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

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

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal
hematopoietic disorders characterized by peripheral blood (PB) cytopenia with dys-
plastic bone marrow (BM) morphology and an increased risk of progression to sec-
ondary acute myeloid leukemia (sAML).1-3 Approximately one third of patients diag-



nosed with MDS eventually transform into sAML.4 Disease
progression is associated with a dismal prognosis, partly
because most of these patients are resistant to currently
available treatments, and the long-term survival rate of
treated patients is less than 10% after a couple of years.5-7

In recent years, new high-throughput genomic technolo-
gies, such as next-generation sequencing (NGS), have
enabled a large number of studies to elucidate some of the
mechanisms involved in MDS pathogenesis such as epige-
netic regulation, transcription, signaling pathways, splicing,
cohesin complex, apoptosis and angiogenesis. However,
MDS exhibit great genetic and clinical heterogeneity, so the
nature of their pathogenesis is still not fully understood.8-10

The mutational dynamics and clonal evolution underly-
ing disease progression have just begun to become clear.
Previous studies have identified multiple genes recurrently
mutated in MDS and sAML and these have provided
insight into the great intratumoral heterogeneity typical of
progression from MDS to sAML.8-13 These studies have
shown that the evolution of the disease is a complex
process involving new additional alterations co-existing
with the MDS founder clone.14 Moreover, recent studies
have described the association of mutations in genes such
as TET2, RUNX1, ASXL1, and STAG2 with high-risk MDS,
as well as the presence of mutations in genes activating sig-
naling pathways, such as FLT3, PTPN11, NPM1, and NRAS,
which are newly acquired in sAML and associated with
faster progression.15-17 However, this complexity and the
lack of large cohorts of serial samples means that molecular
mechanisms of disease progression are only partly under-
stood. Thus, longitudinal sequencing genomic studies are
still required to determine which mutations or combina-
tions of them are important in leukemic transformation.

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

Methods

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

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

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

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

Sequencing analysis
Whole-exome sequencing

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

Targeted-deep sequencing
All genomic DNA samples underwent TDS using an in-house

custom capture-enrichment panel of 117 genes previously related
to the pathogenesis of myeloid malignancies (Online Supplementary
Table S3). The mean coverage of TDS was 665x (range, 251-1,198)
where 99.5% of target regions were captured at a level greater
than 100x. See the Online Supplementary Appendix for full details.

Analysis of mutational dynamics
The main aim of this study was to analyze the mutational

changes occurring between the first sampling (MDS stage) and the
second sampling (stable disease/sAML stage) in the discovery and
control cohorts. To this end, variant allele frequency (VAF) at these
two stages were compared using two approaches: i) VAF ratio
between second and first sampling, where thresholds of >1.2 and
<0.8 were used to classify mutations as increasing or decreasing,
respectively, while ratios between these thresholds were consid-
ered to be stable; and ii) Fisher´s exact test where values of P<0.05
were taken to indicate statistically significant changes during pro-
gression. 

Results

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

In order to characterize the main cohort of the study, the
discovery cohort, 16 patients (patients #27 - #45) were ana-
lyzed by WES at the time of diagnosis and at leukemic
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transformation, as previously explained. After a stringent
analysis18 as described in the Online Supplementary
Appendix, 61 variants were identified as likely somatic
mutations: 40 were called driver and 21 were called passen-
ger using the novel bioinformatics tool “Cancer Genome
Interpreter”19 (Online Supplementary Table S4). A total of 47
variants in genes known to drive myeloid malignancies
were further validated with a true positive rate of >89%
using TDS and VAF correlation between two platforms was
high (Pearson´s r=0.90) (Online Supplementary Figure S2).
However, the application of TDS revealed that several driv-
er mutations were not detected by WES as they were poor-

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

We performed TDS on these 16 patients of the initial dis-
covery cohort and in additional 26 patients. A total of 159
mutations were identified at diagnosis of the 42 patients
(Online Supplementary Table S5). The most recurrently
mutated genes were TET2 (14 of 42, 33%), SF3B1 (13 of 42,
31%), SRSF2 (ten of 42, 24%), DNMT3A (10 of 42, 24%),
STAG2 (8 of 42, 19%), TP53 (8 of 42, 19%) and ASXL1 (6
of 42, 14%). At the time of the second sampling, the sAML

MDS progression involves cohesin and RAS mutations
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Figure 1. Boxplots showing the differences in the number of mutations (A-B) and variant allele frequency (C-D) between the two times analyzed during the evolu-
tion of the disease and between the different French-American-British/World Health Organization (FAB/WHO) subtypes at the time of diagnosis. (A) Differences
in the number of mutations between diagnosis and follow-up/secondary acute myeloid leukemia (sAML) stages within and between the control and discovery
cohorts. These graphs show a statistically significant increase in the number of mutations during disease evolution in patients who progressed to sAML (P<0.0001).
(B) No significant differences in the number of mutations between the FAB/WHO subtypes at time of diagnosis (number of mutations low-risk myelodysplastic syn-
dromes [LR-MDS] vs. high-risk MDS [HR-MDS], P=0.588). (C) Differences in variant allele frequency (VAF) of detected mutations between diagnosis and sAML stage
in the discovery cohort. The VAF was higher at the time of sAML progression (P<0.0001). (D) No significant difference in VAF between the FAB/WHO subtypes at
time of diagnosis (VAF: LR-MDS vs. HR MDS, P=0.528). NS: not significant; *P<0.05; ****P<0.0001.

   A                                                                                                     B

   C                                                                                                    D
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Figure 2. Dynamics of gene mutations in the myelodysplastic syndromes to secondary acute myeloid leukemia progression axis. (A) Comprehensive landscape of
mutational dynamics in the discovery and control cohorts. Genes are grouped by cellular functions and are represented in rows; each column represents a patient.
Dynamics are represented by a color gradient: red/orange for newly acquired/increasing mutations, yellow for stable mutations, and blue/green colors for decreasing
mutations. (B) Co-occurrence of cohesin complex and Ras signaling mutations in the discovery cohort. Circos plot of statistically significant associations between
mutations detected in the discovery cohort, grouped by functional pathways. Graphs represent patients with mutations in the cohesin complex and Ras signaling,
and the most frequently mutated genes in these pathways, STAG2 and NRAS, showing a statistically significant association (P=0.023 and P=0.002, respectively). (C)
Incidence of this co-occurrence pattern in the discovery and validation cohorts. The table contains the number of patients with the combination of cohesin and Ras
signaling mutations in the discovery and validation cohorts and an indication of whether they evolved to secondary acute myeloid leukemia (sAML). (D) Prognostic
impact of the co-occurring mutations in the cohesin complex and Ras pathway. Kaplan-Meier curves for overall survival and sAML progression-free survival in patients
bearing co-occurring cohesin and Ras pathway mutations in the entire validation cohort. VAF: variant allele frequency; LR: low-risk; HR: high-risk; NS: not significant;
*P<0.05.

   A

B

C

D

D



stage, 210 mutations were detected, 159 of which were
already known to be present in the MDS stage, at clonal or
subclonal levels (128 were retained and 31 evolved during
disease progression), while 51 were detected only at the
second sampling. The most recurrently mutated genes at
the sAML stage were similar to those noted at the MDS
stage: TET2 (17 of 42, 40%), SF3B1 (13 of 42, 31%), TP53
(12 of 42, 29%), SRSF2 (ten of 42, 24%), DNMT3A (ten of
42, 24%), ASXL1 (nine of 42, 21%) and STAG2 (eight of 42,
19%). However, the NRAS gene (9 of 42, 21%) also stood
out at this stage. It should be noted that 32 of 54 genes
(59%) were mutated only in fewer than three (<7%)
patients, highlighting the great heterogeneity in the mecha-
nisms of disease evolution.

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

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

significant differences in the number of mutations in
patients progressing to sAML (P=0.588) (Figure 1B).

In order to further study what characterizes disease evo-
lution, we compared the VAF of mutations at both times.
Patients who evolved to sAML presented a significantly
higher VAF median at second sampling (29.11% vs.
36.76%, P<0.0001) (Figure 1C). However, no differences
were identified in the median VAF between each subtype at
the time of diagnosis (P=0.528). (Figure 1D).

Therefore, taking all these results together, MDS patients,
irrespective of their diagnostic subtype, displayed a greater
genomic instability during disease progression than patients
who did not evolve to sAML.

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

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

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

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

Only a minority of the mutations detected at diagnosis
showed a decrease in their allelic burden (Figure 2A, type
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Figure 3. Model of clonal evolution during myelodysplastic syndrome progression to secondary acute myeloid leukemia using patient #43 as an example and apply-
ing the Fishplot R package.29 In this patient diagnosed as RAEB-1, an myelodysplastic syndrome (MDS) founder clone was present at the time of diagnosis with
typical myeloid mutations such as TET2 and SRSF2. This clone also harbored a mutation in STAG2, thus it triggered the acquisition of a subsequent mutation in a
Ras pathway gene, namely NRAS. This clone expanded, driving the evolution of the disease.



2, in green-blue), and these were randomly distributed
throughout all the genes without showing a pattern.

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

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

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

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

In order to confirm these observations and their impact
on MDS progression to sAML, the combination of the
cohesin complex and Ras pathway mutations was sought
in the validation cohort, an independent cohort of 388
patients in which the disease was studied on only one

occasion, at diagnosis. In fact, these co-occurring muta-
tions were detected in eleven additional patients: nine of
which finally transformed into sAML (nine of 63), while
two patients did not evolve during the median follow-up
of 19.6 months (two of 325) (Figure 2C). Although all sam-
ples of this cohort were studied at diagnosis, these nine
patients carried cohesin and Ras co-occurring mutations at
an advanced stage of the disease, indeed these were
detected in sAML sampling or in patients who trans-
formed in a median time of 11 months from sampling.

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

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

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

In order to achieve this aim, the proportions of the dif-
ferent mutational dynamics were compared between
treated and untreated patients. Thereby, the mutational
dynamics featured a significantly higher proportion of
newly acquired or increasing mutations in chromatin
modifiers at the time of sAML in treated patients (eight of
15 mutations), while in untreated patients the majority of
mutations were stable (53% [eight of 15] vs. 19% [four of
21], P=0.031). By contrast, and with respect to the treat-
ment, no differences were detected in the dynamics of
the cohesin complex (50% [three of six] of newly
acquired or increasing mutations in treated patients vs.
50% [three of six] in untreated, P=1.00) or Ras pathway
mutations (91% [ten of 11] in treated vs. 76% [13 of 17]
in untreated patients, P=0.3299) (Online Supplementary
Figure S5). Thus, our study suggests that mutations in
chromatin-modifier genes could be related to the evolu-
tion of patients who receive disease-modifying treatment
before progression to sAML. 
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Discussion

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

Previous studies have documented the clonal evolution
and greater clonal heterogeneity during cancer develop-
ment and, specifically, as MDS evolves to advanced
stages and transforms into sAML,8,9,14-16,20 and according
to this fact, the study demonstrates that MDS patients,
irrespective of their diagnostic subtype, gain more muta-
tions and a higher VAF during disease progression.
Therefore, these results are evidence that progression
toward sAML is associated with pronounced genomic
instability and a heavy mutational burden.

The mechanisms of disease evolution showed a great
heterogeneity.14-17 However, this study identified four dis-
tinct types of mutational dynamics and their roles during
sAML progression. It is of particular note that this study
shows a higher incidence of mutations in the cohesin
complex and Ras signaling genes than in previously pub-
lished MDS series,8,9,21,22 probably because this cohort
consisted only of patients who progressed to sAML.
Moreover, increasing mutations (type 1) were mainly
found in genes of this pathway, such as STAG2, most of
which were loss of function mutations. Previous studies
of cohesin mutations had already shown that these muta-
tions could be related to sAML progression,15,21,22 but the
dynamics observed in this study confirm that mutations
of cohesin complex genes could be an early event in
sAML progression, and the loss of function of these genes
could play an important role in the leukemic transforma-
tion. Similarly, the dynamics of Ras signaling genes
observed here, mainly newly acquired mutations (type 3),
highlight the importance of this pathway in sAML pro-
gression. Earlier studies have described how alterations in
Ras pathway genes, such as NRAS and FLT3, could drive
the progression to sAML23-25 but these results confirm
that they are late events that may drive leukemic transfor-
mation. Furthermore, this study reveals a significant co-
occurrence of mutations in these two pathways and, also,
in the main genes of these pathways (STAG2 and NRAS),
excluding the FLT3-ITD mutations which could have a
different behavior than other mutations in Ras pathway
and they could be involved in an independent mechanism
of sAML progression.26,27 Although Walter et al.28

described that NRAS and cohesin mutations tend to be
mutually exclusive, this work included a low number of
patients and, conversely, this co-occurrence was briefly
described in another study with a higher number of
patients.21 Thus, this study, due to detecting in a cohort of
sAML-progressing patients, demonstrates that this pro-
gressive combination of the cohesin complex, mainly
STAG2, and Ras signaling mutations, mostly NRAS, could
play an important role in the progression of MDS to
sAML. In addition, the results from the validation cohort
confirmed the impact of this co-occurrence on sAML pro-
gression not only in the discovery cohort, but also in the
validation cohort. Therefore, these findings support a
hypothesis of genetic “predisposition”, that early muta-

tions shape the future trajectories of clonal evolution
from MDS to sAML. Therefore, a new model of genetic
evolution could be suggested consisting of cohesin muta-
tions as an early event in the evolution of the disease that
trigger to acquire new mutations, mainly Ras signaling
mutations. Consequently, this clone expands, driving the
disease evolution (Figure 3, model of clonal evolution
using Fishplot R package).29 Recent studies have described
that cohesins are involved in DNA damage repair, chro-
matin accessibility and transcription factor activity30-32

and our results show than cohesin-mutated patients dis-
played a higher number of mutations, thereby cohesins
could cause an instability where new mutations are gen-
erated, mainly Ras mutations, leading the disease pro-
gression. These are not absolute rules and, unfortunately,
this novel model does not fully explain the progression to
sAML, but it could explain the evolution in 15-20% of all
sAML transformations. Moreover, cohesin mutations
potentiate the subsequent acquisition of Ras mutations,
so these mutations could be used to identify patients
whose disease is progressing before symptoms associated
with progression to sAML are manifested.

On the other hand, the mutations that were stable dur-
ing the evolution (type 4) were found in splicing and
DNA methylation genes. This is in line with the finding
of some recent reports showing that variants affect these
pathways in this steady-state pattern.16 Moreover, muta-
tions in DNA methylation and RNA splicing pathways
are well known to have a heavier mutational burden than
those in other genes, suggesting an early event in MDS
development.8,9 Considering these findings together,
these results showed that mutations in these pathways,
which have high VAF and are stable during the disease
evolution, could be directly involved in MDS pathogene-
sis (driver role) but not in sAML progression (passenger
role). The mutations whose VAF decreased during pro-
gression (type 2) were distributed randomly throughout
all the genes without showing a particular pattern. This
could be the result of clone sweeping, a previously
described event,15 that is specific to each patient rather
than to a specific pattern of each gene or pathway.

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

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