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Abstract

Overlapping spectrum of mutated genes affected in myelodysplastic syndrome (MDS) and primary 

acute myeloid leukemia suggest common pathogenic mechanisms. However, the frequencies of 

specific mutations are significantly different between them, which implies they might determine 

specific disease phenotype. For instance, there are overrepresentations of mutations in RNA 

splicing factors or epigenetic regulators in MDS. We provide an overview of recent advances in 

our understanding of the biology of MDS and related disorders. Our focus is how mutations of 

in splicing factors or epigenetic regulators identified in MDS patients demonstrate phenotypes 

in knockin/knockout mouse models. For instance, mutant Srsf2 mice could alter Srsf2’s normal 

sequence-specific RNA binding activity. It exhibited changing in the recognition of specific exonic 

splicing enhancer motifs to drive recurrent missplicing of Ezh2, which reduces Ezh2 expression 

by promoting nonsense-mediated decay. Consistent with this, SRSF2 mutations are mutually 

exclusive with EZH2 loss-of-function mutations in MDS patients. We also review how gene 

editing technology identified unique associations between pathogenic mechanisms and targeted 

therapy using lenalidomide, including: (i) how haploinsufficiency of the genes located in the 

commonly deleted region in del(5q) MDS patients promotes MDS; (ii) how lenalidomide causes 

selective elimination of del(5q) MDS cells; and (iii) why del(5q) MDS patients become resistant 

to lenalidomide. Thus, this review describes our current understanding of the mechanistic and 

biological effects of mutations in spliceosome and epigenetic regulators by comparing wild-type 

normal to mutant function as well as a brief overview of the recent progresses in MDS biology.

Introduction

Myelodysplastic syndromes (MDSs) are characterized by pancytopenia, bone marrow (BM) 

hyperplasia, dysplasia, and progression to secondary acute myeloid leukemia (AML) [1, 

2]. Next-generation sequencing (NGS) has revealed a landscape of genetic alterations 

including coding exons and copy number alterations [3–5]. This review presents an overview 

of recent advances in the biology of MDS and related disorders, including other MDS/

myeloproliferative neoplasms (MPN), largely focusing on the mechanism of somatically 

mutated genes that determine MDS phenotypes. It summarizes functional evaluation of each 
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driver mutation including studies that mimic patient-specific mutations using conditional 

knockin (KI) mice.

Overview of somatic mutations

By combining SNP array karyotyping and high-throughput capillary sequencing, it was 

demonstrated that TET2 [6], EZH2 [7], TP53 [8], CBL [9], and RUNX1 [10] were 

frequently mutated in MDS. NGS including whole-exome sequencing revealed that MDS 

patients carry a median of nine somatic mutations in the entire coding region, including 

driver mutations that advance clonal selection and passenger mutations (random mutations) 

that do not promote disease [11]. Focusing on the most frequently mutated pathways, 

65% of MDS patients harbored mutations in RNA splicing (SF3B1, SRSF2, U2AF1, 

ZRSR2) [12], followed by 47% harboring mutations in DNA methylation genes (DNMT3A, 

IDH1/2, TET2) [13–15] and 28% in histone modification genes (ASXL1,BCOR, EZH2) 

[5, 7]. Mutational targets are largely similar between MDS and primary AML, suggesting 

common pathogenesis in different neoplasms. However, the frequencies of these mutations 

are significantly different between MDS and primary AML; there is an overrepresentation 

of mutations in splicing factors (SFs) and epigenetic regulators in MDS, while mutations 

in receptor tyrosine kinases (e.g., FLT3), RAS pathway genes, and CEBPA and IDH1/2 
mutations are more common in AML (Fig. 1a) [16]. In this review we focus on the biology 

of splicing factor and epigenetic regulatory genes.

Splicing mechanisms

RNA splicing is a highly coordinated and essential process carried out by major and minor 

spliceosomes to remove noncoding regions (e.g., introns) of the pre-mRNA before protein 

translation [17]. Trans-acting SFs, such as serine-arginine-rich proteins and heterogeneous 

nuclear RNPs, bind to the regulatory elements located in the exons and introns to enhance 

or repress the splicing activity and contribute to alternative splicing (Fig. 1b) [18]. The 

regulatory elements include both intronic and exonic splicing enhancers and silencers. Many 

intron-containing mRNAs are exported from the nucleus and subject to degradation by 

nonsense-mediated-decay (NMD) due to premature termination codons contained in the 

retained intron [19]. The major spliceosome consists of five small nuclear ribonucleoprotein 

complexes (snRNPs), U1, U2, U4, U5, and U6.

Knowledge of the transcription factors directing cellular lineage commitment and 

posttranscriptional modifications altering protein function contributes for our current 

understanding of normal hematopoiesis and aberrancies in hematopoietic differentiation 

resulting in leukemian [20]. It is estimated that >90% of multiexon human genes undergo 

alternative splicing to generate proteome diversity [18, 20], yet relatively little is known 

about the regulation and functional role of alternative splicing in normal hematopoiesis.

Mutations in genes encoding spliceosomal proteins such as SF3B1, SRSF2, U2AF1, and 

ZRSR2 are the most frequent mutations in patients with MDS [3]. These mutations occur 

in a mutually exclusive manner with one another and at highly conserved domains in 

SF3B1, SRSF2, and U2AF1 that are known to confer an alteration in mRNA splicing. These 

genes were distributed on the U2 snRNP complex where they play an important role in 
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the recognition of 3′ splice sites (SSs). Each of these mutations is associated with distinct 

clinical subtypes of MDS and their own unique correlation with other driver mutations. 

In this review, we describe functional aspects of genes, which are significantly mutated 

more in MDS than primary AML and focus on murine model recapitulating point mutations 

identified in MDS patients.

SF3B1

SF3B1 is a core member of the U2 snRNP complex, which is responsible for recognizing the 

branch point, a degenerate sequence motif usually located 21–34 base pairs of the adenosine 

(A) base within the intron and facilitates the binding of the U2 snRNP on pre-mRNA (Fig. 

1b) [19]. The U2 snRNP is directed to the 3′ SS by short, conserved pre-mRNA sequences, 

including the branch point sequence upstream of the 3′ SS), the Py tract, and the AG 

(adenosine–guanine) dinucleotide at the intron–exon junction.

Mutations in SF3B1, located in chromosome 2q33, were identified in MDS, chronic 

lymphocytic leukemia, and other solid cancers [21]. They largely cluster within the C­

terminal HEAT domains (residues 622–781), with the most commonly mutated amino-acid 

residue being 700. It was reported that SF3B1 hot spot mutations promote use of cryptic 3′ 
SSs [22]. SF3B1 mutations occur in >80% of MDS with ring sideroblasts (RSs) and predict 

for a favorable outcome. Because of this strong association, the 2016 WHO classification 

described that the presence of SF3B1 mutations could be helpful for the diagnosis of 

MDS-RSs with as little as 5% of RS. SF3B1 mutations are mutually exclusive not only 

with other SF mutations, but also with other mutations/CNAs, except for DNMT3A, TET2, 
JAK2, and del(5q) [5].

Mutated-SF3B1 promotes alternative 3′-SS usage in ABCB7, a heme transporter mutated in 

congenital sideroblastic anemia, and other genes involved in mitochondrial iron trafficking, 

and leads to their premature truncation and reduced gene expression in MDS patients [23]. 

This leads to abnormal deposition of iron (in the shape of rings) in the mitochondria of 

erythroblasts. Other putative targets of mutant SFs implicated in MDS pathogenesis include 

MAP3K7, NF1, and PDS5 [24, 25]. A recent study highlighted that the majority of cryptic 

AGs generated in SF3B1-mutant cells were located upstream of the canonical 3′ SSs and 

induced frameshifts, potentially causing many of the resulting transcripts to be degraded 

by NMD [26]. Research on the functional implications of SF3B1 mutations in cancer thus 

far has identified that expression of heterozygous SF3B1 mutations impart a characteristic 

change in splicing, namely the use of aberrant 3′ SSs and cryptic AG dinucleotides 10–30 

bp upstream of the canonical AG dinucleotide [26, 27]. A conditional KI mouse model 

to study the consequences of the most common SF3B1 mutation has been generated [25, 

28]. Sf3b1K700E/+ mice developed macrocytic anemia associated with a terminal block in 

erythroid maturation. However, the mice did not exhibit RS, the phenotypic hallmark of 

MDS-RS (Table 1) [25]. RNA sequencing of myeloid progenitors from Sf3b1K700E/+ mice 

and littermate controls demonstrated an increased usage of aberrant 3′ SSs, as noted in prior 

studies of SF3B1 mutations across other cancers and also in MDS patient’s samples (Fig. 

1c).
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There was minimal overlap in misspliced events between human MDS and murine samples 

in part due to lack of conservation of intronic DNA sequences between the two species. 

For example, although ABCB7 is misspliced in human SF3B1K700E mutant cells, this was 

not seen in Sf3b1K700E/+ mice because of the distinct intronic sequence at this region 

of Abcb7 [20, 25]. Despite differences in splicing events between mouse and human 

cells expressing K700E mutation, Sf3b1K700E/+ mice clearly develop some key phenotypic 

hallmarks of human MDS. This discrepancy suggests a possible effect of the mutations 

on conserved functions of SF3B1 that are unrelated to splicing. As noted earlier, each 

mutated splicing factor appears to be associated with its own spectrum of coexisting and 

mutually exclusive mutations [5]. They also demonstrated that loss of Tet2, which plays 

a key role in active DNA demethylation through the conversion from 5-methylcytosine 

to 5-hydroxymethylcytosine [6], cooperates with Sf3b1K700E to exacerbate the macrocytic 

anemia and expansion of long-term hematopoietic stem cells compared to sole mutations 

[29].

SRSF2

SRSF2 normally recognizes exonic splice enhancer elements (ESEs) within the pre-mRNA 

with a consensus motif of SSNG (where S represents Cytosine or Guanine and N any 

nucleotide) to promote exon recognition (Fig. 1b) [30]. In the wild-type state, SRSF2 binds 

ESEs with motifs of CCNG and GGNG equally well to promote inclusion of the exons 

bearing these motifs [19].

SRSF2 mutations occur in 20–30% of MDS and ~50% of chronic myelomonocytic leukemia 

(CMML) patients [5, 31]. Most are heterozygous missense mutations especially of proline 

(Pro) 95. SRSF2 mutations are associated with a worse prognosis and higher rates of 

progression to leukemia. TET2 and ASXL1 mutations are the most frequently co-occurring 

mutations.

Several studies provided independent and consistent data showing that mutations in SRSF2 
alter the protein’s role in RNA splicing in a manner completely distinct from the loss of 

function [32–34]. Wild-type mice transplanted with BM cells harboring the Srsf2P95H/+ 

mutation developed significant anemia and leukopenia at 18 weeks posttransplant (Table 

1) [32]. In addition to the observed bicytopenia, Srsf2P95H/+ mice displayed macrocytic 

erythrocytes, accompanied by normocellular BM with dysplasia in the erythroid and 

myeloid lineages, mimicking features of human MDS. Moreover, Srsf2P95H/+ mice showed 

increased Lineage−Sca1 + cKit + (LSK) cells, increased early apoptosis and an increased 

proportion of cells in the S-phase of the cell cycle. The increase in hematopoietic stem and 

progenitor cells (HSPCs) and progenitor cells in conjunction with peripheral cytopenia is 

suggestive of impaired differentiation. Flow cytometry showed that the observed peripheral 

leukopenia was predominantly due to reduced B-lymphopoiesis. Srsf2P95H mice also had 

reduced early erythroid progenitors with reduced pre-MegE and pre-colony-forming units 

[32]. Of note, the nontransplanted Srsf2P95H mice did not develop overt MDS phenotypes 

or AML even after more than one year of monitoring with the primary phenotypes reported 

present only in the context of transplant studies.
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More specifically, cells expressing mutant SRSF2 are enriched for CCNG ESE motifs in 

cassette exons with increased inclusion [32, 33]. SRSF2 mutations affecting P95 alter the 

recognition of exons containing specific ESE sequences. Wild-type SRSF2 normally binds 

to and promotes splicing of C- and G-rich ESEs equally well (GGTG or CCAG), while 

mutant SRSF2 has skewed preference for C-rich ESEs (CCAG) (Fig. 1c) [32, 33].

Mutant SRSF2 promotes missplicing and degradation of EZH2 [20]. Missplicing of Ezh2 

leads to reduced Ezh2 protein expression via nonsense-mediated decay, and in turn, 

contributes to impaired hematopoietic differentiation. Consistent with SRSF2 mutations 

promoting a disabling splicing change in EZH2; EZH2 loss-of-function mutations are 

common in MDS [7]. In an analysis of >1800 MDS patients where EZH2 and SRSF2 were 

both sequenced, EZH2 loss-of-function mutations were mutually exclusive with SRSF2 
mutations [5, 32]. Finally, restoration of normally spliced EZH2 expression by cDNA rescue 

partially rescued the hematopoietic defects of Srsf2 mutant HSPCs [32]. This links SRSF2 
mutations to aberrant epigenetic regulation via insufficient EZH2 expression.

U2AF1

U2AF1 is one of the components which binds the AG dinucleotide in 3′ SSs of boundary 

introns and exons (Fig. 1b) [18, 20]. U2AF1 preferentially recognizes the core RNA 

sequence motif yAG|r (y = pyrimidine and r = purine), which matches the genomic 

consensus 3′ SS and intron/exon boundary that crosslinks with U2AF1. Our understanding 

of U2AF1 mutational mechanisms for RNA interactions is incomplete. U2AF1 mutations 

are highly specific—they uniformly affect the S34 and Q157 residues within the first and 

second CCCH zinc fingers of the protein—making comprehensive studies of all mutant 

alleles feasible. MDS patients with these mutations have poor prognosis [5, 12, 31].

Recent studies reported generation of a doxycycline-inducible transgenic mouse model with 

the most commonly identified U2AF1 S34F mutation (Table 1) [35, 36]. Peripheral blood 

(PB) leukopenia was observed in the U2af1S34F/+ mice after one month of doxycycline 

treatment, and appears to be related to B-lymphopenia and monocytopenia based on flow 

cytometry [35]. Leucopenia persisted up to 12 months, with white cell counts recovering to 

levels similar to that of controls following withdrawal of doxycycline treatment, suggesting 

a relationship between expression of mutant U2AF1 and the phenotype seen. Strikingly, 

U2af1S34F/+ mice showed increased proportions of HSPC in the bone marrow, particularly in 

the multipotent progenitors and common myeloid progenitor (CMP) compartments.

Several studies using unbiased genomic analysis of isogenic human and murine cells 

expressing ectopic mutant or wild-type U2AF1 have now revealed that U2AF1 mutations 

alter splice site recognition [20, 35, 36]. Mutations in U2AF1 consistently modify 3′ SS 

preference in a sequence-specific manner based on the identity of the nucleotide surrounding 

the AG dinucleotide that forms the 3′ SSs’ core consensus motif [37, 38]. Specifically, 

expression of U2AF1 S34F/Y promotes recognition of the 3′ SS bearing a C or A 

immediately preceding the AG and represses those bearing a T at this position (Fig. 1c) 

[35]. Overall suggesting that U2AF1 mutations are not loss of function hits.
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Interestingly, analysis of the effects of Q157P/R mutations revealed that these mutations also 

affect 3′ SS recognition but in a distinct manner. Q157P/R mutations promoted recognition 

of the 3′ SS bearing a G immediately following (rather than preceding) the AG and 

repressed those bearing an A at this position (Fig. 1c) [20, 39]. These data suggest that 

S34F and Q157 mutations have different effects, even though both of them alter the same 

loci; such as −3 and +1 cryptic 3′ splice cite motifs.

In contrast to the sequence motif seen in non-dysregulated control junctions, exons skipped 

more frequently by mutant U2AF1 (S34F) relative to U2AF1 (WT) were enriched for uracil 

(indicated by a T) in the −3 position relative to the AG dinucleotide. We observed a similar 

pattern in alternative 3′ SS usage; there is an enrichment of T in the −3 position of canonical 

3′ SSs whose alternative 3′ SS was used more frequently in mutant U2AF1(S34F)/rtTA 

samples relative to U2AF1(WT)/rtTA controls. This pattern is the same as seen in AML 

patient samples with U2AF1 mutations and in primary human CD34 + cells expressing 

U2AF1(S34F) or U2AF1(WT), and similar to previously reported data in human samples 

[37, 38].

U2AF1 S34 mutations affected H2AFY splicing by altering transcript isoforms. Although 

this splicing event has been validated in several reports, the downstream effects on 

macroH2A1 isoform expression and distribution and consequent biological effects of altered 

macroH2A1.1/macroH2A1.2 ratios have not been studied in the context of hematopoiesis 

[20, 40]. H2AFY contains two mutually exclusive exons, generating the two isoforms 

macroH2A1.1 and macroH2A1.2 of macroH2A1. The functions of these two isoforms 

differ, with important functional and prognostic implications in other forms of cancer 

[40, 41]. Many factors are involved in correct SS recognition in complex with U2AF1, 

including U2AF2, hnRNPA1, and DEK, among others [20]. Thus, future efforts are needed 

to determine whether S34 and Q157 mutations in U2AF1 alter the extensive protein–protein 

interaction networks across the exons and the introns that are necessary for spliceosome 

assembly.

ZRSR2

ZRSR2 (also known as URP) is located on the X chromosome (Xp22.1) and encodes 

for a splicing factor involved in recognition of 3′ intron SSs [3]. It interacts with other 

components of the prespliceosome assembly including the U2AF2/U2AF1 heterodimer 

and SRSF2 [42]. ZRSR2 is a component of the U12 snRNP and contacts the 3′ SSs of 

U12-type introns [43]. U12-type introns are a rare class of introns that are removed by 

a dedicated, U12-dependent “minor” spliceosome that is distinct from the U2-dependent 

“major” spliceosome [44]. U12-type introns comprise only ∼0.5% of all human introns [45]. 

Intriguingly, a subset of U12-type introns is spliced inefficiently relative to their U2-type 

counterparts. This inefficient splicing can result in nuclear retention of mRNAs containing 

unspliced U12-type introns, possibly followed by nuclear decay, resulting in a regulatory 

mechanism analogous to that observed by the study in erythropoiesis [20].

Nonsense, splice-site and frame-shift mutations in ZRSR2 frequently occur in males, 

suggesting a loss of function [3]. Mutations in ZRSR2 are more prevalent in MDS subtypes 

without RSs and in CMML [31]. They are associated with an elevated percentage of BM 
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blasts and a higher rate of progression to AML. The link between ZRSR2 deficiency and 

MDS has not been explored mechanistically.

A paucity of studies evaluated the cellular and functional consequences of the loss of 

ZRSR2 in cell lines and patient samples [20, 46]. These studies showed that ZRSR2 plays 

a pivotal role in splicing of U12-type introns, while the U2-dependent splicing is largely 

unaffected. RNA sequencing analysis of TF-1 cells with RNAi-mediated downregulation 

of ZRSR2 as well as ZRSR2MT and ZRSR2WT primary MDS patient samples revealed 

that intron retention was enriched in ZRSR2 mutant or knockdown samples relative to 

ZRSR2 wild-type and normal BM. Categorization of the introns affected as U2- or U12-type 

revealed that U12-type introns were preferentially affected by ZRSR2 loss.

The epigenetic nature of MDS

Before genome-wide epigenetic studies were feasible, aberrant silencing of tumor 

suppressor and DNA damage-repair genes through hypermethylation of promoter-associated 

CpG islands was described in MDS [47]. Whereas MDS is particularly resistant to 

conventional chemotherapy, treatment with hypomethylating agents (HMAs) such as 5­

azacytidine (AZA) and 5-aza-2′-deoxycytidine (decitabine) improve hematopoiesis, increase 

overall survival (OS) and delay the onset of AML progression [48]. Although HMAs 

cause broad hypomethylation of DNA by inhibition of DNA methyl-transerases, catalyzing 

cytosine to methyl-cytosine, specific target molecules for treating MDS cells are not 

revealed yet. HMA effect is transient with responses maintained for 6–24 months [49]. 

Survival for refractory/relapsed MDS patients is extremely short [50].

Recent genome-wide and candidate-gene discovery efforts have identified a series of 

novel somatic genetic alterations in patients with myeloid malignancies with relevance to 

pathogenesis, prognostication, and/or therapy [5]. Notably, these include mutations in genes 

with known or putative roles in the epigenetic regulation of gene transcription. Epigenetic 

alterations are involved in the establishment of gene expression profiles associated with 

cancers, and the accumulation of genetic and epigenetic alterations promote tumorigenesis 

[51]. In this review, we focus on two epigenetic mechanisms; (i) Histone-modifying 

enzymes and (ii) DNA methylation.

Histone-modifying enzymes

Polycomb group proteins were originally identified in Drosophila as regulators of body 

segmentation through the repression of homeotic genes and were subsequently identified 

in mammals [52]. PcG proteins function in the maintenance of gene silencing via 

posttranslational modifications of histones and chromatin compaction [53]. In mammals, 

there are two major complexes of PcG: Polycomb repressive complex 1 (PRC1) and 2 

(PRC2), which modify monoubiquitination at lysine 119 of histone H2A (H2AK119ub1) 

and mono-, di-, and trimethylation at lysine 27 of histone H3 (H3K27me1/me2/me3), 

respectively [54–56]. In the canonical pathway, PRC2 initiates gene silencing by catalyzing 

H3K27me3 modification. PRC2 consists of EED, SUZ12, and the PRC2 enzymatic 

component, enhancer of zeste homolog 2 (EZH2). PRC2-mediated H3K27me3 plays 

critical roles in the stage-specific repression of developmental regulator genes, which 
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frequently exhibit bivalency with an active histone modification, H3K4me3, during cellular 

differentiation. PRC1 is then recruited to the target regions by binding to H3K27me3 

through the CBX component of PRC1, and catalyzes the monoubiquitination of H2AK119 

to maintain gene silencing [57, 58]. However, recent findings have shown that PRC1 can be 

recruited to target genes independently of H3K27me3 [59, 60]. The biological function of 

canonical PRC1 and PRC2 has been characterized in detail in ES and hematopoietic stem 

cells (HSCs) [61].

EZH2

Comprehensive genome sequencing studies identified somatic mutations of EZH2 in MDS 

[62]. They are widely distributed throughout the coding region, but the majority of them 

are nonsense or frameshift mutations, suggesting loss-of-function mechanisms. EZH2 is 

located at chromosome 7q36.1 which is frequently deleted in MDS, suggesting that loss of 

EZH2 has a role in MDS pathogenesis [7]. Loss-of-function mutations in EZH2 have been 

identified in patients with MDS (3–13%), MPN (3–13%), and MDS/MPN overlap disorders 

(8–15.6%); all clonal myeloid disorders originating from HSCs [63]. Other components of 

PRC2, EED, and SUZ12 appear to be mutated in a manner similar to EZH2, although at 

lower frequencies.

On the other hand, EZH2 mutations were also identified in malignant lymphomas such 

as diffuse large B-cell lymphoma, the majority are missense mutations with a hot spot 

of heterozygous Y641 mutations in the histone methyltransferase Su(var)3–9, E(z), and 

Trithorax (SET) domain. EZH2 is the catalytic member of the PRC2 [64]; however, 

EZH2 alone has very weak histone-methylating activity. Other members of the PRC2 

complex; EED, SUZ12, AEBP2, and RbAp48 are required for full activity. Expression of 

EZH2Y641F/N mutants in cells with EZH2WT resulted in an increase of H3K27me3 levels in 

vivo through increase in trimethylation activity of the enzyme. Functional analysis revealed 

that these mutations could increase EZH2 function and are perhaps gain-of-function in the 

pathogenesis of malignant lymphoma [65].

Several groups have examined the impact of loss-of-function mutations of EZH2 in the 

pathogenesis of MDS by using conditional EZH2 knockout mice [66, 67]. These mutations 

reduce global levels of H3K27me3 and have been shown to increase expression levels of 

EZH2 target genes including potential oncogenes in tumor cells in patients and murine 

models, which indicate that EZH2 has a tumor suppressor function (Fig. 3a). Hematopoietic 

cell-specific deletion of Ezh2 resulted in the development of myeloid malignancies including 

MDS, MDS/MPN, and T-ALL, but not AML, after a long latency [68].

Deletion of Ezh2 causes myeloid dysplasia in mice (Table 1) [66]. PB from Ezh2 conditional 

homozygous knockout mice at 3 months showed reduced white blood cell counts due 

to lymphopenia, increased platelet counts, and mild but significant anemia. Cytological 

analysis of Ezh2 knockout mice PB revealed morphological abnormalities in myeloid cells, 

such as delayed maturation of neutrophils, hyposegmented neutrophils consistent with a 

pseudo Pelger–Huët anomaly, hypersegmented neutrophils, and dysplasia of monocytes. BM 

analysis at 3 months after deletion of Ezh2 revealed that all mutant mice had a greater 

proportion of LSK cells and CMPs and/or MEPs.
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In patients, EZH2 mutations frequently occur with loss-of-function mutations in TET2 and 

RUNX1 [5, 31]. An Ezh2 deficiency in combination with a Tet2 hypomorph (Tet2KD/KD) in 

mice accelerates the transformation of HSCs and induces MDS and MDS/MPN [69]. These 

findings indicate that EZH2 fine-tunes the commitment and differentiation of HSCs, and 

EZH2 insufficiency promotes the transformation of HSCs to MDS and MPN stem cells.

ASXL1

Mammals have three ASXL genes (ASXL1, ASXL2, and ASXL3) which are the homologs 

of Dorosophila Additional sex combs (Asx) [70]. Asx, the Drosophila melanogaster 

homolog of mammalian ASXL1–3, is required both to maintain repression and to activate 

expression of Hox genes. ASXL genes are thought to mediate the balance between 

polycomb and trithorax functions [71], despite their lack of enzymatic activity. ASXL1 wild­

type protein can support H3K4 methylation through OGT [72], H2AK119 ubiquitination 

through PRC1, and H3K27 methylation in specific loci such as the posterior HOXA genes 

through PRC2 [67, 73].

ASXL1 is frequently mutated in MDS as well as in clonal hematopoiesis of indeterminate 

potential (CHIP) [74]. The human ASXL1 gene is located on chromosome 20q11. Mutations 

in ASXL1 most commonly occur as frameshift and nonsense mutations in the last exon 

before the C-terminal plant homeofinger domain, suggesting that mutant mRNA escapes 

from nonsense-mediated decay and that most ASXL1 mutations generate stable truncated 

proteins [70].

Similar to EZH2 mutations, mutations in ASXL1 have been found to be associated with 

worsened OS among patients with MDS independent of other clinical parameters; age, 

cytogenetics, and number of cytopenias. Comparing other somatic mutations, ASXL1 
mutations were independent predictors of a poorer prognosis in a multivariate analysis [62].

Asxl1 knockout mice exhibit impaired hematopoiesis and development of MDS-like disease 

through decreased H3K4me3 and H3K27me3 in specific loci such as posterior Hoxa genes 

due to loss of interactions with the PRC2 complex [75]. These findings indicate that wild­

type ASXL1 plays crucial roles as a tumor suppressor in hematopoiesis and suggest loss-of­

function features of ASXL1 mutations. However, the role of the physiological expression of 

Asxl1-MT in histone modifications is not well understood. Conditional ASXL1 mutant KI 

mice which mimic the human E635RfsX15 mutants induced a modest MDS-like phenotype 

(Table 1) [76]. Rosa26 locus mutant Asxl1 KI (Asxl1-MT KI) mice resulted in a MDS­

like phenotype characterized by myeloid skewing, age-dependent anemia, thrombocytosis, 

and morphological dysplasia. Expression of ASXL1-MT reduced the number of HSCs 

and stemness similarly to other MDS mouse models, and maintained HSC survival in 

competitive repopulation assays. ASXL1-MT KI mice also displayed substantial reduction 

in H3K4me3 and H2AK119ub. Unlike Asxl1 knockout mice, global levels of H3K27me3 

were not significantly changed in Asxl1-MT KI mice. However, the level of H3K27me3 at 

Hoxa gene loci was decreased and the expression of Hoxa was upregulated in Asxl1-MT 

KI mice [73]. H3K4me3 reduction was observed especially at promoter loci of the genes 

associated with erythroid differentiation such as Sox6, Id3, Tjp1, and Hba [72]. Of note, 

overexpression of Id3 ameliorated erythroid clonogenicity in BM cells derived from Asxl1­
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MT KI mice. A study reported generation of Asxl1G643fs mutant KI mice and reported 

that mutant KI mice alone did not develop hematological malignancies within 18 months 

follow-up [77]. On the contrary, another study also generated Asxl1G643fs mutant KI mice 

and reported that a portion of the mice eventually developed MDS/MPN-like disease after a 

long latency, about 18–24 months [78]. These findings indicate that expression of the mutant 

ASXL1 results in altering histone modifications and defects in hematopoiesis promoting 

myeloid transformation.

It was recently reported that the mutant ASXL1 altered histone modification by unique 

mechanisms [72, 73]. ASXL1 WT could induce H2AK119 ubiquitination (Ub) through 

negatively regulating BAP1 which removes ubiquitination of H2AK119 as a deubiquitinase 

(Fig. 2b). BAP1 is rarely mutated in myeloid malignancies [79]. The mutant ASXL1 

enhanced the catalytic function of BAP1 and profoundly reduced the global level of 

H2AK119Ub by strengthening deubiquitnation. The mutant ASXL1/BAP1 complex inhibits 

the differentiation of HSPCs toward multilineage except for immature monocytes, and 

promoted myeloid leukemogenesis induced by RUNX1-ETO, an oncogenic fusion protein 

frequently coexisting with ASXL1 mutations [72]. Mechanistically, this complex directly 

binds to promoter loci of HOXA genes and IRF8, and decreases H2AK119 at these loci, 

resulting in dysregulation of posterior HOXA genes and IRF8. HOXA gene expression is 

essential for leukemic transformation and IRF8 plays a critical role in monopoiesis.

The DNA methylation machinery

DNA methylation occurs exclusively at the 5′ position of cytosine nucleotides in the 

context of a CpG dinucleotide [16]. CpG islands are major regulatory units and around 

50% of them are in gene promoter regions, while another 25% lie in gene bodies, often 

serving as alternative promoters [80]. The addition of the methyl group is catalyzed by 

the DNMT family of proteins, DNMT3A, DNMT3B, and DNMT1 [14]. DNMT3A is a 

member of the mammalian family of DNA methyltransferases that add a methyl group 

to cytosine enzymatically in CpG dinucleotides. DNMT3A and its homolog, DNMT3B 

are responsible for initiating de novo DNA methylation. Silencing of a DNA repair gene 

by hypermethylation may be a very early step in progression to cancer [81]. In contrast, 

Ten-Eleven-Translocation (TET) proteins TET1, TET2, and TET3 have resulted in the 

identification of additional active mechanisms of DNA methylation [82]. TET proteins are 

alpha-ketoglutarate (α-KG) and Fe2+-dependent oxygenases that are capable of modifying 

5′-methyl-cytosine (5mc) to generate 5′-hydroxmethylcytosine (5-hmc) whose function is 

not fully established. Ultimately, they are oxidized further to forms that are removed and 

replaced by cytosines by base excision repair. The α-KG required for this reaction can be 

produced by Isocitrate Dehydrogenase 1 (IDH1) and IDH2 from isocitrate in the cytoplasm 

and mitochondria, respectively. Under hypoxic conditions, IDH2 carries out the reverse 

reaction of carboxylating aKG to form isocitrate. When mutated, IDH1 and IDH2 instead 

convert α-KG to an oncometabolite, 2-hydroxyglutarate (2-HG), which in turn inhibits 

many oxidation reactions that require α-KG as a substrate, including TET2 and a number 

of histone demethylases including jumonji domain-containing proteins, such as KDM6A 

(UTX), KDM4A,B and KDM2 [83, 84].
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DNMT3A

DNMT3A is recurrently mutated in de novo AML. Almost half of all DNMT3A mutations 

occur at a single hot spot, arginine 882, which is in the methyltransferase domain 

[14]. DNMT3AR882 mutations are the most prevalent somatic mutations observed in 

individuals with CHIP [74]. AML patients with DNMT3AR882 mutations have an inferior 

outcome when treated with standard-dose daunorubicin-based induction chemotherapy [14]. 

DNMT3A mutations are less frequent in MDS (10%) than in primary AML (23%) (Fig. 1a) 

[16]. Biochemical studies have suggested that DNMT3AR882 can function as a dominant­

negative mutation with respect to methyltransferase activity; however, the role of these 

mutations in leukemia pathogenesis and in the response to antileukemic therapies has not 

been elucidated. A recent study reported a generation of a mouse model that conditionally 

expresses Dnmt3aR878H (mouse homolog to human DNMT3AR882H) from the endogenous 

locus [85]. Mice expressing Dnmt3aR878H in the absence of other disease alleles did 

not develop leukemia (Table 1), but were instead characterized by the accumulation of 

LSK stem cell–enriched cells and by an increased percentage of circulating c-Kit-positive 

progenitor cells, consistent with HSPC expansion.

TET2

Mutations in TET2, located on chromosome 4q24, were identified in MDS (up to 30%) 

and other myeloid malignancies. They are more frequent in MDS/MPN overlap syndromes 

(~50%). Copy number alterations including deletion, and copy number neutral loss-of 

heterozygosity, also occurred simultaneously in many cases. Resulting losses of TET2 

function led to reductions in the amount of 5-hmC, and this has been demonstrated in 

samples of patients with myeloid malignancies, suggesting that TET2 acts as a tumor 

suppressor gene [86].

Recently, a study described the phenotype of mice hypomorphic for TET2 as a mouse 

model of CMML and MDS [66, 87]. In this study, TET2 gene trap mice (Tet2KD/KD) were 

engineered to express ~20% of the TET2 mRNA of WT mice. Tet2KD/KD mice developed 

overt features of myeloid malignancy after about 11 months. Whilst the majority of mice 

had features of CMML, 3 out of 13 mice developed MDS with pancytopenia, granulocytic 

dysplasia, and increased erythroid apoptosis. Thus, alterations in TET2 expression resulted 

in two distinct phenotypes of CMML and MDS, after a considerable latency. Recurrent 

somatic TET2 mutations have been identified in normal, elderly individuals with acquired 

CHIP without overt clinical manifestations [74].

IDH1/2

Isocitrate dehydrogenase 1 (IDH1) and IDH2 are metabolic enzymes that decarboxylate 

isocitrate to αKG whilst producing NADPH from NADP+, and importantly, also perform 

the reverse reaction under hypoxic conditions; Missense mutations in IDH1/2 occur at 

specific conserved residues (R132 in IDH1; R140 and R172 in IDH2) and are always 

heterozygous [5]. They reported the characterization of conditional KI mice in which the 

most common IDH1 mutation, IDH1 (R132H), is inserted into the endogenous murine Idh1 

locus and is expressed in all hematopoietic cells (Vav-KI mice) or specifically in cells of 

the myeloid lineage (LysM-KI mice) [88]. These mutants showed increased numbers of 
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early hematopoietic progenitors and develop splenomegaly and anemia with extra medullary 

hematopoiesis, suggesting a dysfunctional bone marrow niche (Table 1).

Del(5q) and lenalidomide

Deletion of the long arm of chromosome 5, del (5q), is one of the most common cytogenetic 

abnormalities found in MDS, accounting for approximately 10–15% of MDS cases [89]. 

The 5q- syndrome is characterized by del(5q) being the sole cytogenetic abnormality. 

The 5q- syndrome was registered in the 2008 World Health Organization classification 

as a distinct entity because of unique clinical features such as female predominance, 

severe macrocytic anemia, normal or elevated platelet counts with hypolobulated micro­

megakaryocytes, and a low rate of progression to AML [90]. Lenalidomide, an 

immunomodulatory drug with efficacy in multiple myeloma (MM), also induces impressive 

responses specifically in MDS patients with del(5q) [91].

There are two distinct commonly deleted regions (CDR) in 5q-. The more distal CDR is 

mapped to a 1.5 megabase region between 5q31 and 5q33 [92]. Molecular studies have 

shown allelic haploinsufficiency for several genes within the critical 5q deletion, including 

RPS14, CSNK1A1, APC, DDX41, and mir-145/146a, of which, RPS14, CSNK1A1, and 

mir-145 are included in the CDR [16].

The biological function of del(5q) has been extensively studied, revealing key pathogenic 

drivers of del (5q) including (i) enhanced apoptosis due to P53 activation, (ii) activation 

of cell proliferation due to Wnt/β-catenin signaling, and (iii) innate immune activation. 

RPS14 encodes a small subunit of ribosomal proteins (RPs). Small hair pin RNAs targeting 

RPS14 cause a severe block in erythroid differentiation, whereas forced overexpression 

of RPS14 in cells from MDS patients with del(5q) rescues erythropoiesis. Ribosomal 

dysfunction is sensed by the P53 pathway, leading to cell cycle arrest and apoptosis (Fig. 

3a). Haploinsufficiency of RPS14 induces other RPs and ribosomal components, including 

RPS19 and RPL11. MDM2 inhibits TP53. RPs decrease MDM2, thus activating TP53 and 

enhancing apoptosis. It has also been reported that S100 calcium-binding proteins S100a8 

and S100a9, which are involved in innate immune signaling, were more highly expressed in 

conditional RPS14 inactivated mice [93]. Addition of recombinant S100a8 was enough to 

induce defective erythroid differentiation in wild-type erythroid cells. Given the data, RPS14 

haploinsufficiency in del(5q) MDS leads to activation of the innate immune system and 

induction of S100a8-S100a9 expression, resulting in erythroid differentiation defects.

CSNK1A1 encodes a casein kinase 1α (Ck1α), which is a serine-threonine kinase that fine­

tunes the balance between cell proliferation through WNT/β-catenin signaling and apoptosis 

mediated by TP53 (Fig. 3b). Haploinsufficiency of CSNK1A1 enhances proliferation by 

decreasing inhibition of β-catenin more than decreasing inhibition of apoptosis through 

de-repressed TP53, resulting in MDS [94]. This functional mechanism is unique to the 

pathogenesis of del (5q) and has been associated with how lenalidomide is effective against 

5q- cells. Cells tolerated 50% expression of CK1α, but complete loss of CK1α was not 

tolerated and induced cell death due to cell cycle arrest [89]. Hence, partial degradation of 

CK1α in wild-type cells is better tolerated than in del(5q) MDS cells. The direct protein 

target of lenalidomide is cereblon (CRBN), a component of Cul4-based E3 ubiquitin ligase. 
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Lenalidomide modulates CRBN function, leading to ubiquitination and degradation of 

specific protein substrates. Lenalidomide may also bind CK1α, Ikaros (IKZF1) and Aiolos 

(IKZF3), which are targetable molecules in the pathogenesis of MM, and degrades them 

through ubiquitination, ultimately resulting in deceased protein levels [95].

Therefore, lenalidomide causes selective elimination of del(5q) MDS cells through complete 

loss of CK1α, which induces more apoptosis due to TP53 activation than proliferation 

due to β–catenin activation (Fig. 3c) [95]. Interestingly, del(5q) MDS patients often 

face lenalidomide resistance which is associated with TP53 alterations. Identifying the 

pharmacological effects of lenalidomide for del (5q) patients sheds light on the mechanisms 

of this resistance. Degradation of CK1α leads to activation of TP53 and consequent cell 

cycle arrest and apoptosis [95]. In a mouse model, inactivation of TP53 led to lenalidomide 

resistance [96]. Indeed, TP53 mutations have been linked to lenalidomide resistance in 

del(5q) MDS patients [97]. Hence, if del(5q) MDS cells acquire deletions or inactivating 

mutations of TP53, they would become resistant to lenalidomide due to complete loss 

of CK1α and the inability to induce TP53-dependent apoptosis and cell death. Clinical 

sequencing is gradually becoming more available, so genetic assessment of TP53 mutations 

could be beneficial in lenalidomide treatment decisions.

Conclusion

Mutations affecting RNA splicing and epigenetic modifier pathways are the most common 

genetic alterations in MDS, which contribute specifically to the pathogenesis of MDS 

rather than primary AML. Many insights have already been made about the global effects 

of these mutations on RNA splicing and the epigenome, and initial murine models of 

several of these mutations have been described [16]. Further rigorous assessment of the 

mechanistic effects of the mutations at both genome-wide and locus-specific levels will 

be critical for future efforts to therapeutically manipulate splicing in spliceosome mutant 

malignancies. Advantages of these studies were that each single genetic mutation in mouse 

models demonstrated alterations of splicing or epigenetic mechanisms which were identified 

in human MDS patients.

Several controversies and limitations still exist. First, the majority of MDS patients have 

multiple somatic mutations which could drive clonal evolution, suggesting that accumulated 

genetic mutations play an important role in the pathogenesis of MDS. Although a handful 

of pairs of genetic mutations were evaluated in mouse models, functional mechanisms in 

combinations of them have not yet been elucidated. Given the time it takes to generate 

KI/knockout mice for multiple genes, developing a more efficient experimental method such 

as multiplex CRISPR/Cas9-based genome editing will be needed to move the field forward.

In addition, around 5% of del(5q) patients had mutations of CSNK1A1 [98]. Given that 

50% expression of CK1α promoted clonal advantage, however, complete loss of CK1α 
could synthetic lethal, how simultaneous mutations and deletion of CSNK1A1 could be 

pathogenic in del(5q) patients are still unclear. Moreover, MDS patients had similar clinical 

features including cytopenias or bone marrow dysplasia with no regard to mutations in 

RNA splicing or epigenetic nature even though their functional roles differ. To shed 
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light on these problems, it was hypothesized that driver mutations were the activator of 

common underlying mechanisms involved in the MDS phenotype. Identification of these 

key mediators would reveal fundamental insights into MDS pathogenesis and present novel 

opportunities for therapeutic intervention beyond specific mutations for MDS [99].

Finally, new FDA-approved drugs for MDS are needed. Currently, only azacitidine and 

decitabine are available for high-risk MDS and only lenalidomide is available for del 5q) 

MDS. Understanding the landscape of MDS genomics needs to be used to identify new 

target molecules. At the same time, novel and efficient immunotherapy options such as 

CAR-T or PD-1/PD-L1 inhibitors developed in the last 5 years for other hematologic 

tumors, need to be further explored in clinical trials of MDS patients.
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Fig. 1. 
Genetic mutations determining MDS phenotypes and their functional mechanisms. a 
Frequency of somatic mutations between MDS vs. primary AML (pAML). Genes 

significantly mutated in MDS and pAML are depicted in red and blue letters, respectively. 

The frequencies of mutations in RUNX1 and TP53 are approximately the same in both 

diseases. b RNA splicing and the role of those proteins frequently mutated in MDS. Within 

the intron of the pre-mRNA, the U2 snRNP complex containing SF3B1 binds the branch 

point site adenosine (A). U2AF2 binds to the polypyrimidine tract sequence, and U2AF1 
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binds the 3′ splice site the AG dinucleotides; SRSF2 binds to the exonic splice enhancer 

(ESE) sequence within the exonic sequence. c Current understanding of the mechanistic 

effect of mutations in SF3B1, U2AF1, and SRSF2 on RNA splicing. Panels left and right 

depict wild type and mutant function, respectively. SF3B1 mutants have been shown to 

promote the use of 3′ alternative splice sites (SSs) that are 10–30 base pairs upstream of 

the canonical 3′ SS. U2AF1 mutants repress 3′ SS recognition based on the identity of 

the nucleotide at the −3 or +1 sites that flank the AG of the 3′ SS. This occurs in an 

allele-specific manner in which U2AF1 S34 mutations drive alterations at the −3 position 

(with a C/A ≫ T preference), and mutations at Q157 drive alterations at the +1 position 

(with a G ≫ A preference). SRSF2 mutations affecting Pro95 alter the recognition of 

exons containing specific ESE sequences. Wild-type SRSF2 normally binds to and promotes 

splicing of C- and G-rich ESEs equally well, while mutant SRSF2 has skewed preference for 

C-rich ESEs
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Fig. 2. 
Histone modification pathways affected by somatic mutations in MDS. a EZH2 mutants’ 

mechanisms. EZH2 works as a methylase component of polycomb complex 2 (PRC2) and 

promotes trimethylation of histone H3 at lysine 27 (H3K27me3). It leads to structurally 

tightened chromatin and negatively regulates transcription of genes. Mutant EZH2 loses its 

methylase activity and decreases H3K27me3. Transcription factors could easily access DNA 

and accelerate genetic expression due to loosening histone proteins. b ASXL1 mutants’ 

mechanisms. ASXL1 promotes ubiquitination of histone H2A at Lysine 119 (H2AK119Ub) 
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through PRC1 by stabilizing BAP1, which negatively regulates H2AK119Ub. It leads to 

structurally tightened chromatin and negatively regulates transcription of genes. Mutant 

ASXL1 could not regulate BAP1 so BAP1 is constitutionally activated. This results in 

decreases in H2AK119U via an enhanced ability to remove H2AK119Ub. Transcription 

factors can then easily access DNA and accelerate genetic expression due to the loosening of 

histones
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Fig. 3. 
Functional implications of del(5q) and mechanism of lenalidomide resistance. a Effects 

of RPS14 haploinsufficiency. Decreasing RPS14 expression enhances other ribosomal 

proteins (RPs) such as RPL11 or RPS19, which sequester MDM2, an E3 ubiquitin ligase 

that also negatively regulates TP53. Elevated TP53 activation leads to enhanced TP53­

dependent apoptosis of erythroid progenitors. Haploinsufficiency of RPS14 also induces 

high expression of S100a8 and S100a9, which are involved in innate immune signaling, 

leading to a block in erythroid differentiation. b Effects of CSNK1A1 haploinsufficiency. 
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CK1α, which is encoded by CSNK1A1 gene, negatively regulates both cell proliferation 

due to WNT/β-catenin signaling and apoptosis due to TP53. It fine-tunes the balance 

between cell proliferation and apoptosis in normal hematopoiesis. Decreased expression of 

CK1α due to del(5q) weakens inhibition of cell proliferation and apoptosis. It enhances 

proliferation by decreasing inhibition of β-catenin more than activation of apoptosis through 

de-repressed TP53, resulting in MDS. c Lenalidomide decreases expression of CK1α by 

binding to cereblon (CRBN), a Cul4-based E3 ubiquitin ligase component, leading to 

ubiquitination and degradation. Normal cells treated with lenalidomide can survive because 

50% of CK1α expression remains. On the other hand, in del(5q) MDS cells, CK1α is 

already at 50% due to haploinsufficiency, so lenalidomide treatment is lethal to cells by 

completely losing CK1α. There would be increased cell death through more apoptosis due 

to TP53 activation than proliferation due to β–catenin activation (Upper panel). However, if 

del(5q) MDS cells acquire TP53 loss-of-function mutations, they would become resistant to 

lenalidomide because complete loss of CK1α could not induce TP53-dependent apoptosis 

(Lower panel)
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