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Abstract: Ineffective hematopoiesis is the major characteristic of early myelodysplastic syndromes.
Its pathophysiology relies on a diversity of mechanisms supported by genetic events that develop
in aging hematopoietic stem cells. Deletion and mutations trigger epigenetic modifications, and
co-transcriptional and post-transcriptional deregulations of gene expression. Epistatic interactions be-
tween mutants may aggravate the phenotype. Amplification of minor subclones containing mutations
that promote their growth and suppress the others drives the clonal evolution. Aging also participates
in reprogramming the immune microenvironment towards an inflammatory state, which precedes
the expansion of immunosuppressive cells such as Tregs and myeloid-derived suppressive cells that
alters the anti-tumor response of effector cells. Integrating biomarkers of transcription/translation
deregulation and immune contexture will help the design of personalized treatments.
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1. Introduction

The myelodysplastic syndromes (MDS) are a heterogeneous group of clonal dis-
eases of the hematopoietic stem cell (HSC) that can evolve into secondary acute myeloid
leukaemia (AML). MDS patients with a lower risk of AML evolution (LR-MDS), require
the treatment of their cytopenias while patients with high-risk MDS (HR-MDS) are ex-
pected for premptive therapies of disease progression and curative treatments of secondary
leukemia [1,2]. Recurrent cytogenetic aberrations (5q deletion, deletion or monosomy 7,
20q deletion, trisomy 8), genetic mutations affecting epigenetic regulators (TET2, IDH1/2,
DNMT3A, ASXL1, EZH2), splicing factors (SF3B1, SRSF2, U2AF1, ZRSR2), transcription
factors (TP53, RUNX1), signaling adapters (NRAS, KRAS, JAK2, CBL, KIT) and cohesins
(STAG2, SMC1, SMC3) and altered gene expression patterns have been linked to MDS and
variably associated with MDS subtypes.

Although these gene mutations or deletions belong to a common set of genetic alter-
ations in cancer, their contribution to disease initiation remains unclear, as the presence of
mutations at low allelic burden without cytopenia or bone marrow dysplasia may precede
for several years the onset of myeloid malignancies. Such a clonal hematopoiesis may
develop in the context of HSC aging and the inflammatory state of the bone marrow mi-
croenvironment. Then, epistatic interactions between two or several genes within a clone
and further competition between clones participate in disease initiation and progression.

2. Natural Course of MDS Disease
2.1. Cell of Origin

HSCs are immunophenotypically and functionally defined as Lin−/lo CD34+CD38−

CD90+CD45RA− cells able to produce myeloid progenitors in vitro and reconstitute
hematopoiesis in immunocompromised mice [3–5]. Recent works showed that MDS
arise from a population of rare MDS cells identified by the presence of recurrent dele-
tions or mutations, sharing these phenotypic features, engrafting into mice bone marrow
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in which clonal myeloid cells are predominant over lymphoid cells, demonstrating a
myeloid-biased HSC [3–6]. MDS HSCs persist and expand under conventional therapies,
therefore contributing to disease progression. Immunophenotyping of long-term (LT)-
HSCs (Lin−CD34+CD38−CD90+), short-term HSCs (Lin−CD34+CD38−CD90−), common
myeloid progenitor (CMP: Lin−CD34+CD38+CD123+CD45RA−), megakaryocyte erythroid
progenitor (MEP: Lin−CD34+CD38+CD123−CD45RA−) and granulocyte monocyte progen-
itor (GMP: Lin−CD34+CD38+CD123+CD45RA+) compartments demonstrates quantitative
anomalies with CMP expansion and MEP reduction in LR-MDS correlated with anemia
and thrombocytopenia and LT-HSC and GMP expansion in HR-MDS [3–7]. While the
pattern of mutations in the dominant HSC subclone is transmitted to its myeloid progeny,
it may differ between CMP, GMP and MEP compartments depending on the functional
impact of a given mutation on granulomonocytic or erythroid development [6,7].

The clonal hematopoietic stem and progenitor cells (HSPCs) can be recognized by
cell surface expression of specific leukemic markers that may eventually stimulate anti-
tumoral immune response. These include interleukin-1 (IL-1) receptor accessory protein
(IL1RAP), CD99/MIC2, CD123/IL-3 receptor α chain and the negative regulatory immune
checkpoint T-cell immunoglobulin mucin-3/Hepatitis A virus cellular receptor 2 (TIM-
3/HAVCR2). IL1RAP is over-expressed on HSCs and GMPs in preleukemic and leukemic
stem and progenitor cells [8]. CD99 is a cell surface marker overexpressed on clonal HSCs
and CD34+CD38−CD90−CD45RA+ lymphoid-primed multipotent progenitors (LMPPs)
known to harbor leukemic stem cell activity in AML [9], and also in high-risk MDS but
not in LR-MDS [10,11]. CD123 is strongly expressed on leukemic CD34+/CD38− cells,
and MDS CD34+ HSPCs [12]. Finally, TIM-3 usually expressed on innate immune cells
and T-cells has been found aberrantly expressed on leukemic blasts in AML and MDS [13].
However, these signals generally block the immune response. Notably, expression of TIM-3
on leukemic cells increases their proliferation through an autocrine mechanism implicating
the secretion of one of the TIM-3 ligands galectin-9 (Gal-9), and downstream activation of
the β-catenin and NF-κB pathways [14]. Abundant release of Gal-9 can induce T-cell death
by binding TIM-3 on T-cells, therefore suppressing T-cell immune response and inducing
immune tolerance. Gal-9 is also overexpressed by mesenchymal stromal cells, leading to
increased resistance to chemotherapy. Therefore, TIM-3 may be an interesting therapeutic
target in AML and MDS (Figure 1).

2.2. Clonal Hematopoiesis

Clonal hematopoiesis and MDS arise with the acquisition of mutations in HSCs
throughout life. The C→T transition is the most frequent base-pair change, a consequence
of methyl-deamination associated with age [15]. Mutations at low variant allele frequency
(VAF) could pre-exist the onset of hematological malignancies and their frequency increases
with age in the general population. These mutations mostly affect the DNMT3A and the
TET2 gene [16]. DNMT3A mutation has been recognized as a pre-leukemic lesion of HSC
in AML because of its persistence at remission [17]. Exome sequencing of peripheral blood
samples confirmed that the most frequently mutated genes in the elderly are DNMT3A,
TET2, ASXL1, TP53, JAK2 and SF3B1, in 10% of individuals over the age of 65 years and
more than 20% over the age of 90 years, suggesting pre-existing clonal hematopoiesis of
indeterminate potential or CHIP [18–20]. Among aged individuals presenting anemia,
DTA (for DNMT3A, TET2, ASXL1) mutations seem to be as frequent as in aged individuals
without anemia while TP53 and SF3B1 mutations are significantly more frequent [21].
The presence of CHIP is a strong predictor of the development of subsequent hemato-
logic malignancy as compared to age-matched controls [18,19], although the presence
of small clones not growing with time might not be associated with an increased risk
of death [21]. Importantly, a CHIP can also associate with an increased propensity to
thrombosis, coronary artery disease and stroke, underlying the closed relationship between
hematological malignancies and inflammatory diseases, the frequency of which increases
in the elderly [22].
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Figure 1. Cell of origin. Myelodysplastic syndrome originates from a clonal hematopoietic stem cell. This cell expresses 
specific surface markers and drives a myeloid-biased hematopoiesis at the expense of the lymphoid lineage. Hematopoi-
etic stem and progenitor compartments are disturbed and produce dysplastic megakaryocytes, erythroblasts and granu-
locytes. Inflammatory microenvironment mainly myeloid-derived suppressive cells (MDSCs) producing alarms contrib-
ute to ROS generation, replication stress and genetic instability that forces the clonal evolution. IL1RAP: IL-1 receptor 
accessory protein; TIM-3/HAVCR2: T-cell immunoglobulin mucin-3/Hepatitis A virus cellular receptor 2; LR-MDS: low-
risk MDS; HR-MDS: high-risk MDS; HSC: hematopoietic stem cell; LT-HSC: long-term hematopoietic stem cell; MPP: 
multipotent progenitors; CMP: common myeloid progenitor; GMP: granulocytic myeloid progenitor; MEP: megakaryo-
cytic-erythroid progenitor; Treg: regulator T cells; NK: natural killer; ROS: reactive oxygen species; DAMPs: damage-
associated molecular patterns. 
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Figure 1. Cell of origin. Myelodysplastic syndrome originates from a clonal hematopoietic stem cell. This cell expresses
specific surface markers and drives a myeloid-biased hematopoiesis at the expense of the lymphoid lineage. Hematopoietic
stem and progenitor compartments are disturbed and produce dysplastic megakaryocytes, erythroblasts and granulocytes.
Inflammatory microenvironment mainly myeloid-derived suppressive cells (MDSCs) producing alarms contribute to ROS
generation, replication stress and genetic instability that forces the clonal evolution. IL1RAP: IL-1 receptor accessory protein;
TIM-3/HAVCR2: T-cell immunoglobulin mucin-3/Hepatitis A virus cellular receptor 2; LR-MDS: low-risk MDS; HR-MDS:
high-risk MDS; HSC: hematopoietic stem cell; LT-HSC: long-term hematopoietic stem cell; MPP: multipotent progenitors;
CMP: common myeloid progenitor; GMP: granulocytic myeloid progenitor; MEP: megakaryocytic-erythroid progenitor;
Treg: regulator T cells; NK: natural killer; ROS: reactive oxygen species; DAMPs: damage-associated molecular patterns.

2.3. Early MDS

Early MDS emerges thanks to the amplification of a founder clone in HSC com-
partment followed by the onset of secondary mutations forming a linear or a branched
architecture. In the former condition, a single founder clone acquires either a co-dominant
mutation with similar VAF or a complex pattern of secondary mutations with lower VAFs.
In the later conditions, two or more subclones with the common genetic background of the
founder clone co-exist. Mechanistically, some types of mutations such as those targeting
signaling adapters (KIT, CBL, JAK2, FLT3) drive the proliferation of clonal cells. In addition,
autocrine or paracrine production of cytokines by the leukemic cells or stromal and immune
cells further contribute to the clonal selection. The presence of cytopenias and bone marrow
dysplasia, since it fulfills the morphologic criteria of the WHO classification together with
one or several recurrent mutations, are consistent with the diagnosis of MDS. In the 2016
version of the WHO classification, the isolated deletion of chromosome 5q or the mutation
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in splicing factor 3B1 SF3B1 gene are included as diagnosis criteria, because they pinpoint
distinct subtypes of MDS: the 5q syndrome with bone marrow erythroid hypoplasia and
monolobated megakaryocytes and the MDS with ring sideroblasts (MDS-RS) with bone
marrow erythroid hyperplasia, respectively [23]. Importantly, isolated del(5q) without
TP53 mutation and MDS-RS with SF3B1 mutation, a normal karyotype or any cytogenetic
abnormality other than del(5q), monosomy 7, inv(3) or abnormal 3q26, complex (≥3) and
any additional somatically mutated gene other than RUNX1 or EZH2 are two distinct MDS
entities of good prognosis [24]. Whole genome sequencing has revealed that MDS patients
with a low blast count under 10% may have more than 60% of mutated cells embedded in
one or two clones in their bone marrow [25]. The genetic lesions that initiate MDS promote
self-renewal, leading to a proliferative advantage over normal HSCs, i.e., clonal expan-
sion. Lin−CD34+CD38−CD90+ CD45RA− HSC compartment is enriched of cells with
cytogenetic alterations and/or mutations compared with whole bone marrow [3]. Several
studies have demonstrated that mutations in the epigenetic modifiers DTA occur early in
the evolution of MDS, suggesting initiating events, while mutations in transcription factors
or signaling adapters could rather be late events more probably affecting hematopoietic
cell proliferation and differentiation [5–7]. Splicing factors gene mutations SF3B1, ZRSR2
and U2AF1 are also early events but less common in CHIP, suggesting that they account for
a rapid emergence of dysplasia and MDS phenotype. Importantly, the order of mutation
onset may drive the disease phenotype.

2.4. Clonal Evolution to AML

The emergence of a secondary AML is associated with the accumulation of multiple
new mutations within the leukemic stem cell compartment, but also in myeloid progenitors
outside the HSC compartment, the amplification of which is related to increased self-
renewal capacities [5,6]. The investigation of clonal dynamics by whole-genome sequencing
of paired samples at MDS and secondary AML stages showed that the progression to
AML goes along with the persistence of the founding clone and the emergence of at least
one additional subclone showing an increased genetic heterogeneity [25]. Whole exome
and/or targeted sequencing of sequential samples also showed that during progression,
the diversity of mutations and the size of clones increase, with an enrichment in FLT3,
PTPN11, WT1, IDH1, NPM1, IDH2 and NRAS mutations associated with rapid progression
and short survival, while TP53, GATA2, KRAS, RUNX1, STAG2, ASXL1, ZRSR2 and TET2
mutations may have a lower impact on AML progression and survival [26,27]. After
disease-modifying therapy, the clonal architecture may become more complex with the
emergence of unwanted new clones [27]. The number of driver mutations correlated with
median leukemia-free survival, and an increasing number of driver mutations decreased
survival significantly [28]. Among a set of 18 genes most commonly mutated in MDSs,
mutations in TP53, EZH2, ETV6, RUNX1 and ASXL1 are independent predictors of poor
survival in a large cohort of 439 patients [29]. Combining age, gender, Hb level, platelet
count and cytogenetics with the mutational status of a set of 14 genes provides a prognostic
model separating patients into four risk groups [30].

Recently, Steidl’s group revealed that stem cells at the MDS stage have a signifi-
cantly higher complexity of subclonal mutations compared to blast cells using targeted
deep sequencing of sorted stem cells premalignant MDS or AML stem cells (Lin−CD34+

CD38−CD45RA−CD123−IL1RAP−) in comparison to MDS or AML blast cells (Lin−CD34+

CD38−CD45RA+CD123+IL1RAP+). They also showed that subclonal mutations dramat-
ically increase in size towards progression to sAML. Therefore, subclonal mutations at
diagnosis must be considered for prediction models and for treatment strategy to eliminate
MDS stem cells and disrupt disease maintenance [31].
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The tumor suppressor gene TP53 encodes a transcription regulator involved in the
maintenance of the balance between cell cycle, differentiation and apoptosis. Mutations
in the TP53 gene occur in approximately 8–13% of MDS cases and are found at an early
disease stage in 20% of MDS patients with del(5q) [32]. TP53 mutations frequently drive the
poor prognosis of patients with complex karyotype defined as more than two cytogenetic
abnormalities [33]. TP53 allelic state clearly identifies two groups of patients with distinct
phenotypes and outcomes: one group is characterized by multiple hits in TP53 gene,
a complex karyotype, few co-occurring mutations and an increased risk of death and
leukemic transformation independently of other variables of the Revised International
Prognostic Scoring System (IPSS-R); the other group of MDS patients has monoallelic
mutations and do not differ from TP53 wild-type patients in terms of outcome and response
to therapy [34]. Taken together, these studies establish that the recurrence and the link
to disease stage indicate that genetic events influence the phenotype and outcome of
the disease.

2.5. Epistatic Interactions of Genes Involved in Co-/Post-Transcriptional Regulation
of Transcription

Studies of clonal architecture in MDS and sAML demonstrated the bone marrow
oligoclonality, each clone containing one to several mutations [24]. Some mutations re-
currently occur simultaneously, such as DNMT3A and SF3B1, TET2 and SRSF2 or IDH2
and SRSF2, and STAG2/RUNX1/SRSF2 and ASXL1, suggesting cooperating oncogenic
mechanisms [5,6,25,26,30]. On the other hand, certain mutations co-occur much less often
than expected by chance, which implies functional redundancy, for example, between
TET2 and IDH1/2, or splicing factors or cohesins [27,29] (Figure 2). Studies in human and
mice models of gene invalidation or mutation editing have demonstrated quantitative
and qualitative alterations in stem and progenitor cell populations. However, the clone
interactions are much more difficult to address. Patient-derived xenografts of HSPCs and
the generation of induced pluripotent stem cells (iPSc) from patients with MDS will help in
understanding how one given clone may overcome the others and how subclones raise
during the course of the disease may drive the transformation. Interestingly, important
studies addressed the mechanisms of oncogenic cooperation and revealed how biological
pathways interconnect in pathological settings.

The first example is the cooperation between IDH2 and SRSF2 mutants. Abdel-
Wahab’s group established that IDH2/SRSF2 double mutant cells, specifically, exhibit
an aberrant splicing of a member of the Integrator complex, INTS3, that leads to its
downregulated expression [35]. The mechanism implicates an “extra-spliceosome” function
of SRSF2 in the co-transcriptional regulation of gene expression. During the transition from
transcription initiation to elongation in most genes, RNA polymerase II (RNAPII) pauses
stably with the 25–60 nt long nascent RNA while awaiting signals for release into the gene
body. Conversion of promoter paused RNAPII into elongating polymerase depends on
the transcription elongation factor b (P-TEFb), the activity of which is controlled mainly
by the 7SK small nuclear ribonucleoprotein. 7SK sequesters active P-TEFb into inactive
7SK/P-TEFb snRNP [36]. SRSF2 associates with 7SK at gene promoters, mediates the
release of P-TEFb from the 7SK complex and facilitates the recruitment of P-TEFb and
other key transcription elongation factors to activate transcription [37]. However, in some
genes, paused RNAPII actively destabilized by the Integrator complex dissociates from
template DNA and releases a short, non-productive RNA [38]. Integrator utilizes its
RNA endonuclease activity to cleave nascent RNA and drive premature transcription
termination, potently attenuating the activity of target genes [38]. Mutant SRSF2 inhibits
RNAPII pausing release [39] and attenuates INTS3 expression, causing a blockade of
myeloid differentiation further enhanced in double IDH2/SRSF2 mutant cells [35].
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Figure 2. Schematic representation of mutations in MDS. Co-occurring mutations are shown in
brown and mutually exclusive mutations are shown in blue. The power of linkage or exclusion is
indicated by the color gradient.

A second example comes from the Ogawa’s group who demonstrated a functional
interplay between cohesin STAG2 and transcription factor RUNX1 mutants. Both co-
localize at enhancer-rich sites across the genome and synergistically attenuate enhancer-
promoter loops, particularly at sites enriched for RNAPII, leading to deregulated gene
expression, myeloid skewing of HSPC and MDS development in mice. Interestingly, genes
with high transcriptional pausing were the most downregulated genes, including genes
involved in interferon and inflammatory response pathways [40]. This highlights the
pressure applied on immune microenvironment by malignant clones.

Altogether, these studies reveal that deregulation of co-transcriptional processes drives
cell reprogramming and may influence interactions with tumor-associated immune cells.

3. Mechanisms of Cytopenias in Early MDS
3.1. Hematopoietic Stem Cell Aging

Hematopoietic stem cells numerically expand with age, but their functional activity
declines over time, resulting in degraded blood production. Age-related defects in HSC
function are characterized by altered survival, dormancy and regenerative capacity, and
the age-related inflammatory microenvironment triggers the genetic insult and the onset of
mutations that will further drive the development of the disease.

3.1.1. Aged HSC Functional Defects

Aged murine HSC have altered reconstitution and homing ability with an increased
self-renewal under transplant conditions that impairs their lineage potential and their
ability to differentiate [41–43]. The composition of the HSC compartment changes with age,
with an increased frequency of myeloid-biased HSCs, a major increased of megakaryocytic-
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biased HSCs and a decrease in lymphoid-biased HSCs in which myeloid genes are more
frequently expressed [44]. This means that HSCs divide more frequently and lose their mul-
tipotency [45,46]. In humans, donor age affects the recipient survival [47], suggesting that
HSCs from aged donors may have reduced transplantation capacities. However, although
several groups have shown that HSC frequency increases with age in humans [48,49], bone
marrow reconstitution of immunocompromised mice by xenotransplant of young versus
aged human HSCs demonstrates no decrease in engraftment, and a variable myeloid bias
depending on whether when Lin−CD34+CD38−CD90+CD45RA− cells or CD34+CD38−

cells were transplanted [48,49], highlighting the important role of the microenvironment.

3.1.2. Aged HSC Changes in Gene Expression Profiles

Changes in HSC pools are associated with modifications in gene expression patterns
showing altered metabolism, decreased activation of autophagy, impaired proteostasis,
accumulation of DNA damage and epigenetic remodeling. RNA sequencing data com-
paring aged versus young murine HSCs also identify changes in epigenetic regulator
expression and alternative splicing [50]. In humans, RNA sequencing of young versus
aged Lin−CD34+CD38− HSCs or Lin−CD34+CD38+ hematopoietic progenitor cells (HPC)
also demonstrates metabolic changes such as decreased oxidative phosphorylation, pro-
teostasis and DNA replication with deregulation of DNA repair. Inflammation pathways
are activated in aged versus young HPCs [51]. Mechanistically, changes in gene expression
profiles may be supported by changes in splicing gene isoforms. Notably, alternative
splicing leading to a decrease in BCL2 pro-survival isoform is implicated in HPC aging
while leukemic stem cell generation could be supported by an increased expression of a
pro-survival isoform BCL-XL [51]. In addition, changes in myeloid transcription factor
ETV6 and CEBPB expression suggest their contribution to myeloid bias of aging HSCs.

3.1.3. Epigenetic Changes with Aging in HSC

Studies of DNA methylation in aged human hematopoietic cells identified methylation
changes in mononuclear cells and hypomethylation of differentiation-associated genes in
CD34+ cells [52,53]. Histone modifications such as increases in H3K4me3, H3K36me3 and
H3K27me3 chromatin marks and decreases in H3K27ac and H3K9ac marks associate with
human HSC aging [54]. A recently published work of Figueroa’s group has compared,
by chromatin immunoprecipitation with sequencing, activating histone modifications
H3K4me1, H3K4me3 and H3K27ac and repressive mark H3K27me3 of young and aged
human Lin−CD34+CD38−. This study identifies thousands of focal histone modification
alterations related to aging [55]. Notably, in Lin−CD34+CD38− cells, promoters of the
WNT signaling and developmental genes and promoters and enhancers associated with
immune pathways are repressed, suggesting that increased risk of leukemias and immune
impairment associated with age are epigenetically controlled. Consistently, transcription
factors KLF6, BCL6 and RUNX3 and epigenetic modifiers KAT7, SETD1A and KDM2A are
deregulated [55].

3.1.4. Replication Stress in Aged HSC

The accumulation of DNA damage eventually, through defective DNA repair, is a
driver of HSC aging, contributing to malignant transformation. The physiological source of
DNA damage in HSCs from both normal and diseased individuals is directly related to the
exit of HSCs from their quiescent state into an activation state in response to physiological
stress, such as infection or chronic blood loss. Repeated activation of HSCs results in the
attrition of HSCs and a trend towards a reduction in hematopoiesis [56]. DNA replication
stress has been recognized as a driver of HSC function alteration with aging: in old mice,
HSCs entering the cell cycle exhibit features of replication stress eventually associated
with chromosome break, and replication fork speed is reduced in correlation with a low
expression of the helicase components of the replisome [57]. Interestingly, when old HSCs
return to quiescence state, replication stress remains in the nucleolus, with γH2AX signals
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marking the transcriptional silencing of ribosomal DNA [57]. In MDS, the decline function
of CD34+ cells could rely on focal replication stress, particularly in the context of splicing
factor mutations, while a low transcription level of rRNA by increased methylation of the
rDNA promoter is a common feature of all MDS subtypes [58,59].

3.2. Ineffective Erythropoiesis

Anemia is the most frequent symptom of MDS patients related to ineffective erythro-
poiesis (IE) in the bone marrow. IE, which is also commonly observed in other inherited
erythroid disorders, results from a reduced capacity to produce mature differentiated
erythroblasts hardly compensated by an increased proliferation of the more immature
erythroblasts. Normal erythroid differentiation is predominantly marked by ribosome
biogenesis, GATA1-regulated erythroid gene transcription controlling heme-globin balance
and metabolic reprogramming, and negatively regulated by programmed cell death; each
of these cellular processes are altered in MDS.

3.2.1. Excessive Cell Death

The Fas/Fas ligand pathway, which is normally activated when erythropoietin levels
are low in an erythroblastic bone marrow, is over-activated in MDS, thus diminishing the
expansion of erythroblastic islands even when the amounts of erythropoietin are elevated.
Intrinsic mitochondrial pathway of apoptosis can be prevented by overexpression of
anti-apoptotic Bcl-2 [60,61]. Other forms of inflammatory cell death such as necroptosis
and pyroptosis, resulting in plasma membrane permeabilization and release of damage-
associated molecular patterns (DAMPs) such as S100A8/S100A9 alarmins, which are found
in excess in MDS plasma, are also reported [62]. Necroptosis requires the serine/threonine
kinase activity of Ripk1 downstream of death receptors, mainly tumor necrosis factor
(TNF) receptor, Fas, TNF-related apoptosis-inducing ligand (TRAIL) receptor and pattern
recognition receptors (PRRs) Toll-like receptor (TLR)3 and TLR4. Mice with pro-apoptotic
Bcl-2 family member deletion, in which apoptosis cascade is disrupted, develop an MDS-
like disease related to the activation of TNF-α dependent necroptosis through the release of
DAMPS that triggers the production of inflammatory cytokines in the bone marrow [63,64].

Pyroptosis, a caspase-1 dependent pro-inflammatory cell death induced by DAMPs,
is a critical driver of HSPC cell death. In MDS bone marrow, alarmins are produced and
secreted by myeloid-derived suppressive cells (MDSCs). Alarmins signal through TLR4
and CD33 and trigger activation of NADPH oxidase, leading to ROS production. Then,
pyroptosis is executed through the production of pro-IL-1β by NF-κB and the formation of
cytosolic inflammasome NLRP3 (NLR family pyrin domain-containing 3). When activated,
inflammasome mediates the conversion of pro-caspase-1 into active caspase-1 which cat-
alyzes the maturation of IL-1β and IL-18. The release of pro-inflammatory cytokines by the
cells contribute to the inflammatory state of the microenvironment and a vicious cycle of
cell death [65–69]. These exogenous signals trigger a genotoxic stress, leading to the clonal
evolution of hematopoietic cells. In mice models mimicking defective ribosome biogenesis,
pro-inflammatory alarmins S100a8/S100a9 are produced either by stromal osteoblastic
cells or hematopoietic cells themselves, such as macrophages or erythroblasts. ROS accu-
mulation participates in the genetic instability of HSC through induction of replication
stress and DNA double strand breaks [70,71] (Figure 1). Mesenchymal stem cells (MSCs)
interact with HSPCs through adhesion molecules and secrete factors contributing to HSPC
maintenance, self-renewal and differentiation [72]. The inflammatory signaling from the
niche, extensively reviewed elsewhere [73,74] may favor the occurrence and selection of
clonal cells making MDS, a disease that affects the BM microenvironment.

3.2.2. Post-Transcriptional Deregulation of Gene Expression in Del(5q) MDS

Isolated del(5q) is associated with a favorable prognosis, but when the deletion is
located in the centromeric side of the common deleted region (CDR) or associated to
other cytogenetic abnormalities or mutations, del(5q) MDS becomes a more aggressive
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disease, with an increased risk of transformation to AML. Phenotypically, del(5q) MDS
patients present with a bone marrow hypoplasia, leading to anemia associated in some
cases with thrombocytosis. The CDR contains 40 genes, most of them expressed in HSCs.
The dyserythropoiesis likely occurs as result of haploinsufficiency of ribosomal protein
14 (RPS14) gene and casein kinase 1α (CSNK1A1) gene encoding a serine/threonine kinase.
Haploinsufficiency of CSNK1A1 in murine models results in β-catenin activation, and
cell-intrinsic expansion of HSCs [75]. Inactivation of CSNK1A1 s allele by mutation is
linked to a poor prognosis. Casein kinase 1 inhibition or its degradation by lenalidomide,
the standard treatment of del(5q) MDS, leads to cell apoptosis [76]. Two miRNAs, miR-145
and miR-146a can be lost in humans and their knockdown in mouse HSPCs results in the
megakaryocytic phenotype of 5q-syndrome. Their respective targets Toll-interleukin-1
receptor domain-containing adaptor protein (TIRAP) and tumor necrosis factor receptor-
associated factor-6 (TRAF6) are involved in innate immune signaling. Their loss in mouse
macrophages together with Rps14 and Csnk1a1 invalidation induces S100a8 production in
the niche [77,78] (Figure 3).
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Given that RPS14 is a component of the 40S ribosomal subunit, the haploinsufficiency
of its gene impairs ribosome biogenesis (RiBi), which is crucial for support of normal
erythroid cell growth and proliferation and globin synthesis [79]. In normal erythropoiesis,
RiBi progressively interrupted from the stage of late basophilic erythroblasts with a bal-
anced diminution of ribosomal proteins renewal, global decrease in protein synthesis and
translation selectivity toward erythroid transcripts [80]. A p53 activation may orchestrate
the transition from proliferation to differentiation. p53 chromatin immunoprecipitation and
sequencing in immature erythroblasts demonstrates the establishment of p53-dependent
gene expression profile involving cell cycle arrest, DNA repair and myeloid differentiation,
but not apoptosis [80]. By contrast, RiBi is unbalanced, with twice the elevated production
of one subunit compared to the other in del(5q) MDS or Diamond-Blackfan anemia (DBA)
with heterozygous mutation of ribosomal protein gene. RiBi collapses precociously, leading
to the stabilization and over-activation of p53 and the induction of cell cycle arrest and
apoptosis [81,82]. Crossing syntenic del(5q) mice with TP53 knock-out mice rescues the
apoptotic phenotype [83].

GATA1 is the master erythroid transcription factor controlling erythroid maturation
through the transcription of EPO-R and BCL2L1 (BCL-XL), genes involved in heme biosyn-
thesis such as ALAS2 (5’-aminolevulinate synthase 2), HRI (heme-regulated inhibitor or
heme-regulated eIF2α kinase (HRI) and globins. GATA1 is post-transcriptionally impaired
in MDS with dyserythropoiesis by an inappropriate cleavage by caspases [84]. Its chaper-
one, HSP70, either not expressed in DBA [85] or absent from the nucleus in MDS [84], does



Hemato 2021, 2 486

not protect GATA1 against cleavage. Furthermore, in conditions of low ribosome availabil-
ity, protein translation becomes selective at the expense of GATA-1 and other erythroid
transcripts, which are critical for the completion of erythroid differentiation [86,87]. This
results in lower globin synthesis and excess of free heme, which contributes to ROS pro-
duction and oxidative stress [88]. Although the common characteristics of the transcripts
less translated in conditions of low ribosome availability have been established, whether
the reduction in the translation efficiency of these transcripts depends on their cytosolic
sequestration or impaired ribosome recycling remains to be determined (Figure 2).

3.2.3. Co-Transcriptional and Post-Transcriptional Deregulation of Gene Expression by
Mutant Splicing Factors
DNA Replication Stress in Splicing Factor Mutated MDS

Splicing factors are involved in the co-transcriptional regulation of gene expression.
SRSF2 is involved in RNA polymerase II pausing release [36]. Mutation in this factor
induces a defect of pausing release favoring the formation of unscheduled R-loops [38].
These triple-strand structures are formed of a DNA:RNA hybrid due to the hybridiza-
tion of neosynthesized RNA with the template DNA and a displaced DNA strand. They
form obstacles to DNA replication, leading to replication fork stalling, single-strand DNA
exposure and eventually double-strand breaks. Additional works suggested that splic-
ing factor-mutated CD34+ progenitors may exhibit enhanced R-loops and DNA damage
although technical issues may exist [58,89].

Deregulation of the Splicing Machinery

RNA splicing is a nuclear process accomplished by more than 200 RNA binding
proteins (RBP), splicing proteins and small nuclear ribonucleoproteins (snRNP). In snRNP
complexes, small nuclear RNAs hybridize with dinucleotides GU and AG at the 5′ and
3′ splice sites (ss), respectively, and with the branchpoint (BP) sequence (usually an A)
in the intron. The polypyrimidine tract closed to the BP promotes its recognition by the
spliceosome. RBPs bind splicing enhancers and silencers to modulate spliceosome assembly
and promote or inhibit splicing. The U2 snRNP complex associates SF3B1, p14, SF3B3
and U2 snRNA and participates in the recognition of the BP. Mutations in the SF3B1 gene
affecting its HEAT repeat domains that align as a platform to interact with pre-mRNA cause
the recognition of an ectopic BP, leading to the use of an alternative 3′ ss [90,91]. Mutations
in U2AF1, SRSF2 and ZRSR2 genes have distinct consequences. U2AF1, in complex with
U2AF2, recruits the U2 snRNP to the BP. U2AF1 binds the AG dinucleotide at the 3′ ss,
whereas U2AF2 binds the polypyrimidine tract. U2AF1 is affected by hotspot mutations at
the S34 and Q157 residues, each of which occurs in one of its two zinc fingers. Aberrant
splicing driven by mutant U2AF1 occurs in sequences surrounding the AG dinucleotide at
the 3′ ss [92]. For instance, U2AF1 S34 mutants promote inclusion of exon cassette at the 3′

ss containing a C-nucleotide at −3 position. SRSF2 is a member of the serine/arginine-rich
(SR) family of RBPs that binds splicing enhancers in exons to recruit the core spliceosome.
SRSF2 binds CCNG and GGNG sequences equally well to promote splicing. P95 SRSF2
mutants have a reduced affinity for G-rich sequences promoting preferential splicing of
C-rich sequences [93,94]. Interestingly, mutations in the SRSF2 gene promote the expression
of an unannotated isoform of EZH2 due to the presence of C-rich exon splicing enhancers
within a weak exon that is usually skipped. This retained exon contains a premature
termination codon, suggesting that this EZH2 mRNA undergoes NMD [93,94]. EZH2 loss
of functionally promotes myeloid malignancy development in vivo whereas restoration of
EZH2 expression rescues the impaired hematopoiesis of mutant SRSF2 [93]. Less than 1%
of introns with distinct 5′ and 3′ ss are recognized by the minor U12 spliceosome containing
ZRSR2. Loss-of-function mutations in ZRSR2 globally increase minor intron retention in
U12-type transcripts such as leucine zipper-like transcription regulator 1 LTZR1 and results
in enhancement of HSC renewal [95] (Figure 4).



Hemato 2021, 2 487

Defective Metabolic Reprogramming

Mutations in splicing factors strongly affect the phenotype of MDS patients. In histori-
cal cohorts, patients with SRSF2 mutation exhibit neutropenia and eventual pronounced
thrombocytopenia, and patients with ZRSR2 mutation had high percentages of bone mar-
row blasts and displayed neutropenia [96,97]. The relationship between unusual splicing
events and disease phenotype often remains unclear.
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Patients with SF3B1 mutation present with low hemoglobin levels as expected in
regard to major dyserythropoiesis related to the presence of ringed-sideroblasts defined
by a mitochondrial iron overload. During normal erythropoiesis, immature erythroid
precursors, which are characterized by high mitochondrial oxidative phosphorylation
(OXPHOS), undergo metabolic reprogramming toward a reduction in OXPHOS, ROS
production and mitochondrial mass, which are necessary for terminal maturation and enu-
cleation. In SF3B1-mutated MDS, gene expression profiling indicates that iron metabolism
and heme biosynthesis are impaired. Multiple changes in splicing are responsible for the
down-regulation of numerous transcripts involved in mitochondrial metabolism regulation,
heme biosynthesis (ALAS2), iron/sulfur cluster export (ABCB7), sirtuin signaling pathway
and OXPHOS through NMD [90,98]. Therefore, sideroblastic anemia is an emblematic
example of aberrant metabolic reprogramming.
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In SF3B1-mutated MDS, systemic hyperferritinemia is known to precede red blood
cell transfusion and to expose the risk of parenchymal iron overload. Alternative 3′ss
use may create neojunction if the sequence is kept in frame. In these conditions, RNAs
could be translated into neo proteins. Our data identified a variant erythroferrone (ERFE)
encoding a variant protein, which contributes to overproduction of ERFE, the transcrip-
tional repressor of hyposideremic hormone hepcidin, in SF3B1-mutated MDS. Excessive
ERFE is an independent predictor of systemic hyperferritinemia in low transfusion burden
patients [99].

Distinct mechanisms account for ineffective erythropoiesis in SF3B1-mutated MDS or
RPS14-deficient MDS, arguing for a personalized management of anemia.

4. Immune Dysregulation in MDS
Immunity in Aging

Aging is defined by an impaired immune response affecting the adaptive response
more than the innate immune response. This translates into an increased susceptibility to
bacterial and viral infections. Both T and B cell lineages are altered. The T cell repertoire is
restricted, and naïve and memory T CD8 cells expand oligoclonally. B cells show reduced
class-switch recombination and antibodies produced by B cells have a reduced specificity
and affinity for antigens. Immunosenescence also relies on impaired macrophage function,
impaired cytokines and chemokines production.

Low-risk MDS development is accompanied by expansion of immune-suppressive
cells such as Tregs and MDSCs of granulocytic origin (CD33 and CD15/CD66b with low
or no HLA-DR levels) or monocytic origin (CD11b, CD33 and CD14 and lacking or low
expression levels of HLA-DR) that result in a defective immune response and compromised
immune surveillance and favor the expansion of the malignant clone [62,100–102]. This
is consistent with a reduced number and altered function of peripheral T CD8 cells and
natural killer (NK) cells and also of bone marrow dendritic cells (DC) subsets, including
slan+ monocytes, of which capacities to induce T cell proliferation are impaired [103].

The proliferative capacities of Tregs are reduced during the early steps of the dis-
ease and restored during disease progression. Tregs activation and/or expansion mean-
ing the phenotypic features of Treg subsets including naïve, central memory and effec-
tor memory cells change during the progression of MDS to leukemia. In MDS, naïve
CD4+CD25hiFOXP3+CD27+CD45RO− Tregs significantly increase in higher-risk MDS
with a trend towards a decrease in memory CD4+CD25hiFOXP3+CD27+CD45RO+ [100].
In another study, MDS patients when acquiring a higher percentage of bone marrow
myeloblasts exhibited more Tregs with an activated suppressive effector memory pheno-
type (CD3+CD4+FOXP3+CD25+CD127dimCD27−CD45RA−), while the majority of periph-
eral Tregs in healthy individuals display a central (long-term) memory inactive phenotype
(CD3+CD4+FOXP3+CD25+ CD127dimCD27+CD45RA−) [104]. Altogether, these data reflect
a transition from central memory to effector memory phenotype, which are thought to
exhibit higher immunosuppressive functions of the T cell anti-tumor response.

NK cell function is determined by a balance of stimulatory (NKp30, NKp46, NKG2D)
and inhibitory (KIR and NKG2A) receptors. Stimulatory receptors recognized stress-
induced and tumor-induced ligand. Inhibitory receptors sense the MHC class I molecules
expression to eliminate tumor variants. Most studies found a decrease in cytotoxicity,
proliferation and increased apoptosis of peripheral NK cells without changes in inhibitory
or stimulatory receptors or with a lower frequency of NKG2D+ NK cells [105]. Overall,
either NK cells are lacking in high-risk MDS, or NK cells are predominantly composed
of immature phenotypes such as NKG2AKIR CD56 NK cells, with poor granules and
immature NK cell receptor repertoire [106,107]. MDSC expansion and activation have been
associated with cancer and impaired immune effector cell function, including NK cells.

No fortuitous association between MDS and systemic inflammatory and auto-immune
diseases (SIAD) is largely reported [108,109], suggesting that chronic inflammation driven
by a dysregulated myeloid-driven innate immune response of autoimmunity, which asso-
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ciates autoreactive T cells and possibly autoantibodies, is related to MDS pathophysiology.
In a recent study, TET2/IDH mutations associated or not with SRSF2 mutation are the most
frequent genetic events in MDS with SIAD. Furthermore, MDS patients with SIAD have
a reduced CD4+CD25hiCD127lo Treg population, and a reduction in the stem cell T CD8+

memory cells and T central memory (TCM) subsets. TCM is significantly more decreased
in TET2/IDH-mutated patients. Immune-checkpoint receptors (ICR) play a major role in
suppressing autoimmunity and maintaining self-tolerance. Assessing ICR expression, the
study showed that TCM CD8+CD96+ cells are reduced in TET2/IDH-mutated patients.
TET2/IDH mutation deeply modifies Treg and CD8+ T-cell subsets distribution with a
disruption of naive/memory balance [110]. Other studies showed elevated PD1+ and
Tim-3+ T-cell frequencies in MDS compared to patients in remission, which increase further
in MDS at relapse [111]. An increased expression of PD-1 on HSPCs and PD-L1 on MDSCs
is reported in MDS in comparison to healthy donors [112]. Tim-3 expression levels increase
on MDS CD45/SS or CD34/CD45-gated blasts as MDS progress to advanced stages [13].
Finally, PD-L1+ CD34+ CD38− and PD-L1+ CD34+ CD38+ stem cell frequencies increase in
MDS patients compared to stem cell recipients in remission [112]. Interestingly, MDSCs in
MDS patients express CD155 that ligates the T-cell immunoreceptor with immunoglobulin
and ITIM domain (TIGIT) and delivers an inhibitory signal to natural killer (NK) cells,
suggesting that overcoming the TIGIT negative regulatory checkpoint could be a strategy
to rescue a productive immune response [113]. Taken together, these studies establish the
role of immune dysregulation in MDS pathogenesis.

5. Conclusions

Studies conducted during the past few decades have highlighted the complexity of
MDS pathophysiology involving the genetic diversity of clones, inflammatory conditions
related to aging and the impaired response of the immune environment. Although a
unifying mechanism of disease initiation has not yet been identified, epistatic interactions
between mutated genes usually result in alterations in transcription regulatory pathways.
Combining the specific targeting of transcriptional regulators with immune checkpoint
inhibitors may successfully implement the treatment of fitted MDS patients. This implies
to identify and prospectively validate composite biomarkers as a way of personalizing
patient management.
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