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Abstract

Recurrent mutations in the splicing factor SRSF2 are associated with poor clinical outcomes in 

myelodysplastic syndromes (MDS). Their high frequency suggests these mutations drive 

oncogenesis, yet the molecular explanation for this process is unclear. SRSF2 mutations could 

directly affect pre-mRNA splicing of a vital gene product; alternatively, a whole network of gene 

products could be affected. Here we determine how SRSF2 mutations globally affect RNA binding 

and splicing in vivo using HITS-CLIP. Remarkably, the majority of differential binding events do 

not translate into alternative splicing of exons with SRSF2P95H binding sites. Alternative splice 
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alterations appear to be dominated by indirect effects. Importantly, SRSF2P95H targets are enriched 

in RNA processing and splicing genes, including several members of the hnRNP and SR families 

of proteins, suggesting a “splicing-cascade” phenotype wherein mutation of a single splicing 

factor leads to widespread modifications in multiple RNA processing and splicing proteins. We 

show that splice alteration of HNRNPA2B1, a splicing factor differentially bound and spliced by 

SRSF2P95H, impairs hematopoietic differentiation in vivo. Our data suggests a model whereby the 

recurrent mutations in splicing factors set off a cascade of gene regulatory events that together 

affect hematopoiesis and drive cancer.
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INTRODUCTION

Recurrent mutations in key factors of the spliceosome, SRSF2, SF3B1, U2AF1 and ZRSR2, 

occur in over 50% of myelodysplastic syndromes (MDS) patients1,2. These mutations occur 

early in the disease, are present in the dominant clone, carry prognostic significance, and 

hold promise as new therapeutic targets1,3,4.

SRSF2 is a member of the serine/arginine rich (SR) class of splicing factors. SRSF2 

contains a RNA binding domain (RBD, AA 1-101) that recognizes and binds exonic splicing 

enhancers (ESE) in a sequence specific manner and a SR domain that participates in protein-

protein interactions to recruit the U2AF complex and the U1 snRNP to the 3′ and 5′ splice 

sites (SS), respectively5–9. Mutations in SRSF2 occur almost exclusively at proline 95 in the 

RNA binding domain and alone are sufficient to induce the hallmarks of MDS (leukopenia, 

macrocytic anemia, and dysplasia) in inducible Mx1-Cre Srsf2P95H/WT knock-in mice10.

We have previously shown that SRSF2 P95H/L/R mutations alter in vitro RNA binding 

affinity and specificity of the SRSF2 RNA binding domain resulting in higher affinity 

binding to the CCNG than to the GGNG consensus motif10, while the wild-type SRSF2 

RBD recognizes both motifs equally well11. RNA sequencing of cell lines and patient 

samples expressing mutant SRSF2 identified differential splicing of CCNG-rich versus 

GGNG-rich exons; however, these cassette exon events only made up a small fraction of all 

alternative splicing (AS) events10,12,13.

SR proteins are essential regulators of constitutive and alternative pre-mRNA splicing and 

carry essential roles in other functions, such as transcriptional elongation, RNA export, RNA 

stability and translation5,14–19. The majority of AS events are orchestrated by a multitude of 

splicing factors, including members of the hnRNP family of splicing factors20–22. The 

versatile functions of SRSF2 and the complexity of regulation of AS emphasize the 

importance of studying splicing factor mutations in vivo within the context of the splicing 

machinery. Although wild-type SRSF2 RNA interactions have been characterized before20, 

no information is present for the mutant SRSF2 in vivo RNA interactome.
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In this study, we performed high-throughput sequencing of RNA isolated by UV-

crosslinking and immunoprecipitation (HITS-CLIP)23,24 to analyze and compare differential 

RNA binding and splicing between wild-type (WT) and mutant (P95H) SRSF2 in vivo in a 

human erythroid leukemia cell line, verified key splice events in primary patient samples and 

assessed their ability to affect hematopoiesis via colony formation assays.

Our data provide evidence for direct effects on RNA binding in vivo and in addition identify 

a “splicing-cascade” phenotype due to SRSF2-mediated functional regulation of cooperating 

and competing splicing factors. These detailed mechanistic studies have implications for the 

development of therapeutic approaches for SRSF2 mutant malignancies.

MATERIALS AND METHODS

SRSF2 mutant cell line construction and verification

Full length human SRSF2-Flag was cloned into the CS-TRE-Ubc-tTA-I2G plasmid1. Site-

directed mutagenesis was performed to obtain SRSF2 mutants per standard protocol 

(Agilent Technologies). Lentivirus was produced by co-transfection of 293FT cells with 

psPAX2 (Addgene plasmid #12260) and pCMV-VSVG (Addgene plasmid #14888). HEL 

cells were transduced at MOI 1 and single cell clones established. Inducible expression of 

SRSF2 was verified by Sanger sequencing and western blotting with anti-Flag antibody 

(Sigma-Aldrich).

HITS-CLIP and RNA-Seq library generation

HITS-CLIP was performed in 4 replicates as previously published25 and according to Ule et 

al.23,24 with the following modifications: HEL/SRSF2WT and SRSF2P95H cells were treated 

with doxycycline [1 ug/ml] for 36 hours and UV-crosslinked (400mJ, Stratalinker 2400, 

Stratagene). RNA–protein complexes were immunoprecipitated with anti-Flag M2 Agarose 

beads (Sigma). RNA was partially digested with RNase A (Affymetrix) and P32-labeled 

(Perkin Elmer). SRSF2-RNA complexes were isolated by SDS-PAGE, treated with 

proteinase K, followed by RNA linker ligation using the NEB multiplex small RNA library 

prep set for Illumina (NEB). Libraries were deep sequenced (Illumina Genome Analyzer IIX 

System, single-end 50bp). Ribosomally depleted RNA from induced SRSF2WT and 

SRSF2P95H, as well as uninduced SRSF2P95H HEL cells, were used for paired-end 2x100bp 

RNA-Seq (Illumina HiSeq4000), performed in duplicate as per the ENCODE guidelines.

Computational procedures

HITS-CLIP reads were processed using the FASTX-Toolkit (removal of adapters and 

duplicated reads) and aligned to the human genome (GRCh38.p3) with Tophat (v2.0.14, --

library-type fr-firststrand --no-coverage-search), using the Gencode 23 transcript annotation 

as transcriptome guide. Normalization was performed with the TMM method implemented 

in the edgeR Bioconductor package. Candidate binding sites were collected from genomic 

positions with at least 1 crosslinking induced deletion and coverage in at least two of the 

four replicates. For each binding site, the ratio between HITS-CLIP and RNA-seq 

normalized signals was calculated. Binding sites with HITS-CLIP to RNA-seq ratio < 5 

were filtered out to remove potential aspecific interactions. Differential analysis of WT vs 
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P95H binding sites was performed with edgeR exact negative binomial test (bcv = 0.4). 

Significant differentially bound sites were identified with the following thresholds: 1) mean 

normalized counts per million (CPM) > 1 in either WT or P95H samples, 2) absolute log2 

Fold Change >1, 3) False Discovery Rate (FDR) < 0.05.

For RNA-seq reads, normalization and differential analysis between WT and P95H 

expression levels were performed with the edgeR package. Differential expression was 

evaluated with the same thresholds used for HITS-CLIP differential binding sites.

Differential alternative splicing (AS) analysis was performed with rMATS26 (v3.2.5, -t 

paired -len 100), capable of handling replicates. Differential AS events with FDR < 0.1 and 

absolute differential percentage of spliced in (delta PSI) > 5% were considered significant.

Functional annotation enrichment analysis with Gene Ontology terms, KEGG and 

REACTOME pathways and the DOSE ontology were performed using the clusterProfiler 

Bioconductor package.

RT-PCR validation

Splice isoforms were amplified by RT-PCR (see supplemental methods for primer 

sequences). cDNA from cell lines and primary patient samples cDNA was submitted to PCR 

with primers spanning target sequences alternatively bound by WT versus MUT SRSF2 
(Supplementary Table S14). PCR products were resolved by agarose gel electrophoresis and 

visualized and quantified using Image Lab 3.0 software (BioRad). Splice isoforms were 

identified and validated by Sanger sequencing.

Primary human cell analysis and Colony Forming Unit (CFU) assays

All human primary cells were obtained with donor’s written consent or from commercial 

sources. All human studies were approved by the Yale University Human Investigation 

Committee. Colony formation assays of human fetal liver and adult mobilized peripheral 

blood CD34+ hematopoietic stem and progenitor cells were performed per standard protocol 

(Stem Cell Technologies) and as described in Sarma et al.27 Detailed information is 

provided in Supplementary Information.

Statistics

If not otherwise indicated, pairwise comparisons were analyzed using the unpaired two-

sided t-test (Graphpad PRISM Software, version 7.0). P-values < 0.05 were considered 

significant with error bars representing the standard error of mean.

RESULTS

Defining the differential interactome of SRSF2 P95H in vivo

To characterize the in vivo effects of SRSF2P95H mutation in the hematopoietic context, we 

generated stable, isogenic Human Erythroid Leukemia (HEL) cell lines with lentivirally 

conferred inducible expression of Flag-tagged wild-type (WT) and mutant (P95H) SRSF2 
(Figure 1a). Exogenous SRSF2 expression was approximately 2 fold higher than 
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endogenous expression, with similar levels between WT and P95H (Figure 1b and 

Supplementary Figure S1a). We verified the absence of exogenous SRSF2 in uninduced 

cells (Supplementary Figure S1b) and we checked by proliferation assays that SRSF2 WT/

P95H overexpressing cells did not show significant differences in growth (Supplementary 

Figure S1c), indicating that the Flag-tag does not alter the function of the WT/P95H SRSF2 

protein as previously shown10,12,15,20, and confirming the viability of the widely used HEL 

cell model. We also verified localization of Flag-tagged SRSF2 to nuclear speckles by co-

localization with SRSF1 in pcDNA transfected 293ft cells (Supplementary Figure S1d). 

Additionally, we tested our lentiviral construct in primary human CD34+ fetal liver cells, 

and performed Colony Forming Unit (CFU) assays to monitor the impact of SRSF2 

mutations on hematopoiesis. The total number of colonies was significantly reduced upon 

SRSF2P95H expression compared to WT SRSF2, with a relative increase of monocytic 

lineage colonies (CFU-M) in colony composition (Figure 1c and Supplementary Figure 

S1e), consistent with the monocytic lineage skewing observed in previous studies10 and the 

preferential occurrence of SRSF2 mutations in CMML2,28.

To analyze and compare in vivo differential RNA binding between SRSF2WT and 

SRSF2P95H HEL cells, we next performed high-throughput sequencing of RNA isolated by 

UV-crosslinking and immunoprecipitation (HITS-CLIP)23–25. Transgenes were induced for 

36 hours and cells UV-crosslinked, followed by stringent RNA immunoprecipitation and 

high-throughput deep sequencing (see Figure 1a for an overview). The original protocol was 

modified to allow more efficient RNA-adapter ligation off-beads and increase yield (Figure 

1a, see Materials and Methods for details). RNAse digestion was optimized 

(Supplementary Figure S1f) and bound RNAs isolated, reverse transcribed, amplified 

(Supplementary Figure S1g) and sequenced in four independent CLIP-replicates for both 

WT and P95H SRSF2 (Supplementary Tables S1–S2). The majority of reads for both WT 

and P95H SRSF2 aligned to exonic regions in protein coding genes (Figure 1d and 

Supplementary Table S3) consistent with SRSF2’s known binding to exonic splicing 

enhancers. Collectively, these results suggest preservation of the global RNA-binding 

function of SRSF2P95H.

UV crosslinking produces single nucleotide amino acid-RNA adducts, resulting in 

nucleotide deletions at the time of reverse transcription29,30 which mark bona fide protein 

binding sites with high specificity at single-nucleotide resolution31. We verified that uracil 

bias, a concern raised for crosslinking induced deletions in previous studies20,32, was absent 

in our experiments (Figure 1e). Therefore, we integrated read coverage and UV crosslinking 

induced deletion sites to identify differential in vivo RNA interactions between SRSF2WT 

and SRSF2P95H with high specificity (see Materials and Methods for details). We 

identified a total of 6479 and 1845 regions preferentially bound by SRSF2WT and 

SRSF2P95H respectively: differential binding is therefore unbalanced, with approximately 

75% lost and 25% gained interactions for SRSF2P95H (Figure 1f, Supplementary Table S4). 

Differentially bound regions are located in 1679 and 1025 genes respectively, with 265 

overlapping genes (Figure 1g), suggesting denser clustering of preferential sites in 

SRSF2WT than SRSF2P95H bound transcripts. The majority of genes with differential 

SRSF2 binding are protein coding (76–78%, Supplementary Figure S1h), with small 
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percentages of antisense and long intergenic non-coding RNAs (2–4%). Interestingly, in 

protein coding transcripts, WT binding sites predominate within CDS regions (83%), while 

P95H preferential sites exhibit almost a three-fold percentage increase within 3′UTRs 

(Figure 1h). Further comparison highlighted that P95H preferential binding sites occur on 

longer (P=1.2x10−28) and less constitutive (P=8.3x10−13) exons than WT sites 

(Supplementary Figure S1i). An exemplary binding profile for SRSF2 is shown in 

Supplementary Figure S2a. Mutant SRSF2 has been reported to differentially splice its own 

CCNG-rich alternative 3′UTR exon, targeting the SRSF2 transcript for non-sense mediated 

decay (NMD)33. We confirmed this event in a minigene splicing assay34 (Supplementary 

Figure S2b).

Parallel RNA-Seq was performed in duplicate on ribosomally depleted total RNA harvested 

from the same cells used for HITS-CLIP, as well as from uninduced cells, allowing to 

quantify transcriptome-wide expression levels (Supplementary Tables S5-S6). Consistent 

with prior data10,12 overall expression changes between SRSF2WT and SRSF2P95H HEL 

cells were small with almost no significant changes (Supplementary Figure S2c). 

Importantly, direct comparison between HITS-CLIP and RNA-Seq signals showed a low 

positive correlation between binding site intensities and transcript expression levels 

(coefficient of determination = 0.05) (Supplementary Figure S2d). Therefore, binding 

affinity, rather than transcript expression levels, seems to be the main factor influencing 

binding peak intensity.

SRSF2 mutations skew RNA binding affinity and specificity in vivo

We have previously shown, that the 3–4-fold higher affinity of the RBD to the CCNG 

(Kd=0.06uM) compared to the GGNG (Kd=0.2uM) consensus motif of all three SRSF2 
mutants (P95H/L/R) in vitro is attributable to mutation-induced structural changes in the 

RBD10. However, in vitro assays cannot study the full length protein that includes the SR 

domain nor its function within the complexity of the splicing machinery. Therefore, we 

analyzed whether in vitro binding preferences are maintained in vivo, by discriminative 

motif analysis between SRSF2WT and SRSF2P95H differential sites (see Supplementary 

Information). Preferentially WT-bound regions are strongly enriched in GA-rich motifs, 

while preferentially P95H-bound sites display an equal enrichment of two motifs, C-rich and 

U-rich respectively (Figure 2a). The U-rich motif is likely consistent with the increased 

frequency of P95H binding sites in 3′UTR (Figure 1h), although it can be found also in 

5′UTR and CDS bound regions (Supplementary Figure S3). Since the first two emerging 

motifs in Figure 2a contain the canonical SSNG sequences associated with SRSF2 

binding10,12,20, we compared their frequencies among in vivo differentially bound regions. 

Consistent with in vitro data, RNA regions preferentially bound by SRSF2P95H are enriched 

in CCNG motifs (P=1.2x10−14), while regions preferentially bound by SRSF2WT are 

enriched in GGNG (P=6.3x10−23) (Figure 2b). To a lesser extent, WT regions are also 

enriched in GCNG (P=1.4x10−6), while no significant differences were found for the CGNG 

motifs that were generally less frequent (Figure 2b).
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In summary, our data uncover skewed sequence specificity and affinity and increased 

relative binding in UTRs at the expense of binding in CDS exons. SRSF2 mutations thus 

confer a complex change of function consistent with the nature of hotspot mutations.

SRSF2 mutations globally affect splicing by targeting splicing factors

Since we identified differential SRSF2 binding in several hundred protein-coding transcripts, 

we applied functional annotation analysis to genes preferentially bound by SRSF2WT or 

SRSF2P95H. Interestingly, we identified significant enrichments for “RNA processing”, 

“RNA splicing”, “mRNA binding”, and “spliceosome” categories in both populations 

(Figure 3a, Supplementary Tables S7–S8). Prior studies have shown that SR proteins 

function in alternative splicing of related35 and other splicing factors36. Differential binding 

occurs in members of several mRNA splicing factor families, and in particular in the 

heterogeneous nuclear ribonucleoprotein (hnRNP) protein family, as well as in RNA binding 
motif (RBM) and other SR proteins known to participate in complex cooperative and 

competitive regulation of alternative splicing with SRSF221,37–41. This high degree of 

interplay is evident when overlaying known protein-protein interaction data, as all these 

factors emerge as a closely interconnected cluster (Figure 3b). These data suggest that 

SRSF2 mutations may affect a broad population of genes via alternative splicing of other 

RNA binding proteins and splicing factors, rather than solely via direct binding and splicing 

of its direct downstream targets.

SRSF2P95H promotes inclusion of CCNG-rich exons and exclusion of GGNG-rich exons 
and results in differential splicing of splicing factors

Differential splicing analysis between SRSF2P95H and SRSF2WT cells was performed with 

rMATS26, detecting 1038 significant alternative splice events (Figure 4a), mostly enriched in 

cassette exons (CE, n=671, 65%) and without a significant trend towards exon inclusion 

versus exclusion42 (Figure 4a, Supplementary Table S9). Consistent with the altered 

SRSF2P95H binding and previous reports10,12,13, cassette exons preferentially included in 

SRSF2WT cells were enriched in GGNG motifs (P=8.0x10−8) and CGNG motifs 

(P=3.9x10−2), while cassette exons preferentially included in SRSF2P95H cells were 

enriched in CCNG motifs (P=5.4x10−6) (Figure 4b). Curiously, GCNG motifs were enriched 

in cassette exons preferentially included in SRSF2P95H (P=1.5x10−2), while the same motif 

was enriched in SRSF2WT binding sites. A minor yet significant subset of 130 differentially 

bound targets, identified via HITS-CLIP, were also differentially spliced (P=2.1x10−4) 

(Figure 4c). Functional annotation analysis of genes with differential splicing confirmed the 

enrichment in “cell cycle”, “RNA splicing”, “RNA binding” and “spliceosomal complex” 

categories (Figure 4d, Supplementary Table S10).

Since alternative splicing analysis of SRSF2 mutant versus wild-type has been performed in 

various systems, we integrated results from 9 published RNA-Seq datasets10,12,13,43,44 to 

determine whether our findings are applicable to SRSF2 mutant cell lines, mouse models 

and primary patient samples. Due to the high heterogeneity among biological samples, 

experimental procedures and computational pipelines, the comparison was performed by 

overlapping lists of genes reported to be differentially spliced in these datasets 

(Supplementary Table S11 and Supplementary Figure S4a). Strikingly, no gene was reported 
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as differentially spliced in all the datasets (Supplementary Figure S4b). Among the 446 

genes recurrently reported as differentially spliced in at least 3 datasets, 28% contain 

differential SRSF2P95H and SRSF2WT binding sites (Supplementary Figure S4b and 

Supplementary Table S12). Functional annotation analysis of these recurrent genes again 

once more highlighted strong enrichments for RNA splicing and processing pathways, as 

well as cell cycle and leukemia signatures (Supplementary Figure S4c and Supplementary 

Table S13). Interaction annotation analysis revealed a cluster of interacting RNA binding 

proteins among these genes, including multiple differentially bound hnRNPs such as 

HNRNPA2B1, HNRNPM, HNRNPH1 and HNRNPH3 (Supplementary Figure S4d).

Together, these data suggest that differential binding does not invariably result in differential 

splicing and that RNA binding and splicing are likely context dependent, as also shown by 

the small percentage of genes found to be recurrently mis-spliced in primary patient samples 

and cell line models. SRSF2 mutations result in context dependent alternative splicing of 

direct targets as well as indirect targets via differential binding and splicing of RNA 

processing and splicing partners.

SRSF2 mutations modulate the splicing network by altering splicing of members of the 
hnRNP and SR protein families

hnRNP proteins are known to antagonize SR protein function45 and were highly represented 

in our HITS-CLIP and in alternative splicing datasets (Figure 3b and Supplementary Figure 

S4d). To validate our results, we determined differential splicing via exon-specific RT-PCR 

(see Supplementary Table S14 for primer design) in dox-induced HEL cells (72h Dox), in 

virally-transduced CD34+ cells and in primary patient samples with SRSF2 mutations 

(Supplementary Table S15). To remove potential splicing effects due to SRSF2 

overexpression in our HEL system, we also combined knockdown of endogenous SRSF2 

(targeted against the 3′UTR) with the expression of WT or P95H SRSF2. Importantly, we 

confirmed differential splicing of HNRNPA2B1, HNRNPH1, HNRNPH3, and HNRNPM in 

both our cell systems and in primary patient samples (Figure 5a–c, Supplementary Figure 

S5a–c, Supplementary Table S16).

In HNRNPA2B1, reduced binding of MUT SRSF2 to the GGNG-rich exon 9 results in exon 

skipping (Figure 5a; P=2.1x10−2 and Supplementary Figure S5a–b). Exon 9 encodes parts of 

the glycine-rich and low complexity region of the protein and affects nuclear-to-cytoplasmic 

mRNA trafficking in neuronal cells46. We confirmed in a minigene splicing assay that 

HNRNPA2B1 exon 9 is a direct target of SRSF2 and differentially spliced by mutant SRSF2 
(Figure 5d). In HNRNPH1, increased mutant SRSF2 binding to exon 5 surprisingly 

correlates with exon 5 exclusion (Figure 5b). Exon 5 represents a frame preserving exon and 

its loss results in a premature stop codon predicted to induce NMD-mediated degradation of 

the alternatively spliced transcript. While HNRNPM (Figure 5c) and HNRNPH3 
(Supplementary Figure S5c) both display decreased SRSF2P95H binding, this difference 

leads to divergent dysregulation of splicing. Decreased binding of mutant SRSF2 to exon 5 

in HNRNPH3 facilitates the use of a proximal 5′SS in exon 4, while decreased binding of 

mutant SRSF2 to exons 3 and 4 of HNRNPM results either in inclusion of both exons, or the 

skipping of exon 3 that is included in the predominant isoform in wild-type cells. 
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Interestingly, exogenous expression of SRSF2WT can induce similar alternative splice 

changes in these target genes, albeit at lower levels compared to the P95H mutant, 

corroborating previous reports that changes in SRSF2 expression levels can induce 

alternative splicing10,46 (Figure 5a–c). Reduced mutant SRSF2 binding also resulted in 

variable splice outcomes in the splicing factors SRSF10 (intron retention; Supplementary 

Figure S6a) and in RBM25 (exon skipping, Supplementary Figure S6b), both predicted to 

result in NMD of the alternatively spliced transcripts.

To prove the indirect impact of SRSF2 mutations on hematopoiesis via alternative splicing 

of hnRNP proteins, we mimicked the effect of dysregulated HNRNP splicing observed in 

P95H mutant cells by performing single and combined siRNA treatment of HNRNPM, 
HNRNPH1 and HNRNPA2B1 in human CD34+ hematopoietic stem and progenitor cells. 

Since alternative splicing in HNRNPH1 and HNRNPM is predicted to result in NMD, we 

designed siRNAs predicted to result in knockdown of their respective targets 

(Supplementary Figure S5d). To mimic the low delta PSI splice changes, we titrated siRNAs 

to achieve knockdown by < 50%. On the other hand, the siRNA against HNRNPA2B1 was 

specifically targeted against the alternatively spliced exon 9 with the goal to affect overall 

expression as little as possible while still achieving exclusion of exon 9 (Supplementary 

Figure S5e). Importantly, we detected significant alterations in hematopoietic differentiation 

for two of the tested hnRNPs: in fact, our CFU assay shows a reduced number of total 

colonies with respect to controls for HNRNPA2B1 alternatively spliced and HNRNPH1 

silenced cells (Figure 5e), reciprocating the finding in SRSF2P95H cells (Figure 1c). The 

decrease particularly affects the class of erythroid burst-forming units (Figure 5e). These 

results demonstrate that isoform regulation of downstream targets of SRSF2P95H can alter 

hematopoiesis, underlining the biological impact of splicing changes in splicing factors 

arising from the alteration of the SRSF2 binding fingerprint.

In summary, our data confirm the complexity of binding – to – splicing outcomes and 

suggest that SRSF2 mutations affect splicing of other RNA binding proteins such as 

hnRNPs, known to modulate splicing in conjunction with SRSF2 and other SR proteins.

DISCUSSION

SRSF2 mutations, associated with myelodysplastic syndromes, portend a poor prognosis. In 

depth understanding of how mutations alter SRSF2 function is essential for the development 

of novel therapeutics. We here provide the first transcriptome-wide, unbiased 

characterization of SRSF2P95H differential RNA-binding in vivo in a syngeneic 

hematopoietic cell context.

We have previously shown via in vitro structure function studies that compared to 

SRSF2WT, SRSF2P95H has an approximately 4-fold higher affinity for the CCNG consensus 

motif, while binding affinity to the GGNG motif remains unchanged10. While these in vitro 
RNA binding data explain the preferential inclusion of CCNG-rich exons by SRSF2P95H, 

they do not explain the preferential exclusion of GGNG-rich exons identified in RNA 

sequencing data presented here or previously published10,12,13. Our in vivo HITS-CLIP 

RNA binding data on the other hand reveal preferential binding of SRSF2P95H to CCNG-
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rich regions and reduced binding to GGNG-rich regions, thus providing the mechanistic 

basis for the observed differential splicing of CCNG- and GGNG-rich exons. The P95 

residue lies in the linker region between the canonical RRM (aa16-90) and the SR domain 

(aa117-211) and may have dual function in determining RNA binding specificity, as part of 

the RNA binding domain (aa1-101)10,11, and the conformation between the RRM and the 

SR domains2, thereby altering protein-protein interactions in a sequence specific manner. 

We identify overall more events with reduced binding of SRSF2P95H (Figure 1f). This loss 

of binding may explain the absolute requirement for the WT allele to avoid rapid bone 

marrow failure when only the mutant allele is expressed10.

By checking whether the SRSF2P95H mutation affects distinct pathways that may contribute 

to its role in MDS and leukemogenesis, we identified strong enrichment in RNA processing 

and splicing functions among genes differentially bound and spliced by wild-type and 

mutant SRSF2, confirmed in several published datasets analyzing alternative 

splicing10,12,43,44. Autoregulation of splicing factors is widely recognized as a means to 

control expression via a negative feedback loop33,34,47–50. Reciprocal regulation of splicing 

and RNA binding factors through alternative splicing adds additional regulatory complexity 

to the splicing network36,48. SRSF2 mutations thus may not only affect targets by direct 

binding, but via alternative splicing of other splicing factors. This finding is particularly 

interesting, given the differential sensitivity of splicing factor mutant cells to global splicing 

inhibitors4,51,52. Downstream accumulation of aberrant yet functional splice transcripts 

might also lead to the creation of neo-antigens susceptible to immune modulator therapy in 

AML with agents such as Pembrolizumab, as currently investigated in clinical trials 

(NCI-2016-01287).

SR proteins are critical in exon definition and regulate a variety of AS events, with an 

overall preference towards repression of intron retention events and activation of cassette 

exon events22. We validated binding-to-splicing effects in cell lines with extended transgene 

induction (72h), in primary CD34+ cells expressing exogenous WT or P95H SRSF2, and 

most importantly in primary patient-derived cells. We focused our analysis on hnRNP 

proteins, overrepresented in our HITS-CLIP data and known to antagonize SR proteins, 

including SRSF248. We confirmed differential splicing of several HNRNP proteins, 

including HNRNPA2B1, HNRNPH1, HNRNPM, and HNRNPH3. HNRNPA2B1 exon 9 

encodes parts of the glycine-rich and low complexity region (LCR), which has been 

implicated in liquid droplet organelle formation53. Most recently, HNRNPA2B1 was 

identified as a potential reader of the N6-methyladenosine mark on pre-mRNA and primary 

miRNA transcripts, facilitating splicing and pri-miRNA processing54. Splice site mutations 

in HNRNPA2B1 have been described in T-cell leukemia/lymphoma55. Importantly, we 

detected impairment in hematopoietic differentiation in human primary human CD34+ fetal 

liver cells when HNRNPA2B1 is alternatively spliced, mimicking the effect of SRSF2 P95H 

mutation. This result is a proof of concept, demonstrating that isoform regulation of 

downstream targets of SRSF2 P95H alter hematopoiesis, highlighting the biological impact 

of splicing changes in splicing factors stemming from the alteration of the SRSF2 binding 

fingerprint.
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Differential splicing of other splicing factors may also explain the marked heterogeneity 

observed between different datasets and also between individual SRSF2 mutant patient 

samples. We have previously identified EZH2 as differentially spliced in SRSF2 mutant 

MDS10. However, EZH2 differential splicing is present only in 3 out of the 9 published data 

sets and we do not detect significant differences in EZH2 binding in our inducible cell lines 

(Supplementary Figure S7), similar to findings by Zhang et al.12. We can thus not determine 

whether EZH2 differential splicing detected in patient cells is a direct splice event due to 

increased SRSF2P95H binding. Several improvements in CLIP techniques will be necessary 

to allow determination of direct splicing factor targets in primary patient cells to shed further 

light on mechanisms of splicing factor mutation-dependent oncogenesis.

The work presented here represents a significant step towards identifying the mechanism of 

SRSF2 mutation-induced alternative splicing in hematologic malignancies. Our studies 

highlight the complexity of AS induced via differential splicing of other RNA processing 

and splicing genes, resulting in a “splicing-cascade” phenotype. This phenomenon may 

underlie the vulnerability of SRSF2 mutant MDS to global splicing inhibitors. Subtle, but 

broad disruption of splicing may not only lie at the root of how splicing factor mutations 

cause MDS/AML, but also represent their Achilles heel. The challenge ahead is to fully 

resolve the combinatorial texture of alternative splicing events leading to hematologic 

malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The SRSF2 P95H mutation alters SRSF2 in vivo RNA interactome
(a) Overview of the HITS-CLIP procedure. Top: generation of lentiviral vector constructs 

expressing C-terminally Flag-tagged SRSF2 WT and P95H in a doxycycline inducible 

manner. Center: HITS-CLIP key experimental steps. Bottom: computational identification of 

differentially bound regions, preferentially bound by WT (in red) or by P95H (in cyan) 

SRSF2. (b) Dose dependent inducible expression of Flag-tagged SRSF2 (WT and P95H). 

(c) Colony Forming Unit Assay for control CD34+ cells (mCherry), and cells with transient 

induction of SRSF2 WT or P95H. Left panel: total number of colonies. Right panel: 

composition of colonies (mean values + SEM). Total colony numbers and colony type 

percentages were compared between WT and P95H by two-tailed t-test (*P<0.05, **P<0.01, 

***P<0.001). (d) Percentage of HITS-CLIP reads aligned to exonic, intronic and intergenic 

regions. In the left panel, percentages were scaled using total region lengths as a normalizing 

factor. (e) Percentage of HITS-CLIP crosslinking induced deletions mapping to each RNA 

nucleotide. (f) Volcano plot displaying fold changes and false discovery rate values for each 

HITS-CLIP binding site. Significant differentially bound regions are highlighted in red and 

cyan (preferentially bound by WT or P95H SRSF2 respectively). (g) Venn diagram of genes 

with at least one SRSF2 differential binding site. (h) Percentage of SRSF2 differential 

binding sites located within 5′UTR, 3′UTR, and CDS regions of protein coding genes.
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Figure 2. The SRSF2 P95H mutation alters SRSF2 in vivo RNA motif specificity
(a) Top enriched motifs for WT and P95H SRSF2 binding sites, identified by discriminative 

analysis of kmer composition. Corresponding p-values are displayed on top of each logo. (b) 
Relative enrichment of the SSNG (S=C/G, N=C/G/A/U) RNA consensus motifs in RNA 

regions preferentially bound by WT versus P95H SRSF2. The number of motif occurrences 

and differential enrichment p-values are displayed for each bar.
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Figure 3. Differentially bound SRSF2 targets are enriched in RNA binding and splicing genes
(a) Functional annotation enrichment analysis of differentially bound transcripts by WT and 

P95H SRSF2. The number of genes belonging to each category is displayed. (b) Protein-

protein interaction network of SRSF2 RNA interactors associated with splicing. The size of 

each node is proportional to the number of differential SRSF2 binding sites: WT (in red), 

P95H (in cyan) or both (in violet).
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Figure 4. SRSF2 P95H mutations promote alternative splicing with inclusion of CCNG rich 
exons and enrichment in RNA binding and splicing genes
(a) Determination of differential alternative splice events via rMATS analysis in HEL cells 

engineered to express SRSF2 WT vs P95H. Left panel: five classes of alternative splicing 

events were considered: cassette exon (CE), alternative 5′ splice site (A5SS), alternative 3′ 
splice site (A3SS), mutually exclusive exons (MXE) and retained intron (RI). Right panel: 

the number of significant events with more inclusion in WT or P95H cells is displayed. (b) 
Relative enrichment of the SSNG (S=C/G, N=C/G/A/T) RNA consensus motifs in cassette 

exons preferentially spliced in WT vs preferentially spliced in P95H SRSF2 expressing 

cells. The number of motif occurrences and enrichment p-values are displayed for each bar. 

(c) Overlap between genes with differential binding and differential splicing in HEL cells 

expressing either WT or P95H SRSF2. The significance of the overlap is displayed. (d) 
Functional annotation enrichment analysis of differentially spliced genes in WT vs P95H 

HEL cells. The number of genes falling into each category is indicated beside each bar.
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Figure 5. SRSF2 mutations results in differential binding and splicing of HNRNP proteins
(a–c) Differential binding and splicing in HNRNP proteins is shown for HNRNPA2B1 (a), 

HNRNPH1 (b), and HNRNPM (c). Left panels: transcript maps showing WT (red) and 

P95H (cyan) SRSF2 binding profiles. The maps display mean normalized HITS-CLIP signal 

with nucleotide resolution. Standard errors for each position are shown as ribbons under 

mean lines. Crosslinking-induced deletions are marked in black. Exon boundaries are 

represented as vertical dotted lines. Differential interaction sites are highlighted on the 

transcript. Center panels: RT-PCR capturing differentially bound exons was performed in 3–

4 replicates in HEL cells with or without doxycycline induction of SRSF2 WT or P95H 

expression, and with or without knockdown of endogenous SRSF2, and in human fetal liver 

CD34+ cells transduced with empty, SRSF2 WT or SRSF2 P95H expressing lentivirus. 

Right panels: primary patient derived samples - alternative splice events were quantified in 

normal CD34+ (n=2), WT MDS/AML (n=6), and MUT MDS/AML (n=6) samples. The 

magnitude of the alternative splice event in % was calculated as ratio of alternative splice 

event to total expression. Considered bands are marked by an asterisk (*). Predicted band 

sizes and transcript sizes are indicated to the right of the gel. (d) Direct differential splicing 

of the HNRNPA2B1 exon 9 by WT vs P95H SRSF2 verified by a minigene splicing assay. 

RG6-HNRNPA2B1 plasmid was co-transfected with empty vector, SRSF2 WT, SRSF2 
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P95H/L/R, and control or SRSF2 siRNA. Alternative splicing of exon 9 was determined via 

semi-quantitative PCR by measuring the ratio of alternative exon exclusion over total 

(exclusion+inclusion) band intensities (n=3). (e) Colony Forming Unit Assay for control 

cells (siNTC), cells silenced for HNRNPM or HNRNPH1, cells induced to splice out 

HNRNPA2B1 exon 9, and cells treated for all three modifications together (siALL). The 

same number of cells was plated in all experiments. The total number and the composition 

of colonies is displayed. Total colony numbers and colony type percentages were compared 

to the control (siNTC). Standard errors (SE) for colony numbers are displayed. In panels (a–
e), significance values were determined by one way ANOVA with Sidák Post Hoc Test 

(*P<0.05, **P<0.01, ***P<0.001).
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