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                                                            Genes encoding spliceosome components including SF3B1, U2AF1, and SRSF2, are frequently somatically mutated in myelodysplastic syndromes (MDS), other hematologic malignancies, and solid tumors.1 Typically these are mutually exclusive, heterozygous, missense, hotspot mutations that result in neomorphic or gain-of-function splicing phenotypes. These mutations alter splicing of many genes; however, overlap among the different splicing factors is limited. Thus, a common mechanism by which spliceosome mutations contribute to disease is suspected but has remained elusive.
We previously demonstrated that inhibiting any of five different spliceosome genes (SF3B1, SF3A1, SF3A2, SF3A3, EFTUD2) in mouse or human macrophages reduces inflammatory cytokine production induced by multiple Toll-like receptor (TLR) agonists including the TLR4 agonist lipopolysaccharide (LPS).52 Although these genes encode essential spliceosome components, partial gene knockdown (approx. 80%) reduces LPS-induced inflammatory cytokine production without affecting viability or phagocytosis.52 Hence, innate immunity may be particularly sensitive to spliceosome perturbation.
These observations suggest that MDS-associated spliceosome mutations might enhance innate immunity, which could contribute to disease pathogenesis.6 Inflammatory cytokines are increased in serum and bone marrow of MDS patients, and increased cytokine levels correlate with a worse outcome.6 Here we show that mutations in SF3B1, U2AF1, and SRSF2 enhance NFκB activity and LPS-induced inflammatory cytokine production in macrophages, patient-derived cell lines, and mouse and human myeloid cells. These changes could represent a common mechanism that contributes to MDS pathogenesis.
We previously demonstrated that inhibition of SF3A1 or SF3B1 in macrophages reduces LPS-induced inflammatory cytokine production.2 To determine if this finding extends to all three commonly mutated spliceosome genes, we additionally inhibited U2af1 and Srsf2 in RAW264.7 mouse macrophages using RNAi, challenged the cells with LPS, and monitored IL-6 production. Inhibition of any of the four spliceosome genes reduced LPS-induced IL-6 production (Figure 1A) without significantly affecting viability (data not shown). Thus, these spliceosome genes exert a common effect on LPS-induced cytokine production.
[image: ]

Figure 1.Spliceosome gene mutations found in myelodysplastic syndrome (MDS) patients enhance innate immunity signaling in macrophages. (A) siRNA targeting the indicated spliceosome genes or a control non-targeting siRNA were transfected into RAW264.7 mouse macrophages, the cells were then stimulated with 20 ng/mL lipopolysaccharide (LPS) for 6 hours (h), and IL-6 protein production was monitored by ELISA. (B-G) Plasmids expressing the indicated wild-type (WT) (black) or mutant (red) spliceosome genes were co-transfected into RAW264.7 cells along with either an IL-6 luciferase reporter construct (B-D) or an NFκB-dependent luciferase reporter construct (E-G) and a SV40-rluc construct for normalization. The cells were then stimulated with 20 ng/mL LPS for 6 h, and luciferase activity was monitored. Data represent mean, Standard Error of Mean. *P<0.05. If no P-value is indicated, the comparison was not significantly different.
Because spliceosome inhibition reduced inflammatory cytokine levels, we assessed if MDS-associated spliceosome mutations would have the converse effect. We co-transfected into RAW264.7 macrophages either wild-type (U2AF1-WT, SRSF2-WT, or SF3B1-WT) or mutant (U2AF1-S34F, SRSF2-P95L, or SF3B1-K700E) spliceosome genes, an IL-6-luciferase reporter, and an SV40-rluc normalization reporter. We then stimulated the cells with LPS and monitored IL-6-luciferase production. All three mutant spliceosome genes enhanced IL-6-luciferase production compared to wild-type spliceosome genes (Figure 1B-D). To determine what drives this increased IL-6, we assessed NFκB activation using an NFκB-luciferase reporter. All three mutant spliceosome genes enhanced NFκB-luciferase production compared to the wild-type genes (Figure 1E-G).
To determine if spliceosome mutations enhanced inflammatory cytokine production in myeloid malignancy-relevant cells, we examined the effect of these mutations when engineered into the K562 myeloid leukemia line. The U2AF1-S34F mutant line had higher basal levels of IL-6 and IL-8, but not TNFα, mRNA compared to the U2AF1-wt line (Figure 2A-C). Cells with mutated SRSF2-P95H likewise had higher levels of IL-6 and IL-8 but not TNFα mRNA compared to the SRSF2-wt line (Figure 2D-F). Lines carrying the SF3B1-K700E mutation also had higher levels of IL-6 mRNA (Figure 2G-I), although this did not reach statistical significance, likely due to the fact that the SF3B1-K700E mutation was not stable in the K562 line and rapidly reverted to wild type. We validated these results at the protein level in SRSF2-P95H and U2AF1-S34F cells, which produced higher basal levels of IL-6 protein than control lines (Online Supplementary Figure S1). Altogether, these K562 studies indicate that increased inflammatory cytokine production is a common consequence of MDS-associated spliceosome mutations.
[image: ]

Figure 2.Spliceosome gene mutations found in myelodysplastic syndrome (MDS) patients enhance inflammatory cytokine production in cancer-relevant myeloid cells. (A-I) Cytokine mRNA levels were assayed in K562 cells carrying the indicated spliceosome gene mutations (red) or wild-type (WT) control genes (black). (J) IL-6 mRNA was analyzed in lipopolysaccharide (LPS)-induced (20 ng/mL LPS for 4 hours) peripheral blood monocytes isolated from MDS patients either carrying mutations in spliceosome genes (all splice, n=8, 3 SF3B1, 3 SRSF2, 2 U2AF1, color-coded red) or not carrying mutations in these three spliceosome genes (WT, color-coded black). Patient demographics are described in the Online Supplementary Table S1. (K-P) IL-6 mRNA was analyzed in the indicated myeloid cell types from mice engineered to express either WT human U2AF1 (black) or U2AF1-S34F (red). Data represent mean, Standard Error of Mean. *P<0.05. If no P-value is indicated, the comparison was not significantly different.
Our prior studies indicated that inhibiting SF3A1 altered splicing of many genes in the TLR signaling pathway,5 including the signaling adaptor MyD88. The MyD88 gene encodes two isoforms: a long isoform (MyD88l, an NFκB activator), and a shorter isoform in which exon two is skipped (MyD88s, an NFκB inhibitor).2 SF3a1 or SF3b1 knockdown led to increased production of anti-inflammatory MyD88s, leading to decreased inflammatory cytokine production.2 Interestingly, U2af1 or Srsf2 knockdown in RAW264.7 macrophages also increased MyD88s mRNA levels without altering MyD88l (Online Supplementary Figure S2). However, none of the three spliceosome mutations altered MyD88 splicing in K562 cells (Figure 3A-F), suggesting that altered splicing of other TLR pathway genes drives the enhanced inflammatory cytokine production in these cells.
[image: ]

Figure 3.Myelodysplastic syndrome (MDS)-associated spliceosome gene mutations alter splicing of genes that regulate innate immune signaling. The indicated mRNA isoforms were monitored by isoform-specific quantitative polymerase chain reaction on RNA isolated from K562 cells carrying the indicated spliceosome gene mutations (red) or wild-type (WT) control genes (black). MAP3K7 alt refers to the alternative isoform of MAP3K7 that uses an alternate 3’ splice site in intron 4. CASP8Δ6 refers to the alternate CASP8 isoform in which exon 6 is skipped. Data represent mean, Standard Error of Mean. *P<0.05. If no P-value is indicated, the comparison was not significantly different.
Lee et al.7 reported that SF3B1 mutation altered splicing of MAP3K7, which encodes TAK1. Depending on the physiological context, TAK1 can act as either a positive or negative regulator of NFκB activation,7 and the authors found that increased production of the alternate MAP3K7 isoform correlated with enhanced innate immune signaling.7 Similarly, the authors determined that cells carrying mutations in SRSF2 produced an alternate isoform of CASPASE8 (CASP8) in which exon 6 is skipped, resulting in production of a truncated protein that enhances NFκB activity.7
To determine if altered splicing of MAP3K7 or CASP8 was associated with enhanced innate immune signaling, we monitored production of these splice forms. In K562 cells, SF3B1-K700E but not SRSF2-P95H or U2AF1-S34F mutations enhanced production of the alternate isoform of MAP3K7 (Figure 3J-L); in contrast, the canonical isoform of MAP3K7 was not affected by any spliceosome mutation (Figure 3G-I). The comparable mouse MAP3K7 alternate isoform trended towards a moderate increase in RAW264.7 cells over-expressing SF3B1-K700E compared to SF3B1-wt (Online Supplementary Figure S3).
Production of the alternate isoform of CASP8 was moderately increased in K562 cells with the SRSF2-P95H mutation, but this difference did not reach statistical significance (Figure 3Q). Nor did U2AF1-S34F mutation alter production of either CASP8 isoform (Figure 3O and R). In contrast, SF3B1-K700E mutation increased production of both CASP8 isoforms (Figure 3M and P), reflecting a possible change in expression rather than splicing. Consistent with this, two other CASP8 isoforms previously reported to be affected by spliceosome mutations87 were also increased in SF3B1-K700E cells (Online Supplementary Figure S4). Collectively, these data indicate that multiple alternative splicing events, including many yet to be elucidated, contribute to enhanced innate immune signaling in cells carrying spliceosome mutations.
To determine if spliceosome mutations enhanced inflammatory cytokine production in patient samples, we reanalyzed data from our prior peripheral blood mono-cyte study.9 Indeed, monocytes from MDS patients with spliceosome mutations trended towards increased IL-6 mRNA levels (Figure 2J).
To further explore the effect of spliceosome mutations on primary myeloid lineage cells, we used mice engineered to inducibly express either wild-type U2AF1 or U2AF1-S34F. Five days after induction of the U2AF1 transgene, we isolated total Gr-1-positive () myeloid cells and CD115 monocytes and measured IL6 expression. As expected, IL6 expression was significantly increased in these populations, as well as in primary bone marrow-derived macrophages (Figure 2K-M). Since these spliceosome mutations are present throughout hematopoietic ontogeny, we assessed whether IL6 expression also was increased in hematopoietic stem and progenitor cells (HSPC). Interestingly, IL6 was unchanged or even slightly decreased in immature HSC-enriched U2AF1-S34F LincKitSca-1 (LSK) cells, lineage-committed common myeloid progenitors (CMP), and granulocyte-macrophage progenitors (GMP) (Figure 2N-P). These data suggest that increased IL6 expression is a unique property restricted to mature myeloid cells carrying spliceosome mutations.
These studies demonstrate that enhanced inflammatory cytokine production is a common consequence of MDS-associated spliceosome mutations. Consistent with this, the IL-6 pathway was altered by all three spliceosome mutations in a RASL-seq study.10 Moreover, a recent study demonstrated that SF3B1 and SRSF2 mutations enhance NFκB activity;7 our study confirms these results and extends them to U2AF1. Finally, spliceosome mutations lead to activation of the NLRP3 inflammasome,11 which also regulates inflammation.
Our studies demonstrating that innate immune signaling genes are particularly sensitive to spliceosome perturbation52 have led us to hypothesize that TLR signaling pathway splice site choices evolved to be exquisitely sensitive to cellular conditions because of their functional significance and that they are key regulatory points that limit inflammation.5 We speculate that altered splicing of many genes including MAP3K7 and CASP8 contributes to the enhanced innate immune signaling induced by spliceosome mutations. While knockdown of spliceosome genes weakens innate immunity, expression of mutant spliceosome genes induced the opposite phenotype. This is consistent with studies indicating that these mutations are largely neomorphic rather than loss-of-function.1312
Increased inflammation in MDS may be a common feature that is not limited to patients with spliceosome mutations. Increased inflammation is thought to impair normal hematopoiesis and contribute to the pathogenesis by altering HSPC survival, proliferation, differentiation, and apoptosis.14 Inflammation induced by spliceosome mutations could influence malignancy development in two ways. First, myeloid cells over-producing inflammatory cytokines in the bone marrow could impair HSC niche function, leading to suppression of normal hematopoiesis.14 Innate immune cells present in the HSC niche can alter HSC function.15 In particular, IL-6 influences HSC development and has paracrine function in HSPC, leading to overproduction of myeloid cells and aberrant hematologic features found in MDS patients.1816 Second, our results raise the possibility that altered innate immune signaling induced by spliceosome mutations could alter immune cell function, contributing to the increased risk of infection and/or hyperinflammatory features common to MDS patients,2019 a possibility that we will explore in future studies. Finally, while we focus on the role of spliceosome mutations in MDS, spliceosome mutations are present in many hematologic malignancies1 and could affect pathogenesis of other cancers using similar mechanisms.
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