one category, as well as the very 
high and high-risk patients. Of note, the 
presence of these mutations stratified very 
low/low-risk IPSS-R patients into two groups 
with completely distinct outcome regarding 
OS, LFS and TTL (p<0.0001, both). In fact, very 
low/low-risk patients who harbored cohesin 
mutations displayed shorter OS, LFS and TTL 
than cohesin-WT patients, but a nearly identical 
outcome to that of those of the next higher 
IPSS-R risk category, intermediate-risk (Figure 
5A). In contrast, cohesin mutations had no 
impact on intermediate-risk patients when 
compared to those of high/very high-risk 
(Figure 5B). Similarly, we investigated the 
impact of cohesin mutations on clinical 
outcomes in MDS patients according to the 
presence of excess of blasts by WHO 
classification, MDS-EB versus the remaining 
categories, except MDS unclassifiable which 
were excluded from the analyses. It is 
noteworthy that, in the cohort of patients 
without excess of blasts (MDS-no-EB), cohesin 
mutations stratified these patients in two 
different groups regarding OS, LFS and TTL 
(p=0.003,   p<0.0001   and   p<0.0001, 
respectively); cohesin-MUT patients had shorter 
OS, LFS and TTL than cohesin-WT, but 
comparable to those with excess of blasts 
(Supplementary Figure S5). 

 
4 ǀ  DISCUSSION 

 
Herein, we have analyzed a well-characterized 
cohort of 418 patients with MDS 
demonstrating that the presence of cohesin 
mutations defined a subset of patients 
displaying a specific mutational profile and a 
poor prognosis disease phenotype. Moreover, 
we have proved that cohesin mutations had a 
negative impact on OS, LFS and TTL in MDS 
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Figure 4 

 

 
 

 Variables Time to leukemic progression  
 Univariate   Multivariate  

p-value  HR 95% CI p-value 
Cohesin Mutations < 0.0001*  2.44 1.19-4.98 0.015* 
Hemoglobin 0.859  - - - 
Platelet count 0.282  - - - 
Neutrophil count 
Blasts in bone marrow 

0.124 
< 0.0001* 

 - 
2.45 

- 
1.78-3.38 

- 
< 0.001* 

Cytogenetics 0.205  - - - 
 
 
 
 
 

FIGURE 4: Prognostic impact of the cohesin mutations on overall survival (OS), leukemia-free survival (LFS) 
and time to leukemic progression (TTL). A) Kaplan-Meier curves for OS, LFS and TTL in MDS patients according 
to the presence/absence of cohesin gene mutation. Cohesin-MUT patients showed a trend towards shorter OS 
(median: 3.1 vs. 5.2 years; Hazard ratio [HR] 1.5, 95% CI 1.0-2.3, p=0.069), a significantly shorter LFS (median: 1.3 
vs. 3.5 years; HR 2.1, 95% CI 1.4-3.1, p<0.0001) and a shorter TTL (median: 1.4 vs. 8.3 years; HR 3.3, 95% CI 2.0- 
5.5, p<0.0001). B) Kaplan-Meier curves for LFS and TTL in the entire MDS cohort according to the presence of: 
cohesin-SRSF2 double mutations, SRSF2 single mutations (SRSF2-MUT), cohesin single mutations (cohesin-MUT), 
and cohesin-SRSF2 wild type (cohesin-WT + SRSF2-WT). Double mutants showed a shorter LFS and a shorter TTL 
than SRSF2-MUT patients, but similar to cohesin-MUT patients (median LFS: 13.8 vs. 27.4 vs. 17.7 months, 
respectively, p<0.0001; median TTL: 14.5 vs. 56.6 vs. 18.6 months, p<0.0001). C) Kaplan-Meier curves for TTL in 
very low/low/intermediate-risk IPSS-R patients according to the presence/absence of cohesin gene mutations. 
IPSS-R very low/low/intermediate-risk patients harboring cohesin mutations displayed a significant earlier 
progression to sAML than cohesin-WT patients (median: 24.7 vs. 107.7 months, p<0.0001). D) Univariate and 
multivariate analysis (Cox regression) for the TTL in very low/low/intermediate-risk IPSS-R patients. 
Hemoglobin, platelets, neutrophils, blasts in bone marrow and cytogenetics were included as categorical variable 
using the already established IPSS-R thresholds for these prognostic variables. *p-value <0.05 was considered 
significant and HR>1 or <1 indicate an increased or decreased risk, respectively, of an event for the first category 
listed. Cohesin mutations were the sole factor significantly associated with an earlier progression to sAML (HR 
2.44, 95% CI 1.19-4.98; p=0.015), together with BM blasts. 
Abbreviations: OS, overall survival; LFS, leukemic free survival, LFS; HR, hazard ratio; CI, confidence interval; n.s, 
not significant. 
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patients, mainly, in very low, low and 
intermediate-risk IPSS-R patients. 

Previous studies have reported that cohesin 
mutations occur in 10-15% of MDS patients, 
reaching to 20% of high-risk MDS or sAML 
patients, being most of these mutations 
nonsense and frameshift types (12-14, 28). 
According to this fact, we have demonstrated 
that somatic mutations in the cohesin genes 
occurred in 11.9% of MDS patients, being 
STAG2 the most frequently mutated gene, 
that no mutation hotspot was identified, and 
most mutations were loss-of-function type. 
Therefore, these results evidenced that the 
loss of function of cohesin complex is a 
common event in MDS patients, as occurred in 
other myeloid neoplasms, such as AML. 

Additionally, this study has expanded the 
current knowledge of the mutational profile of 
cohesin-MUT MDS patients. We have identified 
that cohesin-MUT patients showed a 
significantly higher number of mutations and 
higher mutation frequencies in other 
additional genes such as SRSF2, ASXL1, 
RUNX1, EZH2 and NRAS, usually associated 
with worse outcome(5-7). Furthermore, we 
found a strong significant co-occurrence 
between cohesin and splicing mutations, 
specifically SRSF2, Ras pathway alterations 
and chromatin modifiers mutations. Previous 
studies have described some associations 
between cohesin and other pathways, such as 
RNA splicing and chromatin regulation, and 
genes, like SRSF2, RUNX1 and ASXL1, in 
myeloid malignancies (8, 12, 29, 30), but our 

 

Figure 5 
A 

 

B 
 

 
FIGURE 5: Overall survival, leukemia-free survival and time to sAML progression according to the IPSS-R risk 
categories and cohesin mutational status. A) Kaplan-Meier curves for overall survival (OS), leukemic free 
survival (LFS) and time to sAML progression (TTL) in very low/low-risk MDS patients according to the presence 
or absence of cohesin mutations, versus all intermediate-risk patients and B) in intermediate-risk MDS patients 
according to the cohesin mutational status versus, all high/very high-risk patients. The presence of cohesin 
mutations stratified very low/low-risk IPSS-R patients into two groups with completely distinct outcome, 
displaying very low/low-risk patients who harbored cohesin mutations a shorter OS (p<0.0001), LFS (p<0.0001) 
and TTL (p<0.0001) than cohesin-WT patients, but a nearly identical outcome to that of those of the next higher 
IPSS-R risk category, intermediate-risk. In contrast, cohesin mutations had no impact on intermediate-risk patients 
when compared to those of high/very high-risk. 
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results confirm these events in a cohort of 
specifically MDS patients. Todisco et al. (30) 
have also reported that the co-occurrence 
between STAG2 and SRSF2 is associated with 
blast phenotype and, in this line, we have 
demonstrated that this combination is clearly 
impacting on the clinical outcome of SRSF2 
mutated patients, with double mutants 
displaying a shorter OS, LFS and TTL than 
SRSF2 single mutated patients. 

Moreover, we have identified that the 
presence of cohesin mutations defined a 
subset of MDS patients showing a disease 
phenotype of poor prognosis, characterized 
by lower platelet, absolute neutrophil and 
white blood counts in PB, a higher number of 
blasts in BM and a higher rate of progression 
to sAML. Similar to other studies(12, 13, 30), 
cohesin-MUT MDS patients were more likely to 
be associated with the diagnostic subtypes of 
excess of blasts, according to WHO 2017, and 
intermediate and high-risk IPSS-R categories. 

The canonical function of cohesin complex is 
the stabilization of sister chromatids during 
the metaphase(16, 18). However, recent 
studies have described that cohesin genes in 
myeloid malignancies are involved in 
additional functions such as double-strand 
DNA repair, chromatin accessibility and 
transcriptional activation, contributing to self- 
renewal and leukemogenesis (17, 20, 21). In 
agreement with this, the majority of patients 
showing mutations in cohesin genes in our 
cohort displayed a normal karyotype, 
supporting that cohesin genes are not 
involved in destabilization of chromosomal 
integrity in MDS, but rather alternative 
mechanisms such as transcriptional control 
and DNA repair. Interestingly, among patients 
with an abnormal karyotype, cohesin 
mutations were associated with trisomy 8 (12, 
31). However, due to the small number of 
patients with this combination, analyses of 
clinical impact were limited and larger studies 

are required to study this co-occurrence in 
deep. 

To our knowledge, there have been few 
studies integrating cohesin mutations data 
into IPSS-R and studying the effect of cohesin 
mutations and their co-occurrence with other 
mutations on the clinical outcome of MDS 
patients (12, 28, 30, 32). In this work, we 
comprehensively analyzed the impact of 
cohesin mutations on OS, LFS and TTL not only 
in the entire MDS cohort, but also in SRSF2- 
mutated patients’ subgroup, demonstrating 
that cohesin mutated patients had a shorter 
overall survival and an earlier progression to 
sAML. Likewise, we further studied the 
negative impact of these mutations on OS, LFS 
and TTL for each IPSS-R group and we 
confirmed this outcome specially on time to 
leukemic progression in very low, low and 
intermediate-risk patients, where cohesin 
mutations were associated in the multivariate 
analysis with an earlier progression to sAML, 
together with BM blasts, the morphology- 
based metrics that defines sAML. 
Furthermore, we assessed the impact of these 
mutations on the IPSS-R stratification and we 
have proved that the presence of cohesin 
mutations could stratify the IPSS-R very 
low/low-risk patients into two groups with 
distinct outcome, being the OS, LFS and TTL of 
very low/low-risk patients who harbored 
cohesin mutations similar to the next higher 
IPSS-R risk category, namely intermediate-risk 
patients. However, this study could not 
identify this same negative impact in very high 
and high-risk patients, probably because other 
poor prognosis clinical characteristics mask 
the effect of cohesin mutations. 

In summary, cohesin mutations, which likely 
result in loss of function, are recurrent genetic 
anomalies in MDS patients. Patients harboring 
these mutations display a specific mutational 
profile, a poor prognosis disease phenotype 
and a worse clinical outcome, characterized by 
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a higher rate of AML evolution and an earlier 
progression to sAML. These mutations also 
have impact on the IPSS-R stratification of very 
low and low-risk patients. Thus, as this study 
has demonstrated, mutational data could be 
useful in the monitoring of patients and the 
prediction of disease evolution and the 
incorporation of mutational profiles into 
current IPSS-R classification may improve the 
prognostic stratification of MDS patients. 
Consequently, an integrative study of 
mutations, alone or in combination, and 
clinical characteristics in a large series of MDS 
patients is necessary to define a new system 
of prognostic classification, the molecular 
IPSS-R. 
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Mutations in genes of RAS signaling pathway have been described in 5-10% of myelodysplastic 
syndromes (MDS) patients and their activation plays an important role in the MDS 
pathogenesis. Nevertheless, the clinical impact of RAS-pathway mutations is controverted. 
We used NGS to characterize the RAS-pathway mutations (NRAS, KRAS, HRAS, FLT3, KIT, CBL, 
EGFR, NF1, PTPN11, PTPN1, BRAF and G3BP1) in 418 MDS patients and we analyzed 
correlations between these mutations and the clinical characteristics of MDS patients with 
respect to genetic profile, disease phenotype and clinical outcome in order to assess the 
prognostic impact of these mutations. The study identified RAS-pathway mutations in 11.2% 
of MDS patients, being the most commonly mutated gene NRAS (n=15), followed by NF1 
(n=11), KRAS and CBL (n=6), and most of them were subclonal events. Interestingly, patients 
harboring RAS-pathway mutations displayed a specific mutational profile, characterized by 
the co-occurrence between RAS and cohesin mutations, and a poor prognosis phenotype, with 
presence of cytopenias and excess of blasts and a higher rate of death, despite disease- 
modifying treatment. Moreover, patients with RAS-pathway mutations showed a worse 
clinical outcome, characterized by a shorter LFS and TTL and, above all, RAS-pathway 
mutations were significantly associated in both the univariate and multivariate analysis with 
a shorter OS in the entire MDS cohort (HR 1.71, 95% CI 1.04-2.81; p=0.033) and in IPSS-R very 
low/low-risk patients (HR 1.86, 95% CI 1.01-3.43, p=0.045). Therefore, the incorporation of 
mutational data into current classifications may improve the prognostic stratification of MDS 
patients. 
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1. Introduction 

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic 
neoplasms characterized by ineffective hematopoiesis, bone marrow (BM) dysplasia in at least 
one myeloid lineage, peripheral blood (PB) cytopenia and a high risk of progression to secondary 
acute myeloid leukemia (sAML) (1-5). Over the last decade, our knowledge about the MDS 
mutational landscape has been continuously improved due to the implementation of next 
generation sequencing (NGS) methodologies. In fact, 78 to 90% of MDS patients carry at least 
one genomic abnormality and mutations were detected in several functional pathways: RNA 
splicing, epigenetic regulation, transcription, cohesin and signal transduction, the later one 
mainly represented by RAS signaling activating mutations (6-9). In addition, some of these 
mutations has been associated with distinct clinical features and shown to be of prognostic value 
(6, 10-18). Altogether has expanded our understanding of the MDS pathogenesis. Nevertheless, 
lack of clinical validation has restrained the diagnostic and prognostic categorization of patients 
regarding sequencing data. 

In recent years, mutations in RAS oncogenes (NRAS, KRAS and HRAS genes) have been 
commonly found in a diverse range of human hematological malignancies, including 
myelofibrosis, chronic myelomonocytic leukemia (CMML), acute myeloid leukemia (AML) and 
MDS (19-23). These mutations has been described to lead to increased signaling through the 
RAS/RAF/MEK and RAS/PI3K pathways, which has been associated with increased proliferation 
of hematopoietic progenitor cells (24, 25). Besides direct activating mutations in RAS oncogenes, 
RAS-dependent signaling can be increased in response to mutations in other genes that are 
upstream or downstream of RAS in the signaling cascade (mutations in FLT3, KIT, CBL, EGFR and 
mutations in BRAF, respectively) or due to mutations in genes that are involved in RAS signaling 
regulation (mutations in NF1, PTPN11, PTPN1) (26, 27). In the case of MDS, RAS-pathway 
mutations have been reported in 5-10% of cases, being NRAS the most frequently mutated gene, 
and patients harboring these mutations were most frequently diagnosed with MDS with excess 
of blasts and belonging to high-risk IPSS-R categories (28-30). The prognostic impact of RAS- 
pathway mutations has been extensively studied in patients with myeloproliferative neoplasms 
and AML, but limited information is available regarding the prognosis of MDS patients with these 
mutations. Moreover, their clinical impact is controverted because some studies have described 
that RAS-pathway mutations do not appear to be correlated with poor prognosis (30, 31), while 
other recent works have described that they may promote cell proliferation and be associated 
with a high-risk of sAML progression and worse prognosis (32-34). 

Hence, the prognostic impact of RAS-pathway mutations is still undefined and further 
investigation using large patient cohorts with detailed clinical information and data from deep 
sequencing studies is required to define the relevance of these mutations to disease phenotype 
and prognostic impact. With this aim, in the present work we studied a cohort of 418 patients 
diagnosed with MDS and we searched correlations between RAS-pathway mutations and the 
clinical characteristics of MDS patients with respect to genetic profile, disease phenotype and 
clinical outcome in order to assess the prognostic impact of these mutations. 
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2. Materials and Methods 
2.1 Patients 

Diagnostic BM or PB samples of 418 patients diagnosed with MDS from different Spanish 
institutions were analyzed at the time of diagnosis. Written informed consent from all patients 
was obtained in accordance with the Declaration of Helsinki guidelines and the studies were 
approved by the Local Ethics Committee (“Comité Ético de Investigación Clínica, Hospital 
Universitario de Salamanca”). 

In all 418 cases detailed clinical data, including age, gender, diagnosis, BM morphology, 
blood counts, time to sAML progression and overall survival (OS), was collected. Additionally, 
conventional cytogenetic and FISH analyses were performed in all samples, as previously 
described (35, 36). Diagnoses were established according to the 2008 and 2017 World Health 
Organization (WHO) criteria (5, 37). Regarding risk stratification, patients were classified 
according to the International Prognostic Scoring System (IPSS) and the revised IPSS (IPSS-R) (38, 
39). The median follow-up of the cohort was 28.1 months (range, 1-187.4 months). During this 
follow-up 49% of patients died and 29% evolved to sAML (Supplementary Table S1). 

2.2 Analysis of RAS-pathway mutations 

Genomic DNA from PB and BM samples were extracted using a QIAamp DNA Mini Kit 
(Qiagen) according to the manufacturer’s standard protocol and quantity and quality for 
sequencing was tested by a Qubit® 2.0 Fluorometer system (Life Techonologies, Carlsbad, CA, 
USA), a nanodrop spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE, USA) 
and a TapeStation 4200 (Agilent Technologies, Santa Clara, CA, USA). 

In all samples, targeted-deep sequencing was performed by a capture-enrichment 
approach using an in-house custom panel of 117 genes previously related to myeloid 
malignancies (Supplementary Table S2). Sequencing libraries were carried out according to the 
manufacturer’s instructions (Nextera Rapid Capture Enrichment, Illumina) and were sequenced 
on Illumina NextSeq 500 and MiSeq platforms. Sequencing data was analyzed by applying an in 
house informatics pipeline and a subsequent stringent variant filtering as previously described 
by our group (40). The mean coverage of the sequencing was 540X (p10-p90: 305-929), where 
98.8% of target regions were captured at >100X. 

In this study we specifically focused on the study of the mutational status of Ras signaling 
pathway. Because of their functional significance, RAS-pathway mutations were considered as 
somatic mutations in the following genes included in the panel: NRAS, KRAS, HRAS, FLT3, KIT, 
CBL, EGFR, NF1, PTPN11, PTPN1, BRAF and G3BP1. 

2.3 Statistical analyses 

Baseline characteristics were described as frequencies for categorical variables and as 
medians and ranges for quantitative variables. χ2 test or Fisher´s exact tests were used to 
compare categorical variables, while Student t and Mann-Whitney U tests were performed to 
compare means and medians of continuous variables, respectively. Regarding survival analyses, 
the log-rank test and the Kaplan-Meier method were used to compare the curves of each group. 
For the OS analysis, survival time was counted from diagnosis and patients who were still alive 
were censored at the date of last follow-up. For analysis of sAML evolution, date of progression 
replaced the date of death, as the uncensored variable, for estimating time to leukemic 
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progression (TTL), and leukemia-free survival (LFS) was defined as the time from diagnosis until 
sAML progression or death from any cause, whichever came first. Univariate and multivariate 
Cox proportional hazard regression analyses were carried out to identify independent 
prognostic factors for OS, LFS and TTL. Two-sided values of p<0.05 were considered statistically 
significant. Analyses were performed with the statistical software package IBM SPSS Statistics 
22.0 (IBM Corp., Armonk, NY) and GraphPad Prism 6.0 (GraphPad software, San Diego, CA). 

 
3. Results 
3.1 Frequency and features of RAS-pathway mutations in MDS patients 

Sequencing analyses were performed in the whole cohort of 418 well-characterized MDS 
patients, where 45.6% were patients with MDS with multilineage dysplasia with or without ring 
sideroblasts (MDS-RS-MLD and MDS-MLD), 16.3% with MDS with excess of blasts type-2 (MDS- 
EB2), 14.7% type-1 (MDS-EB1) and 10.1% with MDS with isolated del(5q) (Supplementary Table 
S1). Overall, 59 mutations in any of the studied RAS- pathway genes (Supplementary Table S2) 
were detected in 47 patients (incidence=11.2%) (Supplementary Table S3). The most frequently 
mutated gene was NRAS, being mutated in 15 patients, followed by NF1 (n=11), KRAS and CBL 
(n=6, each), PTPN11 and KIT (n=5, each), BRAF (n=3), EGFR (n=2) and FLT3 (n=1) (Figure 1A). Of 
note, 3 patients harbored >1 mutations in the NRAS gene with different variant allele 
frequencies (VAF), suggesting that these mutations could be present in at least two different 
clones. Similarly, 1 patient carried two mutations in the PTPN11 gene, but in this case both 
mutations were present in the same VAF, suggesting that both may be in the same clone. RAS- 
pathway mutations were predominantly missense (53/59, 89.8%), while frameshift mutations 
were mainly found in the NF1 gene. No clear mutational hotspots were identified in the majority 
of genes, except for the NRAS gene, where common hotspots were the aminoacid positions G12 
and G13, corresponding to the GTP binding domain (Supplementary Table S3). 

Regarding the analyses of median VAF of all validated somatic mutations, we found that 
the median VAF of RAS-pathway mutations was 11.27% (p25-p75: 5.60%-29.55%), while the 
median VAF from the remaining detected mutations was 33.83% (p25-p75: 17.49%-43.83%), 
thereby RAS-pathway mutations showed a lower median VAF (p<0.0001) (Figure 1B). Moreover, 
to deepen the study of the signaling pathways, the remaining detected mutations were classified 
into their functional pathways. The median VAF of RAS-pathway mutations was significantly 
lower than the median VAF of mutations in splicing, epigenetic regulation (DNA methylation and 
chromatin modification), transcription, cohesins and other signaling pathways (p<0.0001, each). 
Thus, RAS-pathway mutations were present at lower mutational burden than mutations in other 
genes, suggesting they were subclonal events (Figure 1C). 

3.2 Genetic profile of MDS patients harboring RAS-pathway mutations 
In this study, all the genes included in the sequencing panel were analyzed, thereby we 

were able to characterize the genetic background of those patients harboring RAS-pathway 
mutations. Similarly, patterns of preferential co-occurrences and mutual exclusivity mechanisms 
of functional pathways were analyzed to look for potential cooperativity among RAS-pathway 
mutations and the other genes analyzed in the whole cohort. 
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Figure 1 
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FIGURE 1: Genetic alterations of RAS signaling pathway. A) Landscape of mutations identified in 418 MDS 
patients. Frequencies of each gene of the RAS pathway are represented in right panel, being NRAS the most 
commonly mutated gene. Cytogenetic alterations of patients harboring RAS mutations are represented by color: 
grey, normal karyotype; blue, deletion of 5q; green, deletion of 20q; dark blue, trisomy 8; pink, deletion of 9q; 
yellow, 11q23-MLL rearrangement; red, isochromosome 17q; brown, deletion of 11q; dark grey, trisomy 21; and 
white, not determined. In addition, WHO 2017 diagnosis, sAML progression and IPSS-R categories are represented 
by color. WHO diagnosis: orange, MDS with isolated deletion of 5q (MDS del(5q)); light green, MDS with single- 
lineage dysplasia (MDS-SLD); dark green, MDS with multilineage dysplasia (MDS-MLD); sky blue, MDS with ring 
sideroblasts and single-lineage dysplasia (MDS-RS-SLD); navy blue, MDS with ring sideroblasts and multilineage 
dysplasia (MDS-RS-MLD); purple, MDS with excess of blasts type-1 (MDS-EB-1); mulberry, MDS with excess of 
blasts type-2 (MDS-EB-2); light yellow, MDS unclassifiable (MDS-U). sAML progression: grey, patient did not 
evolve to sAML; magenta, sAML progression; white, not available. IPSS-R categories: light blue, very low-risk; dark 
blue, low-risk; purple, intermediate-risk; pink, high-risk; magenta, very high-risk. B-C) Median variant allele 
frequency (VAF) of somatic mutations in RAS pathway compared to other pathways in a cohort of 418 MDS 
patients. This graph shows that the median VAF of RAS-pathway mutations was significantly lower than the 
median VAF of the remaining mutations (B) considered as one group (11.27% vs. 33.83%, p<0.0001), as well as 
classified into their functional pathways (C): splicing (11.27% vs. 34.15%, p<0.0001), DNA methylation (11.27% vs. 
31.33%, p<0.0001), chromatin modification (11.27% vs. 34.68%, p<0.0001), transcription (11.27% vs. 30.46%, 
p<0.0001), cohesins (11.27% vs. 32.62%, p<0.0001) and other signaling pathways (11.27% vs. 38.25%, p<0.0001). 
Abbreviations: pts, patients; WHO diagnosis, World Health Organization diagnosis; sAML, secondary Acute 
Myeloid Leukemia; ND, not determined; NA, not available; VAF, Variant Allele Frequency. 

 

Classifying all detected mutations into the functional pathways they are implicated in, a 
significant co-occurrence between mutations in RAS pathway and cohesins was observed 
(p=0.001) (Figure 2A). Similarly, regarding the mutation frequencies of each analyzed gene in 
patients with RAS-pathway mutations, there was a positive association between RAS-pathway 
mutations and STAG2 cohesin gene (p=0.003), as well as SRSF2 splicing gene (p=0.021), EZH2 
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chromatin modifier (p=0.046) and NPM1 and GATA2 transcription factors (p=0.008, both). On 
the other hand, there was an exclusivity relationship between RAS-pathway mutations and 
SF3B1 splicing gene (p=0.047) (Figure 2B). 

3.3 Disease phenotype of MDS patients harboring RAS-pathway mutations 

Evaluation of the clinical and biological characteristics of patients with mutations in the RAS 
pathway was performed (Table 1). Statistical analyses showed that MDS patients carrying RAS- 
pathway mutations (from now on referred to as “RAS-MUT patients”) were more likely to be 
associated with excess of blasts subtypes (p=0.001), where mutations were detected in 26.2% 
of MDS-EB-2 (Figure 3A), and with high-risk IPSS-R categories (p=0.008), finding mutations in 
33.3% of high-risk and 20.0% of very high-risk patients (Figure 3B). Regarding cytogenetic risk, it 
is noted that no RAS-MUT patients displayed poor-risk alterations, whereas a significant 
association between RAS-pathway mutations and intermediate-risk cytogenetic alterations was 
observed (p=0.028). In fact, RAS-MUT patients showed a higher proportion of cases harboring 
trisomy 8 (12.5% vs. 4.4%, p=0.031). 

Moreover, RAS-MUT patients showed a higher incidence of poor prognostic markers, such as 
lower platelet and neutrophil cell counts in PB (p=0.004 and p=0.008, respectively), and a higher 
proportion of blasts in BM (p<0.0001). In this sense, they displayed a lower percentage of ring 
sideroblasts (p=0.006). In addition, a higher proportion of RAS-MUT patients received disease- 
modifying treatment (53.5% vs. 37.9%, p=0.049) and died during the follow-up time of the 
present study (63.8% vs. 46.7%, p=0.027), and a trend to a higher rate of progression to sAML 
was observed (41.7% vs. 27.0%, p=0.068) (Table 1). 
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FIGURE 2: Genetic profile of MDS patients harboring RAS-pathway mutations. A) Bubble plot of mutual 
exclusivity and co-occurrence in mutations in MDS-related pathways. This graph shows a significant co- 
occurrence between RAS-pathway and cohesin mutations (p=0.001). B) Mutational frequencies and associations 
in a MDS cohort according to the presence of RAS-pathway mutations. Significant p-values are annotated with 
asterisks. MDS patients harboring RAS-pathway mutations showed higher mutation frequencies of SRSF2 (27.7% 
vs. 14.6, p=0.021), STAG2 (19.1% vs. 6.7%, p=0.003), EZH2 (10.6 vs. 4.0, p=0.046), NPM1 (8.5 vs. 1.9, p=0.008) and 
GATA2 (8.5 vs. 1.9, p=0.008) genes, while they displayed lower mutation frequency of SF3B1 gene (14.9 vs. 28.6, 
p=0.047). 
Abbreviations: *, p<0.05; **, p<0.01. 
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TABLE 1: Clinical and biological characteristics of patients harboring RAS-pathway mutations 
compared to patients with wild-type RAS genes  

RAS-MUT 
 

RAS-WT 
 

Variables patients patients p-value 
 (n = 47) (n= 371)  

Age at diagnosis, median (range, years) 72 (36-88) 75 (29-92) 0.441 
Gender, n (%)   0.673 

Male 61.7% 58.5%  
Female 38.3% 41.5%  

WHO 2017, n (%)   0.001 
MDS-SLD 0% 4.9%  
MDS-MLD 29.8% 24.0%  

MDS-RS-SLD 0% 5.7%  
MDS-RS-MLD 6.4% 17.5%  

MDS-EB1 17.0% 12.7%  
MDS-EB2 34.0% 12.1%  

MDS with isolated del(5q) 4.3% 9.7%  
MDS unclassifiable 2.1% 2.7%  

IPSS classification, n (%)   <0.0001 
Low 21.3% 43.1%  

Intermediate 1 40.4% 29.4%  
Intermediate 2 27.7% 10.2%  

High 2.1% 4.0%  
IPSS-R classification, n (%)   0.008 

Very low 8.5% 24.0%  
Low 38.3% 36.7%  

Intermediate 12.8% 12.7%  
High 19.1% 4.9%  

Very high 8.5% 4.3%  
Cytogenetic risk, n (%)   0.028 

Very good 4.3% 3.8%  
Good 66.0% 73.9%  

Intermediate 19.1% 7.0%  
Poor 0% 3.2%  

Very poor 0% 3.2%  

Blood counts    

Hemoglobin level, g/dL, median (range) 9.9 (4.4-15.2) 9.9 (3.8-15.4) 0.877 
Platelet count, x109/L, median (range) 97.0 (2.0-499.0) 161.0 (4-1067) 0.004 

ANC, x109/L, median (range) 1.5 (0.1-5.1) 2.0 (0.1-56.0) 0.008 
WBC, x109/L, median (range) 3.5 (1.3-16.0) 4.1 (1.2-14.4) 0.148 

Bone marrow study    

% blasts, median (range) 4.0 (0.0-18.6) 1.2 (0.0-19.9) <0.0001 
% ring sideroblasts, median (range) 0.0 (0.0-30.0) 0.0 (0.0-100.0) 0.006 

Disease-modifying treatment, yes (%) 53.5% 37.9% 0.049 
sAML progression, yes (%) 41.7% 27.0% 0.068 
Status, deceased (%) 63.8% 46.7% 0.027 
Note. Significant values are shown in bold. 
Abbreviations: WT, wild-type; MDS-SLD, syndrome myelodysplastic with single lineage dysplasia; MDS-RS-SLD, 
syndrome myelodysplastic with ring sideroblasts and single lineage dysplasia; MDS-MLD, syndrome 
myelodysplastic with multi-lineage dysplasia; MDS-RS-MLD, syndrome myelodysplastic with ring sideroblasts and 
multi-lineage dysplasia; MDS-EB1, myelodysplastic syndrome with excess blasts type-1; MDS-EB2, 
myelodysplastic syndrome with excess blasts type-2; IPSS, International Prognostic Scoring System; IPSS-R, 
International Prognostic Scoring System Revised; WBC, white blood cell; ANC, absolute neutrophil count; sAML, 
secondary acute myeloid leukemia. 

 
 

85 



Results – Chapter 3 
 

 
 

Martín-Izquierdo et al. 8 of 14 
 

 
3.4 Impact of RAS-pathway mutations on overall survival and time to sAML progression 

Median follow-up time for all patients was 28.1 months (range, 1-187.4 months), with a 
median OS of 59.8 months and a median TTL of 87.7 months. Firstly, the impact on clinical 
outcome in the entire cohort considering all mutations in RAS-pathway genes was analyzed. In 
this regard, univariate analyses showed that RAS-MUT patients showed a shorter OS (median: 31.1 
vs. 64.6 months, Hazard ratio [HR] 1.58, 95% Confidence Interval [CI] 1.05-2.37, p=0.028), a 
shorter LFS (median: 20.4 vs. 40.5 months, HR 1.77, 95% CI 1.19-2.63, p=0.004) and a shorter 
TTL (median: 54.2 vs. 87.7 months, HR 1.86, 95% CI 1.06-3.25, p=0.028) (Figure 4). Moreover, in 
order to evaluate the impact of RAS-pathway mutations among all conventional variables with 
known prognostic value, such as BM blasts, hemoglobin, platelets, neutrophils and cytogenetic 
(IPSS-R prognostic variables), multivariate Cox regression analyses were carried out for OS, LFS 
and TTL and RAS-pathway mutations were independently associated with a shorter OS (HR 1.71, 
95% CI 1.04-2.81; p=0.033) (Table 2). 
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FIGURE 3: Disease phenotype of MDS patients 
carrying RAS-pathway mutations. Frequency of 
RAS-pathway mutations within each category of 
A) the WHO 2017 classification and B) the IPSS-R 
stratification. A higher frequency of RAS-pathway 
mutations was found in excess of blasts subtypes 
(p=0.001), where somatic alterations were 
detected in 26.2% of MDS-EB-2, and high-risk 
IPSS-R categories (p=0.008), finding mutations in 
33.3% of high-risk and 20.0% of very high-risk 
patients. 

 
Hemoglobin, platelets, neutrophils, blasts in bone marrow 
and cytogenetics were included as categorical variable 
using the already established IPSS-R thresholds for these 
prognostic variables. *p-value <0.05 was considered 
significant and HR>1 or <1 indicate an increased or 
decreased risk, respectively, of an event for the first 
category listed. RAS-pathway mutations were significantly 
associated with a shorter OS (HR 1.71, 95% CI 1.04-2.81; 
p=0.033). 
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Overall survival 
Covariate Hazard Ratio 95% CI p-value 
RAS-pathway 

mutations 1.71 1.04-2.81 0.033 

BM blasts   
Score= 0 Reference  
Score= 1 1.70 1.02-2.81 0.040 
Score= 2 1.29 0.72-2.30 0.391 
Score= 3 1.80 0.97-3.34 0.064 

Hemoglobin   
Score= 0 Reference  
Score= 1 1.44 0.95-2.19 0.082 

Score = 1.5 1.72 1.05-2.82 0.032 
Platelets   
Score = 0 Reference  

Score= 0.5 1.66 1.07-2.58 0.024 
Score= 1 1.29 0.74-2.25 0.370 

Neutrophils 0.88 0.48-1.60 0.667 
Cytogenetic   

Score= 0 Reference  
Score= 1 1.74 0.69-4.41 0.243 
Score= 2 0.81 0.27-2.37 0.694 
Score= 3 4.35 1.12-16.87 0.034 
Score= 4 5.23 1.33-20.54 0.018 
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Next, the prognostic impact of individual RAS-pathway genes was assessed in the global 

cohort. It was only performed for genes that were mutated in more than five patients: NRAS, 
NF1, KRAS and CBL. Survival analyses showed that NF1 had a negative influence on OS (20.4 vs. 
62.0 months, p<0.0001) and LFS (6.7 vs. 36.9 months, p=0.003), but no influence on TTL were 
observed (p=0.572), whereas NRAS had no influence on OS (p=0.514), but a shorter LFS (11.0 vs. 
36.9 months, p=0.043) and a shorter TTL (11.0 vs. 99.6 months, p=0.010) were observed among 
patients with NRAS mutations (Supplementary Figure 1). On the hand, KRAS and CBL had no 
influence on neither OS, LFS nor TTL. 

Finally, to further study the prognostic value of RAS-pathway mutations, the OS, LFS and 
TTL were analyzed for each IPSS-R group, separately. Due to limited number of RAS-MUT patients 
in the very low-risk and the very high-risk groups, the very low and low-risk patients were 
considered as one category, as well as the very high and high-risk patients. Of note, IPSS-R very 
low/low-risk RAS-MUT patients showed a significant shorter OS than patients without these 
mutations (32.1 vs. 81.6 months, p=0.009) (Figure 5A), whereas no significant differences in LFS 
(p=0.183) and TTL (p=0.644) were observed. Furthermore, this impact on IPSS-R very low/low- 
risk RAS-MUT patients was confirmed by multivariate Cox proportional hazard analyses, being 
RAS-pathway mutations the only factor associated with a shorter OS (HR 1.86, 95% CI 1.01-3.43, 
p=0.045) (Figure 5B). By contrast, the presence of RAS-pathway mutations had no impact on OS, 
LFS and TTL of intermediate, high and very high-risk IPSS-R patients. 

4. Discussion 

RAS signaling pathway plays an important role in proliferation, differentiation and survival 
of the cell, thereby alterations in its function promote tumoral proliferation. In the case of MDS, 
the lack of integration of molecular and clinical data has limited analysis of prognostic 
significance of RAS-pathway mutations in patients with MDS. In the present study, we have 
analyzed a clinically well-characterized cohort of 418 MDS patients by NGS, identifying that the 
presence of RAS-pathway mutations was associated with a specific genetic profile and a disease 
phenotype of poor prognosis. Moreover, this study has demonstrated that the presence of RAS- 
pathway mutations at diagnosis could define a subset of patients with a poor outcome, 
displaying a shorter OS. 

Figure 4 
 
 
 
 
 
 
 
 
 
 

FIGURE 4: Prognostic impact of the RAS-pathway mutations on overall survival (OS), leukemia-free survival 
(LFS) and time to sAML progression (TTL). Kaplan-Meier curves for OS, LFS and TTL in MDS patients according 
to the presence/absence of RAS-pathway mutations. Patients carrying RAS-pathway mutations showed a shorter 
OS (median: 31.1 vs. 64.6 months, HR 1.58, 95% CI 1.05-2.37, p=0.028), a shorter LFS (median: 20.4 vs. 40.5 
months, HR 1.77, 95% CI 1.19-2.63, p=0.004) and a shorter TTL (median: 54.2 vs. 87.7 months, HR 1.86, 95% CI 
1.06-3.25, p=0.028). 
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Previous studies have analyzed the mutational status of the RAS oncogenes NRAS and KRAS 
in MDS patients, describing that these mutations occur in 5-10% MDS cases and NRAS was the 
most frequently mutated gene (28-31). Besides direct activating Ras signaling mutations in RAS 
oncogenes (NRAS, KRAS and HRAS), mutations in other Ras pathway components that are 
upstream or downstream of signaling cascade or involved in their regulation can increase the 
Ras-dependent signaling (26, 27). Thus, we have studied the mutational status of not only the 
RAS oncogenes NRAS, KRAS and HRAS, but also other 9 genes involved in RAS pathway (FLT3, 
KIT, CBL, EGFR, NF1, PTPN11, PTPN1, BRAF and G3BP1). 

Somatic mutations in RAS signaling pathway occurred in 11.2% of MDS patients, being NRAS 
the most frequently mutated gene (15/418, 3.6%) and most mutations were missense. In the 
case of NRAS gene, mutation hotspots were identified in the aminoacid positions G12 and G13, 
which are located in GTP binding domain and they play an important role in protein function 
(41). Moreover, the median VAF of RAS-pathway mutations was lower than median VAF from 
mutations in other pathways, suggesting these represent sub-clonal events that could be 
acquired late in the disease course, as previously described (8). Therefore, these results proved 
that RAS-pathway mutations are common events in MDS patients which are acquired late in the 
disease course and they could lead to the activation of RAS pathway. 

To our knowledge, this study is the first work that assessed the molecular status of the RAS 
pathway in MDS patients by means of an NGS approach. The abnormal cells in the BM of MDS 
patients evolve over time giving rise to sub-clonal populations, often coexisting different sub- 
clones that can retain important clinical significance (42). Previous studies have assessed the 
mutational status of RAS pathway in MDS patients by PCR (29-31), so mutations at 15-20% level 
or below might be present, but were not detected by this technique, masking their prognostic 
significance. In addition, these studies were only focused on the mutational state of RAS- 
pathway genes, hindering the characterization of the mutational profile of MDS patients 
harboring RAS-pathway mutations. Herein, the presence of RAS-pathway mutations has been 
associated with mutations in cohesin genes and, specifically with STAG2 gene, as well as with 
other genes, such as SRSF2, EZH2, NPM1 and GATA2. By contrast, in our study RAS-pathway and 
SF3B1 mutations were mutually exclusive. Thus, we have demonstrated that RAS-MUT patients 
display a specific genetic profile characterized mainly by the co-occurrence of RAS-pathway and 
cohesin mutations. 

Similar to other studies (28, 30), RAS-MUT patients were most frequently diagnosed with MDS 
with excess of blasts and with high-risk IPSS-R categories. Additionally, the presence of RAS- 
pathway mutations was associated with cytopenias, such as lower platelet and neutrophil 
counts in PB, and with a higher number of blasts in BM. Similarly, RAS-MUT patients showed a 
higher incidence of poor prognostic marker, since a higher proportion of RAS-MUT patients 
received disease-modifying treatment and deceased. Accordingly, the presence of RAS-pathway 
mutations defined a subset of MDS patients that showed a disease phenotype of poor prognosis. 

Furthermore, we comprehensively analyzed the impact of RAS-pathway mutations on OS, 
LFS and TTL. Regarding the prognosis of RAS-MUT patients, limited information is available now 
and the clinical impact of these mutations is controverted, because some studies have described 
that RAS-pathway mutations could be associated with poor outcomes (32-34), while in other 
works these mutations do not appear to correlate with a poor prognosis (30, 31). In the entire 
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FIGURE 5: Prognostic impact of the RAS-pathway mutations on overall survival (OS) in very low/low-risk IPSS- 
R patients. A) Kaplan-Meier curve according to the presence/absence of RAS-pathway mutations and B) 
univariate and multivariate analysis (Cox regression) for OS in very low/low-risk IPSS-R patients. IPSS-R very 
low/low-risk patients carrying RAS-pathway mutations showed a significant shorter OS than patients without 
these mutations (32.1 vs. 81.6 months, p=0.009). For multivariate analysis, hemoglobin, platelets, neutrophils, 
blasts in bone marrow and cytogenetics were included as categorical variable using the already established IPSS- 
R thresholds for these prognostic variables. *p-value <0.05 was considered significant and HR>1 or <1 indicate an 
increased or decreased risk, respectively, of an event for the first category listed. The negative impact on OS was 
confirmed by multivariate Cox proportional hazard analyses, being RAS-pathway mutations the only factor 
associated with a shorter OS (HR 1.86, 95% CI 1.01-3.43, p=0.045). 

Abbreviations: HR, hazard ratio; CI, confidence interval. 

 
MDS cohort, we have identified that RAS-MUT patients showed a shorter LFS and TTL and, 

above all, RAS-pathway mutations were significantly associated in both the univariate and 
multivariate analysis with a shorter OS. In addition, the prognostic impact of each RAS pathway 
gene was analyzed, confirming the negative impact of the most frequently mutated genes of 
RAS pathway, namely NRAS and NF1. Likewise, we further studied the clinical impact of RAS- 
pathway mutations for each IPSS-R group, identifying that IPSS-R very low/low-risk patients 
carrying RAS-pathway mutations showed a significant shorter OS than patients without these 
mutations. Hence, the incorporation of RAS mutational data could be useful in the monitoring 
of these patients and in the prediction of disease evolution. 

 
5. Conclusions 

In summary, RAS-pathway mutations are recurrent genetic events in MDS patients, being 
acquired late in the disease course. Patients carrying these mutations display a specific 
mutational profile, highlighting the co-occurrence between RAS-pathway and cohesin 
mutations, and a poor prognosis disease phenotype, with presence of cytopenias and excess of 
blasts and with a higher rate of death, despite disease-modifying treatment. Moreover, patients 
harboring RAS-pathway mutations show a worse clinical outcome, characterized, above all, by a 
shorter OS. Therefore, the incorporation of mutational data into current classifications may 
improve the prognostic stratification of MDS patients. 
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Myelodysplastic syndromes (MDS) are a highly heterogeneous disease at 
genomic and clinical level. Genetically, it is characterized by the presence of a wide 
variety of genomic and epigenetic abnormalities which result in the deregulation of 
a large number of biological processes 4,73,186,187. This biological complexity has shown 
to impact the development and the clinical evolution of MDS patients, which actually 
present a highly variable clinical course, ranging from indolent conditions with a near- 
normal life expectancy spanning years, to more aggressive forms rapidly progressing 
to sAML 5,6. Thereby, diagnosis, prognostic and risk stratification of MDS patients and 
even clinical decision making may be difficult and challenging. 

MDS patients present a high risk of eventually progression to MDS-related acute 
myeloid leukemia (sAML), occurring this evolution in approximately a third of cases 
with a well-known dismal prognosis 32,57. In addition, one of the goals of the 
treatment of MDS is preventing the evolution towards an overt sAML, because most 
of patients who evolved to sAML are resistant to currently available treatments and 
their long-term survival rate is less than 10% after a couple of years 42,58,125. 

Therefore, the understanding of the molecular alterations and mechanisms 
underlying MDS pathogenesis and the evolution of the disease to more advance 
stages has become essential to assess patient prognosis and to adopt the best 
therapeutic decisions, as well as to evaluate novel tailored therapeutic approaches 
based on the genetic profile of each patient. High-throughput genome-wide and 
sequencing studies, such as genomic and expression arrays (CGH, SNP and GEP 
arrays), DNA sequencing (DNA-seq), chromatin immunoprecipitation sequencing 
(ChIP-seq) and transcriptome sequencing (RNA-seq), have provided great insights 
into our current understanding of MDS, in relation to their biology and pathogenesis. 
In particular, since the first human genome was sequenced in 2001 188,189, the 
molecular characterization of genetic disease, and specially MDS, has dramatically 
improved, describing that 78 to 90% of MDS patients carry at least one genetic 
mutation and that more than 40 driver genes are involved in MDS pathogenesis 
62,63,71. In addition, it has recently described that some of these driver genes tend to 
appear together and they are mutated simultaneously, suggesting a complex 
structure of gene-gene interactions and extensive subclonal diversification 64,75. 

Moreover, patient’s genomic profile critically impacts on clinical phenotype, 
prognosis and response to therapy, foregrounding the MDS genetics for predicting 
clinical course as well as optimizing therapy and management of patients. Thus, SF3B1 
mutations are strongly associated with increased ring sideroblasts and generally 
predict a favorable prognosis, defining a subset of MDS patients 34,36. Consequently, 
the mutational status of SF3B1 has recently been included as a parameter in WHO 2017 
classification 32. On the other hand, the presence of some mutations, such as SRSF2, 
U2AF1, TP53, DNMT3A, RUNX1, EZH2 and ASXL1 is associated with a worse clinical 
outcome 62,82-89. 
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Nevertheless, nowadays the biological and, consequently, clinical significance of 

genetic mutations on the development of MDS and during the course of the disease 
is not completely established. The great inter-patient and intraclonal heterogeneity 
62-64,71,73, together to the lack of efficient integration of genetics and clinical 
information, has restrained the interpretation of the sequencing results and, thus, 
the adoption of sequencing data into real-life clinical practice. Therefore, there is a 
need to carry out studies from bench to bedside and back again. 

To date, new high-throughput genomic technologies, such as Next Generation 
Sequencing (NGS), have enabled to describe some of the molecular alterations and 
mechanisms underlying the disease progression, which has been defined as a 
complex process of clonal evolution together with a great clonal heterogeneity 
70,135,141. However, due to this complexity and the few sequential studies including 
paired samples from the same patients 70,135-137, the clonal evolution have been 
described individually, without finding common and preferential patterns, and the 
mutational dynamics underlying the evolution to sAML remain partially unknown. 
To overtake this issue, in the first study from this PhD research, we addressed this 
critical question by combining NGS tools with the use of a high number of paired 
samples from patients at diagnosis and after sAML progression in order to better 
understand how mutations, alone or in combination, could contribute to leukemic 
transformation. 

In this PhD research, we performed a massive screening by whole-exome 
sequencing (WES) in a selection of paired samples from 20 patients. WES is a helpful 
tool to study MDS, particularly in unveiling the clonal evolution, due to the high 
number of assessed regions. However, this methodology required high amounts of 
DNA input and time-consuming-bioinformatics analysis, as well as some regions were 
poorly covered, missing some subclonal mutations with low variant allele frequency 
(VAF). Thereby, WES actually presented limitations to interpret sequencing results 
and to incorporate them into clinical practice 172-174. For these reasons, a more 
comprehensively study about disease progression was performed by applying 
target-deep sequencing (TDS) in a larger cohort of serially collected samples. TDS is 
a powerful approach that can fulfil the best balance between the accurate 
identification of targeted events with great sensitivity and the overall cost and data 
burden for large-scale executions 166, and, thus, it allowed a better characterization 
of intraclonal heterogeneity, occurred in MDS evolution. 

Previous studies described that cancer, in general, is a clonal disease that arises 
from the accumulation of acquired abnormalities in an individual cell and, specifically, 
MDS when evolving to advanced stages and progressing to sAML are associated with 
an increase of clonal heterogeneity 70,135,190. In this line, our study identified that MDS 
patients gained more mutations during disease progression and higher VAF were 
found after sAML evolution, associating the leukemic transformation with a more 
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complex clonal architecture and a heavy mutational burden due to clonal expansion. 
Therefore, our results suggest that pronounced genomic instability is occurring 
during progression to sAML, triggering an increase of clonal heterogeneity. 
Moreover, it has previously described that the number of oncogenic mutations in 
MDS patients negatively correlates with leukemia-free survival and provides 
independent prognostic information further to the IPSS-R stratification 62. Thereby, 
these clinical results may be explained by the biological results of our study, 
associating adverse outcome and, specifically earlier sAML progression, with the 
increase of clonal heterogeneity during disease evolution and, thus, the number of 
mutations, as well as the increase of their VAF, could be useful to monitor patients 
before sAML evolution occur. 

The mechanisms of MDS progression to sAML show a great heterogeneity 
70,135,137,191; however, our work identified four patterns of mutational dynamics during 
the evolution. Some mutations remain stable (i) during the progression with a similar 
allelic burden at the time of diagnosis and at sAML stage. This type of mutations was 
found in RNA splicing and DNA methylation genes and they have high VAFs, 
suggesting that these pathways could be directly involved in early stages of MDS 
pathogenesis (driver role), such as Clonal Hematopoiesis of Indeterminate Potential 
(CHIP) 59,142,143, but not in sAML progression (passenger role). Moreover, some 
mutations whose VAF significantly decreased at sAML stage (ii) were identified 
randomly throughout all the genes, probably as result of clone sweeping, a previously 
described event 70. On the other hand, mutations that were initially present at the 
time of MDS diagnosis and they were also detected at the sAML stage but, in this 
case, with higher clone size, (iii) increasing mutations, and mutations which were 
newly acquired (iv) at the sAML stage, are of particular note, because their dynamic 
patterns suggested that they were positively selected during disease evolution. In 
this PhD work, we have observed that increasing mutations were mainly found in 
genes of the cohesin complex, such as STAG2, suggesting that mutations in this 
pathway could play a significant role in the leukemic transformation, as previously 
described 70,77,104. Moreover, this dynamic process suggests that these mutations are 
early events in sAML progression and they would create an environment more prone 
to progress to more aggressive stages. Thus, the identification of these mutations is 
key to anticipate the disease evolution. Likewise, newly acquired mutations were not 
detected at the time of diagnosis, even by an amplicon-based TDS approach that 
allows a much high coverage (around 5000X), confirming that they were present only 
at the sAML stage. These mutations were found in RAS-pathway genes, such as NRAS, 
indicating that they are late events which might drive leukemic transformation, in 
accordance with previous studies that have described that RAS-pathway alterations 
could lead sAML evolution 121-123. 
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Furthermore, under this context of complex clonal architecture, the combination 

of mutations is not totally random and the co-occurrence of some genetic lesions may 
trigger a cascade of events leading to malignant transformation. Thereby, the 
question about how the combination of mutations contributes to disease evolution 
is relevant not only to determine what type of co-occurrence orchestrates the 
initiation of sAML, but also to identify possible targets for therapeutic approaches. In 
our study, we identified a significant co-occurrence between mutations in cohesin 
complex and in Ras signaling pathway and, particularly, between STAG2 and NRAS 
genes, finding this combination in 15-20% of all patients who evolved to sAML. Taken 
into account this result and the distinguished mutational dynamics of these pathways 
and genes, our study suggests that this progressive combination could play an 
important role in the progression to sAML, being cohesin mutations early events, 
whereas Ras mutations are acquired later and drive the clone expansion and the 
disease evolution. Unfortunately, these are not absolute rules and this co-occurrence 
does not fully explain the sAML progression, but it would be a preferential 
mechanism underlying MDS progression to sAML. 

For more than a decade, DNA hypomethylating agents (HMA) have been 
considered standard of care for MDS and they were associated with longer overall 
survival in controlled clinical trials 155-158. However, they do not eradicate neoplastic 
clones and, in practice in the real-life data, the proportion of MDS patients who 
respond and maintain responses for a substantial period comprises fewer than half 
of treated patients 159. Thus, it is clear that the HMA effect is transient and, despite 
treatment, MDS patients eventually progress to sAML. Moreover, several studies 
have described that HMA therapy alters clonal distribution 192-194 and, even, could 
induce C>G transversion in genes implicated in MDS and AML pathogenesis 162,195. In 
our sequential study, we investigated the mechanisms of progression to sAML in 
MDS patients who were treated with disease-modifying agents (HMA and 
lenalidomide) before their disease evolution and we researched whether these 
mechanisms could be slightly different than those of non-treated patients. A higher 
proportion of mutations displaying newly acquired or increasing dynamics in 
chromatin modifiers genes was identified in treated patients, while in untreated 
patients the majority of mutations in these genes were stable during the evolution. 
Therefore, this PhD work confirms that therapy could influence on clonal evolution 
by the selection of resistant clones that were already present at diagnosis and by the 
acquisition of new mutations during treatment, providing insights that mutations in 
chromatin-modifier genes could be related to the evolution of treated patients. 
Nevertheless, there are still limitations and further questions that should be 
acknowledged in this regard. In fact, our study is based on the analysis of a small 
cohort of paired samples including 22 treated patients, leaving unsolved questions 
about the mechanisms underlying disease progression of treated patients. Thus, 
more studies with larger numbers of treated patients should be carried out to 
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validate this result and to confirm whether HMA therapy might alter clonal evolution 
underlying sAML evolution. Moreover, functional studies with in vitro and in vivo 
models that replicate disease characteristics could be useful to study biological 
mechanisms and mutations involved on HMA resistance. Similarly, the application of 
genome-wide CRISPR/Cas9 library screening in these models could be helpful in order 
to determine the role of biological pathways in the response and the resistance of 
these drugs. 

Overall, this PhD work have gained insight into the molecular mechanisms of 
MDS progression to sAML, identifying a progressive combination or co-occurrence 
between mutations in cohesin complex and RAS-pathway genes which is involved in 
this leukemic transformation. Meanwhile, the molecular mechanisms by which 
mutations in these pathways promote leukomogenesis are not well understood and 
the clinical significance of these, alone or in combination, is not clear in MDS patients. 
Hence, studying these mutations at diagnosis is required to define their prognostic 
impact and to anticipate disease evolution in real-life. 

To gain insight in this purpose, we studied a cohort of more than 400 MDS 
patients at diagnosis combining genomic data and reliable clinical information in 
order to define the relevance of mutations in cohesin complex (chapter 2) and Ras 
signaling pathway (chapter 3) to clinical phenotypes and outcomes, as well as to 
assess the prognostic impact of the integration of these mutations with the MDS risk 
factors (IPSS and IPSS-R). Moreover, in these studies, we implemented NGS 
techniques that assessed the mutational status of more than 100 MDS-related genes, 
thereby we could expand the knowledge of mutational profile of patients harboring 
cohesin and RAS-pathway mutations, respectively, and identify associations between 
pathways and genes. 

In the case of cohesin mutations, previous studies reported that they, mostly 
nonsense and frameshift, occur in 10-15% of MDS patients 77,103,104, but our study 
confirmed that the loss of function of cohesin complex is a common event in MDS 
patients (11.9% of cases) and most of cohesin mutations are clustered in STAG2 gene, 
occurring in around 70% of all cohesin-mutated patients. In addition, we found that 
MDS patients carrying cohesin mutations display a specific profile characterized by a 
higher number of mutations and by strong co-occurrences with mutations in RAS- 
pathway, chromatin modifier and splicing genes, specifically SRSF2 splicing factor, as 
previously reported 81. Likewise, this co-occurrence of SRSF2 and cohesin mutations 
was also found in our study of patients who evolved to sAML (chapter 1), but SRSF2 
mutations displayed a stable dynamic during disease evolution and, for this reason, 
we do not focus on this combination. Nevertheless, this study at diagnosis has 
enabled to demonstrate that the co-occurrence between mutations in cohesin 
complex and SRSF2 gene is clearly impacting on the clinical outcome of SRSF2- 
mutated patients, with double-mutated patients displaying a shorter overall survival 
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and leukemia-free survival, as well as an earlier progression to sAML, than SRSF2- 
single-mutated patients. 

Although the canonical function of cohesin complex is the stabilization of sister 
chromatids during the metaphase in cell division 92,196, the majority of patients 
carrying mutations in cohesin genes in our cohort displayed a normal karyotype, 
supporting that cohesin genes are not involved in destabilization of chromosomal 
integrity in MDS; but rather alternative mechanisms such as transcriptional control 
and DNA repair, as described in recent studies 197-199. In addition, our study identified 
that the presence of cohesin mutations defined a subset of patients with a disease 
phenotype of poor prognosis, showing lower platelet, absolute neutrophil and white 
blood counts in PB, a higher number of blasts in BM and a higher rate of progression 
to sAML. Besides, MDS patients harboring cohesin mutations were more likely to be 
associated with the diagnostic subtypes of excess of blasts and intermediate and 
high-risk IPSS-R categories, like other previous studies 77,103. 

Regarding the prognostic impact, we comprehensively analyzed the impact of 
cohesin mutations on overall and leukemia-free survival and time to sAML 
progression, as well as we assessed their impact on the IPSS-R stratification. To date, 
some studies have described that cohesin mutations trend towards a worse 
prognosis 63,77,94, though not independently prognostic value was identified. Thanks 
to the integration of cohesin mutations data into IPSS-R stratification in our study, 
we demonstrated that cohesin mutations influence on leukemic transformation, 
showing patients with these mutations an earlier progression to sAML, especially in 
very low, low and intermediate-risk IPSS-R patients and we proved that the 
incorporation of cohesin mutational data into current IPSS-R classification may 
improve the prognostic stratification of MDS patients. Therefore, studying the 
mutational status of cohesin genes could be useful in the monitoring of patients and 
the prediction of disease evolution, potentially allowing for early intervention. 

In the case of RAS-pathway mutations, previous studies analyzed the mutational 
status of the NRAS and KRAS genes, describing that these mutations occur in 5-10% of 
MDS patients 112,119,120. However, in our work we studied the mutational status of not 
only the RAS oncogenes NRAS, KRAS and HRAS, but also other 9 genes involved in RAS 
pathway (FLT3, KIT, CBL, EGFR, NF1, PTPN11, PTPN1, BRAF and G3BP1) and whose 
mutations could activate this signaling pathway. We identified that somatic 
mutations in RAS pathway occurred in 11.2% of MDS patients and the median VAF of 
these mutations was lower than median VAF from mutations in other pathways, 
suggesting that these are subclonal events that are acquired at late stages of disease 
course. Moreover, to our knowledge, our study is the first work that evaluated the 
molecular status of RAS-pathway in MDS patients by a NGS approach, allowing the 
identification of associations between pathways and genes. Herein, we found that 
patients  with  RAS-pathway  mutations  display  a  specific  genetic  profile 
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characterized by the co-occurrence of mutations in RAS pathway and cohesin 
complex, whereas RAS-pathway and SF3B1 mutations were mutually exclusive. 

In order to identify whether RAS-pathway mutations are associated with a 
specific disease phenotype, we evaluated the clinical and biological characteristics of 
patients harboring mutations in RAS pathway. Previous studies reported that RAS- 
pathway mutations were most frequently found in MDS with excess blasts and in 
high-risk IPSS-R categories 112,118. This PhD work identified, by integrating the 
molecular and clinical data, that the presence of RAS-pathway mutations defined a 
subset of MDS patients who showed a disease phenotype of poor prognosis. We 
observed that patients with these mutations displayed more accentuated 
cytopenias, such as lower platelet and neutrophil counts in PB, and a higher number 
of blasts in BM, as well as a higher incidence of poor prognostic marker, since a higher 
proportion of patients carrying RAS-pathway mutations received disease-modifying 
treatment and deceased. 

Regarding the prognosis of MDS patients carrying RAS-pathway mutations, some 
studies described that mutations in RAS pathway could be associated with poor 
outcomes 121-123, whereas other works did not find correlation with a poor prognosis 
112,120. Therefore, to date, information about the clinical impact of RAS-pathway 
mutations is limited and controverted. To overtake this issue, we comprehensively 
analyzed the significance of RAS-pathway mutations on overall and leukemia-free 
survival and time to progression towards sAML. Thereby, we demonstrated that 
patients carrying these mutations showed, above all, a shorter overall survival, 
further confirming this negative impact by adjusting for the IPSS-R prognostic 
variables and in the subset of very low/low-risk IPSS-R patients. 

Hence, the activation of RAS pathway is a late event in the disease course that 
could be involved in a more aggressive disease stage, associated with a dismal 
prognosis of patients. Consequently, these results point out that Ras pathway could 
be a potential therapeutic target in MDS patients and target drugs, such as rigosertib, 
could be useful in the management of patients with Ras signaling mutations 200,201. 
Nevertheless, more studies from a functional perspective, for example by the 
implementation of CRISPR/Cas9 system, should be carried out in order to explore 
these therapeutic options. 

Collectively, on the basis of the results from this PhD research, we propose a 
model for MDS development and progression to sAML (Figure 9). Previous studies 
described that mutations follow a typical order of acquisition during disease 
progression, identifying mutations that are usually acquired in early stages of 
disease, even in older people without hematological neoplasms defined as CHIP, 
while other mutations are more common in late stages of disease course 57,59,70,136,142. 
In this line, Gilliland et al. described a traditional simplistic model of progression to 
sAML, postulating that two classes of cancer associated genes are required to 
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disease evolution 146,147. Firstly, loss-of-function mutations in transcription factors are 
acquired, impairing hematopoietic differentiation and leading to the accumulation of 
more primitive cells. However, these mutations are not sufficient to cause acute 
leukemia and second mutations in activated signaling genes are needed to promote 
proliferative and/or survival advantage to hematopoietic stem cells. 

Thereby, a new model of genetic evolution could be suggested for MDS 
development and progression to sAML consisting of cohesin mutations as an early 
event in the progression of the disease, followed by mutations in RAS pathway that 
are associated with a more aggressive disease stage and drive the evolution. We 
have described that mutations in cohesin complex showed an increasing dynamic 
during sAML transformation, being present at MDS diagnosis, but their tumor burden 
was higher at sAML stage. In addition, when we analyzed the mutational status of 
this pathway in a large MDS cohort, we have identified that patients with cohesin 
mutations displayed a higher number of mutations, compatible to pronounced 
genomic instability, as identified during the progression towards sAML. Similarly, 
patients harboring cohesin mutations showed an earlier progression to sAML, 
impacting on the current prognostic stratification of MDS patients. Thus, mutations 
in cohesin complex could be an early event in the sAML evolution which promote the 
genomic instability and the impair hematopoietic differentiation, due to their role in 
transcription regulation and DNA repair. Meanwhile, in our sequential study with 
paired samples we have found that RAS-pathway mutations were acquired at sAML 
stage. Additionally, we analyzed the mutational status of RAS pathway in a MDS 
cohort at diagnosis and we identified that these mutations are subclonal events that 
associate with MDS with excess of blasts and high-risk IPSS-R categories, suggesting 
that RAS-pathway mutations are acquire late in the disease course. Moreover, 
patients carrying these mutations at diagnosis showed a disease phenotype of poor 
prognosis and a shorter overall survival. Hence, mutations in RAS pathway could be 
the ‘second hit’ in the disease progression that promote proliferative and/or survival 
advantage to hematopoietic stem cells, leading the evolution to a more aggressive 
disease stage, such as sAML (Figure 9). 
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Figure 9. Proposed genetic model to MDS development and their progression to sAML. 
Mutations involved in each disease stages are shown: normal bone marrow (normal BM), Clonal 
Hematopoiesis of Indeterminate Potential (CHIP), myelodysplastic syndromes (MDS) and 
secondary acute myeloid leukemia (sAML). 

 
 

In summary, the results provided in this PhD show that the implementation of 
high-throughput techniques helps to understand the mechanisms underlying the 
MDS pathogenesis and their progression to more aggressive stages, as leukemic 
transformation to sAML is. Furthermore, the integration of genomic data with 
clinical-biological parameters, such as those already included in current prognostic 
classifications, allows to the prediction and monitoring of disease evolution and, as a 
result, achieves a better management of patients, due to early intervention. 
Therefore, the use of new NGS techniques may be a used as a complementary tool to 
conventional tests in the MDS study in order to advance towards a more accurate 
integrated diagnosis, a more precise prognostic stratification and even a more 
adequate therapeutic orientation, due to the identification of potential therapeutic 
targets, opening new avenues in drug discovery. 
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1. Future perspectives 

In the last decade, tremendous progress has been made in defining the genetic 
landscape of MDS patients, due to the implementation of large-scale sequencing 
techniques 57,62-64,70,71,136. However, models that replicate the identified mutations 
are now required to study gene function, biological mechanisms and the role of 
mutations on disease pathogenesis 202-204. 

Leukemia cell lines are universal model systems for investigating hematological 
malignancies, but the number of MDS cell lines accurately reflecting the 
heterogeneity of the disease is very limited 205,206. In this regard, it is easier to 
establish cell lines in the leukemic AML/MDS phase than in the MDS phase, due to it 
appears that more aggressive cell lines are easier of establishment 207. In addition, a 
large percentage of purposed MDS cell lines are cross-contaminated with established 
leukemia cell lines that grow faster than MDS malignant cells 207, even with B- 
lymphoblastoid cell lines 205. Thus, nowadays, only a handful of immortalized MDS cell 
lines are available for research. Moreover, most of these MDS cell lines present very 
complex cytogenetic abnormalities, such as hyperdiploidy and hypodiploidy, and 
alterations that are not usual in MDS patients 208. Then, these MDS in vitro models do 
not cover all the main genetic background of the MDS patients and they are not 
representatives of the common disease. 

Beside the lack of cell lines harboring MDS alterations, added to the difficulty of 
manipulating primary MDS cells. Clonal cells from patients with MDS engraft poorly 
in xenotransplantation assays (in vivo models) and genetic and mechanistic studies 
in primary MDS cells (ex vivo models) are hampered by the difficulty of transfection 
or transduction of these cells 8,209. Furthermore, there is a significant variability 
between patient samples and inter-patient genetic heterogeneity might not be well 
recapitulated if large cohort of primary MDS cells are not used 8. 

Under this scenario, genome engineering is a helpful research tool to generate 
in vitro and in vivo models that reproduce disease characteristics by the targeted 
custom modification of the genome in a precise and efficient way. Thereby, genome 
engineering allows to investigate the functional consequences of alterations with 
unknown biological significance. In this PhD work, we have proved that the 
implementation of high-throughput techniques helps to understand the mechanisms 
underlying the MDS pathogenesis and their progression to more aggressive stages, 
as leukemic transformation to sAML is. Nevertheless, there are still limitations and 
further questions about the biological functions involved in disease evolution should 
be acknowledged. 
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The most recent and fastest growing method for genome editing is based on the 

Clustered Regions of Interspersed Palindromic Repeats (CRISPR) viral defense 
system found in bacteria and archaea 210. The CRISPR/Cas9 system is easy to 
customize and optimize because the site selection for DNA cleavage is guided by a 
short sequence of RNA, called a guide RNA o gRNA. This guide RNA utilizes standard 
Watson-Crick binding to recognize the target sequence, termed the protospacer and 
position a CRISPR-associated nuclease (Cas9) to create a double strand break (DSB) 
in genomic DNA. When DSBs occur naturally, cells respond by activating DNA repair 
machinery and the damage is repaired by homology directed repair (HDR) or non- 
homologous end joining (NHEJ) mechanisms. Based on this principle, CRISPR/Cas9 
system produce a DSB in a specific target region of DNA and the utilization of these 
repair processes allows for either NHEJ or HDR recombination resulting in the 
insertion, deletion or mutation of specific DNA sequences 203,211-213 (Figure 10). 

 
 
 

Figure 10. CRISPR/Cas9 targeting system (adapted from Tu, Mol Neurodegener, 2015) 214. In the 
CRISPR/Cas9 system, a RNA guide hybridizes with the genomic DNA, specifically with a sequence 
immediately preceding an NGG DNA motif (PAM sequence), resulting in a double-strand break 3 
bp upstream of the PAM sequence. This double-strand break is produced by the endonuclease 
Cas9 and, then, is repaired by endogenous cellular DNA repair machinery that catalyze non- 
homologous end joining (NHEJ) or homology-directed repair (HDR). 
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NGS studies have described which pathway are altered during sAML evolution 

and, specifically, in this PhD work we have described a preferential pattern of 
sequential acquisition of mutations in cohesin and Ras signaling pathway, but the 
accurate mechanisms through these alterations driving leukemic transformation are 
yet unsolved. Therefore, studies from a functional perspective should be carried out 
in order to validate these genetic results and to widen the knowledge about 
biological mechanisms involved in MDS progression. Moreover, nowadays MDS 
progression to sAML is associated with a well-known dismal prognosis, due to most 
of patients who evolved to sAML are resistant to currently available treatments, as 
well as the lack of efficient treatments that prevent evolution. Thus, functional 
studies in in vitro and in vivo models could be helpful to identify new therapeutic 
targets, as well as to test efficacy and efficiency of already existing drugs by drug 
screenings. 

To overtake these issues, during the last year of this project we have edited 
myeloid cell lines by CRISPR/Cas9 technology in order to generate cell models of MDS 
progression to sAML that recreate the mutations identified in this PhD study. In 
point of fact, we propose a genetic model to MDS evolution to sAML that consists of 
the progressive combination of loss-of-function mutations in cohesin complex and 
activating mutations in Ras pathway as a ‘second hit’. Thereby, we aim to reproduce 
this model of genetic evolution by an in vitro approach. 

For this purpose, we chose to take forward for CRISPR/Cas9 gene editing the 
SKM-1 cell line which is an MDS/AML transition cell line, representative of MDS 
patients with loss of function of cohesin complex, since it harbors a stop gained 
mutation in STAG2 (R259X). Moreover, we used the Alt-RTM CRISPR-Cas9 system from 
Integrated DNA technologies (IDT®) company to target NRAS, the most frequently 
mutated gene of RAS pathway. This system consists of a CRISPR/Cas9 
ribonucleoprotein (RNP) complex, a guide RNA (sgRNA) targeting aminoacid 12 from 
NRAS and a DNA template with the change of interest in order to perform homology- 
directed insertion of a NRAS G12D mutation. Additionally, a sgRNA was designed not 
to target the human genome and it was used as a negative control. Then, SKM-1 cells 
were electroporated using a Neon Transfection System (Invitrogen) with the three 
components of the CRISPR/Cas9 complex. After 48 hours from electroporation, cells 
were sorted by fluorescence-activated cell sorting (FACS) using FACS-Aria (BD 
Bioscience), since the ATTOTM 550 fluorescent dye was added to the sgRNA, allowing 
the selection of cells with the CRISPR/Cas9 complex incorporated. Following 
successful nucleofection of the CRISPR complexes, single-cell were seeded in 96-well 
plates by serial dilutions. After cell expansion during 2 weeks, DNA was extracted and 
clones were screened by PCR and Sanger sequencing for the presence of the NRAS 
G12D mutation. 
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In total, we generated four different clones of SKM-1 harboring NRAS G12D 

mutation and four clones derived from SKM-1 cells electroporated with sgRNA 
designed not to target the human genome that were used as controls. Thereby, we 
have generated an in vitro model that reproduces the genetic changes in STAG2 (loss- 
of-function) and NRAS (G12D activating mutation) underlying the MDS progression to 
sAML, where control clones are similar than cells observed at MDS time, while NRAS- 
mutated clones recreate the sAML stage where co-occur STAG2 and NRAS mutations. 

Hence, our next steps will be to explore the effect of these mutations on 
proliferation, cell cycle, cell death and apoptosis and differentiation. In addition, we 
are going to study using RNAseq methodology the changes on expression and 
regulation of other biological pathways produced as consequence of the acquisition 
of NRAS mutation. Moreover, in the future we would like to use this in vitro model to 
explore drug response for currently available drugs, such as HMA and venetoclax, as 
well as to identify new potential therapeutic options for treatment of patients who 
evolve to sAML, such as PARP inhibitors. 
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1. MDS progression to sAML is a very complex and dynamic process of clonal 
evolution and clonal selection. The implementation of NGS tools in paired 
samples from patients who evolved to sAML allows the characterization of the 
mutational landscape underlying sAML progression, which is characterized by 
greater genomic instability, irrespective of the MDS subtypes at diagnosis. 

 
1.1. The mechanisms underlying this evolution are heterogeneous, however, 

four types of mutational dynamics could be identified, being increasing and 
newly acquired mutations of particular importance. Of note, the co- 
occurrence of cohesin mutations, mainly displaying an increasing dynamic, 
and mutations in Ras signaling pathway, mostly acquired at sAML stage, was 
identified as a preferential mechanism in 15-20% of MDS patients who 
progressed to sAML. 

1.2. The treatment with disease-modifying agents (DNA hypomethylating agents 
and lenalidomide) could impact the clonal evolution patterns in MDS 
patients. The mechanisms of sAML progression in treated patients are 
different from those of non-treated patients, characterized by the presence 
of mutations in chromatin-modifier genes that increased their clone size or 
were newly acquired at sAML stage. 

 
2. The presence of cohesin loss-of-function mutations is a common event in MDS 

patients, occurring in 11.9% of cases at diagnosis, being STAG2 the most frequently 
mutated gene. 

 
2.1. MDS patients harboring cohesin mutations display a specific profile 

characterized by a higher number of mutations and by strong co-occurrences 
with mutations in RAS-pathway, in the chromatin modifier genes and in the 
splicing genes, especially in the SRSF2 splicing factor. 

2.2. The presence of mutations in cohesin genes define a subset of patients with 
a disease phenotype of poor prognosis, characterized by more accentuated 
cytopenias in peripheral blood and a higher number of blasts in bone 
marrow. Moreover, cohesin mutations are poor prognostic markers 
regarding the leukemic transformation, being associated with a higher rate 
and an earlier progression to sAML, especially in very low, low and 
intermediate-risk IPSS-R patients. 

2.3. The incorporation of cohesin mutational data into current IPSS-R 
classification may improve the prognostic stratification of MDS patients of 
very low and low-risk patients. Thereby, the study of the mutational status 
of cohesin genes could be useful in the monitoring of patients and the 
prediction of disease evolution, potentially allowing for early intervention. 
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3. Mutations in RAS-pathway are recurrent genetic events in MDS patients, 

occurring in 11.2% of cases and usually being subclonal and acquired late during 
the course of the disease. 

 
3.1. MDS patients carrying RAS-pathway mutations display a specific genetic 

profile highlighting the co-occurrence of mutations in RAS pathway and 
cohesin complex, whereas the presence of RAS-pathway and SF3B1 
mutations were mutually exclusive. 

3.2. The presence of RAS-pathway mutations defines a subset of MDS patients 
who showed a disease phenotype of poor prognosis, with presence of 
accentuated cytopenias and excess of blasts, as well as a higher rate of 
death, despite disease-modifying treatment. Moreover, patients harboring 
RAS-pathway mutations show a shorter overall survival, further confirming 
this negative impact by adjusting for the IPSS-R prognostic variables. 
Therefore, the activation of RAS pathway could be involved in the 
progression to an aggressive disease stage, associating with a dismal 
prognosis of MDS patients. 
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1. Síndromes Mielodisplásicos 
 

1.1. Perspectiva general 

Los Síndromes Mielodisplásicos (SMD) son un grupo heterogéneo de 
enfermedades clonales que afectan a las células madre hematopoyéticas. Estos 
desórdenes se caracterizan por presentar una hematopoyesis ineficaz en la médula 
ósea (MO), que da lugar a citopenias en sangre periférica (SP), a pesar de poseer una 
médula ósea normo o hipercelular, así como por presentar una morfología aberrante 
o displásica en las células hematopoyéticas de al menos un linaje mieloide. Además, 
los SMD presentan un riesgo elevado de progresión a Leucemia Aguda Mieloblástica 
secundaria (LAMs) 1-4. 

La forma de presentación de la enfermedad y el curso clínico de los pacientes con 
SMD es muy variable, desde formas indolentes, con una esperanza de vida cercana a 
la normal durante años, a formas más agresivas que progresan rápidamente a 
LAMs 5-7. 

El proceso de desarrollo de las células sanguíneas (hematopoyesis) y cómo se ve 
afectado en los SMD está aún en debate. En los SMD, el clon celular mutado puede 
suprimir la hematopoyesis normal y alterar el desarrollo de todos los linajes celulares, 
dando lugar a displasias y deficiencias (citopenias sanguíneas) de múltiples linajes 
celulares (Figura 1). 

 
 

 
Figura 1. Los Síndromes Mielodisplásicos alteran la hematopoyesis (adaptada de Corey et al., Nat 
Rev Cancer, 2007) 8. En los pacientes con SMD, las células madre hematopoyéticas (HSC) se 
encuentran alteradas, por lo que el desarrollo de los distintos linajes celulares se ve afectado, 
anulando la hematopoyesis normal. De este modo, los progenitores de los distintos linajes 
celulares, como el progenitor eritroide (CFU-E), el progenitor de granulocito-monocito (CFU-GM) 
y el progenitor de megacariocito (CFU-Mega), pueden verse alterados, dando lugar a displasia y 
deficiencias o citopenias a lo largo de todos los linajes celulares. 
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1.2. Epidemiología y etiología 

Los SMD son una de las enfermedades hematológicas más prevalentes, siendo 
descrita más habitualmente en la población de edad avanzada, con una mediana de 
65-70 años al diagnóstico y <10% de los pacientes son menores de 50 años 8-10. 

La incidencia anual de los SMD oscila entre los 2-12 casos por 100.000 habitantes 
por año. Sin embargo, esta incidencia aumenta con la edad llegando a 40-50 por 
100.000 habitantes entre la población mayor de 70 años 8,9,11. Aunque no existen 
diferencias étnicas en la incidencia, algunos estudios sugieren que en Asia la edad de 
aparición de la enfermedad es menor con una mediana de 53 años al diagnóstico 12,13. 
Con respecto al sexo de los pacientes, los SMD afectan más frecuentemente a 
hombre que a mujeres, excepto para los casos con deleción aislada 5q, los cuales 
predominan en el sexo femenino 14,15. 

La causa de los SMS solo es conocida en un 15% de los casos, sin embargo, su 
asociación con el envejecimiento sugiere que una de las causas podía ser el daño 
genético causado por exposición peligrosa o por susceptibilidad heredada. Algunos 
de los factores medioambientales de riesgo que pueden estar relacionados con este 
daño genético son la quimioterapia, la radiación, el benceno y sus derivados, el 
petróleo, la ingesta abusiva de alcohol, el tabaco, las infecciones virales o los agentes 
inmunosupresores 8,16-20. De hecho, la incidencia de los SMD relacionados con la 
terapia ha aumentado en los últimos años, probablemente por el uso de 
quimioterapia y radioterapia en el tratamiento del cáncer 10. En relación con la 
susceptibilidad heredada, aunque los casos de SMD de edad más avanzada suelen 
presentan mutaciones somáticas adquiridas con la edad que conducen la evolución 
clonal, en el caso de los niños y adultos jóvenes es más habitual que porten 
condiciones genéticas de origen germinal las cuales conducen al desarrollo de la 
enfermedad. Esta susceptibilidad genética ocurre en un tercio de los casos 
pediátricos, incluyendo niños con Síndrome de Down, anemia de Falconi, Síndrome 
de Schwachman-Diamond y neurofibromatosis 9. Por el contrario, en los adultos la 
predisposición hereditaria es menos común, aunque en los últimos años gracias a la 
implantación de la secuenciación masiva en el ámbito clínico se han descrito un mayor 
número de alteraciones hereditarias que predisponen al desarrollo de un SMD 21. 

 
 

1.3. Diagnóstico 

El diagnóstico de los SMD a menudo supone un reto debido a que son un grupo 
de enfermedades muy heterogéneo. Principalmente se basa en la presencia de 
citopenias en un análisis rutinario de SP y los síntomas más comunes son fatiga, 
infecciones y sangrado como resultado de las citopenias en SP 11,16. De acuerdo con 
la Organización Mundial de la Salud (OMS) y con el Sistema Internacional de 
puntuación pronóstica IPSS, las citopenias se definen como: anemia, cuando los 
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niveles de hemoglobina son menores de 10 g/dl; trombocitopenia, cuando el recuento 
de plaquetas es inferior a 100 x109/L; y neutropenia, cuando el recuento absoluto de 
neutrófilos es menor de 1,6 o 1,8 x109/L, según la OMS y el IPSS, respectivamente 22. 

Para el diagnóstico de los SMD es necesario un examen morfológico de un frotis 
de sangre periférica o de un aspirado de médula ósea el cual confirme que las 
citopenias observadas son consecuencia de un fallo en la médula ósea 23. La médula 
ósea de los pacientes con SMD normalmente es hiper o normocelular y muestra 
displasia en uno o en varios linajes hematopoyéticos mieloides (eritroide, 
granulocítico o megacariocítico), considerándose como displasia cuando más del 10% 
de las células de al menos un linaje mieloide presenta cambios morfológicos 
inequívocos 16,24,25. Además, la proporción de blastos en la MO debe ser valorada para 
proporcionar una correcta clasificación, puesto que las formas con <2% de blastos en 
MO presentan un mejor pronóstico que aquellas con >2% de blastos en MO, así como 
la presencia de más de un 20% de blastos en MO es el límite que define la OMS para el 
diagnóstico de LAM. Por el contrario, una biopsia de la MO no es obligatoria en el 
diagnóstico de los SMD, aunque es importante para la identificación de los SMD 
fibróticos o hipocelulares 9. 

Del mismo modo, durante el diagnóstico de un SMD es recomendable realizar un 
estudio cuidadoso que permita identificar pacientes con citopenias, pero no displasia, 
los cuales suelen tener características similares a los pacientes con SMD. Además, la 
característica clave de los SMD es la naturaleza clonal de la displasia. Por tanto, la 
detección de una anormalidad cromosómica (cariotipo y/o FISH), el análisis por 
citometría de flujo y un análisis mutacional deben ser considerados como estudios 
complementarios para definir mejor el subtipo diagnóstico del SMD, así como el 
pronóstico de los pacientes 9,11,26,27. 

 
 

1.4. Clasificación 

Debido a la heterogeneidad de los SMD, es necesario categorizar los pacientes 
en grupos por características morfológicas similares, etiología molecular común, 
pronósticos semejantes o por presentar un riesgo similar de progresión a LAMs o de 
respuesta a las terapias disponibles 28. 

 
Clasificación morfológica 

En 1982, el grupo cooperativo Francés-Americano-Británico (FAB) propuso el 
primer sistema de clasificación de acuerdo a la citomorfología y al porcentaje de 
blastos al diagnóstico 29. A lo largo de los años, este sistema de clasificación ha sufrido 
varias revisiones para refinar la clasificación diagnóstica, incorporándose información 
referente a las citopenias sanguíneas, las características morfológicas, la citogenética 
y los datos genéticos. En este sentido, más recientemente han surgido las 
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clasificaciones de la OMS 2001, OMS 2008 y la actual OMS 2017 que han sido usadas 
con éxito para la clasificación de los pacientes con SMD 30-32. 

El último sistema de clasificación utilizado en los pacientes con SMD es la 
clasificación de la OMS 2017. Esta clasificación divide a los MSD en varias entidades 
basadas en los hallazgos morfológicos encontrados en la SP y la MO, tales como el 
tipo y el grado de la displasia, el número de citopenias, la presencia de sideroblastos 
en anillo, la proporción de blastos en MO y en SP, la presencia de alteraciones 
cromosómicas específicas (deleción del cromosoma 5q) y, por primera vez, la 
información genética (presencia de mutaciones en SF3B1) 32-36. 

La última edición de la clasificación de la OMS identifica 9 subtipos diferentes de 
SMD: SMD con displasia unilínea (SMD-DU), SMD con displasia multilínea (SMD-DM), 
SMD con sideroblastos en anillo y displasia unilínea (SMD-SA-DU), SMD con 
sideroblastos en anillo y displasia multilínea (SMD-SA-DM), SMD con del(5q) aislada, 
SMD con exceso de blastos tipo 1 y tipo 2 (SMD-EB1 y SMD-EB2), SMD inclasificable y 
anemia refractaria de la infancia (Tabla 1). 

 
 

Sistemas de estratificación de riesgo 

Los pacientes con SMD presentan un curso clínico muy variable, con grandes 
diferencias en la supervivencia global (SG) y en el riesgo de transformación a LAM, 
pudiendo darse formas indolentes de la enfermedad que permanecen estables 
durante años y formas que progresan rápidamente a leucemia 5,6,28. Por esta razón, 
se han desarrollado sistemas de puntuación pronóstica que estratifican los pacientes 
según su riesgo, teniendo en cuenta su supervivencia esperada y su riesgo de 
evolución a LAM, con el fin de mejorar el manejo de los pacientes y la estimación y 
evaluación de su pronóstico. 

Algunos de estos sistemas de puntuación pronóstica son el Sistema Internacional 
de Puntuación Pronóstica (International Prognostic Scoring System, IPSS), Sistema 
de Puntuación Pronóstica basado en la clasificación de la OMS (WHO classification- 
based Prognostic Scoring System, WPSS), el Sistema Puntuación Pronóstica de SMD 
de bajo riesgo (Lower-Risk MDS Prognostic Scoring System, LR-PSS), el Sistema de 
Puntuación Exhaustivo del MD Anderson (MD Anderson Comprehensive Scoring 
System, MDA-CSS) y el Sistema Internacional de Puntuación Pronóstica Revisado 
(Revised International Prognostic Scoring System, IPSS-R) 6,28,37-41. 
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Tabla 1. Criterio de la OMS 2017 para la clasificación de los pacientes con SMD (adaptada de Arber et al., Blood, 2016) 32. 
 

Nombre Linajes 
displásicos Citopenias* Sideroblastos en 

anillo en MO (%) 
Blastos en MO 

y SP (%) Citogenética 

SMD con displasia unilínea 
(SMD-DU) 

 
1 

 
1 o 2 

 
<15% / <5%† MO <5%, SP <1%, no 

bastones de Auer 

Ninguna, a menos que cumpla 
con todos los criterios para SMD 

con del(5q) aislada 

SMD con displasia multilínea 
(SMD-DM) 

 
2 o 3 

 
1-3 

 
<15% / <5%† MO <5%, SP <1%, no 

bastones de Auer 

Ninguna, a menos que cumpla 
con todos los criterios para SMD 

con del(5q) aislada 
SMD con sideroblastos en anillo y 

displasia unilínea 
(SMD-SA-DU) 

 
1 

 
1 o 2 

 
≥15% / ≥5%† MO <5%, SP <1%, no 

bastones de Auer 

Ninguna, a menos que cumpla 
con todos los criterios para SMD 

con del(5q) aislada 
SMD con sideroblastos en anillo y 

displasia multilínea 
(SMD-SA-DM) 

 
2 o 3 

 
1-3 

 
≥15% / ≥5%† 

MO <5%, SP <1%, no 
bastones de Auer 

Ninguna, a menos que cumpla 
con todos los criterios para SMD 

con del(5q) aislada 

SMD con del(5q) aislada 1-3 1-2 No MO <5%, SP <1%, no 
bastones de Auer 

Del(5q) única o con 1 alteración 
adicional, excepto -7 o del(7q) 

SMD con exceso de blastos tipo 1 
(SMD-EB-1) 0-3 1-3 No MO 5%-9% o SP 2%-4%, 

no bastones de Auer Ninguna 

SMD con exceso de blastos tipo 2 
(SMD-EB-2) 0-3 1-3 No MO 10%-19% o SP 5%-19% 

o bastones de Auer Ninguna 

SMD Inclasificable (MDS-U)  

Con 1% de blastos en sangre 1-3 1-3 No MO <5%, SP = 1%, ‡ no 
bastones de Auer Ninguna 

Con displasia unilínea y 
pancitopenia 1 3 No MO <5%, SP <1%, no 

bastones de Auer Ninguna 

Basado en alteraciones 
citogenéticas 0 1-3 <15%§ MO <5%, SP <1%, no 

bastones de Auer Alteraciones típicas de SMD 

Anemia Refractaria de la Infancia 1-3 1-3 No MO <5%, SP <2% Ninguna 

* Citopenias definidas como: hemoglobina, <10 g/dL; plaquetas, <100 x 109/L; y recuento absoluto de neutrófilos <1.8 x 109/L. Con poca frecuencia, los SMD 
pueden presentarse con anemia leve o trombocitopenia por encima de estos niveles. El recuento de monocitos en SP debe ser <1 x 109/L. 
† Mutación de SF3B1 presente. 
‡ El porcentaje del 1% de blastos en SP debe registrarse al menos en 2 ocasiones distintas. 
§ Casos con ≥15% de sideroblastos en anillo por definición presentan displasia eritroide significativa y son clasificados como SMD-SA-DU. 
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El predictor de pronóstico más utilizado para pacientes con SMD es el IPSS, 

publicado por primera vez en 1997 por Greenberg et al 38. Sin embargo, a lo largo del 
tiempo se ha descrito que el IPSS no predecía de manera precisa el pronóstico en los 
SMD de riesgo bajo 42. De este modo, el IPSS ha sido revisado (IPSS-R) para refinar la 
estratificación de los pacientes incorporando subgrupos citogenéticos más amplios y 
más diferenciados, una descripción de los blastos más estricta y una información más 
detallada de las citopenias41. A continuación, el Sistema de Puntuación Pronóstica 
Revisado IPSS-R es detallado (Tabla 2). 

El IPSS-R incluye 5 grupos de riesgo que presentan una supervivencia global y un 
riesgo de progresión a LAM significativamente diferentes. Los dos grupos de riesgo 
inferiores son conocidos como “SMD de bajo riesgo”, mientras que los pacientes de 
los dos niveles superiores se conocen como “SMD de alto riesgo”. Sin embargo, el 
grupo intermedio, el cual representa casi el 20% de todos los casos de SMD, es una 
categoría heterogénea que engloba pacientes indolentes semejantes a los SMD de 
bajo riesgo y pacientes con una enfermedad más agresiva 43,44. 

Una de las limitaciones más importantes del IPSS-R es la falta de información 
genética en su sistema de puntuación. Recientemente, se ha generado una gran 
cantidad de datos moleculares de pacientes con SMD, lo que ha permitido aumentar 
el conocimiento sobre algunas mutaciones genéticas y sobre su influencia en el 
pronóstico de los pacientes. En concreto, se ha descrito que las mutaciones en SF3B1 
se asocian con un resultado clínico favorable, mientras que las mutaciones en TP53, 
SRSF2, DNMT3A, IDH2, RUNX1 and ASXL1 se asocian con una pobre evolución clínica 
36,45-51. Por tanto, en la actualidad se está llevando a cabo una propuesta para incluir 
este conocimiento molecular en el sistema de estratificación IPSS-R. 
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Tabla 2. Sistema Internacional de Puntuación Pronóstica Revisado (IPSS-R) (adaptado de 
Greenberg et al., Blood, 2012) 41. 

 
 Valores de Puntuación 

0 0.5 1 1.5 2 3 4 
 
 

Citogenética 

 
-Y, 

del(11 
q) 

 

 
- 

Normal, del(5q), 
del(12p), 

del(20q), doble 
incluyendo 

del(5q) 

 

 
- 

Del(7q), +8, 
+19, i(17q), 

cualquier otro 
clon 

independiente 
único o doble 

-7, 
inv(3)/t(3q)/del(3q), 

doble incluyendo 
-7/del(7q), 

Complejo: 3 
alteraciones 

 
 

Complejo: >3 
alteraciones 

% Blastos en MO ≤2 - >2% to <5% - 5% a 10% >10%  

Hemoglobina 
(g/dL) 

≥10 - 8 to 10 <8 
   

Plaquetas (x109/L) ≥100 50 a 
<100 <50     

Neutrófilos 
(ANC) (x109/L) ≥0,8 <0,8 

     

 

 Categorías y Resultado Clínico 

Muy Bajo Bajo Intermedio Alto Muy Alto 
Valor de riesgo ≤1,5 >1,5 a 3 >3 a 4,5 >4,5 a 6 >6 

Pacientes (%) 19% 38% 20% 13% 10% 

Supervivencia 
(mediana, años) 8,8 5,3 3,0 1,6 0,8 

Tiempo hasta 
evolución a LAM 

(15% de casos) 
(mediana, años) 

 
No 

alcanzado 

 

10,8 

 

3,2 

 

1,4 

 

0,7 
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1.5. Resultado clínico 

Los pacientes con SMD presentan un gran rango de evoluciones clínicas, desde 
condiciones indolentes durante años y cercanas a una esperanza de vida normal 
hasta formas que progresan rápidamente a leucemia aguda. De este modo, la 
heterogeneidad clínica complica el manejo de los pacientes, pues dificulta la elección 
del tratamiento, así como el momento de la intervención 5. Además de las variables 
específicas de la enfermedad, existen una serie de factores relacionados con el propio 
paciente, como son la edad o la presencia de otras patologías, que son esenciales 
para la estimación del riesgo de los pacientes. En concreto, debido a que la mediana 
de edad es cercana a los 70 años, los pacientes con SMD suelen presentar 
comorbilidades que influyen en la evolución clínica y en el espectro de terapias 
disponibles 43. 

 
Tratamiento de los SMD 

Las opciones terapéuticas para los pacientes con SMD varían desde un 
tratamiento de soporte y sintomático de las citopenias sanguíneas, basado 
principalmente en transfusiones, hasta un trasplante alogénico de progenitores 
hematopoyéticos (alo-TPH), dependiendo de los factores de riesgo propios de la 
enfermedad y relacionados con el paciente 7. Además, los SMD principalmente 
afectan a población de edad avanzada, lo que significa que la mayoría de los pacientes 
no puede tolerar abordajes terapéuticos intensivos, como la quimioterapia intensiva 
o el trasplante alogénico 52. 

Hasta el momento, tres fármacos han sido aprobados por la Administración de 
Alimentos y Medicamentos de los Estados Unidos (Food and Drug Administration, 
FDA) y por la Agencia Europea del Medicamente (European Medicines Agency, EMA) 
para su uso en indicaciones relacionado con los SMD: lenalidomida (aprobada en 
2005), un fármaco inmunomodulador que se administra oralmente; y azacitidina y 
decitabina (aprobadas en 2004 y 2006, respectivamente), dos análogos de los 
nucleótidos que son agentes hipometilantes del ADN (DNA hypomethylating agents, 
HMA). Además de estos medicamentos, existe un extenso uso de agentes 
estimuladores de la eritropoyesis (rythropoiesis-stimulating agents, ESA) fuera de lo 
indicado, como son la eritropoyetina y la darbepoyetina 43. Sin embargo, desde la 
aprobación de la decitabina en 2006, han pasado más de 15 años sin un nuevo 
fármaco para los pacientes con SMD, a excepción del luspatercept, aprobado para el 
tratamiento de la anemia en pacientes con SMD en 2020 53. 
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Por tanto, el tratamiento de los SMD es elegido en base a la clasificación 

pronóstica y los objetivos propuestos a alcanzar con la terapia son diferentes en 
pacientes de bajo riesgo a los propuestos en pacientes de alto riesgo e, incluso, a los 
propuesto en aquellos pacientes en los que el tratamiento con agentes 
hipometilantes ha fallado. 

En pacientes con SMD de bajo riesgo, la meta es reducir la necesidad de 
transfusiones gracias al tratamiento con agentes estimuladores de la eritropoyesis y 
luspatercept, así como prevenir la transformación a un subtipo de alto riesgo o a 
LAMs y mejorar la supervivencia. En el caso de los pacientes de bajo riesgo con 
del(5q), el tratamiento con lenalidomida puede alcanzar altas tasas de respuesta, 
consiguiendo en estos pacientes independencia transfusional e, incluso, remisión 
citogenética 52,54,55. Por el contrario, en el caso de los SMD de alto riesgo, el objetivo 
principal es prolongar la supervivencia y las terapias actuales disponibles incluyen 
soporte de factores de crecimiento, lenalidomida, agentes hipometilantes, 
quimioterapia intensiva y alo-TPH. Antes de iniciar el tratamiento de cualquier 
paciente con un SMD de alto riesgo, se debe evaluar la opción de realizar un alo-TPH, 
puesto que, actualmente, es el único tratamiento curativo disponible y, por tanto, el 
único que puede tener un efecto importante en la supervivencia del paciente. Por el 
contrario, en aquellos pacientes que no son candidatos a trasplante, la opción 
terapéutica más apropiada sería el tratamiento con agentes hipometilantes 54,55. 

Aunque aproximadamente la mitad de los pacientes con SMD son sometidos a 
tratamiento con agentes hipometilantes, la mayoría no responde o termina 
perdiendo la respuesta inicial. Para estos pacientes con enfermedad refractaria o en 
vías de progresión tras la terapia con agentes hipometilantes, en este momento no 
existe una intervención indicada y las opciones terapéuticas incluyen la participación 
en un ensayo clínico, tratamiento con citarabina o un alo-TPH 52,54,55. 

A pesar de estas opciones, existe un gran número de pacientes cuya enfermedad 
progresa y evoluciona a LAMs. Por tanto, existe una enorme necesidad clínica de 
encontrar nuevas terapias para los pacientes con SMD. 
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Progresión de los SMD a LAMs 

Los pacientes con SMD presentan un elevado riesgo de, finalmente, progresar a 
una leucemia aguda mieloide (LAM secundaria, LAMs), ocurriendo dicha progresión 
en aproximadamente un tercio de los pacientes. Por definición, la progresión a LAM 
sucede cuando se observa en un evaluación morfológica de la MO un aumento en el 
número de blastos superior al 20% 32,56. 

La progresión de enfermedad está asociada a un pronóstico lúgubre, puesto que 
la mayoría de los pacientes que progresan son resistentes a los tratamientos actuales, 
tienen tasas inferiores de remisión completa y la tasa de supervivencia a largo plazo 
de los pacientes tratados es menor del 10% 42,57. Además, como sucede en otras 
patologías premalignas de alto riesgo, se debe tener en cuenta el riesgo de 
progresión a LAM a la hora de la toma de decisiones clínicas, como puede ser si el 
paciente se somete a un alo-TPH y cuándo 57. 

Más información sobre la progresión de los SMD a LAMs está incluida en el 
apartado 3 de la sección de Introducción. 
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2. Alteraciones biológicas y moleculares de los 
SMD 

Es bien sabido que en los SMD, como otros tipos de cáncer, suceden rondas 
sucesivas de selecciones positivas, donde las mutaciones y otras alteraciones 
genéticas juegan un papel muy importante 58-60. Además, es poco común encontrar 
una única alteración genética aislada, siendo mucho más habitual la combinación de 
mutaciones y/o alteraciones citogenéticas 61,62. Por tanto, para descifrar qué 
alteraciones o qué mecanismos están involucrados en esta selección positiva 
(alteraciones “drivers”) es crucial conocer la patogénesis de los SMD y los distintos 
fenotipos de la enfermedad 63. 

Los primeros estudios genéticos en pacientes con SMD se centraron en las 
alteraciones citogenéticas detectadas por citogenética convencional (cariotipo). 
Aproximadamente un 50% de los casos diagnosticados de SMD presentan 
alteraciones citogenéticas, siendo la citogenética uno de los factores más 
importantes que influye en el resultado clínico de los pacientes 33,38,41,64. La mayoría 
de las alteraciones observadas en los SMD son cambios no balanceados, los cuales 
resultan en ganancias y pérdidas de material cromosómico. Las alteraciones más 
frecuentes son: -5/del(5q) y -7/del(7q), seguidas de la trisomía 8, del(20q),-18/del(18q), 
-Y, ganancia del cromosoma 21, del(17p)/iso(17q) y inv/t(3q). Además, la mayoría de 
estas lesiones a menudo coocurren siendo parte de un cariotipo complejo 33,64. En la 
Figura 2 se muestran las alteraciones cromosómicas más recurrentes en pacientes 
con SMD y su incidencia. 
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Figura 2. Frecuencias de las alteraciones citogenéticas más frecuentes en pacientes con SMD, 
divididas en aisladas, presentes con una anomalía adicional o presentes en un contexto de 
cariotipo complejo (adaptada de Haase et al., Blood, 2007) 33. Este gráfico muestra las 
alteraciones citogenéticas más frecuentes en pacientes con SMD. La presencia de estas 
alteraciones junto con otras alteraciones o aisladas es representada en color: verde para las 
alteraciones citogenéticas aisladas, amarillo para los casos con una anomalía adicional, y naranja 
para los casos con cariotipo complejo. 
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Sin embargo, más del 50% de los pacientes poseen una citogenética normal 

mientras que varios estudios han demostrado que casi la totalidad de los SMD poseen 
mutaciones genéticas 61-63,65. 

 
 

2.1 Perfil mutacional de los SMD 

El perfil genético de los pacientes con SMD influye de manera crítica en el 
fenotipo clínico, en el pronóstico y en la respuesta al tratamiento, por lo que es vital 
ampliar y actualizar nuestro conocimiento sobre la genética de los SMD para, de este 
modo, predecir la evolución clínica de los pacientes y seleccionar la terapia más 
adecuada para cada paciente 63. 

Hasta el año 2010, el estudio de la genética de los SMD se reducía al estudio de 
un pequeño número de genes, como son TP53, EZH2, RUNX1, TET2, NRAS, KRAS, FLT3, 
ASXL1, por cariotipo mediante SNP arrays y secuenciación Sanger 66-68. Sin embargo, 
durante la última década, nuestro conocimiento acerca de los genomas de pacientes 
con SMD ha aumentado exponencialmente gracias a la detección exhaustiva de 
mutaciones somáticas mediante las nuevas técnicas avanzadas de secuenciación de 
alto rendimiento 61,62,69. 

En los últimos años, se ha descrito que de un 78 hasta un 90% de los casos con 
SMD portan al menos una mutación genética 61,62,70, encontrándose éstas 
principalmente en pacientes con un cariotipo normal puesto que aproximadamente 
dos tercios de los pacientes con cariotipo normal poseen alguna mutación genética 
3,65. Asimismo, el número de mutaciones varía según el subtipo de SMD. De hecho, 
mientras que un paciente con un SMD de bajo riesgo, como son los SMD-DU con o sin 
sideroblastos en anillo y los SMD con del(5q) aislada, presentan una mediana de 2-3 
mutaciones drivers detectadas por secuenciación dirigida y 6 por secuenciación de 
exoma completo, un SMD de alto riesgo (SMD-EB y SMD-DM) y pacientes con LAMs 
tienen un número mayor de mutaciones que oscila entre 9 y 13 alteraciones63. 

Hasta el momento, se han descrito más de 40 genes drivers implicados en la 
patogénesis de los SMD, los cuales pueden ser categorizados según la ruta funcional 
en la que participan: splicing del ARN (SF3B1, SRSF2, U2AF1, ZRSR2, entre otros), 
metilación del ADN (TET2, DNMT3A, IDH1/IDH2), transcripción (RUNX1, ETV6, TP53, 
BCOR, etc.), modificación de la cromatina (EZH2, ASXL1, ATRX, …), complejo de las 
cohesinas (STAG2, STAG1, RAD21, SMC1A, SMC3, CTCF) y señalización (NRAS, KRAS, FLT3, 
CBL, JAK2, etc.). Los genes más frecuentemente mutados son los implicados en las 
vías de la metilación del ADN y modificación de la cromatina, así como los implicados 
en el splicing. Sin embargo, la mayoría de estos genes se encuentran mutados en una 
frecuencia baja, con solo 6 de ellos mutados en >10% de los pacientes 61,62,70-74 (Figura 
3). 
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Figura 3. Frecuencias de las alteraciones drivers identificadas por secuenciación o por 
citogenética, así como de las vías más frecuentemente alteradas, considerando los distintos 
subtipos de SMD (adaptada de Papaemmanuil et al., Blood, 2013 and de Haferlach et al., 
Leukemia, 2014) 61,62. a) Las alteraciones más frecuentes son mutaciones en SF3B1, TET2, SRSF2, 
ASXL1, la deleción del cromosoma 5q, mutaciones en DNMT3A, RUNX1, el cariotipo complejo y 
mutaciones en U2AF1 y TP53. b) Con respecto a las vías funcionales que pueden verse alteradas 
en pacientes con SMD, las más frecuentes son el splicing del ARN y la metilación del ADN. 

 
 

Teniendo en cuenta este contexto donde múltiples genes drivers se encuentran 
mutados, la combinación de mutaciones no es totalmente al azar y algunas tienden a 
aparecer juntas (coocurrencia) más frecuentemente que lo esperado por casualidad, 
mientras que otras son mutuamente excluyentes, puesto que rara vez son 
observadas juntas. Este hecho sugiere que las interacciones gen-gen, 
mutacionalmente hablando, están detrás de las selecciones clonales positivas y 
negativas durante todo el curso de la enfermedad 63,74. Por ejemplo, las mutaciones 
en los componentes del splicing, así como las mutaciones en los genes del complejo 
cohesinas son consideradas prácticamente excluyentes, probablemente debido a la 
letalidad sintética que se produce cuando dos componentes de una misma vía celular 
se encuentran mutados 75,76. Por el contrario, las mutaciones implicadas en el splicing 
y en la metilación del ADN parece que coocurren en estados tempranos de la 
enfermedad, siendo descritas como mutaciones “fundadoras” en más del 50% de los 
pacientes con SMD 77, del mismo modo que las mutaciones en RUNX1 se asocian con 
alteraciones en ASXL1 78 o mutaciones en STAG2 coocurren con otras en genes como 
RUNX1, SRSF2, ASXL1 o EZH2 76,79,80. 

Por tanto, los SMD se caracterizan por presentar mutaciones en múltiples genes 
drivers, una compleja estructura de interacciones gen-gen y una diversificación 
subclonal extensa, lo que demuestra una gran heterogeneidad tanto a nivel 
interpaciente como intratumoral. No obstante, a pesar de las bajas frecuencias 
mutacionales y la variabilidad interpaciente, algunas de estas mutaciones han 
demostrado relacionarse con el fenotipo de la enfermedad y poseer un valor 
pronóstico. 
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Algunos ejemplos de este valor pronóstico son las mutaciones en TP53 que se 

asocian con un cariotipo complejo 45,81 o las mutaciones en SF3B1 que se relacionan 
fuertemente con un mayor número de sideroblastos en anillo en la MO y 
normalmente predicen un pronóstico favorable 34,36,51. Asimismo, la presencia de 
algunas mutaciones se ha asociado con un peor desenlace clínico y el propio número 
de mutaciones oncogénicas se relaciona negativamente con la supervivencia libre de 
leucemia (SLL), proporcionando información pronóstica independiente más allá de la 
estratificación del IPSS-R 61. A diferencia del pronóstico favorable que suelen 
presentar los casos mutados en SF3B1, los pacientes con mutaciones en otros genes 
del splicing, como pueden ser SRSF2 o U2AF1, presenta una peor supervivencia global 
82-84. Del mismo modo, mutaciones en TP53, DNMT3A, RUNX1, EZH2 y ASXL1 se han 
descrito como predictores de una peor supervivencia global 61,81,85-88. Además, 
recientemente algunos estudios han reportado el impacto en el fenotipo de la 
enfermedad y en la evolución de los SMD de algunas concurrencias de mutaciones. 
En esta línea, la concurrencia entre mutaciones en SRSF2 y en genes de la vía de RAS 
se ha asociado con leucocitosis, mientras que la concurrencia de mutaciones en SRSF2 
y STAG2, RUNX1 y IDH1/2 es más frecuente en fenotipos con presencia de blastos 80 o 
la concurrencia de mutaciones en SF3B1 con otros genes específicos, como son SRSF2, 
IDH2, BCOR, NUP98 y STAG2, modifica el pronóstico favorable de SF3B1 y se asocia con 
un pronóstico adverso 89. 

En la Figura 4 se muestra un resumen de las mutaciones más frecuentes 
encontradas en pacientes con SMD y su impacto pronóstico asociado. 

Por consiguiente, la identificación de mutaciones en diversas vías de señalización 
celular ha mejorado nuestro conocimiento acerca del impacto clínica de estas 
mutaciones, sugiriendo que las clasificaciones diagnósticas y pronósticas de los 
pacientes pueden ser refinadas por la inclusión de los datos genéticos. No obstante, 
a día de hoy, siguen siendo necesarias grandes bases de datos para el entendimiento 
de los mecanismos implicados en la patogénesis de los SMD y para adaptar las 
opciones terapéuticas de acuerdo a las mutaciones específicas. Además, la falta de 
validación clínica limita la implantación de los resultados de la secuenciación de estos 
genes en la práctica clínica habitual. 
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Figura 4. Resumen de las mutaciones más frecuentes en pacientes con SMD y su impacto 
pronóstico (adaptada de Steensma, Mayo Clin Proc, 2015)23. En esta figura se muestran las 
frecuencias mutacionales de los genes alterados en pacientes con SMD, así como su valor 
pronóstico, representado por colores: verde, genes cuyas mutaciones se relacionan con 
pronóstico favorables (como SF3B1); naranja, mutaciones que se asocian con un pronóstico 
adverso (como mutaciones en SRSF2, ASXL1, DNMT3A, RUNX1, TP53, U2AF1 y EZH2); y azul, para 
aquellos genes cuyo impacto clínico no está definido. 

 
 

2.2 El complejo cohesina 

El complejo cohesina es un complejo proteico multimérico conservado a lo largo 
de las especies, el cual está compuesto por dos subunidades de mantenimiento 
estructural de los cromosomas (Structural Maintenance of Chromosomes, SMC), la 
subunidad SMC1A y la subunidad SMC3, junto con una subunidad α-kleisina llamada 
RAD21, que forma un anillo uniéndose a una de las subunidades de antígeno estromal 
(STAG1/2) 90,91 (Figura 5). 

El complejo cohesina es conocido por su función canónica de alinear y estabilizar 
las cromátidas hermanas durante la metafase en la división celular 91. Sin embargo, se 
han descrito en varias neoplasias mutaciones en las cohesinas que no se relacionan 
con aneuplodía o con alteraciones citogenéticas complejas 92,93, de modo que estos 
resultados sugieren que las cohesinas participan en un mecanismos alternativo que 
cuando se ve alterado permite la expansión clonal y la transformación maligna. En 
esta línea, recientemente se ha descrito el papel del complejo cohesina en la 
reparación del ADN tras la replicación 94-96 y su implicación en la activación 
transcripcional a través de las interacciones cis de largo alcance, en concreto, en la 
formación de bucles en el ADN entre enhancers y promotores en la que también 
participa el facto de unión CCCTC (CTCF) 91,97-101. 
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Figura 5. Representación del complejo cohesina (adaptada de Ogawa, Blood, 2019) 63. El complejo 
cohesinas está compuesto por dos subunidades de mantenimiento de los cromosomas SMC1A 
and SMC3 junto con una subunidad α-kleisina llamada RAD21 que forma un anillo uniéndose a una 
de las subunidades de antígeno estromal (STAG1/2). 

 

En el caso de las neoplasias mieloides, las mutaciones en los genes que codifican 
para las subunidades del complejo cohesina (STAG2, STAG1, SMC3, SMC1A, RAD21 and 
CTCF) se han descrito en un 10-15% de los pacientes, siendo más comunes en los SMD 
de alto riesgo o en pacientes con LAM, donde la incidencia puede llegar hasta un 20% 
de los casos 76. Además, gracias a análisis clonales de estos pacientes se ha descrito 
que son eventos tempranos 102 y gracias al estudio de sus frecuencias alélicas (Variant 
Allele Frequency, VAF) parece que estas mutaciones se encuentran en el clon 
dominante 93. Del mismo modo, tras el estudio retrospectivo de la evolución clínica 
de pacientes mutados en estos genes se ha encontrado que las mutaciones en las 
cohesinas tienden a asociarse, aunque sin valor independiente, con un peor 
pronóstico en pacientes con neoplasias mieloides 62,76,93. Con respecto a su papel en 
el desarrollo del SMD, como ha sucedido con otras neoplasias, algunos estudios han 
descrito que las mutaciones en las cohesinas no contribuyen a la transformación 
hematopoyética a través de la inestabilidad cromosómica 93,102, sino que pueden 
alterar la regulación transcripcional que sucede durante el proceso de diferenciación 
y proliferación y la reparación del daño en el ADN y, por consiguiente, participar en la 
evolución clonal y en la tumorogénesis 76,96. Además, algunos autores sugieren que 
las mutaciones de las cohesinas pueden tener un impacto negativo en la 
hematopoyesis, generando un clon ancestral susceptible a un segundo “hit” que 
provoca la transformación leucémica 103. 

Con respecto a las concurrencias de las mutaciones de las cohesinas en pacientes 
mieloides, se ha descrito que concurren con mutaciones en otros genes drivers en la 
evolución clonal, como son las mutaciones en el splicing (SRSF2) 79,104, en 
modificadores de la cromatina (BCOR and ASXL1), reguladores transcripcionales 
(RUNX1, NPM1) 76,93 y genes implicados en la vía de RAS 76. Por tanto, estos datos 
sugieren que la desregulación epigenética puede ser sinérgica con respecto al 
mecanismo de acción afectado por la haploinsuficiencia de las cohesinas. Igualmente, 
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la vía de señalización de RAS cuando se encuentra activada puede alterar la expresión 
de genes claves, que están aún más desregulados por la inactividad de las 
cohesinas76. 

Sin embargo, los mecanismos moleculares por los que las mutaciones en las 
cohesinas promueven la leucomogénesis no están completamente establecidos y la 
significancia clínica de estas mutaciones aún no está clara. 

 

 
2.3 Vía de señalización de Ras 

RAS es un proto-oncogén que pertenece a la familia de las GTPasas pequeñas y 
está implicado en la transducción celular de señales 105,106. Esta familia de genes está 
compuesta por los genes NRAS, KRAS y HRAS, los cuales codifican para proteínas 
homólogas que tienen la propiedad bioquímica de unirse a los nucleótidos de Guanina 
y poseer actividad GTPasa intrínseca. Por tanto, estas proteínas están involucradas 
en la transducción de las señales externas a la célula 107. 

Las mutaciones activantes de la vía de Ras, es decir, las alteraciones que permiten 
que RAS esté en un estado activo y, por consiguiente, prevenga la hidrólisis de GTP, 
se encuentran muy habitualmente en un diverso rango de cánceres, incluyendo los 
SMD, la LAM, la leucemia mielomonocítica crónica (LMMC) y la leucemia 
mielomonocítica juvenil 108-112. La activación de RAS permite un aumento de la 
señalización a través de las vías RAS/RAF/MEK y RAS/PI3K 113 y, por tanto, las 
mutaciones activantes de RAS dirigen un aumento de la proliferación de las células 
progenitoras hematopoyéticas 114,115. Asimismo, además del efecto directo de las 
mutaciones activantes de RAS, la cascada de señalización dependiente de RAS puede 
verse inducida como respuesta a mutaciones en otros genes que codifican factores 
de niveles superiores de la vía de Ras (FLT3, KIT, CBL), genes involucrados en la 
regulación de dicha vía (NF1, PTPN11, PTPN1) o efectores de niveles inferiores de la vía 
de Ras (BRAF) 115,116. 

En el caso de las neoplasias mieloides, las mutaciones de la vía de Ras se han 
descrito en un 10-15% de los pacientes diagnosticados de LAM, sin embargo, son 
menos frecuentes en pacientes con SMD, encontrándose en un 5-10% de los casos y 
siendo NRAS el gen más común 111,117,118. Aunque se ha estudiado ampliamente el 
impacto pronóstico de las mutaciones en estos genes en pacientes con neoplasias 
mieloproliferativas (NMP) y con LAM, la información disponible respecto al 
pronóstico de los pacientes con SMD que portan mutaciones en los genes de la vía 
de Ras es limitada y contradictora 111. 

Algunos trabajos han descrito que las mutaciones de la vía de Ras no tienden a 
relacionarse con un pronóstico adverso 111,119, mientras que estudios más recientes 
han reportado que estas mutaciones pueden promover la proliferación celular y 
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asociarse con un mayor riesgo de progresión a LAM y un peor pronóstico 120-122. Del 
mismo modo, los pacientes con mutaciones en la vía de Ras son más frecuentemente 
diagnosticados con un SMD con exceso de blastos y con subtipos pertenecientes a 
las categorías de alto riesgo del IPSS-R, así como suelen presentar un mayor recuento 
de leucocitos y un mayor número de blastos en MO 111,123. Con respecto a su función y 
papel en la patofisiología de los SMD, las mutaciones en la vía de Ras pueden 
provocar una activación de la vía de señalización constitutiva siendo hipersensible a 
los estímulos endógenos y, por consiguiente, estas mutaciones pueden aumentar la 
proliferación, reducir la apoptosis y alterar el crecimiento celular y la supervivencia 4. 
Sin embargo, actualmente se necesitan estudios funcionales en células de SMD y 
modelos in vivo para confirmar estos efectos. 

En pacientes diagnosticados con SMD, las mutaciones de la vía de Ras se han 
descrito como eventos tardíos en el curso de la enfermedad, siendo alteraciones 
subclonales que concurren con otras mutaciones fundadoras 69. En concreto, los 
pacientes con mutaciones en la vía de Ras presentan más comúnmente mutaciones 
en U2AF1, RUNX1, WT1, PTPN11, ETV6 y NPM1 123, mientras que no suelen presentar 
mutaciones en FLT3 (mutaciones de tipo ITD o TKD) 111. 

Por tanto, la información disponible sobre el impacto clínico de las mutaciones 
de la vía de Ras en pacientes con SMD es limitada y contradictoria y los mecanismos 
moleculares por lo que la vía de Ras está implicada en la patogénesis de los SMD y en 
su progresión aún son desconocidos. 
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3. Progresión de los SMD a Leucemia Aguda 
Mieloblástica secundaria 

El curso clínico de los SMD es altamente variable, pero aproximadamente un 
tercio de los pacientes termina progresando a LAM, conocida como LAM secundaria 
o LAMs, lo que conlleva un pronóstico lúgubre 42,57,124. 

La LAMs representa hasta un 25-35% del total de casos con LAM, proviniendo la 
mayoría de ellos (60-80%) de un SMD previo 125-127, y estos pacientes presentan 
características clinicopatológicas distintas que la LAM de novo. Por este motivo, en la 
clasificación de la OMS de 2017 de neoplasias hematológicas, la LAM proveniente de 
un SMD previo es clasificada como una entidad diferente, llamada LAM con cambios 
displásicos (SMD-LAM) 32, la cual presenta tasas de remisión completa más bajas, así 
como una supervivencia libre de recaída y una supervivencia global menor a la 
observada en la LAM de novo 127-129. 

Aunque los SMD y la LAM secundaria son consideras como entidades 
diferentes, en realidad, representan un proceso continuo de la enfermedad sometido 
a una evolución clonal genética. De hecho, como se define en el IPSS-R, la 
supervivencia global de los SMD de alto riesgo y muy alto riesgo 41 es similar a la 
observada en los pacientes con SMD-LAM 130, indicando que los SMD de riesgo más 
alto y la LAMs son entidades clínicamente similares y ambas podrían representar dos 
estadios cancerígenos de una enfermedad continua. Sin embargo, estas dos 
entidades muestran algunas diferencias celulares. La LAM se caracteriza por un 
completo bloqueo en la maduración celular hematopoyética, permitiendo la 
acumulación de mieloblastos en MO (≥20% de las células nucleadas), mientras que los 
pacientes con SMD producen células sanguíneas maduras, pero deficientes, debido a 
que la maduración y la morfología son aberrantes y, consecuentemente, se observa 
un número de células maduras bajo. Además, los SMD normalmente se caracterizan 
por presentar un aumento de la apoptosis y de la muerte celular inflamatoria, 
mientras que la LAMs, y la LAM en general, se asocia con un aumento de la 
supervivencia celular y la proliferación, sugiriendo que el aumento del fenotipo de 
muerte celular que sucede en el SMD deja paso a un fenotipo pro-supervivencia 
durante la progresión a LAMs 56. 

Por definición, el recuento de blastos en la MO es el parámetro usado para 
diferenciar entre SMD y LAMs. Sin embargo, es una medida subjetiva, basada en una 
valoración morfológica que es sensible a la variabilidad del propio observador 131,132, 
además de que posee ciertas limitaciones debido a que la progresión de la 
enfermedad es un proceso continuo y definir un límite es bastante complejo. Por este 
motivo, la definición de transformación a LAMs ha evolucionado durante el tiempo y, 
aunque, actualmente el límite se encuentra en ≥20% de blastos en MO por la OMS en 
la anterior clasificación de la FAB el límite era de ≥30% 133. Además, estudios genéticos 
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recientes han identificado clonalidad en los SMD, puesto que casi la totalidad de los 
pacientes tienen mutaciones clonales lo que supone una medida de carga tumoral 
que a menudo excede al porcentaje de blastos 69,134-136. Por estas razones, la 
incorporación de datos de secuenciación en muestras secuenciales podría ser útil 
para la monitorización de los cambios dinámicos en la carga tumoral que suceden 
durante el SMD, y en combinación con el recuento de blastos y otros parámetros 
clínicos podría ayudar a la anticipación e identificación de progresión de manera más 
temprana. 

 
 

3.1. La genética de la progresión de los SMD a LAMs: 
Evolución clonal 

Los SMD y la LAMs muestran alteraciones citogenéticas similares, como son las 
deleción del cromosoma 5q, 7q, 20q o el cariotipo complejo, las cuales son definidas 
como alteraciones citogenéticas “asociadas al SMD”. De hecho, la presencia de estas 
alteraciones define el diagnóstico de la OMS de LAM-SMD, incluso en ausencia de un 
diagnóstico previo de SMD o sin displasia morfológica. Por el contrario, los 
reordenamientos balanceados, como son las translocaciones t(15;17) y t(8;21), la 
inversión del cromosoma 16 o los reordenamientos en KMT2A son más comunes en la 
LAM de novo 32,64. 

Del mismo, los estudios de secuenciación masiva a gran escala han identificado 
mutaciones en genes comunes entre los SMD y la LAMs, tales como son las 
mutaciones en genes del spliceosoma (SRSF2, SF3B1, U2AF1), en EZH2, BCOR y STAG2, 
cuya presencia sugiere que la LAM ha evolucionado desde un SMD, incluso sin un 
antecedente previo de diagnóstico de SMD 79,137-139. Por tanto, estas mutaciones 
ocurren en un momento temprano de la patogénesis del SMD anterior a la progresión 
a LAMs. 

Estos estudios de secuenciación masiva también han mostrado que la MO de 
pacientes con SMD puede ser clonalmente compleja con múltiples clones únicos, 
pero relacionados genéticamente, incluyendo un clon fundador y subclones 
derivados de este clon fundador 69,134,140. A pesar de su complejidad, la progresión a 
LAMs ha sido definida como un proceso dinámico, donde el clon fundador del SMD 
persiste, aunque nuevos subclones con alteraciones genéticas diferentes crecen o 
aparecen, desencadenando un aumento de la heterogeneidad intraclonal 69. Por 
tanto, la evolución a LAMs es un proceso de expansión clonal, que incluye 
diversificación genética y epigenética, y de selección clonal por la adaptabilidad 
dinámica, lo que resulta en una arquitectura clonal compleja, es decir, en una MO con 
gran heterogeneidad intraclonal. 
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En este contexto de heterogeneidad intraclonal, la concurrencia de mutaciones 

genéticas, así como el orden de adquisición son cruciales para la patogénesis de la 
enfermedad, aunque establecer el orden exacto de la adquisición de mutaciones en 
un paciente puede ser complicado. 

Recientemente, algunos estudios han descrito que alrededor del 10% de las 
personas mayores de 70 años presentan mutaciones somáticas en sus células 
sanguíneas, lo que se conoce como Hematopoyesis Clonal de Potencial Incierto 
(Clonal Hematopoiesis of Indeterminate Potential, CHIP) 58,141,142. Muchas de estas 
mutaciones (DNMT3A, TET2, ASXL1 y genes del spliceosoma) se encuentran 
comúnmente mutadas en altos VAFs tanto en pacientes con SMD y LAMs, lo que 
podría indicar que las mutaciones en estos genes ocurren en un desarrollo temprano 
de la enfermedad y están presente en la mayoría de las células, es decir, están 
presentes en el clon fundador 69,134,136. En cambio, otras mutaciones son más comunes 
en la LAMs, como las mutaciones en los factores de transcripción (RUNX1, GATA2, 
CEBPA) o en genes relacionados con la señalización (RAS family genes, FLT3), 
sugiriendo que estas mutaciones se adquieren más tarde durante la progresión de la 
enfermedad en un subconjunto de células en expansión 120,136,143,144. 

En esta línea, Makishima et al. identificaron 2 grupos de mutaciones asociadas 
con la evolución de un SMD a LAMs: mutaciones en genes como FLT3, PTPN11, WT1, 
IDH1, NPM1, IDH2 y NRAS que se encontraron enriquecidas en pacientes con LAMs 
comparados con SMD de alto riesgo, conocidas como mutaciones tipo-1; y las 
mutaciones tipo-2 que se encontraron enriquecidas en pacientes de alto riesgo en 
comparación con SMD de bajo riesgo (mutaciones en TP53, GATA2, KRAS, RUNX1, 
STAG2, ASXL1, ZRSR2 y TET2)69. 

Considerando todos estos resultados juntos, las mutaciones parecen seguir un 
orden típico de adquisición durante la progresión. Sin embargo, nuestro 
conocimiento acerca del orden de adquisición de mutaciones permanece incompleto, 
puesto que la mayoría de los datos están basados en la frecuencia de las mutaciones 
en series de SMD y LAMs que no incluyeron muestras pareadas en lugar de en series 
que incluyan muestras seriadas de un mismo paciente. 

Con el fin de superar esta limitación, estudios recientes han incluido algunas 
muestras pareadas de SMD/LAMs de un mismo paciente y han confirmado que existe 
un orden típico de adquisición de mutaciones durante la progresión de los SMD a 
LAM. Las mutaciones en los genes del spliceosoma y en modificadores epigenéticos 
están presentes con altos VAFs ya en el momento de la muestra del SMD , indicando 
que son adquiridas de manera temprana en el curso de la enfermedad, mientras que 
las mutaciones en genes de señalización raramente fueron detectadas en el SMD, 
indicado que son adquiridas más tarde en la progresión de la enfermedad 69,134-136. 
Estos resultados concuerdan con el modelo simplista tradicional de evolución a LAMs 
que postula que las mutaciones pueden suceden en dos clases de genes 145,146. Este 
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modelo propone que las mutaciones de pérdida de función en factores de 
transcripción tales como RUNX1, CEBPA y RARA (denominadas como mutaciones de 
“Clase II”), alteran la diferenciación hematopoyética y permiten la acumulación de 
más células primitivas. Sin embargo, estas variaciones solas no son suficientes para 
causar leucemia aguda y necesitan de una segunda mutación (mutaciones de “Clase 
I”) en genes de señalización, tales como FLT3, RAS y KIT, para promover la ventaja 
proliferativa y de supervivencia de las células madre hematopoyéticas 147-149. No 
obstante, estos estudios seriados también han descrito que el espectro mutacional 
es más complicado que lo que puede explicar un modelo de dos clases y que la 
progresión a LAMs es un proceso muy complejo y heterogéneo que incluye otros 
genes frecuentemente mutados que no encajan en ninguna de las categorías de Clase 
I y Clase II 133. 

Además, los enfoques de secuenciación que se han utilizado en estos estudios 
han limitado la capacidad de detectar consistentemente mutaciones en bajos niveles 
y definir clonalidad. Por tanto, cuando las mutaciones están presentes en bajos VAFs 
la definición de la arquitectura clonal se ve limitada, siendo todo un reto determinar 
si las mutaciones coocurren en la misma célula o si existen en subclones paralelos. En 
estos casos, se necesitaría la metodología de secuenciación de célula única, sin 
embargo, esta técnica puede verse afectada por el fenómeno de los alelos nulos, o lo 
que es lo mismo, la pérdida del alelo mutado durante la amplificación del ADN 
durante la PCR debido a variaciones en la secuencia o mutaciones 56. 

Teniendo en cuenta todos estos resultados, la progresión de los SMD a LAMs es 
claramente un proceso de evolución clonal, que puede ocurrir desde un periodo 
relativamente corto de tiempo (por ejemplo, semanas o meses). El análisis de la 
evolución clonal ha mostrado que la evolución puede seguir dos patrones: lineal, 
donde cada subclon sucesivo ocurre procedente de un clon parental previo, o 
ramificado, donde un clon fundador puede generar varios subclones paralelos 
69,135,136. Además, se ha identificado un proceso denominado “barrido clonal”, el cual 
sucede cuando un subclon se expande hasta ocupar el tumor entero y fuerza hasta el 
colapso al resto de subclones 69 (Figura 6). 

Por otra parte, recientemente Chen et al. han realizado experimentos de 
secuenciación masiva en un número limitado de poblaciones de células madre 
definidas fenotípicamente en pacientes con SMD y LAMs. Estos autores han descrito 
que la diversidad subclonal puede ser mayor en las células madre que en los blastos 
y que el clon dominante en las células madre de los SMD no siempre es el mismo como 
sucede con el clon dominante en la LAM, lo que indica una posible ruta no lineal de 
evolución clonal a nivel de las células madre 140. Por tanto, estos resultados sugieren 
que existe un mayor nivel de diversidad clonal que el apreciada en muestra de MO 
total, planteando preguntas interesantes acerca de la diversidad clonal de las células 
madre en SMD y LAMs. 
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Por tanto, en este escenario de “juego de clones” que ocurre durante la 

progresión de los SMD a LAMs, son necesarios un mayor número de estudios que 
incluyan muestras pareadas de SMD y LAMs para proporcionar más información 
sobre los patrones genéticos de expansión clonal que suceden durante la progresión 
de la enfermedad. Además, estos estudios secuenciales también podrían 
proporcionar información sobre un orden crítico de adquisición de mutaciones que 
conduce la evolución de la enfermedad y predice la progresión a LAMs, lo que 
potencialmente permite una intervención temprana. 

 
 
 

Figura 6. Evolución clonal durante la progresión de los SMD a LAMs (adaptada de Menssen, 
Blood, 2020) 56. A) Modelo para la acumulación secuencial de mutaciones durante la progresión 
de los SMD a LAMs. Las células negras son normales tanto en el estado de SMD y LAMs. Las 
mutaciones en azul y Amarillo son adquiridas de manera temprana y están presentes en el clon 
fundador. Las mutaciones azules se expanden en la médula ósea durante el momento de la LAM, 
mientras que las mutaciones amarillas en el momento de la LAMs por el fenómeno del barrido 
clonal. Algunas células adquieren mutaciones naranjas, forman un subclone y se expande en el 
momento de la progresión a LAMs. B) Porcentaje de pacientes con una mutación detectada en 
los momentos del SMD y la LAMs. Las mutaciones detectables solo en el momento del SMD se 
representan en amarillo, las detectadas solo en el momento de la LAMs en naranja y las 
mutaciones detectadas en el momento del SMD que persisten durante la progresión de la 
enfermedad se representan en azul. C) Patrones de evolución clonal durante la progresión de 
los SMD a LAMs. Durante la progresión de los SMD a LAMs se observan tres patrones de 
expansión subclonal posibles: evolución lineal, evolución ramificada y barrido clonal. 
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3.2. Tratamiento y evolución clonal de los SMD 

La evolución clonal que sucede durante la progresión a LAMs se caracteriza por 
la persistencia de un clon fundador mutado junto con la expansión de subclones que 
portan otras mutaciones. Aunque este patrón es similar para los pacientes que 
reciben tratamiento de soporte o con fármacos como la eritropoyetina, agonistas del 
receptor de trombopoyetina o con el factor estimulante G-CSF, otros fármacos 
pueden influir en los patrones de evolución clonal 56. 

Una de las alteraciones citogenéticas más comunes en pacientes con SMD y 
LAMs es la deleción del cromosoma 5q, del(5q). La lenalidomida se relaciona con una 
disminución de las células clonales de la MO que portan la del(5q) y los pacientes que 
portan esta alteración y son tratados con este fármaco pueden alcanzar la remisión 
completa 150,151. Sin embargo, los pacientes tratados con lenalidomida que finalmente 
recaen normalmente presentan una expansión de las células con la alteración del(5q) 
y otras alteraciones adicionales, como mutaciones en TP53 135,152. Estas mutaciones en 
TP53 se han encontrado en niveles bajos en los pacientes meses antes de la 
progresión de la enfermedad 153, lo que sugiere que el tratamiento con lenalidomida 
puede ejercer una presión selectiva que impacta en la evolución clonal que tiene lugar 
durante la progresión a LAMs. 

Los agentes hipometilantes (HMAs) son uno de los fármacos más comunes en el 
tratamiento de los SMD y son considerados el tratamiento estándar desde hace más 
de una década. Aunque su uso se ha asociado con una supervivencia global más 
prolongadas en los ensayos clínicos controlados que se han realizado 154-157, un 
número alto de pacientes no responden al tratamiento o pierden la respuesta inicial 
52,54,55,158, por lo que predecir la respuesta al tratamiento de los pacientes en base a 
sus mutaciones sigue siendo un reto y, en la actualidad, los resultados de los estudios 
realizados son muy variables. De manera interesante, algunos estudios han mostrado 
que el tratamiento con HMA puede inducir la transversión C>G en genes implicados 
en la patogénesis del SMD o la LAM 159,160. Además, estas mutaciones C>G pueden 
ocurrir en un subclon que emerge en la recaída 161, lo que indica que los agentes 
hipometilantes HMA pueden influir en la evolución clonal, planteando preguntas 
sobre si los HMA pueden inducir mutaciones patogénicas. 

Con respecto al trasplante de progenitores hematopoyéticos, éste es el único 
tratamiento curativo para los pacientes con SMD y LAMs, mejorando significativa su 
evolución clínica. Sin embargo, la recaída sigue siendo común 52,162. Un estudio 
reciente sobre pacientes que progresaron después del trasplante ha descrito que, en 
todos los casos, durante la recaída son detectables las mutaciones del clon fundador 
y que los subclones que emergen en la progresión a menudo portan una nueva 
variante estructural 161, lo que sugiere que existe un patrón de evolución clonal y 
progresión de la enfermedad tras el trasplante, el cual podría ser útil en la 
monitorización molecular de enfermedad residual de los pacientes. 
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Tomando todos estos hallazgos en conjunto, las opciones terapéuticas 

disponibles actualmente para los pacientes con SMD no previenen que un número 
sustancial de pacientes presente progresión de la enfermedad y evolucione a LAMs. 
Además, algunos tratamientos como la lenalidomida, los agentes hipometilantes y el 
alo-TPH pueden influir en los patrones de evolución clonal que tiene lugar durante la 
progresión a LAMs. 
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4. Secuenciación masiva en el estudio de los SMD 
La secuenciación del ADN es una herramienta muy relevante en la investigación 

biológica. La técnica más utilizada por más de tres décadas ha sido la secuenciación 
tradicional Sanger desde su descubrimiento en 1977 163. Esta metodología se basa en 
el uso de nucleótidos marcados fluorescentemente o radiactivamente que carecen 
del grupo hidroxilo del carbono 3’ (dideoxinucleótidos) 163-165. Sin embargo, esta 
técnica solo permite el descubrimiento de sustituciones y de pequeñas inserciones y 
deleciones (indels), de modo que han surgido nuevas metodologías más 
prometedoras que permiten una secuenciación más rápida y más precisa al realiza 
múltiples reacciones en paralelos 166. 

La secuenciación masiva (Next Generation Sequencing, NGS) es la tecnología de 
secuenciación del ADN que ha revolucionado la investigación genómica 164,167. La 
mayoría de los métodos conocidos como “secuenciación en paralelo” o 
“secuenciación masiva” se basan en el mismo principio enzimológico que la 
secuenciación Sanger, pero en una perspectiva orquestada y escalonada, que 
permite la secuenciación de decenas de miles e, incluso, billones de moldes 
simultáneamente 168. 

Existen 3 tipos de secuenciación masiva del ADN para la identificación de 
mutaciones genómicas: secuenciación de genoma completo (whole-genome 
sequencing, WGS), secuenciación de exoma completo (whole-exome sequencing, 
WES) y secuenciación dirigida (targeted-deep sequencing, TDS) 169. La secuenciación 
WGS proporciona información sobre el genoma completo, pero como 
aproximadamente el 98% del genoma son regiones no codificantes y se conoce muy 
poco acerca del papel de estas regiones en la patogénesis del SMD, no es un método 
ampliamente utilizado en el manejo clínico de los SMD 170. En cambio, la secuenciación 
WES ha jugado un papel importante en el estudio de las neoplasias mieloides, 
particularmente en el estudio de la evolución clonal de los SMD y LAMs 134,135. Aunque 
la secuenciación WGS y WES pueden ser consideradas a priori las mejores opciones 
por el gran número de regiones evaluadas, en realidad poseen limitaciones para 
incorporarse a la práctica clínica habitual. Algunas de estas limitaciones son los 
elevados costes, los análisis bioinformáticos trabajosos y la laboriosa interpretación 
clínica que requieren los resultados 171-173. Además, las metodologías de WGS y WES 
pueden omitir algunas mutaciones subclonales de bajo VAF que son relevantes 
clínicamente, como las mutaciones en TP53 174. Por estas razones, la secuenciación 
dirigida TDS, que permite la secuenciación solo de unas regiones de interés, es un 
enfoque poderoso que puede cumplir el mejor balance entre la identificación precisa 
y con gran sensibilidad de los eventos de interés y el coste total y la carga de datos 
que requieren estudios a gran escala. Adicionalmente, la profundidad de lectura de la 
TDS es mayor permitiendo la detección de alteraciones en bajos VAF, lo que es clave 
en el estudio de los SMD puesto que presentan una alta heterogeneidad intratumoral 
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y la inmensa mayoría de las variantes patogénicas conocidas se encuentran en un 
número relativamente bajo de genes 61,62,165. 

Dentro de la secuenciación dirigida, existen dos tipos de estrategias, la 
secuenciación de amplicones o de captura. La secuenciación de amplicones utiliza 
primers diseñados específicamente para amplificar únicamente las regiones de 
interés antes de la preparación de la librería. Por el contrario, en la secuenciación por 
captura el ADN es fragmentado y, posteriormente, las regiones de interés son 
capturadas o enriquecidas vía hibridación con oligonucleótidos unidos a sondas 
biotiniladas, permitiendo el aislamiento de las regiones de interés 175-177. El 
enriquecimiento basado en amplicones es el más barato de ambos enfoques, obtiene 
un mayor número de lecturas y requiere de mucho menos material de partida que la 
captura, por lo que es la opción ideal cuando el ADN de partida no suficiente para la 
secuenciación por captura. Sin embargo, la cobertura de las regiones de interés es 
más uniforme con un abordaje de captura 169. Además, se ha demostrado que con la 
captura se obtiene un menor número de duplicados de PCR que con la secuenciación 
por amplicones (<40% vs. ~80%, respectivamente) y éstos pueden ser eliminados 
computacionalmente más fácilmente, puesto que la fragmentación aleatoria del ADN 
que se produce en la captura reduce la probabilidad de que dos fragmentos únicos 
alineen en las mismas coordenadas genómicas. Del mismo modo, las secuencias 
utilizadas como sondas en la captura son más largas lo que permite la secuenciación 
de regiones difíciles, como las regiones repetitivas, y un mayor nivel de especificidad 
169. Por tanto, las técnicas basadas en la captura proporcionan una selección más 
precisa y uniforme de las regiones de interés, mientras que la secuenciación por 
amplicones suele ser más útil en experimentos de pequeña escala donde la cantidad 
de muestra y el precio son factores limitantes. 

Un resumen de los principales tipos de secuenciación masiva o NGS del ADN y de 
los dos tipos de estrategias de secuenciación dirigida para la identificación de 
mutaciones genómicas es mostrado en la Figura 7. 

Todos los abordajes de secuenciación masiva implican una serie de pasos 
generales comunes: 1) preparación de la muestra y elección de la estrategia de 
secuenciación del ADN; 2) preparación de la librería; 3) secuenciación; y 4) análisis de 
los datos. 

Preparación de la muestra y elección de la estrategia de secuenciación del ADN 

El primer paso en la secuenciación masiva es la extracción del material genético, 
el ADN o el ARN. Aunque este paso puede considerarse trivial, la cantidad y la calidad 
del material de partida es un aspecto crucial, ya que la generación de microgramos 
de ADN desde un material de partida por PCR es un proceso sensible sujeto a 
múltiples variaciones. 
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Figura 7. Los principales tipos de secuenciación masiva del ADN (adaptada de Bewicke-Copley, 
Comput Struct Biotechnol J, 2019) 169. Se muestran la secuenciación de genoma y exoma completo 
y la secuenciación dirigida, así como las dos estrategias de secuenciación dirigida 
(enriquecimiento con amplicones o por captura) que suelen utilizarse para la identificación de las 
mutaciones genómicas. 

 
 

De manera ideal, una librería de secuenciación debe representar a la perfección 
el ADN presente en la muestra biológica de partida y no puede crear más información 
que la que estaba presente en el molde original. Las librerías pueden generarse 
partiendo desde pequeñas cantidades de ADN, pero reducir la cantidad de partida 
puede comprometer la sensibilidad del experimento debido a la pérdida de 
heterogeneidad por una sobreamplificación de determinadas moléculas de ADN 
durante el proceso de generación de la librería (lecturas duplicadas). En concreto, 
estas lecturas duplicadas pueden provocar un fallo en la detección de variantes que 
estaban presentes en la muestra original, sobre o infra valorar determinadas 
variantes e identificar falsos positivos resultantes de errores de PCR que se han 
propagado a lo largo de la preparación de la librería y la secuenciación 178,179. 

Del mismo modo, la elección de la estrategia de secuenciación es una de las 
primeras cosas a tener en cuenta. Como se ha descrito previamente, existen varios 
tipos de enfoques de secuenciación que difieren en la capacidad total de secuencia, 
la longitud de las lecturas, el tiempo de la carrera de secuenciación y la calidad y 
precisión de los datos obtenidos. Por tanto, estas características deben valorarse a la 
hora de considerar qué estrategia se adapta mejor a cada aplicación clínica 
específica173. 
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Preparación de la librería 

La preparación de la librería es un proceso que consiste en la fragmentación del 
ADN genómico en pequeños fragmentos de un tamaño particular, normalmente 
entre 100 y 500 pares de bases, los cuales tienen unidos en ambos extremos unos 
adaptadores específicos para cada plataforma. 

Como se ha especificado previamente, existen dos estrategias para el 
enriquecimiento de las regiones de interés durante la preparación de la librería: 
enriquecimiento por amplicones o por captura. En el caso de los ensayos de captura, 
la preparación de la librería comienza con la fragmentación aleatoria del ADN 
genómica, por medios mecánicos o enzimáticos, seguida de la captura de las regiones 
de interés usando sondas de oligonucleótidos biotinilados complementarios a estas 
regiones y, por último, los fragmentos de interés se aíslan usando bolas magnéticas 
de estreptavidina. Por el contrario, la estrategia por amplicones conlleva la 
amplificación por PCR de las regiones del genoma de interés usando primers, por lo 
que las lecturas generadas tendrán las mismas coordenadas de inicio y fin marcadas 
por el diseño de los primers 165,168,173. 

En ambos casos, los adaptadores específicos de la plataforma se unen a cada uno 
de los extremos de los fragmentos moldes. Estos adaptadores son complementarios 
a los oligonucleótidos utilizados, los cuales se unen a unas bolas o a una superficie 
sólida, llamada “flow cell”, permitiendo la generación de la librería por la hibridación 
en puente que sucede en el secuenciador 165. Por tanto, los fragmentos moldes de 
ADN son inmovilizados en la superficie de la flow cell que está diseñada para que el 
ADN se presente accesible a las enzimas a la vez que garantiza una alta estabilidad 
del molde de ADN unido a la superficie y una baja unión no específica de los 
nucleótidos marcados con fluorescencia. 

Secuenciación 

La mayoría de las plataformas comerciales usadas en la secuenciación masiva se 
basan en el concepto de la secuenciación por síntesis. En esencia, esta metodología 
permite la incorporación de nucleótidos usando una variedad de enzimas y esquemas 
de detección que permiten a la plataforma correspondiente recopilar los datos al 
mismo tiempo que sucede la síntesis enzimática del molde 168. 

La secuenciación por síntesis consiste en la amplificación en paralelo de 
fragmentos de ADN usando la hibridación en puente y la PCR en presencia de 
nucleótidos marcados con fluorescencia. En detalle, después de la hibridación en la 
flow cell de las librerías amplificadas, los fragmentos de ADN actúan como molde de 
una nueva hebra complementaria la cual es sintetizada por PCR. Tras la síntesis de 
esta hebra complementaria, los moldes son eliminados y a medida que las hebras 
complementarias se hibridan en puente con los sitios de unión de los adaptadores 
vecinos, los ciclos consecutivos de PCR conducen a la amplificación por grupos o 
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clusters 165,168,180. Por último, el secuenciador detecta la fluorescencia generada por la 
incorporación de los nucleótidos marcados en la hebra creciente de ADN 180,181. 
Durante cada ciclo de secuenciación, se añade un único nucleótido marcado a la 
cadena de ADN y éste sirve como terminador de la polimerización, por lo que después 
de la incorporación de cada nucleótido la fluorescencia se visualiza para identificar la 
base y, posteriormente, éste es eliminado enzimáticamente para permitir la 
incorporación del siguiente nucleótido. El resultado es una secuenciación base a base 
muy precisa que elimina los errores específicos de secuencia y permite una robusta 
llamada de bases a lo largo del genoma, incluyendo las regiones repetitivas y con 
homopolímeros. 

Sin embargo, la secuenciación por síntesis presenta algunas limitaciones. Por 
ejemplo, su longitud de secuencia (longitud de lectura) es limitada porque a medida 
que avanza la incorporación de nucleótidos y los ciclos de imagen aumenta el ruido 
y, por este motivo, aún su longitud de lectura es menor que la de la secuenciación 
Sanger. Por tanto, estas limitaciones deben tenerse en cuenta puesto que han 
impactado en cómo se analizan los datos de secuenciación 168. 

Los principales pasos en la preparación de la librería, en la hibridación en puente, 
la amplificación por grupos o clusters y la secuenciación por síntesis son mostrados 
en la Figura 8. 

 
 

 
Figura 8. Pasos de la secuenciación masiva (adaptada de Spaulding, Br J Haemat, 2020) 165. Se 
muestran los pasos de la preparación de la librería, la hibridación en puente, la amplificación por 
grupos o clusters y la secuenciación por síntesis. 
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Análisis de los datos 

La secuenciación masiva genera grandes cantidades de datos que requieren una 
importante estructura computacional para el almacenaje, análisis e interpretación. 
Por tanto, el análisis de los datos de secuenciación masiva puede ser un proceso 
extremadamente complejo, dilatado en el tiempo y laborioso. 

El flujo de trabajo del análisis de los datos de secuenciación incluye cuatro fases: 
1) la llamada de bases, la asignación de la precisión y calidad de cada base y el 
demultiplexado; 2) el alineamiento de las lecturas frente a una referencia y la llamada 
de variantes, 3) la anotación de variantes; y 4) la interpretación de las variantes 
relevantes clínicamente 182. Actualmente, existen un gran número de herramientas 
bioinformáticas y softwares para analizar los datos de secuenciación. La mayoría de 
ellos son algoritmos especializados en una única fase del análisis, sin embargo, 
existen múltiples pipelines que agrupan varios algoritmos y analizan los datos de 
manera seriada. 

La primera fase del análisis ocurre en el mismo secuenciador, donde se generan 
las lecturas. Esta fase consiste en: i) la llamada de bases, que es la identificación de 
los nucleótidos específicos presentes en cada posición de una única lectura; ii) la 
asignación de la precisión de cada base medida por el score de calidad Phred (Q 
score), que indica la probabilidad de que una base dada haya sido anotada 
incorrectamente por el secuenciador; y iii) el demultiplexado, el cual consiste en la 
asociación computacional de las lecturas con un paciente cuando varias muestras se 
han agrupado o multiplexado en una carrera de secuenciación 182,183. 

La segunda fase del análisis de secuenciación es el mapeo y alineamiento de cada 
lectura frente a un genoma humano de referencia, el cual está disponible en el 
Consorcio de Genomas de Referencia (la última versión puede encontrarse en 
http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/). Las 
herramientas de alineamiento usados en los laboratorios clínicos incluyen múltiples 
algoritmos que a veces cambian la velocidad por la precisión y pueden incorporar 
diferentes niveles de sensibilidad y especificidad. Sin embargo, se recomienda que el 
alineamiento incluya un procesamiento adicional para el realineamiento local, la 
eliminación de los duplicados de PCR y la recalibración de los scores de calidad de 
cada base. Como consecuencia del alineamiento, el siguiente paso es la llamada de 
variante, que es el proceso que compara las lecturas alineadas con un genoma de 
referencia para identificar las variaciones de nucleótidos. Hay una amplia variedad de 
softwares y estrategias disponibles para la llamada de variantes, pero ninguna de 
ellas actualmente es capaz de identificar todas las clases de variantes con la misma 
precisión. Por tanto, deben valorarse varios programas de llamada de variantes y/o la 
configuración de los parámetros para optimizar la detección de diferentes tipos de 
variantes 169,182,184. 
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A continuación de la llamada de variantes, la siguiente fase es la anotación de 

variantes en relación a los genes donde se encuentran, codón y posición del 
aminoácido y clasificar los tipos de variantes, como son las variantes sin sentido 
(nonsense), con cambio de sentido (missense), deleciones exónicas y variantes 
sinónimas, lo que permite comprender mejor las consecuencias funcionales en los 
genes identificados. En muchos estudios, solo las mutaciones del splicing y las 
exónicas no sinónimas son seleccionadas para su posterior análisis, centrándose solo 
en las mutaciones o en las variantes codificantes que tienen un efecto funcional. Sin 
embargo, estos criterios pueden cambiar dependiendo el propósito del estudio, por 
ejemplo, las variantes en las regiones UTRs o en los promotores pueden ser 
interesantes en determinados estudios 169. 

La última fase del análisis de secuenciación es la evaluación clínica para 
determinar qué variantes deben ser reportadas y cómo en el informe de laboratorio. 
Existen algunos algoritmos que optimizan los ajustes para predecir las variantes 
deletéreas localizadas en genes clínicamente relevantes y para filtrar determinadas 
variantes como aquellas con una alta frecuencia en la población. Del mismo modo, 
existen algunas bases de datos, como ClinVar, COSMIC, ClinGen, algunos predictores 
proteicos o Human Variome Project, que pueden ser útiles para la evaluación de la 
relevancia de las variantes y para categorizarlas de acuerdo a su posible impacto 
funcional (benigna, potencialmente benigna, de significado incierto, potencialmente 
patogénica o patogénica). Sin embargo, la interpretación de las variantes es un gran 
reto porque no existe un formato estándar y común entre laboratorios. Por lo tanto, 
se necesitan colaboraciones y discusiones continuas entre los investigadores de los 
laboratorios, los clínicos, los fabricantes, los bioinformáticos, los desarrolladores de 
software y las organizaciones profesionales para garantizar la calidad de los ensayos 
y para guiar la toma de decisiones clínicas en las neoplasias mieloides 182,184. 

A pesar de su potencial para informar y guiar la práctica clínica, la secuenciación 
masiva tiene algunas limitaciones. Aunque hoy en día los costes de la secuenciación 
masiva se han hecho más asequibles, éstos siguen siendo altos. Además, el informe 
con los datos de secuenciación puede tardar entre una y tres semanas, lo que puede 
ser demasiado tiempo en el caso de pacientes con una enfermedad agresiva donde 
la primera decisión clínica respecto al tratamiento debe ser rápida. Desde el punto de 
vista práctico, la secuenciación masiva no está estandarizada y todavía no existe un 
pipeline de análisis óptimo, lo que puede dar lugar a una escasa reproducibilidad 
entre laboratorios, incluso para los mismos conjuntos de datos. Por tanto, es 
necesario colaborar para formar conjuntos de datos más amplios con el fin de mejorar 
la precisión y eficacia en la llamada de variantes para las firmas pronósticas y 
terapéuticas y para inferir conclusiones significativas 165,169. Además, aunque la 
secuenciación masiva tiene un límite de detección cercano al 1% y esto es una mejora 
con respecto a la secuenciación Sanger (límite de detección de >20%), la 
interpretación del VAF de manera significativa requiere un contexto, puesto que no 
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todas las mutaciones somáticas detectadas por secuenciación masiva son 
necesariamente patogénicas y contribuyen al desarrollo de las neoplasias mieloides. 
Por tanto, se necesitan más estudios para establecer un umbral significativo de 
sensibilidad de VAF 165. 

En resumen, la secuenciación masiva ha revolucionado la investigación genómica 
y es una de las técnicas más prometedoras que cambiará el manejo de los pacientes. 
Sin embargo, aún es importante estandarizar los métodos de secuenciación y de 
llamada de variantes y continuar avanzando en el conocimiento del papel patogénico 
y pronóstico de las variantes para mejorar su utilidad clínica. 
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Los SMD son un grupo heterogéneo de enfermedades clonales que afectan a las 
células madre hematopoyéticas los cuales presentan un curso clínico muy variable, 
por lo que su diagnóstico, pronóstico y toma de decisiones terapéuticas son todo un 
reto. En los últimos años, el uso de técnicas de alto rendimiento, como la 
secuenciación masiva, ha revolucionado la investigación genómica, aumentando 
nuestro conocimiento sobre las alteraciones moleculares subyacentes a la 
patogénesis del SMD y mejorando nuestra compresión acerca de los mecanismos 
implicados en la progresión de la enfermedad. Sin embargo, la ausencia de una 
combinación eficiente entre genética e información clínica ha limitado la 
interpretación de los datos de secuenciación y, por consiguiente, la implantación de 
la secuenciación masiva en la práctica clínica habitual. 

 
 

Aunque la evolución clínica de los SMD es variable, aproximadamente un tercio 
de los pacientes finalmente progresa a LAMs, lo que supone un pronóstico muy 
adverso. El uso de técnicas de alto rendimiento ha permitido definir que esta 
evolución de la enfermedad es claramente un proceso de evolución clonal y algunas 
alteraciones moleculares subyacentes a esta progresión han sido identificadas. Sin 
embargo, la mayoría de los datos están basados en estudios de muestras no pareadas 
de SMD-LAMs en lugar de en muestras seriadas de un mismo paciente, de modo que 
el orden de adquisición de las mutaciones y las dinámicas mutacionales aún 
permanecen incompletos y, por consiguiente, los mecanismos implicados en la 
transformación leucémica no están establecidos. Por tanto, se necesitan estudios 
genómicos de secuenciación secuencial para determinar qué mutaciones, solas o en 
combinación, están implicadas en la progresión de los SMD a LAMs, así como para 
definir los patrones de evolución clonal subyacentes a esta progresión. 

Durante los últimos años, nuestro conocimiento acerca del perfil mutacional de 
los SMD ha mejorado notablemente gracias a la aplicación de las técnicas de 
secuenciación masiva. Aproximadamente un 90% de los pacientes con SMD portan al 
menos una mutación y se ha identificado que algunas de ellas se relacionan con 
características clínicas y tienen valor pronóstico. A su vez, un gran número de genes 
drivers pueden verse alterados en pacientes con SMD y la combinación de 
mutaciones no es totalmente aleatoria, lo que sugiere que existen interacciones gen- 
gen involucradas en la evolución clonal. Asimismo, la falta de validación clínica ha 
limitado la categorización diagnóstica y pronóstica teniendo en cuenta los resultados 
de secuenciación. Por estas razones, se necesitan grandes estudios que combinen 
información genómica y clínica para definir el impacto pronóstico de las mutaciones 
y trasladar estos resultados a la práctica clínica. 
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Se han encontrado mutaciones de las cohesinas en un 10-15% de los pacientes 

diagnosticados con SMD y se ha descrito que estas mutaciones alteran la regulación 
transcripcional que sucede en los procesos de diferenciación/proliferación, lo que 
sugiere que el complejo cohesina juega un papel importante en la patogénesis del 
SMD. No obstante, debido a la heterogeneidad molecular de los SMD, aún no se ha 
determinado el impacto clínico de las mutaciones de las cohesinas. Por este motivo, 
es necesario conocer la relevancia de estas mutaciones en los fenotipos clínicos, así 
como en la evolución clínica, de manera que son necesarios más estudios de grandes 
series de pacientes que incluyan información clínica detallada. 

Del mismo modo, se han reportado mutaciones en la vía de Ras en un 5-10% de 
los casos diagnosticados de SMD, siendo más prevalentes en pacientes de alto riesgo 
o con LAMs. La vía de señalización de Ras es una de las rutas funcionales que pueden 
verse implicadas en la patogénesis del SMD, produciendo las mutaciones activantes 
de esta vía un aumento de la proliferación en los progenitores hematopoyéticos. Pese 
a que se ha estudiado ampliamente el impacto pronóstico de las mutaciones de la vía 
de Ras en pacientes con NMP y LAM, la información acerca de su relevancia en 
pacientes con SMD es limitada, lo que implica que hay una falta de consenso acerca 
de cuál es el pronóstico de los pacientes que portan estas mutaciones. Por tanto, y 
similar a lo sucedido con las mutaciones de las cohesinas, se necesitan más estudios 
de investigación que incluyan grandes series de pacientes. 

En resumen, el uso de las técnicas de alto rendimiento nos ayudará a esclarecer 
los mecanismos implicados tanto en la patogénesis del SMD como en su progresión 
leucémica. Además, la integración de los datos mutacionales con los parámetros 
clínico-biológicos ya incluidos en las actuales clasificaciones pronósticas, nos 
permitirá avanzar hacia un diagnóstico integrado más fiable, una estratificación 
pronóstica más precisa e, incluso, una orientación terapéutica más adecuada, puesto 
que se podrán desarrollar nuevos fármacos diana contra las mutaciones somáticas 
detectadas. 
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Objetivo general: 
Caracterizar los mecanismos moleculares y la evolución clonal que están 

implicados en la patogénesis del SMD y en la progresión de los SMD a LAMs, tan bien 
como utilizar los datos moleculares para alcanzar un diagnóstico integrado más fiable 
y una estratificación pronóstica más precisa. 

 
 

Objetivos específicos: 
1. Caracterizar el perfil mutacional de los pacientes con SMD que evolucionan a 

LAMs. 
 

1.1. Evaluar las dinámicas mutacionales y los patrones de evolución clonal 
subyacentes a la progresión de los SMD a LAMs. 

1.2. Explorar los efectos del tratamiento modificador de la enfermedad 
sobre los perfiles de evolución clonal durante la transformación 
leucémica de los pacientes con SMD. 

 
2. Definir la relevancia de las mutaciones de las cohesinas en pacientes con SMD: 

 
2.1. Analizar la incidencia de las mutaciones somáticas en genes de las 

cohesinas por secuenciación masiva en una serie grande de pacientes 
con SMD, así como de las concurrencias entre estas mutaciones y 
mutaciones en otros genes mieloides. 

2.2. Correlacionar la presencia de mutaciones en genes de las cohesinas, 
solas o en concurrencia con otras mutaciones adicionales, con las 
características clínicas y la evolución de los pacientes con SMD. 

2.3. Analizar el efecto de la integración de los datos moleculares de las 
cohesinas en las actuales clasificaciones diagnósticas y pronósticas. 

 
3. Estudiar la significancia del perfil mutacional de la vía de señalización de Ras 

en la patogénesis del SMD: 
 

3.1. Establecer la incidencia de las mutaciones somáticas de la vía de Ras en 
pacientes con SMD mediante técnicas de secuenciación masiva, además 
de evaluar el perfil mutacional de los pacientes con estas mutaciones. 

3.2. Definir la correlación entre las mutaciones activantes de Ras y el 
fenotipo de la enfermedad y su impacto clínico en la supervivencia global 
y en el tiempo hasta la progresión a LAMs. 
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INTRODUCCIÓN Y OBJETIVOS 

Los síndromes mielodisplásicos (SMD) presentan un elevado riesgo de 
progresión a Leucemia Aguda Mieloblástica (LAMs). Aproximadamente esta 
evolución sucede en un tercio de los pacientes y supone un pronóstico desalentador 
para el paciente, puesto que la mayoría de los pacientes que progresan son 
resistentes a los tratamientos actuales, presentan tasas de remisión completa más 
bajas y la tasa de supervivencia a largo plazo de los pacientes tratados es menor del 
10%. 

 

La realización durante las últimas décadas de grandes estudios genómicos ha 
permitido definir que esta progresión de la enfermedad es claramente un proceso 
complejo de evolución clonal, así como identificar algunas alteraciones moleculares 
subyacentes a esta progresión. Sin embargo, debido a la complejidad del proceso y a 
la falta de grandes series de muestras pareadas, las dinámicas mutacionales y los 
mecanismos implicados en la transformación leucémica aún no están establecidos. 
De este modo, en este estudio nos propusimos analizar por secuenciación masiva una 
amplia serie de muestras pareadas de pacientes con SMD que progresaron a LAMs, 
con el objetivo de determinar qué mutaciones, solas o en combinación, están 
implicadas en la progresión de los SMD. 

 

PACIENTES Y MÉTODOS 

En el estudio, se analizaron un total de 486 muestras procedentes de 437 
pacientes, divididas en tres cohortes de estudio: 

i) Serie de descubrimiento: consistió en 84 muestras pareadas de médula ósea 
(MO) procedentes de 42 pacientes que progresaron a LAMs, las cuales 
fueron analizadas por una combinación de secuenciación de exoma 
completo (WES) (una selección de 16 pacientes) y un panel de captura de 117 
genes mieloides (todos los pacientes) en dos momentos diferentes: al 
diagnóstico (etapa SMD) y tras la progresión (etapa LAMs). Además, se 
contó con información referente al tratamiento recibido en los 42 pacientes: 
16 recibieron azacitidina, 4 lenalidomida y 22 únicamente tratamiento de 
soporte. 

ii) Serie control: incluyó 14 muestras pareadas procedentes de 7 pacientes que 
no progresaron a LAMs, analizadas por secuenciación masiva con el mismo 
panel de captura al momento del diagnóstico y tras un periodo mínimo de 3 
años, en el caso de los SMD de bajo riesgo, o de 1 año, en los casos de alto 
riesgo, mostrando enfermedad estable. 

iii) Serie de validación: consistió en 388 muestras de MO o sangre periférica 
procedentes de pacientes diagnosticados de SMD, las cuales fueron 
analizadas únicamente al momento del diagnóstico con el panel de captura. 
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RESULTADOS 

Con el objetivo de caracterizar la serie principal del estudio, la serie de 
descubrimiento, 16 pacientes fueron inicialmente analizados por WES y, tras un 
estricto análisis, un total de 40 variantes drivers y 21 variantes passengers fueron 
identificadas (Tabla Suplementaria S4). Posteriormente, se analizaron estas mismas 
muestras por secuenciación masiva con un panel de captura (Tabla Suplementaria 
S3), identificando una alta correlación entre ambas metodologías (tasa de 
verdaderos positivos >89% y coeficiente r de Pearson = 0,90) (Figura Suplementaria 
S2). 

 

Sin embargo, la aplicación de la secuenciación dirigida reveló algunas mutaciones 
drivers que no fueron detectadas por WES debido a la baja cobertura alcanzada con 
esta metodología, de modo que decidimos realizar un análisis más exhaustivo por 
secuenciación dirigida en una serie más amplia de muestras pareadas de 26 pacientes 
adicionales. Estos análisis de secuenciación por captura revelaron un total de 210 
mutaciones en la etapa de la LAMs, de las cuales 159 ya estaban presentes en el 
momento del diagnóstico (Tabla Suplementaria S5). Además, cabe destacar que 
estas mutaciones se encontraron en 54 genes distintos, encontrándose el 59% de 
ellos mutados en menos de 3 pacientes, lo que muestra la gran heterogeneidad 
existente en los mecanismos de evolución de la enfermedad. 

Con el fin de analizar los cambios en el tamaño clonal y su distribución durante la 
evolución a LAMs, se comparó el número de mutaciones, así como sus frecuencias 
alélicas (VAF), identificadas al diagnóstico versus la segunda muestra en la serie de 
descubrimiento y en la serie control (Figura 1). De este modo, se observó que aquellos 
pacientes que evolucionan a LAMs presentaron un aumento significativo en el 
número de mutaciones en la segunda muestra (4 vs. 5 mutaciones, p<0,0001), 
mientras que los pacientes controles no (p=0,449). Similarmente, los pacientes que 
evolucionaron a LAMs presentaron una mayor mediana de frecuencia alélica en la 
segunda muestra que los pacientes controles (29.11% vs. 36.76%, p<0,0001). Por tanto, 
estos resultados sugieren que existe una mayor inestabilidad genómica durante la 
evolución de los SMD a LAMs. 

Con el objetivo de identificar las dinámicas mutacionales y qué mutaciones puede 
estar implicadas en la evolución clonal que sucede durante la transformación 
leucémica, se compararon los VAF de las mutaciones detectadas en ambos 
momentos de cada paciente (momento LAM vs. SMD) de la serie control y de 
descubrimiento. De esta manera, cuatro tipos de dinámicas mutacionales fueron 
identificadas: mutaciones de tipo 1, las cuales son mutaciones ya presentes en la 
etapa del SMD, pero cuyos VAF aumentan en el momento de la LAMs; mutaciones de 
tipo 2, que son aquellas cuyos VAF disminuyen durante la progresión; mutaciones tipo 
3, que son las mutaciones que fueron adquiridas de novo en la fase de la LAMs; y las 
mutaciones tipo 4, que son las que persisten con una carga alélica similar en ambos 
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momentos (Figura 2A). Respecto a las mutaciones estables, éstas fueron detectadas 
principalmente en genes del splicing, como SRSF2, y de la metilación del ADN, como 
DNMT3A, y se observaron en VAF elevados, lo que sugiere que las alteraciones en 
estas vías podrían estar involucradas en la patogénesis del SMD (papel driver) más 
que en la progresión a LAMs (papel passenger). En el caso de las mutaciones cuyo 
VAF disminuyó durante la evolución, éstas fueron detectadas en minoría y 
distribuidas a lo largo de varios genes, sin mostrar ningún patrón, de manera que este 
fenómeno podría ser explicado como una consecuencia del “barrido clonal” que 
ejercen otros clones durante la progresión. Por el contrario, las mutaciones de mayor 
interés fueron las mutaciones adquiridas en la LAMs o las que cuyo VAF aumentó en 
la evolución, puesto que sus dinámicas indican que son seleccionadas positivamente 
durante la transformación leucémica. Estas mutaciones se localizaron principalmente 
en los genes de la vía de Ras y en los del complejo cohesinas, respectivamente. 

A pesar del amplio espectro de mutaciones que fueron detectadas en el estudio, 
el 21,4% de los pacientes (9/42) incluidos en la serie de descubrimiento mostraron 
concurrencia de mutaciones en la vía del complejo cohesinas y en la vía de Ras 
(p=0,023). Además, también se observó esta asociación entre los genes más 
frecuentemente mutados de ambas vías, STAG2 con mutaciones mayoritariamente 
de tipo 1, y NRAS, con mutaciones de tipo 3 (p=0,002) (Figura 2B). Para confirmar si 
esta combinación podría desempeñar un papel importante en la progresión, se 
estudió esta concurrencia de mutaciones en la serie de validación, observándose que 
estaba presente en 11 pacientes más, de los cuales 9 finalmente evolucionaron a LAMs 
(Figura 2C). Además, como la serie de validación solo incluyó pacientes que 
progresaron a LAMs, lo que involucra un pobre desenlace, se estudiaron en la serie 
de validación las consecuencias clínicas de esta combinación en el curso de la 
enfermedad, de modo que se identificó que los pacientes con mutaciones en las 
cohesinas y en la vía de Ras mostraban una menor supervivencia global y un menor 
tiempo hasta la progresión (Figura 2D). 

Por último, como el 48% de los pacientes de la serie de descubrimiento fueron 
tratados con tratamiento modificador de la enfermedad, es decir, con azacitidina 
(n=16) o lenalidomida (n=4) y progresaron a LAMs después de la terapia, 
investigamos si los mecanismos de progresión pueden ser diferentes entre aquellos 
pacientes que reciben tratamiento modificador y aquellos que solo reciben 
tratamiento de soporte. En nuestro estudio en el caso de los pacientes tratados 
identificamos una mayor proporción de mutaciones cuya dinámica fue de tipo 1 
(aumentan el VAF) o tipo 3 (adquiridas) en los genes modificadores de la cromatina, 
mientras que en los pacientes tratados las mutaciones en estos genes principalmente 
permanecían estables (p=0,031). Por el contrario, respecto al tratamiento, no se 
observaron diferencias en las dinámicas de las mutaciones en los genes de las 
cohesinas (p=1,00) o de la vía de Ras (p=0,329) (Figura Suplementaria S5). Por tanto, 
nuestros resultados sugieren que las mutaciones en los modificadores de la 
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cromatina pueden estar relacionadas con la evolución de pacientes con SMD los 
cuales son tratados con fármacos modificadores de la enfermedad, como son 
azacitidina y lenalidomida, antes de la progresión. 

 

CONCLUSIONES 

En resumen, la progresión de los SMD a LAMs se caracteriza por una gran 
inestabilidad genómica, independientemente del subtipo diagnóstico de SMD, y por 
la presencia de cuatro dinámicas mutacionales durante la evolución, destacando 
entre ellas las mutaciones cuyo VAF aumenta con la transformación leucémica y las 
adquiridas en la etapa de la LAMs (tipo 1 y tipo 3, respectivamente). Además, la 
concurrencia entre las mutaciones en las cohesinas y en la vía de Ras puede jugar un 
papel importante en el 15-20% de los pacientes que evolucionan a LAMs. Con respecto 
al tratamiento, las mutaciones en los genes modificadores de la cromatina pueden 
estar relacionadas con la evolución a LAMs de los pacientes que reciben tratamiento 
modificador de la enfermedad previo a la progresión. 
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INTRODUCCIÓN 

Durante los últimos años el uso de la secuenciación masiva ha permitido 
avanzar en la caracterización molecular de los Síndromes Mielodisplásicos (SMD), 
identificando algunos mecanismos involucrados en su patogénesis. Sin embargo, 
debido a la gran heterogeneidad genética y clínica que presentan, los datos 
moleculares no se han incluido en las clasificaciones pronósticas actuales. 

Una de las vías que pueden verse alteradas en los SMD es el complejo cohesina, 
encontrándose mutado en un 10-15% de los pacientes. Se ha descrito que estas 
mutaciones pueden alterar la regulación transcripcional que tiene lugar durante los 
procesos de diferenciación/proliferación, lo que sugiere que el complejo cohesina 
tiene un papel importante en la patogénesis del SMD. No obstante, debido a la 
heterogeneidad molecular de los SMD, aún no se ha determinado el impacto clínico 
de las mutaciones de las cohesinas. Por este motivo, en este estudio nos propusimos 
estudiar mediante secuenciación masiva estas mutaciones en una amplia serie de 
pacientes diagnosticados con SMD para identificar las características clínicas de los 
pacientes que portan estas mutaciones en cuanto a su perfil genético, su fenotipo y 
su evolución clínica, así como para evaluar el impacto pronóstico de integrar los datos 
moleculares de estos genes con el resto de factores de riesgo de los SMD 
(estratificación IPSS e IPSS-R). 

 

PACIENTES Y MÉTODOS 

En el estudio se incluyeron muestras de médula ósea o sangre periférica de un 
total de 418 pacientes diagnosticados con SMD y con una buena caracterización 
clínica y seguimiento. Todas las muestras fueron analizadas por secuenciación masiva 
mediante una estrategia de captura de secuencia (Nextera Rapid Capture Custom 
Enrichment) usando un panel de 117 genes previamente relacionados con patología 
mieloide, entre los que se incluían los genes del complejo cohesina: STAG1, STAG2, 
SMC1A, SMC3 y RAD21 (Tabla Suplementaria S2). 

 

RESULTADOS 

La mediana de edad fue de 74,9 años (rango 29,4-92,2), con un 48,9% de 
hombres. De acuerdo a la clasificación OMS 2017, la mayoría de los pacientes 
pertenecieron a las categorías de SMD con displasia multilínea, con y sin sideroblastos 
en anillo (SMD-DM y SMD-SA-DM, 45,6%), seguido de los SMD con exceso de blastos 
(16,3% SMD-EB2 y 14,7% SMD-EB1) y los SMD con deleción 5q (10,1%). Respecto a la 
estratificación del IPSS-R, la mayoría de los pacientes fueron de riesgo muy bajo 
(26,8%) o bajo (44,4%), 15,3% fueron de riesgo intermedio mientras que el restante 
13,6% fueron SMD de alto riesgo (categorías de riesgo alto y muy alto) (Tabla 
Suplementaria S1). 
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El estudio de secuenciación masiva identificó 52 mutaciones en los genes del 

complejo cohesina en un total de 48 pacientes (11,5%) (Tabla Suplementaria S3). El 
gen más frecuentemente mutado fue STAG2, puesto que el 69% de todos los 
pacientes mutados en las cohesinas presentó mutaciones en este gen. Además, las 
mutaciones en las cohesinas se encontraron a lo largo de todo el gen, por lo que no 
se identificó ningún sitio hotspot. Asimismo, la mayoría de estas mutaciones fueron 
de tipo de pérdida de función, incluyendo mutaciones sin sentido (nonsense) y de 
cambio del marco de lectura (frameshift) (Figura 1). 

Con el objetivo de caracterizar el perfil genético propio de los pacientes con 
mutaciones en las cohesinas, se comparó el número de mutaciones, así como la 
incidencia mutacional de otros genes mieloides, en los pacientes mutados versus los 
pacientes que no portaban mutaciones en las cohesinas. De este modo, se observó 
que los pacientes mutados en las cohesinas presentaron una mediana de 4 
mutaciones frente a una mediana de 2 en el caso de los pacientes wild-type, lo que 
indicaba que los pacientes mutados tenían un número de mutaciones 
significativamente mayor (p<0,0001) (Figura 2A). Además, los pacientes con 
mutaciones en las cohesinas mostraban frecuencias mutacionales más altas en los 
genes SRSF2 (p<0,0001), ASXL1 (p=0,0031), RUNX1 (p=0,0074) and EZH2 (p=0,0185) 
(Figura 2B). De manera interesante, también se identificó una fuerte concurrencia 
entre las mutaciones en las cohesinas y genes del splicing (p<0,0001), alteraciones de 
la vía de Ras (p=0,001) y modificadores de la cromatina (p=0,007), y más 
especialmente entre mutaciones de las cohesinas y el factor del splicing SRSF2 
(p<0,0001) y el modificador de la cromatina ASXL1 (p<0,0001) (Figura 2C y 2D). 

Con respecto a las características clínicas y biológicas de los pacientes que 
portan mutaciones en las cohesinas, en este estudio se identificó que los pacientes 
que portaban estas mutaciones se asociaban con las categorías con exceso de blastos 
de la clasificación OMS 2017 (p=0,004) y con las categorías de riesgo intermedio y alto 
de la estratificación del IPSS-R (p=0,001) (Figura 3A y 3B). También cabe destacar que 
un 52% de los pacientes presentaron una citogenética normal, una proporción 
equiparable a la de los pacientes sin mutaciones en las cohesinas, sugiriendo que las 
cohesinas en los SMD no están implicadas en la desestabilización de la integridad 
cromosómica, sino más bien en otros mecanismos alternativos, como pueden ser el 
control transcripcional o la reparación del daño celular. Además, la presencia de las 
mutaciones de las cohesinas define un subconjunto de pacientes que muestran un 
fenotipo de mal pronóstico, caracterizado por un bajo recuento de plaquetas 
(p=0,009), neutrófilos (p=0,008) y leucocitos (p=0,016) en sangre periférica, un 
mayor número de blastos en médula (p=0,0014) y una mayor tasa de progresión a 
LAMs (p<0,0001) (Tabla 1 y Figura 3C). 

 
 
 
 
 
 
 

172 



Resumen en castellano 
Resultados - Capítulo 2 

 

 
Con el fin de determinar los efectos de las mutaciones de las cohesinas, solas o 

en combinación, en la evolución clínica de los SMD, estudiamos exhaustivamente el 
impacto de estas mutaciones en la supervivencia global (SG), en la supervivencia libre 
de progresión (SLP) y en el tiempo hasta la progresión. De manera interesante, se 
observó que los pacientes mutados en la serie global mostraron una tendencia a una 
menor supervivencia (mediana: 3,1 vs. 5,2 años, p=0,069), una menor supervivencia 
libre de progresión (mediana: 1,3 vs. 3,5 años, p<0,0001) y un menor tiempo hasta la 
progresión (mediana: 1,4 vs. 8,3 años, p<0,0001) (Figura 4A). Además, se demostró 
este mismo efecto en el subconjunto de pacientes con mutaciones en SRSF2, donde 
los pacientes doblemente mutados presentan una menor supervivencia libre de 
progresión (p<0,0001) y un menor tiempo hasta la progresión (p<0,0001) (Figura 4B), 
y, especialmente, en el subgrupo de pacientes de riesgo muy bajo, bajo e intermedio 
según el IPSS-R tanto en el análisis univariante (Figura 4C) como multivariante (HR 
2,44, 95% CI 1,19-4,98; p=0,015) (Figura 4D). 

Por último, y en vista a estos resultados, evaluamos el valor pronóstico de las 
mutaciones en las cohesinas en la estratificación del IPSS-R e identificamos que la 
presencia de mutaciones en las cohesinas puede estratificar los pacientes de riesgo 
muy bajo o bajo del IPSS-R en dos grupos diferentes, mostrando los pacientes 
mutados unas curvas de supervivencia global, libre de progresión y tiempo hasta la 
progresión muy similares a las de los pacientes de una categoría superior en el IPSS- 
R, es decir, los pacientes de riesgo intermedio (Figura 5). 

 

CONCLUSIONES 

Por tanto, las mutaciones en las cohesinas, que suelen resultar en una pérdida 
de su función, son alteraciones frecuentes en los SMD, que se asocian con un perfil 
mutacional específico, un fenotipo de mal pronóstico y una peor evolución clínica, 
caracterizada principalmente por una mayor tasa y una evolución a LAMs más 
temprana. Además, estas mutaciones tienen un efecto en la estratificación 
pronóstica de los pacientes de riesgo muy bajo y bajo según el IPSS-R, de manera que 
la incorporación de su estado mutacional puede mejorar la clasificación pronóstica 
de los pacientes con SMD y ser útil para la monitorización y predicción de la 
progresión de la enfermedad. 
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INTRODUCCIÓN 

En los últimos años, gracias a la implementación de las nuevas técnicas de 
secuenciación masiva se han producido importantes avances en la caracterización 
molecular de los síndromes mielodisplásicos. Sin embargo, debido a su gran 
heterogeneidad y a la falta de validación clínica, el impacto clínico de las mutaciones 
no está completamente definido y no existe, a día de hoy, una clasificación pronóstica 
que tenga en cuenta los datos moleculares. 

En concreto, las mutaciones de la vía de Ras se han descrito en un 5-10% de los 
pacientes con SMD, asociándose con un aumento en la proliferación de los 
progenitores hematopoyéticos. No obstante, pese a que se ha estudiado 
ampliamente el impacto pronóstico de las mutaciones de la vía de Ras en pacientes 
con neoplasias mieloproliferativas y LAM, la información acerca de su relevancia en 
pacientes con SMD es limitada y controvertida, de manera que se desconoce cuál es 
el pronóstico de los pacientes que portan este tipo de alteraciones. Por tanto, en este 
estudio nos propusimos como objetivo identificar las mutaciones de la vía de Ras en 
una serie amplia de pacientes con SMD mediante secuenciación masiva y analizar su 
relación con las características clínica de la enfermedad para determinar su valor 
clínico y pronóstico. 

 

PACIENTES Y MÉTODOS 

Un total de 418 pacientes diagnosticados con SMD y con información clínica 
detallada fueron incluidos en el estudio (Tabla Suplementaria S1). En todos los casos 
se analizó una muestra de médula ósea o sangre periférica al momento del 
diagnóstico mediante secuenciación masiva por una estrategia de captura de 
secuencia (Nextera Rapid Capture Custom Enrichment), para lo que se utilizó un panel 
de 117 genes mieloides, que incluía los siguientes genes implicados en la vía de Ras: 
NRAS, KRAS, HRAS, FLT3, KIT, CBL, EGFR, NF1, PTPN11, PTPN1, BRAF y G3BP1 (Tabla 
Suplementaria S2). 

 

RESULTADOS 

El estudio de secuenciación masiva reveló 59 mutaciones en alguno de los 
genes estudiados de la vía de Ras, lo que supuso una incidencia del 11,2% (47 pacientes 
de un total de 418) (Tabla Suplementaria S1). El gen más frecuentemente mutado fue 
NRAS, encontrándose en 15 pacientes, seguido de NF1 (n=11), KRAS y CBL (n=6, cada 
uno), PTPN11 y KIT (n=5, cada uno), BRAF (n=3), EGFR (n=2) y FLT3 (n=1) (Figura 1A). La 
mayoría de las mutaciones detectadas fueron de tipo missense (53/59, 89,8%) y para 
el gen NRAS se encontraron dos sitios hotspots, las posiciones de los aminoácidos G12 
y G13 pertenecientes al dominio de unión de GTP. Además, se analizó la mediana de 
la  frecuencia  alélica  (VAF)  de  todas  las  mutaciones  somáticas identificadas, 
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identificando que las mutaciones en la vía de Ras aparecen en menores VAF que las 
mutaciones en el resto de vías, como son el splicing, la regulación epigenética, la 
transcripción, las cohesinas o el resto de rutas de señalización (p<0,0001, cada una), 
sugiriendo que estas mutaciones son eventos subclonales (Figura 1B y 1C). 

Con el objetivo de identificar potenciales mecanismos de cooperatividad entre 
las mutaciones de la vía de Ras y otros genes, se analizaron los patrones de 
concurrencias y exclusividades entre las distintas vías funcionales analizadas en 
nuestro estudio. De este modo, se observó una fuerte concurrencia entre las 
mutaciones de la vía de Ras y en los genes de las cohesinas (p=0,001), así como con 
los genes STAG2 (p=0,003), el factor de splicing SRSF2 (p=0,021), el modificador de la 
cromatina EZH2 (p=0,046) y los factores de transcripción NPM1 y GATA2 (p=0,008, 
ambos), mientras que se encontró una relación de exclusividad entre las mutaciones 
de la vía de Ras y el factor de splicing SF3B1 (p=0,047) (Figura 2). Por tanto, los 
pacientes con mutaciones en la vía de Ras muestran un perfil genético específico, 
caracterizado principalmente por la concurrencia con las mutaciones de las 
cohesinas. 

Con respecto a las características clínicas y biológicas de los pacientes con 
mutaciones en la vía de Ras, en nuestro estudio los pacientes mutados fueron más 
frecuentemente diagnosticados con un SMD con exceso de blastos (p=0,001) o con 
subtipos pertenecientes a las categorías de riesgo alto del IPSS-R (p=0,008) (Figura 
3). Del mismo modo, no se encontraron pacientes con mutaciones en la vía de Ras 
que presentaran alteraciones citogenéticas de mal pronóstico, mientras que se 
asociaron significativamente con alteraciones de riesgo intermedio (p=0,028), en 
concreto, los pacientes mutados mostraron una proporción más alta de casos con la 
trisomía 8 (12,5% vs. 4,4%, p=0,031). Además, los pacientes que portaban alguna 
mutación en la vía de Ras presentaron una mayor incidencia de marcadores de mal 
pronóstico, como un menor recuento de plaquetas y neutrófilos en sangre periférica 
(p=0,004 y p=0,008, respectivamente) y una mayor proporción de blastos en médula 
ósea (p<0,0001), así como una mayor tasa de recibir un tratamiento modificador de 
la enfermedad (p=0,049) y de muerte (p=0,027) durante el seguimiento del estudio 
(Tabla 1). 

Para determinar los efectos de las mutaciones de la vía de Ras en la evolución 
clínica de los SMD, estudiamos de manera exhaustiva su impacto en la supervivencia 
global (SG), en la supervivencia libre de progresión (SLP) y en el tiempo hasta la 
progresión. Estos análisis revelaron que los pacientes que albergaban mutaciones en 
la vía de Ras mostraban una menor supervivencia global (mediana: 31,1 vs. 64,6 
meses, p=0,028), una menor supervivencia libre de progresión (mediana: 20,4 vs. 40,5 
meses, p=0,004) y un menor tiempo hasta la progresión (mediana: 54,2 vs. 87,7 
meses, p=0,028) en la serie global (Figura 4). Además, con el fin de evaluar el impacto 
de las mutaciones de Ras entre todas las variables convencionales con valor 
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pronóstico conocido, es decir, las variables incluidas en la estratificación del IPSS-R 
(blastos en médula ósea, hemoglobina, plaquetas, neutrófilos y citogenética), se 
realizó un análisis multivariante de regresión de Cox para la SG, SLP y el tiempo hasta 
la progresión, mostrando que los pacientes con mutaciones en la vía de Ras se 
asocian independientemente con una menor supervivencia global (SG: HR 1,71, 95% CI 
1,04-2,81; p=0,033) (Tabla 2). 

Finalmente, para confirmar el valor pronóstico de las mutaciones en la vía de 
Ras, se analizó la SG, SLP y el tiempo hasta la progresión para cada grupo del IPSS-R 
de manera individual. De manera interesante, los pacientes de las categorías de 
riesgo muy bajo y bajo con mutaciones en la vía de Ras mostraron una menor SG (32,1 
vs. 81,6 meses, p=0,009) (Figura 5A), mientras que no se observaron diferencias en la 
SLP (p=0,183) y en el tiempo hasta la progresión (p=0,644). Además, este impacto fue 
confirmado por un análisis multivariante de regresión de Cox, donde las mutaciones 
de Ras fueron el único factor que se asoció con una menor supervivencia global (SG: 
HR 1,86, 95% CI 1,01-3,43, p=0,045) (Figura 5B). 

 

CONCLUSIONES 

En resumen, las mutaciones de la vía de Ras son eventos genéticos recurrentes 
en los pacientes con SMD (11,2% de los casos) y son adquiridas en etapas tardías del 
curso de la enfermedad. Los pacientes que portan estas mutaciones muestran un 
perfil mutacional específico, destacando la concurrencia entre las mutaciones de la 
vía de Ras y del complejo cohesinas, así como un fenotipo de mal pronóstico, con 
presencia de citopenias y exceso de blastos y una mayor tasa de muerte, a pesar de 
recibir tratamiento modificador de la enfermedad. Además, los pacientes con 
mutaciones en la vía de Ras muestran una peor evolución clínica, principalmente 
caracterizada por una menor supervivencia global. Por tanto, la incorporación de su 
estado mutacional puede mejorar la clasificación pronóstica de los pacientes con 
SMD. 
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1. La progresión de los SMD a LAMs es un proceso muy complejo y dinámico de 
evolución y selección clonal. El uso de la secuenciación masiva en muestras 
pareadas de pacientes que evolucionaron a LAMs permite la caracterización del 
perfil mutacional subyacente a la progresión a LAMs, el cual es caracterizado por 
una gran inestabilidad genómica, independientemente del subtipo diagnóstico. 

 
1.1. Los mecanismos implicados en esta evolución son heterogéneos, sin 

embargo, se han podido identificar cuatro tipos de dinámicas mutacionales, 
siendo las más importantes aquellas mutaciones que aumentaron su carga 
tumoral o que se adquirieron durante la evolución. Además, cabe destacar 
que se identificó en un 15-20% de los pacientes con SMD que evolucionaron 
un mecanismo preferencial de progresión consistente en la concurrencia de 
mutaciones en las cohesinas, con una dinámica de aumento del tamaño 
clonal, y mutaciones en la vía de Ras, que fueron mayoritariamente 
adquiridas en la etapa de la LAMs. 

1.2. El tratamiento con agentes modificadores de la enfermedad (agentes 
hipometilantes y lenalidomida) puede impactar en los patrones de evolución 
clonal de los pacientes con SMD. Los mecanismos de progresión a LAMs en 
pacientes tratados pueden ser diferentes a los de los pacientes no tratados, 
caracterizándose por la presencia de mutaciones en genes modificadores de 
la cromatina que aumentan su tamaño clonal o son adquiridas durante la 
etapa de la LAMs. 

 
2. La presencia de mutaciones de pérdida de función en las cohesinas es un evento 

común en pacientes con SMD, ocurriendo en un 11,9% de los casos al diagnóstico 
y siendo STAG2 el gen más frecuentemente mutado. 

 
2.1. Los pacientes con SMD que portan mutaciones en las cohesinas presentan 

un perfil específico, caracterizado por tener un mayor número de 
mutaciones y por la fuerte concurrencia entre estas alteraciones y las 
mutaciones en la vía de Ras, en genes modificadores de la cromatina y genes 
de splicing, principalmente, con el factor de splicing SRSF2. 

2.2. La presencia de mutaciones en los genes de las cohesinas define un conjunto 
de pacientes con un fenotipo de mal pronóstico, que se caracteriza por 
marcadas citopenias en sangre periférica y un número elevado de blastos en 
médula ósea. Además, las mutaciones en las cohesinas son marcadores de 
mal pronóstico con respecto a la transformación leucémica, puesto que se 
asocian con una mayor tasa y una progresión a LAMs más temprana, 
especialmente en pacientes de riesgo muy bajo, bajo e intermedio según el 
IPSS-R. 
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2.3. La incorporación de los datos moleculares de las cohesinas en la clasificación 

actual del IPSS-R podría mejorar la estratificación pronóstica de los pacientes 
con SMD de muy bajo o bajo riesgo. Por tanto, el estudio del estado 
mutacional de las cohesinas podría ser útil en la monitorización de los 
pacientes y en la predicción de progresión de la enfermedad, permitiendo 
una intervención temprana. 

 
3. Las mutaciones en la vía de Ras son eventos genéticos recurrentes en los 

pacientes diagnosticados de SMD, ocurriendo en un 11,2% de los casos y siendo 
normalmente subclonales y adquiridas de manera tardía en el curso de la 
enfermedad. 

 
3.1. Los pacientes con SMD que portan mutaciones en la vía de Ras manifiestan 

un perfil genético específico, en el que destaca la concurrencia entre 
mutaciones en esta vía y en el complejo cohesina, mientras que son 
mutuamente excluyentes con las mutaciones en SF3B1. 

3.2. La presencia de mutaciones en la vía de señalización de Ras define un 
conjunto de pacientes que exhiben un fenotipo de mal pronóstico, con 
marcadas citopenias y exceso de blastos, así como con una alta tasa de 
defunción, a pesar del tratamiento modificador de la enfermedad. Además, 
los pacientes con estas mutaciones presentan una supervivencia global más 
corta, independiente del resto de variables pronósticas incluidas en el IPSS- 
R. Por tanto, la activación de la vía de Ras puede estar implicada en la 
progresión a un estadio más agresivo de la enfermedad, provocando un 
pronóstico muy adverso en los pacientes con SMD. 
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SUPPLEMENTARY METHODS 

 
Patients 

 
To study the mutational changes occurring during the evolution to secondary acute 

myeloid leukemia from a previous myelodysplastic/myelomonocytic phase, 486 

samples from 437 patients, from different Spanish institutions, were included in the 

study. Diagnoses were established according to the 2008 World Health Organization 

criteria (1). For the purpose of analysis, the RARS, RCUD, RCMD, and MDS del(5q) 

morphological subtypes were considered to be low-risk MDS (LR-MDS), while RAEB- 

1 and RAEB-2 were considered high-risk MDS (HR- MDS). Conventional cytogenetic 

and FISH analyses were carried out in all samples, as previously described(2-4). 

DNA isolation 
 

Genomic DNA (gDNA) was obtained from all samples from BM/PB fixed pelleted cells 

or mononuclear cells using a QIAamp DNA Mini Kit (Qiagen) according to the 

manufacturer’s standard protocol. The concentration of extracted DNA was 

determined using a Qubit® 2.0 Fluorometer system (Life Techonologies, Carlsbad, 

CA, USA) and the adequate quality for the sequencing was tested using a TapeStation 

4200 (Agilent Technologies, Santa Clara, CA, USA) and a nanodrop 

spectrophotometer (ND-1000, NanoDrop Technologies, Wilmington, DE, USA) by 

measuring the ratio of absorbance at 230/260 and 280 nm (A230/280 and A260/280). 

Whole-exome sequencing summary: Construction of DNA libraries and data analysis 
 

Sequencing libraries were prepared using high-quality native gDNA (not subjected to 

whole genome amplification) as the starting material, processed with the TruSeq 

Exome Enrichment Kit (Illumina, San Diego, CA, USA), covering a total of 62 Mb of the 

genome with target sequences encompassing exon, UTR and miRNA loci, according 

to the manufacturer’s protocol(5-7). Enriched exome fragments were then 

sequenced on an Illumina-HiSeq 200 sequencer. Unfortunately, corresponding non- 

tumor samples were not available for these cases. 
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Quality assessment, alignment and variant calling of the sequencing data were 

performed using an in-house pipeline based on custom scripts and open-source 

software, as previously described(5-8). Since no germline filter could be applied, to 

identify somatically acquired deleterious changes, variants were selected according 

to their absence from the healthy population, using the information contained in the 

SNP database of human variants (dbSNP, MAF < 0.01) and knowledge of its putative 

effect on the protein (excluding synonymous variants and those whose structure was 

not correctly annotated)(9). In the next step, driver mutations were identified and 

selected over passenger variants using an in silico analysis with the oncodriveMUT 

method from the novel “Cancer Genome Interpreter” bioinformatic tool 

(https://www.cancergenomeinterpreter.org/home)(10). 
 

Targeted-deep sequencing: custom gene panel and data analysis 
 

Targeted-deep sequencing was performed using an in-house custom capture- 

enrichment panel (Nextera Rapid Capture Enrichment, Illumina) of 117 genes 

previously related to the pathogenesis of myeloid malignancies, according to a 

Nextera sequencing design using Illumina DesignStudio. Sequencing libraries were 

prepared according to the manufacturer’s instructions, using unique barcodes for 

each sample, multiplexed and sequenced on Illumina NextSeq 500 and MiSeq 

sequencers. 

All sequences were evaluated using FastQC and NGSQCToolkit v2.3.3 software and 

aligned to the reference genome (GRCh37/hg19) using BWA v0.7.12 and GATK v3.5. A 

minimum quality score of Q30 was required to ensure high-quality sequencing 

results. Variant calling and annotation were performed using an in-house pipeline, 

based on the VarScan v2.3.9, SAMTools v1.3.1., and ANNOVAR bioinformatic tools. 

FLT3-ITD detection was performed using ITDseek. To visualize read alignments and 

variant calls, Integrative Genomics Viewer version 2.3.68 (IGV, Broad Institute, 

Cambridge, MA, USA) was used. 

For true oncogenic somatic variant calling, a severe criterion for variant filtering was 

applied. Thus, synonymous, noncoding variants and polymorphisms, present at a 
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population frequency (MAF) ≥ 1% in dbSNP138, 1000G, EXAC, ESP6500 and our in-house 

databases, were excluded. Similarly, those variants recurrently observed and, from 

visual inspection on the IGV browser, suspected of being sequencing errors were 

removed. The remaining variants were considered candidate somatic mutations 

based on the following criteria: (i) variants with ≥10 mutated reads; (ii) described in 

COSMIC and/or ClinVar as being cancer-associated and known hotspot mutations; and 

(iii) classified as deleterious and/or probably damaging by PolyPhen-2 and SIFT web- 

based platforms. In addition, within each case from the discovery and control 

cohorts, variants found on only one occasion were carefully checked at the other 

disease stage, because the flow read depth might have caused them to be missed, 

but its variant allele frequency (VAF) at the different evolutionary stages was of clear 

interest. 

Mutation validation 
 

To validate SNVs and indels, all alterations detected in the discovery and control 

cohorts were resequenced using an amplicon-based approach (Illumina Nextera XT) 

on both paired samples at much higher coverage (mean depth of 5244X). In brief, 

genomic regions of interest (500-800 bp) were PCR-amplified using sequence- 

specific primers and purified with AMPure Beads. Libraries were prepared for 

sequencing following the Nextera XT Illumina protocol and sequenced on an Illumina 

MiSeq sequencer. 

Pathway analysis 
 

We compiled a list of seven biological pathways described in other previous studies 

as being related to MDS (11, 12). Moreover, pathway classification was determined 

using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and the Gene Ontology 

Consortium databases (13, 14). Then, we classified our panel genes with respect to 

them and, consequently, the mutations were also classified with respect to these 

biological pathways depending on the function of the affected gene. 
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Statistical analysis 

 
Baseline characteristics were described as frequencies for categorical variables and 

as the medians and ranges for quantitative variables. Comparisons of categorical 

variables between patient subsets were performed using Chi-square or Fisher´s 

exact test, as appropriate, while the t-test, or Mann-Whitney U test and Wilcoxon 

signed-rank test were used to compare the means and medians of continuous 

variables of unpaired and paired data, respectively. The Kaplan-Meier method was 

used to analyze survival outcomes (sAML-progression-free and overall survival). 

Two-sided values of p < 0.05 were considered to be statistically significant. 
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Supplementary Table S1 
 

 
Discovery cohort Control cohort Validation cohort 

Number of samples 84 14 388 
Number of patients 42 7 388 
Gender, male (%) 30 (70) 2 (29) 221 (57) 
Diagnosis Age, median (range, years) 70 (50-82) 69 (68-77) 75 (29-92) 
Deceased (%) 82 42.9 44.76 
sAML Progression (%) 100 0 16.2 
Classification (WHO 2008) at diagnosis (%)    

RCUD 1 (2) 1 (14.3) 18 (5) 
RARS 1 (2) 0 40 (10) 
RCMD 16 (38) 5 (71.4) 166 (43) 
RAEB-1 13 (31) 1 (14.3) 43 (11) 
RAEB-2 10 (24) 0 49 (13) 
MDS del(5q)- 1 (2) 0 39 (10) 
MDS-U 0 0 11 (3) 
CMML 0 0 9 (2) 
AML with dysplastic changes 0 0 3 (1) 
Not available 0 0 10 (3) 
IPSS classification (%)    

Low 11 (26) 4 (57.1) 90 (23) 
Intermediate-1 17 (40) 3 (42.9) 66 (17) 
Intermediate-2 9 (21) 0 7 (2) 
High 1 (2) 0 2 (1) 
Not available* 4 (10) 0 223 (57) 
IPSS-R classification    

Very low 3 (7) 4 (57.1) 49 (13) 
Low 10 (24) 3 (42.9) 76 (20) 
Intermediate 10 (24) 0 30 (8) 
High 4 (10) 0 11 (3) 
Very high 5 (12) 0 3 (1) 
Not available* 10 (24) 0 219 (56) 
Blood count at diagnosis    

Hemoglobin, g/dL, median (range) 10.1 (5.5-14.6) 11.4 (9.8-12.8) 9.9 (3.8-15.3) 

Platelet, x109/L, median (range) 95.5 (11.0-379.0) 171.0 (54.0-503.0) 155.0 (2.0-1067.0) 

ANC, x109/L, median (range) 1.6 (0.1-6.2) 2.35 (1.36-4.11) 1.9 (0.1-56.0) 

WBC, x109/L, median (range) 4.2 (1.8-12.8) 5.1 (4.4-5.9) 4.1 (1.2-67.9) 
Cytogenetics at diagnosis    

Normal (%) 22 (52) 6 (85.7) 197 (51) 
Complex, >3 abnormalities (%) 5 (12) 0 14 (4) 
-5/del(5q) (%) 4 (10) 1 (14.3) 38 (10) 
-7/del(7q) (%) 1 (2) 0 4 (1) 
Trisomy 8 3 (7) 0 14 (4) 
del(20q) 2 (5) 0 3 (1) 
Other single abnormality 1 (2) 0 52 (13) 
Not available 4 (10) 0 66 (17) 
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*: IPSS and IPSS-R risk classifications were not applicable in the case of chronic myelomonocytic 

leukemia. 

Abbreviations: RCUD, refractory cytopenia with uni-lineage dysplasia; RARS, refractory anemia 

with ringed sideroblasts; RCDM, refractory cytopenia with multi-lineage dysplasia; RAEB, 

refractory anemia with excess blasts; MDS del(5q)-, myelodysplastic syndrome associated with 

isolated del(5q); MDS-U, myelodysplastic syndrome unclassified; CMML, chronic 

myelomonocytic leukemia; AML, acute myeloid leukemia; IPSS, International Prognostic Scoring 

System; WBC, white blood cell; ANC, absolute neutrophil count. 
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Supplementary Table S3 
 
 

ABL1 CBLC EED HRAS MECOM PHF19 SF1 TET2 

AEBP2 CD177 EGFR IDH1 KMT2A PHF6 SF3A1 TGM2 

ARID2 CDH13 EIF2AK2 IDH2 KMT2D PHLPP1 SF3B1 TIMM50 

ASXL1 CDH23 ENG IKZF1 MPL PTEN SFPQ TNFAIP3 

ATRX CDH3 EP300 IL3 MTOR PTPN1 SH2B3 TP53 

BCAS1 CDK2 ETV6 IRF1 NF1 PTPN11 SMC1A TYK2 

BCOR CDKN2A EZH2 JAK1 NOTCH1 RAD21 SMC3 U2AF1 

BCORL1 CEBPA FBXW7 JAK2 NPM1 RARA SPARC UMODL1 

BCR CREBBP FLT3 JAK3 NRAS RET SRSF2 USB1 

BMI1 CSF3R G3BP1 JARID2 NR2F6 RPS14 STAG1 WASF3 

BRAF CSNK1A1 GATA1 JKAMP NTRK1 RUNX1 STAG2 WT1 

CALR CTCF GATA2 KDM6A NUP98 SALL4 SUZ12 ZRSR2 

CBFB CTNNA1 GCAT KIT PBRM1 SBDS TCL1B  

CBL CUX1 GNAS KRAS PDGFRA SETBP1 TERC  

CBLB DNMT3A GNB1 LUC7L2 PDGFRB SETD2 TERT  
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SUPPLEMENTARY FIGURES 

 
Figure S1: Overview of the study design and the distribution of cohorts of patients 

included in the study. Time of first and second sampling, where diagnosis and follow- 

up/sAML, respectively, are specified, as well as the number of patients and samples 

analyzed, and the sequencing strategy applied for each of the cohorts. 

 
Abbreviations: sAML, secondary acute myeloid leukemia; LR, low-risk, HR, high-risk; 

HMs, hematological malignancies; pts, patients; WES, whole-exome sequencing. 
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Figure S2: VAF comparison of the mutations detected by whole-exome sequencing 

vs. by targeted deed sequencing. The VAF correlation between these two platforms 

was high measured by Pearson coefficient (Pearson´s r = 0.90). 
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Figure S3: Representative examples of genes with different mutational dynamics in 

MDS patients who evolved to sAML. VAF at diagnosis and sAML of all mutations 

detected in STAG2, NRAS, FLT3, SRSF2 and DNMT3A in our discovery cohort were 

represented showing type 1, type 3 and type 4 dynamics, respectively, during MDS 

progression. 

Supplementary Figure S3 
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Figure S4: Prognostic impact of single mutations and co-occurring mutations in the 

cohesin complex and Ras pathway. Kaplan-Meier curves for overall survival in 

double-mutant and cohesin and Ras single mutant patients in the entire validation 

cohort. 
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Figure S5: Landscape of mutational dynamics according to disease-modifying 

treatment on MDS patients who progressed to sAML. A) Patients in the discovery 

cohort were grouped according to whether they received treatment with a disease- 

modifying agent (38% 5-azacytidine or 10% lenalidomide) or supportive or no 

treatment, before they transformed into sAML. Genes are grouped by cellular 

functions and are represented in rows; patients are represented by separate 

columns. Dynamics are indicated by a color gradient: red/orange for newly 

acquired/increasing mutations, yellow for stable mutations, and blue/green colors for 

decreasing mutations. B) Graphs representing the proportion of patients harboring 

newly acquired/increasing (black color) and stable mutations (white color) in treated 

vs. non treated patients in the following cellular functions: chromatin modifiers, 

cohesin complex and Ras signaling. 

Abbreviations: VAF, variant allele frequency; LR, low-risk; HR, high-risk; NS, not 

significant; *, p < 0.05. 
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SUPPLEMENTARY TABLES 

 
Table S1: Main clinical and biological characteristics of the entire cohort included in 

the study (n=418): demographics, WHO 2008 and 2017 subtypes, IPSS/IPSS-R risk 

classification, peripheral blood and bone marrow parameters and cytogenetics. 

Table S2: Panel of 117 myeloid-related genes used for targeted-deep sequencing. 
 

Table S3: List of all cohesin mutations found by targeted-deep sequencing in 418 

MDS patients. The table includes information on gene, chromosome position 

(GRCh37/hg19), change at DNA level, Variant Allele Frequency (VAF) percentage, type 

of change or consequence at protein level, transcript by RefSeq nomenclature and 

change at protein level. 

Table S4: Logistic Regression. The table includes information about the logistic 

regression analysis in patients harboring the co-occurrence of cohesin and SRSF2 

mutations. 
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Supplementary Table S1 
 

Total cohort (n = 418) 
Gender, male, n (%) 246 (58.9%) 
Age at diagnosis, median (range, years) 74.9 (29.4-92.2) 
Vital status (dead), n (%) 48.6% 
sAML Progression, (%) 28.8% 
Disease-modifying Treatment, yes (%) 39.7% 

WHO 2008 Classification at diagnosis, n (%) 418 
RCUD 26 (6.2%) 
RARS 40 (9.6%) 
RCMD 186 (44.5%) 
RAEB-1 56 (13.4%) 
RAEB-2 60 (14.4%) 
MDS del(5q)- 38 (9.1%) 
MDS-U 12 (2.9%) 

WHO 2017 Classification at diagnosis, n (%) 375 
MDS-SLD 18 (4.8%) 
MDS-RS-SLD 21 (5.6%) 
MDS-MLD 103 (27.5%) 
MDS-RS-MLD 68 (18.1%) 
MDS-EB1 55 (14.7%) 
MDS-EB2 61 (16.3%) 
MDS del(5q) 38 (10.1%) 
MDS-U 11 (2.9%) 

IPSS classification, n (%) 365 
Low 170 (46.6%) 
Intermediate-1 128 (35.1%) 
Intermediate-2 51 (14%) 
High 16 (4.3%) 

IPSS-R classification, n (%) 347 
Very low 93 (26.8%) 
Low 154 (44.4%) 
Intermediate 53 (15.3%) 
High 27 (7.8%) 
Very high 20 (5.8%) 

Blood count at diagnosis 361 
Hemoglobin level, g/dL, median (range) 9.9 (3.8-15.4) 
Platelet count, x109/L, median (range) 152 (2.0-1067.0) 
ANC, x109/L, median (range) 1.9 (0.05-56.0) 

WBC, x109/L, median (range) 4.0 (1.21-16.0) 

Bone marrow study at diagnosis 362 
% blasts, median (range) 1.6 (0.0-19.9) 
%ring sideroblasts, median (range) 0.0 (0.0-100.0) 

Cytogenetic risk at diagnosis (%) 380 
Very good 16 (4.2%) 
Good 305 (80.3%) 
Intermediate 35 (9.2%) 
Poor 12 (3.2%) 
Very poor 12 (3.2%) 
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Abbreviations: sAML, secondary acute myeloid leukemia; RCUD, refractory cytopenia with 

unilineage dysplasia; RARS, refractory cytopenia with ring sideroblasts; RCMD, refractory 

cytopenia with multilineage dysplasia; RAEB, refractory anemia with excess blasts; MDS del(5q), 

myelodysplastic syndrome with isolated del(5q); MDS-U, myelodysplastic syndrome 

unclassifiable; MDS-SLD, syndrome myelodysplastic with single lineage dysplasia; MDS-RS-SLD, 

syndrome myelodysplastic with ring sideroblasts and single lineage dysplasia; MDS-MLD, 

syndrome myelodysplastic with multi-lineage dysplasia; MDS-RS-MLD, syndrome 

myelodysplastic with ring sideroblasts and multi-lineage dysplasia; MDS-EB1, myelodysplastic 

syndrome with excess blasts type-1; MDS-EB2, myelodysplastic syndrome with excess blasts 

type-2; IPSS, International Prognostic Scoring System; IPSS-R, International Prognostic Scoring 

System Revised; WBC, white blood cell; ANC, absolute neutrophil count. 
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Supplementary Table S2 
 
 

ABL1 CBLC EED HRAS MECOM PHF19 SF1 TET2 

AEBP2 CD177 EGFR IDH1 KMT2A PHF6 SF3A1 TGM2 

ARID2 CDH13 EIF2AK2 IDH2 KMT2D PHLPP1 SF3B1 TIMM50 

ASXL1 CDH23 ENG IKZF1 MPL PTEN SFPQ TNFAIP3 

ATRX CDH3 EP300 IL3 MTOR PTPN1 SH2B3 TP53 

BCAS1 CDK2 ETV6 IRF1 NF1 PTPN11 SMC1A TYK2 

BCOR CDKN2A EZH2 JAK1 NOTCH1 RAD21 SMC3 U2AF1 

BCORL1 CEBPA FBXW7 JAK2 NPM1 RARA SPARC UMODL1 

BCR CREBBP FLT3 JAK3 NRAS RET SRSF2 USB1 

BMI1 CSF3R G3BP1 JARID2 NR2F6 RPS14 STAG1 WASF3 

BRAF CSNK1A1 GATA1 JKAMP NTRK1 RUNX1 STAG2 WT1 

CALR CTCF GATA2 KDM6A NUP98 SALL4 SUZ12 ZRSR2 

CBFB CTNNA1 GCAT KIT PBRM1 SBDS TCL1B  

CBL CUX1 GNAS KRAS PDGFRA SETBP1 TERC  

CBLB DNMT3A GNB1 LUC7L2 PDGFRB SETD2 TERT  
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Patient Gene Position 
(GRCh37/hg19) Change (DNA) VAF (%) Type of change Transcript (RefSeq) Change (Protein) 

#1 STAG2 chrX: 123215311 C>C/T 98,05 stopgain SNV NM_006603 p.R953X 
#2 CTCF chr16: 67655488 G>G/T 19,85 nonsynonymous SNV NM_001191022 p.D123Y 
#3 SMC3 chr10: 112361839 G>G/A 40,09 nonsynonymous SNV NM_005445 p.R1003H 
#4 STAG2 chrX: 123171416 C>C/T 16,39 stopgain SNV NM_006603 p.R110X 
#5 STAG2 chrX: 123179197 C>C/T 17,14 stopgain SNV NM_006603 p.R216X 
#6 RAD21 chr8: 117859879 G>G/A 15,75 stopgain SNV NM_006265 p.R586X 
#6 STAG2 chrX: 123182897 A>A/G 98,76 nonsynonymous SNV NM_006603 p.I288V 
#7 STAG2 chrX: 123217380 C>C/T 50,56 stopgain SNV NM_006603 p.R1012X 
#8 STAG2 chrX: 123185051 insG 31,48 frameshift insertion NM_006603 p.L366fs 
#9 STAG2 chrX: 123196770 insAGAAGAC 91,51 frameshift insertion NM_006603 p.K553fs 

#10 STAG2 chrX: 123196795 insA 38,96 frameshift insertion NM_006603 p.T561fs 
#11 STAG2 chrX: 123224612 delTAAG 68,35 nonframeshift deletion NM_006603 p.1155_1156del 
#12 SMC1A chrX: 53432009 G>G/A 87,56 nonsynonymous SNV NM_006306 p.R711W 
#13 STAG2 chrX: 123202438 C>C/T 85,29 stopgain SNV NM_006603 p.Q764X 
#14 SMC3 chr10: 112352865 A>A/G 47,32 nonsynonymous SNV NM_005445 p.N616S 
#15 STAG2 chrX: 123200239 insTAAT 25,00 frameshift insertion NM_006603 p.V740fs 
#16 STAG2 chrX: 123197044 C>C/T 84,52 stopgain SNV NM_006603 p.R604X 
#17 STAG2 chrX: 123220440 C>C/T 15,72 stopgain SNV NM_006603 p.R1033X 
#18 STAG2 chrX: 123197751 insA 37,68 frameshift insertion NM_006603 p.D625fs 
#19 STAG2 chrX: 123220476 C>C/T 9,21 stopgain SNV NM_006603 p.R1045X 
#20 SMC3 chr10: 112340744 G>G/A 36,86 nonsynonymous SNV NM_005445 p.R171Q 
#20 RAD21 chr8: 117869620 delG 2,93 frameshift deletion NM_006265 p.L192fs 
#21 STAG2 chrX: 123181311 C>C/T 85,00 stopgain SNV NM_006603 p.R259X 
#22 SMC3 chr10: 112342391 delTAAAATGGAGG 13,90 frameshift deletion NM_005445 p.D265fs 
#23 STAG2 chrX: 123217389 A>A/T 87,21 stopgain SNV NM_006603 p.K1015X 
#24 STAG2 chrX: 123205051 C>C/G 69,06 stopgain SNV NM_006603 p.S804X 



Supplementary Table S3 
 

 
 

Patient Gene Position 
(GRCh37/hg19) Change (DNA) VAF (%) Type of change Transcript (RefSeq) Change (Protein) 

#25 STAG2 chrX: 123220440 C>C/T 49,40 stopgain SNV NM_006603 p.R1033X 
#26 SMC3 chr10: 112344033 T>T/A 32,60 nonsynonymous SNV NM_005445 p.I395N 
#27 STAG2 chrX: 123202460 insA 78,14 frameshift insertion NM_006603 p.I771fs 
#28 STAG2 chrX: 123200233 insA 10,00 frameshift insertion NM_006603 p.H738fs 
#29 STAG2 chrX: 123179034 insA 82,49 frameshift insertion NM_006603 p.L161fs 
#30 RAD21 chr8: 117868494 G>G/A 54,30 nonsynonymous SNV NM_006265 p.P283L 
#31 RAD21 chr8: 117864225 G>G/A 3,95 stopgain SNV NM_006265 p.R478X 
#32 STAG2 chrX: 123220440 C>C/T 32,64 stopgain SNV NM_006603 p.R1033X 
#33 STAG2 chrX: 123164975 delG 4,21 frameshift deletion NM_006603 p.Q96fs 
#34 STAG2 chrX: 123220456 G>G/A 15,56 stopgain SNV NM_006603 p.W1038X 
#35 STAG2 chrX: 123176433 G>G/T 11,28 stopgain SNV NM_006603 p.E134X 
#36 STAG2 chrX: 123197770 T>T/C 71,91 nonsynonymous SNV NM_006603 p.C632R 
#36 STAG2 chrX: 123179188 delAG 16,67 frameshift deletion NM_006603 p.R213fs 
#37 STAG2 chrX: 123220567 C>C/G 19,39 stopgain SNV NM_006603 p.S1075X 
#38 SMC3 chr10: 112342391 delTAAAATGGAGG 8,92 frameshift deletion NM_005445 p.D265fs 
#39 SMC1A chrX: 53436388 C>C/T 40,54 nonsynonymous SNV NM_006306 p.R434Q 
#40 STAG2 chrX: 123220440 C>C/T 30,81 stopgain SNV NM_006603 p.R1033X 
#41 RAD21 chr8: 117859899 delAT 6,39 frameshift deletion NM_006265 p.I579fs 
#42 STAG2 chrX: 123176469 C>C/T 28,44 stopgain SNV NM_006603 p.R146X 
#42 STAG2 chrX: 123224457 delT 23,68 stopgain SNV NM_006603 p.L1104X 
#43 STAG2 chrX: 123196757 insA 77,12 frameshift insertion NM_006603 p.L548fs 
#44 SMC1A chrX: 53432008 C>C/T 25,95 nonsynonymous SNV NM_006306 p.R711Q 
#45 SMC3 chr10: 112341840 G>G/T 51,88 nonsynonymous SNV NM_005445 p.R236L 
#46 STAG2 chrX: 123215311 C>C/T 11,11 stopgain SNV NM_006603 p.R953X 
#47 STAG2 chrX: 123191804 insT 37,50 frameshift insertion NM_006603 p.V465fs 
#48 STAG2 chrX: 123184977 insAA 30,23 frameshift insertion NM_006603 p.E342fs 
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Logistic Regression 
  

p-value 
 

Odds ratio 
 

95% CI 
BM Blasts 0.349 0.92 0.77-1.10 
Hemoglobin 0.342 1.16 0.86-1.56 
Platelets 0.094 0.99 0.98-1.00 
Neutrophils 0.131 0.56 0.27-1.19 
Cytogenetics 0.255 0.44 0.10-1.82 
AML progression 0.017* 6.78 1.41-32.57 
Status 0.493 1.69 0.38-7.63 
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SUPPLEMENTARY FIGURES 

 
Supplementary Figure S1: Patients harboring cohesin mutations displayed a higher 

incidence of poor prognosis markers. A) Cohesin-MUT patients showed a lower 

platelet count in peripheral blood (median 161 vs. 100.5 x109 platelets/L, p=0.009), B) 

a lower absolute neutrophils count (ANC) in peripheral blood (median 2.0 vs. 1.2 x109 

neutrophils/L, p=0.0008), C) a lower white blood count in peripheral blood (median 

4.1 vs. 3.6 x109 leucocytes/L, p=0.016) and D) a higher number of blasts in bone 

marrow (median 4% vs. 1.4% blasts, p=0.0014). Individual as well as median values are 

depicted. 
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Supplementary Figure S2: Prognostic influence of mutations in the cohesin genes 

STAG2 and SMC3. A) Kaplan-Meier curves of STAG2 on overall survival (p=0.022), 

leukemia free survival (p<0.0001) and time to leukemic progression (p<0.0001). B) 

Kaplan-Meier curves of SMC3 on overall survival (p=0.574), leukemia free survival 

(p=0.919) and time to leukemic progression (p=0.072). 
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Supplementary Figure S3: Kaplan-Meier curves for OS in the entire MDS cohort 

according to the presence of: cohesin-SRSF2 double mutations, SRSF2 single 

mutations (SRSF2-MUT), cohesin single mutations (cohesin-MUT), and cohesin-SRSF2 

wild type (cohesin-WT + SRSF2-WT). Double mutants showed a shorter OS than SRSF2- 
MUT and cohesin-MUT patients (18.3 vs. 45.1 vs. 40.1 months, respectively, p=0.031). 
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Supplementary Figure S4: Kaplan-Meier curves for overall survival and leukemia- 

free survival in very low/low/intermediate-risk IPSS-R patients according to the 

presence/absence of cohesin gene mutations. IPSS-R very low/low/intermediate-risk 

patients harboring cohesin mutations displayed a significant shorter leukemia-free 

survival than cohesin-WT patients (median: 24.7 vs. 53.8 months, p=0.017), while no 

significant differences in OS were observed (p=0.218). 
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Supplementary Figure S5: Overall survival, leukemia free survival and time to sAML 

progression according to the presence of excess of blasts by WHO classification and 

cohesin mutational status. A) Kaplan-Meier curves for overall survival (OS), B) 

leukemic free survival (LFS) and C) time to sAML progression (TTL) in MDS patients 

without excess of blasts (MDS-no-EB) according to the presence or absence of 

cohesin mutations, versus all MDS patients with excess of blasts (MDS-EB). MDS 

with excess of blasts type 1 and 2 by WHO 2017 classification were considered as MDS- 

EB and the remaining categories were considered as MDS-no-EB, except MDS 

unclassifiable which were excluded in the analyses. The graphs show that cohesin 

mutations stratified MDS-no-EB patients in two different groups, displaying cohesin- 
MUT patients a shorter OS (p=0.003), LFS (p<0.0001) and TTL (p<0.0001) than cohesin- 
WT, but comparable to MDS-EB. 
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This section contains: 

− 3 supplementary tables. 
− 1 supplementary figures. 
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SUPPLEMENTARY TABLES 

 
Table S1: Main clinical and biological characteristics of the entire cohort included in 

the study (n=418): demographics, WHO 2008 and 2017 subtypes, IPSS/IPSS-R risk 

classification, peripheral blood and bone marrow parameters and cytogenetics. 

Table S2: Panel of 117 myeloid-related genes used for targeted-deep sequencing. 

Genes were classified with respect to a list of seven biological pathways: Ras signaling 

pathway, splicing, DNA methylation, chromatin modification, cohesin complex, 

transcription and signaling. 

Table S3: List of all cohesin mutations found by targeted-deep sequencing in 418 

MDS patients. The table includes information on gene, chromosome position 

(GRCh37/hg19), transcript by RefSeq nomenclature, change at DNA level and at 

protein level, type of change or consequence at protein level and Variant Allele 

Frequency (VAF) percentage. 
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Supplementary Table S1 
 

Total cohort (n = 418) Patient numbers 
(ranges or percentages) 

Gender, male 58.9% 
Age at diagnosis, median (range, years) 74.9 (29.4-92.2) 
WHO 2008 Classification (n=418)  

RCUD 6.2% 
RARS 9.6% 
RCMD 44.5% 
RAEB-1 13.4% 
RAEB-2 14.4% 
MDS del(5q)- 9.1% 
MDS-U 2.9% 

WHO 2017 Classification (n=375)  

MDS-SLD 4.8% 
MDS-RS-SLD 5.6% 
MDS-MLD 27.5% 
MDS-RS-MLD 18.1% 
MDS-EB1 14.7% 
MDS-EB2 16.3% 
MDS del(5q) 10.1% 
MDS-U 2.9% 

IPSS classification (n=365)  

Low 46.6% 
Intermediate-1 35.1% 
Intermediate-2 14% 
High 4.3% 

IPSS-R classification (n=347)  

Very low 26.8% 
Low 44.4% 
Intermediate 15.3% 
High 7.8% 
Very high 5.8% 

Cytogenetics risk at diagnosis (n=380)  

Very good 4.2% 
Good 80.3% 
Intermediate 9.2% 
Poor 3.2% 
Very poor 3.2% 

Blood count at diagnosis (n=361)  
Hemoglobin level, g/dL, median (range) 9.9 (3.8-15.4) 
Platelet count, x109/L, median (range) 152 (2.0-1067.0) 
ANC, x109/L, median (range) 1.9 (0.05-56.0) 

WBC, x109/L, median (range) 4.0 (1.21-16.0) 

Bone marrow study at diagnosis (n=362)  
% blasts, median (range) 1.6 (0.0-19.9) 
%ring sideroblasts, median (range) 0.0 (0.0-100.0) 

Deceased 48.6% 

sAML Progression 28.8% 

Disease-modifying Treatment, yes 39.7% 
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Abbreviations: sAML, secondary acute myeloid leukemia; RCUD, refractory cytopenia with 

unilineage dysplasia; RARS, refractory cytopenia with ring sideroblasts; RCMD, refractory 

cytopenia with multilineage dysplasia; RAEB, refractory anemia with excess blasts; MDS del(5q), 

myelodysplastic syndrome with isolated del(5q); MDS-U, myelodysplastic syndrome 

unclassifiable; MDS-SLD, syndrome myelodysplastic with single lineage dysplasia; MDS-RS-SLD, 

syndrome myelodysplastic with ring sideroblasts and single lineage dysplasia; MDS-MLD, 

syndrome myelodysplastic with multi-lineage dysplasia; MDS-RS-MLD, syndrome 

myelodysplastic with ring sideroblasts and multi-lineage dysplasia; MDS-EB1, myelodysplastic 

syndrome with excess blasts type-1; MDS-EB2, myelodysplastic syndrome with excess blasts 

type-2; IPSS, International Prognostic Scoring System; IPSS-R, International Prognostic Scoring 

System Revised; WBC, white blood cell; ANC, absolute neutrophil count. 
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Supplementary Table S2 
 
 

RAS pathway BRAF CBL EGFR FLT3 G3BP1 HRAS KIT KRAS NF1 NRAS PTPN1 PTPN11 

Splicing LUC7L2 SF1 SF3A1 SF3B1 SFPQ SRSF2 U2AF1 USB1 ZRSR2 
    

DNA Methylation DNMT3A IDH1 IDH2 TET2 
       

Chromatin Modifiers ARID2 ASXL1 EP300 EZH2 JARID2 KDM6A KMT2A KMT2D SUZ12 
    

Cohesin Complex CTCF RAD21 SMC1A SMC3 STAG1 STAG2 
      

 
Transcription 

AEBP2 

MECOM 

ATRX 

NOTCH1 

BCOR 

NPM1 

BCORL1 

NR2F6 

CALR 

PBRM1 

CBFb 

PHF19 

CEBPA 

PHF6 

CREBBP CTNNA1 

RPS14  RUNX1 

CUX1 

SALL4 

ETV6 

SBDS 

GATA1 

TNFAIP3 

GATA2 

TP53 

IKZF1 

WT1 

IRF1 

 
 

Signaling 

ABL1 BCAS1  BCR 

EIF2AK2  ENG FBXW7 

PDGFRA PDGFRB PHLPP1 

TYK2 UMODL1 WASF3 

BMI1 

GCAT 

PTEN 

CBLB 

GNAS 

RARA 

CBLC 

GNB1 

RET 

CD177 

IL3 

SETBP1 

CDH13 

JAK1 

SETD2 

CDH23 

JAK2 

SH2B3 

CDH3 

JAK3 

SPARC 

CDK2 

JKAMP 

TCL1B 

CDKN2A CSF3R CSNK1A1 

MPL MTOR NTRK1 

TERC  TERT TGM2 

EED 

NUP98 

TIMM50 
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Patient Gene Position (GRCh37/hg19) Transcript 
(RefSeq) Change (DNA) Change (Protein) Type of change VAF (%) 

#7 BRAF chr7: 140434555 NM_004333 c.G2143T p.E715X stopgain 6,92 
#14 BRAF chr7: 140453155 NM_004333 c.G1780A p.D594N missense 2,58 
#13 BRAF chr7: 140482916 NM_004333 c.C1219A p.P407T missense 12,06 
#25 CBL chr11: 119148891 NM_005188 c.T1111C p.Y371H missense 3,1 
#41 CBL chr11: 119148921 NM_005188 c.T1141C p.C381R missense 16,18 
#29 CBL chr11: 119148967 NM_005188 c.G1187A p.C396Y missense 38,13 
#39 CBL chr11: 119149235 NM_005188 c.G1243A p.G415S missense 27,49 
#27 CBL chr11: 119149251 NM_005188 c.G1259C p.R420P missense 1,88 
#33 CBL chr11: 119149251 NM_005188 c.G1259A p.R420Q missense 13,5 
#46 EGFR chr7: 55229216 NM_005228 c.C1523A p.A508D missense 46,95 
#47 EGFR chr7: 55240785 NM_005228 c.C2029T p.R677C missense 14,97 
#23 FLT3 chr13: 28592641 NM_004119 c.A2504T p.D835V missense 27,8 
#20 KIT chr4: 55599321 NM_000222 c.A2447T p.D816V missense 29,55 
#40 KIT chr4: 55599321 NM_000222 c.A2447T p.D816V missense 11,27 
#43 KIT chr4: 55602733 NM_000222 c.G2554A p.V852I missense 51,10 
#24 KIT chr4: 55602961 NM_000222 c.A2671G p.S891G missense 49,39 
#30 KIT chr4: 55603390 NM_000222 c.A2746G p.T916A missense 53,2 
#11 KRAS chr12: 25380279 NM_004985 c.G179T p.G60V missense 17,69 
#38 KRAS chr12: 25398211 NM_004985 c.A108G p.I36M missense 47,12 
#44 KRAS chr12: 25398262 NM_004985 c.G57T p.L19F missense 9,57 
#35 KRAS chr12: 25398281 NM_004985 c.G38A p.G13D missense 9,35 
#45 KRAS chr12: 25398282 NM_004985 c.G37T p.G13C missense 8,81 
#36 KRAS chr12: 25398284 NM_004985 c.G35A p.G12D missense 7,5 
#14 NF1 chr17: 29527539 NM_000267 c.G988C p.A330P missense 10,38 
#16 NF1 chr17: 29541542 NM_000267 c.A1466G p.Y489C missense 6,42 
#25 NF1 chr17: 29546108 NM_000267 c.1614dupG p.M538fs frameshift insertion 50,60 
#5 NF1 chr17: 29553477 NM_000267 c.2027dupC p.T676fs frameshift insertion 5,6 

#21 NF1 chr17: 29553477 NM_000267 c.2027dupC p.T676fs frameshift insertion 12,87 



 

Patient Gene Position (GRCh37/hg19) Transcript 
(RefSeq) Change (DNA) Change (Protein) Type of change VAF (%) 

#8 NF1 chr17: 29553493 NM_000267 c.G2042A p.R681Q missense 43,16 
#37 NF1 chr17: 29553631 NM_000267 c.2180_2181insAGTGCAT p.S727fs frameshift insertion 15,65 
#9 NF1 chr17: 29557868 NM_000267 c.T3122A p.M1041K missense 49,69 
#3 NF1 chr17: 29585423 NM_000267 c.G4172C p.R1391T missense 6,82 

#34 NF1 chr17: 29657445 NM_000267 c.C5678A p.T1893K missense 41,51 
#15 NF1 chr17: 29683564 NM_000267 c.7639delA p.K2547fs frameshift deletion 75,2 
#45 NRAS chr1: 115256529 NM_002524 c.A182C p.Q61P missense 8,91 
#31 NRAS chr1: 115258703 NM_002524 c.C79T p.H27Y missense 53,35 
#2 NRAS chr1: 115258744 NM_002524 c.G38A p.G13D missense 11,09 

#12 NRAS chr1: 115258744 NM_002524 c.G38A p.G13D missense 1,88 
#26 NRAS chr1: 115258744 NM_002524 c.G38A p.G13D missense 4,29 
#42 NRAS chr1: 115258744 NM_002524 c.G38A p.G13D missense 1,64 
#28 NRAS chr1: 115258745 NM_002524 c.G37T p.G13C missense 6,29 
#1 NRAS chr1: 115258747 NM_002524 c.G35T p.G12V missense 2,64 

#14 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 1,8 
#18 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 31,48 
#19 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 3,09 
#22 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 28,44 
#28 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 3,15 
#45 NRAS chr1: 115258747 NM_002524 c.G35A p.G12D missense 19,77 
#2 NRAS chr1: 115258748 NM_002524 c.G34A p.G12S missense 3,81 
#4 NRAS chr1: 115258748 NM_002524 c.G34A p.G12S missense 3,64 
#6 NRAS chr1: 115258748 NM_002524 c.G34T p.G12C missense 4,17 

#28 NRAS chr1: 115258748 NM_002524 c.G34A p.G12S missense 3,7 
#32 NRAS chr1: 115258748 NM_002524 c.G34C p.G12R missense 20,63 
#10 PTPN11 chr12: 112888157 NM_002834 c.A173G p.N58S missense 40,39 
#4 PTPN11 chr12: 112888195 NM_002834 c.T211C p.F71L missense 15,98 

#26 PTPN11 chr12: 112888199 NM_002834 c.C215T p.A72V missense 7,06 
#6 PTPN11 chr12: 112915523 NM_002834 c.A922G p.N308D missense 6,02 

#17 PTPN11 chr12: 112919950 NM_002834 c.A1165C p.K389Q missense 7,84 
#4 PTPN11 chr12: 112926885 NM_002834 c.C1505T p.S502L missense 16,3 



 

Supplementary Appendix 
 
 
 

SUPPLEMENTARY FIGURES 
 

Supplementary Figure S1: Prognostic influence of mutations in the RAS-pathway 

genes NRAS and NF1. A) Kaplan-Meier curves of NRAS on overall survival (p=0.514), 

leukemia free survival (p=0.043) and time to leukemic progression (p=0.010). B) 

Kaplan-Meier curves of NF1 on overall survival (p<0.0001), leukemia free survival 

(p=0.003) and time to leukemic progression (p=0.572). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

246 


	Molecular Mechanisms and Clonal Evolution underlying the Progression of Myelodysplastic Syndromes to Acute Myeloid Leukemia: Genomic characterization by Next Generation Sequencing
	Table of Contents
	List of Abbreviations
	Introduction
	1. Myelodysplastic Syndromes
	Disease overview
	Epidemiology and etiology
	Diagnosis
	Classification
	Outcome

	2. Genetic and molecular pathways in MDS
	Mutational landscape of MDS
	The cohesin complex
	The Ras signaling pathway

	3. Progression of MDS to secondary Acute Myeloid Leukemia
	The genetics of progression from MDS to sAML: Clonal Evolution
	MDS treatment and clonal evolution

	4. Next generation sequencing (NGS) in the MDS study

	Hypothesis
	Aims
	General Aim:
	Specific aims:

	Results
	Co-occurrence of cohesin complex and Ras signaling mutations during progression from myelodysplastic syndromes to secondary acute myeloid leukemia
	Co-occurrence of cohesin complex and Ras signaling mutations during progression from myelodysplastic syndromes to secondary acute myeloid leukemia
	o
	Incorporation of cohesin mutational data into current IPSS-R classification may improve the prognostic stratification of very low/low- risk myelodysplastic syndromes
	Incorporation of cohesin mutational data into current IPSS-R classification may improve the prognostic stratification of very low/low-risk myelodysplastic syndromes
	Figure 3
	Figure 4
	Figure 5


	RAS-pathway mutations are associated with a worse clinical outcome in myelodysplastic syndromes patients

	RAS-pathway Mutations Are Associated with a Worse Clinical Outcome in Myelodysplastic Syndromes Patients
	1. Introduction
	2. Materials and Methods

	3. Results

	Figure 3
	Figure 5
	5. Conclusions


	General Discussion
	1. Future perspectives

	Concluding Remarks
	Resumen en castellano
	Estudio de los mecanismos moleculares y de la evolución clonal implicados en la progresión de los Síndromes Mielodisplásicos a Leucemia Aguda Mieloblástica:

	Introducción
	1. Síndromes Mielodisplásicos
	1.1. Perspectiva general
	1.2. Epidemiología y etiología
	1.3. Diagnóstico
	1.4. Clasificación
	1.5. Resultado clínico

	2. Alteraciones biológicas y moleculares de los SMD
	2.1 Perfil mutacional de los SMD
	2.2 El complejo cohesina
	2.3 Vía de señalización de Ras

	3. Progresión de los SMD a Leucemia Aguda Mieloblástica secundaria
	3.1. La genética de la progresión de los SMD a LAMs: Evolución clonal
	3.2. Tratamiento y evolución clonal de los SMD

	4. Secuenciación masiva en el estudio de los SMD

	Hipótesis
	Objetivos
	Objetivo general:
	Objetivos específicos:

	Resultados –
	Co-occurrence of cohesin complex and Ras signaling mutations during progression from myelodysplastic syndromes to secondary acute myeloid leukemia
	Incorporation of cohesin mutational data into current IPSS-R classification may improve the prognostic stratification of very low/low- risk myelodysplastic syndromes
	RAS-pathway mutations are associated with a worse clinical outcome in myelodysplastic syndromes patients

	Conclusiones
	Referencias
	List of Genes
	List of Tables and Figures
	Supplementary Appendix
	Co-occurrence of cohesin complex and Ras signaling mutations during progression from myelodysplastic syndromes to secondary acute myeloid leukemia
	Supplementary Table S1
	Supplementary Table S3
	Supplementary Figure S3
	Incorporation of cohesin mutational data into current IPSS-R classification may improve the prognostic stratification of very low/low- risk myelodysplastic syndromes

	Supplementary Table S1
	Supplementary Table S2
	Supplementary Table S4
	RAS-pathway mutations are associated with a worse clinical outcome in myelodysplastic syndromes patients

	Supplementary Table S1
	Supplementary Table S2
	Supplementary Table S3


