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ABSTRACT 

Hereditary myeloid malignancy syndromes (HMMSs) consist of a group of hematologic 

disorders with a germinal basis and with high levels of genetic and phenotypic 

heterogeneity. This group includes familial cases of myelodysplastic syndromes (MDS) 

and acute myeloid leukemia (AML). As a result of the technological progress of next-

generation sequencing (NGS), germline alterations have been identified in a series of 

genes related to these hereditary myeloid neoplasms, and with a higher frequency than 

initially expected. In fact, in the 2016 revision to the World Health Organization 

classification of myeloid neoplasms and acute leukemia, these hereditary cases have 

been included as a new category. Consequently, current clinical guidelines strongly 

recommend studying every patient diagnosed with AML/MDS and suspicious of inherited 

predisposition, and for this purpose it is imperative to develop a NGS strategy that 

enables to identify new cases of familial myeloid neoplasms. An early detection of these 

familial cases is a key element when choosing an appropriate donor in case the patient 

is going to undergone allogeneic hematopoietic stem cell transplantation, due to the fact 

that, if the donor is related, both could carry the same mutation. Ultimately, it will allow 

for an improvement in patients’ and carriers’ management and clinical care, a better 

choice of treatment, specialized supervision and genetic counselling for both patients 

and family. This project aims to evaluate the frequency of germinal alterations in these 

patients. To this effect, a targeted multi-gene panel was designed in order to study 

simultaneously a group of several genes associated with HMMSs in a cohort of young 

patients (under the age of 60) diagnosed with AML/MDS. In each case, it is mandatory 

to perform a NGS analysis of the DNA at the moment of diagnosis as well as of a paired 

germinal sample. All the information contained in the personal and familial medical 

history must be also evaluated in order to find evidence that makes us suspicious of a 

HMMS. In this way, it will become easier to detect new cases and to evaluate the 

prevalence of HMMSs in adult population.  

KEYWORDS: hereditary myeloid malignancy syndromes, germline predisposition, 

next-generation sequencing, targeted gene panel, myeloid neoplasm. 

 

  



 

 

 

RESUMEN 

Los síndromes hereditarios mieloides malignos (HMMSs) son un grupo de trastornos 

hematológicos de base germinal que presentan una gran heterogeneidad genética y 

fenotípica. Dentro de este grupo se incluye a los síndromes mielodisplásicos (SMD) y 

leucemias mieloides agudas (LMA) de carácter familiar. Como resultado de los avances 

en secuenciación masiva (NGS), se han podido identificar alteraciones germinales en 

una serie de genes relacionados con estas neoplasias mieloides hereditarias, y con una 

mayor frecuencia de lo que se esperaba inicialmente. De hecho, en la revisión de 2016 

de la clasificación de la Organización Mundial de la Salud de neoplasias mieloides y 

leucemias agudas, se ha añadido una nueva categoría que incluye los casos asociados 

a mutaciones germinales. Las guías clínicas actuales recomiendan, por tanto, estudiar 

a todos los pacientes diagnosticados con LMA/SMD y con sospecha de predisposición 

hereditaria, para lo cual es imperativo desarrollar una estrategia de NGS que permita 

identificar nuevos casos de neoplasias mieloides familiares. La detección temprana de 

estos casos familiares es crucial para una adecuada selección del donante en caso de 

que el paciente se someta a un trasplante alogénico de células progenitoras 

hematopoyéticas, ya que, si el donante es emparentado, ambos podrían ser portadores 

de la misma mutación germinal. En última instancia, se consigue mejorar el manejo 

clínico y atención médica de pacientes y portadores, pudiendo seleccionar el tratamiento 

más adecuado, y proporcionar un seguimiento especializado y consejo genético tanto 

para los pacientes como para los familiares. El presente proyecto pretende evaluar la 

frecuencia de alteraciones germinales en estos pacientes. Para ello, se diseñó un panel 

de genes dirigido con el fin de estudiar de manera simultánea un conjunto de genes 

asociados a los HMMSs en una cohorte de pacientes jóvenes (menores de 60 años) 

diagnosticados con LMA/SMD. En cada caso, es imprescindible realizar un análisis de 

NGS en la muestra de DNA del momento de diagnóstico así como en una muestra 

pareada germinal. Toda la información contenida en la historia clínica personal y familiar 

del paciente también debe ser evaluada en busca de indicios que nos lleven a pensar 

que se trata de un HMMS. De este modo, se podrá facilitar la detección de nuevos casos 

y evaluar la prevalencia de HMMSs en la población adulta. 

PALABRAS CLAVE: síndromes hereditarios mieloides malignos, predisposición 

germinal, secuenciación masiva, panel de genes dirigido, neoplasia mieloide. 
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1. INTRODUCTION  

Hematologic neoplasms emerge from an uncontrolled proliferation of abnormal bone 

marrow cell populations carrying genetic alterations. Malignant hematologic disorders 

may affect myeloid or lymphoid lineages depending on the type of initiator cell, 

myeloblast or lymphoblast, respectively. This project focuses on myeloid hematologic 

neoplasms, specifically, acute myeloid leukemia (AML) and myelodysplastic syndrome 

(MDS). MDS is a clonal bone marrow malignancy in which an altered hematopoiesis 

results in precursor cells with morphologic dysplasia and peripheral blood cytopenias 

(Arber et al., 2016). MDS has usually a late onset and sometimes evolves to AML. AML 

is the most common type of de novo leukemia in adults. It is caused by malignant 

myeloblastic cells with acquired mutations that clonally expand and prevent downstream 

differentiation (De Kouchkovsky and Abdul-Hay, 2016). Recently, germline mutations 

have been reported in a small percentage of these neoplasms. Therefore, differentiating 

hereditary cases from acquired AML/MDS is imperative as patient management is totally 

different in both cases.   

1.1 HEREDITARY MYELOID MALIGNANCY SYNDROMES 

Hereditary myeloid malignancy syndromes (HMMSs) consist of myeloid neoplasms with 

a germline predisposition, including familial syndromes with predisposition to AML/MDS, 

inherited bone marrow failure syndromes (IBMFSs), familial myeloproliferative 

neoplasms (MPN) and traditional hereditary cancer syndromes (The University of 

Chicago Hematopoietic Malignancies Cancer Risk Team, 2016). Familial AML and MDS 

had been initially considered as rare neoplasms in adult population, as they were 

commonly related to childhood. However, it is increasingly frequent to diagnose 

hereditary hematologic syndromes with an increased risk of developing myeloid 

neoplasms in adulthood (Brown et al., 2017; Feurstein et al., 2016). The first hereditary 

myeloid neoplasm defined was Familial Platelet Disorder with predisposition to Myeloid 

Malignancy (FPDMM) due to germline RUNX1 mutations, originally identified in 1999 

(Song et al., 1999) and followed by AML with inherited CEBPA mutations, defined in 

2004 (Smith et al., 2004). Since then, additional inherited hematologic syndromes, such 

as hereditary AML/MDS with mutated DDX41 (Polprasert et al., 2015), familial 

thrombocytopenia-2 and thrombocytopenia-5 with altered ANKRD26 and ETV6, 

respectively (Pippucci et al., 2011; Zhang et al., 2015), and familial AML/MDS with 

GATA2 mutations, have been described (Hahn et al., 2012).  

Due to next-generation sequencing (NGS) improvements, the list of genes associated 

with predisposition to myeloid malignancies is continuously increasing. For instance, 

germinal SRP72 mutations are related to familial aplastic anemia/MDS (Kirwan et al., 

2012); ATG2B and GSKIP germline duplication is associated with familial MPN and AML 

(Saliba et al., 2015); and germline mutations in cancer predisposition genes 

BRCA1/BRCA2 and TP53 also increase the risk of developing a leukemogenic process 

(Schulz et al., 2012).  

To date, the list of genes associated with family cases of AML/MDS includes transcription 

factors such as CEBPA, RUNX1, ETV6 and GATA2, helicases as DDX41, signalling 

molecules like ANKRD26 and GSKIP, proteins involved in maintaining genomic stability 
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like TP53, BRCA1 and BRCA2, in protein translation and transport such as SRP72, and 

in autophagy like ATG2B (Figure 1). The fact that these genes codify for proteins 

involved in a wide range of different molecular and cellular mechanisms reflects the 

heterogeneity of hematologic malignancies, which can arise from failures in diverse 

biological pathways (Brown et al., 2017; Porter, 2016). However, due to the enormous 

increase of sequencing projects, new information is becoming available on almost a daily 

basis and novel HMMSs-related genes are likely to be identified.   

The increasing recognition of HMMSs is reflected by the new category of “myeloid 

neoplasms with germline predisposition” stated in the 2016 revision to the World Health 

Organization (WHO) classification of myeloid neoplasms and acute leukemia (Table 1). 

This classification establishes three sub-groups: “myeloid neoplasms with germline 

predisposition without a pre-existing disorder or organ dysfunction”, including AML with 

CEBPA mutations and AML/MDS with mutated DDX41; “myeloid neoplasms with 

germline predisposition and pre-existing platelet disorders”, comprised of FPDMM due 

to RUNX1 mutations, thrombocytopenia-2 with mutated ANKRD26 and 

thrombocytopenia-5 with ETV6 mutations; and “myeloid neoplasms with germline 

predisposition and other organ dysfunction”, which includes myeloid neoplasms with 

GATA2 mutations, myeloid neoplasms associated with IBMFSs, with telomere biology 

disorders, with neurofibromatosis, Noonan syndrome or Noonan syndrome-like 

disorders and with Down syndrome (Arber et al., 2016). Additionally, the National 

Comprehensive Cancer Network (NCCN) and the European Leukemia Net (ELN) have 

incorporated new guidelines to improve treatment and management of patients with 

hereditary AML/MDS (Dohner et al., 2017; Greenberg et al., 2017). Accordingly, it is 

imperative to adopt a new paradigm for addressing hematologic neoplasms. These 

patients can be recognised by genetic testing of a large number of genes to detect either 

acquired or germinal mutations. In this regard, a multi-gene panel approach would 

enable the identification of familial cases, improving patients’ management according to 

the risk and providing a better personalized treatment.  
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FIGURE 1 - A) Biological functions of genes whose germinal mutations 

predispose to hematologic malignancies. B) Roles of proteins codified by 
HMMSs-related genes at the cellular level.  Reprinted from: The University of 
Chicago Hematopoietic Malignancies Cancer Risk Team, 2016.   
ER, endoplasmic reticulum. 

TABLE 1 – WHO classification of myeloid neoplasms with germline 

predisposition (Arber et al., 2016).  

*Lymphoid malignancies with these germline mutations have also been reported.   
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1.1.1 WHO classification of hereditary myeloid neoplasms  

1.1.1.1 Myeloid neoplasms with germline predisposition without 

a pre-existing disorder or organ dysfunction 

 

1.1.1.1.1 AML with germline CEBPA mutation 

CEBPA gene, located in the chromosomal region 19q13.1 and with one single exon, 

codifies for the protein CCAAT/enhancer-binding protein alpha (CEPBA), a transcription 

factor that recognizes the CCAAT motif located in the promoters of target genes. This 

transcription factor is involved in myeloid differentiation, as it activates promoters of 

myeloid-specific growth-factors receptors, namely the granulocyte colony-stimulating 

factor receptor and neutrophil granule proteins (Radomska et al., 1998). It contains a 

specific DNA sequence binding motif, a C-terminal basic leucine zipper domain for 

dimerization, and N-terminal transactivation domains (Smith et al., 2004). This protein 

can work as an homodimer or as an heterodimer, together with CCAAT/enhancer-

binding proteins beta and gamma (Pabst et al. , 2008).  

Several germline mono-allelic mutations have been reported in families suffering from 

inherited hematologic malignancies (Figure 2). Frameshift mutations located in the 5’ 

region result in an increased expression of an alternative shorter version of CEPBA 

protein. Mutant CEBPA loses its capacity to promote granulocytic differentiation, leading 

to a higher risk of developing AML (Pabst et al., 2001). Besides the germinal mono-allelic 

mutation, a high percentage of individuals acquire a second mutation in the healthy 

allele, hindering the recognition of germline CEBPA alterations. In fact, approximately 

10% of patients with CEBPA mutations turn out to have inherited mutations. Familial 

AML with germline CEBPA mutation behaves as an autosomal dominant (AD) disorder. 

Its incidence is ~1% from the total AML cases (Pabst et al., 2008), with an early onset, 

near-complete penetrance, favourable prognosis and a similar phenotype when 

compared to sporadic AML with somatic CEPBA mutations (Tawana et al., 2015). Proper 

discrimination between sporadic and hereditary cases is crucial for genetic counselling 

and patient monitoring.  

1.1.1.1.2 Myeloid neoplasms with germline DDX41 mutation 

DDX41 gene is located in the chromosomal region 5q35.3 and includes 17 coding exons. 

It codifies for a DEAD box protein family member, characterized by the conserved 

DEAD/Asp-Glu-Ala-Asp motif. This protein is a putative RNA helicase that participates 

in the assembly of the spliceosome by interacting with several spliceosomal proteins. 

DDX41 is expressed in precursor myeloid cells, suggesting a role in hematopoiesis. 

Nevertheless, its function in the development of the leukemogenic process remains 

unclear. Functional studies show that loss of expression of DDX41 results in a higher 

proliferation and colony formation ability and impairs differentiation, providing 

transformed cells with a competitive advantage. This evidence suggests that this gene 

has a tumor suppressor function and that it is a relevant driver in the development of 

myeloid malignancies  (Polprasert et al., 2015).  
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Hereditary AML/MDS with germline DDX41 mutation, with an AD pattern, is presented 

with a late onset, notable penetrance, poor prognosis and an inferior overall survival, and 

its incidence is low (~0.75%). When these patients develop a myeloid malignancy, they 

are characterized by peripheral blood cytopenias, macrocytosis, a hypocellular bone 

marrow and erythroid dysplasia (Lewinsohn et al., 2016). The frameshift mutation 

p.D140fs*2 is present in most of the familial cases, however, there are other possibilities 

such as splice variants or missense mutations (Figure 2) (Cheah et al., 2017). Also, 

around 50% of individuals with germinal mutations then acquire secondary somatic 

mutations in the healthy allele of the gene (Polprasert et al., 2015).  

1.1.1.2 Myeloid neoplasms with germline predisposition and 

pre-existing platelet disorders 

1.1.1.2.1 Myeloid neoplasms with germline RUNX1 mutation 

RUNX1 (Runt-related transcription factor 1), located in 21q22.12 and with eight coding 

exons, codifies for a transcription factor involved in the regulation of hematopoiesis, 

particularly, in the maturation of hematopoietic stem cells. It contains a C-terminal 

transactivation domain and a N-terminal highly-conserved runt homology domain. 

RUNX1 protein, previously named core binding factor alpha 2, interacts with core binding 

factor beta (CBFβ). This last protein facilitates the attachment of RUNX1 to DNA, and 

together, they form the core binding factor complex, an heterodimeric transcription factor 

(Schlegelberger and Heller, 2017). Functional studies revealed that mutated RUNX1 

alters the development of primitive erythroid cells and megakaryocytes, and granulocyte 

differentiation (Antony-Debré et al., 2015; Behrens et al., 2016). 

Patients with FPDMM with germline RUNX1 mutations have a very variable phenotype. 

They may have mild to moderate thrombocytopenia, suffer from severe bleeding due to 

functional platelet defects and be at a high risk of developing a myeloid neoplasm. These 

malignancies have normally a childhood or early adulthood onset (Latger-Cannard et al., 

2016; Schlegelberger and Heller, 2017). Despite its germinal incidence being unknown, 

it is estimated that 10-30% of the patients with AML carry mutations in RUNX1 (Holme 

et al., 2012; Mendler et al., 2012). The mechanism by which these mutations result in 

hematologic neoplasms is thought to involve several biological pathways. Defective 

RUNX1 protein results in a higher clonogenic capacity and alters the differentiation 

process. This, together with the alteration of DNA repair pathways, a decrease in p53 

protein levels (with the consequent down-regulation of apoptosis) and the fact that 

mutated RUNX1 cells have a genotoxic stress-resistant phenotype, contribute to poor 

prognosis of RUNX1 mutations (Bellissimo and Speck, 2017).  

Germline mutations can occur in different positions of the gene and they can be point 

mutations, such as missense or nonsense, or small chromosomal alterations like 

insertions or deletions causing frameshift mutations (Figure 2). Dominant-negative 

mutations are more damaging that haploinsufficient mutations, as they are related to a 

higher risk of malignant transformation (Latger-Cannard et al., 2016). The acquisition of 

loss of function mutations in the healthy allele is common in these patients (Preudhomme 

et al., 2009). 
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1.1.1.2.2 Myeloid neoplasms with germline ANKRD26 mutation 

Ankyrin repeat domain 26 (ANKRD26) gene is located in chromosome region 10p12.1 

and contains 34 coding exons. It codifies for a protein localized in the inner part of the 

membrane, and with ankyrin repeats in the N-terminal region and spectrin-like coiled-

coil domains, both important in protein-protein interactions with signalling molecules. It 

has a key role in megakaryopoiesis, as this gene is highly expressed in progenitor 

hematopoietic cells and its expression decreases with megakaryocytes maturation. 

RUNX1 and FLI1 transcription factors bind to regulatory regions of ANKRD26 and 

downregulate this gene at the late stage of megakaryocyte differentiation. Hence, its 

expression is almost absent in platelets  (Bluteau et al., 2014; Pippucci et al., 2011).  

Germline mutations in ANKRD26 gene are associated with thrombocytopenia-2, with an 

AD pattern. These patients are characterized by moderate thrombocytopenia and 

platelet dysfunction, a normal platelet size but typically with -granule deficiency and 

significant dysmegakaryopoiesis in the bone marrow. Moreover, these individuals have 

an increased risk of developing MDS/AML and, on rare occasions, chronic lymphoid 

leukemia (CLL) or chronic myeloid leukemia (CML) (Noris et al., 2011).  

These germinal mutations are normally mono-allelic point mutations that occur in the 5’ 

untranslated region (UTR) of the gene, affecting its regulation (Figure 2) (Pippucci et al., 

2011). The incidence of germline ANKRD26 mutations is ~11% in patients with an 

hereditary thrombocytopenia (Noris et al., 2011). In these patients, ANKRD26 gene 

expression is preserved in megakaryocytes and platelets because 5’UTR mutations 

prevent the binding of RUNX1 and FLI1. The study of ERK pathway during 

megakaryocyte differentiation has revealed that its activation diminishes during the 

maturation process, so that, a reduction of MAPK signalling is required for proplatelet 

formation. Continuous ANKRD26 expression has demonstrated to induce 

MAPK/ERK1/2 pathway. This permanent signalling in megakaryocytes leads to a defect 

in proplatelet formation that could explain the thrombocytopenia of these patients 

(Bluteau et al., 2014).    

1.1.1.2.3 Myeloid neoplasms with germline ETV6 mutation 

ETS (E26 transformation-specific) variant 6 (ETV6), localized in chromosomal position 

12p12.3 and with eight coding exons, encodes a transcriptional repression factor located 

in the nucleus. It consists of three functional domains: a N-terminal pointed domain which 

is involved in protein-protein interactions, a central regulatory domain and a C-terminal 

DNA-binding ETS domain (Zhang et al., 2015). Homodimerization is required for its 

activity and it is achieved by the N-terminal pointed domain (Green et al., 2010). Among 

other functions, ETV6 has an important role in hematopoiesis, specifically in 

thrombopoiesis, as it regulates the activity of other transcription factors, such as FLI1, 

present in platelets and megakaryocytes. Therefore, mutated ETV6 alters both 

megakaryocyte maturation and platelet formation (Kwiatkowski et al., 1998). 

There is an association between AD thrombocytopenia-5 and germline ETV6 mutations, 

as many of these patients have mutations that disrupt the activity of this protein. The 

incidence of germinal mutations is unknown. These individuals suffer from 

thrombocytopenia and severe bleeding, platelet size is normal, bone marrow shows 
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dysmegakaryopoiesis and they are prone to develop hematologic malignancies, both 

lymphoid and myeloid (Noetzli et al., 2015). 

Germline mutations in ETV6 are normally missense mutations that affect the conserved 

DNA-binding region or the pointed domain, and they frequently act as dominant negative 

(Figure 2). Thus, they affect binding to DNA and might alter its dimerization. These 

mutations have an effect in its repression activity and alter intracellular localization, as 

mutant proteins are located in the cytoplasm instead of in the nucleus (Noetzli et al., 

2015). 

1.1.1.3 Myeloid neoplasms with germline predisposition and 

other organs dysfunction 

 

1.1.1.3.1 Myeloid neoplasms with germline GATA2 mutation 

GATA binding protein 2 (GATA2) is located in the chromosomal region 3q21.3 and has 

five coding exons. This gene codifies for a transcription factor that is a member of the 

GATA family, and it contains two zinc-finger domains involved in protein-protein 

interaction and DNA binding. This transcription factor has a key role in hematopoiesis 

regulation and it participates in hematopoietic stem cells’ survival and serf-renewal 

(Crispino and Horwitz, 2017). 

After familial MDS and AML were first described in 1999, GATA2 deficiencies were 

identified as the third main entity of HMMSs in 2012 (Hahn et al., 2012). Its incidence in 

young patients diagnosed with MDS is 7%. The mechanism by which the leukemic 

process is initiated is unknown, but these mutations are associated with a high 

penetrance and an early onset (Wlodarski et al., 2017). GATA2 deficiencies are also 

related to other syndromes such as AD and sporadic monocytopenia and mycobacterial 

infection (MonoMAC) syndrome; dendritic cell, monocyte, B and NK lymphoid deficiency 

and primary lymphedema associated with predisposition to MDS/AML (Emberger 

syndrome) (Collin et al., 2015). 

Germinal mutations are typically mono-allelic and gathered in the conserved zinc-finger 

domains, often causing a loss-of-function effect (Figure 2) (Hahn et al., 2012). As 

mutated GATA2 alters hematopoiesis differentiation, carriers may develop cytopenias 

which may result in leukemogenic processes (Hirabayashi et al., 2017). Additionally, 

MDS/AML patients with germline GATA2 mutations commonly present abnormal 

karyotypes with monosomy 7 and trisomy 8, as well as somatic ASXL1 mutations (Bödör 

et al., 2012).  
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FIGURE 2 - Most frequently mutated regions of familial AML/MDS 

predisposition genes.  Protein structure and domains of each gene are 
illustrated. Reprinted from: Király et al., 2018. 
UTR, untranslated region 

1.1.2 Diagnosis and management of patients with hereditary 

myeloid malignancies  

Diagnosis of HMMSs is complicated as many of the genes involved also take part in 

acquired myeloid neoplasms. To properly diagnose hematologic hereditary syndromes, 

there are several aspects to consider. Firstly, a detailed individual and familial medical 

history can be of great utility. Information about hematologic neoplasms and other types 

of cancer is a suspicious fact. Also, other non-cancer symptoms related to inherited 

myeloid syndromes must be taken into account, such as severe cytopenias, bleeding 

episodes, platelet dysfunction and thrombocytopenia (Brown et al., 2017; The University 

of Chicago Hematopoietic Malignancies Cancer Risk Team, 2016). But HMMSs 

diagnosis should not only be based on relative precedents, as familial clinical history is 

not always available and this would omit a significant subgroup of patients. Besides, in 

some cases, HMMSs are diagnosed when analysing the hematopoietic stem cell donor, 

if this donor suffers from cytopenias or fails in hematopoietic precursors’ mobilization 

(Churpek et al., 2012). 

Currently available commercial and custom NGS panels for AML/MDS diagnostic 

purposes usually include genes with recurrent somatic mutations and ignore known 

myeloid neoplasm predisposition genes. Hence, there is an urgent need to design new 

panels containing genes involved in HMMSs in order to identify these familial syndromes 

(Drazer et al., 2018). For this aim, apart from the sample of neoplastic tissue, a paired 

germinal sample should be tested in order to discern germline mutations (Brown et al., 

2017; Feurstein et al., 2016).  

In short, diagnosis of HMMSs should be based on personal and family clinical history, 

morphological and cytogenetic/FISH study of peripheral blood and bone marrow, and 

molecular analysis of a targeted NGS gene panel including predisposition genes that 

would allow for the detection of germinal mutations (Table 2, Figure 3) (Godley and 

Shimamura, 2017). 

With reference to the management of patients with HMMSs, is of prime importance the 

optimal donor selection in case of bone marrow transplantation, as close relatives may 
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be also carriers. Family members must be thoroughly evaluated to discard any germinal 

mutation, although asymptomatic, to minimize the risk of choosing an affected donor. 

Hematopoietic stem cell transplantation (HSCT) from an unrelated donor is preferred 

and, if blood abnormalities are detected, these individuals must also undergo a genetic 

test to discard a germline mutation (Feurstein et al., 2016). 

Early identification of familial myeloid syndromes is crucial for treatment choice and for 

patient supervision. These individuals, and their relatives, should be included in 

surveillance programmes and informed about the risk of developing myeloid neoplasms 

and the need of being subjected to continuous monitoring. This monitoring may include 

physical examination and blood cell counts to detect cytopenias or peripheral blasts in 

circulation every 3 to 6 months. And, in case the blood count is altered, a morphologic, 

cytogenetic/FISH and molecular analysis of the bone marrow is required (Figure 4) 

(Godley and Shimamura, 2017). 

It is relevant to comment that there are several aspects that complicate the diagnosis 

and management of these patients, such as incomplete penetrance, variable phenotype 

and anticipation, and that the lifetime risk of developing a myeloid malignancy depends 

on the kind of syndrome. In addition, proper and meticulous anamnesis collection is 

crucial and must always include familial data to ease the identification of HMMSs. 

TABLE 2 – Guide for molecular genetic diagnosis of hereditary AML/MDS  

(Dohner et al., 2017).  
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FIGURE 3 - Diagnostic algorithm for familial cases of AML/MDS.  (Baptista 

et al., 2017; Feurstein et al., 2016; The University of Chicago Hematopoietic 

Malignancies Cancer Risk Team, 2016).  
AML, acute myeloid leukemia. CNV, copy number variation. MDS, myelodysplastic 

syndrome. VUS, variant of uncertain signif icance. WES, whole-exome sequencing. 

WGS, whole-genome sequencing.  

 

 

FIGURE 4 - Surveillance for predisposition to AML/MDS.  General approach 

to manage patients with risk of developing a myeloid malignancy. Adapted from  
Godley and Shimamura, 2017. 
AML, acute myeloid leukemia. CBC, cell blood count. HSCT, hematopoietic stem cell 
transplantation. MDS, myelodysplastic syndrome. *Chemotherapy may be considered 
for treatment.   



INTRODUCTION 

 11 

1.2 USE OF MULTI-GENE PANELS TO DETECT GENETIC 

MUTATIONS UNDERLYING THE DEVELOPMENT OF 

CANCER 

NGS is getting increasingly introduced into clinical practice. The notorious reduction of 

the cost of sequencing has allowed for the design of multi-gene panels, enabling 

simultaneous testing of multiple genes. These panels include several target genes of 

interest for specific neoplastic diseases based on previous evidence. Targeted 

sequencing is an efficient and sensitive tool to detect genetic alterations, both somatic 

and germline, and to provide the mutational spectrum of the patients. It can be useful to 

guide treatment selection, to provide information about the prognosis and tumor 

evolution, to avoid treatment resistance, to promote the development of new therapeutic 

drugs and to fully understand the molecular mechanisms underlying the progression of 

the tumorigenic process (Jensen et al., 2018; Tsongalis et al., 2014).  

Additionally, genomic data can inform about the risk of developing cancer. Hereditary 

cancer predisposition was previously investigated only in a few well-known cases, such 

as BRCA1 and BRCA2 testing in patients with breast or ovarian cancer susceptibility. 

With the rise of multi-gene panels, individuals susceptible to develop cancer can be now 

detected. However, more efforts are needed to design strategies to effectively evaluate 

the risk, as gene mutation’s implications may differ with the age, gender, genetic 

background or other characteristics of the patients, hindering an accurate risk 

stratification (Braun et al., 2018). On the other hand, tumor-only sequencing is effective 

when it comes to identify genetic variants, but it cannot distinguish between germinal 

and acquired mutations, so that germline tissue evaluation is needed for cancer 

predisposition diagnosis (Drazer et al., 2018).  

After multi-gene panel sequencing and the posterior bioinformatic analysis, a list of 

genetic variants detected in patients is obtained. These variants include small insertions 

and deletions (InDels) and single nucleotide variants (SNVs). Detected genetic 

alterations may include polymorphisms, synonymous, missense, nonsense, frameshift 

or splicing variants. In order to ascertain the clinical significance of these genetic 

changes, there are several public databases with information about human genetic 

variation, in silico predictors which estimate protein damage given an amino acidic 

change or assess potential splicing alterations, and laboratory-based functional assays. 

Taking into account all the information, variants are classified as pathogenic, likely 

pathogenic, variants of uncertain significance (VUS), likely benign or benign. But one 

may also find variants with conflicting interpretations, that is, variants which have been 

classified differently by distinct clinical institutions. Interpretation of the clinical 

repercussion of genetic variants remains a challenging procedure. A collaborative 

attitude between research and medical institutions, including data sharing, may allow the 

standardization of variant classification, therefore, reducing erroneous and uncertain 

interpretations (Balmaña et al., 2016). 



 

 

 

2. HYPOTHESIS  
3. OBJECTIVES 

 



HYPOTHESIS & OBJECTIVES 

 12 

2. HYPOTHESIS 

HMMSs consist of an heterogeneous group of hematologic disorders with an inherited 

etiology. In particular, familial AML/MDS had been considered as rare neoplasms in the 

past, specially in adults. Recent technological developments have revealed that these 

hereditary cases are more frequent than previously expected, and have enabled the 

identification of a series of genes related to HMMSs, providing a major understanding of 

the altered molecular mechanisms in these patients. Due to the fact that some 

predisposition genes associated with hereditary myeloid malignancies are also 

frequently mutated in sporadic AML/MDS, a new methodological approach is needed to 

identify these familial cases. Moreover, individuals with HMMSs are often considered for 

hematopoietic stem cell transplantation. Hence, the correct diagnosis of these hereditary 

syndromes by means of germline mutation identification is crucial in order to ensure an 

appropriately selection of healthy donors and to offer these individuals genetic 

monitoring, cancer risk evaluation and family genetic counselling. Therefore, the purpose 

of this study is to perform an exhaustive genomic characterization of a subgroup of 

patients by means of a custom NGS panel with HMMS-related genes in order to integrate 

obtained data in current diagnostic and prognostic procedures and to improve 

hematopoietic stem cell donors’ selection. In this way, the results of this study will be 

relevant in developing a NGS-based molecular diagnosis protocol to improve 

identification of these patients with the resulting improved management of these 

individuals and relatives.  

3. OBJECTIVES 

The present project aims to evaluate the frequency of germline mutations in a 

retrospective cohort of young patients (under the age of 60) with a diagnosis of sporadic 

MDS or AML. Recognition of these hereditary syndromes is of main importance to 

appropriately guide treatment selection and for the proper management and surveillance 

of these patients. In order to accomplish this overall aim, the following specific objectives 

were established: (1) to analyse the cohort of patients by a multi-gene NGS panel 

including genes associated with HMMSs in order to detect potentially germline genetic 

alterations, (2) to classify detected variants according to their pathogenicity, and (3) to 

validate detected mutations by Sanger.  

 



 

 

 

4. MATERIALS AND 
METHODS 
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4. MATERIALS AND METHODS 

4.1 DESCRIPTION OF COHORTS OF PATIENTS 

The initial retrospective study population consisted of a total of 350 patients with de novo 

myeloid neoplasms, including 250 patients with AML and 100 with MDS, diagnosed at 

the Hospital La Fe (Valencia, Spain) between the years 2010 and 2018. For all cases, 

there was an exhaustive clinical and biological characterization, including 

cytomorphology, immunophenotyping, cytogenetic analysis, FISH and a molecular 

screening (in 17 cases by a NGS panel containing more than 30 genes with recurrent 

somatic mutations in hematologic malignancies). Among these 350 patients, the 

selected cohort consisted of 34 patients (23 AML, 11 MDS). Selection criteria were being 

under the age of 60 at diagnosis time and availability of paired germinal sample (Figure 

5).  

For all patients, an informed consent for undergoing molecular analysis of genetic 

alterations was obtained in accordance with the Declaration of Helsinki, the European 

Convention on Human Rights and Biomedicine, the Universal Declaration of the 

UNESCO on the Human Genome and Human Rights and the Spanish legislation in 

terms of biomedical research, personal data protection and bioethics. 

 

FIGURE 5 - Description of the inclusion criteria to select the cohort of 

patients and posterior analysis. Patients under the age of 60 and with a 
paired germline sample available were selected. Among the 34 selected 
patients, 17 of them had a previous somatic NGS panel analysis, which included 
three predisposition genes (RUNX1, CEBPA and GATA2). If they harboured 
mutations in one of these genes, these mutations were validated by Sanger in 
the paired germline sample. If they did not have mutations in one of the 
predisposition genes or did not have a previous NGS analysis, they were 
analysed by the hereditary NGS panel.  
AML, acute myeloid leukemia. MDS, myelodysplastic syndrome. NGS, next -generation 
sequencing. 
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4.2 TISSUE SPECIMENS 

For each patient, we obtained DNA samples from bone marrow aspiration at diagnosis 

time, and a paired germline DNA sample from bone marrow at complete molecular 

remission. All samples were supplied by La Fe Biobank. These samples were stored 

with the purpose of biomedical research in compliance with the current legislation (Law 

14/2007, 3rd of July) and the addition of these samples to the Biobank collection was 

authorized by the Ethical Committee in Clinical Research of the University Hospital La 

Fe (Registration number 2014/0532). Automated DNA extraction from bone marrow 

samples was performed using robot QIAsymphony SP (QIAGEN), whose technology is 

based on silica-based DNA purification and the use of magnetic particles. This procedure 

includes four different steps: lysis, binding, washing and elution (Figure 6).   

 

FIGURE 6 – Automated DNA extraction. QIAsymphony DNA Procedures. 

Image adapted from QIAsymphony® DNA Handbook. September 2010 
(QIAGEN). 

4.3 TARGETED GENE PANEL DESIGN (HEREDITARY PANEL)  

The multi-gene panel was designed using the system SureDesign Custom Design Tool 

(Agilent Technologies Inc.). This panel included, among others, a series of genes related 

to hereditary malignant hematologic disorders: CEBPA, DDX41, RUNX1, ANKRD26, 

ETV6, GATA2, SRP72, ATG2B, GSKIP, BRCA1, BRCA2 and TP53. This set of target 

genes was selected based on literature reviews and public databases. The multi-gene 

panel comprised the entire codifying region of each gene, the flanking 5’UTR and 3’UTR 

as well as promoter regions.  

4.4 ENRICHED LIBRARY PREPARATION 

Library preparation and target enrichment was conducted though “SureSelectQXT 

Automated Target Enrichment for Illumina Multiplexed Sequencing. Featuring 

Transposase-Based Library Prep Technology. Automated using Agilent NGS Bravo. 

Version B1. December 2016” according to the manufacturer’s instructions. The whole 

procedure is summarized in Figure 7. 
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FIGURE 7 - SureselectQXT NGS Target Enrichment Workflow.  Image 

adapted from “SureselectQXT Automated Target Enrichment for Illumina 
Multiplexed Sequencing. Featuring Transposase-Based Library Prep 
Technology.” 
gDNA, genomic DNA.  

4.4.1 Genomic DNA library preparation 

Genomic DNA (gDNA) was quantified and diluted to a final concentration of 10ng/μl to 

ensure optimal fragmentation. Quantification was performed by means of two serial 

fluorometric assays: Qubit dsDNA BR Assay and Qubit dsDNA HS Assay (Thermofisher 

Scientific). gDNA was then enzymatically fragmented with the transposase at the same 

time that adaptors were added to the ends of the fragments. Adaptor-tagged DNA 

samples were purified by using AMPure XP beads. These adaptor-ligated DNA samples 

were then amplified by PCR using the Herculase II Fusion DNA Polymerase, and further 

purified using AMPure XP beads. Library DNA quantity and quality was assessed by 

using the Agilent 4200 TapeStation and a D1000 ScreenTape (Agilent Technologies 

Inc.) to accurately determine DNA fragment size (245-325 bp).  

4.4.2 Hybridization 

The second step of the library preparation was to hybridize the gDNA library with the 

Capture Library in order to enrich targeted regions of the genome. To this effect, firstly, 

adaptor-ligated DNA libraries were normalized to 750ng. Then, the adaptor-tagged DNA 

library was hybridized to the capture library (probes labelled with biotin). After that, the 

hybridized library was captured using streptavidin-coated magnetic beads and the 

captured DNA-RNA hybrids were washed several times. 

4.4.3 Indexing 

Captured DNA libraries were amplified by PCR using the Herculase II Fusion DNA 

Polymerase to add dual indexing tags and purified using Agencourt AMPure XP beads. 

DNA quality and quantity was assessed by using the TapeStation (Agilent Technologies 

Inc.), being the average fragment length 331 bp. 
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4.5 PAIR-END MULTIPLEXED SEQUENCING 

Samples were pooled and normalized to 4 nM for multiplexed sequencing. After checking 

its concentration using Qubit dsDNA HS Assay (Thermofisher Scientific), the pool was 

diluted to 10 pM and denatured by following the protocol “MiSeq System. Denature and 

Dilute Libraries Guide. April 2018.” (Illumina Inc.). Additionally, SureSelectQXT 

sequencing custom primers were combined with Illumina primers by carefully following 

the SureSelectQXT manufacturer’s instructions. 5% of PhiX Control v3 was used as a 

control library. Libraries were run on a MiSeq sequencer (Illumina Inc.), using the MiSeq 

Reagent Kit v3 and a read length of 2x150 bp. Our hereditary NGS panel provided 

median sequencing depth of 110X per sample and 99% of the target regions were 

covered. Adapter trimming was performed by MiSeq Illumina Reporter software. 

Afterwards, data files were de-multiplexed and converted into FASTQ data. 

4.6 BIOINFORMATIC ANALYSIS 

Sequencing read quality was evaluated with fastQCv.0.11.2 (Andrew, 2010). Low quality 

reads were removed and adaptor remainders and low quality bases were trimmed by 

using printseq lite v.0.20.4 (Schmieder and Edwards, 2011). After that, reads were 

mapped onto the reference human genome (GRCh37) using bwa mem v.07.12 

(Burrows-Wheeler Aligner) (Li, 2013) and visualized by IGVv2.3 (Integrative Genomics 

Viewer) (Robinson et al., 2011). Variant calling was performed through GATK (Genome 

Analysis Toolkit), filtering by a minimum mapping quality score>5 (Mckenna et al., 2010). 

Functional annotation was performed using Cartagenia software (Agilent Technologies 

Inc.). This software uses as annotation sources: 1000Genomes, 1000GenomesPhase3, 

CIViC, COSMIC, ClinVar, ESP6500, ExAC, HGMDProfessional, OMIM, dbNSFP and 

dbSNP. Then, variants were filtered by discarding those with a coverage less than 20 

and with a minor allele frequency (MAF) higher than 2% (polymorphisms). So, for each 

variant, there was information about its chromosomal position, type of variant (SNV, 

InDel), reference nucleotide, altered nucleotide, length, total coverage, minor allele 

coverage, MAF, gene, transcript, variant location (exonic, intronic, UTR), function 

(frameshift, non-frameshift, missense, nonsense, synonymous, splicing), variant 

nomenclature and information from several databases and biological predictors. 

4.7 CLASSIFICATION OF DETECTED GENETIC VARIANTS 

Final step was variant classification into five different categories according to their 

pathogenicity: benign, likely benign, VUS, likely pathogenic or pathogenic. All variants, 

including missense, nonsense, synonymous, splicing, frameshift or in-frame alterations, 

were evaluated in depth. For this purpose, “Standards and guidelines for the 

interpretation of sequence variants” from the American College of Medical Genetics and 

Genomics (ACMG) were taken into consideration (Figure 8) (Richards et al., 2015). One 

important aspect to consider was if they had been described in databases such as 

ClinVar, a public collection of interpretation of the clinical significance of genetic variants 

(Landrum et al., 2016); COSMIC (Catalogue of Somatic Mutations In Cancer); Varsome, 

a large data library with information about human genomics and variant annotation; or 

IARC TP53 Mutation Database, with data relative to reported TP53 mutations (Table 3). 

Other helpful tool is the use of in silico biological predictors (Table 4). In order to analyse 
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the effect of missense mutations, predictors such as SIFT (Kumar et al., 2009), 

PolyPhen-2 (Adzhubei et al., 2010) and MutationTaster2 (Schwarz et al., 2014) were 

used to ascertain the degree of damage in the protein due to the amino acidic change. 

In the case of synonymous or splicing variants, Human Splicing Finder (HSF) (Desmet 

et al., 2009) makes a prediction whether an intronic or exonic mutation creates a splicing 

alteration or not. Another tool to analyse splicing missregulation due to genetic 

alterations is SPANR (Splicing-based Analysis of Variants) (Xiong et al., 2015). In order 

to obtain substantial evidence for benignity/pathogenicity, predictors should give a 

common verdict. As for nonsense and frameshift mutations, they are generally 

considered as likely pathogenic despite not having been previously described, unless 

they are located in a terminal exon. With all this information, variants were characterized 

and finally, only pathogenic and likely pathogenic variants were taken into consideration. 

 

FIGURE 8 – Criteria for interpreting the degree of pathogenicity of a 

genetic variant. Adapted from Richards et al., 2015. LOF, loss of function.  

TABLE 3 - Databases consulted for variant classification.  
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TABLE 4 – In silico predictors used for variant interpretation.  

 

4.8 VALIDATION OF DETECTED MUTATIONS BY SANGER 

SEQUENCING 

Mutations detected by the somatic diagnosis NGS panel were validated by Sanger 

sequencing in order to assess if these mutations were germline or acquired by analysing 

a bone marrow DNA sample in complete remission. Additionally, pathogenic/likely 

pathogenic mutations and VUS variants located in conflictive genomic regions detected 

by the hereditary NGS panel were also validated. Primer sequences were designed by 

Primer3Plus Version: 2.4.2. The list of primers used is shown in Table 5. 

 

The PCR reactions were performed using the kit AmpliTaq Gold™ DNA Polymerase with 

Buffer II and MgCl2 (Applied Biosystems by Life Technologies, Carlsbad, CA). PCR 

amplification was as follows: one denaturation step at 95 ºC for 10 min, followed by 30 

cycles with a denaturation step at 95 ºC for 15 s, an annealing step at the corresponding 

temperature and time (Table 5), and an extension step at 72 ºC for 30 s, ending with an 

additional extension step at 72 ºC for 5 min. After amplification, sequencing reactions 

were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems) and samples were run in a 3500 Genetic Analyzer (Applied Biosystems). 

Data analysis was performed using software MEGA7 (Kumar et al., 2016) and Chromas 

version 2.6 (Technelysium Pty Ltd, South Brisbane, Australia). 

TABLE 5 – List of primers used for validation of detected variants. 

Annealing temperatures and times are displayed in the last column.   
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5. RESULTS 

5.1 DESCRIPTION OF THE COHORT OF PATIENTS 

Main biological and clinical characteristics of the 34 patients of the study cohort are 

summarized in Table 6. Among the cohort under study, two individuals were of special 

interest because they had a family history of thrombocytopenia and/or myeloid 

neoplasms (patients 21 and 22). And from this group of 34 patients, 12 of them, apart 

from the inclusive criteria, had mutations in RUNX1 previously detected by the somatic 

diagnosis NGS pane (patients 23-34). So, as they were suspicious of a HMMS, they 

were selected to validate these mutations by Sanger.  

TABLE 6 - Clinical and biological characterization of the study cohort .  

 
 AML, Acute Myeloid Leukemia. MDS, myelodysplastic syndrome. *Later progression to AML. 

rear., rearrangement. 
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TABLE 6 - Clinical and biological characterization of the study cohort  

(continued).  

 

AML, Acute Myeloid Leukemia. MDS, myelodysplastic syndrome. *Later progression to AML. 

rear., rearrangement.  
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5.2 DETECTED VARIANTS 

 

5.2.1 Exonic variants 

The frequency of individuals with potentially germline exonic variants obtained in the 

selected cohort of patients with AML/MDS was of 44.1% (15 of 34 individuals studied) 

(Figure 9A). Among these 15 patients with exonic variants (12 AML, 3 MDS), 6 of them 

carried more than one variant. On one side, 18 distinct exonic variants were detected in 

12 of the 22 patients evaluated by the hereditary NGS panel. These genetic alterations 

were considered as potentially germline because variant allele frequencies (VAF) were 

between 40-60% and bone marrow samples in remission were used for testing. In 

addition, from the variants previously identified in 12 patients analysed by the somatic 

NGS panel, 3 variants were detected in 3 individuals by Sanger sequencing in remission 

bone marrow samples, denoting a germline origin. So, in total, 21 distinct potentially 

germline exonic variants were identified in 15 patients.  

Genetic variants were detected in ANKRD26, ATG2B, BRCA1, BRCA2, ETV6, GATA2, 

RUNX1, SRP72 and TP53 (Figure 9B). All variants are described in Table 7. The most 

recurrently mutated genes were BRCA2 (n=5, 23.8%), ATG2B (n=5, 23.8%) and RUNX1 

(n=4, 19%). All variants were point mutations, specifically, missense (n=15) and 

synonymous (n=6). Genes with missense alterations were BRCA2 (n=4), RUNX1 (n=4), 

ATG2B (n=1), SRP72 (n=1), ANKRD26 (n=1), BRCA1 (n=1), ETV6 (n=1), GATA2 (n=1) 

and TP53 (n=1). Synonymous variants were located in ATG2B (n=4), BRCA2 (n=1) and 

SRP72 (n=1). Neither nonsense nor frameshift mutations were found.  

5.2.2 Non-exonic variants  

Among the individuals analysed by the hereditary gene panel, a significant number of 

genetic alterations in non-codifying regions with a VAF>40% was found. In particular, 26 

distinct non-exonic germline variants were detected in 16 (12 AML, 4 MDS) of the 22 

patients analysed (72.7%) (Figure 10A). The list of variants is detailed in Table 8. Of 

them, 18 were UTR variants and 8 were intronic. Non-exonic variants were localized in 

almost all genes associated with HMMSs: ANKRD26 (n=2), ATG2B (n=9), BRCA1 (n=1), 

CEBPA (n=1), DDX41 (n=3), ETV6 (n=4), RUNX1 (n=5) and TP53 (n=1) (Figure 10B). 

ATG2B gene had the largest number of non-exonic germline variants (34.6%), followed 

by RUNX1 (19.2%), ETV6 (15.4%) and DDX41 (11.5%). The majority of individuals with 

non-exonic alterations (12 of 16) harboured more than one variant.   
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TABLE 7 - Potentially germline exonic variants identified in the cohort 

under study  

 

*MAF values were obtained from 1000GenomesPhase3 data. 

AML, acute myeloid leukemia. DX, diagnosis. Eur, European. MAF, minor allele frequency. MDS, 

myelodysplastic syndrome. NA, not available. VAF, variant allele frequency. VUS, variant of 

uncertain significance. R, Variant found in two individuals. +, patient with MDS who evolved to AML. 
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TABLE 8 - Potentially germline non-exonic variants identified in the 

cohort under study.  

 
*MAF values were obtained from 1000GenomesPhase3 data. 

AML, acute myeloid leukemia. DX, diagnosis. Eur, European. MAF, minor allele frequency. MDS, 

myelodysplastic syndrome. NA, not available. VAF, variant allele frequency. UTR, untranslated 

region. VUS, variant of uncertain significance. R, Variant found in two individuals. +, patient with 

MDS who evolved to AML.  
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5.3 CLASSIFICATION OF VARIANTS 

After an exhaustive analysis of the potentially germline exonic variants detected, 10 were 

categorized as likely benign, 6 as VUS, 3 as likely pathogenic and 2 as pathogenic 

(Figure 9C). Thus, pathogenic and likely pathogenic alterations were 23.8% of the total 

variants (5/21) and were found in 14.7% patients of the cohort under study (5/34). 

5.3.1 Pathogenic genetic alterations 

Two pathogenic germline alterations, one in TP53 (c.404G>T, p.C135F) and another 

one in RUNX1 (c.497G>A, p.R166Q), were identified.  

The TP53 (NM_000546) mutation c.404G>T (p.C135F) was found in an individual who 

developed an AML at the age of 34. The variant was found with a VAF of 57% (50/88 

reads). COSMIC’s prediction was pathogenic (COSM10647) and ClinVar records 

showed that this variant had been described as either germline or somatic. Germline 

submission’s categorization was ‘likely pathogenic’ and related to cancer predisposition 

syndrome. Besides, this variant was recorded in IARC TP53 Database as ‘deleterious’, 

always detected as somatic (64 counts). And it had 9 pathogenic in silico predictions 

versus no benign prediction. 

The RUNX1 (NM_001754) alteration c.497G>A (p.R166Q) was first identified in a patient 

by means of the somatic NGS panel. The variant was found with a VAF of 44%. 

COSMIC’s prediction was pathogenic (COSM36055), described in hematopoietic tissue 

(15 samples) and associated with AML, MDS, chronic myelomonocytic leukemia 

(CMML) and MDS/MPN. ClinVar records classified this variant as ‘likely pathogenic’ and 

related to FPDMM. Also, this variant had 9 pathogenic predictions whereas no benign 

prediction, and UniProt also classified it as ‘disease’.  

5.3.2 Likely pathogenic genetic alterations  

Three missense germline mutations were categorized as likely pathogenic: BRCA2 

c.9371A>G (p.N3124S), RUNX1 c.499A>G (p.S167G) and GATA2 c.920G>T 

(p.R307L). 

BRCA2 (NM_000059) mutation c.9371A>G (p.N3124S) was identified in a patient 

suspicious of a HMMS. This variant was found with a VAF of 46% (61/132 reads). It had 

8 pathogenic in silico predictions and only 1 benign prediction. Besides, another amino-

acid missense variant at this position, p.N3124I, was classified as 'disease' by UniProt 

and as ‘pathogenic’ or ‘likely pathogenic’ by ClinVar.  

RUNX1 (NM_001754) mutation c.499A>G (p.S167G) was detected by the hereditary 

gene panel with a VAF of 52% (158/306 reads). Although this variant was not described 

by Ensembl, ClinVar or COSMIC, in silico predictors supported a pathogenic verdict. 

Also, functional studies demonstrated that this mutation severely compromises DNA 

binding  (Kwok et al., 2009). And, as this variant was located at the end of exon 2, the 

effect on splicing was analysed using several predictors. HSF showed that this genetic 

alteration may break enhancer elements and create new silencers, and SPANR 

indicated that it would likely cause exon skipping, in which case, this would result in a 

change in the reading frame. 
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GATA2 (NM_001145661) variant c.920G>T (p.R307L) was identified with a VAF of 49% 

(49/101 reads). Although it had not been previously described neither in Ensembl nor in 

ClinVar, COSMIC (COSM255191) defined it as pathogenic, identified in hematopoietic 

tissue (5 samples) and associated to AML. In silico predictors were neither favourable.  

5.3.3 Variants of uncertain significance  

From the total cohort of patients, six VUS variants were identified: two alterations in 

ATG2B, one synonymous (c.6168C>T, p.G2056=) and the other one, missense 

(c.1360G>A, p.V454M); one missense variant in ETV6 (c.871A>G, p.R291G); one 

missense change in BRCA2 (c.8629G>A, p.E2877K); and two missense alterations in 

RUNX1 (c.179C>T, p.A60V; c.737C>T, p.T246M). 

The three missense variants located in ATG2B (NM_018036) c.1360G>A (p.V454M), 

ETV6 (NM_001987) c.871A>G (p.R291G) and BRCA2 (NM_000059) c.8629G>A 

(p.E2877K), were detected with a VAF of 51%, 47% and 47%, respectively. In all three 

cases, in silico predictors gave conflicting interpretations. In the case of ETV6 c.871A>G, 

this variant was located outside any functional domain. ATG2B c.1360G>A variant was 

described by COSMIC as pathogenic (COSM3690272), but only detected in one sample 

(large intestine) and associated with colon cancer. Missense alterations ATG2B 

c.1360G>A and BRCA2 c.8629G>A were located at the end of exon 9 and exon 20, 

respectively, so their possible effect on splicing was also evaluated. Regarding ATG2B 

c.1360G>A, predictors indicated that it probably did not cause an alteration in splicing. 

But in the case of BRCA2 c.8629G>A, HSF indicated breaking of enhancer sites and 

creation of silencer motifs, and SPANR pointed to an exon skipping effect, although not 

significant. 

Two missense variants in RUNX1 (NM_001754) c.179C>T (p.A60V) and c.737C>T 

(p.T246M) had been previously identified in two different individuals by the somatic NGS 

panel with a VAF of 54% and 47%, respectively, and were confirmed to be germline by 

Sanger. In both cases, there were contradictory interpretations by in silico predictors. 

Also, COSMIC described both variants as pathogenic but only identified in one 

hematopoietic sample (COSM24762, COSM1030459). And in both alterations, clinical 

significance by ClinVar was ‘uncertain’ and related to FPDMM. 

Synonymous ATG2B (NM_018036) variant c.6168C>T (p.G2056=) was detected with a 

VAF of 53% (186/351 reads). Its impact on splicing was evaluated and the predictor HSF 

showed that this variant may cause the creation of an alternative donor site in the last 

exon, so it would result in a shorter protein. But this potential shorter protein did not seem 

to alter any functional domain, although it could affect protein stability. 

5.3.4 Likely benign or benign variants 

From the total 21 different variants identified, most of them (10, 47.6%) were categorized 

as benign/likely benign. Half of them were synonymous and the other half, missense. 

One missense variant was identified in BRCA1 (c.3119G>A, p.S1040N); three variants 

were detected in BRCA2, two missense (c.5744C>T, p.T1915M; c.6100C>T, p.R2034C) 

and one synonymous (c.2883G>A, p.Q961=); three alterations in ATG2B, all 

synonymous (c.12G>A, p.P4=; c.1956T>C, p.S652=; c.4584C>T, p.P1528=); two in 

SRP72, one missense (c.58C>T, p.R20W) and the other one, synonymous (c.1803G>A, 
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p.G601=) and one missense variant in ANKRD26 (c.3655G>A, p.V1219I). These 10 

benign germline alterations were found in 7 patients. In all cases, VAF was between 42-

50%.  

These alterations were classified as likely benign because of several reasons. As for 

missense mutations, most of them were considered ‘benign/likely benign’ by ClinVar 

and/or COSMIC, in silico predictors indicated a benign significance (except in one case: 

SRP72 c.58C>T) and, in some of them, the MAF value in the European population was 

higher than 1%. Regarding synonymous variants, their effect on splicing was evaluated 

using different predictors and no potential alteration of splicing was detected. Besides, 

some of them were classified as ’likely benign’ by ClinVar and/or had a European MAF 

higher than 1%. 

5.3.5 UTR and intronic variants 

From the total 26 distinct non-exonic variants detected, 18 were UTR variants and 8, 

intronic. Seven of the 26 variants (27%) were VUS and the rest of them were likely benign 

(Figure 10C). As for UTR variants, 13 of them were classified as likely benign because 

of having a European MAF higher than 1% or being present in several individuals, and 

the rest of them (n=5) were categorized as VUS, due to the lack of information in 

databases and predictors to analyse their effect. All intronic variants were analysed by 

the predictors HSF and SPANR. If both predictors agreed that the alteration had no effect 

on splicing, variants were considered as likely benign. Six of them were categorized as 

likely benign and 2 of them as VUS (BRCA1, c.212+17T>C; ATG2B, c.3749+24T>C). 

Both VUS intronic variants were predicted to create enhancer elements and break 

silencer sites by HSF and SPANR predicted an exon skipping effect.   
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FIGURE 9 - A) Pie chart showing the proportion of patients who carried 

potentially germline exonic variants. B) List of genes in which exonic 
germline variants were detected. C) Categorization of detected exonic 
germline variants.  
VUS, variants with uncertain signif icance.  

 

FIGURE 10 - A) Pie chart showing the proportion of patients with 

potentially germline non-exonic variants. B) List of genes in which non-
exonic germline variants were detected. C) Categorization of detected 
non-exonic germline variants.  
VUS, variants with uncertain signif icance. 
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5.4 VALIDATION OF DETECTED GENETIC ALTERATIONS BY 

SANGER 
 

5.4.1 Validation of variants detected by the somatic NGS panel 

Twelve RUNX1 mutations previously detected in 12 individuals by the somatic NGS 

panel were validated by Sanger sequencing in the paired germline sample. From these 

12 mutations, three of them were found in the sample in complete remission, confirming 

that these three patients carried a germline mutation in RUNX1 (Figure 11). Mutations 

identified were c.497G>A (patient 25), c.737C>T (patient 27) and c.179C>T (patient 34), 

the first one categorized as pathogenic and the last two, as VUS. 

 
FIGURE 11 - Sequencing electropherograms showing localization of 

RUNX1 germline mutations identified in DNA from bone marrow samples 
in remission in patients 25, 27 and 34, by the somatic NGS panel.  

5.4.2 Validation of variants detected by the hereditary NGS panel 

As paired germline DNA samples were directly used for the hereditary NGS panel 

analysis, we decided to only validate by Sanger pathogenic and likely pathogenic 

mutations as well as some VUS variants located in conflictive genomic regions. These 

variants were: GATA2 c.920G>T and BRCA2 c.8629G>A (patient 8) classified as likely 

pathogenic and VUS and detected with a VAF of 49% and 47%, respectively; RUNX1 

c.499A>G (patient 15) with a VAF of 52% and a likely pathogenic categorization; ATG2B 

c.6168C>T (patient 17) categorized as VUS and with a VAF of 53% and TP53 c.404G>T 

(patient 18) with a pathogenic verdict and a VAF of 57%. Sanger electropherograms 

confirmed the existence of these variants and peak size was in accordance with VAF 

values detected by NGS (Figure 12). 
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FIGURE 12 - Sequencing electropherograms showing localization of 

GATA2, BRCA2, RUNX1, ATG2B and TP53 germline mutations identified in 
DNA from bone marrow samples in remission in patients 8, 15, 17 and 18, 
respectively, by means of the hereditary NGS panel.    
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6. DISCUSSION 

The purpose of this study was to determine the frequency of germline mutations in 

patients diagnosed with AML/MDS by a targeted NGS panel including a series of genes 

related to HMMSs. The frequency of potentially germline exonic variants identified was 

higher than expected (44.1%), although the frequency of mutations with a pathogenic or 

likely pathogenic categorization was lower (14.7%). In total, 21 exonic variants were 

identified in the total cohort of 34 patients. Genes with more recurrent genetic alterations 

were ATG2B (23.8%), BRCA2 (23.8%) and RUNX1 (19%). Among the 21 variants, 10 

were categorized as likely benign, 6 as VUS, 3 as likely pathogenic and 2 as pathogenic.  

The fact that ATG2B and BRCA2 were the most recurrently mutated genes could be 

explained by the large size of these genes. In addition, the high number of RUNX1 

variants could be related to the fact that our study population was enriched with patients 

with previously detected RUNX1 mutations.  

Potentially germline mutations identified with a categorization of pathogenic or likely 

pathogenic may more than likely have had a role in leukemogenesis and may have 

contributed to a competitive advantage of malignant cells versus healthy hematopoietic 

cells. The potential impact of these genetic variants in the oncogenic process is further 

discussed below.  

It is estimated that 10-30% of the patients with AML carry a RUNX1 mutation, although 

the incidence of germline mutations is unknown (Holme et al., 2012; Mendler et al., 

2012). In our study, the frequency of individuals with a pathogenic germline RUNX1 

mutation was 5.9% (2 of 34 patients). Mutations detected were p.S167G and p.R166Q 

in patients 15 and 25, respectively. Germline RUNX1 mutations are related to FPDMM. 

This gene codifies for a transcription factor with a key role in hematopoiesis regulation. 

As the two identified mutations affected the highly-conserved runt homology domain at 

the N-terminal part of the RUNX1 protein, which is important for binding DNA of target 

genes, these mutations may prevent affected cells from differentiation. Besides, there 

are studies which reveal that mutated RUNX1 cells have a higher proliferative capacity, 

an altered DNA repair and a resistant phenotype against genotoxic stress (Bellissimo 

and Speck, 2017). RUNX1 mutations are associated with a poor prognosis, so there is 

an urgent need to develop new targeted therapies in order to treat these patients and 

increase their survival rate.  

GATA2 deficiencies constitute the third main entity of myeloid malignancy predisposition 

syndromes (Hahn et al., 2012). In our cohort, only one patient (patient 8) with AML (2.9% 

of studied individuals) had a missense mutation in GATA2 (p.R307L). GATA2 is another 

transcription factor involved in regulating hematopoiesis and contributing to 

hematopoietic stem cells’ survival. In this case, the described genetic alteration affected 

the conserved N-terminal zinc finger domain, relevant in DNA binding, so that it may 

contribute to the leukemogenic process in a similar way than RUNX1 mutations, by 

preventing DNA binding and therefore, reducing its transcriptional activity. Some future 

therapeutic approaches may include gene editing procedures or increasing wild-type 

protein stability (Crispino and Horwitz, 2018). 

In our study, a TP53 mutation, p.C135F, was discovered in patient 18 (2.9% of the total 

cohort). Germline TP53 mutations are related to Li-Fraumeni syndrome, a rare disorder 
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characterized by an increased risk of developing different neoplasms. TP53 is a tumor 

suppressor gene, as its encoded p53 protein has a key function in cell cycle arrest, DNA 

repair and apoptosis. The detected mutation, also located in the DNA-binding region, 

may affect the activation of p53 target genes and the ability of cells to cope with stress 

and DNA damage, therefore promoting the acquisition of mutations. Several compounds 

have been identified which restore the function of wild-type p53 or that cause mutant p53 

degradation, and there are also drugs which target signalling pathways necessary for 

growth and survival of p53 mutated cells. These drugs have been tested in cellular and/or 

animal models and constitute a promising future approach to treat these individuals 

(Zhao et al., 2017). 

The prevalence of hereditary breast cancer and ovarian cancer with germline mutations 

in BRCA1/BRCA2 is 1/400 (Feurstein et al., 2016). Recently, it has been discovered that 

these mutations are not only associated with ovarian/breast cancer predisposition, but 

also with other malignancies, such as familial AML/MDS. In our case, a mutation in 

BRCA2, p.N3124S, was detected in patient 21. BRCA2 is a tumor suppressor gene 

whose main role is repairing DNA damage. This mutation was located in the 

oligonucleotide/oligosaccharide-binding domain 3, involved in DNA binding. Therefore, 

by preventing binding of target genes, DNA repair may be altered, contributing to the 

progressive acquisition of driver mutations important in leukemia development.  

The frequency of germline mutations detected in our study may be higher than previous 

published studies. This could be explained by the selection bias, as we have selected a 

cohort of patients under the age of 60 and, in addition, two of them were suspicious of 

having a HMMS because of a family history of hematologic neoplasms and/or 

thrombocytopenia.  

Validation by Sanger was performed in all mutations detected by the somatic NGS panel 

in the paired germline sample, as they had been first identified in DNA samples at the 

moment of diagnosis. The hereditary NGS panel was directly analysed in the paired 

germline sample of each patient. For this reason, only mutations with a pathogenic/likely 

pathogenic classification and VUS localized in conflictive genomic regions were 

validated. Obtaining germline DNA can be a challenge in these patients, as blood, bone 

marrow or saliva samples may be contaminated with malignant cells. The most 

recommended sources of germline DNA are cultured fibroblasts from a skin biopsy, hair 

samples or buccal swab (Brown et al., 2017). In our case, there was no availability of 

these recommended germline samples. So, this is why detected variants are referred as 

“potentially germline”. Due to the high VAF values (40-60%) and that only some of the 

samples had a small percentage of blasts, it is highly probable that these variants are of 

germline origin. However, it is true that some mutations may persist even in remission, 

and consequently, fibroblasts, hair or buccal swab samples would be needed to confirm 

their origin.  

In our study, after an exhaustive analysis of the detected exonic variants, 10 were 

categorized as likely benign, 6 as VUS, 3 as likely pathogenic and 2 as pathogenic. But 

variant categorization remains a challenge. Due to the advance of NGS technologies 

and the increase of genomic data, there is an urgent need to stablish standardized 

criteria that facilitate variant classification and results interpretation in the clinical context. 

This categorization must be conducted taking into account clinical databases’ 

information, available literature, in silico predictions and gene actionability, that is, if the 
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target gene has diagnostic/prognostic/therapeutic implications in the disease under 

study. But, although there are guidelines for variant categorization, interpretation by 

different institutions may be different, resulting in discrepant reports and difficulties in 

medical management. Additionally, reporting VUS variants whose impact in disease is 

not clear remains controversial. Some institutions only report variants when there is a 

clear pathogenic effect, whereas others tend to report also VUS variants if they affect 

actionable genes. These uncertain variants should be reviewed from time to time with 

the new available literature trying to re-categorize them once their predicted effect is 

elucidated.   

A further step would be to perform functional analysis to study the real effect of the 

detected alterations. As for genetic variants with a potential impact on splicing, splice 

reporter vectors, known as minigenes, could be used to verify whether the nucleotide 

change causes an aberrant splicing or not. For other types of genetic variants, it would 

be intriguing to study mutant transcription level, protein stability or localization using 

different approaches, such as quantitative real-time PCR, western blotting and 

immunoblotting or immunofluorescence. 

Among all individuals with germline alterations, another further action would be to identify 

those cases with HSCT from a related donor. These donor samples could be analysed 

to test if these individuals harboured the same germline mutation as the patient. 

Moreover, family members of individuals with HMMSs should be also tested and 

included in surveillance programs. Also, segregation studies in these families would be 

useful to identify new variants that confer a predisposition to develop a myeloid 

neoplasm. 

We acknowledge that the main limitation of our study is that, as it is a retrospective study, 

there were no paired germline samples obtained from patients’ skin fibroblasts stored in 

La Fe Biobank, so bone marrow remission samples were used as germline DNA. In 

addition, the real incidence and prevalence of HMMSs in the population cannot be 

determined with this data, as the study cohort was small and there was a selection bias. 

However, this cohort is of great value as there is a small percentage of patients with 

familial AML/MDS.  
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7. CONCLUSIONS 

1. The presence of potentially germline variants in HMMSs-related predisposition 

genes in patients with AML/MDS is more frequent than previously expected. 

 

2. There is an urgent need to develop custom NGS panels including genes with 

predisposition to myeloid malignancies to be able to correctly diagnose HMMSs. 

 

3. A meticulous anamnesis collection including familial medical history is crucial to 

ease the identification of HMMSs. And a paired germline sample (skin biopsy, 

hair samples or buccal swab, preferably) should be collected and stored in La Fe 

Biobank from these patients in suspicious cases.  

 

4. Recognition of these familial cases of AML/MDS would result in a better 

management of these patients, specially in donor selection for HSCT and in 

genetic surveillance of patients and family members. 

 

5. Further functional studies of the effect of germline mutations in HMMSs-related 

genes are necessary to elucidate their implication in the leukemogenic process, 

which could be of great utility for the future development of new therapeutic 

drugs. 
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