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Abstract

The myelodysplastic  syndromes (MDS) are common myeloid malignancies.  Mutations  in

genes encoding different components of the spliceosome occur in more than half of all MDS

patients.  SF3B1 is the most frequently mutated splicing factor gene in MDS, and there is a

strong association between SF3B1 mutations and the presence of ring sideroblasts in the bone

marrow of MDS patients. It has been recently proposed that SF3B1 mutant MDS should be

recognized as a distinct nosologic entity. Splicing factor mutations cause aberrant pre-mRNA

splicing of many target genes, some of which have been shown to impact on hematopoiesis in

functional  studies.  Emerging data  show that  some of  the downstream effects  of different

mutated splicing factors converge on common cellular processes, such as hyperactivation of

NF-κB  signaling  and  increased  R-loops. The  aberrantly  spliced  target  genes  and  the

dysregulated  pathways  and  cellular  processes  associated  with  splicing  factor  mutations

provided the rationale  for new potential  therapeutic  approaches  to target  MDS cells  with

mutations of SF3B1 and other splicing factors.
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1. Introduction

The myelodysplastic syndromes (MDS) are common myeloid malignancies (Steensma, 2015;

Ogawa, 2019), with patients suffering from anemia and other cytopenias leading to a higher

risk of infections. MDS patients show increasing blasts in their bone marrow as the disease

progresses,  and  ~30-40%  develop  a  secondary  acute  myeloid  leukemia  (sAML).  The

prognosis of patients with high-risk MDS is poor, with a median survival of less than two

years  (Greenberg et al., 2012). Some effective treatments exist for MDS  (Steensma, 2015;

Chamseddine et al., 2016), and allogeneic hematopoietic stem cell (HSC) transplantation is

the only curative treatment, but it is only suitable for a small proportion of cases (de Witte et

al., 2017).

The  complex  mutational  landscape  of  MDS  has  been  illuminated  using  next-generation

sequencing  (Papaemmanuil  et al.,  2011; Yoshida et al.,  2011; Papaemmanuil  et al.,  2013;

Haferlach et al.,  2014; Pellagatti  and Boultwood, 2015; Pellagatti  et al.,  2016). The large

majority  of MDS patients harbor one or more gene mutations  (Papaemmanuil et al., 2013;

Haferlach et al., 2014), and the most common mutations affect genes involved in pre-mRNA

splicing (e.g. SF3B1, SRSF2, U2AF1 and ZRSR2) (Papaemmanuil et al., 2011; Yoshida et al.,

2011;  Papaemmanuil  et  al.,  2013;  Haferlach  et  al.,  2014).  SF3B1 is  the  most  frequently

mutated splicing factor gene in MDS (frequency 20-28%), and SF3B1 mutations are strongly

associated  with  the  presence  of  ring  sideroblasts  (i.e.  erythroblasts  with  iron-loaded

mitochondria)  in  the  bone marrow  (Malcovati  et  al.,  2011).  It  is  interesting  to  note  that

SF3B1 mutations are found in some individuals with clonal hematopoiesis of indeterminate

potential  (Steensma et al.,  2015).  SRSF2 mutations  occur in approximately 15% of MDS

patients,  with  a  higher  frequency  in  patients  with  chronic  myelomonocytic  leukemia

(CMML) (40-50% of cases) (Meggendorfer et al., 2012; Papaemmanuil et al., 2013; Patnaik

et al., 2013; Haferlach et al., 2014; Patel et al., 2017), and U2AF1 mutations occur in 7-11%

in  MDS  patients  (Yoshida  et  al.,  2011;  Thol  et  al.,  2012;  Papaemmanuil  et  al.,  2013;

Haferlach et al., 2014; Ogawa, 2019).

We have previously reviewed the role played by the common splicing factor gene mutations

in MDS pathogenesis (Pellagatti and Boultwood, 2017; Armstrong et al., 2018; Pellagatti and

Boultwood,  2020b).  Here,  we will  focus  on  the  latest  studies  and most  recent  advances



concerning the impact of mutations of  SF3B1, the most commonly mutated splicing factor

gene  in  MDS,  on  MDS  classification,  patient  survival,  disease  pathophysiology  and

treatment.

2. SF3B1 mutations: MDS disease classification and patient survival 

Previous  studies  have  shown that  splicing  factor  mutations  define  clinical  phenotypes  in

MDS to some degree (Papaemmanuil et al., 2011; Yoshida et al., 2011), and have different

impacts on patient survival  (Joshi et al., 2017; Pellagatti and Boultwood, 2017; Saez et al.,

2017; Ogawa, 2019).

Within MDS, the presence of a SF3B1 mutation identifies a condition that is characterized by

the presence of ring sideroblasts (RS) in the bone marrow, ineffective erythropoiesis, and an

indolent  clinical  course.  The  international  working group for  the  prognosis  of  MDS has

recently proposed that SF3B1 mutant MDS should be recognised as a distinct disease subtype

(Malcovati et al., 2020). The proposed diagnostic criteria for MDS with mutated SF3B1 are

(1)  cytopenia,  (2)  somatic  SF3B1 mutation,  (3)  erythroid  or  multilineage  morphologic

dysplasia (irrespective of RS), (4) bone marrow blasts <5% and peripheral blood blasts <1%,

and (5) absence of genetic lesions with significant negative prognostic value  (Malcovati et

al., 2020).

Patients with idiopathic cytopenia of undetermined significance not fulfilling diagnostic

criteria  for  MDS are  labelled  as  clonal  cytopenia  of  undetermined  significance  (CCUS).

Interestingly, in patients with CCUS, SF3B1 mutations are almost invariably associated with

the subsequent development of overt MDS with RS, suggesting that SF3B1 mutation might

provide presumptive evidence of MDS even if definitive morphological features are absent

(Malcovati et al., 2020).

The diagnosis of SF3B1 mutant MDS has important clinical implications in terms of risk

stratification, since these patients have a relatively good prognosis, and also for therapeutic

decision-making,  as  treatment  of  anemia  with  the  drug  luspatercept  can  be  particularly

effective in patients with SF3B1 mutant MDS-RS (Fenaux et al., 2020).

Splicing factor mutations have different impacts on patient survival: SF3B1 mutations confer



a favorable prognosis in MDS (Malcovati et al., 2011; Papaemmanuil et al., 2011; Malcovati

et al., 2015; Ogawa, 2019), whereas SRSF2 or U2AF1 mutations are associated with shorter

patient survival (Graubert et al., 2011; Bejar et al., 2012; Makishima et al., 2012; Thol et al.,

2012; Wu et al., 2012; Patnaik et al., 2013; Walter et al., 2013; Wu et al., 2013; Wu et al.,

2016; Ogawa, 2019). Several studies have shown that MDS patients with SF3B1 mutations

rarely  progress  to  sAML  (Malcovati  et  al.,  2015;  Pellagatti  et  al.,  2016;  Pellagatti  and

Boultwood, 2017; Armstrong et al., 2018), while patients with SRSF2 or  U2AF1 mutations

typically have an increased risk of AML transformation  (Graubert et al., 2011; Bejar et al.,

2012; Makishima et al., 2012; Thol et al., 2012; Wu et al., 2012; Patnaik et al., 2013; Walter

et al., 2013; Wu et al., 2013; Wu et al., 2016; Ogawa, 2019).

These observations have been confirmed in a recent study in which a meta-analysis of 19

studies has been performed to evaluate the effects of splicing factor mutations on the overall

survival and leukemia-free survival of MDS patients (Wang et al., 2019). In agreement with

the  previous  reports  described  above,  this  study  concluded  that  SF3B1 mutations  are

associated with better survival and lower risk of progression to AML, whereas  SRSF2 and

U2AF1 mutations are associated with shorter survival and increased risk of progression to

AML  (Wang et al.,  2019). However, there was some variability in the overall survival of

SF3B1 mutant  MDS  patients  in  different  studies  (Wang  et  al.,  2019),  and  a  potential

contributing factor might be the location of the mutation within the open reading frame of the

SF3B1 gene. Indeed, a recent study by Dalton et al.  showed that among different SF3B1

mutations the K666N hotspot is distinctly associated with high-risk MDS and AML, as this

mutation occurs more frequently in MDS cases with excess blasts and in AML (Dalton et al.,

2020). Furthermore, this study showed that MDS patients with the SF3B1 K666N mutation

have higher IPSS-R scores and that this mutation is associated with a shorter overall survival

(Dalton  et  al.,  2020).  These  results  suggest  that  MDS  patients  with  the  SF3B1  K666N

mutation may require more aggressive treatment than patients with other SF3B1 mutations.

3. SF3B1 mutations: characteristics, co-occurring mutations and models of co-operating

mutations

Most splicing factor mutations in MDS are heterozygous missense mutations (Yoshida et al.,



2011; Damm et al., 2012; Papaemmanuil et al., 2013; Haferlach et al., 2014). SF3B1, SRSF2

and  U2AF1 mutations  are  considered  to  be  change-of-function/neomorphic  or  gain-of-

function mutations, while ZRSR2 mutations are loss-of-function (Papaemmanuil et al., 2011;

Yoshida et al., 2011; Yip et al., 2016). 

It is recognized that splicing factor mutations are mutually exclusive  (Yoshida et al.,

2011; Papaemmanuil et al., 2013). However, rare myeloid malignancy patients with two

co-occurring  splicing  factor  mutations  have  been reported  (Papaemmanuil  et  al.,  2013;

Haferlach et al., 2014; Shiozawa et al., 2018; Bondu et al., 2019) . In a recent study, Taylor

et al investigated the frequency and characteristics of such patients  (Taylor et al., 2020).

The analysis of genomic DNA sequencing data from more than 4,000 myeloid malignancy

patients, including 58 cases with two co-occurring splicing factor mutations, showed that

the mutations co-existed within the same cell in two thirds of cases (Taylor et al., 2020).

Importantly, it was shown that the most frequent splicing factor mutations, SF3B1 K700

and SRSF2 P95/P96,  were significantly  less  common in double  mutants  than  in  single

mutants,  indicating  selection  against  cells  harboring  this  specific  mutation  combination

(Figure  1).  In  contrast,  selection  was  observed  for  less  common  mutations  of  SF3B1

(E622, H662, K666) and SRSF2 (rare amino acid substitutions at P95), and for combined

U2AF1 S34/Q157 mutations (Figure 1). Single-cell DNA sequencing of bone marrow cells

from  patients  with  two  splicing  factor  mutations  elegantly  confirmed  the  mutual

exclusivity of SF3B1 K700E and SRSF2 P95H mutations,  and the co-occurrence of the

less  frequent  splicing  factor  mutant  alleles.  In  one  case  with  U2AF1  S34  and  Q157

mutations, these mutations were shown to co-occur in  cis with preservation of one wild-

type  allele.  This  study  concluded  that  co-occurrence  or  exclusivity  of  splicing  factor

mutations is allele-specific rather than gene-specific (Taylor et al., 2020).

Several large-scale next-generation sequencing studies have reported that splicing factor

mutations  are  positively  and  negatively  associated  with  other  specific  mutations

(Papaemmanuil  et  al.,  2013; Haferlach et  al.,  2014; Makishima et al.,  2017).  It  has been

shown that  SF3B1 mutations are mutually exclusive with mutations associated with disease

progression or transformation in MDS (Makishima et al., 2017), and that  SF3B1 mutations

are  rare  in  MDS  cases  that  show  disease  progression  to  AML  (Pellagatti  et  al.,  2016;

Makishima et al., 2017). This may explain, at least in part, the relatively good prognosis of

MDS patients with SF3B1 mutations.

Mutations of the tumor-suppressor gene TP53 in MDS are associated with transformation



to AML (Bejar et al., 2011; Haase et al., 2019), and TP53-mutant MDS patients can harbor

monoallelic  mutations  of  this  gene  or  multiple  hits  (multi-hit)  consistent  with  biallelic

targeting (Bernard et al., 2020). The TP53 multi-hit state in MDS was recently shown to be

an  independent  predictor  for  the  risk  of  death  and  AML transformation,  whereas  MDS

patients  with monoallelic  TP53 mutations  did not differ from  TP53 wild-type patients  in

outcomes and response to therapy (Bernard et al., 2020). Consistent with the association of

SF3B1 mutations with a favorable prognosis, MDS patients with monoallelic TP53 mutations

were significantly enriched for SF3B1 mutations (Bernard et al., 2020).

Splicing  factor  mutations  are  typically  founder  mutations  (Mian  et  al.,  2013;

Papaemmanuil  et  al.,  2013; Haferlach et  al.,  2014; Mian et  al.,  2015).  In a  recent  study,

Nagata et  al  investigated the clonal architecture of MDS and showed that splicing factor

mutations, including SF3B1 mutations, were more likely to be dominant (i.e. belonging to the

largest clone) (Nagata et al., 2019). Dominant SF3B1 mutations were significantly associated

with secondary mutations of JAK2 and DNMT3A (Nagata et al., 2019). Overall, the results of

this study suggest that after an initial mutation, subsequent hits are not random, with certain

dominant/secondary mutation combinations occurring more commonly (Nagata et al., 2019).

How splicing factor mutations cooperate with other mutations to give the MDS phenotype is

being actively investigated (Obeng et al., 2016; Chang et al., 2018; Fei et al., 2018; Hsu et al.,

2019; Yoshimi et al., 2019).

The  introduction  of  a  Tet2 deletion  in  a  Sf3b1-K700E  mouse  model  exacerbated  the

macrocytic anemia and impaired terminal erythroid maturation, accelerated long-term HSC

expansion,  and  rescued the competitive  repopulation  disadvantage  conferred by the Sf3b1

mutation alone  (Obeng et al., 2016). The presence of both genomic lesions thus  mirror the

MDS phenotype more accurately.

MDS  patient-derived  induced  pluripotent  stem  cells  (iPSCs)  and  CRISPR/Cas9  gene

editing have been used to determine the effects of sequential gene mutations on the disease

phenotype  (Hsu et  al.,  2019).  SF3B1 and  EZH2 mutations  were  shown to  co-operate  in

perturbing mitochondrial  function,  leading to the accumulation of damaged mitochondria,

and resulting in ineffective erythropoiesis (Hsu et al., 2019).

In a  recent  study concerning another  commonly  mutated  splicing  factor  gene,  SRSF2,

Yoshimi et al. investigated how mutations affecting splicing and epigenetic regulation may

promote leukemogenesis  (Yoshimi et al., 2019).  SRSF2 mutations were found to co-occur



frequently  with  mutations  of  the  epigenetic  regulator  IDH2  in  patients  with  AML.

Srsf2P95H/Idh2R140Q double knock-in mice developed a lethal MDS with proliferative features

and  significantly  shorter  survival.  The  analysis  of  transcriptome  data  from AML patient

cohorts  revealed  more  profound splicing  changes  in  SRSF2/IDH2 double-mutant  patients

than in patients with either mutation (Yoshimi et al., 2019). INTS3, encoding a component of

the Integrator complex that participates in small nuclear RNA processing (Wu et al., 2017),

was identified as a key aberrantly spliced target gene in  SRSF2/IDH2 double-mutant AML

cells. Aberrant  INTS3 splicing resulted in nonsense-mediated decay (NMD) of its transcript

and reduced protein  expression.  In  functional  studies,  restoration  of  INTS3 expression in

IDH2/SRSF2 double-mutant  HL-60 cells  resulted  in  release  from a  differentiation  block.

Xenografts  of  IDH2/SRSF2 mutant  HL-60 cells  showed that  forced expression of  INTS3

induced myeloid differentiation and slowed leukemia progression (Yoshimi et al., 2019). This

study  concluded  that  SRSF2 and  IDH2 mutations  can  promote  leukemogenesis  through

coordinated effects on the epigenome and pre-mRNA splicing (Yoshimi et al., 2019). 

These reports demonstrate the utility of various in vitro and in vivo models of MDS in the

study  of  this  disorder,  illuminating  how  splicing  factor  mutations  and  other  mutations

cooperate and contribute to disease pathophysiology.

4. SF3B1 mutations: aberrant pre-mRNA splicing and target genes

Alternative  pre-mRNA  splicing,  leading  to  the  production  of  multiple  mRNA  isoforms,

occurs in more than 90% of human protein-coding genes and represents a major source of

protein diversity  (Wahl et al., 2009; Nilsen and Graveley, 2010; Matera and Wang, 2014;

Pellagatti  and Boultwood,  2017;  Saez  et  al.,  2017).  The splicing  factors  most  frequently

mutated in MDS are involved in the 3′ splice site recognition process during pre-mRNA

splicing (Yoshida et al., 2011). It is recognized that splicing factor mutations cause aberrant

3′ splice site recognition  (Yoshida et al., 2011; Pellagatti and Boultwood, 2017), leading to

the generation of aberrantly spliced mRNAs in the bone marrow cells of myeloid malignancy

patients and in mouse models that express these mutations  (Colla et al., 2015; Dolatshad et

al., 2015; Kim et al., 2015; Madan et al., 2015; Shirai et al., 2015; Dolatshad et al., 2016;

Obeng et al., 2016; Joshi et al., 2017; Mupo et al., 2017; Pellagatti and Boultwood, 2017;



Saez et al., 2017; Shirai et al.,  2017; Yip et al., 2017; Fei et al.,  2018; Kon et al., 2018;

Pellagatti et al., 2018; Shiozawa et al., 2018). 

The altered pre-mRNA binding specificity, some aberrantly spliced target genes identified in

MDS and the mouse models of the most common splicing factor mutations have all been

described in previous reviews (Inoue et al., 2016; Pellagatti and Boultwood, 2017; Saez et al.,

2017; Armstrong et al., 2018; Ogawa, 2019).

Two recent  studies  have  determined  the  aberrantly  spliced  genes  in  the  bone marrow

CD34+ cells of large cohorts of splicing factor mutant MDS patients using RNA sequencing

(Pellagatti  et  al.,  2018;  Shiozawa  et  al.,  2018).  Pellagatti  et  al.  identified  dysregulated

pathways and cellular processes associated with the presence of  SF3B1,  SRSF2 or  U2AF1

mutations,  as  well  as  aberrantly  splicing  events  associated  with  clinical  variables,  and

isoforms that independently predicted survival in MDS in multivariate models  (Pellagatti et

al., 2018).

A number  of  observations  concerning the analysis  of  SF3B1 mutant  MDS cases were

made in these two studies (Pellagatti et al., 2018; Shiozawa et al., 2018).

SF3B1 mutations  were  mainly  associated  with  intron  retention  events  and  the  use  of

cryptic 3’ splice sites (Pellagatti et al., 2018; Shiozawa et al., 2018). The use of an alternative

3’ splice site (A3SS) may cause a frameshift leading to the generation of a premature stop

codon  and  subsequent  gene  downregulation  via  nonsense-mediated  decay  (NMD) of  the

transcript. Depending on their location within the gene, retained introns may lead to NMD or

increase mRNA stability (Jacob and Smith, 2017).

A reduced level of intron retention in some pre-mRNA transcripts was observed in SF3B1

mutant samples in both studies (Pellagatti et al., 2018; Shiozawa et al., 2018). Pellagatti et al

suggested that reduced intron retention might result from the ability of the mutant SF3B1 to

use an upstream 3’ splice site, since a concomitant usage of an alternative 3’ splice site was

observed for several of the retained intron events identified (Pellagatti et al., 2018). Shiozawa

et al. reported that reduced intron retention was more pronounced in the cytoplasm than in the

nucleus of  SF3B1 mutant cells, indicating that nuclear export of intron-retaining transcripts

may be impaired in these cells  (Shiozawa et al., 2018). In a recent study, Hershberger et al

also showed reduced levels of retained introns in the bone marrow cells  of patients with

myeloid  neoplasms,  with  a  more  pronounced  reduction  in  patients  with  splicing  factor

mutations (Hershberger et al., 2020).



The impact  on  hematopoiesis  of  some aberrantly  spliced  target  genes  associated  with

SF3B1 mutations has been investigated.

In the study by Pellagatti et al. the mitosis regulators SEPT2, one of the aberrantly spliced

target genes of mutant  SF3B1, was knocked down in CD34+ cells  from healthy controls;

reduced expression of this gene resulted in impaired erythroid cell growth and differentiation

(Pellagatti et al., 2018).

We and others have identified aberrant splicing of genes involved in iron homeostasis in

SF3B1 mutant MDS (Dolatshad et al., 2016; Pellagatti et al., 2018; Shiozawa et al., 2018;

Bondu et  al.,  2019). It  was over a decade ago that  we first  reported a strong association

between  decreasing  expression  levels  of  the  iron  transporter  ABCB7 and  an  increasing

percentage of RS in the bone marrow cells of MDS patients  (Boultwood et al.,  2008). A

number  of  studies  (Nikpour  et  al.,  2013;  Dolatshad  et  al.,  2016;  Shiozawa et  al.,  2018)

collectively support a model in which down-regulation of  ABCB7, resulting from aberrant

splicing due to  SF3B1 mutations, underlies the increased mitochondrial  iron accumulation

observed in MDS patients with RS. It has been recently shown that ABCB7 expression was

reduced in  SF3B1 mutant  iPSCs from individual MDS-RS patients  (Clough et  al.,  2020).

Notably,  overexpression  of  ABCB7 partially  rescued the  RS phenotype in  erythroid cells

differentiated from the SF3B1 mutant iPSCs, further supporting the important role of ABCB7

in the formation of RS  (Clough et al., 2020). Interestingly, the inherited disorder X-linked

sideroblastic anemia with ataxia is caused by partial loss-of-function mutations of  ABCB7

(Allikmets  et  al.,  1999; Bekri  et  al.,  2000),  and the  ABCB7  down-regulation  observed in

SF3B1 mutant  MDS provides an important  link between inherited and acquired forms of

sideroblastic anemia.

In  a  recent  study,  an  aberrantly  spliced  transcript  of  the  gene  encoding  the  erythroid

hormone erythroferrone (ERFE) was identified in the bone marrow mononuclear  cells  of

MDS patients with SF3B1 mutations  (Bondu et al., 2019). Usage of an alternative 3’ splice

site leads to the addition of 12 nucleotides to the open reading frame of the ERFE transcript

that  generates  a  variant  ERFE  protein  containing  a  four  amino  acid  (valine-proline-

phenylalanine-glutamine - VPFQ) insertion immediately upstream of the collagen domain.

The  variant  ERFEVPFQ maintained  the  capacity  to  suppress  transcription  of  the  iron

homeostasis regulator hepcidin. ERFE concentration was found to be higher in the plasma of

SF3B1 mutant MDS patients compared to  SF3B1 wild-type cases, suggesting that hepcidin



suppression by the variant ERFE protein may be responsible for the increased iron loading in

SF3B1 mutant MDS patients. ERFE might represent a new target for the prevention of iron-

mediated toxicity (Bondu et al., 2019). 

Aberrant splicing of the target gene BRD9, encoding a core component of the non-canonical

BAF chromatin-remodeling complex, has been recently reported in cancer and leukemia cell

lines with SF3B1 mutation, as well as in SF3B1 mutant MDS, chronic lymphocytic leukemia

(CLL) and uveal melanoma patient samples (Inoue et al., 2019). Mutant SF3B1 recognizes an

aberrant intronic branchpoint, resulting in the inclusion of a poison exon that interrupts the

open reading frame of BRD9. The inclusion of this poison exon leads to NMD of the BRD9

transcript  and reduced protein  levels.  Although the impact  of  aberrant  BRD9 splicing  on

hematopoiesis  was  not  evaluated,  depletion  of  BRD9  was  shown  to  promote

melanomagenesis.  Interestingly,  correction  of  BRD9 mis-splicing  in  SF3B1 mutant

melanoma cells using antisense oligonucleotides suppressed cell growth  in vitro and tumor

growth  in  vivo.  The  observed tumor-suppressive  effects  of  BRD9 mis-splicing  correction

suggests that oligonucleotide-based therapy targeting  BRD9  may represent a potential new

approach for treating SF3B1 mutant malignancies (Inoue et al., 2019).

5. SF3B1 mutations and hyperactivation of NF-κB signaling

Two studies have recently demonstrated that mutations in different splicing factors (SF3B1,

SRSF2 and U2AF1) enhance NF-κB signaling via aberrant splicing of different target genes

(Lee et al., 2018; Smith et al., 2019). NF-κB is a transcription factor involved in the control

of  inflammation  and  innate  and  adaptive  immunity,  as  well  as  cell  proliferation,

differentiation and survival (Oeckinghaus and Ghosh, 2009).

Lee et al. showed that mutant SF3B1 promotes aberrant splicing of the  MAP3K7 gene,

leading to NMD of the affected transcript in human and mouse hematopoietic cells  (Lee et

al., 2018). Reduced MAP3K7 protein levels were observed in SF3B1 mutant human leukemia

cell lines and in  SF3B1 mutant MDS and CLL patient hematopoietic cells. Functional data

were  consistent  with  NF-κB  signaling  hyperactivation  being  mediated  through  aberrant

splicing of MAP3K7 associated with the presence of SF3B1 mutations. In the same study, the

authors showed that SRSF2 mutations were associated with aberrantly splicing of CASP8, a



key activator of NF-κB (Chaudhary et al., 2000; Hu et al., 2000; Shikama et al., 2003), with

promotion of NF-κB signaling (Lee et al., 2018). Interestingly,  SF3B1 mutations have been

shown to cause aberrant splicing of MAP3K7, leading to reduced transcript and protein levels

and resulting in enhanced NF-κB signaling, also in mammary epithelial and breast cancer cell

lines (Liu et al., 2020). 

More  recently,  Smith  et  al.  showed that  IRAK4,  a  serine/threonine  kinase  that  mediates

signaling  downstream  of  toll-like  receptors,  is  aberrantly  spliced  in  MDS  patients  with

U2AF1 mutations (Pellagatti et al., 2018; Smith et al., 2019). This aberrantly splicing event

results in increased production of the full-length isoform that retains exon 4 (IRAK4-L). The

interaction of IRAK4-L with MyD88 facilitates the assembly of the myddosome complex,

resulting in maximal activation of NF-κB and MAPK activation (Smith et al., 2019). Smith et

al. showed that  IRAK4-L is essential for leukemic cell function and that inhibition of this

isoform suppressed leukemic cell growth (Smith et al., 2019). Pharmacological inhibition of

IRAK4  with  the  IRAK4  Kinase  Inhibitor  CA-4948  reduced  MDS  cell  engraftment  in

xenografts  from  U2AF1 mutant  MDS patients  and in  secondary  recipients  (Smith  et  al.,

2019).

Interestingly,  it  has been reported  that  a  large proportion of  MDS/AML samples  with

SF3B1 mutation also show increased expression of the IRAK4 isoform encoding the full-

length  protein  (IRAK4-L),  albeit  via  retention  of  a  different  exon  (i.e.  retention  of  the

complete sequence of exon 6) (Choudhary et al., 2019). The expression of mutant SF3B1 in

leukemia cells was associated with increased NF-κB activity, and treatment with CA-4948

led to decreased leukemic burden in mice xenografted with  SF3B1 mutant MDS and AML

cells.  The  SF3B1 mutation-induced  IRAK4  activation  led  to  TRAF6-mediated  K63

ubiquitination  of  critical  cell  cycle  and  regulatory  proteins  involved  in  oncogenesis

(Choudhary  et  al.,  2019).  The  demonstration  that SF3B1 mutations,  similarly  to  U2AF1

mutations, lead to increased expression of IRAK4-L indicates that IRAK/TRAF6 activation is

a common downstream pathway in splicing factor mutant MDS and AML.

Taken together, these studies show that SF3B1 mutations and U2AF1 mutations induce the

expression of an active IRAK4 isoform that may represent a therapeutic target, and that these

mutations provide a link between splicing factor mutations and activation of chronic innate

immune signaling in MDS and AML (Choudhary et al., 2019; Smith et al., 2019).  NF-κB

signaling has been shown to play a key role in the determination of quiescence versus the



active  state  of  HSCs  (Nakagawa and Rathinam,  2018).  Constitutive  activation  of  NF-κB

signaling in mice leads to dysregulation of transcription factors that are critical to HSC self-

renewal  and  functions,  resulting  in  HSC  hyper-proliferation  associated  with  loss  of

quiescence  (Nakagawa et al., 2018). It is possible that hyper-activation of NF-κB signaling

may increase the fitness of malignant hematopoietic stem and progenitor cells (HSPCs) in

MDS and AML.

Overall,  these  studies  provide  evidence  that  different  mutated  splicing  factors  can

converge on the same downstream signaling node to hyperactivate innate immune signaling,

either  by altering  the  pre-mRNA splicing  of  distinct  target  genes  or  by altering  the  pre-

mRNA splicing of the same target gene, albeit at different points of its transcript. 

6. SF3B1 mutations and elevated R-loops

It  has  been  known for  many  years  that  some components  of  the  spliceosome,  including

SRSF1 and SRSF2, play a role in the maintenance of genomic stability  (Li and Manley,

2005;  Li  et  al.,  2007;  Xiao et  al.,  2007;  Tresini  et  al.,  2015;  Chabot  and Shkreta,  2016;

Crossley et al., 2019).

Nguyen et al. showed that expression of the U2AF1 S34F mutation in human cancer cell

lines  leads  to  increased  formation  of  R-loops  (three-stranded  structures  comprising  the

nascent  RNA hydridized  with  the  template  DNA and  the  displaced  non-template  DNA)

(Nguyen et al., 2017). In a subsequent study, the same group demonstrated that U2AF1 S34F

expression in cell lines activates ATR, a major player in the DNA damage response, in an R-

loop dependent manner  (Nguyen et al.,  2018). Treatment of U2AF1 S34F expressing cell

lines  with  ATR  inhibitors  promoted  DNA  damage  and  cell  death,  and  the  addition  of

spliceosome inhibitors could enhance these effects (Nguyen et al., 2018). The expression of

U2AF1 S34F induced R-loops also in CD34+ cells isolated from human cord blood, making

these cells susceptible to ATR inhibitors (Nguyen et al., 2018).

Chen et al. demonstrated that  SRSF2 and  U2AF1 mutations lead to accumulation of R-

loops in human cell lines, resulting in increased DNA damage, replication stress and ATR-

Chk1 pathway activation (Chen et al., 2018). Augmented R-loops were also observed in early

blood progenitor cells isolated from the bone marrow of Srsf2-P95H knock-in mice, and the

growth defect of hematopoietic progenitors could be partially corrected by overexpressing



RNase H (an enzyme that can resolve R-loops), providing evidence that elevated R-loops

may contribute directly to the MDS phenotype (Chen et al., 2018).

In a recent study, Singh et al. showed for the first time that increased R-loops and DNA

damage also foccur in association with mutation of SF3B1 in a myeloid leukemia cell line, in

MDS-patient  derived iPSCs and in MDS patient  bone marrow CD34+ cells  (Singh et  al.,

2020). Activation of the ATR pathway was observed in  SF3B1 mutant hematopoietic cells.

SF3B1 mutant K562 cells and primary MDS patient bone marrow cells showed preferential

sensitivity  to the ATR inhibitor  VE-821 and to UCN-01, an inhibitor  of Chk1 (a critical

substrate  of  ATR),  indicating  that  ATR-Chk1  activation  is  important  for  the  survival  of

SF3B1 mutant cells. Interestingly,  the effects of these ATR or Chk1 inhibitors on  SF3B1

mutant  K562  cells  and  primary  MDS  patient  bone  marrow cells  were  enhanced  by  the

splicing modulator Sudemycin D6, indicative of synergy between these drugs  (Singh et al.,

2020).

The finding that  splicing factor  mutation-associated  R-loops lead  to  elevated  levels  of

replication stress and ATR pathway activation has been recently corroborated in a study of

primary CD34+ cells isolated from MDS patients with SF3B1 or SRSF2 mutations (Flach et

al.,  2020).  In  accordance  with  the  myeloid  nature  of  MDS,  R-loop  accumulation  was

observed in CD34+, CD34+CD38- and CD33+ myeloid cells, but not in CD19+ B cells. In

line with previous studies, splicing factor mutant MDS CD34+ cells were shown to be more

susceptible  to  pharmacological  inhibition  of  ATR  resulting  in  elevated  levels  of  DNA

damage, cell cycle blockade, and cell death (Flach et al., 2020). Treatment with the splicing

modulator pladienolide B in combination with the ATR inhibitor  AZD6738 increased the

sensitivity of splicing factor mutant MDS CD34+ cells mutated cells towards AZD6738, but

did not result in significant additive or synergistic effects (Flach et al., 2020). 

Taken  together,  these  studies  demonstrate  that  different  mutated  splicing  factors  have

convergent effects on R-loop elevation leading to DNA damage in hematopoietic cells. It is

currently not know why splicing factor mutant cells have a clonal advantage in human bone

marrow, and it is possible that R-loop induced DNA damage may be a contributing factor. 

7. SF3B1 mutant MDS: therapeutic approaches



A number  of  observations  related  to  splicing  factor  mutations  provided the  rationale  for

targeting the spliceosome in myeloid malignancy patients:  the mutual exclusivity of these

mutations  (Yoshida et al., 2011; Papaemmanuil et al., 2013), the fact that these mutations

are not tolerated in a homozygous state  (Lee et al., 2018),  and the demonstration that the

presence of the wild-type allele is required for the survival of splicing factor mutant cells

(Zhou et al., 2015; Fei et al., 2016; Lee et al., 2016; Taylor et al., 2020).

The basis  for  the potential  therapeutic  use of spliceosome inhibitors  in  splicing factor

mutant myeloid malignancies is that whilst wild-type cells can withstand a certain degree of

spliceosome  inhibition  because  they  would  still  synthesize  sufficient  canonically  spliced

products,  splicing  factor  mutant  cells  would  be  intolerant  to  further  perturbation  to  the

splicing process (Yoshimi and Abdel-Wahab, 2017).

Pre-clinical studies in vitro and in vivo in the mouse have demonstrated the potential of two

spliceosome inhibitors,  E7107 and H3B-8800,  for the treatment of myeloid malignancies

with splicing factor mutations (Lee et al., 2016; Obeng et al., 2016; Seiler et al., 2018).

In the most recent of these studies, Seiler et al. showed that H3B-8800 potently binds to

SF3b complexes and inhibits splicing catalysis (Seiler et al., 2018). SF3B1 mutant K562 cells

were  preferentially  sensitive  to  H3B-8800  compared  to  isogenic  SF3B1  wildtype  cells.

Moreover, treatment with H3B-8800 inhibited tumor growth in mice xenografted with SF3B1

mutant K562 cells, and reduced the leukemic burden in mice xenografted with SF3B1 mutant

AML patient cells or with SRSF2 mutant CMML patient CD34+ cells (Seiler et al., 2018). 

In previous studies, some concerns over the safety of E7107 treatment have been raised

when two phase I clinical trials of this compound in patients with advanced/metastatic solid

tumors  were suspended after  three  patients  developed vision issues  (Eskens et  al.,  2013;

Hong et al., 2014). 

A  phase  1  clinical  trial  (NCT02841540)  of  H3B-8800  explored  its  safety,

pharmacokinetics and pharmacodynamics in 84 patients with MDS, AML and CMML, most

of  whom  had  SF3B1,  SRSF2 or  U2AF1 mutations.  Although  dose-dependent  target

engagement  was observed and H3B-8800 was deemed to be safe,  no complete  or partial

responses  were  achieved,  with  just  over  10% of  patients  showing  decreased  red  cell  or

platelet  transfusion requirements  (Steensma et al.,  2019). The evaluation of H3B-8800 in

combination with other treatments for MDS may be an option to explore.



An important consideration is the emerging evidence that response to splicing modulators

may vary depending on the splicing factor mutant allele present (Taylor et al., 2020). It was

recently  shown  that  the  most  frequent  SF3B1 and  SRSF2 mutations  impact  pre-mRNA

splicing  and RNA-binding affinity  more prominently  than the less  common mutations  of

these genes, indicating that cells with SF3B1 K700E or SRSF2 P95H/L/R mutations may be

more sensitive to treatment with splicing modulators (Taylor et al., 2020). These data suggest

that  stratification  of  myeloid  malignancy  patients  based  on  their  specific  splicing  factor

mutations might need to be considered in clinical trials involving spliceosome-targeting drugs

(Pellagatti and Boultwood, 2020a; Taylor et al., 2020).

Data from several studies showing that splicing factor mutation-associated R-loops lead to

ATR pathway activation and susceptibility to pharmacological inhibition of ATR (Chen et

al., 2018; Nguyen et al., 2018; Flach et al., 2020; Singh et al., 2020) provide a preclinical

rationale for targeting ATR signaling in myeloid malignancy patients with these mutations.

Notably,  a phase 1 clinical trial  to assess the safety, tolerability and efficacy of the ATR

inhibitor  ceralasertib  (formerly  known as  AZD6738)  in  patients  with  MDS  and  CMML

progressing on standard therapy is currently underway in the US (NCT03770429).

Hyperactivation of NF-κB signaling, resulting from aberrant splicing of  IRAK4  leading to

increased  expression  of  the  IRAK4-L  isoform,  has  been  shown  to  occur  in  SF3B1 and

U2AF1 mutant MDS and AML  (Choudhary et al.,  2019; Smith et al.,  2019). The IRAK4

kinase inhibitor CA-4948 decreased the leukemic burden in mice xenografted with splicing

factor mutant MDS and AML cells. CA-4948 has been evaluated in a clinical trial in patients

with relapsed or refractory non-Hodgkin lymphoma, and it demonstrated preliminary clinical

activity (Younes et al., 2019). A phase 1 clinical trial of CA-4948 is currently in progress in

patients with high-risk MDS or AML (NCT04278768).

The drug luspatercept has been recently shown to be particularly effective in patients with

SF3B1 mutant MDS-RS (Fenaux et al., 2020; Malcovati et al., 2020).

The transforming growth factor beta (TGF-β) pathway is involved in the regulation of

many cellular processes, including cell growth and differentiation  (Dong and Blobe, 2006).

TGF-β signaling is increased by means of activation of its downstream mediators SMAD2/3

in the bone marrow cells of MDS patients and in disease models of ineffective erythropoiesis



(Zhou et al., 2008; Suragani et al., 2014b; Bataller et al., 2019). SMAD2/3 activation inhibits

erythroid  differentiation.  Luspatercept,  a  recombinant  fusion  protein  that  binds  TGF-β

superfamily  ligands,  resulted  in  reduced  SMAD2/3  signaling  and  enhanced  late-stage

erythropoiesis in mouse models of MDS and β-thalassemia (Suragani et al., 2014a; Suragani

et al., 2014b; Fenaux et al., 2019).

In a phase 2 clinical trial,  luspatercept was shown to be effective for the treatment of

anemia in patients with lower-risk MDS (Platzbecker et al., 2017). In a subsequent phase 3

trial, treatment with luspatercept significantly reduced the transfusion burden in almost 40%

of patients with MDS-RS (Fenaux et al., 2020). More than 90% of these patients harbored a

SF3B1 mutation, indicating that luspatercept can be particularly effective in this patient group

(Fenaux et al., 2020; Malcovati et al., 2020). The biological basis of the drug’s efficacy in

MDS cases with  SF3B1 mutation remains to be elucidated. Luspatercept has been recently

approved  by  both  the  U.S.  Food  and  Drug  Administration  (FDA)  and  the  European

Medicines Agency for the treatment of transfusion-dependent anemia in patients with lower-

risk MDS-RS. Luspatercept is the first FDA approved drug in MDS in over a decade.

8. Conclusions and future perspectives

Our understanding of the impact  of  SF3B1 and of other  splicing  factor mutations  on the

pathophysiology of MDS is increasing rapidly. Many aberrantly spliced target genes of the

most commonly mutated splicing factors have been identified, but it is important to determine

which of these are key contributors to the MDS phenotype. Some functional studies have

shown that certain target genes play an important role in disease pathophysiology, but further

investigations  are  required  to  establish  whether  other  genes  may  also  be  pivotal.  The

convergence  of  different  mutated  splicing  factors  on  common  dysregulated  downstream

pathways and cellular processes, such as increased R-loops and hyperactivation of NF-κB

signaling, is clearly an important factor. 

Another  key  question  is  how  splicing  factor  mutations  and  other  co-occurring  gene

mutations co-operate to impact the MDS phenotype and to drive disease progression. A few

studies  have started addressing this  aspect  using  in  vitro and  in  vivo models,  but  further

investigations are required given the heterogeneity of co-mutation patterns in MDS.

The effects of splicing factor mutations on pre-mRNA splicing and gene expression have

been investigated mainly in MDS bone marrow HSPCs or mononuclear cells. However, the



investigation  of  specific  lineages  affected  in  MDS,  such  as  erythroid  and  myeloid

progenitors, is still a relatively underexplored area of research. It will also be important to

determine the impact of splicing factor mutations on the MDS transcriptome at single-cell

resolution.

A number of drugs have been or are being evaluated in clinical  trials  of patients with

myeloid malignancies, including splicing factor mutant MDS. It is encouraging to see that

our knowledge of the effects  of splicing  factor  mutations  and their  target  genes is  being

actively translated into new potential therapeutic approaches to target splicing factor mutant

MDS cells.
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Figure 1.  In patients with myeloid malignancies, selection occurs against co-occurrence of
two frequent splicing factor mutations, such as SF3B1K700E and SRSF2P95H, in the same cell.
Co-occurrence of less common splicing factor mutations, such as SF3B1H662Q or SF3B1K666N or
rare amino acid changes at SRSF2 P95, has been observed. Two U2AF1 mutations can co-
occur in the same cell, when the mutations are in  cis and one wild-type  U2AF1 allele is
preserved.
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