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Myelodysplastic syndromes (MDS) are clonal hematologic malignancies characterized by ineffective hematopoiesis and dysplasia of the myeloid cell lineage and are characterized by peripheral blood cytopenia and an increased risk of transformation to acute myeloid leukemia (AML). Approximately half of the patients with MDS have somatic mutations in the spliceosome gene. Splicing Factor 3B Subunit 1A (SF3B1), the most frequently occurring splicing factor mutation in MDS is significantly associated with the MDS-RS subtype. SF3B1 mutations are intimately involved in the MDS regulation of various pathophysiological processes, including impaired erythropoiesis, dysregulated iron metabolism homeostasis, hyperinflammatory features, and R-loop accumulation. In the fifth edition of the World Health Organization (WHO) classification criteria for MDS, MDS with SF3B1 mutations has been classified as an independent subtype, which plays a crucial role in identifying the disease phenotype, promoting tumor development, determining clinical features, and influencing tumor prognosis. Given that SF3B1 has demonstrated therapeutic vulnerability both in early MDS drivers and downstream events, therapy based on spliceosome-associated mutations is considered a novel strategy worth exploring in the future.
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1 Introduction

Myelodysplastic syndrome (MDS) is a clonal hematologic malignancy characterized by ineffective hematopoiesis and morphologic dysplasia, clinically manifested by peripheral blood cytopenia with an associated risk of transformation to acute myelogenous leukemia (AML).MDS is driven by structural chromosomal alterations in neoplastic myeloid cells and somatic mutations caused by tumorigenic and pro-inflammatory bone marrow microenvironment support (1, 2).

In recent years, there have been tremendous advances in the molecular genetic background of MDS. Studies have shown that somatic mutations in the spliceosome gene are present in approximately half of MDS patients and that there is a clear association between specific spliceosome mutations and MDS subtypes (3–5). Among them, Splicing Factor 3B Subunit 1A (SF3B1) mutations are the most common spliceosomal mutations in MDS. The mutational status of SF3B1 is an essential predictor of the presence of ring sideroblast (RS) in the bone marrow (6), occurring in more than 90% of patients with MDS with ring sideroblasts (MDS-RS) ≥5% (7). A large body of supports a high correlation between SF3B1 mutations and disease phenotype (8, 9) and can be used as a disease subtype identifier in MDS (7). In the 5th edition of the world health organization (WHO) classification of haematolymphoid tumours (10), MDS with SF3B1 mutations has been classified as a separate subtype.

Mutations in splicing factors have been shown to occur early in tumor evolution (8, 9, 11), and some investigators believe that it does not have a disease-driving function but rather produces many pro-cancer changes (12). In functional studies of splicing factors, it has been found that these mutations are enriched in dysregulated signaling pathways and cellular processes that induce disease onset and progression and play an essential role in determining the clinical features of the disease (13–15). SF3B1 mutations occurring in MDS result in different splicing alterations that define a disease characterized by RS, ineffective erythropoiesis and low risk of conversion to leukemia, and high overall survival (OS) (5), together suggesting a mechanism of action in MDS.

In this review, we briefly describe the biological functions of SF3B1 splicing factor mutations altered during RNA splicing. We also elucidate the pathophysiological mechanisms of SF3B1 mutations in MDS development and progression, especially regarding disease features of MDS, such as impaired erythropoiesis, dysregulated iron metabolic homeostasis, hyperinflammatory features, and R-loop accumulation. In addition, this review highlights the critical role of SF3B1 as a potential biomarker of MDS in identifying disease phenotypes, promoting tumor progression, determining clinical features, and influencing tumor prognosis, demonstrates the therapeutic potential of targeting SF3B1 splicing factor mutations in MDS and provides new insights into the role of SF3B1 in MDS.




2 SF3B1, the core component that drives splicing

RNA splicing is a fundamental process in eukaryotes, which is accomplished by a splicing machinery consisting of five small nuclear ribonucleoproteins (snRNP) and other proteins (16), facilitating efficient mRNA splicing of thousands of genes and playing a crucial role in maintaining cellular homeostasis (17). The spliceosome dynamically assembles on messenger RNA precursors (pre-mRNA) by progressively convening small nuclear RNA (snRNA) and additional protein factors, removing introns (regions that do not encode proteins) from pre-mRNA, leaving exons (the remainder of RNA transcription) attached (18, 19). SF3B1 is a central component of the encoded spliceosome U2 snRNP complex and plays a critical role in recognizing branch point sequences (BPS) and facilitating spliceosome assembly and activation (20).

Early studies performed by second-generation sequencing showed a large number of aberrant selective splicing events in MDS, with somatic mutations in spliceosomal genes present in approximately half of MDS patients (21), with SF3B1 occurring most frequently.SF3B1 splicing factor mutations are thought to contribute to oncogenic transformation, but the underlying mechanisms remain incompletely understood. Mutations in genes involved in the RNA splicing machinery are mutually exclusive. Cells may tolerate only a partial deviation from regular splicing activity, giving a clonal advantage to one type of splicing factor mutant in hematopoietic stem cells (HSCs). This clonal advantage may promote the rate of MDS development and progression (8, 22–25).

Multiple studies have found that the SF3B1 mutation uses an alternative cryptic 3’-splice site (3’Alternative Splice Site, A3SS) during splicing (26, 27), which may be a potential mechanism for its induction of splicing alterations in cancers such as MDS. In addition, events such as retained introns (RI), exon skipping (SE), and mutually exclusive exons (MXE) have also been identified in SF3B1 mutant cells (22, 28). SF3B1 mutation causes MDS to recognize an abnormal 30 splice site (30ss) BPS in the early stages of RNA splicing, causing hundreds of introns to be misplaced and producing abnormal mRNAs with premature translation termination codons (PTCs) (7, 29).

SF3B1 exhibits almost exclusively heterozygous missense mutations in cancer, and its high proportion in hematopoietic malignancies such as MDS occurs within codon 700 (K700E) located in the HEAT domain repeat sequence (22, 30–32). In addition, hotspots such as R625, K666, and H662 also occur in some proportion (9), which are thought to have similar mutational functions due to their spatial proximity to K700E in HEAT repeats (25, 33). SF3B1 mutation-induced degradation of approximately 50% of aberrant mRNAs via the nonsense-mediated decay (NMD) pathway results in the downregulation of canonical transcripts and protein expression, and NMD-insensitive aberrant transcripts may also be translated into functionally altered aberrant proteins (28, 34). RNA splicing factors can act as both proto-oncogenic proteins as well as tumor suppressors (35). The occurrence of mutational hotspots and code shift disorders leads to SF3B1 mutations that are considered gain-of-function or tumor morphology-driven mutations rather than loss-of-function mutations. For example, the knockdown of SF3B1 weakens innate immunity, but its induction of abnormal expression of downstream genes contributes to enhanced innate immune signaling (28, 36, 37).

In addition, different functional changes of SF3B1 splicing factor mutations in MDS may produce consistent pathophysiological effects, and the biological consequences show some convergence (28). The current study suggests that the biological consequences of SF3B1 splicing factor mutations may focus on affecting erythropoiesis, iron metabolism homeostasis, high inflammatory environment, and DNA damage to promote the progression of MDS (Supplementary Figure 1).




3 Pathophysiological mechanisms of MDS with SF3B1 mutation

Many studies have documented that SF3B1 mutations play an essential role in the onset and progression stages of MDS, regulating pathophysiological processes including disorders of erythropoiesis, dysregulation of iron metabolism homeostasis, hyperinflammatory and R-loop accumulation.



3.1 Disorders of erythropoiesis

SF3B1 mutant MDS is closely associated with RS morphology and is characterized by ineffective erythropoiesis, often resulting in severe anemia (38). A small sample size study found that an initiating event in the pathogenesis of SF3B1 mutant MDS- RS originates in a rare population of HSCs and propagates the mutation to their myeloid hematopoietic progenitor cells (HPCs) and de novo mutations acquired by HPCs at later stages of the disease can confer self-renewal capacity to MDS to drive the transition to leukemia (39).

MAP3K7, a serine/threonine protein kinase with apoptosis-regulating functions in HSCs, was found to be misspliced in SF3B1-mutated MDS patient cells. MAP3K7 is known to be a positive regulator upstream of the p38MAPK signaling pathway. p38MAPK regulates various biological processes, including cell differentiation and apoptosis, and reduced levels of MAP3K7 lead to p38MAPK inactivation. GATA1 is a crucial regulator of erythroid differentiation (40), and disruption of the MAP3K7-p38MAPK pathway directly affects GATA1 function. Meanwhile, the inactivation of MAPKAPK2 and heat shock protein 27(HSP27), potential downstream targets of the MAP3K7-p38MAPK pathway, caused early downregulation of GATA1 and accelerated proliferation, differentiation, and eventual apoptosis of erythroid cells. This study explains the mechanism by which severe anemia occurs in SF3B1 mutant MDS patients and identifies a direct role for MAP3K7 in the proper regulation of erythroid differentiation, leading to further prevention of anemia (41).

Recent findings by Adema et al. show that SF3B1 mutant MDS-RS cells inhibit erythroid differentiation at the terminal stage of erythroid maturation and reduce erythroid release to the PB, leading to the accumulation of terminally differentiated cells in the BM. EIF2AK1 is a metabolic stress-sensitive kinase that binds to its natural ligand heme in the steady state (42). SF3B1 mutations significantly upregulate the EIF2AK1 pathway, resulting in reduced translation of globin mRNA while increasing the expression of the stress response effector ATF4 and its downstream effector DDIT3 to maintain the survival of red lineage cells in heme deficiency.ATF4 and DDIT3 are significant cellular autophagy regulators and control multiple stress stimulus responses, including those affecting iron overload due to abnormal mitochondrial function. Notably, downregulation of EIF2AK1 signaling following the application of hypomethylating agent (HMA) intervention significantly increased the expression of mitochondrial heme biosynthetic enzymes and iron transport proteins and improved terminal differentiation of SF3B1 mutant MDS-RS erythrocytes, suggesting that the development of EIF2AK1 inhibitors could be a transfusion-dependent way to overcome the transfusion dependence of SF3B1 mutant MDS-RS patients as a viable means to overcome the transfusion dependence of SF3B1 mutant MDS-RS patients (43).

Makorin Ring Finger Protein 1 (MKRN1) is a transcriptional co-regulator and an E3 ligase that controls cell cycle arrest and apoptosis by regulating P53 and P21 (44). Huang et al. performed a controlled analysis of purified luciferase knockdown and SF3B1 knockdown red-lineage colony-forming-unit erythroid (CFU-E) cells in human CD34+ cells. Controlled analysis of RNA high-throughput sequencing (RNA-seq) of CFU-E cells revealed elevated protein levels of the P53 gene and its downstream targets P21, BCL2-associated X protein (BAX), and BCL2-binding component 3 (BBC3) and reduced expression of the MKRN1 large isoform. In SF3B1 knockdown red lineage cells, ectopic expression of the MKRN1 large isoform rescued the growth of red lineage cells and restored the protein levels of the P53 gene and its downstream targets P21, BAX, and BBC3, demonstrating that the MKRN1 isoform switch of the P53 pathway may cause the increased apoptosis and cell cycle arrest triggered by the SF3B1 mutation. Their study also showed that SF3B1 knockdown leads to delayed erythroid differentiation and abnormal nucleogenesis in multi-stained and orthostained erythroid cells (32).

In a Gene Ontology (GO) analysis of genes with significant aberrant splicing events in SF mutant MDS, SF3B1 and SRSF2 mutations were found to cause aberrant splicing of mitotic regulators SEPT2 and AKAP8 in CD34+ cells. Moreover, the knockdown of SEPT2 and AKAP8 in human HPCs showed significantly impaired erythroid cell growth and differentiation, indicating the relevance of aberrant splicing of SEPT2 or AKAP8 to erythroid defects in SF3B1 and SRSF2 mutant MDS (23).

Overall, these findings support that SF3B1 mutations in MDS may lead to erythroid defects such as erythrocyte apoptosis, erythrocyte cycle arrest, and delayed erythrocyte differentiation (23, 32, 42, 44), explaining the clinical features of anemia seen more frequently in MDS patients.




3.2 Dysregulation of iron metabolism homeostasis

SF3B1 mutations induce aberrant splicing of genes involved in heme synthesis and mitochondrial iron transport, leading to abnormal iron deposition in red lineage cells, resulting in hemoglobin synthesis dysfunction and RS formation. Molecular studies of SF3B1 mutant MDS bone marrow cells revealed that the iron homeostasis regulators ABCB7, TMEM14C, and ERFE were commonly misspliced (23).

Aberrant splicing caused by SF3B1 mutations leading to NMD-induced downregulation of ABCB7 mRNA transcription was demonstrated earlier (45) to underlie the increased mitochondrial iron accumulation found in patients with MDS-RS. Clough et al. constructed an induced pluripotent stem cells (iPSCs) model, which for the first time, effectively differentiated erythroid cells in vitro during the formation of RS, recapitulating the pattern of missplicing in MDS-RS patients. Their study confirmed that in SF3B1 mutant MDS, down-regulation of ABCB7 and TMEM14C expression could exert synergistic effects to induce significant up-regulation of ferritin in mitochondria, disrupting the sequence of heme synthesis (46) and reducing the erythrocyte set-up capacity of normal bone marrow cells (47), leading to the formation of RS. In contrast, overexpression of ABCB7 and TMEM14C increased the porphyrin pool required for heme synthesis, repaired the defective erythroid differentiation, and partially rescued the formation of RS. And overexpression of ABCB7 clearly showed a more substantial rescue effect, suggesting that downregulation of ABCB7 expression may be the primary driver of SF3B1 mutant MDS-RS formation (48).

The hepcidin hormone is regulated by the erythroferrone (ERFE) hormone, which regulates iron content, tissue distribution, and iron supply to erythropoiesis in the organism. In SF3B1 mutant MDS patients, a variant protein was found to be generated by induced ERFE transcription in primary SF3B1 mutant bone marrow erythrocytes and, together with canonical transcripts, resulted in ERFE overexpression, maintaining an ability to repress hepcidin transcriptional function. Inhibition of hepcidin by variant ERFE may be responsible for the increased iron load in SF3B1 mutant MDS patients, and the use of hepcidin agonists or targeting ERFE overexpression may provide a potential therapeutic strategy for preventing iron overload and improving erythropoiesis in SF3B1 mutant MDS patients (49).

These studies suggest that SF3B1 mutations alter genes involved in iron metabolism in MDS and are closely associated with heme synthesis and mitochondrial iron transport. Disturbances in iron metabolism make a clinically significant correlation between SF3B1 mutations and MDS-RS and may cause MDS-RS patients to exhibit signs of systemic iron accumulation.




3.3 Hyperinflammatory

Increased inflammation is thought to be one of the factors affecting MDS initiation and progression. Inflammatory cytokines are significantly elevated in MDS patients with SF3B1 mutations, impairing the ecotopic function of HSCs and leading to suppression of normal hematopoietic function, which is associated with a poor prognosis (33, 50). Multiple lines of evidence suggest that altered innate immune signaling induced by spliceosomal mutations may alter immune cell function, leading to an increased risk of infection and/or hyperinflammatory features in MDS patients (33, 51, 52). In contrast, suppression of spliceosomal mutations such as SF3B1 may attenuate the risk of inflammation (53). Pollyea et al. found significant changes in pre-mRNA splicing and gene expression in HPCs of MDS patients with SF3B1K700E mutations, upregulating gene expression of several pro-inflammatory signaling pathways, including the pro-inflammatory mediator S100A8 (54).

Lee et al., after shRNA-mediated MAP3K7 downregulation in K562 SF3B1K700E cells and application of the Toll-like receptor (TLR) agonist lipopolysaccharide (LPS) stimulation, found that nuclear factor kappa B (NF-κB) signaling was confirmed to be overactivated at both p-p65 signaling and NF-κB transcriptional activity levels. Furthermore, re-expression of MAP3K7 in K562 SF3B1K700E cells resulted in a significant decrease in p-p65 signaling levels both at rest and after LPS stimulation, indicating that the effect of the SF3B1K700E mutation on NF-κB signaling induction is partially mediated through aberrant splicing of MAP3K7 (53). Pollyea et al. similarly demonstrated that spliceosomal mutations such as SF3B1 enhanced NF-κB activity and LPS-induced production of inflammatory cytokines in macrophages, patient-derived cell lines, and mouse and human bone marrow cells. Interleukin-6 (IL-6) is considered to be an inflammatory cytokine that plays a vital role in inflammation-associated cancers (55). Monocytes from MDS patients with SF3B1 mutations tend to increase the level of IL-6 mRNA, leading to an overproduction of bone marrow cells and abnormal hematological features in MDS patients (33).

Interleukin-1 receptor-associated kinase 4 (IRAK4) is a critical downstream mediator that intimately links the Myddosome complex to inflammatory NF-κB activation. Choudhary et al. found that SF3B1K700E mutation causing exon 6 to be aberrantly retained in MDS samples produced a longer IRAK4-long (IRAK4-L) isoform that maximizes activation of downstream NF- kB signaling. It was confirmed that IRAK4 could serve as a target to alleviate the hyperinflammatory features of MDS (56).

The findings suggest that SF3B1 plays a crucial role in the immune system, leading to an inflammatory microenvironment in MDS through various complex mechanisms that manifest in a hyperinflammatory clinical profile. Most studies have primarily focused on the role of pro-inflammatory cytokines and cellular pathways in MDS with SF3B1 mutations, but further research should also investigate the role of immunosuppressive cells.




3.4 R-loop accumulation

DNA replication, recombination, and repair are among the key deregulated pathways in cells expressing mutant SF3B1, and the aberrant formation of R-loops (structures generated by nascent RNA invading DNA) and activation of the DNA damage response lead to increased genomic instability (57).

Aberrant regulation of splicing factors is associated with R-loop formation. On the one hand, alterations in the splicing program may initially impair cellular fitness, causing a compensatory increase in affected cells and contributing to the compensatory accumulation of R-loops in diseased cells (58). On the other hand, aberrant splicing of some genes involved in the repression/regulation of R-loop formation in SF3B1 mutant MDS leads to R-loop accumulation. At the same time, SF3B1 mutations activate the NMD pathway, leading to an increased frequency of mutations in some genes involved in R-loop formation, explaining to some extent the clonal dominance of SF3B1 mutations in MDS (23).

Replication stress and the associated ATR signaling pathway are thought to be critical pathophysiological mechanisms in MDS carrying splicing factor mutations (59). Singh et al. demonstrated that the accumulation of R-loop and associated DNA damage due to SF3B1 mutation activated the ATR pathway involved in DNA repair in MDS cells. They found that inhibition of the R-loop rescues cellular defects, including DNA damage and ATR-Chk1 activation, and that this mechanism is preferentially sensitive to the Chk1 inhibitor UCN-01. UCN-01 promotes apoptosis and kills tumor cells, suggesting that Chk1 inhibition alone or in combination with splicing factor modulators may be a novel therapeutic strategy for targeting splicing factor mutated cells. Preclinical evidence is provided for the possibility that MDS patients with SF3B1 mutations may benefit from Chk1 inhibition, thereby exploiting the R-loop-related vulnerability induced by these mutations (37).

SMG1 is the core kinase that activates the NMD machinery in animals (60). Cheruiyot et al. showed that in cells with mutations in the spliceosome gene SF3B1, SMG1 activity is suppressed, and the formation of toxic protein products may lead to the accumulation of R-loops, further leading to impaired DNA replication, DNA damage, chromosomal instability, and cell death. In contrast, R-loop accumulation in the genome can be rescued by overexpression of the endogenous nuclease RNAse H1, which promotes RNA breakage in RNA-DNA heteroduplexes, suggesting that R-loop is a powerful potential mechanism for synthetic lethality between SF3B1 mutation and NMD disruption. Thus, inhibition of NMD, which more clearly can be considered as inhibition of SMG1, may be an attractive target for the treatment of SF3B1 mutant MDS (30).

SF3B1 mutations trigger partial A3SS events resulting in code-shifting mutations, leading to reduced generation of stop codons and downregulation of the NMD pathway. In contrast, RI events can activate NMD or increase mRNA stability. Pellagatti et al. analyzed events with aberrant splicing in MDS with SF3B1 mutations, and more than half of the A3SS events also exhibited reduced RI. They found that loss of XPB activity, an essential component of the encoded transcription factor IIH (TFIIH) (61) with eukaryotic transcriptional and DNA repair roles, promotes R-loop-mediated DNA damage. The use of upstream A3SS in the upregulated intron would insert six amino acids between the decapping enzyme and ResIII structural domains, potentially altering the expression of disease isoforms and affecting protein levels and function. It is suggested that reduced RI events may be associated with the occurrence of upstream A3SS in SF3B1 mutants (23).

In conclusion, SF3B1 mutations critically impact the onset and advancement of MDS by causing genomic abnormalities through the production of aberrant R-loops and/or compensatory R-loop accumulation. These discoveries on R-loop accumulation and DNA damage offer fresh perspectives on the underlying mechanisms of MDS and may pave the way for groundbreaking approaches to managing the disease.




3.5 Other mRNA defects

Missplicing leads to defective mRNA production and disruption of cellular pathways, with significant dysregulation of pathways critical for translational regulation in SF3B1 mutant MDS (23), which may affect the levels of mRNA species in the cytoplasm and, consequently, cytoplasmic homeostasis (62).

The SUGP1 spliceosomal protein plays a vital role in recognition of spliceosomal branching sites, and its defective interaction with the mutant SF3B1 leads to the use of cryptic A3SS. Zhang et al. conducted a series of studies on the interrelationship between SUGP1 and SF3B1. They found that the level of SUGP1 was significantly reduced in the SF3B1 mutant complex, while the level of SUGP1 mRNA was substantially increased in SF3B1. It indicates that the defective interaction between SUGP1 and SF3B1 mutations during mutant spliceosome assembly may alter the normal splicing function and induce oncogenic changes. Mutant cells compensate for defective SUGP1 by an autoregulatory mechanism that increases SUGP1 levels, and overexpression of SUGP1 drives the protein into the mutant spliceosome, partially rescuing disease-driven splicing changes and suggesting the possibility of therapeutic intervention (24, 63).

Liberate et al. established an isogenic cell model of SF3B1K700E using CRISPR/cas9 genome editing technology. They found that mRNAs encode transport RNA (tRNA) synthase and ribosomal components were defective in SF3B1K700E mutant cells, resulting in deficient tRNA synthesis and increased spliceosomal components. Meanwhile, steady-state protein synthesis was not significantly affected, possibly through upregulation to maintain the clonal advantage of SF3B1 mutant cells in splicing-deficient tumors. The nucleoside analog 8-azaguanine is known to bind to both ribosomal RNA (rRNA) and tRNA, targeting both RNA metabolism and splicing. SF3B1 mutations resulting in simultaneous defects in splicing and tRNA/ribosome stability may expose a unique vulnerability to dual targeting using 8-azaguanine, providing a therapeutic opportunity for MDS with SF3B1 mutations (63).

In conclusion, SF3B1 mutations severely impact mRNA levels in MDS. They may even disrupt the translational pathway, leading to a dominance of MDS in the clonal nature of the tumor. However, the specific role of many defective mRNAs in MDS still needs to be fully understood. Conducting a more in-depth study in the future will provide a more comprehensive understanding of the role of SF3B1 mutations in MDS.





4 Therapeutic strategies for MDS targeting SF3B1 mutations



4.1 Treatment overview

The NCCN guidelines for the management strategy of MDS are based on risk stratification by the International Prognostic Scoring System (IPSS and the revised IPSS-R) and the WHO Prognostic Scoring System (WPSS), which classify patients with MDS into low-risk and high-risk categories (64). Given the high correlation with the MDS-RS entity, MDS with SF3B1 mutation is mainly seen in the low-risk category (65, 66). The main feature of low-risk MDS is the hematocrit, and management strategies are focused on improving anemia or thrombocytopenia, reducing transfusion requirements, improving quality of life, attempting to prolong overall survival, and reducing the risk of AML transformation (67). The management strategy for MDS with SF3B1 mutations is similar to that of low-risk MDS in patients who are extensively treated with erythropoietin (EPO) for chronic anemia, receive regular red blood cell transfusions, and are relapsed or refractory after erythropoiesis-stimulating agent (ESA) therapy. Lenalidomide, hypomethylating drugs, and immunosuppressive therapy are the only remaining treatment options for most patients, but durable responses are limited, and these drugs may carry significant adverse effects (68, 69).

The advent of drugs such as Luspatercept has addressed some of the unmet needs of these patients. Luspatercept, a novel fusion protein, binds to erythropoietic transforming growth factor beta (TGF-β) and promotes in vivo and in vitro red lineage cell differentiation by reducing intracellular levels of reactive oxygen species without any significant effect on iron homeostasis and mutant allele load (70). Luspatercept is well tolerated and effective in the treatment of anemia in low-risk MDS and is approved for the treatment of transfusion-dependent low-risk MDS patients with RS and/or SF3B1 mutations (7, 71–74). In addition, recent studies have found that Luspatercept has the ability to stimulate osteoblast maturation and may improve both MDS with anemia and bone loss (75).

Data suggest that patients with MDS with SF3B1 mutations may respond better to erythropoiesis-stimulating agents (ESAs) than those without SF3B1 mutations (76). In addition, MDS patients with SF3B1 mutations may also respond better to treatment with lenalidomide (LEN) compared to other high-risk mutations (e.g., ASXL1, U2AF1, TP53, etc.) (77). It has been found that MDS patients with both SF3B1 mutations and del(5q) are more similar to isolated del(5q) MDS in terms of immunophenotypic characteristics in the red and ancestral lineages and may benefit more from lenalidomide than Luspatercept in first-line therapy (78).

Disease-related complications (i.e., hemocytopenia) are the leading cause of death in most low-risk MDS. While Luspatercept effectively improves anemia in low-risk MDS, managing thrombocytopenia and neutropenia is challenging. The low-risk disease can be inert, and despite aggressive treatment, mild thrombocytopenia disrupts the quality of life and exacerbates potential comorbidities in patients (79), perpetuating the high mortality rate in MDS. Therefore, effective therapeutic targets and new treatment strategies are urgently needed.

Increasing evidence that knockdown or exogenous overexpression of SF3B1 mutations regulates tumorigenesis and progression of MDS suggests that SF3B1 represents a potential therapeutic target, and there is an urgent need for appropriate therapeutic strategies. Several therapeutic strategies targeting SF3B1 have been reported to treat MDS in recent years, broadening the scope of SF3B1 as a “drug” target. Strategies targeting SF3B1 have shown higher specificity and efficiency than therapeutic strategies for low-risk MDS. Although preclinical studies have shown a high degree of feasibility, there are still many barriers to achieving these approaches, such as limited efficacy, poor safety, or studies not designed to select sensitive patients. Therefore, before these treatment strategies can be genuinely applied in clinical practice, there is still a long way to go.




4.2 Treatment of targeted spliceosomes

Compared to some hematopoietic malignancies without spliceosomal mutations, those with spliceosomal mutations are more susceptible to additional splicing perturbations in vivo (80). Given the preferential dependence on splicing function in MDS-associated cells with RNA splicing factor mutations and the progressively more prominent pathogenic role of SF3B1 spliceosomal mutations in MDS and cancer, interest in the pharmacology of targeted splicing has been stimulated.

Small molecule spliceosome inhibitors have great potential as a new therapeutic approach in cancer treatment. Several novel compounds (Supplementary Table 1) (81–85) targeting the RNA splicing machinery have been identified, such as pladienolides (E7017), derivatives of FR901464 (spliceostatin A, meayamycin), Herboxidiene (GEX1A) (86), Jerantinine A, OTS964, and H3B-8800, which interfere with the spliceosome complex to target specific steps in spliceosome assembly and/or catalysis. However, these drugs have not yet entered clinical use. Ensuring overall safety in patients is more complex, and some compounds have even proven challenging to synthesize (24).

E7107, a derivative of pladienolide B, disrupts the assembly of U2 snRNP at the 3’ splice site by impairing the ability of U2 snRNP to bind pre-mRNA (87). Unfortunately, optic nerve damage was noted in the Phase I clinical trial, so further studies of this compound were put on hold (88). Spliceostatin A (SSA), a methylated derivative of FR901464, has a similar mechanism of action to that of E7107. It inhibits in vitro splicing and promotes pre-mRNA accumulation by binding to the SF3b protein complex (89). Jerantinine A is a novel indole alkaloid with potent anti-tumor cell proliferative activity by inhibiting microtubulin polymerization, upregulating SF3B1 and SF3B3, and inducing G2/M cell cycle arrest and tumor-specific cell death (90).

Several of the aforementioned small molecule spliceosome inhibitors are still a long way from clinical application due to unacceptable adverse effects or difficulties in synthesis (91). H3B-8800, as a very promising oral SF3b complex modulator, can preferentially kill blood and epithelial tumor cells with spliceosome mutations (76), showing satisfactory results in both safety and clinical efficacy in phase I clinical trials in patients with advanced myeloid malignancies. They also found that H3B-8800 may be able to inhibit abnormal splicing of TMEM14C in MDS patients (92), which may have better efficacy in patients with MDS-RS. Besides, OTS964, a highly selective CDK11 inhibitor, was recently suggested to block the critical step of SF3B1 spliceosome activation and lead to extensive RI events and accumulation of non-functional spliceosomes on pre-mRNA and chromatin (87).




4.3 Treatment of downstream events of targeted splicing mutations

A high percentage of splicing events occur in SF3B1, allowing the gain or loss of coding RNA sequences or the introduction of frameshift changes to generate new protein linkages, thus generating predictable new coding sequences. Therapeutic approaches targeting predictable downstream events are being explored (29). To date, a large number of studies have found that SF3B1 mutations exhibit therapeutic vulnerability in terms of functional defects (24, 32, 37, 42, 49, 57, 63). We previously mentioned that SF3B1 mutant MDS often undergoes aberrant activation of the DNA damage response and that this genotoxic damage can be repaired using DNA damaging agents (e.g., etoposide) or synthetic lethal small molecule inhibitors (e.g., PARP inhibitors) by selective targeting of tumor cells carrying SF3B1K700E mutation is accomplished by selective targeting of tumor cells carrying the mutation (58). The development of drugs that target events downstream of spliceosomal mutations provides a viable strategy for the treatment of SF3B1 mutant MDS.





5 Prognostic and predictive markers in patients with SF3B1 mutated MDS



5.1 Prognosis

The International Working Group on Prognosis of MDS (IWG-PM) recently proposed diagnostic criteria for SF3B1 as a separate entity in MDS, including (a) cytopenia as defined by standard hematologic values, (b) somatic SF3B1 mutations, (c) morphologic dysplasia (with or without RS), and (d) bone marrow blasts <5% and peripheral blood blasts <1%. Concomitant genetic disorders became exclusion criteria for the proposed entity. Their study suggests that MDS with SF3B1 mutations has a slower course and may serve as a specific diagnostic subtype with an improved prognosis (7).

It has been shown earlier that the association of SF3B1 mutations with good prognosis correlates with the better function of MDS-RS, while the mutations themselves do not have an independent prognostic correlation (93, 94). However, most of the findings are consistent with the IWG-PM, showing that SF3B1 mutations are associated with better clinical performance and prognosis in MDS (5, 23, 36, 76, 90, 95). Which may be strongly associated with higher age, higher platelet (Plt) counts, lower red blood cell (RBC) counts, higher white blood cell (WBC) counts, common RS in the bone marrow, lower maternal cell levels, lower International Prognostic Scoring System (IPSS) risk, and longer OS.

The incidence of treatment-associated MDS (t-MDS), which has a poor response to treatment and a high-risk profile, is increasing every year (96). Volpe et al. compared de novo SF3B1 mutant MDS (SF3B1mut de novo MDS) with SF3B1 mutant t-MDS (SF3B1mut t-MDS), SF3B1mut t-MDS with SF3B1 wild-type t-MDS (SF3B1wt t-MDS) groups were compared and found that even in the case of t-MDS, MDS with SF3B1 mutation was suggestively associated with a good prognosis in terms of median OS as well as cytogenetics, validating the prognostic situation of MDS-SF3B1 proposed by IWG-PM in t-MDS (97).




5.2 Predictive markers

The prognostic impact of SF3B1 mutations may vary among different MDS entities, reflecting differences in replicative stress-driven tumorigenesis or differential genomic stability and cell viability of different cell types after treatment (58, 98, 99). Prognostic factors affecting MDS with SF3B1 mutations are closely related to the disease phenotype and the treatment modality received. It has been shown that SF3B1 mutations favor MDS-RS-SLD, MDS-RS-MLD, and MDS-EB-2 (the most significant favorable effects were found, especially in MDS- RS-SLD). In MDS with del(5q) syndrome, SF3B1 mutations were associated with shorter OS. Blast count <5% as a promising prognostic marker, and MDS with excess blasts were associated with the shortest OS. Notably, 3/12 MDS-EB-2 patients with SF3B1 mutation in this study underwent allogeneic HSCT (9).

At least 40% of patients with MDS have at least two mutations (8, 100). There are data suggesting that concurrent mutations are present in more than 80% of patients with MDS with SF3B1 mutations in patients with very low/low and intermediate risk MDS. Common concurrent mutations are TET2, DNMT3A, SRSF2, CDH23, ASXL, CUX1, and KMT2D (36, 101). The presence of concurrent mutations can alter the good prognosis of patients with SF3B1 mutated MDS. Mutations in TP53, RUNX1, ASXL1, SRSF2, IDH2, BCOR, STAG2, and NUP98 have been described as poor prognostic markers in concomitant SF3B1 mutated MDS. Their co-occurrence with SF3B1 may have worse OS and higher poor prognostic value associated with AML conversion rates (9, 74, 102, 103). Moreover, the number of concurrent mutations was also positively correlated with patient survival, with patients with at least two mutations accompanying SF3B1 having a greater detrimental effect on survival (75).

The identification of SF3B1 mutation hotspot types is essential for risk stratification. Kanagal- Shamanna et al. showed that about 40% of SF3B1 mutation MDS cases showed non-K700E mutations, and further classification studies found that only SF3B1 mutation MDS patients with involvement of K700E mutations had a good prognosis. In contrast, non-K700E mutation SF3B1-mutated MDS patients had a similar prognosis to that of MDS patients without SF3B1 mutations, with the only significant adverse clinical feature being a lower neutrophil count. Mutations involving the K700E hotspot independently predict OS in SF3B1 mutant MDS patients (25).

Thus, patients with MDS with SF3B1 mutations may represent a subset of good prognosis provided that other poor prognostic markers are excluded (9). In addition, there may also be relevant evidence that can be extracted based on the pathways associated with splicing features, suggesting prognostic information for SF3B1 mutant MDS patients that can be further developed as biomarkers for risk stratification (13) (Supplementary Figure 2).





6 Conclusion

The current high incidence of splicing factor mutations in MDS has stimulated interest in their tumor-driving mechanisms and in targeting splicing mutation therapy. A growing body of evidence suggests that SF3B1 mutations have great potential in diagnosis, prognosis, and in the treatment of MDS. With the development of next-generation sequencing technology, the molecular biological characterization of SF3B1 has become a current research hotspot. Several studies are underway to further clarify the driving mechanism of SF3B1 in MDS. Existing studies on the pathophysiological mechanisms of SF3B1 mutations in MDS have focused on impaired erythropoiesis, iron metabolism disorders, hyperinflammatory features, and R-loop accumulation, which constitute the significant clinical features of MDS. Although most findings suggest a relatively good prognosis in MDS-RS patients with SF3B1 mutations, the prognosis in MDS patients containing poor predictors remains unsatisfactory, and effective biomarkers to guide their prognostic significance remain to be elucidated in clinical application.

Currently, MDS is treated mainly with supportive, demethylation, and immunosuppressive therapy. However, there remain significant unmet medical needs in MDS that require developing new therapeutic approaches. The genetic and biological heterogeneity of MDS presents opportunities and challenges for developing new clinical treatments. Many studies are exploring emerging therapeutic strategies at the molecular level are being explored that promise to be more refined and targeted, leading to better outcomes and improved quality of life for patients.

Scientists are exploring novel drugs that target the molecular pathways involved in the pathogenesis of MDS. Newly discovered small molecules show great promise as potential inhibitors of cellular processes in managing heterogeneous hematological malignancies. As mechanistic studies mature, additional targets at the splicing factor level are expected to emerge. Targeting clonal cells of MDS by RNA splicing is a future trend with great potential.

RNA splicing is an essential process that occurs in all eukaryotes. We can develop more effective and personalized therapies for patients with MDS by targeting splicing. Studying individualized splice gene expression, identifying available mutant gene targets at the preclinical stage, and addressing the challenges of drug resistance and ineffectiveness will help us better serve patients with MDS and other diseases.

In conclusion, SF3B1, as the most frequently occurring splicing factor mutation in MDS, is involved in all stages, from diagnosis to prognosis to targeted therapy. Although the drugs on targeting splicing have not been fully overcome, with further studies on the pathophysiological mechanisms of SF3B1 splicing factor mutations in malignant hematologic tumors, systematic characterization and evaluation of the splicing events generated by these mutations provide highly informative insights from diagnosis to prognosis to targeted therapy.SF3B1, as a potential target for MDS treatment, will give practical aid for future clinical work.





Author contributions

MJ wrote of original manuscript. WZ, MC, QL and XY took part in the manuscript modification. ZJ helped with the preparation of the figure. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Natural Science Foundation of China under the Young Scientists Fund Program (No. 81803918).




Acknowledgments

I would like to express my gratitude to all those who helped me during the writing of this manuscript. My deepest gratitude goes first and foremost to my supervisor Prof. Zhang, for his constant encouragement and guidance. Without his consistent and illuminating instruction I cannot finish this manuscript. In addition, I would like to thank the other professors for their support and encouragement for this work.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1116438/full#supplementary-material




References

1. Cazzola, M. Myelodysplastic syndromes. N Engl J Med (2020) 383(14):1358–74. doi: 10.1056/NEJMra1904794

2. Weinberg, OK, and Hasserjian, RP. The current approach to the diagnosis of myelodysplastic syndromes☆. Semin Hematol (2019) 56(1):15–21. doi: 10.1053/j.seminhematol.2018.05.015

3. Joshi, P, Halene, S, and Abdel-Wahab, O. How do messenger RNA splicing alterations drive myelodysplasia? Blood (2017) 129(18):2465–70. doi: 10.1182/blood-2017-02-692715

4. Pellagatti, A, and Boultwood, J. SF3B1 mutant myelodysplastic syndrome: Recent advances. Adv Biol Regul (2021) 79:100776. doi: 10.1016/j.jbior.2020.100776

5. Tang, Y, Miao, M, Han, S, Qi, J, Wang, H, Ruan, C, et al. Prognostic value and clinical feature of SF3B1 mutations in myelodysplastic syndromes: A meta-analysis. Crit Rev Oncol Hematol (2019) 133:74–83. doi: 10.1016/j.critrevonc.2018.07.013

6. Malcovati, L, Papaemmanuil, E, Bowen, DT, Boultwood, J, Della Porta, MG, Pascutto, C, et al. Clinical significance of SF3B1 mutations in myelodysplastic syndromes and myelodysplastic/myeloproliferative neoplasms. Blood (2011) 118(24):6239–46. doi: 10.1182/blood-2011-09-377275

7. Malcovati, L, Stevenson, K, Papaemmanuil, E, Neuberg, D, Bejar, R, Boultwood, J, et al. SF3B1-mutant MDS as a distinct disease subtype: A proposal from the international working group for the prognosis of MDS. Blood (2020) 136(2):157–70. doi: 10.1182/blood.2020004850

8. Papaemmanuil, E, Gerstung, M, Malcovati, L, Tauro, S, Gundem, G, Van Loo, P, et al. Clinical and biological implications of driver mutations in myelodysplastic syndromes. Blood (2013) 122(22):3616–99. doi: 10.1182/blood-2013-08-518886

9. Huber, S, Haferlach, T, Meggendorfer, M, Hutter, S, Hoermann, G, Baer, C, et al. SF3B1 mutated MDS: Blast count, genetic co-abnormalities and their impact on classification and prognosis. Leukemia (2022) 36(12):2894–902. doi: 10.1038/s41375-022-01728-5

10. Khoury, JD, Solary, E, Abla, O, Akkari, Y, Alaggio, R, Apperley, JF, et al. The 5th edition of the world health organization classification of haematolymphoid tumours: Myeloid and Histiocytic/Dendritic neoplasms. Leukemia (2022) 36(7):1703–19. doi: 10.1038/s41375-022-01613-1

11. Je, EM, Yoo, NJ, Kim, YJ, Kim, MS, and Lee, SH. Mutational analysis of splicing machinery genes SF3B1, U2AF1 and SRSF2 in myelodysplasia and other common tumors. Int J Cancer (2013) 133(1):260–5. doi: 10.1002/ijc.28011

12. Yin, S, Gambe, RG, Sun, J, Martinez, AZ, Cartun, ZJ, Regis, FFD, et al. A murine model of chronic lymphocytic leukemia based on b cell-restricted expression of Sf3b1 mutation and atm deletion. Cancer Cell (2019) 35(2):283–296.e5. doi: 10.1016/j.ccell.2018.12.013

13. Qiu, J, Zhou, B, Thol, F, Zhou, Y, Chen, L, Shao, C, et al. Distinct splicing signatures affect converged pathways in myelodysplastic syndrome patients carrying mutations in different splicing regulators. RNA (2016) 22(10):1535–49. doi: 10.1261/rna.056101.116

14. Inoue, D, Bradley, RK, and Abdel-Wahab, O. Spliceosomal gene mutations in myelodysplasia: molecular links to clonal abnormalities of hematopoiesis. Genes Dev (2016) 30(9):989–1001. doi: 10.1101/gad.278424.116

15. Pellagatti, A, and Boultwood, J. Splicing factor mutations in the myelodysplastic syndromes: Role of key aberrantly spliced genes in disease pathophysiology and treatment. Adv Biol Regul (2022) 87:100920. doi: 10.1016/j.jbior.2022.100920

16. Wahl, MC, Will, CL, and Lührmann, R. The spliceosome: design principles of a dynamic RNP machine. Cell (2009) 136(4):701–18. doi: 10.1016/j.cell.2009.02.009

17. Wang, E, and Aifantis, I. RNA Splicing and cancer. Trends Cancer (2020) 6(8):631–44. doi: 10.1016/j.trecan.2020.04.011

18. DeNicola, AB, and Tang, Y. Therapeutic approaches to treat human spliceosomal diseases. Curr Opin Biotechnol (2019) 60:72–81. doi: 10.1016/j.copbio.2019.01.003

19. Kfir, N, Lev-Maor, G, Glaich, O, Alajem, A, Datta, A, Sze, SK, et al. SF3B1 association with chromatin determines splicing outcomes. Cell Rep (2015) 11(4):618–29. doi: 10.1016/j.celrep.2015.03.048

20. Sun, C. The SF3b complex: splicing and beyond. Cell Mol Life Sci (2020) 77(18):3583–95. doi: 10.1007/s00018-020-03493-z

21. Seo, JY, Lee, K-O, Kim, S-H, Kim, K, Jung, CW, Jang, JH, et al. Clinical significance of SF3B1 mutations in Korean patients with myelodysplastic syndromes and myelodysplasia/myeloproliferative neoplasms with ring sideroblasts. Ann Hematol (2014) 93:603–8. doi: 10.1007/s00277-013-1915-x

22. Pangallo, J, Kiladjian, JJ, Cassinat, B, Renneville, A, Taylor, J, Polaski, JT, et al. Rare and private spliceosomal gene mutations drive partial, complete, and dual phenocopies of hotspot alterations. Blood (2020) 135(13):1032–43. doi: 10.1182/blood.2019002894

23. Yoshida, K, Sanada, M, Shiraishi, Y, Nowak, D, Nagata, Y, Yamamoto, R, et al. Frequent pathway mutations of splicing machinery in myelodysplasia. Nature (2011) 478(7367):64–9. doi: 10.1038/nature10496

24. Damm, F, Kosmider, O, Gelsi-Boyer, V, Renneville, A, Carbuccia, N, Hidalgo-Curtis, C, et al. Mutations affecting mRNA splicing define distinct clinical phenotypes and correlate with patient outcome in myelodysplastic syndromes. Blood (2012) 119(14):3211–8. doi: 10.1182/blood-2011-12-400994

25. Hershberger, CE, Moyer, DC, Adema, V, Kerr, CM, Walter, W, Hutter, S, et al. Complex landscape of alternative splicing in myeloid neoplasms. Leukemia (2021) 35(4):1108–20. doi: 10.1038/s41375-020-1002-y

26. Kesarwani, AK, Ramirez, O, Gupta, AK, Yang, X, Murthy, T, Minella, AC, et al. Cancer-associated SF3B1 mutants recognize otherwise inaccessible cryptic 3’ splice sites within RNA secondary structures. Oncogene (2017) 36(8):1123–33. doi: 10.1038/onc.2016.279

27. Alsafadi, S, Houy, A, Battistella, A, Popova, T, Wassef, M, Henry, E, et al. Cancer-associated SF3B1 mutations affect alteRNAtive splicing by promoting alteRNAtive branchpoint usage. Nat Commun (2016) 7:10615. doi: 10.1038/ncomms10615

28. Pellagatti, A, Armstrong, RN, Steeples, V, Sharma, E, Repapi, E, Singh, S, et al. Impact of spliceosome mutations on RNA splicing in myelodysplasia: dysregulated genes/pathways and clinical associations. Blood (2018) 132(12):1225–40. doi: 10.1182/blood-2018-04-843771

29. Zhang, J, Ali, AM, Lieu, YK, Liu, Z, Gao, J, Rabadan, R, et al. Disease-causing mutations in SF3B1 alter splicing by disrupting interaction with SUGP1. Mol Cell (2019) 76(1):82–95.e7. doi: 10.1016/j.molcel.2019.07.017

30. Kanagal-Shamanna, R, Montalban-Bravo, G, Sasaki, K, Darbaniyan, F, Jabbour, E, Bueso-Ramos, C, et al. Only SF3B1 mutation involving K700E independently predicts overall survival in myelodysplastic syndromes. Cancer (2021) 127(19):3552–65. doi: 10.1002/cncr.33745

31. Chang, MT, Asthana, S, Gao, SP, Lee, BH, Chapman, JS, Kandoth, C, et al. Identifying recurrent mutations in cancer reveals widespread lineage diversity and mutational specificity. Nat Biotechnol (2016) 34(2):155–63. doi: 10.1038/nbt.3391

32. Liu, Z, Yoshimi, A, Wang, J, Cho, H, Chun-Wei Lee, S, Ki, M, et al. Mutations in the RNA splicing factor SF3B1 promote tumorigenesis through MYC stabilization. Cancer Discovery (2020) 10(6):806–21. doi: 10.1158/2159-8290.CD-19-1330

33. Darman, RB, Seiler, M, Agrawal, AA, Lim, KH, Peng, S, Aird, D, et al. Cancer-associated SF3B1 hotspot mutations induce cryptic 3’ splice site selection through use of a different branch point. Cell Rep (2015) 13:1033–45. doi: 10.1016/j.celrep.2015.09.053

34. Cheruiyot, A, Li, S, Nonavinkere Srivatsan, S, Ahmed, T, Chen, Y, Lemacon, DS, et al. Nonsense-mediated RNA decay is a unique vulnerability of cancer cells harboring SF3B1 or U2AF1 mutations. Cancer Res (2021) 81(17):4499–513. doi: 10.1158/0008-5472.CAN-20-4016

35. Dvinge, H, Kim, E, Abdel-Wahab, O, and Bradley, RK. RNA Splicing factors as oncoproteins and tumour suppressors. Nat Rev Cancer (2016) 16(7):413–30. doi: 10.1038/nrc.2016.51

36. Huang, Y, Hale, J, Wang, Y, Li, W, Zhang, S, Zhang, J, et al. SF3B1 deficiency impairs human erythropoiesis via activation of p53 pathway: implications for understanding of ineffective erythropoiesis in MDS. J Hematol Oncol (2018) 11(1):19. doi: 10.1186/s13045-018-0558-8

37. Pollyea, DA, Harris, C, Rabe, JL, Hedin, BR, De Arras, L, Katz, S, et al. Myelodysplastic syndrome-associated spliceosome gene mutations enhance innate immune signaling. Haematologica (2019) 104(9):e388–92. doi: 10.3324/haematol.2018.214155

38. Obeng, EA, Chappell, RJ, Seiler, M, Chen, MC, Campagna, DR, Schmidt, PJ, et al. Physiologic expression of Sf3b1(K700E) causes impaired erythropoiesis, aberrant splicing, and sensitivity to therapeutic spliceosome modulation. Cancer Cell (2016) 30(3):404–17. doi: 10.1016/j.ccell.2016.08.006

39. Mian, SA, Rouault-Pierre, K, Smith, AE, Seidl, T, Pizzitola, I, Kizilors, A, et al. SF3B1 mutant MDS-initiating cells may arise from the haematopoietic stem cell compartment. Nat Commun (2015) 6:10004. doi: 10.1038/ncomms10004

40. Pevny, L, Lin, CS, D’Agati, V, Simon, MC, Orkin, SH, and Costantini, F. Development of hematopoietic cells lacking transcription factor GATA-1. Development (1995) 121(1):163–72. doi: 10.1242/dev.121.1.163

41. Lieu, YK, Liu, Z, Ali, AM, Wei, X, Penson, A, Zhang, J, et al. SF3B1 mutant-induced missplicing of MAP3K7 causes anemia in myelodysplastic syndromes. Proc Natl Acad Sci U S A (2022) 119(1):e2111703119. doi: 10.1073/pnas.2111703119

42. Han, AP, Yu, C, Lu, L, Fujiwara, Y, Browne, C, Chin, G, et al. Heme-regulated eIF2alpha kinase (HRI) is required for translational regulation and survival of erythroid precursors in iron deficiency. EMBO J (2001) 20(23):6909–18. doi: 10.1093/emboj/20.23.6909

43. Adema, V, Ma, F, Kanagal-Shamanna, R, Thongon, N, Montalban-Bravo, G, Yang, H, et al. Targeting the EIF2AK1 signaling pathway rescues red blood cell production in SF3B1-mutant myelodysplastic syndromes with ringed sideroblasts. Blood Cancer Discovery (2022) 3(6):554–67. doi: 10.1158/2643-3230.BCD-21-0220

44. Lee, EW, Lee, MS, Camus, S, Ghim, J, Yang, MR, Oh, W, et al. Differential regulation of p53 and p21 by MKRN1 E3 ligase controls cell cycle arrest and apoptosis. EMBO J (2009) 28(14):2100–13. doi: 10.1038/emboj.2009.164

45. Dolatshad, H, Pellagatti, A, Liberante, FG, Llorian, M, Repapi, E, Steeples, V, et al. Cryptic splicing events in the iron transporter ABCB7 and other key target genes in SF3B1-mutant myelodysplastic syndromes. Leukemia (2016) 30(12):2322–31. doi: 10.1038/leu.2016.149

46. Nikpour, M, Scharenberg, C, Liu, A, Conte, S, Karimi, M, Mortera-Blanco, T, et al. The transporter ABCB7 is a mediator of the phenotype of acquired refractory anemia with ring sideroblasts. Leukemia (2013) 27(4):889–96. doi: 10.1038/leu.2012.298

47. Yien, YY, Robledo, RF, Schultz, IJ, Takahashi-Makise, N, Gwynn, B, Bauer, DE, et al. TMEM14C is required for erythroid mitochondrial heme metabolism. J Clin Invest (2014) 124(10):4294–304. doi: 10.1172/JCI76979

48. Clough, CA, Pangallo, J, Sarchi, M, Ilagan, JO, North, K, Bergantinos, R, et al. Coordinated missplicing of TMEM14C and ABCB7 causes ring sideroblast formation in SF3B1-mutant myelodysplastic syndrome. Blood (2022) 139(13):2038–49. doi: 10.1182/blood.2021012652

49. Bondu, S, Alary, AS, Lefèvre, C, Houy, A, Jung, G, Lefebvre, T, et al. A variant erythroferrone disrupts iron homeostasis in SF3B1-mutated myelodysplastic syndrome. Sci Transl Med (2019) 11(500):eaav5467. doi: 10.1126/scitranslmed.aav5467

50. Obeng, EA, and Ebert, BL. Charting the “Splice” routes to MDS. Cancer Cell (2015) 27(5):607–9. doi: 10.1016/j.ccell.2015.04.016

51. Wang, N, Gates, KL, Trejo, H, Favoreto, S Jr, Schleimer, RP, Sznajder, JI, et al. Elevated CO2 selectively inhibits interleukin-6 and tumor necrosis factor expression and decreases phagocytosis in the macrophage. FASEB J (2010) 24(7):2178–90. doi: 10.1096/fj.09-136895

52. Lee, SC, North, K, Kim, E, Jang, E, Obeng, E, Lu, SX, et al. Synthetic lethal and convergent biological effects of cancer-associated spliceosomal gene mutations. Cancer Cell (2018) 34(2):225–241.e8. doi: 10.1016/j.ccell.2018.07.003

53. De Arras, L, and Alper, S. Limiting of the innate immune response by SF3A-dependent control of MyD88 alternative mRNA splicing. PloS Genet (2013) 9(10):e1003855. doi: 10.1371/journal.pgen.1003855

54. Pollyea, DA, Kim, HM, Stevens, BM, Lee, FF, Harris, C, Hedin, BR, et al. MDS-associated SF3B1 mutations enhance proinflammatory gene expression in patient blast cells. J Leukoc Biol (2021) 110(1):197–205. doi: 10.1002/JLB.6AB0520-318RR

55. Rose-John, S. Blocking only the bad side of IL-6 in inflammation and cancer. Cytokine (2021) 148:155690. doi: 10.1016/j.cyto.2021.155690

56. Choudhary, GS, Pellagatti, A, Agianian, B, Smith, MA, Bhagat, TD, Gordon-Mitchell, S, et al. Activation of targetable inflammatory immune signaling is seen in myelodysplastic syndromes with SF3B1 mutations. Elife (2022) 11:e78136. doi: 10.7554/eLife.78136

57. Lappin, KM, Barros, EM, Jhujh, SS, Irwin, GW, McMillan, H, Liberante, FG, et al. Cancer-associated SF3B1 mutations confer a BRCA-like cellular phenotype and synthetic lethality to PARP inhibitors. Cancer Res (2022) 82(5):819–30. doi: 10.1158/0008-5472.CAN-21-1843

58. Chen, L, Chen, JY, Huang, YJ, Gu, Y, Qiu, J, Qian, H, et al. The augmented r-loop is a unifying mechanism for myelodysplastic syndromes induced by high-risk splicing factor mutations. Mol Cell (2018) 69(3):412–425.e6. doi: 10.1016/j.molcel.2017.12.029

59. Flach, J, Jann, JC, Knaflic, A, Riabov, V, Streuer, A, Altrock, E, et al. Replication stress signaling is a therapeutic target in myelodysplastic syndromes with splicing factor mutations. Haematologica (2021) 106(11):2906–17. doi: 10.3324/haematol.2020.254193

60. Lloyd, JP, and Davies, B. SMG1 is an ancient nonsense-mediated mRNA decay effector. Plant J (2013) 76(5):800–10. doi: 10.1111/tpj.12329

61. Kolesnikova, O, Radu, L, and Poterszman, A. TFIIH: A multi-subunit complex at the cross-roads of transcription and DNA repair. Adv Protein Chem Struct Biol (2019) 115:21–67. doi: 10.1016/bs.apcsb.2019.01.003

62. Liberante, FG, Lappin, K, Barros, EM, Vohhodina, J, Grebien, F, Savage, KI, et al. Altered splicing and cytoplasmic levels of tRNA synthetases in SF3B1-mutant myelodysplastic syndromes as a therapeutic vulnerability. Sci Rep (2019) 9(1):2678. doi: 10.1038/s41598-019-39591-7

63. Liu, Z, Zhang, J, Sun, Y, Perea-Chamblee, TE, Manley, JL, and Rabadan, R. Pan-cancer analysis identifies mutations in SUGP1 that recapitulate mutant SF3B1 splicing dysregulation. Proc Natl Acad Sci U S A (2020) 117(19):10305–12. doi: 10.1073/pnas.1922622117

64. Greenberg, PL, Stone, RM, Al-Kali, A, Bennett, JM, Borate, U, Brunner, AM, et al. NCCN guidelines® insights: Myelodysplastic syndromes, version 3.2022. J Natl Compr Canc Netw (2022) 20(2):106–17. doi: 10.6004/jnccn.2022.0009

65. Patnaik, MM, and Tefferi, A. Myelodysplastic syndromes with ring sideroblasts (MDS-RS) and MDS/myeloproliferative neoplasm with RS and thrombocytosis (MDS/MPN-RS-T) - “2021 update on diagnosis, risk-stratification, and management”. Am J Hematol (2021) 96(3):379–94. doi: 10.1002/ajh.26090

66. Fattizzo, B, Levati, GV, Giannotta, JA, Cassanello, G, Cro, LM, Zaninoni, A, et al. Low-risk myelodysplastic syndrome revisited: Morphological, autoimmune, and molecular features as predictors of outcome in a single center experience. Front Oncol (2022) 12:795955. doi: 10.3389/fonc.2022.795955

67. Scalzulli, E, Pepe, S, Colafigli, G, and Breccia, M. Therapeutic strategies in low- and high-risk MDS: what does the future have to offer? Blood Rev (2021) 45:100689. doi: 10.1016/j.blre.2020.100689

68. Fenaux, P, Platzbecker, U, Mufti, GJ, Garcia-Manero, G, Buckstein, R, Santini, V, et al. Luspatercept in patients with lower-risk myelodysplastic syndromes. N Engl J Med (2020) 382(2):140–51. doi: 10.1056/NEJMoa1908892

69. Komrokji, R, Swern, AS, Grinblatt, D, Lyons, RM, Tobiasson, M, Silverman, LR, et al. Azacitidine in lower-risk myelodysplastic syndromes: A meta-analysis of data from prospective studies. Oncologist (2018) 23(2):159–70. doi: 10.1634/theoncologist.2017-0215

70. Mathieu, M, Friedrich, C, Ducrot, N, Zannoni, J, Sylvie, T, Jerraya, N, et al. Luspatercept (RAP-536) modulates oxidative stress without affecting mutation burden in myelodysplastic syndromes. Ann Hematol (2022) 101(12):2633–43. doi: 10.1007/s00277-022-04993-7

71. Kubasch, AS, Fenaux, P, and Platzbecker, U. Development of luspatercept to treat ineffective erythropoiesis. Blood Adv (2021) 5(5):1565–75. doi: 10.1182/bloodadvances.2020002177

72. Platzbecker, U, Germing, U, Götze, KS, Kiewe, P, Mayer, K, Chromik, J, et al. Luspatercept for the treatment of anaemia in patients with lower-risk myelodysplastic syndromes (PACE-MDS): A multicentre, open-label phase 2 dose-finding study with long-term extension study. Lancet Oncol (2017) 18(10):1338–47. doi: 10.1016/S1470-2045(17)30615-0

73. Patnaik, MM, and Tefferi, A. Refractory anemia with ring sideroblasts (RARS) and RARS with thrombocytosis: “2019 update on diagnosis, risk-stratification, and management”. Am J Hematol (2019) 94(4):475–88. doi: 10.1002/ajh.25397

74. Cazzola, M, and Malcovati, L. Diagnosis and treatment of sideroblastic anemias: from defective heme synthesis to abnormal RNA splicing. Hematol Am Soc Hematol Educ Program (2015) 2015:19–25. doi: 10.1182/asheducation-2015.1.19

75. Weidner, H, Wobus, M, Hofbauer, LC, Rauner, M, and Platzbecker, U. Luspatercept mitigates bone loss driven by myelodysplastic neoplasms and estrogen-deficiency in mice. Leukemia (2022) 36(11):2715–8. doi: 10.1038/s41375-022-01702-1

76. Migdady, Y, Barnard, J, Al Ali, N, Steensma, DP, DeZern, A, Roboz, G, et al. Clinical outcomes with ring sideroblasts and SF3B1 mutations in myelodysplastic syndromes: MDS clinical research consortium analysis. Clin Lymph Myeloma Leuk (2018) 18(8):528–32. doi: 10.1016/j.clml.2018.05.016

77. Idossa, D, Lasho, TL, Finke, CM, Ketterling, RP, Patnaik, MM, Pardanani, A, et al. Mutations and karyotype predict treatment response in myelodysplastic syndromes. Am J Hematol (2018) 93(11):1420–6. doi: 10.1002/ajh.25267

78. Duetz, C, Westers, TM, In ‘t Hout, FEM, Cremers, EMP, Alhan, C, Venniker-Punt, B, et al. Distinct bone marrow immunophenotypic features define the splicing factor 3B subunit 1 (SF3B1)-mutant myelodysplastic syndromes subtype. Br J Haematol (2021) 193(4):798–803. doi: 10.1111/bjh.17414

79. Hellström-Lindberg, E, Gulbrandsen, N, Lindberg, G, Ahlgren, T, Dahl, IM, Dybedal, I, et al. A validated decision model for treating the anaemia of myelodysplastic syndromes with erythropoietin + granulocyte colony-stimulating factor: significant effects on quality of life. Br J Haematol (2003) 120(6):1037–46. doi: 10.1046/j.1365-2141.2003.04153.x

80. Lee, SC, Dvinge, H, Kim, E, Cho, H, Micol, JB, Chung, YR, et al. Modulation of splicing catalysis for therapeutic targeting of leukemia with mutations in genes encoding spliceosomal proteins. Nat Med (2016) 22(6):672–8. doi: 10.1038/nm.4097

81. Folco, EG, Coil, KE, and Reed, R. The anti-tumor drug E7107 reveals an essential role for SF3b in remodeling U2 snRNP to expose the branch point-binding region. Genes Dev (2011) 25(5):440–4. doi: 10.1101/gad.2009411

82. Ghosh, AK, Lv, K, Ma, N, Cárdenas, EL, Effenberger, KA, and Jurica, MS. Design, synthesis and in vitro splicing inhibition of desmethyl and carba-derivatives of herboxidiene. Org Biomol Chem (2016) 14(23):5263–71. doi: 10.1039/c6ob00725b

83. Albert, BJ, McPherson, PA, O’Brien, K, Czaicki, NL, Destefino, V, Osman, S, et al. Meayamycin inhibits pre-messenger RNA splicing and exhibits picomolar activity against multidrug-resistant cells. Mol Cancer Ther (2009) 8(8):2308–18. doi: 10.1158/1535-7163.MCT-09-0051

84. Chung, FF, Tan, PF, Raja, VJ, Tan, BS, Lim, KH, Kam, TS, et al. Jerantinine a induces tumor-specific cell death through modulation of splicing factor 3b subunit 1 (SF3B1). Sci Rep (2017) 7:42504. doi: 10.1038/srep42504

85. Seiler, M, Yoshimi, A, Darman, R, Chan, B, Keaney, G, Thomas, M, et al. H3B-8800, an orally available small-molecule splicing modulator, induces lethality in spliceosome-mutant cancers. Nat Med (2018) 24(4):497–504. doi: 10.1038/nm.4493

86. Sellin, M, Mack, R, Rhodes, MC, Zhang, L, Berg, S, Joshi, K, et al. Molecular mechanisms by which splice modulator GEX1A inhibits leukaemia development and progression. Br J Cancer (2022) 127(2):223–36. doi: 10.1038/s41416-022-01796-5

87. Hluchý, M, Gajdušková, P, Ruiz de Los Mozos, I, Rájecký, M, Kluge, M, Berger, BT, et al. CDK11 regulates pre-mRNA splicing by phosphorylation of SF3B1. Nature (2022) 609(7928):829–34. doi: 10.1038/s41586-022-05204-z

88. Hong, DS, Kurzrock, R, Naing, A, Wheler, JJ, Falchook, GS, Schiffman, JS, et al. A phase I. Open-label, single-arm, dose-escalation study of E7107, a precursor messenger ribonucleic acid (pre-mRNA) splicesome inhibitor administered intravenously on days 1 and 8 every 21 days to patients with solid tumors. Invest New Drugs (2014) 32(3):436–44. doi: 10.1007/s10637-013-0046-5

89. Kaida, D, Motoyoshi, H, Tashiro, E, Nojima, T, Hagiwara, M, Ishigami, K, et al. Spliceostatin a targets SF3b and inhibits both splicing and nuclear retention of pre-mRNA. Nat Chem Biol (2007) 3(9):576–83. doi: 10.1038/nchembio.2007.18

90. Ma, L, Luo, Y, Jiang, L, Shen, D, Li, J, Xu, W, et al. The relation of SF3B1 mutation and intracellular iron in myelodysplastic syndrome with less than 5% bone marrow blasts. Leuk Lymphoma (2019) 60(5):1179–86. doi: 10.1080/10428194.2018.1520990

91. Sciarrillo, R, Wojtuszkiewicz, A, Assaraf, YG, Jansen, G, Kaspers, GJL, Giovannetti, E, et al. The role of alternative splicing in cancer: From oncogenesis to drug resistance. Drug Resist Updat (2020) 53:100728. doi: 10.1016/j.drup.2020.100728

92. Steensma, DP, Wermke, M, Klimek, VM, Greenberg, PL, Font, P, Komrokji, RS, et al. Phase I first-in-Human dose escalation study of the oral SF3B1 modulator H3B-8800 in myeloid neoplasms. Leukemia (2021) 35(12):3542–50. doi: 10.1038/s41375-021-01328-9

93. Patnaik, MM, Lasho, TL, Hodnefield, JM, Knudson, RA, Ketterling, RP, Garcia-Manero, G, et al. SF3B1 mutations are prevalent in myelodysplastic syndromes with ring sideroblasts but do not hold independent prognostic value. Blood (2012) 119(2):569–72. doi: 10.1182/blood-2011-09-377994

94. Wu, L, Song, L, Xu, L, Chang, C, Xu, F, Wu, D, et al. Genetic landscape of recurrent ASXL1, U2AF1, SF3B1, SRSF2, and EZH2 mutations in 304 Chinese patients with myelodysplastic syndromes. Tumour Biol (2016) 37(4):4633–40. doi: 10.1007/s13277-015-4305-2

95. Polprasert, C, Kongkiatkamon, S, Niparuck, P, Rattanathammethee, T, Wudhikarn, K, Chuncharunee, S, et al. Genetic mutations associated with blood count abnormalities in myeloid neoplasms. Hematology (2022) 27(1):765–71. doi: 10.1080/16078454.2022.2094134

96. Abou Zahr, A, Kavi, AM, Mukherjee, S, and Zeidan, AM. Therapy-related myelodysplastic syndromes, or are they? Blood Rev (2017) 31(3):119–28. doi: 10.1016/j.blre.2016.11.002

97. Volpe, VO, Al Ali, N, Chan, O, Padron, E, Sallman, DA, Kuykendall, A, et al. Splicing factor 3B subunit 1 (SF3B1) mutation in the context of therapy-related myelodysplastic syndromes. Br J Haematol (2022) 198(4):713–20. doi: 10.1111/bjh.18319

98. Zhou, Z, Gong, Q, Wang, Y, Li, M, Wang, L, Ding, H, et al. The biological function and clinical significance of SF3B1 mutations in cancer. biomark Res (2020) 8:38. doi: 10.1186/s40364-020-00220-5

99. Tanaka, A, Nakano, TA, Nomura, M, Yamazaki, H, Bewersdorf, JP, Mulet-Lazaro, R, et al. Aberrant EVI1 splicing contributes to EVI1-rearranged leukemia. Blood (2022) 140(8):875–88. doi: 10.1182/blood.2021015325

100. Haferlach, T, Nagata, Y, Grossmann, V, Okuno, Y, Bacher, U, Nagae, G, et al. Landscape of genetic lesions in 944 patients with myelodysplastic syndromes. Leukemia (2014) 28(2):241–7. doi: 10.1038/leu.2013.336

101. Janusz, K, Izquierdo, MM, Cadenas, FL, Ramos, F, Sánchez, JMH, Lumbreras, E, et al. Clinical, biological, and prognostic implications of SF3B1 co-occurrence mutations in very low/low- and intermediate-risk MDS patients. Ann Hematol (2021) 100(8):1995–2004. doi: 10.1007/s00277-020-04360-4

102. Mangaonkar, AA, Lasho, TL, Finke, CM, Gangat, N, Al-Kali, A, Elliott, MA, et al. Prognostic interaction between bone marrow morphology and SF3B1 and ASXL1 mutations in myelodysplastic syndromes with ring sideroblasts. Blood Cancer J (2018) 8(2):18. doi: 10.1038/s41408-018-0051-1

103. Lin, CC, Hou, HA, Chou, WC, Kuo, YY, Wu, SJ, Liu, CY, et al. SF3B1 mutations in patients with myelodysplastic syndromes: The mutation is stable during disease evolution. Am J Hematol (2014) 89(8):E109–15. doi: 10.1002/ajh.23734




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Jiang, Chen, Liu, Jin, Yang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        SF3B1 mutations in myelodysplastic syndromes: A potential therapeutic target for modulating the entire disease process

      

        		

          1 Introduction

        



        		

          2 SF3B1, the core component that drives splicing

        



        		

          3 Pathophysiological mechanisms of MDS with SF3B1 mutation

        

          		

            3.1 Disorders of erythropoiesis

          



          		

            3.2 Dysregulation of iron metabolism homeostasis

          



          		

            3.3 Hyperinflammatory

          



          		

            3.4 R-loop accumulation

          



          		

            3.5 Other mRNA defects

          



        



        



        		

          4 Therapeutic strategies for MDS targeting SF3B1 mutations

        

          		

            4.1 Treatment overview

          



          		

            4.2 Treatment of targeted spliceosomes

          



          		

            4.3 Treatment of downstream events of targeted splicing mutations

          



        



        



        		

          5 Prognostic and predictive markers in patients with SF3B1 mutated MDS

        

          		

            5.1 Prognosis

          



          		

            5.2 Predictive markers

          



        



        



        		

          6 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2023.1116438_cover.jpg
& frontiers | Frontiers in Oncology

SF3B1 mutations in myelodysplastic
syndromes: A potential therapeutic target
for modulating the entire disease process





