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Introduction

1. Myelodysplastic Syndromes — Overview

Myelodysplastic syndromes (MDS) are clonal disorders of hematopoietic progenitor cells
[1]. They are characterized by ineffective hematopoiesis, dysplasia of at least one
hematopoietic lineage, hypercellular bone marrow (BM), and peripheral blood (PB)

cytopenias, with an increased risk of leukemic transformation [2-6].

1.1 Epidemiology

MDS are a group of diseases of elderly with predominance in men [7]. The median age of
patients at diagnosis is 70 years, among the different nationalities, except for Asian
population, with the lowest median age of 49 [8-11]. The age-adjusted incidence is 4.9
per 100,000 cases per year and it increases with age, being up to 30 in patients above 70

years old [1, 12].
1.2 Etiology

Different risk factors can contribute to the development of primary MDS. The main ones
include: advanced age, male gender, and environmental agents such as benzene, ionizing
radiation, excess alcohol and tobacco smoking [13, 14]. Furthermore, exposure to
radiation or chemotherapy may be the cause of secondary or therapy related-MDS [3]. By
contrast, the MDS in younger patients is more related to from bone marrow failure
syndromes such as Fanconi Anemia, dyskeratosis congenita or Schwachman-Diamond

syndrome [1, 15].
1.3 Diagnostics

MDS are very heterogeneous group of diseases, thereby the diagnosis is often very
challenging. However, usually the suspicion of MDS diagnosis is based on the presence
of cytopenia in a routine analysis of peripheral blood [16]. The WHO recommended
threshold levels of cytopenias came from those previously reported in the International

Prognostic Scoring System (IPSS) considering anemia when Hb is low than 10g/dL,
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thrombocytopenia when platelet count < 100x10°/L and neutropenia when absolute

neutrophil count (ANC) < 1.8 100x10°/L [17]. Furthermore in order to confirm MDS

diagnosis, morphological evaluation of peripheral blood smear and bone marrow aspirate
is performed [18]. The BM in MDS is usually hypercellular with dysplasia in one or more
lineages (erythroid, granulocytic, megakaryocytic) [19-22]. The recommended requisite
percentage of cells manifesting dysplasia to qualify as significant is 210% [23]. In patients
where cytopenias are moderate and marrow dysplasia is mild, detection of a
chromosomal abnormality (karyotype and/or FISH), flow cytometry analysis, as well as
mutational analysis are considered to better define MDS subtypes and prognosis of these
patients [16, 24-26]. The proportion of blasts in the BM must also be assessed to provide

a correct classification [27].
1.4 Classifications

There are two classification systems for MDS patients. The French-American-British (FAB)
classification scheme for MDS was described in 1982 and has become the reference
standard for subsequent MDS classification schemes [28]. Five subgroups with
significantly different prognoses were established, taking into account PB and BM
percentage of blasts, number of monocytes in PB and percentage of ringed
sideroblasts.[28, 29]. In 2001, the World Health Organization (WHO) published a new
classification for hematopoietic and lymphoid neoplasms. Therefore apart of previously
considered morphologic findings, WHO added available information including genetic,
immunophenotypic, biologic and clinical features making a main changes to the FAB

division [30]:

e A new subtypes 5q syndrome as well as refractory cytopenia with multilineage
dysplasia without and with ring sideroblasts (RCMD, RCMD-RS) were defined.

e RAEB-t was considered as acute myeloid leukemia (AML).

e RAEB was split into two different subtypes: RAEB-1 and RAEB-2 based on blasts
percentage.

e CMML was included into the myelodysplastic/myeloproliferative syndromes

group.
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The growing number of research studies that have been performed since then
contributed to the update in 2008 of the WHO classification, which redifined diagnostic

criteria and introduced newly recognized disease entities which are shown in Table 1 [31].

Table 1. WHO 2008 classification of MDS (Adapted from Vardiman et. al, 2009, Blood)[31].

Blood findings Bone marrow findings
MDS subtype
Cytopenia Blasts Dysplasia Blasts
Unilineage <S%blast
RCUD Unicytopenia/ Noorrare blasts dysplasia: 210% <15; .as Sd
(RA, RN, RT) bicytopenia  (<1%) ofthe cells in one Al

. sideroblasts
myeloid lineage

<5% blasts

RARS Anemia No blasts Erythroid 215% ringed
sideroblasts

<5% blasts

No orrare blasts >10% ofcellsin 2
’ : +15% ringed

RCMD Cyt i <1% loid
ytopenia (<1%) or m?re myeloi sideroblasts No
No Auer rods cell lineages
Auer rods
<5% blast Unili 5-9% blasts N
RAEB-1 GrieparEl) % blasts ni |.nfaage/ % blasts No
No Auer rods multilineage Auer rods
5-19% blasts Unilineage/multi 10-19% blasts
RAEB-2 Cytopenia(s) ? i ge/ B
Auer rods lineage Auerrods +
<10% ofcellsin 1
or more myeloid
MDS-U Cytopenias <1% blasts lineages+ <5% blasts
cytogenic
abnormality
MDS associated v blast <5% blasts
with isolated Anemia oorrare blasts Isolated del(5q)
(<1%)

del(5q) No Auer rods

RCUD: refractory cytopenia with unilineage dysplasia; RA: refractory anemia; RN: refractory neutropenia; RT: refractory
thrombocytopenia; RARS: refractory anemia with ringed sideroblasts; RCMD: refractory cytopenia with multilineage dysplasia; RAEB-1:
refractory anemia with excess blasts-1; RAEB-2: refractory anemia with excess blasts-2; MDS-U: myelodysplastic syndrome-
unclassified.

A novel MDS WHO classification system was published in 2016, which allows a more
accurate diagnosis and risk assessment. This new classification system is based, as before,
on clinical features, morphology and cytogenetics, and includes for the first time
information from mutational analysis. Among the wide spectrum of molecular data that
are available for myeloid neoplasms, SF3B1 mutational status has been included and

recognized to define MDS with ring sideroblasts (MDS-RS) (Table 2) [32].
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Table 2. WHO 2016 classification of MDS (Adapted from Arber et. al, 2016, Blood)[32].

MDS-SLD: MDS with single lineage dysplasia; MDS-MLD: MDS with multilineage dysplasia; MDS-RS: MDS with ring sideroblasts; MDS-

RS-SLD: MDS-RS with single lineage dysplasia; MDS-RS-MLD: MDS-RS with multilineage dysplasia; MDS-EB: MDS with excess blasts;
MDS-U: MDS unclassifiable.

The patients included in this Ph.D. thesis were classified according to WHO 2008 and 2016
criteria, with the exception of cases with RCMD-RS, which were maintained as a separate

category according to WHO 2001, due to the distinctive characteristic of presenting ring

sideroblasts and multilineage dysplasia.
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1.4.1 Risk stratification systems

MDS include several different entities. Therefore it is necessary to have systems that help
to establish the prognosis of each patient in order to assess the need and the type of
treatment they should receive. The most commonly used system is the International
Prognostic Scoring System (IPSS) established in 1997 by Greenberg P. and his colleagues
[33]. The prognostic score includes blasts percentage, number of cytopenias and
chromosomal abnormalities, stratified over different cytogenetic risk groups [28].
However, over time, IPSS has been noted as not very precise predictor of prognosis in
lower-risk patients [34]. Therefore the IPSS has been revised (IPSS-R) in order to capture
more inclusive cytogenetic characterization, more stringent blast description, and more
detailed cytopenia assignments, making it becomes reliably tool for estimate survival and
risk of transformation to AML in all MDS patients [35]. Table 3 represent description of
both prognostic scoring system (IPSS, IPSS-R) including stratification of chromosomal
abnormalities into various cytogenetic risk group, score values of prognostic variables and

the risk score corresponding to different risk group.

The beginning of XXI century has been significantly ifluenced by the results from the
Human Genome Project (HGP), and conseuqgently by the discovery and wide use of next
generation sequencing (NGS). Huge amounts of molecular data were initially generated
by the HGP, and afterwards by a wide spectrum of research studies conducted on large
cohorts of patients suffering from different hematological malignancies, providing
significant knowledge about the pathogenesis of these disorders [36-39]. Among these
studies it has been demostrated that some gene mutations have a significant influence in
the prognosis of the patients [40-46]. For this reason, a proposal to include this molecular
knowledge into the IPSS-R stratification system is being carried out. In fact, mutations of
CBL, IDH2, ASXL1, DNMT3A and TP53 has been independently associated with shorter
survival [46]. Each IPSS-R group or 2016 WHO MDS subtype could be divided into 2 risk
subgroups based on the molecular status of this five genes, demostrating the utility and

importance of considering the previous acquired wide molecular knowledge [46].
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Table 3. A comparison between the International Prognostic Scoring System (IPSS) and the Revised
International Prognostic Scoring System (IPSS-R) (adapted from Greenberg et al., 1997, Blood; Greenberg et
al., 2012, Blood) [33, 35].

Score value

Prognostic variable 0 0.5 1 1.5 2 3 4
Cytopenias

IPSS
Hb<10

number Platelets <100 Oor1l 2or3
ANC <1.5
IPSS-R
Hb 210 8<10 <8

values Platelets 2100 50<100 <50
ANC 0.8 <0.8

Bone marrow blasts, %
IPSS <5 5to 10 11to 20 21to30
IPSS-R <2 >2<5 5to 10 >10

Cytogenetics
IPSS
Good Interm Poor
IPSS-R Very good Good Interm Poor Very poor
Very good del(11q), -Y
Good Normal, -Y, del(5q), del(20q) Normal, del(5q), del(12p), del(20q), double including del(5q)
Int Other del(7q), +8, +19, ,i(17q), any other single or double

independent clones

Complex (23 chr abnormalities) inv(3)/t(3q)/del(3q),-7, double including -7/del(7q),

Poor ) o
or chr 7 anomalies complex: 3 abnormalities
Very poor Complex: >3 abnormalities
Risk score 0O 05 1 15 2 25 3 3.5
IPSS risk group low Int-1 Int-2 High

Risk score

IPSS-R risk group Very low Low Int High _

2. MDS: Genomic abnormalities

2.1Cytogenetics in MDS patients

One of the most common characteristics of MDS patients is the presence of chromosomal
alterations affecting BM cells. Acquired cytogenetic abnormalities are found in 40-50% of
cases with MDS and their analysis play a fundamental role in disease classification,
evolution, drug response and overall survival [47-49]. Among cytogenetic changes,
deletions of the long arm of chromosome 5, del(5q), are the most frequently
chromosomal abnormality found in MDS patients, affecting up to 15% of diagnosed cases
[48, 50]. MDS with isolated del(5q) is the only cytogenetics-based defined MDS subtype
[51]. Patients with del(5q) as unique alteration, often have a good prognosis.
Nevertheless, when additional chromosomal aberrations are present, prognosis becomes

unfavorable. The 5g31 is the most frequent commonly deleted region [47, 52]. Trisomy of
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chromosome 8, del(20q), del(7q) and monosomy 7 are other common chromosomal
lesions in MDS. The recurrent chromosomal abnormalities and the incidence in MDS are

shown in Figure 1 [49, 53].

Normal
3.8%
¥ 30.9%

-18/18¢-
3.8%

8.4%

-7/7q-
11.1%

Figure 1. Incidence of chromosome abnormalities in MDS (adapted from Haase D., 2008, Ann Hematol)[54].

The cytogenetic alterations are one of the most important factors associated with the
outcome in MDS. Therefore cytogenetics must be analyzed in these patients to assess the

IPSS and the IPSS-R (Table 3) [55, 56].
2.20verview of gene mutations in MDS

The use of massive parallel deep-sequencing techniques (whole genome, whole exome
and targeted gene sequencing) in a large number of patients with various hematological
malignances, led to the identification of new sets of recurrent mutations, hereby
providing new insights into the pathophysiology of MDS. Mutations affect the majority of
newly diagnosed cases of MDS (covering approximately 90% of patients with MDS) even
with a normal karyotype. The high number of driver genes affected in MDS patients can
be classified into different cellular processes: epigenetic regulators (TET2, DNMT3A, IDH1,
IDH2, ASXL1, EZH?2), transcription factors (ETV6, RUNX1, TP53), cohesins (STAG2, RAD21),
signal transduction proteins (CBL, JAK2, KRAS, NRAS), and genes related to the RNA
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splicing machinery (SF3B1, SRSF2, U2AF1, ZRSR2) [25, 37, 57-59]. The frequency of driver

mutations, considering the MDS subtype is shown in Figure 2.

35% +
s || e
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25% 4 * RCMD
™ I s
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\
%15%« " u RARST
s 'l' RAEB-1

Figure 2. Frequency of driven mutations according to the MDS subtype (Haferlach et al., 2014,
Leukemia)[38].

It has been shown that approximately 40% of patients carried 2 or 3 mutated genes, while
10% of cases presented from 4 to 8 oncogenic point mutations [38]. In this scenario
where multiple gene mutations may be present in one single patient, gene-gene
interactions are of great interest, and can be of either co-occurrence or mutually
exclusivity. Mutually exclusive relationship has been reported between SRSF2 mutations
and mutations/deletions of DNMT3A, EZH2, and IRF1, and also between ASXL1 and
DNMT3A. Similarly, no affinity of SF3B1 with common mutational targets, other than
DNMT3A and JAK2, has been found. By contrast, the co-occurrence among
mutations/deletions in STAG2, IDH1, ASXL1, RUNX1 and BCOR genes has been reported
[37, 38].

Some of these gene mutations are associated with clinical features such as complex
karyotypes (TP53), excess BM blast proportion (RUNX1, NRAS), and the presence of ring
sideroblasts (SF3B1) [40, 60]. Furthermore, mutations in TP53, EZH2, ETV6, RUNX1 as well
ASXL1 have been described as predictors of poor overall survival, unlike SF3B1 with a

better outcome for the MDS patients [58, 61].
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2.2.1 Mutations in in the RNA splicing machinery components

Splicing process represents the key link between transcription and translation, that allows
the production of multiple mRNA isoforms of more than 90% of human protein-coding
genes [62]. This process consists in removing introns and joining exons together in order
to produce a mature mRNA molecule [63]. This process is catalyzed by the spliceosome, a
protein complex comprised of a core of five small nuclear ribonucleoproteins (snRNP) U1,

U2, U4, U5 and U6 what is represented in Figure 3 [64, 65].

Intron
5'SS BP 3'SS
Pre-mRNA [TIGU A—AG [
q makom -
@ uve U2l  MRNP
ue i}\
-~
Presplicecosome U5"£;3\
| s
(complex A) us)
Postspliceosomal
complex
an step
] - })
ue uz}—: [}
>
A
Precatalytic % e 1st st C:Q:SJ
spliceosome — e uz}-_: otk
(complex B) X
Catalytic step 1
Ba<t spliceosome
(activated) (complex C)

Figure 3. Representation of the spliceosome and splicing process, including the implication of the different
snRNP in order to produce a mature mRNA (Lee et.al, 2015, Annu Rev Biochem)[65].

As mentioned above, NGS analysis led to the identification of mutations in genes of the
RNA splicing machinery, such as SF3B1, SRSF2, U2AF1 and ZRSR2, in different myeloid
malignancies, being highly prevalent and recurrent in MDS and affecting more than 50%
of cases [66]. The high prevalence of these mutations and their early appearance in the

disease suggest that they may be key drivers of MDS [67].
SF3B1

The splicing factor 3b, subunit 1 (SF3B1) also known as SF3b155 or SAP155 gene is located
on the long arm of chromosome 2 (2g33). It is one of the elements that comprise the
SF3b component of the U2 snRNP [68, 69]. Next generation sequencing studies have

revealed that approximately 30% of MDS patients have mutations in SF3B1 gene, with a
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particularly high prevalence in RARS subtype which is reflected in the new 2016 WHO
classification (>80%) [32, 40, 61]. Furthermore, SF3B1 mutations in low risk MDS patients
were associated with good prognostic parameters [40]. The majority of SF3B1 mutations
are missense substitutions located in the middle of 4 contiguous HEAT domains from a

total of 22, as shown in Figure 4 [70, 71].

K700E
V7011/F
1704F/N/S/V
A7110/V
E722K

E6220/V
Y623C
R625C/G/H/L/P
N626D/S/Y

R586H \

ES91K [N\

G740E/R/V
K741N/T
G7420 COOH
A745P
Y752C
H662D/Q/Y
T663I HEAT repeat with different
K666E/M/N/Q/R/T freauencv of somatic mutations:
Q670E
= Rare or none
| ' Low
Cd  Hian
G  Hiohest

Figure 4. Distribution of SF3B1 mutations. Each rectangle represents a HEAT domain, which has been
colored depending on the frequency of recurrent somatic mutations. (Bejar et.al, 2016, Adv Exp Med
Biol.)[70].

Among the different hotspot codons (622, 625, 662, 666 and 700), missense substitutions
at codon 700 (p.K700E), are the most frequent point mutation [72, 73]. All these

mutations led to a gain of function [62].Hotspot mutations in this gene result in an out-of-

frame splicing event for a subset of transcripts [62, 70, 74].

U2AF1

The U2-complex auxiliary factor 1 (U2AF1) also known as U2AF35, is another gene
frequently mutated in MDS patients. It is located on the long arm of chromosome 21
(21922.3). U2AF1 mutations appear approximately in 10% of MDS patients [75]. No effect

on overall survival was detected, however trend toward a more rapid transformation to
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AML was seen [76]. Missense mutations occur mostly in two hotspot codons (S34 and
Q157), which are adjacent to RNA-binding zinc-finger domains, and are associated with
altered splicing of ~5% of gene transcripts [70, 74]. Recognition of the terminal 3' AG
dinucleotide in pre-mRNA introns by U2AF1 is disrupted by mutations and result in exon

inclusion or exclusion in a sequence-specific manner [70, 74].
SRSF2

The serine/arginine-rich splicing factor 2 gene (SRSF2) is another important member of
the spliceosome complex. It is located in the long arm of chromosome 17 (17925.1). It has
been shown that mutations in this gene affected 15% of MDS cases, and have been found
to have an adverse effect on overall survival in these patients [70, 77]. P95 is the most
frequently mutated codon, where proline (P) is more often substituted by histidine (H),
and less frequently by arginine (R) or leucine (L) [77]. Its different functions, such as
spliceosome assembly of the U1 snRNP to the 5' splice site or U2 snRNP binding at the
branch point and mRNA stabilization, are altered by this hotspot mutation, leading to

changes in exon inclusion [70, 78].
ZRSR2

The zinc finger (CCCH type), RNA-binding motif and serine/arginine rich 2 gene (ZRSR2)
represent another splicing factor frequently mutated in MDS patients (5%). In contrast to
the rest of the splicing genes described above, it is located in the short arm of the X-
chromosome (Xp22.2), meaning that men only carry a single copy of this gene. ZRSR2 is
an essential component of U12 minor spliceosome. Besides missense mutations, out-of-
frame insertions/deletions, splice-site and nonsense mutations are also present. Loss-of-
function is caused as a consequence of ZRSR2 alteration. With regard to the splicing

process, abnormal function leads to introns retention [67, 70].

3. MDS: Microenvironment

Every day our body produces more than 100 billion of blood cells. To make the process
feasible, appropriately environment with special protection and signals is needed. Such a
place in bone marrow is hematopoietic stem cell niche [79]. For the first time “niche” was

defined by Schofield in 1978, who observed that HSC growth was not supported in the
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spleen in the same manner as in the BM [80]. It has been seen that is a unique
composition of different non-mesenchymal and mesenchymal-origin cells (mesenchymal
stem cells, osteoblasts, osteoclasts, endothelial cells, fibroblasts, adipocytes and
chondrocytes), located in the endosteal and perivascular sites of the bone marrow (BM)
cavity (Figure 5). It makes possible hematopoiesis process via paracrine regulation, cell-

cell contact and extracellular matrix deposition (ECM) [81, 82].
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nerve

Non-myelinating I
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osteolineage progenitors
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!

Figure 5. Mesenchymal stromal and hematopoietic cells, and their niche (Morrison and Scadden, 2014,

Nature)[83].

3.1. Healthy mesenchymal stromal cells

The mesenchymal stromal cells (MSC) are a key element of niche, with the characteristic
elongated spindle-shaped and fibroblast appearance. Friedenstein was a first who
identified this multipotent cells, which are able to self-renewal and differentiate in
different cell lineages including adipocytes, osteocytes and chondrocytes [84-87].
According to the minimal criteria proposed by the International Society for Cellular
Therapy, MSC are characterized by the expression of CD73, CD90 and CD105, and they
must lack expression of CD34, CD45 and CD14 [88]. Despite they are very rare in the BM

(0.001-0.01%), they are essential for the regulation of the hematopoietic stem cells (HSC)

20



Introduction

[89]. Through the interaction with HSC, MSC are coordinating the balance of HSC self-
renewal and differentiation, ensuring continuous production of blood cells. Furthermore

they display immunoregulatory properties [90, 91].

3.2. MDS mesenchymal stromal cells

3.2.1. MSC: Cytogenetics

Despite a large amount of studies, MDS pathogenesis remains still not fully understood.
Most of these studies indicate HSC changes as an MDS initiation process. However several
studies suggest that alterations present in MDS are not restricted just to bone marrow
and peripheral blood hematopoietic cells, but may affect the BM microenvironment [92,
93]. For this reason the interest in MSC investigation has increased significantly in the last
few years. Several studies focused on MSC analysis have been published describing
qualitative and functional disorders of these cells [84, 86, 90, 94-96]. However still some
results of MSC alterations, are a matter of controversy. Thus cytogenetic analysis has
shown normal cytogenetic profile of MSC in MDS patients; these studies used FISH to
analyze specific chromosomal abnormalities discovered in their hematopoietic
counterparts [97, 98]. Meanwhile, other groups have found the presence of cytogenetic
alterations in MSC of MDS patients and these cytogenetic alterations in MSC of MDS
patients that could modify their correct function [84, 99]. Karyotype aberrations in MSC
were found in patients with normal hematopoietic cells but as well in cases that showed
cytogenetic changes in hematopoietic cells, and they were different to their MSC
counterpart. [84, 99]. Among the irregularities, a loss of chromosomal material and
structural aberration occur more often than gains of genetic material [84, 85, 99, 100].
There are no recurrent MSC cytogenetic changes and changes described so far, have been

shown located in different chromosomes [85, 86].
3.2.2 Molecular profile of MSC in MDS

A greater number of mutational analysis in MSC of MDS patients could significantly help
to better know about MSC role in MDS diseases. To date, mainly mouse models have

elucidated certain molecular alteration in niche that could contribute to the
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hematopoietic malignancy. Thus Raaijmakers and colleagues demonstrated that
osteoblastic deletion of gene DICER1 contributed to the induction of MDS and AML in
mice [101]. Similarly, in a study of the Kode et al, an activating mutation in B-catenin in
osteoblasts resulted in the development of MDS and secondary AML in mice [102].
Recently the WNT signaling has been also seen as a one of possible factors that may
induce some myeloid mouse disorders [103]. With regards to the mutational status of
MSC in MDS patients, very few mutation studies have been implemented so far. Blau with
the colleagues analyzed the presence of FLT3 and NPM1 mutations in MSC and bone
marrow blast in MDS and AML patients, showing that MSC do not harbor mutations in
analyzed genes, presented in their hematopoietic counterparts [85]. Moreover a focused
study in 8 genes in 7 MDS patients failed to demonstrate MSC mutations [104]. By
contrast, an additional study, carried out in only five MDS patients, showed some
mutations in the MSC [105]. Therefore new studies in large series of patients are needed

to define the genetic abnormalities of MSC in MDS patients.

4. Applications of next generation sequencing in MDS study

The expansion of NGS has been adjusted to the last decade. However over a century ago
several researchers, like as Robert Holley, Fred Sanger or Walter Fiers and their groups,
made the first efforts of DNA “reading” [106-109]. The further improvement, contributed
to creation of two sequencing protocols by Fred Sanger with Alan Coulson, and by Allan
Maxam with Walter Gilbert that became widely adopted and considered as a birth of
“first-generation” sequencing [110, 111]. The continuous upgrading of DNA “reading”
techniques allowed for creation of a revolution for the human genetics, The International
Human Genome Project. During 13 years, the project aimed to know the sequence of the
entire human genome. Finished in 2003, this has shed a new light in understanding the
genetic changes of different diseases, mainly cancers [36, 112]. Since then, Next
Generation Sequencing techniques (Whole Genome Sequencing-WGS, Whole Exome
Sequencing-WES and applied in this thesis Target sequencing), became an essential part
of many haematological but not only, research projects [113-119]. All of these

technologies apply different target enrichment strategies and clonal amplification of the
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DNA that allow to sequence millions of DNA strands in parallel. This massively parallel
sequencing facilitates high-throughput sequencing with a significant reduction in costs
[120]. NGS platforms have been typically represented by Genome Analyzer/HiSeq,
NextSeq 500, 2000/MiSeq from lllumina (http://illumina.com), GS FLX Titanium/GS Junior

from Roche (http://sequencing.roche.com) and SOLiD/lon Torrent PGM from Life

Sciences (www.appliedbiosystems.com) [121-123].

In order to explore selected regions of the genome with NGS there are essentially two
approaches. The first is amplicon-based next generation deep sequencing, based on PCR
reaction, and purification of regions of interest using highly multiplexed oligo sets
(recommended for a panel of a few genes) [124]. In the first part of this thesis (Results:
Chapter 1), the amplicon-based deep sequencing workflow was followed using Roche/454
FLX platform (Figure 6) [125]. This platform is based on pyrosequencing in which the
incorporation of nucleotides complementary to the template strand triggers an enzymatic

cascade, which in turn produces a chemiluminescent signal (Figure 6)[126, 127].
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Figure 6. Workflow of amplicon-based NGS by 454 system (adapted from Mardis et al., 2008, Annu Rev
Genomics Hum Genet). Amplicon library preparation (a); Emulsion PCR (b), Sequencing and data analysis
(c).[125].

The second type of NGS strategy involves hybrid capture. The hybrid capture workflow
was applied using the NextSeq 500 and 2000/MiSeq from Illumina in the second and third
part of this thesis (Results: Chapter 2&3). The hybrid capture takes advantage of the
hybridization of DNA fragments from a whole-genome library to complementary
sequences that were synthesized and combined into a mixture of probes designed with
high specificity for the matching regions in the genome. These probes typically have
covalently linked biotin moieties, enabling a secondary “capture” by mixing the probe:
library complexes with streptavidin-coated magnetic beads. Hence, the targeted regions
of the genome can be selectively captured from solution by applying a magnetic field,
whereas most of the remainder of the genome is washed away in the supernatant.
Subsequent denaturation releases the captured library fragments from the beads into

solution, ready for postcapture amplification, quantitation, and sequencing [128]. Among
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the sequencing process a layer of oligonucleotides, complementary to the adapters P5
and P7 added during the preparation of the library, are covalently linked to the
sequencing plate, so that the DNA fragments are joined by complementarity and are
copied by extension 5'->3' using a high-fidelity DNA polymerase to avoid incorporation
errors. Next, the original DNA fragments are denatured leaving the copies immobilized on
the surface of the sequencing plate where they are amplified in bridge. Briefly, this
amplification shows that these immobilized DNA molecules hybridize with the adjacent
oligonucleotides, so that the DNA polymerase, using this adjacent oligonucleotide as a
primer, copies them by forming double-stranded DNA bridges. This step of denaturation-
amplification is repeated until millions of clusters or individual clusters are created with
thousands of molecules equal to each other (Figure 7A). Each cluster of double-stranded
DNA is denatured and the reverse strands are removed by excision of specific bases, so
that, after a wash, only the forward strands are left. Then, the 3'-ends of the DNA strands
and the oligonucleotides attached to the sequencing plate are blocked to avoid
interference with the sequencing reaction. Finally, the sequencing primers hybridize with
the complementary sequences of the Read 1 adapters at the ends not bound to the
sequencing plate. Thus, at this time, the sequencing plate contains more than 200 million
clusters with about 1,000 molecules per cluster ready for sequencing by synthesis (Figure
7B). The DNA molecules are sequenced base by base simultaneously in all the clusters,
using the 4 nucleotides (A, C, G and T) marked with fluorophores and designed with a
reversible terminator. In each cycle, the DNA polymerase incorporates a nucleotide by
base complementarity, and, after each stage of synthesis, the clusters are excited by a
laser that causes fluorescence in the last incorporated nucleotide. Then, fluorescence
labels and blocking groups are removed allowing the addition of the next nucleotide. The
fluorescence signal emitted after each incorporation is captured by an incorporated
camera producing images of the sequencing plate, so that any signal above the
background identifies the physical location of the cluster and the nucleotide incorporated
in that position. The final result is a very precise base-based sequencing carried out
sequentially from both ends for 151 cycles each, plus 8 additional cycles to read each
label, which provides robustness even in regions of repetitive sequences and

homopolymers (Figure 7C) (www.illumina.com).
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Figure 7. Generation of DNA cluster by bridge amplification and sequencing by synthesis with the Miseq
platform of lllumina. (A) The DNA fragments hybridize with the oligonucleotides of the sequencing plate.
They are copied and, through the formation of bridges, are amplified forming millions of clusters. (B) The
reverse molecules are eliminated and the ends of the forward chains are blocked. Finally, the sequencing
primers hybridize with the complementary sequences of the adapters, and everything is ready for
sequencing. (C) Sequencing by synthesis. The DNA polymerase incorporates nucleotides marked with
fluorophores and these are excited, so that the last incorporated nucleotide emits a specific fluorescence
(www.illumina.com).

Over the past years, the NGS analysis have been included in a big amount of MDS studies
[117, 129-132]. The discovery of the mutational landscape in MDS patients allowed to
better characterization of this patients, providing the knowledge about the MDS
pathogenesis [32, 37, 38]. Application of NGS in analysis of MDS patients discovered as
well of the impact of several mutations on clinical features that became crucial for better
prognosis estimation, and more adequate chose of treatment [45, 58, 133]. Moreover it
has been shown the importance of application of NGS in monitoring of healthy individuals
in order to prevent the cancer development [134]. Continuing molecular researches are
needed to provide new molecular knowledge which helps to better understand and treat
MDS disease.
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The application in last years of Next Generation Sequencing (NGS) into MDS studies
allowed to define the mutational landscape of these patients. Mutations in genes related
to the splicing have been recognized as involved in MDS being SF3B1 the most frequently
mutated gene in low-risk MDS [37, 38]. The high prevalence of SF3B1 mutations in MDS
with ring sideroblasts (MDS-RS) patients demonstrated the strong relationship between
mutations in this gene and the presence of ringed sideroblasts [135]. Therefore the 2016
WHO classification incorporated the presence of SF3B1 mutations as one of the criteria
for MDS-RS with the percentage of ringed sideroblasts between 5 and 15 [32]. Most of
the SF3B1 mutations are usually located on hot-spot locations on exons 14 and 15, and
they can easily find by means of conventional Sanger sequencing [73]. However, not all
MDS-RS patients displayed SF3B1 mutations by conventional sequencing. On the other
hand, the massive sequencing represent a type of technique which allows to detect
mutations in a broad set of patients and genes with mutations that occur in a very low
frequency [125]. Furthermore, although a very high prevalence of SF3B1 mutations in
MDS patients has been observed, still a remaining part of MDS-RS patients where the
SF3B1 mutations do not appear and could carry alterations in other splicing related genes
could be present [132]. My hypothesis will be whether the combination of the traditional
sequencing methodologies with the new NGS will increase the detection of mutations in
SF3B1 and other splicing-related genes. This approach will refine the prognosis of patients

with MDS-RS.

In line with the previous hypothesis | will use NGS to explore the concurrence of
mutations in MDS patients. Multiple groups are studying the prognostic role of somatic
mutations in MDS. The favorable or unfavorable prognostic impact of several mutations
when solely presented (such as SF3B1 or TP53, displaying a favorable or unfavorable
prognosis, respectively) has been demonstrated. However the prognosis of the presence
of more than one mutation remains unclear [46, 136]. The availability of using NGS in the
characterization of MDS patients is providing additional data confirming the presence of
additional mutations in MDS. Nevertheless only few studies analyzed the potential
implication in the prognosis of the presence of these mutations [38]. In the particular case
of the SF3B1 mutation this is especially relevant, being associated with a specific clinical

subtype of relative good long-term prognosis. Moreover some studies have already
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shown that in a specific subtype of patients (RARS) the presence of mutations in SF3B1
and DNMT3A was associated with worse results in transfusion requirements, overall
survival and AML transformation. Therefore it is necessary to study in depth the
mutations of this gene in the rest of SMD subtypes incorporating NGS techniques with a
large gene panel [137]. My hypothesis will be that the SF3B1 concurrence with other
mutations could influence the clinical characteristics of the very low/low/intermediate-

risk MDS patients.

Furthermore, it is demonstrated that not only the hematopoietic cells but also the BM
microenvironment is abnormal in MSD patients [86, 138-140]. The mesenchymal stromal
cells (MSC) represent a key component of the microenvironment. Despite their low
frequency in bone marrow, they are involved in all the mechanisms related to the
proliferation and differentiation of hematopoietic cells, caring for its functioning in order
to correctly support the process of hematopoiesis [141, 142]. Despite several studies on
its possible role in the pathology of MDS, the role in the development of the disease is
unclear and brings some controversy [143-146]. However, all of the changes that have
been observed so far in MSC of MDS patients, suggest that they could be involved in the
pathophysiology of the disease. Moreover, previous studies demonstrated that MSC don’t
show the same genetic abnormalities that BM cells [85]. The possibility to confirm these
data by using the new genetic tools, such as NGS, will shed a new light on the
microenvironment function in MDS development. It could also identify new targets

involved in cells being a key part of MDS microenvironment.
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Aims

General aim:

The general aim of this thesis was to gain insight into the molecular basis of MDS patients
identifying genetic interactions in haematopoietic progenitor cells and mesenchymal

stromal cells by applying Next Generation Sequencing techniques.

Specific aims:

1. To assess the feasibility of NGS with a large panel of genes in the routine

diagnostic setting.

2. To analyse the presence of mutations in SF3B1 and other splicing genes (SRSF2,
U2AF1 and ZRSR2) in MDS with ring sideroblasts by combining the conventional
sequencing and Next Generation Sequencing (NGS), by using a panel of genes

related to myeloid diseases.

3. To correlate the clinical characteristics and outcome with the presence of

mutations in the splicing machinery in MDS-RS.

4. To analyze the concurrence of mutations in SF3B1 and other myeloid-related

genes in very low, low and intermediate-risk MDS patients.

5. To analyze the implications of the presence of SF3B1 concomitant mutations in
the clinical and biological phenotype as well as in the prognosis in a cohort of very

low, low and intermediate-risk MDS patients.

6. To characterize the mutational profile of MSC in MDS patients and to compare
them with the genetic alterations in their hematopoietic counterparts, as well as

to evaluate the mutation’s role in the pathophysiology of the disease.
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This section includes the experimental work performed on this thesis, including Material and Methods,

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

Chapter 1: Kamila Janusz, Ménica del Rey, Maria Abaigar, Rosa Collado, David Ivars, Maria
Hernandez, Alberto Valiente, Cristina Robledo, Rocio Benito, Maria Diez-Campelo, Fernando
Ramos, Alexander Kohlmann, Consuelo del Caiizo and Jesus Maria Hernandez-Rivas

A two-step approach for sequencing spliceosome-related genes as a complementary diagnostic

assay in MDS patients with ringed sideroblasts

Chapter 2: Kamila Janusz, Marta Martin lIzquierdo, Félix Lopez Cadenas, Fernando Ramos, Jesus
Maria Hernandez Sdnchez, Eva Lumbreras, Cristina Robledo, Javier Sdnchez del Real, Rosa Collado,
Teresa Bernal, Carme Pedro, Andrés Insunza, Raquel de Paz, Blanca Xicoy, Eduardo Salido, Joaquin
Sanchez Garcia, Sandra Santos Minguez, Cristina Miguel Garcia, Ana Maria Simén Mufioz, Jesus
Maria Hernandez Rivas, Maria Abaigar, Maria Diez Campelo

Clincal, biological and prognostic implication of SF3B1 co-occurrence mutations in very low/low
and intermediate-risk MDS patients

Chapter 3: Kamila Janusz, Sandra Muntion, Jesis Maria Herndndez-Sanchez, Marta Martin
Izquierdo, Maria Hernandez-Sdnchez, Maria Abaigar, Cristina Robledo, Félix Lépez-Cadenas,
Moénica del Rey, Juan Carlos Caballero, Rocio Benito, Alba Redondo Guijo, Tamara Jimenez, David
Pescador, Juan Blanco, Fermin Sanchez-Guijo, Consuelo del Cafiizo, Maria Diez-Campelo and Jesus
Maria Hernandez-Rivas

Mutational status of mesenchymal stromal cells in Myelodysplastic Syndromes patients

All of them have been developed to accomplish the general aim of this work and give the title to
this doctoral dissertation: Characterization by Next Generation Sequencing of mutations of
spliceosome genes and bone marrow mesenchymal cells in patients with myelodysplastic

syndromes.

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

section of this PhD work.

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

of the digital version of the PhD.
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Owr study aimed to analyze the presence of mutations in 5F28] and other spliceosome-relatsd genes in
myelody=splastic syndromes with ringed sideroblasts (MD5-85) by combining conventional Sanger and
mext-peneration ssquendng (NG5 methods, and to determine the feasibility of this approach ina dlimical
setting.

122 bone marrow samiples from MOS5-RS patients were studied. Imitially, exons 14 and 15 of the 57381
gene were analyzed by Sanger sequencing. Secondly, they wene studied by NG5S covering besides SF381,
SREF2, UZAF] and ZRER2 penes.

An BEX of all patients showed mutations in the SF38] gene. Six of them, which wen= not identifiable
by conventional sequencing in the first diagnostic step, were revealsd by NGS. Inaddition, 195% of cases
showed mutations in other splicing genes: 5852, [ZAF, and RS2 Furthermone, 8.7 of patients had
two mutations im SF201, SF3E] and SESFZ, and 381 and UZAF], while 5.7 showed no mutations in the
fiour splicecsome-relabed genes anahyed.

The combined wse of conventional Sanger and WGS allows the idemtification of muotations in
spliceosome-related genes in almost all MDS patients with BS. This two-step approach is affordable
and could be usefisl 2= 2 complementary tschmigue in cases with an unclear dizgnosis.

& 2017 Elsevier Led. All rights resenved.

1. Introduction

hypercellular bone marmow {EM ), and peripheral bood (FB) cytope-
nias [ 1.2]. MDS are also characterized by a high risk of developing

Myebodysplastic syndromes { MDS) are a group of heterogeneous
clomal stem cell disorders. They are characterized by ineffective

hematopoiesis, dysplasia of at least one hematopoietic lineage,
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acute myelobdastic leukemia (AML) [3].

Massive parallel deep-sequencing technigues, applied recently
in the study of a large number of patients with varsous hemato-
logical malignances, have defined different mutations that could
be imvolved in the MDS disease. These studies have shown that
approximately B0% of patients with MDS carmy mustations of genes
such as epigenetic regulators (TET2, ASXL], DNMT3A, IDHI, IDHZ,
EFHZ), transcription factors (ETVE, RUNXT, TPS3), signal transduc-
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tion proteins (CBL, JAKZ, KRAS, NRAS), and genes related to the RNA
splicing machinery (SF3EI, 5R5F2, LUI2AF], ZR5R2) [4-6

According fo the World Health Organization (WHO) classi-
fication, refractory anemia with ringed sideroblasts (RARS) and
refractory cytopenia with unilineage dysplasia and ringed siderob-
lasts (RCMD-RS) are two subbypes of bow-risk MDS [7.E] Although
the abnormal mitochondrial iron metabolism that characterizes
these patients is not completely understood, many studies hawve
revealed recurrent mutations of the SF381 (splicing factor 3, sub-
unit 1) gene that ooour in more than B0 of cases. The association
of mutations in 5F38T and the presence of ringed sideroblasts sug-
gest a possible role in the deregulation of iron metabolism of MDS
with ringed sideroblasts (MD5-E5) [2-15). However, there is a
group of MD5-RS patients without SF381 mutations that may fea-
ture variations in other splicing genes. A detailed analysis of other
spliceosome-related genes in MDS-RS without mutations in SF3EI
could help explain the phenotype in these cases.

The aim of this study was to analyze the presence of matations
in 5F3EI and other splicing genes in MD5-RS by combining con-
ventional capillary [Sanger) and next-generation sequencing (HGS)
techniques and to determine the feasibility of these methods in
a clinical diagnostic setting. We observed that almost all patsents
with MDS-RS carried at least one mutation of the four genes ana-
hzed. This bawo-step approach is affordable and could be a wseful
complementary diagnostic technigue in cases with an unclear diag-

nosis,
2. Materials and methods

2.1. Patients, sampies and cell separation

A cohort of 122 low-risk MDS patients (66 patients with RARS,
and 56 with BCMD-E5) was studied. All patients were ol assified
acconding to the WHD 2008 criteria (with the exception of RCMD-
RS, which we maintain as a separate category on the basis of
WHO 2001 criteria) (Supplementary Table 51] |78, 16 Momnon-
clear cells were isolated from bone marrow (BM) of MDS patsents
on a density gradient (FicolllL The study was approved by the Local
Ethical Committee (“Comité Etico de Investigacidn Clinica, Hospi-
tal Universitario de Salamanca™) and written informed consent was
obtained from each patient

22 DNA tsolation

Genomic DMA from BM mononoclear cells was extracted using
QlAamp DMA Mini Kit (Qiagen, Valencia, Ca, USA) following the
mnuhm:eﬂmeL DA gquantity was determined by dsDA
H5 or BR Qubit™ Fluorometric Quantitation Assay Kit (Life Tech-
nologies, Carlsbad, CAL

23 Sanger copillory sequencing

sSanger sequendng was carried out to identify the presence
of gene wariations. The previously published primers against the
exons that more frequently exhibited mutations of SF387 (exons
14 and 15) were used [ 17]. Genomic DMA was amplified with the
Faststart High Fidelity PCR System {Roche Diagnostics, Mannheim
Germany ) following the manefacturer's instmections, but inched-
ing some variations of the annealing temperature [ Supplementary
Table 52}

DMA sequences were evaluated uwsing Chromas Lite v2.1.1
[Technelysiom Py Lid) and DS Gene v1.5 (Accerlys, Inc.) sofi-
wiare. Obtained sequences were aligned to the reference genome
(GRCh37/hg19).

42

Z4. Amplicon- bosed nexi- genenmtion deep-sequencing

MGS was cammied out wsing the G5 Jundior 454 Roche (454
Life Sciences, Branford, CT, USA) sequencing platform in order
to identify patients with concomitant mutations or © find new
mutations that were not detectable by conwventional Sanger
sequencing. We analyzed 23 patients that were negative for
the first diagnostic screening by Sanger sequencing. Maore-
over 50 patients that were positive for SF3BI mutations in
which enough DMA was available for the analysis were stud-
ied o find out the presence of additional mutations. A total of
I8 exons from: S5F3E] (Transcripi-1D EMSTODO003 35508, exons
10 16], SRSFZ (Transcript-ID ENSTODDO0Z02485, exons 1 and 2,
UZAFT (Transcript-10 ENSTOODO0201552, exons 1-B), and ZRSR2
(Transcript-10 ENSTOODO0307 771, exons 1- 11] genes were ampli-
fied using oligonucleotide primer plates designed as part of the
ION-I collaborative network of hematological laboratories apply-
ing 454 amplicon-MGS | 18]. Information abowt primer sequences i
listed in Supplemental table 53. Amplicon libraries were prepared
following the manufacturers recommendations and previowsly
described methods [ 18,129]. Sequencing data were analyzed wsing
G5 amplicon Variant Analyzer (AVA, v2.9; 454 Life Scences) and
sequence Pilot (v3.5.2; )51 Medical Systems, Kippenheim, Germany )
sofbware. Minimum coverage was 200 total bidirectional reads {100
reads per direction] and the sensitivity of variant detection was set
to a loweer limit of > 2%

R version 3.1.1 software was used to illustrate the distributions
of the variation.

MGE VAF higher than 15% were validated by Sanger sequencing.

25 Stafistion analysis

Continuows variables were summarized as their median and
range; categorical variables were described as the frequency and
percentage of subjects in each category. Continuous variables were
analyzed by applying the students T-test when data were nor-
mally distributed and by using the Mann-whitney Utest otherwise.
Kaplan-Meser analysis [log-rank test) was used to assess the rela-
tionship between mutations and overall survival (051 The 05 was
defined as from the diagnosis of the disease to death; patients who
were alive at last contact were treated as censored for O5 analysis.
Values of p-0.05 were considered significant.

1. Resulis

31. 5F3B1 mutmbonm reveals the presence of mutmtions
in exons 14 and 15 of most patients with M DS with ringed
siderablasts

In an initial screening, the exons most commaonly mutated in
SF3EI {exons 14 and 15) were analyzed in 122 MD5-RES by con-
ventional Sanger sequencing. SF38] mutations were obhserved in
O patients (E1.1%L In addition. variations in & maore patients
were observed when analyzed by NGS deep-sequencing technol-
oy (Represented with red lines in Fig_ 1; detailed data incheded in
supplemental Table 54). A total of 105 MDS-RS cases (B6.1%) had
mutations in the 5F361 gene by Sanger and NGS sequencing. Mo
differences in the incidence of mutations were observed between
RARS (E79%) and RCMD-RS (B4X) patients.

42 2% of SF3B] mutations were kocated in exon 14, while
55% in exon 15. It should be noted that four patients (3.B%)
had mutations in two different SF3B7 locations. The most fre-
quently mutated codon 700 (p.Lys700GIu) was present in 57.1%
of patients with MDE-RS. Mutations in codons 623 (pTyrs2 3rhe),
B58 [pTrpG5ESer], 740 (pCly74DGIu), 742 (puCly740asp) and 748



Results — Chapter 1

o~
v Eed
Qe d e
HEHHERE
WxEEn T I
o
[
[
[ [
[ [
[ LR N £ 3
o O
‘H“‘R y

I - [ KESER T
:I S B Bl Bl Ol B S

I janusr of al § Leukewio Reseorch 55 20077) 8287

ft KFAER]
p.KTICE
RLETALE
[T
pHTLME

SFiE1 | |

[1]

CIEC L e b e [Py Fens
| | | | | | | | |

1 10Q 30 07

E PPP1RA M HCAT corrising

Fig: 1. Distribution of miscense mutations inS387 inMDS-RS

FoO

2an 100 130 AN,

@ Misserse muiation

52E1 mmiations were detecied inexons 14, 15 and 15 The most reomment variant p.Lys7T00GI0 acooenis for 57.1K of all alberaons. Each mulation detected by Sanger
saquencing i shown with 2 black line. Each mutation defected by MCS Is shown with 2 red line. Each gresn cirde pepressnis 2 missens: mutation foend in 2 single pasent

{pLysT48CIu) were observed in fewer than 5% of patients included
in the study. Variant allele frequencies (VAFs) of these mutations
were between 10 and 50% All detected murtations in SF3ET were
represented in R 1.

32 NGE sequencing shows the presence of mutations in odher
genes mvolved m the splicing machimery in MD5-ES

Moregver, three genes invohved in the splicing machinery,
SRSFZ, U2ZAFT and ZRERZ, wiere analyzed by NG5 SRSFZ mintations
were observed in 12 cases (146%) while mutations in LIZAFT gene
were detected in 3 patients {3.7%). SRSFZ gene miutations involved
exon 1, whereas UZAFT gene variations were located in exons 2
and &. Variations in ZRSEZ were less frequent, with only one RARS
patient featuring a mutation. The mutations in these three genes
irvolved in the splicing machinery were distributed equally in RARS
and RCMD-ES patients and were mutually exclusive (Table 1)

313 MD5-RS display novel mutmtions in splicing-releted genes

Our shedy demonstrated the presence of 4 new mutations in
splicing-related genes. Three mutations were located in the SF3ET
gene. at codons 623 (pTyrE23Fhe], 658 (pTrp658ser] and 748
(pLys748Glu) The mutations on codon 623 and 748 were present
in RARS patients in 40% and 35% of variant allele frequency, respec-
tively. The mutation on codon 658 was detected in an RCMD-RS
patient in 25% of variant allele frequency. All variants on SF381 gense
WEre Missense mukations {Fig 2A). Moreover, the variant onZR5RE2
gene was 3 deletion in 54% of variant allele frequency that resulted
in a frameshift mutation (Fig. ZBL
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34 B7Eof MD5 RS hiove comcomitant mutations in
splicing-related gemes

Our study showed that ten patients of those analyzed (B7%;
10/115) had double mutations a5 confirmed by Sanger and NGS
sequencing. Four cases had bwo mutations in the SF3E] gene.
The variants of two of them were located in the same exon
{Exon 14). The analysis of the NGS sequencing reads in these
two patients enabled to delineate that one patient had two dis-
tinct SF36T-mutated dlones (pHis6E2GIn; p.LysG6EThHr; these two
wariants were detected in separate reads derived from the same
single amplicon), while the other patient harbored two differ-
ent mutatsons that belonged o the same clone {(p.Glusz2asp and
p-Tyr&23Fhe; both located in the same sequencing reads). The vari-
ations of the other two patients were present in different exons
{Exon 14 and Exon 15) p.Lys666ArE and p.Lys700GI0; pLysEEEASN
and p.Lys70DGha. In these cases it was not possible to determine by
MNGE whether they were present in the same clone.

We abso observed two mutations in six cases including SF38T
and amother splicecsome-related genes: five with SRSFZ and one
with UZAFT (Incheded in Table 1), These patients had similar clinical
and beological characteristics compared with the MD5-RS patients
carmying a single SF381 mutation (Supplementary Table 551

3.5 Combmed diagnostic use of NGE and conventional

seguencing shows muichons in splicing-related genes i 04.3% of
MD%- RS patiernts

o4 3% of the whole cohort of patients had mutations in one
or more of the splicing-related genes (SF361, SRSFZ, UZAFT and
ZRER2) analyzed. Mo differences in the incidence of splicecsome-
related genes mutations were observed betwesn RARS (95.5%) and
RCMD-RS (92.9%) patients. Only seven patients (5.7%) showed no
mutations of the genes studied. These patients had similar clin-
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Table 1
SREFZ, L2AF and TRSR2 gene mulations n MDS-ES.
Caz= number MIDS subtype Afecied gene Aming add change WAF by NCE
1 RARS RFZ pProSSATg k4
2 RARS R PFro9sATy 42T
3 RARS RFH pProSSATg 4%
4 RARS ERFZ pFroSGHIs k4
5 RARS N pFro9cHIs £l 4
B RARS ERFZ pProSGley nE
T RARS R pFro9cley 12T
8 RCMIDCRS ERFE PProSE_ 1 03delinstng 30E
o RCMIDCRS ERFZ pProSGHIs 45%
1 RCMID-RS RFT pFro9cHIs £l 3
11 RCMIDCRS RFH pProSEHIs 15E
12 RCMIIVRS RFZ pFro9cley L
13 RCMIDCRS L4F pCIn1STAME 40T
4 RCMIDCRS LIZNFT pGIn1S5TFrn InE
15 RARS LN pSer3afhe 47T
16 RARS TR pPhelET Leuls™ 12 53E

MIDE: my=iodysplatic syndmome: RARS: refracbory anemia with ring sideroblacis: ROMD-RE: refractory cytopenia with mulilineage dysplazia and ring sidemoblasts.

* Fatient with an additional mukaton in 5F381.
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Fig- 2. Location of novel mutations idenisfied in

In paitients with MIDS-ES.

spliczosome-related genes
[A) Movel mutaisons detecter in the S8 gene. (B} Novel matations detected in the IRSEZ gene. Each missense mutation 15 shosn with 3 green circle, wihile a3 frams-shift

mmtation s shosm with 2 biee drole

ical and biological characteristics to those of the other MDS-RS
[Supplementary Table 56).

36 Gene muntations are relmted to 05

Fatienis with a single alteration of 5F361 had longer overall
survival (05) (median=20months) than cases with other splic-
ing gene mutations (median= 10months, p= 004) [ Supplementary
Fig- 51A) Furthermore we did not see significant differences in 05
comparing patients with double mutations and those cammying only
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e mutation in SF387 gene (Supplementary Fig. 5161 we did mot
see any differences in prognostic value either, analyzing wild type
group of patients compared to the mutated ones (Supplementary
Fig. S1C).

4. Disoussion

In this study we analyzed the presence of martatsons of the SF3BT
and other splicing-related genes in MDS with ringed sideroblasts
by combining comventional diagnostic Sanger and NGS sequenc-
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ing. This bwo-step approach revealed that almost all the patienis
carry mutations in at least one of the genes analyzed. In addition,
almost 10 of MDS with ringed sideroblasts showed more than one
mutation in the splicing-related genes.

5F381 is the most commonly mutated splicing-related gene in
MDS. Recurrent mutations ooour in more than 20% of these patients
|2,17). In addition, the mutations have been found at a higher
frequency in patients with ringed sideroblasts. These findings
suggest the involvement of the mutations into the MD5-RS phe-
matype [3,10.15]. The curment study also showed a high prevalence
of SF3B] muiations. An initial screening by conventional Sanger
sequencing followed by an NGS strategy showed SF381 mutatsons
in 105 cases (BG6.1%), which was higher than that reported by
other groups [ 10,12,20]. Furthenmore, six of these variatsons could
only be detected by MGS. In comparison with the typical detec-
tion wariant allele frequency level of 15%, as revealed by Sanger
sequencing, NGS can detect far kower levels of variation, ensuring a
maore comprehensive coverage of the gene [21,22). When we ana-
lyzed mutations between different subtypes of MDS, there were
mo differences between the SF3BI mutation frequencies in RARS
and RCDOM-RS patients. Recent studies have revealed that these
two MDS-RES subgroups have a similar phenotype when carrying
an 5F38T mutation, and that the threshold of 15% of RS in no longer
prognostically relevant in these two MDS subtypes [23.24]. Thus,
the revised WHO classification (WHO 2016) of MDS have included
the presence of an 5F38] mutation to consider a diagnosis of MDS-
RS (with single or multilineage dysplasia), when as few as 5% RS are
identified [23,24]

Most of the variations already reported are wually located at
hot-spot locatsons of exons 14 and 15 of SF3BT gene [11-13]. Our
findings are consistent with those of previous studses [11,12.25].
The mutation p.Lys700GIn was the most frequently detected in
MDE-R5. The incidence of this mutation was 57.1%, similar o the
incidence reported by other groups [ 11,12.25 ). HoOwever, mastatsons
im exon 14 were detected in approximately 0% of patients. There-
fore the mutational analysis fooused on the hot-spot exons of this
gene revealed information about clonality in almost all MDS-RES
patients.

Recurrent somatic mutations in other splicing machinery com-
ponents, including LZAFT, SREF2 and ZRSRZ genes, have recently
been described in MDS [25,26) Our mutational analysis by NGS
revealed 16 cases with ringed sideroblasts camrying alterations in
these genes. SRSFZ mutations were present in 12 patients {14.6%).
All mutations were located in the most frequently affected amino
arid residwe, Progs [25 27 | Three patients showed mutations in the
L2AFT gene, all known o affect the Ser34 and Gln157 positions of
exon 2 and &, respectively, while one patient showed a mutation in
ZR5RZ [28,79]

Despite the large number of already known alterations in
splicing genes, our NGS study revealed four mutations that have
noi previously been described in COSMIC. Three of them were
missense mutations kocated in 5F387 (p.Tyr623Fhe; pTrpEs&S5eT:
pLysT4ABAsp). FRSRZ gene carried a novel frameshifi mutation
(porhezET LEUfE" 18],

Ten patients presented double mutations, involving SF3B1 and
ERSFZ in five cases, 5F381 and U2AFT inone, and two distinct muta-
tions in SF3ET in the other four cases. The presence of concomitant
mutations in splicing genes is an infrequent event in MDS-RS, and
wsually imvolves SF3BI and RS2 |11,2627]. In addition, in the
present shady, we were able to reveal double mutations ocour-
ring in the 5F361 gene. The study of concomitant mutations in
spliceosome-related genes could shed new light on the understand-
ing of the mechanisms underlying the pathogenesis of MDS with
ringed sideroblasts and should be investigated in future studses.

The present study found mo mutations in the splicing genes
in sewven MDS-ES [5.7%) patients. This incidence was lower than
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previously reported and could be related o the wse of the com-
bined conventional and MGS approach [ 11,25] These patients had
similar clinical and bsslogical characteristics to the other MDS-RS
patients. These findings led us o hypothesize that the patients
may have mutations in other splicing-related genes, such as PRFFE,
5FI, UZAFGS, PRPFA0B or SF3A1, as reported by other groups, or in
penes associated with iron and mitochomdrial metabolism [ 11,300
Therefore, there may be an association bebween the mutations in
splicecsome-related genes and the presence of ringed sideroblasts
in patients with MD5, which has normally been assigned to the
SF3ET alterations only [17.31,32]

In summary, ouwr shudy shows that diagnostic MNGS sequencing
can identify new mutations that are not detectable by conven-
tional Sanger sequencing. OF note, all mutations detected by Sanger
sequencing were indeed identified by NGS. The two-step approach
for sequencing splicing-related genes is affordable and reveals
mtatsons in almost all MDS-RES patients. In addition, the presence
of mutations in SESFZ, IZAFT and ZRSR2 beyond 5F38T suggests that
all of them could influence the MD5-RS phenotype.
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Abstract

SF3B1 is one of the most frequently mutated genes in MDS patients, related to a
specific subtype and parameters of good prognosis in MDS without excess blasts.
However, more than 40% of MDS patients carry at least 2 mutations and little is
known about the impact of concurrent mutations in the outcome of MDS patients.
We aimed to analyse the co-occurrence of SF3B1 with other mutations and reveal
their clinical, biological and prognostic implications in very low/low and
intermediate-risk of MDS patients. Mutational analysis of 102 SF3B1™" patients
showed that 19.6% of cases carry isolate SF3B1 mutation, while 80.4% of patients
presented additional mutations in other genes, with a median of 2 additional
mutations per patient (range 0-5). The genes most frequently mutated concomitant
to SF3B1 were: TET2 (39.2%), DNMT3A (25.5%), SRSF2 (10.8%), CDH23 (5.9%) and
ASXL1, CUX1, KMT2D (4, 9% each). We observed that presence of 22 concomitant
mutations to SF3B1 had an adverse impact on survival as compared to those with
SF3B1 + <2 additional mutation (median of 54 vs. 87 months, respectively, p=0.007).
Furthermore co-occurrence of SF3B1 with SRSF2 mutations was associated with
shorter overall survival as compared to isolated SF3B1 mutation with SRSF2 wt
(median of 27 vs. 75 months, respectively, p=0.001). The similar adverse effect was
observed with concomitant /DH2 mutations, (median OS of 11 vs. 75 months,
respectively, p=0.001), and BCOR (median OS of 11 vs. 71 months, respectively,
p=0.036,). Interestingly, SF3B1 with NUP98, and SF3B1 with STAG2 had also a
negative effect on patients prognosis (medians of 27 and 11 vs. 71 months,
respectively, p=0.008 and p=0.002). In summary, Therefore our results suggest that
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more complete NGS study in MDS SF3B1™" patients would be recommend to better
estimation of the evolution of the disease discarding the influence of additional
mutations that could interfere in the good prognosis associated with SF3B1
mutations and would allow proposing more adequate therapeutic options for each

patient.

Introduction

Myelodysplastic syndromes (MDS) represent
heterogeneous group of clonal hematopoietic
stem cells disorders leading to abnormal
blood production with a variable risk of
progression to acute myeloid leukemia (AML)
[1-3].

In recent years large scale analysis using the
next-generation sequencing (NGS) allowed
the genetic
alterations improving the knowledge in MDS
pathogenesis [4-8]. More than 80% of MDS
patients harbour at least one mutation,

identification of recurrent

affecting genes from different functional
groups: splicing machinery (SF3B1, SRSF2),
DNA (DNMT3A, TET2),
transcription  factors  (TP53, RUNX1),
chromatin modification (ASXL1, EZH2), RAS
pathway (KRAS, NRAS), cohesin complex
(STAG2, RAD21), kinases (JAK2, FLT3) and/or
DNA repair (ATM, BRCC3) [4, 9-11].

methylation

Several clinical and biological implications of
specific mutations have been demonstrated.
Some of these gene mutations has been
associated with morphological and clinical
features such as complex karyotypes (TP53),
excess bone marrow blast proportion
(RUNX1, NRAS) or ring sideroblasts (SF3B1)
and moreover, with prognosis regarding
leukemia-free survival and overall survival
[12, 13]. Mutations in TP53, U2AF1, RUNX1,
SRSF2, IDH2, CUX1, ASXL1, and BCOR genes
are associated with significantly worse
leukemia-free  survival [5]. Morevoer
mutations in TP53, EZH2, ETV6, RUNX1 as
well ASXI1 are predictors of poor overall
in SF3B1 are

in MDS

survival, while mutations

associated to a better outcome
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patients [6, 14]. Most of these studies have
analyzed single mutations. However little is
known about the impact of concurrent
mutations in the outcome of MDS patients

[15].

The presence of more than one mutation is
frequent in MDS. Thus, studies conducted in
large series of MDS showed more than two
mutations in 40% of MDS, while 10% had
more than four mutations. It has been clearly
demonstrated the variety of gene mutation
per this
Papaemmanuil and colleagues shown that

numbers case, in sense,
40% of cases had 2 or 3 mutated genes and
up to 10% of patients presented 4 to 8
oncogenic point mutations. All these features
correlates with a more complex disease and
adversely impact on overall survival (OS) [4].
Although no significance affinity of SF3B1
with common mutational genes other than
DNMT3A and JAK2 has been found, different
co-existing gene mutations with SF3B1 have
been described [4, 5]. SF3B1 encodes a core
component of RNA splicing machinery. NGS
studies have revealed that approximately
30% of MDS cases presented mutation of
SF3B1 gene, with particularly high prevalence
in MDS with ring sideroblasts subtype (MDS-
RS), which is reflected in the new 2016 WHO
classification (>90%) [3, 13, 14]. Furthermore,
SF3B1 mutations in low risk MDS patients
were associated with good prognostic

parameters [13].

Nevertheless and regarding that the mayority
of MDS patients carry on multiple genetic
alterations, the well-known better overall and
referred to SF3B1
mutations in low risk MDS patients may be

leukemia free survival

worse. Recent studies in low risk MDS—RS
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patients have highlight the adverse influence
of DNMT3A or ASXL1-SF3B1
mutations into clinical outcome [15, 16].

coexisting

However, information about the influence of
other co-existing gene mutations with
SF3B1I™" in MDS patients is scanty. Detailed
molecular characteristic of these group would
better
patients within the low- risk MDS cathegories

allow to a stratification among
as well as a better choice of treatment for
these patients. The aim of this study was to
analyze, by means of NGS, the presence of

mut

mutations associated to SF3B1 and to
evaluate the prognostic value in a large series
of very low/low/intermediate-risk MDS

patients.
Matherials and methods
Patients

The mutational profile of 324 myelodysplastic
syndromes (MDS) patients, diagnosed in our
center since 1999 to 2017 was analysed.
Diagnosis was based according to World
Health Organization (WHO) criteria. Patients
with Refractory Anemia with Excess of Blasts
(RAEB) and MDS associated with isolated
del(5qg) were excluded from the study.

in 135
patients (42%). Detailed analysis of clinical

SF3B1 mutations were detected

parameters and cytogenetic findings was
performed to risk stratification according to
the International Prognostic Scoring System
(IPSS) and the revised IPSS (IPSS-R). Finally, a
total of 102 MDS cases with SF3B1 mutations
and IPSS-R very low (34.4%), low (60.4%) or
intermediate (5.2%) risk category were
included. Regarding WHO 2008 classification,
36 patients (35.3%) had refractory anemia
with ring sideroblasts (RARS), 60 (58.8%) had
refractory cytopenia with multilineage
dysplasia (RCMD) and the remaining 6 (5.9%)
had refractory cytopenia with unilineage
dysplasia (RCUD). The median age was 76
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years (range: 41-90). More detailed clinical
features of the cohort are listed in Table 1.
The study was approved by the Local Ethical
Committee “Comité Etico de Investigacion
Clinica, Hospital Universitario de Salamanca”
and, for each patient, written informed
consent was obtained according to the

guidelines of the Declaration of Helsinki.

Table 1. The clinical features of 102 MDS patients

Median

Variable N=102 % T p10 p90

Gender

Male 56 55,4

Female 45 44,6

Age 76 (41-90) 63 84

WHO 2008

RARS 36 353

RCUD 6 5.9

RCMD 60 58.8

WHO 2016

MDS-SLD 1 1

MDS-MLD 5 5.2

MDS-RS-SLD 39 40,6

MDS-RS-MLD 51 531

Blasts 0.8(0-4,2) 0 3

<2 84 824

>2<5 12 118

NA (<5) 6 59

Ring sideroblasts 41,5(0-95) 75 73.7

<5 6 5.9

25<15 5 49

215 85 833

NA (<15) 6 5.9

Citigenetic risk

Very good 7 6.9

Good 88 872

Intermediate 6 59

IPSS

Low 68 673

Int-1 18 178

NA (Low/Int-1) 15 149

IPSS-R

Very Low 33 33

Low 58 58

Intermediate 5 5

NA (Very low/low) 2 2

NA 2 2

AML transformation

No 66 81,5

Yes 15 185

Status

Live 41 40,2

Death 61 59.8

Hb (g/dL) 9,6 (5,4-13) 79 116

ANC (x107/L) 2700687 15 6.1

Platelets (x10°/1) 251(34-878) 150 430
Mutational analysis
Mutational screening on genomic non-

amplified DNA from bone marrow (BM) or
peripheral blood (PB) cells was performed.
Therefore a customized myeloid panel of 117
MDS was
(Supplementary Table S1). Next generation

genes related to applied

sequencing (NGS) was achieved on NextSeq
sequencing platform (lllumina, San Diego, CA,
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USA) following Illumina’s standard protocol
as previously reported. Sequencing data was
analyzed by applying an in house informatic
pipeline that uses different software tools to
perform quality assessment, alignment and
variant calling (Trimmomatic, FastQC,
NGSQCToolkit, BWA, GATK, VarScan,
SAMTools, ANNOVAR). Integrative Genomics
Viewer (IGV, Broad Institute) was used for
variants visual evaluation.

After analysis, only those variants with good
quality (Q>30), supported by 2100 total and
>10 mutated reads, with a VAF>3%, located
in exonic or splicing regions and which
generate an AA change was considered. In
addition, already reported polymorphisms
(SNPs) (dbSNP144, 1000-genomes Project,
ExAC, ESP-6500, when MAF 21%)
sequencing artifacts (internal

and
laboratory
database) were discarded.

For variant interpretation and oncogenic
potential evaluation COSMIC and ClinVar
databases, SIFT, PolyPhen-2 and Mutation
Taster predictors, among others, were used
(Supplementary Figure 1).

Statistical analysis

Numerical variables were summarized by
median and range; categorical variables were
described with count and relative frequency
(percentage) of subjects in each category.
Comparison of numerical variables between
groups was carried out as required using a
(Mann-Whitney
test) or the Student t test for continuous

non-parametric approach

variables. Overall survival was measured from
the time of diagnosis to the time of last
follow-up or death from any cause. Survival
curves were generated using the Kaplan—
Meier method and differences were assessed
by log-rank test. For multivariate analysis, a
Cox hazards models

proportional were

constructed, adjusting  for  potential
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The
statistical

confounding  covariates. level of

significance for all tests was
defined at a probability value of less than
.050 (P<.050). The analyses were generated
using the SPSS statistical software package,

version 22.0 (SPSS Inc, Chicago, IL).

Results

Characterization of SF3B1 mutations in MDS
patients

One hundred and seven SF3B1 mutations
were found in 102 MDS patients. Medium
VAF was 33.33% (range 5.72%-50%). All
mutations were missense, heterozygous, and
except three (K748E, Y623F and L536V),
previously reported. The most frequent
mutation was K700E (47, 43.9%) followed by
K666R (12, 11.2%) and E622D (9, 8.4%). All
SF3B1 mutational
represented in Figure 1. Five of 102 MDS

variants detected are

patients presented double SF3B1 mutations.
The variants of four patients were located in
the exon 14 (E622D and Y623F; H662Q and
K666T; and two cases with E622V and T663l)
while the double SF3B1 mutation in the
remaining patient affected exons 14 and 15
(R625H and K700E).

Co-occurrrence SF3B1 mutations with other
gene mutations

Co-occurrence of SF3B1 with other gene
mutations was observed in 82 out of 102
patients (80.4%). A total of 192 co-occurrence
mutations, covering 51 genes, were found in
the 102 SF3B1™" patients, with a median of 2
additional mutations per sample (range: 0-5).
Patients with one additional mutation to
SF3B1 was the most frequent group (n=26,
25.5%), followed by two and three co-

occurrence mutations (n=23, 22.5%, and
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n=19, 18.6%, respectively). Cases with four
and five concomitant SF3B1 mutations were
(n=7, 6.9% and n=8, 7.8%,
respectively). The most frequently mutated

unfrequent

genes co-occurring with SF3B1 were: TET2
(n= 40, 39.2%), DNMT3A (n=26, 25.5%),

50
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SRSF2 (n=11, 10.8%), CDH23 (n=6, 5.9%) and
ASXL1, CUX1, KMT2D (n=5, 4.9% each).
Interestingly, BCOR, NUP98, SMC(C3, SETBP1
and STAG2 mutations showed
incidence (n=3, 2.9% each) (Figure 2).

a low

m RCMD
m RCUD

RARS

Figure 1. One hundred and seven SF3B1 mutations distributed in 102 patients according to WHO 2008

MDS subtype

50

40

30

20

10

KT

TET2
DNMT3A
SRSF2
(DH23
ASKL1
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Figure 2. Frequency of mutations in fifty one genes co-occurring with SF3B1 in 102 very

low/low/intermediate-risk MDS patients.
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The wide heterogeneity in the overall
distribution of concomitant mutations was
the
addition of one single mutation to SF3B1
mutation usually involve TET2 or DNMT3A
the addition

concomitant mutations to SF3B1 mutations

described in Figure 3. Interestingly,

genes. However of two
did not show a clear pattern of distribution or

evolution.

Impact of the number of co-occurring SF3B1
mutations

In the next step of the study, the influence of
the number of co-occurrence mutations were
the
characteristics and the overall survival (OS).

analysed considering clinical

No differences were observed in clinical
characteristic of the patients affected by 1 to
5 of additional SF3B1

(Supplementary  table  S2).
regarding overall survival (OS), after a median

mutations,
However,

follow-up of 54 months and an overall
survival of the series of 70 months, we found
that the
mutations to SF3B1 had an adverse impact on

presence of 22 concomitant
survival as compared to those with SF3B1 +
<2 additional mutation (median of 54 vs. 87
months, respectively, p=0.007) (Figure 4A).

Several co-occurring SF3B1 gene mutations
reduce OS of MDS patients

Frequently mutated genes overlapping SF3B1
were analyzed (Figure 1). There were no
differences, comparing the clinical features,

mut

between groups of SF3B1 patients with
wild type or mutated forms of the most
(Data

provided). Interestingly, we observed that the

frequently mutated genes not

presence of somatic mutations in other genes

can modify the good prognosis of the
patients with isolated SF3BImut. Thus, in the
univariate analysis, co-occurrence of SF3B1
with SRSF2 mutations was associated with
shorter overall survival as compared to
isolated SF3B1 mutation with SRSF2 wt
(median of 27 vs. 75 months, respectively,
p=0.001), (Figure 4B). The similar adverse
effect was observed with concomitant IDH2
mutations, (median OS of 11 vs. 75 months,
respectively, p=0.001), (Figure 4C) and BCOR
(median OS of 11 vs. 71 months, respectively,
p=0.036,) (Figure 4D). Interestingly, SF3B1
with NUP98, and SF3B1 with STAG2 had also
a negative effect on patients prognosis
(medians of 27 and 11 vs. 71 months,
respectively, p=0.008 and p=0.002) (Figure 4E
and 4F).

SF3B1
Indeterminate Potential (CHIP) mutations

and Clonal Hematopoiesis

Cco-ocurrence

The presence of mutations in some genes
considered CHIPs in co-ocurence with SF3B1
was analyzed. More than half of MDS
patients (57.8%, N=59) displayed mutations
in TET2, DNMT3A and/or ASXL1 (Figure 3).
The comparison of the most relevant clinical
and biological charactersitics, such as age,
platelets,
marrow percentage of blast

hemoglobin, neutrophils, bone

and ring
sideroblast as well the overall survival, did
not show any difference between the low-risk
MDS patients with CHIPs mutations
associated to SF3B1 mutations and SF3B1
the
Therefore CHIP mutations had no effect on

SF3B1 mutated cases (Table 2 & Figure 5).

mutations  as single abnormality.

Table 2. Comparison of median values between patients with vs. without co-occurrence SF3B1 mutation

with CHIPs genes mutations (wt-wild type, mut-mutated).
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ASKXUIwt  ASKLImut  p DNMT3Awt DNMT3Amut  p TETwt  TER2mut | p
Age 76.5 76.3 1 76.7 727 0495 76 768 0156

% Blast
el BT 07 062 07 1 0.508 08 095 0769

(BM)
%RS 25 285 | 0608 a1 15 0.803 I 3% 0649
Hb(g/dl) | 97 95 1 9% 97 0.820 97 96 0682

ANC
27 26 0930 2,65 27 0.860 29 22 0185

(x109/1)

Platelet
252 00 0371 47 255 0323 259 U5 0338

(x209/L)
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Genes

Patients ( N=102)
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Figure 3. Mutational landscape of 102 MDS. Each column represents one patient. Patients are
grouped according to number of additional SF3B1 mutations. Each line represents one gene.
Genes are grouped according to the function. Red triangle marked genes that reduce overall
survival of MDS patients. VAF:  [B3<5% B >5<10% B>10%. Gene function: B splicing, Bona
methylation, B chromatin modification, B Transcription factors,  activated signaling, llCohesin
complex, ' Others.. Cytogenetics: ~ Very good,l] Good, [ Intermediate, [ NA. IPSS-R: || Very
low, lLow, .ntermediate, NA.
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Figure 4. Overall survival of MDS SF3B81™" patients regarding the number of concomitant mutations (A),
SRSF2mut co-occurrence (B), IDH2mut co-occurrence (C), BCORmut co-occurrence (D), NUP98mut co-
occurrence (E), STAG2mut co-occurrence (F).
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Figure 5. Overall survival of MDS SF3B1™" patients

(A), DNMT3Amut (B), ASXLImut (C).

Discussion

SF3B1 is one of the most frequently mutated
genes in MDS and the presence of mutations
in this gene is associated with favourable
outcome among MDS patients without excess
of blasts [4, 13]. However information about
the appearance and the influence of other
co-concurrent mutations in prognosis is

scanty althought is a relevant question
considering that at least 40% of patients with
MDS have at least 2 mutations [4, 5, 17]. In
the current study we analyzed the co-

occurrence of mutations in SF3B1 and other

frequent  myeloid-related genes, the
consequences of these  concomitant
mutations in the clinical and biological

phenotype and the impact on prognosis in a
cohort of 102 MDS low risk patients without
excess of blasts. Our study confirms that the
presence of more than one mutation
associated to SF3B1

dismal prognosis in MDS patients.

is associated with a

To unify analysis in the study, we included
only low risk patients categorized as very low,
low and intermediate-risk according to the
IPSS-R. Clinical features did not differ from
the typical features of low-risk MDS patients
regarding age gender and WHO classification
[18-20]. Patients with excess of blasts were
the study because the
frequency of SF3B1 mutations in this

excluded from
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regarding to CHIPs gene co-occurrence: TET2mut

population is low and due to an adverse
outcome predefined in these subset of
patients [4, 5, 21]. In addition, and based in a
recognized different entity, with a clear
genotype-phenotype relationship and
prognosis, MDS with isolated 5q deletion
patients were removed from the study [22,

23].

The MDS subtype most frequently found in
our cohort was MDS-RS (93,7%) according to
WHO-2016 classification. The percentage of
RS ranged between 0 and 95% with the
mayority of the cases (83,3%) with more than
15% of RS [24, 25]. The last 2016 WHO
classification, expanded the MDS-RS group
with cases carrying RS level between 5% and
15% and confirmed SF3B1 mutation, which
involved 4,9% of cases in our cohort (Table 1)
[3]. Six patients could not be classified as
WHO 2016 due to lack of information on the
number of RS. The increase of MDS-RS
diagnosed WHO-2016
reclassification, has been also seen in other
studies [26].

patients, after

The occurrence of SF3B1 mutations among
MDS-RS patients was similar with previous
studies. All mutations found, were missense,
heterozygous with the change of lysine by
glutamic acid in codon 700 (K700E) as the
most frequent [14, 27]. Besides three (K748E,

Y623F and L536V) all of the remaining

T
200




Results — Chapter 2

variants have been already known in
hematologic cancer, and with similar
frequency reported (Table 2) [28-30].

Interestingly five of 102 patients had double
SF3B1 mutations (E622D and Y623F; H662Q
and K666T; two cases with E622V and T663I
and R625H and K700E). The presence of
double mutations in SF3B1 gene is rare,
although it has been previously reported [14,
17).

Co-occurrence analyses of the SF3B1 with
other myeloid-related genes revealed that
only 20 patients (19,3%) carried SF3B1 as
isolated mutation. Previous reports
demonstrated that more than 40% of cases of
MDS had at least 2 mutations, wich confirms
the need to perform a detailed complete
molecular analysis for a better knowledge of
the molecular pattern and risk of our
patients, specially among low-risk MDS [4, 5].
The isolated SF3B1 mutation appeared as a
minority group in our cohort and in other
studies with a trend to be higher (40%)
among the MDS-RS cases [4, 17]. Those
discrepances may be due to different type of
NGS methodology used (Amplicon technique
applied by Martin et al. analysed regions of
39 genes, when in our study capture of exons
of 117 genes methodology was used), as well
the different VAF used (5% by Martin et al. vs.
3% in the current study). Nevertheless the
mayority group of the patients in both series
suffered additional mutations coexisting with

SF3B1.

TET2 and DNMT3A genes were the most
frequently mutated, co-occurring with SF3B1
in 39.2% and 25.5% respectively, similar to
data of the previous series [4, 5, 16]. The
in SRSF2 was the next most
Although  SRSF2
mutations are quite frequent in MDS or MDS-

mutation

frequently  observed.
RS patients, the co-occurrence with SF3B1 is
rarely found [8, 31]. Because of our previous
in MDS-RS

study, where splicing genes

59

patients were analysed, double splicing gene
mutations and their possible influence on
outcome of patients were demostrated.
Therefore we decided to enrich and
investigated with more details the group of
SF3B1 and SRSF2 occurring jointly [14]. As a
consequence, SRSF2+SF3B1 mutated group is
another, of the most frequently occurring

(10.8%) what does not agree with previously

reported, where double splicing gene
mutations are considerate as mutually
exclusively [4, 5]. The remaining gene

mutations known in MDS, were quite similar
to previously reported MDS as well MDS-RS
subtypes, as shown in Figure 2 [4, 5, 17].

Previous studies suggested that

number of driver mutations, get worse the

higher

clinical outcome in these patients [5, 32]. In
our study we confirm that SF3B1 with more
than
independent prognostic factor associated to a

one additional mutations is an

short survival .

Regarding the role of particular gene
mutation co-occurrence to SF3B1, previous
studies suggested that the presence of some
genes mutations in low-risk SF381™" MDS
patients could modified clinical features and
prognosis. Malcovati et al. have found that in
SF3B1™" patients, RUNXI mutations were
significantly associated with worse OS and
higher cumulative incidence of disease
progression [13]. Similary, Martin et al. have
demonstrated the same pattern in RARS
patients with SF3B1 and DNMT3A mutations
[15]. As far as we known, these findings were
not confirmed in other cohorts and were not
confirmed in our study. It could be due to
of SF3BI™' with

and more

insufficient number
RUNX1™"
heterogeneous cohort included in our study
[15].

Nevertheless, we found a negative impact on

patients, a

in comparison with other series
prognosis when co-occurrence of SF3B1 with

SRSF2 and/or BCOR and/or IDH2 and/or
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NUP98 STAG2
Nevertheless, with the exception of SRSF2,

and/or mutations.

due to small number of affected cases,
further analysis and confirmation of these
findings in a larger cohort of patients are
needed.Moreover, the presence of SRSF2
mutations were associated with higher
the

suggesting their negative impact on OS in

number of mutations in patiens,

these cases.

In 2014 NGS studies in healthy individuals
revealed that around of 10-20% of elder
people (=65 years) carried somatic mutations
in hematopoietic disorders-related genes
making haematopoiesis- clonal. The majority
of the variants occurred in three genes:
DNMT3A, TET2 and ASXLI.
haematopoiesis
(CHIP)
create an

The clonal
indeterminate  potential
in healthy people contributed to
increased risk to subsequent

hematologic cancer and cardiovascular
diseases appearance [33, 34]. In the current
study, DNMT3A, TET2 and ASXL1 were seen
as ones of most frequently mutated. No
effect was seen in SF3B1 co-occurrence.
However according to previously data, their
existence could be crucial to initiate the
clonal haematopoiesis that evolved into the
MDS disease [33-35]. This data demonstrate
the importance and utility of NGS technique
application not only in patients monitoring
but also in healthy people, giving a chance for
early detection of molecular changing (clonal
hematopoiesis) increasing the opportunities
to immediate reaction and lack the possible

further evolution of the disease.

In summary, our study demonstrated that
mutations in SRSF2, IDH2, BCOR, NUP98
and/or STAG2 concomitant to SF3B1 as well
the
mutations in very low/low/intermediate-risk
MDS patients
unfavourable impact shortening the survival
of the

as co-ocurrence of 22 additional

is associated with an

patients. Therefore complete
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mutational study in MDS patients and ring
better
prognostication and could clarify the positive

sideroblasts could allow to a

influence of the presence of SF3B1 isolated
mutations in this subset of patients.

References

[1] N. Gangat, M.M. Patnaik, A. Tefferi,
Myelodysplastic syndromes: Contemporary
review and how we treat, American journal of
hematology 91(1) (2016) 76-89.

[2] S.A. Bannon, C.D. DiNardo, Hereditary
Predispositions to Myelodysplastic Syndrome,
International journal of molecular sciences
17(6) (2016).

[3] D.A. Arber, A. Orazi, R. Hasserjian, J.
Thiele, M.J. Borowitz, M.M. Le Beau, C.D.
Bloomfield, M. Cazzola, J.W. Vardiman, The
2016 revision to the World Health
Organization classification of myeloid
neoplasms and acute leukemia, Blood
127(20) (2016) 2391-405.

[4] T. Haferlach, Y. Nagata, V. Grossmann, Y.
Okuno, U. Bacher, G. Nagae, S. Schnittger, M.
Sanada, A. Kon, T. Alpermann, K. Yoshida, A.
Roller, N. Nadarajah, Y. Shiraishi, Y. Shiozawa,
K. Chiba, H. Tanaka, H.P. Koeffler, H.U. Klein,
M. Dugas, H. Aburatani, A. Kohlmann, S.
Miyano, C. Haferlach, W. Kern, S. Ogawa,
Landscape of genetic lesions in 944 patients
with myelodysplastic syndromes, Leukemia
28(2) (2014) 241-7.

[5] E. Papaemmanuil, M. Gerstung, L.
Malcovati, S. Tauro, G. Gundem, P. Van Loo,
C.J. Yoon, P. Ellis, D.C. Wedge, A. Pellagatti, A.
Shlien, M.J. Groves, S.A. Forbes, K. Raine, J.
Hinton, L.J. Mudie, S. Mclaren, C. Hardy, C.
Latimer, M.G. Della Porta, S. O'Meara, I.
Ambaglio, A. Galli, A.P. Butler, G. Walldin,
J.W. Teague, L. Quek, A. Sternberg, C.
Gambacorti-Passerini, N.C. Cross, A.R. Green,
J. Boultwood, P. Vyas, E. Hellstrom-Lindberg,
D. Bowen, M. Cazzola, M.R. Stratton, P.J.
Campbell, C. Chronic Myeloid Disorders
Working Group of the International Cancer
Genome, Clinical and biological implications
of driver mutations in myelodysplastic
syndromes, Blood 122(22) (2013) 3616-27;
quiz 3699.



Results — Chapter 2

[6] R. Bejar, K. Stevenson, O. Abdel-Wahab,
N. Galili, B. Nilsson, G. Garcia-Manero, H.
Kantarjian, A. Raza, R.L. Levine, D. Neuberg,
B.L. Ebert, Clinical effect of point mutations in
myelodysplastic syndromes, The New
England journal of medicine 364(26) (2011)
2496-506.

[7] R. Bejar, P.L. Greenberg, The Impact of
Somatic and Germline Mutations in
Myelodysplastic Syndromes and Related
Disorders, Journal of the National
Comprehensive Cancer Network : JINCCN
15(1) (2017) 131-135.

[8] K. Yoshida, M. Sanada, Y. Shiraishi, D.
Nowak, Y. Nagata, R. Yamamoto, Y. Sato, A.
Sato-Otsubo, A. Kon, M. Nagasaki, G.
Chalkidis, Y. Suzuki, M. Shiosaka, R.
Kawahata, T. Yamaguchi, M. Otsu, N. Obara,
M. Sakata-Yanagimoto, K. Ishiyama, H. Mori,
F. Nolte, W.K. Hofmann, S. Miyawaki, S.
Sugano, C. Haferlach, H.P. Koeffler, L.Y. Shih,
T. Haferlach, S. Chiba, H. Nakauchi, S. Miyano,
S. Ogawa, Frequent pathway mutations of
splicing machinery in myelodysplasia, Nature
478(7367) (2011) 64-9.

[9] B.B. Ganguly, N.N. Kadam, Mutations of
myelodysplastic syndromes (MDS): An
update, Mutation research. Reviews in
mutation research 769 (2016) 47-62.

[10] H. Harada, Y. Harada, Recent advances in
myelodysplastic syndromes: Molecular
pathogenesis and its implications for targeted
therapies, Cancer science 106(4) (2015) 329-
36.

[11] R. Itzykson, O. Kosmider, P. Fenaux,
Somatic mutations and epigenetic
abnormalities in myelodysplastic syndromes,
Best practice & research. Clinical
haematology 26(4) (2013) 355-64.

[12] P.L. Greenberg, R.M. Stone, A. Al-Kali,
S.K. Barta, R. Bejar, J.M. Bennett, H.
Carraway, C.M. De Castro, H.J. Deeg, A.E.
DeZern, A.T. Fathi, O. Frankfurt, K. Gaensler,
G. Garcia-Manero, E.A. Griffiths, D. Head, R.
Horsfall, R.A. Johnson, M. Juckett, V.M.
Klimek, R. Komrokji, L.A. Kujawski, L.J.
Maness, M.R. O'Donnell, D.A. Pollyea, P.J.
Shami, B.L. Stein, A.R. Walker, P. Westervelt,
A. Zeidan, D.A. Shead, C. Smith,
Myelodysplastic Syndromes, Version 2.2017,
NCCN Clinical Practice Guidelines in
Oncology, Journal of the National

61

Comprehensive Cancer Network : JINCCN
15(1) (2017) 60-87.

[13] L. Malcovati, M. Karimi, E.
Papaemmanuil, I. Ambaglio, M. Jadersten, M.
Jansson, C. Elena, A. Galli, G. Walldin, M.G.
Della Porta, K. Raaschou-Jensen, E.
Travaglino, K. Kallenbach, D. Pietra, V.
Ljungstrom, S. Conte, E. Boveri, R. Invernizzi,
R. Rosenquist, P.J. Campbell, M. Cazzola, E.
Hellstrom Lindberg, SF3B1 mutation identifies
a distinct subset of myelodysplastic syndrome
with ring sideroblasts, Blood 126(2) (2015)
233-41.

[14] K. Janusz, M. Del Rey, M. Abaigar, R.
Collado, D. Ivars, M. Hernandez-Sanchez, A.
Valiente, C. Robledo, R. Benito, M. Diez-
Campelo, F. Ramos, A. Kohlmann, C.D.
Canizo, J.M. Hernandez-Rivas, A two-step
approach for sequencing spliceosome-related
genes as a complementary diagnostic assay in
MDS patients with ringed sideroblasts,
Leukemia research 56 (2017) 82-87.

[15] I. Martin, E. Such, B. Navarro, A. Vicente,
M. Lopez-Pavia, M. Ibanez, M. Tormo, E.
Villamon, I. Gomez-Segui, I. Luna, S. Oltra, L.
Pedrola, M.A. Sanz, J. Cervera, G. Sanz,
Negative impact on clinical outcome of the
mutational co-occurrence of SF3B1 and
DNMT3A in refractory anemia with ring
sideroblasts (RARS), Leukemia & lymphoma
58(7) (2017) 1686-1693.

[16] A.A. Mangaonkar, T.L. Lasho, C.M. Finke,
N. Gangat, A. Al-Kali, M.A. Elliott, K.H. Begna,
H. Alkhateeb, A.P. Wolanskyj-Spinner, C.A.
Hanson, R.P. Ketterling, W.J. Hogan, A.
Pardanani, M.R. Litzow, A. Tefferi, M.M.
Patnaik, Prognostic interaction between bone
marrow morphology and SF3B1 and ASXL1
mutations in myelodysplastic syndromes with
ring sideroblasts, Blood cancer journal 8(2)
(2018) 18.

[17] I. Martin, E. Such, B. Navarro, E.
Villamon, A. Vicente, E. Mora, L. Pedrola, M.
Ibanez, M. Lopez-Pavia, M. Tormo, A.
Serrano, M.A. Sanz, J. Cervera, G. Sanz,
Prognostic impact of gene mutations in
myelodysplastic syndromes with ring
sideroblasts, Blood cancer journal 7(12)
(2017) 630.

[18] J. Schanz, H. Tuchler, F. Sole, M. Mallo, E.
Luno, J. Cervera, |. Granada, B. Hildebrandt,
M.L. Slovak, K. Ohyashiki, C. Steidl, C.



Results — Chapter 2

Fonatsch, M. Pfeilstocker, T. Nosslinger, P.
Valent, A. Giagounidis, C. Aul, M. Lubbert, R.
Stauder, O. Krieger, G. Garcia-Manero, S.
Faderl, S. Pierce, M.M. Le Beau, J.M. Bennett,
P. Greenberg, U. Germing, D. Haase, New
comprehensive cytogenetic scoring system
for primary myelodysplastic syndromes
(MDS) and oligoblastic acute myeloid
leukemia after MDS derived from an
international database merge, Journal of
clinical oncology : official journal of the
American Society of Clinical Oncology 30(8)
(2012) 820-9.

[19] P.L. Greenberg, H. Tuechler, J. Schanz, G.
Sanz, G. Garcia-Manero, F. Sole, J.M. Bennett,
D. Bowen, P. Fenaux, F. Dreyfus, H.
Kantarjian, A. Kuendgen, A. Levis, L.
Malcovati, M. Cazzola, J. Cermak, C. Fonatsch,
M.M. Le Beau, M.L. Slovak, O. Krieger, M.
Luebbert, J. Maciejewski, S.M. Magalhaes, Y.
Miyazaki, M. Pfeilstocker, M. Sekeres, W.R.
Sperr, R. Stauder, S. Tauro, P. Valent, T.
Vallespi, A.A. van de Loosdrecht, U. Germing,
D. Haase, Revised international prognostic
scoring system for myelodysplastic
syndromes, Blood 120(12) (2012) 2454-65.
[20] G. Montalban-Bravo, G. Garcia-Manero,
Myelodysplastic syndromes: 2018 update on
diagnosis, risk-stratification and
management, American journal of
hematology 93(1) (2018) 129-147.

[21] I. Triantafyllidis, A. Ciobanu, O. Stanca,
A.R. Lupu, Prognostic factors in
myelodysplastic syndromes, Maedica 7(4)
(2012) 295-302.

[22] J. Boultwood, A. Pellagatti, A.N.
McKenzie, J.S. Wainscoat, Advances in the 5q-
syndrome, Blood 116(26) (2010) 5803-11.
[23] A. Pellagatti, J. Boultwood, Recent
Advances in the 5g- Syndrome,
Mediterranean journal of hematology and
infectious diseases 7(1) (2015) e2015037.
[24] J.W. Vardiman, N.L. Harris, R.D.
Brunning, The World Health Organization
(WHO) classification of the myeloid
neoplasms, Blood 100(7) (2002) 2292-302.
[25] C.E. Swerdlow S.H., Harris N.L., Jaffe E.S.,
Pileri S.A., Stein H., Thiele J., Vardiman J.W.,
WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues.,
(2008).

62

[26] C. Strupp, K. Nachtkamp, B. Hildebrandt,
A. Giagounidis, R. Haas, N. Gattermann, J.M.
Bennett, C. Aul, U. Germing, New proposals
of the WHO working group (2016) for the
diagnosis of myelodysplastic syndromes
(MDS): Characteristics of refined MDS types,
Leukemia research 57 (2017) 78-84.

[27] L. Malcovati, E. Papaemmanuil, D.T.
Bowen, J. Boultwood, M.G. Della Porta, C.
Pascutto, E. Travaglino, M.J. Groves, A.L.
Godfrey, I. Ambaglio, A. Galli, M.C. Da Via, S.
Conte, S. Tauro, N. Keenan, A. Hyslop, J.
Hinton, L.J. Mudie, J.S. Wainscoat, P.A.
Futreal, M.R. Stratton, P.J. Campbell, E.
Hellstrom-Lindberg, M. Cazzola, C. Chronic
Myeloid Disorders Working Group of the
International Cancer Genome, M. of the
Associazione Italiana per la Ricerca sul Cancro
Gruppo ltaliano Malattie, Clinical significance
of SF3B1 mutations in myelodysplastic
syndromes and
myelodysplastic/myeloproliferative
neoplasms, Blood 118(24) (2011) 6239-46.
[28] E. Papaemmanuil, M. Cazzola, J.
Boultwood, L. Malcovati, P. Vyas, D. Bowen,
A. Pellagatti, J.S. Wainscoat, E. Hellstrom-
Lindberg, C. Gambacorti-Passerini, A.L.
Godfrey, |. Rapado, A. Cvejic, R. Rance, C.
McGee, P. Ellis, L.J. Mudie, P.J. Stephens, S.
MclLaren, C.E. Massie, P.S. Tarpey, I. Varela, S.
Nik-Zainal, H.R. Davies, A. Shlien, D. Jones, K.
Raine, J. Hinton, A.P. Butler, J.W. Teague, E.J.
Baxter, J. Score, A. Galli, M.G. Della Porta, E.
Travaglino, M. Groves, S. Tauro, N.C. Munshi,
K.C. Anderson, A. EI-Naggar, A. Fischer, V.
Mustonen, A.J. Warren, N.C. Cross, A.R.
Green, P.A. Futreal, M.R. Stratton, P.J.
Campbell, C. Chronic Myeloid Disorders
Working Group of the International Cancer
Genome, Somatic SF3B1 mutation in
myelodysplasia with ring sideroblasts, The
New England journal of medicine 365(15)
(2011) 1384-95.

[29] M.M. Patnaik, T.L. Lasho, J.M.
Hodnefield, R.A. Knudson, R.P. Ketterling, G.
Garcia-Manero, D.P. Steensma, A. Pardanani,
C.A. Hanson, A. Tefferi, SF3B1 mutations are
prevalent in myelodysplastic syndromes with
ring sideroblasts but do not hold independent
prognostic value, Blood 119(2) (2012) 569-72.
[30] R. Cui, R.P. Gale, Z. Xu, T. Qin, L. Fang, H.
Zhang, L. Pan, Y. Zhang, Z. Xiao, Clinical



Results — Chapter 2

importance of SF3B1 mutations in Chinese
with myelodysplastic syndromes with ring
sideroblasts, Leukemia research 36(11)
(2012) 1428-33.

[31] F. Thol, S. Kade, C. Schlarmann, P.
Loffeld, M. Morgan, J. Krauter, M.W.
Wlodarski, B. Kolking, M. Wichmann, K.

Gorlich, G. Gohring, G. Bug, O. Ottmann, C.M.

Niemeyer, W.K. Hofmann, B. Schlegelberger,
A. Ganser, M. Heuser, Frequency and
prognostic impact of mutations in SRSF2,
U2AF1, and ZRSR2 in patients with
myelodysplastic syndromes, Blood 119(15)
(2012) 3578-84.

[32] G. Montalban-Bravo, K. Takahashi, K.
Patel, F. Wang, S. Xingzhi, G.M. Nogueras, X.
Huang, A.A. Pierola, E. Jabbour, S. Colla, I.
Ganan-Gomez, G. Borthakur, N. Daver, Z.
Estrov, T. Kadia, N. Pemmaraju, F. Ravandi, C.
Bueso-Ramos, A. Chamseddine, M.
Konopleva, J. Zhang, H. Kantarjian, A. Futreal,
G. Garcia-Manero, Impact of the number of
mutations in survival and response outcomes
to hypomethylating agents in patients with
myelodysplastic syndromes or
myelodysplastic/myeloproliferative
neoplasms, Oncotarget 9(11) (2018) 9714-
9727.

[33] G. Genovese, A.K. Kahler, R.E.
Handsaker, J. Lindberg, S.A. Rose, S.F.
Bakhoum, K. Chambert, E. Mick, B.M. Neale,
M. Fromer, S.M. Purcell, O. Svantesson, M.
Landen, M. Hoglund, S. Lehmann, S.B.
Gabriel, J.L. Moran, E.S. Lander, P.F. Sullivan,
P. Sklar, H. Gronberg, C.M. Hultman, S.A.
McCarroll, Clonal hematopoiesis and blood-
cancer risk inferred from blood DNA
sequence, The New England journal of
medicine 371(26) (2014) 2477-87.

[34] S. Jaiswal, P. Fontanillas, J. Flannick, A.
Manning, P.V. Grauman, B.G. Mar, R.C.
Lindsley, C.H. Mermel, N. Burtt, A. Chavez,
J.M. Higgins, V. Moltchanov, F.C. Kuo, M.J.
Kluk, B. Henderson, L. Kinnunen, H.A.
Koistinen, C. Ladenvall, G. Getz, A. Correa,
B.F. Banahan, S. Gabriel, S. Kathiresan, H.M.
Stringham, M.l. McCarthy, M. Boehnke, J.
Tuomilehto, C. Haiman, L. Groop, G. Atzmon,
J.G. Wilson, D. Neuberg, D. Altshuler, B.L.
Ebert, Age-related clonal hematopoiesis
associated with adverse outcomes, The New

England journal of medicine 371(26) (2014)
2488-98.

[35] S.M. Chan, R. Majeti, Role of DNMT3A,
TET2, and IDH1/2 mutations in pre-leukemic
stem cells in acute myeloid leukemia,
International journal of hematology 98(6)
(2013) 648-57.



64



3

Mutational status of mesenchymal stromal cells in patients with

myelodysplastic syndromes patients

Kamila Janusz™?, Sandra Muntion®®, Jesis Maria Hernandez-Sanchez™?, Marta Martin
. 1,2 p . p 1,2 p ‘- 1,2 _— 1,2 T
lzquierdo™*, Maria Hernandez-Sanchez™*, Maria Abaigar~°, Cristina Robledo™*, Félix
, 2,3 L. 1,2 2,3 , 1,2
Lépez-Cadenas™”, Modnica del Rey™”, Juan Carlos Caballero®®, Rocio Benito™", Alba
Redondo Guij02'3, Tamara Jimenezz’3, David Pescador4, Juan BIanco4, Fermin Sanchez-
Guijo**, Consuelo del Cafiizo®®, Maria Diez-Campelo®® and Jesus Maria Hernandez-

Rivas'??

1IBMCC, Centro de Investigacion del Cancer, Universidad de Salamanca-CSIC.
2IBSAL, Instituto de Investigacion Biomédica de Salamanca.
3 Hematologia, Hospital Universitario de Salamanca.

* Traumatologia, Hospital Universitario de Salamanca.

65



Results — Chapter 3

66



MUTATIONAL STATUS OF MESENCHYMAL STROMAL
CELLS IN MYELODYSPLASTIC SYNDROMES PATIENTS

Kamila Januszl’z, Sandra Muntionz’s, Jesis Maria Hernéndez-Sénchezl’z, Marta Martin
Izquierdol’z, Maria Hernéndez-Sénchezl’z, Maria Abéigarl’z, Cristina Robledol’z, Félix Lopez-
Cadenasz’a, Monica del Reyl’z, Juan Carlos Caballeroz’s, Rocio Benitol'z, Alba Redondo Guijoz’g,
Tamara Jimenezz'g, David Pescador4, Juan BIancoA, Fermin Sénchez-Guij02'3, Consuelo del
Caﬁizoz’s, Maria D|’ez-CampeIoz’3 and Jesus Marfa Hernandez-Rivas™*?

IIBMCC, Centro de Investigacion del Cdncer, Universidad de Salamanca-CSIC.
2IBSAL, Instituto de Investigacion Biomédica de Salamanca.

? Hematologia, Hospital Universitario de Salamanca.

* Traumatologia, Hospital Universitario de Salamanca.

Abstract

Mesenchymal stromal cells (MSC) represent a key component of the
microenvironment. It has been shown that MSC cells derived from
myelodysplastic syndromes (MDS) patients are functionally incorrect
displaying chromosomal abnormalities, aberrant cytokine secretion or
deregulation of gene expression profile. However, little is known about the
mutational profile of MSC in MDS. Here, applying the targeted next
generation sequencing we analyzed mutational profile of MSC of 58 MDS
patients, and we compared it with the genetic alterations of their
hematopoietic counterparts, evaluating as well their possible role in MDS
pathogenesis. NGS analysis revealed that 60.3% of patients carried mutations
in hematopoietic progenitor cells (HPC) while MSC alterations were presented
in 13.8% MDS cases. Ninety-six mutations of 107 detected (89.7%) were
founded in HPC, affecting 40 genes. The genes most frequently mutated in
HPC were TET2 (31%), followed by SF3B1 (17.2%), SRSF2 (13.8%), TP53 (13.8)
and DNMT3A, EZH2, RUNX1, STAG2 (10.3% each). The remaining 11 of the 107
mutations were founded in MSC (10.3%) and affected 10 genes without any
specific mutational pattern. Six of ten genes affected (60%) MSC were
common with the mutated genes in HPC. Another 4 genes (40%) were
exclusive for MSC. MSC mutations were always different to their HPC
counterpart as well to MSC mutations of other patients. Therefore our study
demonstrated that MSC from MDS patients can harbor mutations in myeloid-
related genes, however they are occasional and do not coincide with
mutations in HPC of the same patient.
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Introduction

Myelodysplastic syndromes (MDS) are clonal
disorders of hematopoietic progenitor cells
with increased risk of for progression to acute
myeloid leukaemia [1]. At the time of
diagnosis, 40-70% of the patients harbor
cytogenetic alterations, being the loss of the
long arm of chromosome 5 the most frequent
[2-4]. Moreover the use of last generation
sequencing techniques applied to the study
of MDS has allowed the identification of new
mutations in a large number of genes
constitutes an innovative diagnostic tool.
Thus 80% of MDS patients have mutations in
epigenetic regulatory genes (TET2, ASXL1,
DNMT3A, IDH1, IDH2, EZHZ2), transcription
factors (RUNX1, TP53, ETV6), signal
transduction genes (NRAS, KRAS, JAK2, CBL)
and splicing machinery (SF3B1, UZ2AF1,
ZRSR2, SRSF2) [5-7]. These mutations, studied
so far only in the clonal population, could be
involved in the development of the disease.
However few studies analyzed the presence
of mutations in other bone marrow cells in

the MDS.

Emerging research indicates that MDS is not
solely a hematopoietic disease but rather
the
microenvironment.

affects entire bone marrow
Its altered functioning
demonstrated at and
with the

expression of several genes in MDS patients,

was cytogenetic

level in

molecular changes

shedding a new light on MDS pathogenesis,

and thereby increasing the interest in

assessing mesenchymal stromal cells (MSC)
involvement [8-11].

MSC represent a key component of BM
microenvironment giving rise to different cell

population  including  osteoblasts and

adipocytes [8, 12, 13]. MSC represent a very
low proportion of the total BM cells (0.001%
to 0.01% of mononuclear cells). However
involved in all mechanisms

they are

regulating hematopoietic stem cells (HSC) as
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proliferation and differentiation [14, 15]. In
2006, the International Society for Cellular
Therapy proposed the minimal definition
criteria for MSC based on their plastic-
adherence, a specific immunophenotypic
profile (CD73+, CD90+, CD105+; CD34-, CD45-
and CD14- or other hematopoietic markers)
and the multilineage differentiation ability in
vitro [16].

Despite several studies on the possible role of
MSC in the physiopathology of MDS, their
function in the development of these
diseases remains unclear and brings some
controversy. The presence of abnormalities
of
interaction or cytogenetic profile in MSC of
MDS patients has been showed [17-20]. In

addition, some studies have demonstrated a

proliferation, differentiation, cell-cell

normal cytogenetic profile and functioning of
the MDS MSC, with a similar hematopoietic-
supporting ability compared to normal MSC
[21-23]. Nevertheless, few studies studied
MSC from MDS patients at the molecular
this add
knowledge in the involvement of MSC in
patients with MDS [24-27].

level, and information may

The aim of this study was to analyze the
mutational profile of MSC from 58 MDS
patients, by
Sequencing (NGS), to compare it with the

applying Next Generation
genetic alterations in the mononuclear cells
(MNC) of the same patients and to evaluate
its possible role in MDS.

Materials and methods
Patients and samples

The mutational profile of bone marrow (BM)
mesenchymal stromal cells (MSC), taken until
passage 3, and hematopoietic progenitor
cells (HPC) from 58 MDS patients were
analysed in the study. If possible peripheral
blood (PB)
polymorphism were analyzed. All patients

samples, as control of
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were classified according to WHO 2008
criteria [28]. The most frequent groups were
refractory cytopenia with multilineage
dysplasia (RCMD) accounting for 48.3%,
followed by MDS with isolated del 5q with
the 25.9% of cases. The remaining 25.8% of
patients included: refractory anemia with ring
sideroblasts (RARS), refractory cytopenia with
unilineage dysplasia (RCUD), refractory
anemia with excess of blasts 1 (RAEB-1) and 2
(RAEB-2) and MDS unclassified (MDS-U),
(1.7%, 8.6%, 5.2%, 8.6% and 1.7%,
respectively). However RAEB-1 and RAEB-2
cases were included in the study (13.8%) only
9.2% of cases were considerate as a high or
very high risk according to IPSS-R. Samples
from all patients were obtained at diagnosis
or in an evolutionary sample without
treatment and any significant clinical changes
since diagnosis. All features of 58 MDS
patients are present in Table 1. The study was
approved by the Local Ethical Committee
Etico de
Hospital Universitario de Salamanca” and,

“Comité Investigacion Clinica,
from each patient, written informed consent
was obtained according to the guidelines of
the Declaration of Helsinki.

Isolation of the different cell populations
and magnetic cell sorting enrichment

Mononuclear cells (MNC) were isolated from
BM of MDS patients on a density gradient
centrifugation (Ficoll). Moreover CD34+ cells
were sorted by magnetic labeling using the
human CD34 MicroBead Kit according to the
manufacturer’s recommendations. In
addition, and whenever possible, CD3+ cell
population was purified from PB using the
human CD3 MicroBead Kit followed the
manufacturer’s recommendations as above
(Miltenyi Biotec GmbH, BergischGladbach,
Germany), and was used as germline, in order

to discard any possible polymorphism.

Isolation and expansion of MSC
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A portion of the BM MNC previously isolated

Table 1. The clinical features of 58 MDS patients.

N=58 0% Median 10
(range)

Gender
Male 27 47.4
Female 30 52.6
Age 74 (44-88) 60
WHO 2008
RARS 1 1.7
RCUD 5 8.6
RCMD 28 48.3
MDS
del(5q) 15 259
MDS-U 1 1.7
RAEB-1 3 52
RAEB-2 5 8.6
BM Blasts
(%) 1(0-15) 0
Cytogeneti
crisk
Very good 2 3.6
Good 48 87.3
It:termedla 1 18
Poor 4 7.3
IPSS
Low 26 50
Int-1 20 38.5
Int-2 6 11.5
IPSS-R
Very Low 12 22.6
Low 31 58.5
Interm. 5 9.4
High 4 7.5
Very high 1 1.9
Status
Live 35 60.3
Death 23 39.7
Hb (g/dL) 9.9 (6.7-15.3) 8.2
ANC

q 1.9 (0.1-36) 0.9
(x10%/1)
Platelets

= 146 (10-628) 37
(x10°/L)

p90

85

9.6

12.2

4.1

359

on a density gradient centrifugation (Ficoll)
were counted and plated at a density of
1x10° cells/cm* and expansion was carried
out according to the previously described
methods [20]. After the third passage, MSC
were assessed in accordance with the
minimal definition criteria proposed by the
International Society for Cellular Therapy
(ISCT)[16]. Viability studies were done by flow
cytometry using APC H7 Annexin V DY634

(Immunostep #ANXVDY, Salamanca, Spain).
DNA isolation and WGA

Genomic DNA from obtained samples was
extracted using QlAamp DNA Mini Kit, AllPrep
DNA/RNA Mini Kit (Qiagen, Valencia, CA,
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USA) or DNAzol“Reagent (Thermo Fisher
Scientific, Waltham, MA USA) following the
manufacturer’s protocol. DNA quantity was
assessed by dsDNA HS Qubit® Fluorometric
Quantitation Assay Kit (Life Technologies,
Carlsbad, CA). Whole genome amplification
(WGA) was performed on limited genomic
DNA (MSC) using REPLI-g Mini Kit following
the manufacturer’s instructions (QIAGEN).

Next Generation Sequencing

Mutational screening on genomic non-
amplified DNA of BM MNC, BM CD34-
population and amplified DNA of MSC from
passage 3 was performed. Therefore the
customized myeloid panel of 117 genes
previously related to MDS was applied
(Supplementary Table S1). Next generation
sequencing (NGS) was achieved on NextSeq
sequencing platform (lllumina, San Diego, CA,
USA) following Illumina’s standard protocol
as previously reported [29]. All reads were
filtered the
reported criteria with a variant detection
level >1% [29].

accordingly to previously

Validation of sequencing findings

Validation of identified MSC
mutations was performed on non-amplified

possible

DNA from cells taken until passage 1 where
possible. In the rest of the samples non-
amplified DNA from cells from passage 3
were used. To confirm HPC mutations DNA
from the same MNC or CD34- sample as in
the main NGS analyses was used. Possible
polymorphisms were checked with DNA from
PB samples if available. Validations were
performed by Sanger sequencing or re-
sequencing an independent PCR product with
the lllumina system using a directed amplicon
strategy (Nextera XT) as previously described,
depending on the Variant Allele Frequency
(VAF) [30, 31]

Sequencing data analysis
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Sequencing data was analyzed by applying an

in house informatic pipeline that uses
different software tools to perform quality
assessment, alignment and variant calling
(Trimmomatic, FastQC, NGSQCToolkit, BWA,
GATK, SAMTools, ANNOVAR).

Integrative Genomics Viewer (IGV, Broad

VarScan,

Institute) was used for variants visual

evaluation.

After analysis, only those variants with good
quality (Q>30), supported by 2100 total and
>10 mutated VAF>5%,
exonic or splicing regions and which generate

reads, located in
an AA change were considered. In addition,
all the already reported polymorphisms
(SNPs) (dbSNP144, 1000-genomes Project,
ExAC, ESP-6500, when MAF 21%)

sequencing

and

artifacts (internal laboratory

database) were discarded.

For variant interpretation and oncogenic
potential evaluation COSMIC and ClinVar
databases, SIFT, PolyPhen-2 and Mutation
Taster predictors, among others, were used.

Results
1.1 Molecular analyses

Analysis  of  mutational profile  of
hematopoietic progenitor cells (HPC) and
mesenchymal stromal cells (MSC) of the same
patient revealed, that 60.3% of patients
(n=35) had mutations in HPC, meantime only
13.8% (n=8) demonstrated MSC alterations.
Four different groups of patients were
identified: cases with mutations in both HPC
and MSC (3.5%, n=2), patients with mutations
in MSC but not in their HPC counterpart
(10.3%, n=6), group with alterations only in
HPC (56.9, n=33) and patients where neither
HSC nor MSC were affected (29.3%, n=17),

(Figure 1).
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Figure 1. The comparison of mutational landscape in HPC and MSC of 58 patients. Each column

represents one gene. Genes are grouped according to the function and represented by colors. Each file

represents one patient. Patients are grouped according to WHO 2008 classification.
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Using the personalize panel of 117 genes
related to myeloid neoplasm, the total of 107
mutations among the 44 genes in MSC and
HPC samples from 58 MDS patients were
detected. The 96 mutations (89.7%) belonged
to HSC samples, affecting 40 genes. The
genes most frequently mutated were TET2
(31%), followed by SF3B1 (17.2%), SRSF2
(13.8%), TP53 (13.8) and DNMT3A, EZH2,
RUNX1, STAG2 (10.3% each) (Figure 2). The
medium VAF for HPC mutations was 34.08%.
The remaining 11 out of the 107 mutations

belonged to MSC, involving 10 genes with the
medium VAF of 8.31%. Six of ten genes
affected (60%) were common with HPC, other
4 (40%) being exclusive for MSC (Figure 2).
The median number of alteration per patient
was 1 (0-7) in case of HPC and 0 (0-4) in MSC.
Majority of mutations were missense as well
in HPC (79.2%, n=76) as in MSC (81.8%, n=9).
Deletions and insertions were present in
both: HPC (10.4%, n=10, each) and MSC
(9.1%, n=1, each).
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Figure 2. The forty-four mutated genes in fifty-eight MDS patients. The comparison of mutated genes

frequency between HPC B and msc

The 51% of HPC mutations were previously
reported, being 83.7% of them previously
seen in haematological cancer. By contrast,
all MSC mutations except ETV6 (p.R105G)
have been not previously reported. It should
be noted that we did not observe any specific
in MSC.

mutational pattern
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The mutated MSC of each patient carried
different to their hematopoietic counterpart
as well to other MSC alterations (Figure 3).
Interestingly all CRMD and MDS with isolated
del(5q) cases with MSC mutations did not
present any HPC alteration (Figure 3).
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MSC mutations

The sequencing of 58 MDS patients revealed
8 cases with MSC mutations, distributed in 1
RARS, 3 RCMD, 3 MDS with isolated del(5q)
and 1 RAEB-1. Two cases had poor and
remaining 6 patients had a good or very good
IPSS-R cytogenetic risk, what was represented
in the same manner in IPSS-R risk group. All
the clinical and biological characteristics of
MDS patients showing MSC mutations were
similar to the group without these mutations.
No differences between the two groups
regarding WHO 2008 classification, IPSS-R
cytogenetic risk or IPSS-R or status were
observed (Tables 2 & 3).

Table 2. The comparison of median values of
several clinical features between patients with
wild type (wt) MSC and mutated (mut) MSC

MSC wt MSC mut p value

Age 74.5 74.5 0.703
Hb (g/dL) 9.9 10 0.743

ANC

5 1.66 2.2 0.05
(x10°/L)
Platelets
140 196 0.664

(x109/L)

73

/

Table 3. Association of presence of MSC
mutations with clinical features (wt-wild type,
mut-mutated).

MSCs wt (N)  MSCsmut(N) || pvalue
Gender
Male 24 3 0.709
Female 25 5
Age
<74 22 4 1
274 26 4
WHO 2008
RARS 0 1
RCUD 5 0
RCMD 25 3
MDS del(5q) 12 3 0.195
MDS-U 1 0
RAEB-1 2 1
RAEB-2 5 0
Citigenetic
risk
Very good 1 1
Good 43 5 0.150
Interm. 1 0
Poor 2 2
IPSS-R
Very low 10 2
Low 27 4
Int 5 0 0.695
High 3 1
Very high 1 0
Status
Live 30 5 1
Death 20 3
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Furthermore the overall survival of

MSC™patients and MSC wild type was
similar (Figure 4).

e p=0.372
i
'J»
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— - MSCmut
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n=50
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Time (months)

Figure 4. Overall survival of MDS patients showing
MSC wild type (wt) and MSC mutated (mut).

Discussion

The pathogenesis of myelodysplastic
syndrome patients (MDS) is complex,
involving genetic abnormalities, immune

alterations and microenviroment
abnormalities. As far as it has been well
known that the hematopoietic cells in this
patients are defective and can carry
mutations, little has been know about the
molecular data in mesenchymal stromal cells
that interact with them. Although nowadays
MSC and

demonstrated some molecular imperfection

have  been investigated

that can have, more detailed knowledge and

how exactly they contribute to MDS
pathogenesis still remains understood. In this
study we aimed to characterize the

mutational profile of mesenchymal stromal
cells from MDS patients and compare it with
the genetic alteration of their hematological
progenitors counterpart. Our study revealed
that MSC from MDS patients do not carried
the mutational profile characteristic for the
HPC of MDS patients.

74

In our study we included 58 untreated MDS
patients. The major part of patients included,
were refractory cytopenia with multilineage
dysplasia (RCMD) and MDS with isolated
del(5q) and MDS very low or low IPSS-R risk.
Bone marrow stromal niche being altered in
MDS patient make in vitro culture quite
complicated to obtain MSC, especially in high
risk MDS or
influenced on define the study cohort [32,

leukemia patients what
33]. All MSC obtained samples were derived
from passage 3, as usually in previous studies,
which
hematopoietic cells as well stability and

enough amount of MSC [25, 34-36].

guarantied purify without

To analyze and to compare the mutational
profile of MSC and HPC we used a focused
panel of 117 genes related to myeloid
neoplasms. Being a panel of genes focused on
the analysis of hematopoietic cells, genes like
DICER1, MMP1, JAG1 although related to
MDS and LAM, were not included [9, 26, 34].
Moreover for the main aim of the study to
compare the incidence of characteristic to
HPC mutations in MSC was more accurate.
Similar study, with target deep sequencing

(50 genes) was implemented in analysis of 5

MDS patients by Azuma et al. [37]. In
contrast, Fabiani or von der Heide
conventional Sanger and Whole Exome

Sequencing (WES) to mutational analysis in
MSC of myeloid disorders were applied [27,
38]. Mutational analysis revealed that 60.3%
of patients had at least one mutation in their
HPC. Comparing this result to previously
the
percentage of affected patients. These low

reported, we observed smaller
frequency of genetic mutations could be
related to the large number of patients with
low-risk MDS, mainly del(5q), who show a
small incidence of somatic mutations [6, 7].
However, the prevalence of genes most
frequently mutated in HPC and the sizes of

clones consisted with current results [5-7,
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39]. By contrast, the mutational analyses of
MSC only showed 13% of mutations. Most
likely, analyzes that cover a larger part of the
genome would contribute to the detection of
other than myeloid-related and characteristic
for HPC genes involved in the functions of
mesenchymal cells [27, 40, 41]. Azuma et al.
detected MSC mutations in 3 of 5 MDS
analysed  patients,
sequencing in study by Fabiani et al. analyzing

meantime  Sanger
the specific and small regions of eight genes
in 7 MDS patients, did not reveal any case
with MSC mutation. However no mutations
founded could be due to few genes analyzed
and shallow sequencing technique [31, 37,
38, 42]. We did not observe any specific
mutational pattern in MSC. The mutated MSC
of each patient carried different to their
hematopoietic counterpart as well to other
MSC alterations, with the quite low variant
allele frequency (medium VAF of 8.3%).
However, analyses of MSC by Azuma et al.
revealed patients with the same mutations in
MSC as in their hematological counterpart
with VAF around of 50%, suggesting the
germinal origin [37]. In HPC as well in MSC
the type
heterozygous missense mutations being the

main of alterations were

most common [43].

Based on these results we were able to
identify 4 groups of patients. The most
frequent group, probably most expected and
already known in literature, were the patients
with mutations in HPC and no in their MSC
counterpart (56.9%) flowed by the group of
patients with HPC and MSC without any
(29.3%).
revealed by our analysis were patients with
mutations in both: MSC and HPC (3.5%) and
cases with MSC mutated and HPC wild type
(10.3%).
groups of patients supports the important

alterations Two other groups

The appearance of 4 different

controversy that exists about the implication
of MSC in MDS pathogenesis. The group with
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defect invasive
functioning of hematopoietic cells and not
the MSC that could initiate and support the
MDS

accompanied by MSC mutations, although

HPC demonstrating the

pathogenesis  process, however
having a very low VAF in comparison to HPC
alteration [21]. On the other hand, patients
with mutations only in their MSC could
support the studies where the MSC was seen
as defected, supporting the malignant
changes of HPC and MDS pathogenesis [9, 18,
24]. Interestingly the RCMD and MDS with
isolated del(5q) were the subtypes which all
MSC mutated cases did not presented any
HPC alteration what could indicate the
differences in MDS pathogenesis in this
patients and probably the differences in MSC

involving capacity.

No clinical or overall survival differences were
seen between the MSC mutated cases
compared to those without MSC changes.
However the very small number of MSC
affected patients could be the reason.

In summary, the present study demonstrated
that MSC from MDS patients can harbor
mutations in myeloid-related genes, however
they are occasional, with a low VAF frequency
and different to their HPC counterparts.
Further studies with more patients and wide
genome region screening are still needed to
confirm and get better know the molecular
profile of MDS MSC patients.
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The achievement of the human genome mapping, in 2003, was a breakthrough in the
history of genetic diseases. Since then the extensive development of the massive
sequencing techniques (Target sequencing, Whole Exome Sequencing or Whole Genome
Sequencing) and the Bioinformatics allowing for a very insightful molecular

characterization of cancer.

MDS encompass a heterogeneous group of clonal and malignant myeloid disorders
characterized by ineffective haematopoiesis, resulting in peripheral blood cytopenias and
elevated risk of progression to acute myeloid leukemia [1-3, 147]. Integration of NGS
techniques showed the mutational landscape of MDS patients, improving the better
understanding of MDS. Thus the epigenetic regulators (TET2, ASXL1, DNMT3A, IDH1,
IDH2, EZH?2), transcription factors (ETV6, RUNX1, TP53), cohesins (STAG2, RAD21), signal
transduction proteins (CBL, JAK2, KRAS, NRAS), and genes related to the RNA splicing
machinery (SF3B1, SRSF2, U2AF1, ZRSR2) were found to be frequently mutated and
nowadays widely known [37, 38, 58]. However the clinical implementation of NGS in MDS

is still challenging.

In 2016 the World Health Organization (WHO) published the revision of the previous
classification (2008) of myeloid neoplasms and acute leukemia incorporating new clinical,
prognostic, morphologic, immunophenotypic and genetic data discovered since the last
classification [32]. In the case of myelodysplastic syndromes with ring sideroblasts (MDS-
RS) a significant genetic change was the incorporation of SF3B1 mutational analysis (being
clearly related to the MDS-RS phenotype) in the diagnosis of MDS patients with the
presence of 5-15% of ring sideroblasts (RS) [68]. SF3B1 is one of the genes regulating the
splicing of RNA and contrary to other splicing genes as SRSF2 has been associated with a
good prognosis in cases without excess of blasts [72, 148]. The prevalence is particularly
high, being >80% in MDS-RS [40]. However, probably the exploration of a single mutation
may not be enough to determine the real prognosis of patients with MDS. In a cohort of
122 MDS-RS patients (WH02001/2008) we analyzed the presence of SF3B1 mutations
combining the conventional Sanger sequencing followed by NGS strategy. Most of the
mutations already reported are usually located at hot-spot locations of exons 14 and 15
[72, 73, 148]. Therefore the first step of the study (conventional sequencing) was focused

on these regions. Sanger sequencing results revealed that most of MDS-RS patients
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(81.1%, n=99) carried mutations in SF3B1, being consistent with the previous studies [39,
72, 136, 149]. Therefore the mutational analysis of hot-spot exons of this gene revealed
information about clonality in almost all MDS-RS patients. Moreover, the NGS technique
applied to the remaining 23 Sanger negative patients, revealed six additional patients
showing SF3B1 mutations (86.1%, n=105). In the comparison with the typical detection
variant allele frequency level of 15%, as revealed by Sanger sequencing, one of the NGS
advantages is the detection of lower levels of genetic variants, ensuring a more
comprehensive coverage of the gene [150, 151]. In addition the application of NGS in
MDS-RS cohort allowed us to detect other splicing-related genes mutations (SRSF2,
U2AF1 and ZRSR2) and the existence of rare double splicing gene mutations in 16
patients. In fact, ten patients presented double mutations, involving SF3B1 and SRSF2 in
five cases, SF3B1 and U2AF1 in one and two distinct mutations in SF3B1 in the remaining
four cases. The presence of concomitant mutations in splicing genes is an infrequent
event in MDS-RS, and usually involves SF3B1 and SRSF2 [73, 76, 133]. Moreover, the
overall survival of patients showing double splicing gene mutations showed a trend to a
worse outcome. The presence of other gene mutations in splicing genes could modified
the positive influence of SF3B1 mutations in the MDS patients and further studies in large

series of patients must confirm this observation.

In MDS patients, several studies have demonstrated that mutations in TP53, EZH2, ETV6,
RUNX1, SRSF2, DNMT3A and ASXI1 are predictors of poor overall survival [46, 58, 136].
The influence in the outcome of each mutation is well-defined. However, little is known
about the concurrence of more than one mutation in the MDS outcome [137]. The
presence of more than two mutations in the same MDS is observed in 40% of patients. At
the same time 10% of patients presented 4 to 8 oncogenic point mutations affecting
overall survival (OS) of these patients being the high number of mutations per patient
related to a short survival [15]. However, the influence of additional mutations to SF3B1
has not been considered yet [152]. Therefore we analyzed the mutation co-occurrence of
SF3B1 and other myeloid-related genes and we evaluated its prognostic value in 102

SF3B1™" low/intermediate-risk MDS.

To carry out this project we used the customized panel of 117 genes previously related to

MDS or other myeloid malignancies, which allowed for a wide and relatively fast analysis
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of large number of patients and the possibility of occurrence of other gene mutations. In
the analysis, patients with the diagnosis of isolated 5g- or RAEB were excluded from the
study to avoid any bias in the results [37, 38, 153]. The NGS analyses revealed that only
20 patients (19.3%) carried SF3B1 as the unique mutation, supporting the need for more
extensive sequencing studies in most of these patients. The SF3B1 as an unique mutation
appeared as minority group as well in other studies, however in other MDS-RS series
SF3B1 as a solely mutated gene was present in 40% of patients maybe because these
studies analysed few genes or a different cut-off was accepted for the VAF assessment
[38, 136]. Moreover our NGS screening of co-existing SF3B1 mutations revealed the
SF3B1 with >2 additional mutations had a negative impact on the prognosis of patients as
an independent prognostic factor. Therefore we confirmed in the present work the

negative impact of the presence of mutations associated to SF3B1 in MDS.

The NGS analysis allowed us to assess the prevalence of additional mutated genes to
SF3B1. The most frequently mutated genes were DNMT3A, TET2, ASXL1, CUX1 and EZH2
as previously reported [37, 38]. Therefore the co-occurrence of gene mutations to SF3B1
was analysed. We did not confirm the results from other studies, showing additional
mutations in either RUNX1 or DNMT3A genes are associated with a worse outcome [40].
However, our study revealed the negative impact on OS of patients displaying SF3B1 and
SRSF2 and/or BCOR and/or IDH2 and/or NUP98 and/or STAG2 mutations. Nevertheless,
due to small number of affected cases, further analysis and confirmation of these findings
in a larger cohort of patients are needed. Therefore our results suggest that a complete
NGS study in MDS SF3B1™" patients would be recommend for the better estimation of
the evolution of the disease discarding the influence of additional mutations that could

interfere in the good prognosis associated with SF3B1 mutations.

In 2014 NGS studies in healthy individuals revealed that around of 10-20% of elderly
people (265 vyears) carried somatic mutations in hematopoietic-related genes. The
majority of the variants occurred in three genes: DNMT3A, TET2 and ASXL1. The Clonal
Haematopoiesis of Indeterminate Potential (CHIP) in healthy people contributed to
increase the risk to cardiovascular diseases [134, 154]. In the current study, DNMT3A,

TET2 and ASXL1 were seen as ones of most frequently mutated genes in MDS. No effect
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was seen in SF3B1 co-occurrence. However according to the previous reports, their

existence could be crucial to initiate the clonal haematopoiesis that evolved into the MDS

disease. This data demonstrate the importance and utility of NGS technique application
not only in patients monitoring but also in healthy people, giving a chance for early

detection of molecular changing (clonal hematopoiesis).

The last part of this thesis was focused in the use of NGS to characterize the mutational
profile of mesenchymal stromal cells (MSC) from MDS patients and to compare it with the
genetic alterations of their haematological progenitor counterpart. Emerging research
indicates that the bone marrow microenvironment could play an essential role in MDS.
Altered functioning of MSC was demonstrated at cytogenetic and molecular level with
changes in the expression of several genes in MDS patients, shedding a new light on MDS
pathogenesis, and thereby increasing the interest in assessing mesenchymal stromal cells
involvement [84, 155]. However, the functioning and the participation in MDS
pathophysiology bring a lot of controversy and remains unclear [100, 144, 145, 156-158].
In fact only few studies have assessed MSC from MDS patients at the molecular level, and
this information still remains controversial [82, 85, 101, 104, 155]. In our study we tried to
reveal whether MSC from MDS patients harbor molecular alterations, and whether these
potential abnormalities could be similar to those present in hematopoietic progenitor
cells presented. The NGS analysis in 58 MDS patients revealed that gene mutations are
more frequent in hematopoietic cells (HPC) than in mesenchymal stromal cells (MSC)
confirming previous results in a short number of MDS patients [105], although some
papers reported no mutations in MCS maybe because the low number of MDS patients
analyzed. [104, 150, 151]. By contrast, the number of mutations in MSC seems to be
higher in AML patients [82, 159, 160]. We did not observe any specific mutational pattern
in MSC. The mutated MSC of each patient carried different to their hematopoietic
counterpart as well to other MSC alterations, with a low variant allele frequency in
accordance to previously published data in MDS patients [105]. Our study revealed four
different groups of patients: cases with mutations in HPC and no in their MSC
counterpart, patients with both HPC and MSC wild type, patients with mutations in MSCs
and HPC, and those with mutations in MSC and no in HPC. The appearance of 4 different

groups of patients supporting the controversy about the implication of MSCs in MDS
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pathogenesis [90, 101, 144, 157]. These results demonstrated that MSC mutations are

occasional and different to their HPC counterparts, and not support the common origin of

the pathogenic clone in MSc and HPC. However more studies with more patients and
wide genome region screening are still needed to confirm and get better know the

molecular profile of MDS MSCs patients.

Taking together, the results provided in this PhD confirm the value of NGS in the clinical
setting, providing detailed molecular information about the patients, facilitating the
correct diagnosis and improving the risk stratification that could allowed to take the right
treatment decision. However still further research with the new NGS techniques are
needed to validate the clinical findings and to complement and enhance the molecular

knowledge acquired so far.
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The NGS sequencing can identify new mutations that are not detectable by
conventional sequencing. All mutations detected by Sanger sequencing were
identified by NGS. The presence of mutations in SRSF2, U2AF1 and ZRSR2 beyond
SF3B1 suggest that any gene related to the spliceasome machinery could be
mutated in the MDS-RS. In addition, patients who did not show any mutation in
splicing genes did not have clinical or biological characteristics different from the
rest of MDS-RS and could carry variations in other splicing genes not included in
the study. The two-step approach for sequencing splicing-related genes is

affordable and reveals mutations in almost all MDS-RS patients.

NGS analyses revealed that the vast majority of very low, low and intermediate-
risk SF3B1 mutated MDS patients (80.4%) carry at least 1 additional gene
mutation. The existence of more than two additional mutations was associated
with adverse clinical impact shortening the overall survival of very low, low and
intermediate-risk MDS patients. The presence of additional SF3B1 mutations in
SRSF2, IDH2, BCOR, NUP98 or STAGZ2 although do not change the clinical features,

negatively affects the survival of these patients.

More than half of very low, low and intermediate-risk SF3B1 mutated MDS
patients displayed Clonal Haematopoiesis of Indeterminate Potential (CHIP)
mutations (DNMT3A, TET2 and/or ASXL1). Although no effect was seen in SF3B1

co-occurrence, their existence could be related to the evolution to the MDS.

The complete mutational study in patients with very low, low and intermediate-
risk MDS and MDS with ring sideroblasts could allow to a better estimation of
prognosis disease and could clarify the positive influence of SF3B1 isolated

mutations in this subset of patients.

The analysis of the mutational profile of MSC from MDS patients revealed that
13.8% of cases harboured MSC alteration in myeloid-related genes. Any specific

mutational pattern was seen. The MSC mutation of each MDS patient was always
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6. different to their hematopoietic counterpart as well as different to MSC

alterations of other patients.

7. Mutational screening of MSC and their haematopoietic counterpart revealed four
groups of MDS patients: cases with mutations in both HPC and MSC, patients with
mutations in MSC but not in their HPC counterpart, group with alterations only in
HPC and patients where neither HSC nor MSC were affected. The presence of
heterogeneous groups of patients considering the mutations in the MSC supports

the controversy about the implication of MSCs in MDS pathogenesis.
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Supplementary Appendix

A two-step approach for sequencing spliceosome-related genes as
a complementary diagnostic assay in MDS patients with ringed

sideroblasts

. * 7 . * ’ 7. . Vé
Kamila Janusz?”, Ménica del Rey"*”, Maria Abdigar™?, Rosa Collado®, David Ivars®, Maria
Hernandez?, Alberto Valiente® Cristina Robledo™?, Rocio Benito?, Maria Diez-
Campelo??, Fernando Ramos®, Alexander Kohlmann’, Consuelo del Cafiizo® and Jesus

Maria Hernandez-Rivas'*®

Supplementary Table S1. Clinical features of 122 MDS-RS patients

WHO subtype % median [range]

RARS 55

RCMD-RS 45
Age (years) 77 [29-95]
Sex

Male 33.7

Female 66.3
Karyotype

Normal 65.8

No mitosis 13.7

Abnormal 20.5
Hb level (g/dL) 9.7 [5.4-13]
WBC count (x10°/L) 5.8 [1.1-19.5]
Neutrophil count (x10°/L) 3[0.3-15]
Platelet count (x10°/L) 264 [3.6-1018]
Bone marrow blasts (%) 0.8 [0-4]
Monocytes / mm? 400 [100-80000]

WHO: World Health Organization; Hb: Hemoglobin; WBC: White blood cells

Supplementary Table S2. Primer sequences designed for SF3B1 Sanger sequencing

SF3B1
Oligonucleotide Exon 14 Exon 15
(523
Forward CCAACTCATGACTGTCCTTTCTT | TTGGGGCATAGTTAAAACCTG
Reverse GGGCAACATAGTAAGACCCTGT | AAATCAAAAGGTAATTGGTGGA
Annealing temperature 59.9°C 57.1°C
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Supplementary Table S3. Information on primer-pair sequences for Spliceosome-related
genes by using 454 amplicon deep sequencing

Gene Arf\xpﬁir::{)n Forward Sequence (5' -> 3') Reverse Sequence (5' -> 3') Length
10 GTGCAAATATTGTTCATTATGCTGT TGTTAAGGGAAGTTGAAATGTTATGA = 345
11 TCATAACATTTCAACTTCCCTTAACA ACATGGCCAGGTGCAGAG 331
12 TGGAAAATCTTCTTTGAGTAATTTG  GTGCAAAGGAAAAGGTCTAGGA 364
SF3B1 13 TCTTAAACAGTTCGTCCCTTGA GTAGCCAGACCAGCAGCCTA 360
14 CCAACTCATGACTGTCCTTTCT CATAGTAAGACCCTGTCTCCTAAAGA 369
15 TGAGAGAATCTGGATGATATTGTGT  TTCAAGAAAGCAGCCAAACC 336
16 GCAACTCCTTATGGTATCGAATC GAACCATGAAACATATCCAGTTTACA 369
1 GCGTCGGCAGCAGTGTC CCAAGGCCGGAGAAAGC 353
2 GCTGCTGACATATTCCATGTG AACAAGGAGTGGTGGTCTCAG 357
3 ACTGAAGCACTTGCCAGAGG TTAACACACGGTGGGAGTTCA 331
4 GGTTAACATGTTCTAACCAGCAAG | GTGGTCTCCCAGGTTGTCAC 323
U2AF 5 GAGGTGAGAGAACTGAACTCTGTG A CACACTAAGCGGCTGCAC 354
6 GGCAAAATCTTGGACTATCTTGA CGAACTGTGCTCAGTCACGTC 360
7 AGTGAGGAGTGGCCAGTGAC GGTGAATATTCTTCTCCAAAGAGG 359
8 TGAAATCAGGGTGTGTCTCAGT TCAACTACAACACTTTCTAGCAGACAT = 360
1 TGAGCAGGGTTCTGGAAGAC GCACCAGGAAGGAATGGAG 337
2 GCGGATGGAGAAGAACTGTC TCAAGTTAGGGCTGGAGTGG 362
3 TTGTGTTGTACCAAAGAAGGTTG GACTGGTACTGGTTAGTAAAGGTTG 326
4 TTTGCTCTCGTGTGTGTGTG GAGATGGAGTTCCGCTCTTG 330
5 TGTGCGCTGTATGTGAAATG GACCCGAAGAAGAGCATCAG 330
6 AGCCTGGGTGACAGAGTGAG CCACGAAACTAACATTACTGGAA 346
ZRSk2 7 GCGTAGTCTTGATTGCCTGTTCCAA | CTCTCCCAAAAGGGGAACTC 343
8 CCACCATGCCTGGTCTAAAG TGTGTCCCAGCTCTCTTGTG 375
9 GGGAATGTTAGCCTGGACAA GAACACGCCATTGCACTCTA 340
10 TCAGTGAACTTGGTGGTCCT AAGCTATGCCTCACCACTTGA 326
111 AGTGCTGTTTCATCACTGTGC CCTCTCCCGACTCTTTGATG 343
11.2 GGGAATCCGAGAGGAAAAGT AACCCATCTGCGTTCATAGC 357
1.1 CGCCCAGTTGTTACTCAGGT GTCGTGAAAGCGAACGAAG 368
1.2 CAAGGTGGACAACCTGACCT CCTCAGCCCCGTTTACCT 331
SRsF2 1.3 CCCGGACTCACACCACAG CCAGGCCGCCATTATCTC 339
2 CGCTGCCTGGAATTAACC TCGGATTCCCAGACATTACC 376

Length, including sequence-specific primer
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Supplementary Table S4. SF3B1 mutations not detected by Sanger sequencing, identified by
NGS

Case number MDS subtype Amino acid change VAF by NGS
1 RARS p.Gly740Glu 45%
2 RARS p.Gly742Asp 37%
3 RARS p.Lys666Asn 10%
4 RARS p.Lys748Glu 35%
5 RCMD-RS p.Arg625Leu 23%
6 RCMD-RS p.His662GIn 18%

RARS: refractory anemia with ring sideroblasts; RCMD-RS: refractory cytopenia with multilineage dysplasia and ring sideroblasts.
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Supplementary Table S5. Comparison of hematological data of MDS-RS patients with
respect to the number of splicing genes mutations.

Characteristic 1 mutation 2 mutations P value
(mean/median*) (mean/median*)

Hb level (g/dL) 9.7 9.6 0.827

Neutrophil count (x10°/L) 3.0% 3.1% 0.522

Platelet count (x10°/L) 288.6 283.8 0.926

WBC count (xlOg/L) 6.3 7.3 0.423

Monocytes / mm? 460 522 0.658

Hb: hemoglobin; WBC: white blood cells

Supplementary Table S6. Comparison of hematological data of MDS-RS patients with
respect to the presence of splicing gene mutations.

Characteristic Not mutated Mutated P value
(mean/median*) (mean/median*)

Hb level (g/dL) 9.1 9.7 0.284

Neutrophil count (x10°/L) 1.1* 3.0% 0.438

Platelet count (x10°/L) 227%* 266* 0.270

WBC count (x10%/L) 6.5* 5.8* 0.968

Monocytes / mm? 317 465 0.284

Hb: hemoglobin; WBC: white blood cells
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Supplementary Figure S1. Overall survival of MDS-RS patients with respect to mutations
in SF3B1 and the other splicing genes analyzed (A), the presence of SF3B1 single mutation
vs. double mutations (B), and the presence of concomitant mutations vs. wild type (WT)
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Supplementary Appendix

Clincal, biological and prognostic implication of SF3B1 co-
occurrence mutations in very low/low and intermediate-risk MDS

patients

Kamila Janusz', Marta Martin Izquierdo®, Félix Lopez Cadenas?, Fernando Ramos>, JesUs
Maria Hernandez Sanchez®, Eva Lumbreras®, Cristina Robledo?, Javier Sanchez del Real®,
Rosa Collado®, Teresa Bernal’, Carme Pedro®, Andrés Insunza’, Raquel de Paz®, Blanca
Xicoyg, Eduardo Salido™, Joaquin Sanchez Garcia'?, Sandra Santos Minguezl, Cristina
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Supplementary Figure 1. Summary of in-house sequencing pipeline algorithm used for

base calls of somatic mutations.
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Supplementary Table S1. Customized panel of 117 myeloid-related genes applied in the
study.

ABL1 CBLC EED HRAS | MECOM | PHF19 SF1 TET2
AEBP2 CD177 EGFR IDH1 KMT2A PHF6 | SF3A1 TGM2
ARID2 CDH13 | EIF2AK2 | IDH2 KMT2D | PHLPP1 | SF3B1 | TIMMS50
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 | CDKNZ2A EZH2 JAK1 | NOTCH1 | RAD21 | SMC3 | U2AF1
BCORL1 | CEBPA | FBXW7 | JAK2 NPM1 RARA | SPARC | UMODL1
BCR CREBBP FLT3 JAK3 NRAS RET SRSF2 | USBf1
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 Cuxt GNAS KRAS | PDGFRA | SETBP1| TERC
CBLB | DNMT3A | GNB1 | LUC7L2 | PDGFRB | SETD2 | TERT

Supplementary Table S2. Comparison of clinical features (median values) between
patients with SF3BImut isolated vs. SF3B1 with 1,2,3,4 and 5 additional mutations.

SF3B1isolated SF3B1+1  SF3B1+2  SF3B1+3  SF3B1+4  SF3B1+5 P
Age 76 75.8 76.6 79.5 76 78.2 0.885
Blasts (%) 0.3 0.5 1 0.6 1.4 0.8 0.035
RS (%) 46 40 40 27.5 68 36.5 0.217
Hb (g/dL) 10 9.3 10.2 9.6 8.6 10.3 0.134
Platelets (x10°/L) 248 258 234 256 247 245 0.983
ANC (x10°/L) 2.9 3 3.2 2.6 1.9 1.9 0.284
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Mutational status of mesenchymal stromal cells in

myelodysplastic syndromes patients
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Supplementary Table S1. Customized panel of 117 myeloid-related genes applied in the
study.

ABL1 CBLC EED HRAS | MECOM | PHF19 SF1 TET2
AEBP2 CD177 EGFR IDH1 KMT2A PHF6 | SF3A1 TGM2
ARID2 CDH13 | EIF2AK2 | IDH2 KMT2D | PHLPP1 | SF3B1 | TIMMS50
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 | CDKNZ2A EZH2 JAK1 | NOTCH1 | RAD21 | SMC3 | U2AF1
BCORL1 | CEBPA | FBXW7 | JAK2 NPM1 RARA | SPARC | UMODL1
BCR CREBBP | FLT3 JAK3 NRAS RET | SRSF2 | uUsB1
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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