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The myelodysplastic syndrome as a prototypical epigenetic disease
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The myelodysplastic syndrome (MDS) is

a clonal disorder characterized by in-

creased stem cell proliferation coupled

with aberrant differentiation resulting in

a high rate of apoptosis and eventual

symptoms related to bone marrow failure.

Cellular differentiation is an epigenetic

process that requires specific and highly

ordered DNA methylation and histone

modification programs. Aberrant differen-

tiation in MDS can often be traced to

abnormal DNA methylation (both gains

and losses of DNA methylation genome

wide and at specific loci) as well as

mutations in genes that regulate epige-

netic programs (TET2 and DNMT3a, both

involved in DNA methylation control;

EZH2 and ASXL1, both involved in his-

tone methylation control). The epigenetic

nature of MDS may explain in part the

serendipitous observation that it is the

disease most responsive to DNA methyl-

ation inhibitors; other epigenetic-acting

drugs are being explored in MDS as well.

Progression in MDS is characterized by

further acquisition of epigenetic defects

as well as mutations in growth-controlling

genes that seem to tip the proliferation/

apoptosis balance and result in the de-

velopment of acute myelogenous leuke-

mia. Although MDS is clinically and

physiologically heterogeneous, a case

can be made that subsets of the disease

can be largely explained by disordered

stem cell epigenetics. (Blood. 2013;121(19):

3811-3817)

MDS is a disease of disordered differentiation

Myelodysplastic syndrome (MDS) carries in its name the funda-
mental pathognomonic defect that characterizes it: dysplasia, a catchy
description of what is essentially abnormal differentiation.1,2 There
are many histologic hallmarks of aberrant hematopoietic cell dif-
ferentiation in MDS: nuclear/cytoplasmic ratio, nuclear shape,
agranularity (or persistence of granules when they should be absent
at that particular stage of differentiation), etc. There are also
functional defects characteristic of abnormal differentiation: patients
with MDS are prone to serious infections even when the neutrophil
count is apparently preserved and they can have serious bleeding
episodes despite reasonable platelet counts. In vitro, one can
demonstrate altered differentiation through clonogenic assays3 and,
in vivo, MDS cells have gene expression defects that are often in
differentiation-related pathways.4 Thus, while the characteristic
bone marrow picture suggests abnormal proliferation (hypercellular
marrow), the actual defect in MDS appears more traceable to
abnormal differentiation, perhaps itself a trigger of compensatory
proliferation. Indeed, a major difference between MDS and more
classically proliferative neoplasms (such as acute myelogenous
leukemia [AML]) is that myelodysplastic cells have a high rate of
apoptosis, presumably as a result of the differentiation defects.5

These properties account for one of the striking paradoxes in the
disease: clinically, it often behaves as a bone marrow failure
syndrome, even though it has many of the hallmarks of a classical
neoplasm (clonality, hypercellularity, progression to more advanced
stages, etc). It is also well established that “MDS” is a catch phrase
for different diseases that have distinct etiologies. For example, in
a mouse model of the 5q2 syndrome, the pathologic abnormalities
could be traced to high expression of P53 triggered by haploinsuffi-
ciency of several genes including the ribosomal protein gene Rps14.6

Thus, there may also be instances of MDS without direct dif-
ferentiation defects.

Differentiation is an epigenetic process

The molecular mechanisms underlying differentiation were quite
mysterious when the era of DNA began in the middle of the 20th
century. How could one go from a single genome to over 200 tissues
without substantial alterations in the underlying DNA sequence?
The developmental biologist Waddington coined the term epige-
netics to account for this phenomenon.7 In the past 2 decades, there
has been much progress in understanding the mechanisms un-
derlying epigenetic regulation and, while “epigenetics” is now
a catch word for a myriad of phenomena, differentiation remains
central to understanding the core principle of epigenetics: stable,
long-term regulation of gene expression that is unrelated to variation
in the DNA coding sequence and that can survive across numerous
rounds of cell division.8

Details of the molecular mechanisms of epigenetic regulation can
be found in other chapters in this series. Suffice it to say that much of
the focus has been on three mechanisms: DNA methylation, post-
translational histone tail modifications, and micro-RNA expression.
DNAmethylation of CpG-rich promoters (CpG islands) is the purest
epigenetic mechanism in that, once established, it can be perpetuated
without the initial regulatory signal.9 Indeed, such DNAmethylation
is sufficient to maintain 2 of the best-recognized allele-specific
epigenetic phenomena: imprinting and X-chromosome inactivation.
DNA methylation in other parts of the genome (eg, CpG-poor gene
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bodies, enhancers, etc) can contribute to gene regulation but changes
dynamically with gene activation/inactivation and is thus less stable
than promoter CpG island methylation and less clearly involved in
epigenetic regulation.9 Posttranslational modifications of histone
tails are closely linked to particular gene expression patterns and
have been proposed as an epigenetic code.10 However, many of these
histone modifications dynamically respond to the presence of en-
hancers or repressors, and the short half-life of modified histones
have led some to question whether they can serve as an epigenetic
code independent of transcription factors.11 The issue of stable vs
dynamic histone modifications remains an important research area.
Finally, micro-RNAs are often discussed in the context of epigenetic
regulation, and they clearly influence gene expression.12 Micro-
RNA expression can also be dynamically regulated; thus, their
involvement in epigenetics is limited to the instances when their own
transcription is subject to epigenetic regulation such as promoter
DNA methylation. In that context, micro-RNAs can serve as useful
mediators of fine-tuning gene expression in differentiated cells.

Differentiation can now be understood as an interplay between
transcription programs that initiate the process and epigenetic changes
that stabilize gene expression and limit plasticity.8 As predicted, DNA
methylation is exquisitely tissue specific,13 though the details of genes
involved and mechanisms of methylation initiation are only now be-
coming clear. There are also dynamic switches in histone modifi-
cations that accompany differentiation; one of the most characteristic
of these is a progressive loss in the bivalent state.14 Bivalent genes are
those characterized by the simultaneous presence of activating and
inactivating marks in embryonic stem cells. These contribute to the
plasticity of embryonic stem cells in that their expression state can go
either way depending on the differentiation path. As cells differen-
tiate, bivalent genes are steered toward an irreversible gene expression
state (active or inactive) and, as the number of bivalent genes de-
clines, cells acquire the characteristic of terminal differentiation. Fi-
nally, micro-RNA expression is also exquisitely tissue specific, which
undoubtedly contributes to the final identify of the differentiated cell.12

MDS cells carry an abnormal epigenome

Every aspect of epigenetic regulation can be shown to be abnormal in
neoplastic cells,15 and MDS is no exception. This includes methyl-
ation abnormalities, histone code changes andmicro-RNA expression
(Figure 1). It is important but somewhat tricky to tease out epigenetic
changes that are truly abnormal from those that simply reflect the
differentiation state of the cells under study. Even more difficult is the
task of separating driver events from passenger events that arise as
a function of time/neoplasia. Still, much progress has been made in
these areas, and our knowledge base is accelerating thanks to the
emergence of genome-wide epigenetic profiling technologies.

DNA methylation

Promoter-associated CpG islands are largely unmethylated in nor-
mal tissues, regardless of differentiation state.9 Dozens to hundreds
of these become aberrantly hypermethylated in MDS.16 Just like the
rare instances where this is seen in normal cells9,17 (imprinting, X-
inactivation, differentiation), aberrant promoter methylation is sta-
ble, clonally propagated, and invariably associated with silencing of
the involved gene. Such aberrant methylation was first seen in my-
eloid leukemias years ago in a series of studies that are still relevant
today.18 We now know that abnormal methylation can occur early,
is often independent of cytogenetic changes, and is associated with

more rapid disease progression to AML.16,19 Updated studies using
genome-wide technologies showed that 3% to 5% of promoter CpG
islands are hypermethylated in MDS,20 and that at least some of the
genes involved are potential driver events because (1) they are ex-
pressed in normal hematopoietic cells, (2) they are silenced when
methylated, and (3) silencing of the genes has well-defined func-
tional consequences to the neoplastic cells. The P15ink4b cell-cycle
regulator is emblematic of these potential driver events: it is
hypermethylated in 10% to 30% of MDS cases, methylation is as-
sociated with a poor outcome, and mouse studies suggest that this
gene behaves as a tumor suppressor in hematopoietic cells.16,19,21

But P15 is but one of many genes that behave this way and multiple
pathways are involved. It is likely that many of the hallmarks of
MDS can be traced to functional pathway alterations due to aberrant
promoter CpG island methylation.

In addition to promoter CpG island hypermethylation, one can see
multiple DNA methylation changes in MDS when compared with
normal hematopoietic cells. These include both gains and losses of
methylation in CpG-poor promoters, nonpromoter CpG islands, gene
bodies, enhancer regions, and intergenic areas (mostly composed of
repeat sequences including retrotransposons). Because each of these
genomic compartments can dynamically change with gene transcrip-
tion and differentiation, it can be difficult to establish those events
that are primary (and responsible for altered gene expression) from
those that are secondary, either physiologic (ie, reflect the unique
differentiation state of the MDS clone) or pathologic (eg, a down-
stream result of gene activation by a nonepigenetic mechanism).
Regardless of etiology, it is likely that these unique methylation states
mediate the abnormal differentiation behavior of MDS cells in some
cases and thus could be useful as biomarkers as well as targets for
therapeutic intervention. Finally, a global loss of 5-methylcytosine
characterizes many cancer cells22 (and this was actually the first
cancer-specific DNA methylation change described23), but it is
relatively rare in MDS.

A currently debated question is the origin of DNA methylation
changes in MDS. There are 2 not-mutually-exclusive hypotheses.
In the first one, drift, it is postulated that epigenetic patterns drift
somewhat randomly over time (and age), creating diversity in
epigenomic patterns. In turn, this diversity provides the fodder for
Darwinian forces to select those patterns most permissive of neo-
plastic growth (and aberrant differentiation) in MDS. This hypoth-
esis was first developed in solid tumor models where age-related
epigenomic diversity can be easily appreciated in normal and
neoplastic tissues,24-26 but it equally applies to hematopoietic ma-
lignancies. Indeed, DNA methylation and epigenetic drift can be
seen in aging blood cells in both humans and mice.27-29 A second
hypothesis links DNA methylation alterations to specific genomic
defects. Particular patterns of DNA methylation can be seen in leu-
kemias with distinct cytogenetic abnormalities,20 and mutations in
genes that control DNA methylation can also be seen in MDS.30

Although there are compelling reasons to suspect that some of the
methylation patterns in MDS reflect underlying genetic damage, it
appears that some of the most common changes (eg, promoter CpG
island methylation) are not unique to any genetic or cytogenetic
group.16 Even if such associations were seen, it remains to be
directly demonstrated that the genetic changes actually cause
DNA methylation damage as opposed to coevolve during clonal
selection. For example, one of the most striking associations
between a genetic event and aberrant methylation is the link between
BRAF (and KRAS) mutations and the CpG island methylator
phenotype in colon cancer.31 However, there are no convincing data
showing that thosemutations lead to aberrantmethylation of the affected
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genes, and the association is most likely an example of coselection.
Thus, it will be important to clearly determine which genetic events
directly contribute to aberrant DNA methylation in MDS.

Histone modifications and micro-RNAs

Genome-wide studies of histone modifications have not yet been
reported in MDS, though studies in AML show distinct patterns of
histone posttranslational modifications between leukemia and nor-
mal hematopoietic cells.32 Similarly, gene expression profiles reveal
differences in micro-RNA expression between MDS and normal
hematopoietic cells.33 These studies need to be interpreted with
caution. As discussed earlier, there are large-scale switches in chro-
matin regulation and gene expression associated with differentia-
tion. Thus, one needs to carefully consider the comparator when
evaluating the significance of these studies. Another complicating
issue is technical: whether measured by microarrays or by deep se-
quencing, the precision and reproducibility of histone modifications
is around 90%, which introduces significant difficulties when com-
paring samples. A commonly used strategy to overcome these prob-
lems is to compare sorted CD341 leukemic cells to CD341 normal
cells both studied simultaneously; distinct differences are found in
these well-conducted studies but it is likely that only large differ-
ences are reliably detected in this way. Ultimately, it will be most
interesting to link these altered patterns to underlying defects that
could account for them, be it mutations in histone modifiers or ge-
netic changes at micro-RNA loci.

MDS shows frequent epigenetic effector
mutations

Epigenomic anomalies in MDS coexist with cytogenetic changes
in more than half the patients and with somatic mutations in vir-
tually every case. Thus, the full manifestations of the disease ap-
pear to require concurrent genetic and epigenetic damage. The case
for MDS as an epigenetic disease (in some instances) received
a strong boost when genome-wide sequencing studies revealed

frequent mutations in epigenetic effectors.30 These include muta-
tions in DNA methylation controllers (DNMT3a, a de novo DNA
methylase and TET2, a DNA demethylase), histone modifiers
(EZH2, a methyltransferase that catalyzes histone H3 lysine 27
[H3K27] trimethylation and ASXL1, a member of the polycomb
group proteins that are also regulators of H3K27). Much remains to
be learned about the specific effects of these mutations but it is very
likely that their transforming ability is linked to specific epigenetic
regulation (Figure 1).

DNMT3a is a de novo DNA methylase that is expressed at high
levels in hematopoietic stem cells.34 Mutations in DNMT3a can be
seen in bothMDS35 andAML.36 Themutation distribution (a hotspot
present in about half the cases and mutations throughout the gene in
the other half) and in vitro studies37 suggest that some of the muta-
tions reduce its methyltransferase catalytic activity, but the ultimate
functional consequences of these mutations remain incompletely
understood. Indeed, there are few well-characterized specific meth-
ylation targets of DNMT3a that are altered as a result of these
mutations. In a mouse model, hematopoietic-specific deletion of
DNMT3a results in stem cell expansion and reduced differentiation,
along with DNA methylation changes in an unexpectedly narrow
subset of genes.34 It is likely that this mouse model is relevant to
understanding the defects in DNMT3a mutant myeloid leukemias.

TET2 is an enzyme that catalyzes the production of 5-hydroxy-
methylcytosine from 5-methyl-cytosine, in a reaction that ultimately
leads to DNA demethylation. Inactivating mutations in TET2 are
frequent in MDS, and are present in almost half of all cases of
chronic myelomonocytic leukemia (CMML).38 The effects of these
mutations on genomic DNA methylation remain controversial.
Although TET2 mutant cases clearly show decreased 5-hmC39 and
increased 5-mC,40 effects on gene-specific methylation have been
inconsistent, with 1 study reporting mostly CpG island hypome-
thylation39 (comparison of MDS with/without mutation), another
reporting CpG island hypermethylation41 (comparison of AML
with mutation to normal cells), and a third showing no effect on
CpG islands40 (comparison of CMML with/without mutations).
TET2 is part of a family of 3 proteins.42 TET1 and TET3 have
a CXXC domain that is characteristic of proteins that bind to CpG

Figure 1. Origin of aberrant epigenetic programs in

MDS.MDS carries an altered epigenome that results in

stable gene expression changes represented by

a heatmap on the right side of the figure. These can

be influenced by DNA methylation (5mC) and histone

code posttranslational modifications such as histone H3

lysine 27 trimethylation (H3K27me3) and acetylation

(Ac) of multiple residues on histone H3 and H4. Cytosine

hydroxymethylation (5hmC) influences 5mC content and

may have direct effects on gene expression (arrow with

a question mark). There are also complex correlations

between DNA methylation and histone modifications.

Molecularly, 5hmC can be altered by TET2 mutations,

5mC is altered by age-related drift and possibly by

DNMT3a mutations, and H3K27me3 is potentially influ-

enced by ASXL1 and EZH2 mutations. However, the

precise links between TET2 mutations, DNMT3a

mutations, and DNA methylation in MDS remain

somewhat uncertain (illustrated by dotted lines).

Changes in micro-RNA expression (due to genetic

or epigenetic lesions) also influence the final gene

expression patterns and it is possible (though

speculative) that spliceosome mutations also do

this. It remains unclear how much of the final MDS

gene expression patterns are driven by the de-

scribed epigenetic alterations, and the heterogeneity

of the disease implies that these mechanisms may

be more important in some cases than in others.
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islands.43 By contrast, TET2 lacks a CXXC domain, and it is likely
that its effects on DNA methylation lie outside of CpG islands.
Deletion of TET2 in mice results in a myelomonocytic expansion
reminiscent of CMML,44 and it is likely an excellent example of
a genetic defect leading to aberrant differentiation through specific
epigenetic changes (that remain to be conclusively delineated).

The polycomb pathway consists of 2 complexes, PRC1 and
PRC2, that read and write the unique histone modification
H3K27 trimethylation. This methylation is generally associated
with repression of gene transcription, and is key to the transition
from stem cell to differentiated cell.45 Thus, it is not surprising that
polycomb alterations characterize MDS, the quintessential differ-
entiation disease. EZH2, a member of the PRC2 complex, writes
the H3K27 trimethylation signal and inactivating mutations in
EZH2 can be found in a subset of MDS cases.46 These mutations
would presumably be associated with loss of H3K27 trimethylation
at specific gene targets, though this remains to be determined. In-
terestingly, these mutations are the exact opposite of what can be
seen in some lymphomas that are characterized by activating EZH2
mutations and increased H3K27 trimethylation.47 Thus, it is really
the balance of the H3K27 mark that matters in neoplasia. A second
gene in the polycomb pathway is also mutated in MDS, namely
ASXL1.30 This gene is part of the PRC1 complex, and mutations
are common in MDS and very frequent in CMML. The mutations
lead to loss of H3K27 trimethylation and promote leukemic trans-
formation in a mouse model.48 There are also rare mutations in
other epigenetic modifiers in MDS. For example, mutations in the
metabolic enzymes IDH1 and IDH2 can affect the function of both
DNA demethylases (such as TET241) and histone demethylases
(such as KDM4C), and can be seen in some MDS cases,30 though
they are more frequent in AML. Similarly, mutations in the histone
H3K27 demethylase UTX and in the H3K4 methylase MLL family
have been reported in some cases.

It is also worth mentioning mutations in the spliceosome in this
section. These mutations are very frequent in MDS subsets49 and,
while specific gene targets remain unknown, their likely con-
sequences are aberrant gene expression, particularly in differenti-
ation programs. The general control of gene elongation and splicing
remains incompletely understood, but there are intriguing links be-
tween DNA methylation, histone modifications, and splicing pro-
grams.50-52 Thus, it may well be that some epigenetic alterations and
spliceosome mutations converge pathophysiologically on similar
pathways that affect hematopoietic cell differentiation, but this re-
mains speculative at this point.

MDS responds to epigenetic therapy

The final part of the argument for MDS being a disorder of abnormal
epigenetic regulation (in some cases) comes from its remarkable
sensitivity to drugs that modify the epigenome (epigenetic therapy).
Two nucleoside analog DNA methylation inhibitors, 5-azacytidine
(azacitidine) and 5-aza-2’-deoxycytidine (decitabine), have shown
significant activity in all stages of MDS.53 The clinical data suggest
responses in about half of patients54,55 (including complete re-
sponses in 10%-30% of patients and partial remissions such as
transfusion independence in an additional 20%-30% cases), delays in
time to progression to AML, and prolonged survival compared with
supportive care or traditional chemotherapy in randomized studies54,56

or in case-control studies.57 The responses follow an unusual pattern
with little measurable effect in the first few weeks to months of

therapy and eventual clinical responses that coincide with clonal
elimination (including cytogenetic remissions). This pattern of
delayed responses along with a lack of toxicities classically asso-
ciated with cytotoxic agents has been argued as evidence that the
responses are mediated by epigenetic modulation.53

The mechanisms of sensitivity and resistance to hypomethylating
drugs are a matter of ongoing investigations. Some studies reported
that early and sustained DNA hypomethylation of multiple genes
after decitabine correlate with subsequent achievement of a clinical
response16,55,58 but this was not seen with azacitidine.59 These stud-
ies are difficult to do and interpret because clonal elimination is
indistinguishable from demethylation of aberrantly methylated loci,
and patients with MDS have a limited number of circulating cells for
such analyses. Clearly, the issue deserves more precise investigation
in well-controlled studies. Interestingly, gene activation independent
of demethylation (eg, the aforementioned P15 gene55 and the P53R2
gene60) also correlates with response and it is not knownwhether this
reflects pathway activation by demethylation or a truly unrelated
mechanism of action. In some cases, clinical improvement (eg, plate-
let and hemoglobin increases) is seen without clonal elimination,
suggesting that the drugs help overcome a differentiation block. In
the best responses, however, clonal elimination can be documented61

(and correlates with improved survival) and it remains to be seen
whether this is due to delayed cell death/senescence, effects on neo-
plastic stem cell renewal, activation of an immune response, or a
combination of mechanisms. Moreover, the mechanisms of resis-
tance to hypomethylating agents remain poorly understood. Some
data suggest that primary resistance could be due to pharmacologic
factors that limit incorporation of the drugs into nucleic acids, for
example, high expression of CDA62,63 which metabolizes the drugs
and/or, in the case of decitabine, low expression of DCK which is
rate limiting for DNA incorporation.62 However, it is well docu-
mented that hypomethylation is not sufficient for a response59 and
thus other mechanisms should be investigated. Secondary resistance
also develops commonly and was found to occur despite DNA de-
methylation,62,64 suggesting nonpharmacologic mechanisms in these
cases.

Patients with MDS also respond to drugs that inhibit multiple
histone deacetylases.65 Single-agent response to this class of drugs
is relatively low, and it is worthwhile noting that activation of
hypermethylated genes by decitabine in vitro is much more sustained
than that seen with histone deacetylase inhibitors.66 However, com-
binations of DNA methylation and histone deacetylase inhibition
have shown impressive responses in phase 2 studies,67 though ran-
domized studies have yet to document a response or survival advan-
tage to the combinations.

Oncogene activation at the transition from
MDS to AML

Much can be learned from studying the transition from MDS to
AML. One way to approach the problem is to consider those MDS-
specific changes associated with more rapid progression to AML.
These include some chromosomal subsets2 (notably monosomy 7),
specific mutations (eg, DNMT3a35), and a high degree of CpG
island methylation abnormalities.16 Another way is to consider
those changes that are exclusive to very advanced MDS, or AML
derived from MDS. Notably, some of the frequent epigenetic
pathway anomalies in MDS occur quite early and, while sometimes
associated with more rapid progression, mutations in epigenetic
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effectors (TET2, ASXL1, etc) can also be seen years before pro-
gression to full-blown AML. Indeed, TET2 mutations have been
reported in older individuals with skewed hematopoiesis but no
overt MDS.68 By contrast, mutations in growth- and/or apoptotic-
controlling genes tend to be restricted to very advanced MDS or at
the (somewhat arbitrary) MDS/AML boundary. Examples of these
include NRAS, P53, FLT3, CBL, etc69,70 though this list is undoub-
tedly incomplete. Whole genome sequencing studies of AML de-
rived from MDS will be important to reveal the whole spectrum of
these anomalies. Nevertheless, it is possible to advance a specula-
tive model whereby MDS pathogenesis (in some cases) is largely
attributable to aberrant epigenetic regulation, and MDS progression
is a consequence of acquired abnormalities in growth- and apoptosis-
controlling genes (Figure 2).

Conclusions: MDS as an epigenetic disease

The data reviewed above provide a compelling if speculative
argument for MDS as an epigenetic disease. The MDS phenotype is
one of altered differentiation accompanied by profound epigenomic
alterations and mutations in epigenetic controllers. These mutations
are sufficient to recapitulate some of the MDS characteristics in
mouse models,34,44 and drugs that reprogram the epigenome induce
in vivo differentiation, clonal elimination, clinical remissions, and
improved survival.53 Progression to AML is characterized by ac-
cumulation of epigenetic defects and emergence of new mutations,
particularly in growth-controlling genes. It has been proposed that
myeloproliferative neoplasms require alterations in 2 classes of
genes: growth controllers and transcription factors.71 The accumu-
lating data on epigenetic abnormalities suggest an adaptation of this
model (Figure 2) whereby the MDS phenotype is proposed to be due
to aberrant epigenetic programs that result in altered differentiation
but limited growth potential through increased apoptosis. In turn,
progression to AML is likely due to genetic and additional epigenetic
lesions that override the apoptotic signals and result in the char-
acteristic blast cell proliferation typical of acute leukemias. This
concept suggests that epigenetic modulation will remain key to
treatment of MDS, while abrogation of proliferative signals may be
a particularly effective treatment at the transition to AML. The
outlined model does not discount the role of genetic lesions (which
are essential) or the possibility that aspects of the MDS phenotype
can be unrelated to epigenetic changes, but it provides a useful
framework to define research questions.

The argument proposed here has interesting implications for
research directions. One of the central assumptions, that some MDS
cases represent essentially an epigenetic disease that responds to
epigenetic therapy, triggers many questions. Can one get to MDS
without overt epigenetic deregulation (as suggested by the 5q2
mouse model discussed earlier)? And would response to epigenetic
interventions be limited in those cases? Are genetic, cytogenetic, and
epigenetic lesions mostly linked or mostly independent of each other?
The latter would suggest that a molecular staging of MDS must
involve simultaneous genetic and epigenetic profiling. Do many of
the genetic/epigenetic anomalies in MDS converge on a common set
of altered pathways (Figure 2) and does this intersection shed unique
light on the driver lesions in this disease? Finally, the excitement
in the field owes a substantial debt to the activity of epigenetic drugs
in MDS. There are many clinical/translational questions there: is
it really epigenetic therapy? What are the pathways to response
downstream of hypomethylation or histone acetylation induction?
Are there subsets of patients that benefit particularly from this
approach and others where more classical treatment is indicated?
What are the mechanisms of primary and secondary resistance to
epigenetic therapy? And, perhaps most intriguingly of all, can
effective epigenetic modulation eventually contribute to a higher cure
rate in MDS?
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Figure 2. A model of MDS formation and progres-

sion. It is hypothesized that the altered differentiation

programs and dysplasias pathognomonic of MDS are

due to aberrant epigenetic regulation (summarized in

Figure 1). These differentiation defects signal com-

pensatory stem cell growth but also result in increased

apoptosis, which explains the paradox of hypercellular

marrows but peripheral cytopenias in MDS. With time,

MDS cells acquire mutations that confer uncontrolled

growth signals (eg, NRAS) and/or inhibited apoptosis

(eg, P53). These mutations (and, possibly additional

epigenetic defects) lead to the blast expansion and

inhibited differentiation characteristic of the transition

from MDS to AML.
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