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abstract

PURPOSE Recurrently mutated genes and chromosomal abnormalities have been identified in myelodysplastic
syndromes (MDS). We aim to integrate these genomic features into disease classification and prognostication.

METHODS We retrospectively enrolled 2,043 patients. Using Bayesian networks and Dirichlet processes, we
combined mutations in 47 genes with cytogenetic abnormalities to identify genetic associations and subgroups.
Random-effects Cox proportional hazards multistate modeling was used for developing prognostic models. An
independent validation on 318 cases was performed.

RESULTS We identify eight MDS groups (clusters) according to specific genomic features. In five groups,
dominant genomic features include splicing gene mutations (SF3B1, SRSF2, and U2AF1) that occur early in
disease history, determine specific phenotypes, and drive disease evolution. These groups display different
prognosis (groups with SF3B1 mutations being associated with better survival). Specific co-mutation patterns
account for clinical heterogeneity within SF3B1- and SRSF2-related MDS. MDS with complex karyotype and/or
TP53 gene abnormalities and MDS with acute leukemia–like mutations show poorest prognosis. MDS with 5q
deletion are clustered into two distinct groups according to the number of mutated genes and/or presence of
TP53 mutations. By integrating 63 clinical and genomic variables, we define a novel prognostic model that
generates personally tailored predictions of survival. The predicted and observed outcomes correlate well in
internal cross-validation and in an independent external cohort. This model substantially improves predictive
accuracy of currently available prognostic tools. We have created aWeb portal that allows outcome predictions to
be generated for user-defined constellations of genomic and clinical features.

CONCLUSION Genomic landscape in MDS reveals distinct subgroups associated with specific clinical features and
discrete patterns of evolution, providing a proof of concept for next-generation disease classification and prognosis.

J Clin Oncol 39:1223-1233. © 2021 by American Society of Clinical Oncology
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INTRODUCTION

Myelodysplastic syndromes (MDS) are heterogeneous
clonal hematopoietic disorders characterized by periph-
eral blood cytopenia and increased risk of evolution into
acute myeloid leukemia (AML).1 Current disease classi-
fication provided by WHO mainly uses morphological
features to define MDS categories, leading to a clinical
overlap between subtypes and to low interobserver re-
producibility in the evaluation of marrow dysplasia.2-4

MDS range from indolent conditions to cases rapidly
progressing into AML.5,6 Disease-related risk is

assessed by International Prognostic Scoring System
(IPSS) on the basis of percentage of bone marrow
blasts, number of peripheral blood cytopenias, and
presence of specific clonal cytogenetic abnormalities.7

In 2012, a revised version of IPSS (IPSS-R) was
proposed by introducing five cytogenetic risk groups
together with refined categories for bonemarrow blasts
and cytopenias.7 Although IPSS and IPSS-R are ex-
cellent tools for clinical decision making, these scoring
systems have their own weaknesses and may fail to
capture reliable prognostic information at individual
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patient level. In particular, cytogenetics (which is the only
biological parameter included in these scores) is not in-
formative in a large proportion of patients and chromosomal
abnormalities mostly refer to secondary, late genomic
events occurring in the natural history of the disease.8

The development of MDS is driven by mutations on genes
involved in RNA splicing, DNA methylation, chromatin
modification, transcriptional regulation, and signal
transduction.9-12 Chromosomal abnormalities also contribute
to MDS pathophysiology.13 Despite recent progress in un-
derstanding the disease biology, MDS with isolated 5q de-
letion is the only category defined by a specific genomic
abnormality in theWHO classification2 and only few genotype-
phenotype associations have been reported until now, mainly
referring to the close relationship betweenmutations in SF3B1
gene and MDS subtypes with ring sideroblasts.2,9-12

In myeloid malignancies, classifications on the basis of
clinical and morphological criteria are being com-
plemented by introducing genomic features that are closer
to the disease biology and better capture clinical-
pathological entities.2,14-16 In this study, we aim to define
a new genomic classification of MDS and to improve in-
dividual prognostic assessment moving from systems on
the basis of clinical parameters to models including ge-
nomic information.

METHODS

Study Populations

The Humanitas Research Hospital Ethics Committee ap-
proved the study. Written informed consent was obtained
from each participant. The study was conducted by EuroMDS
consortium (ClinicalTrials.gov identifier: NCT04174547). We
analyzed an international retrospective cohort of 2,043

patients affected with primary MDS according to 2016
WHO criteria2 and an independent cohort of 318 patients
prospectively diagnosed at Humanitas Research Hospital,
Milan, Italy (Data Supplement 1, online only).

Genomic Screening

At diagnosis, cytogenetic analysis was performed using
standard G-banding and karyotypes were classified using
the International System for Cytogenetic Nomenclature
Criteria. Mutation screening of 47 genes related to myeloid
neoplasms was performed on DNA from peripheral blood
granulocytes or bone marrow mononuclear cells (Data
Supplement 1).

Statistical Methods

Detailed methods are reported in the Data Supplement 1.

Bradley-Terry models are used to estimate timing of mu-
tation acquisition and to assess the prognostic value of
clonal versus subclonal mutations.12

Bayesian network analysis and hierarchical Dirichlet pro-
cesses are used to identify genomic associations and
subgroups as a basis to define a molecular classification of
MDS.14-16 Bayesian networks allow to infer the structure of
conditional dependencies among mutations, that is, how
the presence of a given mutation influences the probability
of the others (causality). Dirichlet processes are applied to
define clusters capturing broad dependencies among all
gene mutations and cytogenetic abnormalities.12,14-16 Pa-
tients are clustered based on genomic components iden-
tified by Dirichlet processes. Multivariate logistic regression
analysis is applied to compare clinical and hematological
characteristics among different groups. Survival analyses
are performed with Kaplan-Meier method, and differences
between groups are evaluated by log-rank test. To carry out
the analysis, R package available online17 is used.

CONTEXT

Key Objective
In myeloid malignancies, classifications on the basis of clinical and morphological criteria are being complemented by

genomic features that better capture clinical-pathological entities. In myelodysplastic syndromes (MDS), there is clearly a
need to define specific genotype-phenotype correlations and to estimate the independent effect of each genomic
abnormality on clinical outcome.

Knowledge Generated
We provided evidence form a large, international database that MDS could be classified into eight distinct subtypes

according to specific genomic features. These subgroups do not correlate with morphological categories defined by
current WHO classification and displayed significantly different clinical phenotypes and outcome. By integrating clinical
and genomic variables, we created a novel prognostic model that generated personally tailored predictions of survival.

Relevance
Comprehensive gene sequencing of patients with MDS is becoming increasingly accessible and routine. The integration of

clinical data with diagnostic genome profiling improves the accuracy of currently available prognostic scores. Such
information will support complex decision-making process in these patients.

1224 © 2021 by American Society of Clinical Oncology Volume 39, Issue 11
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Random-effects Cox proportional hazards multistate
modeling was used for developing innovative prognostic
tools including clinical parameters and genomics.18,19 With
the aim to help clinicians to be familiar with such a next-
generation prognostic tool, we have created a prototype
Web portal that allows outcome predictions to be generated
based on this data set for user-defined constellations of
genomic features and clinical variables.

All the analyses were carried out on EuroMDS cohort. The
Humanitas cohort was used to independently validate
models for patient prognostication.

RESULTS

Genomic Landscape in Myelodysplastic Syndromes

Detailed results of this section are reported in the Data
Supplement 1.

We studied 2,043 patients with MDS from EuroMDS con-
sortium (Data Supplement 1). Normal karyotype is reported in
1,195 patients (59%), whereas 651 (32%) showed chro-
mosomal abnormalities (Data Supplement). Mutations are
identified in 45 of 47 genes. A total of 1,630 patients (80%)
present one or moremutations (median, 2; range, 1-17). Only
six genes are mutated in . 10% of patients, with five addi-
tional genesmutated in 5%-10%, and 36mutated in, 5% of
patients (Fig 1, Data Supplement 1 and Data Supplement 2).

Mutation Acquisition Order and Prognostic Value of

Clonal Versus Subclonal Mutations

Detailed results are reported in the Data Supplement 1.

By using Bradley-Terry modeling, we calculate a global
ranking of MDS genes reflecting how early in disease natural
history they aremutated. Mutations in genes involved in RNA
splicing and DNA methylation occur early, whereas muta-
tions in genes involved in chromatin modification and sig-
naling often occur later (Data Supplement 1).

A total of 14 genes are associated with worse prognosis if
mutated, whereas one gene (SF3B1) is associated with
better outcome (Data Supplement 1). Variant allele fractions
are used to estimate the proportion of tumor cells carrying a
given mutation and identify clonal or subclonal mutations.
Accordingly, 58% of patients show only clonal mutations,
whereas 42% have evidence for both clonal and subclonal
mutations (Data Supplement 1). No significant differences in
survival between clonal and subclonal mutations for the
majority of the investigated genes are observed, highlighting
the importance of including information on subclonal mu-
tations in the predictive model (Data Supplement 1).

Identification of Genomic Associations and Subgroups in

Myelodysplastic Syndromes

Detailed results are reported in the Data Supplement 1.

Pairwise associations among genes and cytogenetic ab-
normalities reveal a complex landscape of positive and
negative associations (Data Supplement 1). Bayesian

networks are applied to define in a more comprehensive
way the relationships between genomic abnormalities (Data
Supplement 1). Accordingly, mutations of splicing genes
are mutually exclusive. SF3B1 mutations are mutually
exclusive with TP53mutations, whereas they co-occur with
JAK/STAT pathway mutations. SRSF2 mutations co-occur
with TET2, ASXL1, CBL, IDH1/2, RUNX1, and STAG2 mu-
tations. U2AF1 mutations co-occur with abnormalities of
chromosome 7 and 20 andNRASmutations. TET2mutations
co-occur with SRSF2 and ZRSR2 mutations. DNMT3A
mutations are mutually exclusive with ASXL1 mutations,
whereas they co-occur with BCOR, IDH1, and NPM1 mu-
tations. 5q deletion is frequently present as a single genomic
abnormality, whereas a co-occurrence with TP53 mutations
and with several single cytogenetic components of complex
karyotype is observed (Data Supplement 1).

Definition of a Genomic Classification of

Myelodysplastic Syndromes

Dirichlet processes are used to identify genomic subgroups
among MDS (Data Supplement 1). We identify six com-
ponents, each describing a specific distribution of variables
included in the model (ie, cytogenetic abnormalities and
gene mutations [Data Supplement 1]). Each patient is
characterized by a weight vector indicating the contribution
of each component to its genome. By performing hierar-
chical agglomerative clustering, we obtain eight groups
(clusters) defined according to specific genomic features
(Appendix [online only], Data Supplement 1).

One group includes patients without specific genomic
profiles (ie, without recurrent mutations in the study genes
and/or chromosomal abnormalities); strikingly, all the
remaining groups are deeply characterized by a single (in
some cases two) component of Dirichlet processes (Data
Supplement 1). Inmany groups, dominant genomic features
include splicing gene mutations. We identify two groups (1
and 6) in which dominant features are SF3B1 mutations,
presence of ring sideroblasts, and transfusion-dependent
anemia (Appendix). Group 6 includes patients with ring
sideroblasts and isolated SF3B1 mutations (except for co-
mutation patterns including TET2, DNMT3A, and JAK/STAT
pathway genes) characterized by isolated anemia, normal or
high platelet count, single or multilineage dysplasia, and low
percentage of marrow blasts (median, 2%). Group 1 in-
cludes patients with SF3B1 with co-existing mutations in
other genes (ASXL1 and RUNX1) characterized by anemia
associated with mild neutropenia and thrombocytopenia,
multilineage dysplasia, and higher marrow blast percentage
with respect to group 6 (7% v 2%, P , .0001).

In two groups (3 and 5), dominant genomic features are
represented by SRSF2 mutations (Appendix). In these
groups, the most frequently reported chromosomal abnor-
mality is trisomy 8 (Data Supplement 1). Group 3 includes
patients with SRSF2 and concomitant TET2 mutations. Pa-
tients present single cytopenia (anemia in most cases) and
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higher monocyte absolute count with respect to the other
groups (P , .0001). Bone marrow features include multi-
lineage dysplasia and excess blasts (median, 8%). Group 5 is
characterized by SRSF2mutations with co-existing mutations
in other genes (ASXL1, RUNX1, IDH2, and EZH2). Patients
present two or more cytopenias, multilineage dysplasia, and
excess blasts (median, 11%; significantly higher with respect
to group 3; P 5 .0031).

Group 4 dominant features include U2AF1 mutations asso-
ciated with 20q deletion and chromosome 7 abnormalities

(Appendix, Data Supplement 1). Patients present a higher rate
of transfusion-dependent anemia with respect to the other
groups (P from .023 to , .0001). Marrow features include
multilineage dysplasia and excess blasts in most cases.

Group 2 is characterized by TP53 mutations and/or
complex karyotype. In most patients, two or more cyto-
penias (with high rate of transfusion dependency) and
excess blasts are present (Appendix, Data Supplement 1).

Group 7 includes patients with AML-like mutation patterns
(DNMT3A, NPM1, FLT3, IDH1, and RUNX1 genes).
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Patients are characterized by two or more cytopenias
(with high rate of transfusion dependency) and excess
blasts, in most cases (83%) ranging from 15% to 19%
(Appendix).

Finally, group 0 includes MDS without specific genomic
profiles. These patients are characterized by younger age,
isolated anemia, normal or reducedmarrow cellularity (with

respect to age-adjusted normal ranges), absence of ring
sideroblasts, and low percentage of marrow blasts (median,
2%) (Appendix).

A heterogeneous distribution of 2016 WHO disease sub-
types is observed through the new groups defined by genomic
features (P , .0001, Appendix). Interestingly, this new
classification accounts for genomic heterogeneity of patients
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FIG 2. (A) Probability of overall survival after allogeneic transplantation in the EuroMDS cohort. Patients were stratified
according to specific genomic features. A total of 424 cases with complete information about transplant procedures
and clinical outcome entered the analysis. (B) Comparison of probability of survival among different genomic-based
MDS groups (P values of log-rank test were reported). AML, acute myeloid leukemia; MDS, myelodysplastic
syndromes.
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stratified according to WHO criteria. This is evident for MDS
with isolated 5q deletion. Patients with none or one mutation
(mainly including SF3B1 gene) are clustered into group 6,
whereas those with two or more mutations or TP53mutations
are classified into group 1 (Appendix). MDS with 5q deletion
included into group 6 show lower rate of transfusion de-
pendency and lower percentage ofmarrow blasts with respect
to patients classified into group 1 (P5 .0043 and P, .0001).

These findings provide the proof of concept for a new
classification of MDS on the basis of entities defined
according to specific genomic features. In the Appendix,
we define a diagram to classify patients in the appropriate
category on the basis of individual genomic profile.

Clinical Relevance of Genomic Classification of

Myelodysplastic Syndromes in Predicting Survival and

Response to Specific Treatments

Genomic-based MDS groups present different probability
of survival (Appendix, P , .0001), suggesting that the
integration of genomic features may improve the capability
to capture prognostic information. Groups 1 and 6 char-
acterized by SF3B1 mutations show better survival with re-
spect to groups 2, 3, 4, 5, and 7 (P from , .0001 to .0093),
isolated SF3B1 (group 6) being associated with better
outcome with respect to SF3B1 with co-mutated patterns

(group 1, P 5 .0304). Group 0 including patients without
specific genomic abnormalities is associated with good
prognosis as well (P from , .0001 to .012 with respect to
groups 2, 3, 4, 5, and 7). Groups defined by splicing mu-
tations other than SF3B1 show worse survival; among them,
group 5 (SRSF2mutations with co-existing mutations in other
genes) is associated with dismal outcome (P from, .0001 to
.0177with respect to groups 0, 1, 4, and 6). Group2 including
patients with TP53 mutations and complex karyotype shows
the poorest outcome (P from , .0001 to .0473). Group 7
including patients with AML-like mutations shows high rate of
leukemic evolution and worse prognosis as well (P , .0001
with respect to groups 1, 3, and 6). Finally, among patients
with isolated 5q deletion, cases with none or single mutation
are associated with a better prognosis with respect to those
with two or more mutations or TP53 mutations (P 5 .0432).

Then, we tested whether grouping MDS patients according
to genomic features may provide information about re-
sponse to specific treatments. We focused on 424 cases
who underwent allogeneic transplantation and on 221
cases treated with hypomethylating agents. With the limit to
analyze a retrospective cohort of selected patients, MDS
groups on the basis of genomic features do not identify
different probability of survival after hypomethylating agents
(not shown), whereas they are able to significantly stratify
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FIG 3. Fraction of explained variation that was attributable to different prognostic factors for overall survival.
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post-transplantation outcome (Fig 2). SF3B1-related
groups (groups 1 and 6), MDS with AML-like mutations
(group 7), andMDSwithout specific genomic abnormalities
(group 0) show a better outcome after transplant, whereas
groups defined by TP53 mutation and/or complex karyo-
type (group 2) and by U2AF1 mutations (group 4) are
associated with a high rate of transplantation failure (Fig 2).

Personalized Prognostic Assessment on the Basis of

Clinical and Genomic Features

Random-effects Cox multistate model incorporating 63
clinical and genomic variables are developed to estimate
personalized probability of survival (Data Supplement 1).

First, we determined the fraction of explained variation for
clinical outcome that was attributable to different prog-
nostic factors (Fig 3). Demographic features (age and sex)
have a high predictive prognostic power. Gene mutations
and co-mutation patterns increase the prognostic power of
cytogenetics. Clinical features (percentage of marrow blasts
and anemia) still retain a strong independent predictive
power for survival, suggesting that these variables reflect
important features of the disease state that are not captured
by genomic landscape (Fig 3, Data Supplement 1).

We then explored whether Random-effects Cox multistate
model could generate accurate survival predictions for
individual patients and if the obtained predictions are more
informative than conventional age-adjusted IPSS-R (Data
Supplement 1).

Random-effects Cox multistate model is able to generate a
prediction for survival that correlated well with the observed
outcomes in EuroMDS cohort (Table 1). Internal cross-
validation shows a concordance of 0.74 and 0.71 for
survival in training (67% of patients) and test (33% of

patients) subsets, respectively. This model shows superior
performance to conventional scoring systems (age-ad-
justed IPSS-R concordance is 0.62 and 0.65 in training and
test subsets of EuroMDS cohort, respectively). Interestingly,
the concordance of Dirichlet process components is similar
to that of age-adjusted IPSS-R (0.65 and 0.62, respec-
tively), thus underlying the relevance of accounting for
genomic features into the prognostic model.

In Figure 4, we illustrate an example of the calculations to
obtain a personalized prediction of survival by using pa-
tients from EuroMDS cohort; in two patients with same
clinical phenotype and similar predicted prognosis
according to age-adjusted IPSS-R, Random-effects Cox
multistate model is able to capture additional prognostic
information and efficiently predicts clinical outcome.

Because the underlying survival model is complex, specific
information technology support is needed to combine all
the information at individual patient level and to translate it
into a personalized outcome prediction. With the aim to
help clinicians to be familiar with such a next-generation
prognostic tool, we have created a prototype Web portal20

that allows outcome predictions to be generated based on
EuroMDS data set for user-defined constellations of ge-
nomic features and clinical variables.

Independent Validation of Personalized

Prognostic Assessment

An independent validation of Random-effects Cox multistate
model is performed on Humanitas cohort (a single-center
prospective population of 318 patients showing significantly
different hematological features with respect to EuroMDS
cohort [Data Supplement 1]). Concordance for survival in
Humanitas cohort was similar to that observed in EuroMDS

TABLE 1. (A) Concordance Comparison Between Random-Effects Cox Proportional Hazards Multistate Models (CoxRFX) and IPSS-R on Training-Test
Approach. (B) Concordance of CoxRFX Models and Age-Adjusted IPSS-R on Training-Validation Approach
A

Statistical Model and Variable Selection

Training (66% of EuroMDS Patients) Test (33% of EuroMDS Patients)

Concordance SD Concordance SD

Cytogenetics IPSS-R risk groups 0.576 0.012 0.567 0.016

Age-adjusted IPSS-R risk groups 0.620 0.015 0.659 0.019

Dirichlet processes 0.649 0.014 0.629 0.020

CoxRFX_Clinical 1 demographics 1 Dirichelet processes 0.729 0.015 0.713 0.021

CoxRFX_Clinical 1 demographics 1 genomics 0.742 0.015 0.709 0.021

B

Statistical Model and Variable Selection

Training (EuroMDS Cohort) Validation (Humanitas Cohort)

Concordance SD Concordance SD

CoxRFX_Clinical 1 demographics 1 Dirichlet processes 0.715 0.012 NA NA

CoxRFX_Clinical 1 demographics 1 genomics 0.737 0.012 0.753 0.037

NOTE. For each method, the concordance and its SD are shown for all performed analyses on both training and test sets, where applicable.
Abbreviations: IPSS-R, revised version of International Prognostic Scoring System; NA, not applicable; SD, standard deviation.
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cohort (0.75 and 0.74, respectively), suggesting that the
model provides considerable discriminatory power that ac-
curately generalizes to other real-world populations (Table 1).

DISCUSSION

We developed computational approaches to define
genotype-phenotype correlations in MDS and to measure

combined prognostic information of gene mutations and
clinical variables.

RNA splicing is the most commonly mutated pathway in
MDS10-12 and occurs early in disease evolution. These
mutations play a major role in determining the disease
phenotype, with differences in morphological features and
survival.12 Splicing mutations may also influence the
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FIG 4. Personalized prediction of overall survival using a multistate prognostic model including clinical and genomic features and their interactions
in two patients from the EuroMDS cohort (labeled as patient A and patient B), both classified asMDS with multilineage dysplasia according to 2016
WHO classification and belonging to low-risk group according to age-adjusted revised version of International Prognostic Scoring System (IPSS-R).
Using currently available prognostication, both patients are predicted to have an indolent clinical course without significant risk of disease evolution
and death (in the EuroMDS cohort, Kaplan-Meier curves show a median survival of 79 months for low-risk age-adjusted IPSS-R). When looking at
mutational profile, driver mutations involved different splicing factor genes in these patients: patient A carries SF3B1mutation, whereas patient B
presents SRSF2mutation. We then calculated expected survival by using the novel genomic-based prognostic model (exponential survival curves
are reported in the figure). Patient A was classified into genomic-based group 6, and patient B was classified into group 5. Accordingly, the
estimation of life expectancy is now significantly different in these two patients, as underlined by the slope of the two exponential curves. Themodel
predicts a better probability of survival for patient A (with SF3B1 mutation) with respect to patient B (with SRSF2 mutation), thus reflecting more
precisely the observed clinical outcome. In fact, patient B died 16 months after the diagnosis as a result of leukemic evolution, whereas patient A
was still alive without evidence of disease progression after 60 months of follow-up. IPSS-R fails to capture such a difference in clinical outcome.
The interpretation of the predicted survival curves by genomic-based predictive model is meaningful also considering that we are in the context of a
cohort of elderly patients: patient A (age 78 years) has a 30% survival probability at the age of 80, whereas patient B (age 73 years) has a 30%
survival probability at the age of 74.
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subsequent genomic evolution of the disease because the
patterns of cooperating mutations are different between
SF3B1, SRSF2, and U2AF1 genes.12,21 Overall, these
findings suggest that a genomic classification in MDS is
advisable.

We identify eight subgroups of MDS based on specific
genomic features. WHO subtypes are heterogeneously
distributed across these new genomic categories, sug-
gesting that the current classification is unable to capture
distinct MDS biological features.

SF3B1 mutations define a specific MDS subtype charac-
terized by ring sideroblasts, low blast count, and favorable
outcome.2,10-12,22 Among SF3B1-mutated patients, JAK/
STAT pathway coexisting mutations can induce the ac-
quisition of a myeloproliferative phenotype.23 A distinct
disease subtype includes patients with SF3B1 mutations
and co-existing mutations in other genes (RUNX1 and
ASXL1), characterized by multilineage dysplasia.22 This
disease subgroup is associated with poorer outcome.
SRSF2 and U2AF1 mutations identify distinct disease
subtypes with specific co-mutation patterns, hematological
phenotype, and reduced probability of survival with respect
to SF3B1-defined categories.24-28

The subgroup with TP53mutations and complex karyotype
has very poor outcomes29; this same subgroup has been
identified in AML and myeloproliferative neoplasms.14-16

We identify an MDS subtype including cases with muta-
tions that are recurrently described in de novo AML2,14; this
category shows a very high risk of leukemic transformation
and poor outcome, suggesting that the current threshold of
20% marrow blasts might be not suitable to recognize
different disease entities from a biological point of view.
Moreover, we notice a high percentage of patients with
marrow hypocellularity in the group without specific ge-
nomic features; these MDS show overlapping clinical

features with aplastic anemia.2,30 Overall, these findings
suggest that a genomic classification could transcend the
boundaries of MDS and help categorization of cases bor-
dering with other myeloid conditions where current mor-
phological criteria are often inadequate.

Moving to prognostication, we have built statistical models
that can generate personally tailored survival prediction
using information from both clinical and genomic fea-
tures.15 We show that the inclusion of gene mutations and
co-mutational patterns significantly improves patient
prognostication with respect to IPSS-R, which considers
only cytogenetics abnormalities. Although conventional
prognostic systems provide an outcome prediction based
on the median survival of patients with similar clinical
features, our new prognostic model is based on individual
patient genotype and phenotype, thus improving the ca-
pability of capturing prognostic information in such a
heterogeneous disease. Finally, genomic features are rel-
evant for predicting survival after transplantation, sup-
porting the rationale to include this information to support
transplantation decision making in MDS.31,32

The most critical issue for this novel prognostic model is
sample size, which is particularly relevant in MDS showing
a long tail of genes mutated in a low proportion of cases.
According to previous data, for a gene mutated in 5%-10%
of patients, a training set of 500-1,000 patients would
suffice, but for a genemutated in, 1% of patients, a cohort
of . 5,000 would be needed.15 Additional cooperative
efforts are therefore needed to improve the reliability and
generalizability of these models.

The integration of clinical data with diagnostic genome
profiling in MDS may provide prognostic predictions that
are personally tailored to individual patients. Such infor-
mation will empower the clinician and support complex
decision-making process in these patients.
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APPENDIX

MDS with SRSF2 and concomitant TET2
mutations

Group 3 (n = 346)

PB: single cytopenia (anemia in most
cases),higher monocyte absolute count
BM: multilineage dysplasia, excess of
blasts

PB: two or more cytopenias
BM: multilineage dysplasia, excess of
blasts

MDS with SRSF2 mutations with
co-existing mutations 

Group 5 (n = 192)

MDS with SRSF2 and concomitant TET2
mutations

Group 2 (n = 188)

PB: two or more cytopenias with
transfusion-dependency
BM: excess of blasts

Group 7 (n = 174)

MDS with AML-like mutations PB: two or more cytopenias with
transfusion-dependency
BM: excess of blasts

Group 4 (n = 98)

MDS with U2AF1 mutations associated
with deletion of chromosome 20q, and/or
abnormalities of chromosome 7

PB: severe transfusion-dependent
anemia
BM: multilineage dysplasia, excess of
blasts

PB: asympotmatic anemia
BM: normal to reduced bone marrow
cellularity, no ring sideroblasts, low
percentage of blasts

MDS without specific genomic profiles

Group 0 (n = 319)

Older age
BM: single or multilineage dysplasia, ring
PB: isolated anemia, normal to high
platelet count
sideroblasts, low percentage of blasts

MDS with isolated SF3B1 mutations
(or associated with mutations of clonal
hematopoiesis and/or JAK/STAT pathways
genes)

MDS with SF3B1 with co-existing
mutations

Group 1 (n = 350)

Older age
PB: anemia, mild neutropenia, thromboc
-ytopenia
BM: multilineage dysplasia, ring siderob
-lasts, excess of blasts

Group 6 (n = 43)

DEMOGRAPHICS, CLINICAL AND

HEMATOLOGICAL FEATURES

GENOMIC BASED MDS CATEGORY

S
F
3
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1
- 

re
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d

 M
D

S

MDS with SRSF2 and concomitant TET2
mutations

PB: single cytopenia (anemia in most
cases), higher monocyte absolute count
BM: multilineage dysplasia, excess of
blasts

PB: two or more cytopenias
BM: multilineage dysplasia, excess of
blasts

MDS with SRSF2 mutations with 
co-existing mutations in other genes 
(ASXL1, RUNX1, IDH2, and EZH2)

S
R

S
F
2
- 

re
la

te
d

 M
D

S

MDS with TP53 mutations and/or
complex karyotype

PB: two or more cytopenias with
transfusion-dependency
BM: excess of blasts

MDS with AML-like mutation patterns 
(DNMT3A, NPM1, FLT3, IDH1, and RUNX1 
genes)

PB: two or more cytopenias with
transfusion-dependency
BM: excess of blasts

MDS with U2AF1 mutations associated
with deletion of chromosome 20q, and/or
abnormalities of chromosome 7

PB: severe transfusion-dependent
anemia
BM: multilineage dysplasia, excess of
blasts

Younger age
PB: mild anemia 
BM: normal to reduced bone marrow
cellularity, absence of  ring sideroblasts, 
low percentage of blasts

MDS without specific genomic profiles

Older age
PB: isolated anemia, normal to high
platelet count
BM: single or multilineage dysplasia, ring
sideroblasts, low percentage of blasts

MDS with isolated SF3B1 mutations
(or associated with mutations of clonal
hematopoiesis and/or JAK/STAT pathways
genes)

Group 6 (n = 376)

MDS with SF3B1 mutations and co-existing 
mutations in other genes 
(ASXL1 and RUNX1)

Older age
PB: anemia, mild neutropenia, 
thrombocytopenia
BM: multilineage dysplasia, ring 
sideroblasts, excess of blasts 

M
D

S
 w

it
h

 i
s
o

la
te

d
 5

q
-

PB: isolated anemia, normal to high platelet count
BM: multilineage dysplasia, low percentage
of blasts  

MDS with isolated 5q- and none or one mutation
(excluding TP53 gene)

Group 1 (n = 25)

MDS with isolated 5q- and two or more 
mutations or TP53 mutations

PB: transfusion-dependent anemia
BM: multilineage dysplasia, low percentage of blasts
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MDS Patients

PATIENT CLUSTERING ACCORDING 

TO GENOMIC FEATURES (GENE MUTATIONS 

AND CHROMOSOMAL ABNORMALITIES)

FIG A1. Genomic groups in EuroMDS cohort (N 5 2,043) and their relationship with WHO category (defined according to
2016 classification criteria) and overall survival. According to a Bayesian clustering algorithm (Dirichlet processes), patients
are classified into eight distinct genomic groups on the basis of the presence or specific mutations and/or chromosomal
abnormalities: Group 0, MDS without specific genomic profile; Group 1, MDS with SF3B1 mutations and co-existing
mutations in other genes (ASXL1 and RUNX1); Group 2, MDS with TP53 mutations and/or complex karyotype; Group 3,
MDS with SRSF2 and concomitant TET2 mutations; Group 4, MDS with U2AF1 mutations associated with deletion of
chromosome 20q and/or abnormalities of chromosome 7; Group 5, MDSwith SRSF2mutations with co-existingmutations in
other genes (ASXL1, RUNX1, IDH2, and EZH2); Group 6, MDS with isolated SF3B1mutations (or associated with mutations
of TET2 and/or JAK/STAT pathways genes); Group 7, MDS with AML-like mutation patterns (DNMT3A, NPM1, FLT3, IDH1,
and RUNX1 genes). These genomic MDS groups significantly differ in WHO MDS categories (continued on following page)
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Group 1

L5|del(5q)+other

L7|del(7q)
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L11|del(11q)

L12|del(12q)|t(12p)Iso17q|t(17p)

L20|del(20q)

TP53

Group 2

G8

ASXL1

CBL

EZH2

RUNX1(AML1)

SRSF2 TET2

ZRSR2

Group 3

L7|del(7q)
L20|del(20q)

ASXL1

ETV6

PHF6

RUNX1(AML1)

SRSF2

U2AF1

Group 4

G8

ASXL1

EZH2
IDH2

KRAS

RUNX1(AML1) SRSF2

STAG2

TET2

Group 5

del(5q) only

LY

DNMT3A

SF3B1

TET2

Group 6

BCOR

BCORL1

DNMT3A

FLT3

IDH1

NPM1

NRAS

RUNX1(AML1)

U2AF1

UTX(KDM6A)

Group 7

0.05

1

30

Bayesian Network edges

odds ratio

mutually
exclusive

co−occourring
1

0.5

0.333

0.25

Intragroup 

genomic alteration frequency

FIG A2. Extrapolation of genomic landscape of MDS genomic groups through Bayesian Networks, applied to the whole MDS cohort. The size of each
node accounts for the number of correspondent genomic or cytogenetic alterations. The color of each link reflects odds ratio (shades of brown
represent mutual exclusivity while shades of green color degree co-occurrence). The thickness of edges grows with increasing significance of mutual
exclusivity/co-occurrence between alterations. MDS, myelodysplastic syndromes.

FIG A1. (Continued). distribution and in cumulative probability of survival. AML, acute myeloid leukemia; BM, bone marrow;
MDS, myelodysplastic syndromes; MDS-EB1, MDS with excess of blasts, type 1; MDS-EB2, MDS with excess of blasts, type
2; MDS-MLD,MDS with multilineage dysplasia; MDS-RS-MLD, MDS with ring sideroblasts andmultilineage dysplasia; MDS-
RS-SLD, MDS with ring sideroblasts and single-lineage dysplasia; MDS-SLD, MDS with single-lineage dysplasia; PB,
peripheral blood; WHO, World Health Organization.
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16.1%
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9.3%

10.5%

10.7%

13.7%

23.6%

5.3%

16.6%

4.6%

14.9%

MDS 5Q− MDS−SLD MDS−RS−SLD MDS−RS−MLD MDS−MLD MDS−EB1 MDS−EB2

Group 0
(n = 319)

Group 1
(n = 350)

Group 2
(n = 188)

Group 3
(n = 346)

Group 4
(n = 98)

Group 5
(n = 192)

Group 6
(n = 376)

Group 7
(n = 174)

FIG A3. Wide-ranging genomic heterogeneity of 2016 WHO categories within MDS genomic groups. MDS, myelodysplastic syndromes; MDS-EB1, MDS
with excess of blasts, type 1; MDS-EB2, MDS with excess of blasts, type 2; MDS-MLD, MDS with multilineage dysplasia; MDS-RS-MLD, MDS with ring
sideroblasts and multilineage dysplasia; MDS-RS-SLD, MDS with ring sideroblasts and single-lineage dysplasia; MDS-SLD, MDS with single-lineage
dysplasia.
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MDS with isolated del 5q
or with double clone

including del 5q 

NO

NO

MDS with AML-like
mutations

YES None or single mutation
(except TP53)

MDS with isolated 5q- with none or one mutation 
(excluding TP53 gene) [Group 6]

MDS with isolated 5q- and two or more mutations or 
TP53 mutations [Group 1]

YES

NO

MDS without specific genomic profiles [Group 0]

MDS with AML-like mutation patterns 
(DNMT3A, NPM1, FLT3, IDH1, and RUNX1 genes) [Group 7]

YES

NO

MDS with complex
karyotype and/or TP53

mutations
MDS with TP53 mutations and/or complex karyotype [Group 2]

YES

Single mutation (or
associated with mutations
of clonal hematopoiesis

and/or JAK/STAT
pathways genes)

MDS with SF3B1
mutations

YES

MDS with isolated SF3B1 mutations (or associated with mutations of
clonal hematopoiesis and/or JAK/STAT pathways  genes) [Group 6]

MDS with SF3B1 mutations and co-existing mutations in other 
genes (ASXL1 and RUNX1) [Group 1]

YES

NO

NO

NO

MDS with SRSF2
mutations

NO

MDS with U2AF1
mutations

YES
Concomitant TET2

mutations

YES

NO

MDS with SRSF2 and concomitant TET2 mutations [Group 3]

MDS with SRSF2 mutations and co-existing mutations 
in other genes (ASXL1, RUNX1, IDH2, and EZH2) [Group 5]

YES MDS with U2AF1 mutations associated with deletion of chromosome
20q, and/or abnormalities of chromosome 7 [Group 4]

FIG A4. Diagram to correctly classify MDS patients into the appropriate genomic group according to individual profile. AML, acute myeloid leukemia; MDS,
myelodysplastic syndromes.
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