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Myelodysplastic syndrome (MDS) is a clinically heterogeneous disease characterized by functional impairment of
hematopoiesis and abnormal bone marrow morphology. The type and severity of hematopoietic dysfunction in MDS are
highly variable, and the kinetics of disease progression are difficult to predict. Genomic studies have shown that MDS is
typically driven by a multistep somatic genetic process affecting a core set of genes. By definition, recurrent MDS driver
mutations all drive clonal dominance, although they can have stereotyped positions in the clonal hierarchy or patterns of
comutation association and exclusivity. Furthermore, environmental context, such as exposures to cytotoxic chemo-
therapy or the presence of germ-line predisposition, can influence disease pathogenesis and clinical outcomes. This
review will address how an enhanced understanding of MDS genetics may enable refinement of current diagnostic
schema, improve understanding of the pathogenesis of therapy-related MDS, and identify germ-line predispositions to
development of MDS that are more common than recognized by standard clinical evaluation.

Learning Objectives

• Understand that genetic characteristics may enable refinement
of current classification schema by improving the distinction
between MDS and ICUS and between MDS and AML

• Understand that leukemic transformation of MDS is charac-
terized by clonal genetic evolution, often affecting genes in-
volved in the RAS pathway

• Understand that therapy-relatedMDS is highly associated with
TP53 and PPM1D mutations, which impair the cellular stress
response, and that t-MDS without TP53 or PPM1D mutations
is genetically similar to de novo MDS

• Understand that inherited mutations that predispose to de-
velopment of MDS, such as GATA2, SBDS, TERT, and TERC,
are more common than recognized by standard clinical evaluation
and may have prognostic significance

Introduction
Peripheral blood derives from the hematopoietic stem cell (HSC),which
is defined by its dual capacities for sustained self-renewal and multi-
lineage differentiation (Figure 1). Normally, a diverse pool of HSCs is
maintained in homeostatic balance and contributes to polyclonal he-
matopoiesis. A pathogenicmutation in one of a small subset of genes can
endow a single stem cell with a competitive advantage over neighboring
cells and drive clonal expansion. However, clonality alone is not suf-
ficient to cause or diagnose disease, because even densely clonal he-
matopoiesis can remain functionally intact.1,2 Instead, a diagnosis of
myelodysplastic syndrome (MDS) requires identification of peripheral
cytopenias and characteristic bone marrow morphologic abnormalities.

Recent MDS-focused sequencing studies have shown concordant
core findings.3-6 MDS is typically driven by a multistep genetic

process characterized by recurrent mutations affecting basic cellular
pathways, including RNA splicing, epigenome regulation, myeloid
transcriptional coordination, DNA damage and stress responses, and
growth factor signaling. Despite the high number of recurrently mutated
genes and heterogeneity of affected pathways, myeloid driver mutations
share a fundamental biological property: they all have the potential to
cause clonal dominance at the stem cell level. The diversity of clinical
MDS phenotypes associated with specific mutations may be attributable
to differential coregulation of the HSC self-renewal program and
lineage-specific differentiation programs.

The impact of genemutations onMDSpathobiology can be informed by
genetic, temporal, or environmental contexts. Mutations do not manifest
in random order or random combinations. Instead, individual mutations
can have highly stereotyped positions in the clonal hierarchy and strong
patterns of comutation association and exclusivity (Figure 2). Moreover,
environmental context, such as leukemogenic exposures or germ-line
predisposition syndromes, can influence disease pathogenesis and
clinical outcomes. Because clinical sequencing platforms are deployed
more broadly in practice, it is imperative to define the core regulatory
logic of MDS genetics; to integrate clinical, morphologic, and genetic
characteristics into a new MDS diagnostic paradigm; and to understand
howMDS clonal genetic architecture may predict clinical evolution and
therapeutic response. Recent MDS genetic studies have yielded key
insights into our understanding of how gene mutations cooperate to
initiate and propagate disease.

Genetics and the evolving definition of MDS
The evolving understanding of myeloid genetics has challenged our
historical definition of MDS.

Does a diagnosis of MDS require morphologic dysplasia? Where
does MDS end and acute myeloid leukemia (AML) begin? Genetic
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studies have begun to delineate the boundaries of MDS more
precisely.

MDS and its distinction from idiopathic cytopenia of
undetermined significance and clonal cytopenia of
undetermined signficance
At present, a definitive diagnosis of MDS in a patient with cytopenias
requires demonstration of characteristic morphologic changes

or MDS-defining cytogenetic abnormalities. However, many such
patients have a normal karyotype and lack the most distinctive
pathologic features of MDS, such as ring sideroblasts or an excess of
myeloid blasts. In these cases, it may be difficult to exclude or
establish a diagnosis of MDS, and pathologists rely on more sub-
jective identification and quantitation of dysplastic bone marrow
elements. The term idiopathic cytopenia of undetermined signifi-
cance (ICUS) was established to describe patients with persistent
unexplained cytopenias that do not meet diagnostic criteria for MDS.

ICUS clearly represents a heterogeneous clinical category, including
many patients who will never develop a myeloid neoplasm and other
patients who may rapidly manifest frank disease. Indeed, it was
recognized that a subset of patients with ICUS has MDS-associated
somatic mutations and that these patients may share genetic and
clinical characteristics with bona fide MDS.7,8 The distinct natural
history of patients with clonal vs nonclonal cytopenias has recently been
explored in a large cohort of patients presenting for clinical evaluation of
unexplained cytopenias.9 Using gene panel testing, it was shown that
ICUS could be segregated by molecular genetic profile into subgroups
with distinct outcomes or likelihood of clinical progression. Not sur-
prisingly, patients with clonal ICUS had a much higher rate of pro-
gression than patients with nonclonal ICUS. However, not all clonality
was equivalent. The group of patients with mutations affecting RNA
splicing (SF3B1, SRSF2, and U2AF1) and those with TET2, DNMT3A,
or ASXL1 mutations plus additional gene mutations had clinical charac-
teristics that were very similar to those of low-riskMDS patients, including
older age, male bias, worse overall survival, and increased risk of disease
progression. By contrast, those with mutations affecting TET2, DNMT3A,
or ASXL1 alone had slower kinetics of progression unless paired with
additional myeloid driver mutations. These results are consistent with
studies showing that somatic TET2,DNMT3A, and ASXL1mutations are
commonly found in the blood of aging individuals without overt he-
matologic abnormalities or clinically apparent myeloid malignancies.1,2

Somatic mutation status has not yet been fully integrated into the
World Health Organization MDS diagnostic classification scheme.10

As additional longitudinal cohorts with comprehensive genetic

Figure 1. MDS gene mutations corrupt normal hematopoiesis. Panel A
shows normal hematopoiesis, where HSCs possess the capacity for self-
renewal andmultilineage differentation. Panel B shows that serial acquisition of
somaticmutations causesclonal stemcell expansion and impaireddifferentation.
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Figure 2. Gene mutations have stereotyped positions in the MDS clonal hierarchy.
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annotation are reported, MDS may be more precisely defined by the
presence of specific mutation patterns in patients with cytopenias,
even in the absence of definitive morphologic findings.

MDS and its distinction from AML
Medullary blast count has long been recognized as one of the most
important prognostic parameters in MDS. Based on a series of
studies that evaluated the association between the proportion of bone
marrow blasts and overall survival or risk of AML transformation,
a formal distinction between MDS and AML was defined. Irre-
spective of other clinicopathologic features, a patient is characterized
as having MDS if bone marrow blasts are measured below 20% and
AML if bone marrow blasts are 20% or higher.10,11 Although this
quantitative threshold is useful for disease classification, clinical trial
enrollment, and population-based studies, it does not provide res-
olution of clinically relevant heterogeneity at the level of an indi-
vidual patient. For example, some patients have a low bone marrow
blast count but progress rapidly to AML, suggesting that a biological
transition to more aggressive AML can precede development of
a leukemic blast count. Other patients can have a relatively high blast
count that remains stable for a prolonged period of time, suggesting
that even profound defects in hematopoietic differentiation do not
always cause florid decompensation.12

Accurate prediction of disease kinetics and dynamic monitoring of
disease status are central challenges in the clinical care of MDS
patients. In individual patients, it can be difficult at the time of initial
diagnosis to predict the pace of disease progression or identify in-
cipient transformation, even with serial clinical monitoring. Can an
understanding of the stereotyped position of gene mutations in the
MDS clonal hierarchy improve prognostic models? Specifically, can
a point assessment of MDS genetics be used to predict the kinetics of
disease progression in individual patients? By defining the most
relevant associations between genetic characteristics and disease
status, it may be possible to more precisely identify clinically ac-
tionable disease transitions.

Serial genetic analysis of patients with MDS before and after
transformation to secondary acute myeloid leukemia (s-AML) has
revealed a key principle of disease progression: the transition from
MDS to s-AML is typically marked by a change in clone constit-
uency rather than a change in overall clone abundance. Walter et al13

used whole-genome sequencing to compare the genetic character-
istics of samples obtained from MDS patients at 2 time points. They
showed that the proportion of bone marrow involved by a genetically
defined clone remains the same in MDS and s-AML, irrespective of
blast count. In each case, mutations associated with the founding
clone persisted at high variant allele fraction, but there was selective
outgrowth or emergence of at least one genetically distinct subclone.
This study established the basic paradigm that clinical transformation of
MDS is associated with clonal genetic evolution.

However, clonal evolution itself does not always mean clinical
transformation. Comparisons of serial samples from individual pa-
tients and genetic analyses of MDS and s-AML cohorts have shown
that specific gene mutations have highly stereotyped positions in
MDS clonal hierarchy.4,6,14 For example, mutations affecting genes
that encode epigenetic modifiers (DNMT3A, TET2, ASXL1, EH2,
etc.) or RNA spliceosome components (SF3B1, SRSF2, and U2AF1)
tend to arise in the MDS phase of disease and rarely occur at the
time of transformation. Acquisition of mutations in these pathways
characterizes the initiation and early progression of MDS. By contrast,

mutations that drive activated growth factor signaling pathways (NRAS,
KRAS, PTPN11, FLT3, etc.) are rarely identified early in disease,
and instead, they are frequently gained or expanded in subclones at
time of progression to high-grade MDS or transformation to acute
leukemia.14-17 Aberrant activation of rat sarcoma/mitogen-
activated protein kinase (RAS/MAPK) signaling thus seems to
represent a discrete biological transition in MDS, although the precise
molecular consequences of individual RAS pathway gene muta-
tions on intracellular signaling can be distinct.

Deriving clinical utility from genetic knowledge:
examples from stereotyped clonal hierarchies and
comutation associations
The stereotyped subclonal position of RAS pathway mutations in the
MDS clonal hierarchy may inform interpretation of clinical genetic
results. For example, we recently showed that the presence of RAS
pathway mutations at the time of allogeneic HSC transplantation
for MDS is associated with poor survival.3 Notably, the adverse
prognostic significance of RAS pathway mutations was only man-
ifest in patients receiving reduced intensity conditioning regimens
and driven by amarkedly increased risk of early relapse.We suggest that
RAS pathway mutations that persist at the time of transplantation reflect
low-volume but biologically transformed disease that outpaces the
development of effective graft-versus-leukemia activity, unless patients
receive intensive cytoreduction before transplantation. These data are
consistent with another transplant study, where persistence of RAS
pathwaymutations in s-AML patients after induction chemotherapywas
associated with poor posttransplant survival,18 although this study was
not powered to evaluate RAS pathway mutations in MDS patients
receiving reduced intensity conditioning vs myeloablative regimens.
In the nontransplant setting, patients with RAS-mutated or FLT3 internal
tandem duplication s-AML have inferior survival compared with those
with wild-type RAS or FLT3, suggesting that mutations causing
activated signaling drive a biologically distinct transformation.16 In
aggregate, these data suggest that diagnostic sequencing or serial
genetic monitoring for mutations that cause aberrant activation of
growth factor signaling (NRAS, KRAS, FLT3, PTPN11, CBL, NF1,
RIT1, and KIT) may enable more accurate and clinically mean-
ingful assessment of biological disease status.

Point mutations in RNA splicing factors (SF3B1, U2AF1, and SRSF2)
are the most common class of genetic alterations in MDS patients.4,5

Splicing mutations are always heterozygous and display a striking
mutual exclusivity, where mutations very rarely cooccur in the same
patient.19 Experimental models have shown that the genetic charac-
teristics of human MDS reflect a cellular intolerance of severe spli-
ceosome impairment and showed proof of concept that it may be
possible to leverage this vulnerability to therapeutic benefit using
pharmacologic modulators of spliceosome function.20 These studies
suggest an exciting path forward: ongoing genomic discovery efforts or
analysis of large datasets may stimulate biological hypotheses or novel
therapeutic approaches. For example, mutations in the cohesin pathway
(STAG2, RAD21, SMC3, and SMC1A) display a mutual exclusivity
similar to spliceosome mutations. Alternatively, there may be powerful,
albeit unexpected, genetic associations and exclusivities that are ap-
parent only in specific clinical or genetic contexts.

Pathogenetic context: distinct MDS biology with cytotoxic
therapy or germ-line predisposition syndromes
Genetics of therapy-related MDS. MDS that develops after
chemotherapy or radiation for a nonmyeloid disease is categorized as
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therapy-related myelodysplastic syndrome (t-MDS), and it is rec-
ognized as a distinct group because of its association with poor
clinical outcome.10 The definition of t-MDS is based solely on
clinical history, and it is independent of the type or intensity of
exposure and of the latency between exposure and t-MDS diagnosis.
All patients who are at risk of having biological t-MDS are thus
encompassed within the category. However, whether a specific
exposure is truly linked to disease pathogenesis and the extent to
which therapy-related pathogenesis directly drives poor clinical
outcomes have not been clearly established.

Several mechanisms have been proposed to explain the pathogenesis
of t-MDS, including direct genotoxic stress to HSCs, the selective
outgrowth HSC clones with impaired DNA damage response or
MDS-associated driver mutations, or manifestation of an inherited
cancer susceptibility.21-23 Recent genetic studies of t-MDS and
therapy-related AML cases have sought to better define a subgroup
of patients who have true therapy-driven disease.14,24-26 In our recent
analysis of 1514 MDS patients receiving allogeneic stem cell
transplantation, we compared the mutation profile of 311 patients
with t-MDS with that of 1203 patients with primary MDS. Mutations
in PPM1D or TP53 were present in 46% of the patients with t-MDS,
and they were the only gene mutations that were significantly as-
sociated with t-MDS. By contrast, the group of t-MDS cases without
TP53 or PPM1D mutations appeared genetically similar to primary
MDS and did not have adverse outcomes (Figure 3A).

PPM1D is a serine-threonine protein phosphatase that negatively
regulates the cellular stress response (Figure 3B). Cells that en-
counter replicative stress through exposure to chemotherapy rapidly
activate DNA repair and cell cycle checkpoint pathways via phos-
phorylation of specific residues on various proteins, including ATM,
CHK1, and P53. P53, which represents the central coordinating node
of these pathways, induces expression of PPM1D, which in turn
triggers a return to steady state through its phosphatase activity.
Mutations in PPM1D are localized to exon 6 and cause C-terminal
truncations that may cause an increase in phosphatase activity that ab-
errantly inhibits checkpoint and DNA damage response pathways.27

TP53mutations have long been recognized to occur more frequently
in therapy-related myeloid neoplasms than in de novo myeloid
neoplasms.28 This epidemiological observation is consistent with the
established consequences of TP53 dysfunction during the DNA

damage response after exposure to cytotoxic agents.29 Moreover,
TP53 mutations can be identified in the peripheral blood of some
patients who develop t-MDS/therapy-related AML, even before
exposure to chemotherapy, suggesting that cytotoxic therapies can
select for preexisting clones with acquired DNA damage response
dysfunction.24 Experimental evidence in a mouse model of Tp53
insufficiency supports this clinical observation, showing that Tp531/2

hematopoietic stem/progenitor cells preferentially expand after expo-
sure to the alkylating agent N-ethyl-N-nitrosurea.24

The strong statistical association between t-MDS and TP53 or
PPM1D mutations as well as the shared biological role of TP53
or PPM1D in the DNA damage response suggest that these mutations
mark a subset of t-MDS patients whose disease is directly driven
or selected by therapeutic exposure. The potent selective pressures
exerted by such therapies are further evidenced by the significant
cooccurrence of PPM1D and TP53 mutations in individual patients.
This association suggests either convergent evolution of distinct
subclones under conditions of environmental selection or co-
operative biological activity in the same clone. Together, these
findings show that somatic genetic analysis can reveal the biological
basis of clinically relevant heterogeneity in disease pathogenesis, even
within a World Health Organization–defined subcategory. Further-
more, genetic annotation enables interrogation of alternative biological
hypotheses. For example, poor outcomes in t-MDS without TP53
pathway alterations may be independent of disease biology and reflect
global end organ dysfunction, alteration of the bone marrow micro-
environment, or poor hematopoietic reserve.

Age and MDS genetics. Aging is associated with the development
of clonally restricted hematopoiesis.1,2,30 At least 10% of individuals
over age 70 years old have detectable mutations in canonical drivers
of myeloid malignancies in their peripheral blood, whereas others
exhibit clonal skewing without driver mutations. The presence of
clonal hematopoiesis with myeloid driver mutations is associated
with an elevated risk of developing hematologic cancers.1,2 Ac-
cordingly, the age-dependent accumulation of somatic mutations is
thought to underlie the increasing prevalence of MDS with in-
creasing age. In children and young adults, MDS is rare and more
commonly arises in the context of predisposing conditions, such
as leukomogenic exposures, familial MDS/AML syndromes, or
inherited or acquired bone marrow failure syndromes.31 The spec-
trum of genetic alterations in young MDS patients is different

Figure 3. The genetics of t-MDS. Panel A shows the spectrum of recurrent gene mutations in a cohort of 311 t-MDS cases. Each column represents
one patient, and colored bars are mutations. TP53 and PPM1D mutations are found in one-half of cases, and they frequently cooccur in individual
patients. Panel B represents key components of the DNA damage response. Red circles with “P” represent phosphates that are regulated by PPM1D
phosphatase activity.
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than that of older MDS patients, likely reflecting these distinct
pathogenetic mechanisms.3 Whereas older patients more frequently
harbor somatic mutations in genes encoding epigenetic modifiers
(TET2 andDNMT3A) or RNA splicing (SRSF2 and SF3B1), younger
patients have much higher frequency of genes associated with germ-
line conditions (GATA2 and SBDS) and acquired predispositions
(PIGA).

By uniformly interrogating genetic loci associated with IBMF and
MDS predisposition syndromes in a large cohort of MDS patients, we
made several observations: some MDS patients had germ-line muta-
tions in IBMF genes, most patients with IBMF mutations did not have
a documented clinical history of the associated syndrome, the latency of
MDS development in patients with IBMF gene mutations was highly
variable, and MDS transformation in specific IBMF syndromes was
associated with characteristic somatic progression events.

For example, we found compound heterozygous SBDS mutations in
4% of adults with MDS under the age of 40 years old.3 SBDS is the
causative gene for Shwachman–Diamond Syndrome, an autosomal
recessive congenital bone marrow failure syndrome associated with
short stature, exocrine pancreatic dysfunction, and a strong pre-
disposition to MDS/AML transformation.32 Surprisingly, most pa-
tients in this cohort with biallelic SBDS mutations had no clinical
history of Shwachman–Diamond Syndrome, although clinical and
genetic evidence suggested that these were bona fide cases of
clinically unrecognized disease. First, SBDS mutations were present
at the heterozygous variant allele fraction and were previously re-
ported as pathogenic in affected patients. Second, patients with
biallelic SBDS mutations were significantly and uniformly younger
than carriers who harbored a single mutated allele. Third, patients
with biallelic SBDS mutations had significantly shorter stature than
carriers. These results were consistent with the increasing recogni-
tion that the clinical presentation of Shwachman–Diamond Syn-
drome can be highly variable and that patients can escape clinical
diagnosis into young adulthood.33

Not all MDS cases with genetically identifiable inherited pre-
dispositions were restricted to young patients. We found that almost
1% of the total MDS cohort had germ-line pathogenic mutations in
TERC or TERT. These patients had highly variable latency of MDS
transformation, with a median age of diagnosis in the sixth decade of
life. Despite harboring canonical TERC or TERT mutations known
to impair telomere maintenance, only one patient had a clinical history
of dyskeratosis congenita. This suggests that germ-line defects
in telomere maintenance have variable clinical presentation, where the
most severely affected individuals present early in life with syndromic
characteristics of dyskeratosis congenita, whereas less severely af-
fected individuals present later in life with MDS or other end organ
manifestations. The variable clinical presentation and disease latency
are consistent with the genetic anticipation that is seen with inherited
defects in telomere maintenance, where each successive generation has
increasingly shortened telomeres and a more severe phenotype.34

These examples show that inherited predispositions are more
common in MDS patients than recognized by standard clinical
evaluation. Identification of MDS patients with cryptic germ-line
predisposition mutations may influence several aspects of clinical
management. For example, in the setting of stem cell transplantation,
patients with SBDS, TERC, or TERT mutations all had poor survival,
but the apparent causes of poor clinical outcomes were different. In
patients with SBDS mutations, relapse was common. In contrast,

those with cryptic TERC or TERT mutations had low relapse but high
risk of nonrelapse mortality, consistent with clinical characteristics of
patients with bona fide dyskeratosis congenita.35 Developing strategies
for improving transplantation outcomes in these patients may thus
depend on understanding the biological differences that govern their
distinct susceptibility to transplant- or conditioning regimen–specific
toxicities. Similarly, objective identification of cryptic IBMF/
predisposition mutations will impact transplant donor selection and
family counseling and screening recommendations.

Somatic clonal hematopoiesis has been observed in individuals with
familial MDS and related asymptomatic carriers.36 Some such patients
exhibit clonal skewingwithout recurrent drivermutation, whereas others
have somatic mutations in myeloid driver genes. The clinical impli-
cations of detecting emergence of somatic clones have not been defined.
However, development of clonal hematopoiesis seems to occur pre-
cociously in patients with IBMF and MDS/AML predisposition syn-
dromes, suggesting that inherited alterations in hematopoiesis or bone
marrow microenvironment favor the selection of clonally dominant
HSCs and the development of myeloid malignancies. Furthermore,
recent data suggest that the pathobiology of different germ-line syn-
dromes affects the spectrum of somatic mutations that drive clinical
progression. In MDS patients with genetically defined Shwachman–
Diamond Syndrome, TP53 mutations are remarkably common.3 In
contrast, TP53 mutations are rare in patients with germ-line GATA2
deficiency, and instead, somatic ASXL1mutations are more common.37

Understanding the distinct pathways of clonal transformation in patients
with germ-line predispositions may improve clinical monitoring and
yield advances in development of disease-specific therapeutic strategies.

Conclusion
Genetic characteristics of MDS are powerfully associated with
clinical phenotype. An enhanced understanding of the regulatory
logic of MDS genetics may stimulate refined and biologically
based diagnostic and monitoring schema that may be integrated
into clinical practice.
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