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Abstract 43 

Previous studies have demonstrated that splicing factor mutations are recurrent events in 44 

hematopoietic malignancies. Their clinical characteristics and aberrant splicing patterns have 45 

been explored in myelodysplasia, however, their functional consequences in acute myeloid 46 

leukaemia are largely unknown. The aim of this study was the comprehensive clinical and 47 

functional analysis of mutations in the three most commonly afflicted splicing factor genes: 48 

SRSF2, U2AF1 and SF3B1. To this end, we examined the prognostic role of splicing factor 49 

mutations in two large independent cohorts, encompassing a total of 2678 acute myeloid 50 

leukaemia patients treated with intensive chemotherapy. The clinical analysis was 51 

complemented by RNA-sequencing of 246 patients to identify targets of splicing dysregulation. 52 

Results were validated in an additional RNA-sequencing dataset of 177 patients. Patients with 53 

splicing factor mutations show inferior relapse-free and overall survival, however, these 54 

mutations do not represent independent prognostic markers. Differential isoform expression 55 

analysis revealed a characteristic expression profile for each splicing factor mutation with a 56 

strong dysregulation of several isoforms. Furthermore, by establishing a custom differential 57 

splice junction usage pipeline we accurately detected aberrant splicing in splicing factor 58 

mutated samples. Mutated samples were characterized by predominantly decreased splice 59 

junction utilization of a large number of genes. A large proportion of differentially used spliced 60 

junctions were novel. Targets of splicing dysregulation included several genes with a known 61 

role in acute myeloid leukaemia. In SRSF2(P95H) mutants we further explored the possibility 62 

of a cascading effect through the dysregulation of the splicing pathway. 63 

Taken together, our findings suggest that splicing factor mutations does not represent 64 

independent prognostic markers. However, they do have genome-wide consequences on gene 65 

splicing leading to dysregulated isoform expression of several genes.66 
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Introduction 67 

The discovery of recurring somatic mutations within splicing factor genes in a large spectrum 68 

of human malignancies has brought attention to the critical role of splicing and its complex 69 

participation in carcinogenesis [1–3]. The spliceosome is a molecular machine assembled from 70 

small nuclear RNA (snRNA) and proteins and is responsible for intron removal (splicing) in pre-71 

messenger RNA. In acute myeloid leukaemia (AML), splicing factor mutations occur most 72 

frequently in SRSF2, U2AF1 and SF3B1. The splicing factors encoded by these genes are all 73 

involved in the recognition of the 3’-splice site during pre-mRNA processing.[4] Splicing factor 74 

(SF) mutations are especially common in haematopoietic malignancies, where they occur early 75 

on and remain stable throughout the disease evolution of myelodysplastic syndromes (MDS) 76 

[1,5–9]. SF mutations are also prevalent in acute myeloid leukaemia (AML), which is often the 77 

result of myeloid dysplasia progression, with reported frequencies of 6-10%, 4-8% and 3% for 78 

SRSF2, U2AF1 and SF3B1 mutations respectively [2,4,10,11]. 79 

SF mutations rarely co-occur within the same patient, implying the lack of a synergistic effect 80 

or synthetic lethality [1,2,6]. They are typically heterozygous point mutations, frequently 81 

coincide with other recurrent mutations in haematopoietic malignancies and are associated with 82 

aberrant splicing in genes recurrently mutated in AML [2,4,8]. Notably, the aberrant splicing 83 

patterns are distinct for each SF mutation, suggesting that SF mutations do not share the same 84 

mechanism of action and should be recognized as individual alterations [4,9,12–17].  85 

The clinical characteristics and outcome of patients with SF mutations are well defined in MDS 86 

[1,3,8,9]. Meanwhile, attempts at determining the role of SF mutations as independent 87 

prognostic markers in AML have often been limited to specific subgroups and it remains unclear 88 

whether the inferior survival associated with SF mutations is confounded by their association 89 

with older age or accompanying mutations [10,18]. Additionally, while evidence of aberrant 90 
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splicing due to SF mutations has emerged for many genes relevant in AML, it is yet uncertain 91 

whether and how these changes directly influence disease initiation or evolution.  92 

The aim of this study was a comprehensive analysis of the prognostic implications of SF 93 

mutations in two well-characterized and intensively treated adult AML patient cohorts 94 

amounting to a total of 2678 patients. In addition, the core functional consequences of SF 95 

mutations were explored using targeted amplicon sequencing in conjunction with RNA-96 

sequencing on two large datasets.   97 
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Patients and Methods 98 

Patients 99 

Our primary cohort included a total of 1138 AML patients treated with intensive chemotherapy 100 

in two randomized multicenter phase 3 trials of the German AML Cooperative Group (AMLCG). 101 

Treatment regimens and inclusion criteria are described elsewhere [2]. A cohort of 1540 AML 102 

patients participating in multicenter clinical trials of the German-Austrian AML Study Group 103 

(AMLSG), was used for validation [19]. Cohort composition and filtering criteria are outlined in 104 

the supplementary. 105 

Molecular Workup 106 

All participants of the AMLCG cohort received cytogenetic analysis, as well as targeted DNA-107 

sequencing as described previously [2]. The subset of the AMLSG cohort included in this study 108 

received a corresponding molecular workup, described elsewhere [19]. 109 

RNA-Sequencing and data processing 110 

Using the Sense mRNA Seq Library Prep Kit V2 (Lexogen; Vienna, Austria) 246 samples 111 

underwent poly(A)-selected, strand-specific, paired-end sequencing on a HiSeq 1500 112 

instrument (Illumina; San Diego, CA, USA). A subset of the Beat AML cohort (n=177) was used 113 

for validation [20]. The same bioinformatics analysis was used for both datasets and is 114 

described in the supplementary. The samples were aligned to the reference genome (Ensembl 115 

GRCh37 release 87) using the STAR [21] aligner with default parameters. Splice junctions from 116 

all samples were pooled, filtered and used to create a new genomic index. Multi-sample 2-pass 117 

alignments to the re-generated genome index followed, using the STAR recommended 118 

parameters for gene-fusion detection. Read counts of transcripts and genes were measured 119 

with salmon [22]. Read counts of splice junctions were extracted from the STAR output. 120 

 121 
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Differential expression analysis and differential splice junction usage (DSJU) 122 

A minimum expression filter was applied prior to each differential analysis. Differentially 123 

expressed isoforms were identified with the limma [23] package after TMM-normalization [24] 124 

with edgeR [25] and weighting with voom [26,27]. A surrogate variable analysis step using the 125 

sva [28] package was included to reduce unwanted technical noise. DSJU was quantified 126 

similarly using the diffSplice function of the limma package. Both analyses are described in 127 

detail in the supplementary.  128 

Nanopore cDNA sequencing and analysis 129 

Total RNA was transcribed into cDNA using the TeloPrime Full-Length cDNA Amplification Kit 130 

(Lexogen) which is highly selective for polyadenylated full-length RNA molecules with 5’-cap 131 

structures. Two barcoded samples for multiplexed analysis were sequenced on the Oxford 132 

Nanopore Technologies MinION platform. Alternative isoform analysis was performed with 133 

FLAIR [29].  134 

Statistics  135 

Statistical analysis was performed using the R-3.4.1 [30] software package. Correlations 136 

between variables were performed using the Mann-Whitney U test and the Pearson’s chi-137 

squared test. In case of multiple testing, p-value adjustment was performed as described in the 138 

supplementary. Survival analysis was performed and visualized using the Kaplan-Meier method 139 

and the log-rank test was utilized to capture differences in relapse free survival (RFS) and 140 

overall survival (OS). Patients receiving an allogeneic stem cell transplant were censored at the 141 

day of the transplant, for both RFS and OS. Additionally, Cox regressions were performed for 142 

all available clinical parameters and recurrent aberrations. Cox multiple regression models were 143 

then built separately for RFS and OS, using all variables with an unadjusted p-value < 0.1 in 144 

the single Cox regression models.   145 
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Results 146 

Clinical features of AML patients with SF mutations  147 

We characterized SF mutations in two independent patient cohorts (the AMLCG and AMLSG 148 

cohorts). Our primary cohort (AMLCG) consisted of 1119 AML patients (Figure S1), 236 (21.1%) 149 

of which presented with SF mutations. The three most commonly affected SF genes, SRSF2, 150 

U2AF1 and SF3B1 were mutated in 12.1% (n=136), 3.4% (n=38) and 4.1% (n=46) of the 151 

patients (Figure 1A). In agreement with previous findings [19], SF mutations were in their 152 

majority mutually exclusive, heterozygous hotspot mutations (Figure 1B). The four most 153 

common point mutations were SRSF2(P95H) (n=69), SRSF2(P95L) (n=27), U2AF1(S34F) 154 

(n=18), and SF3B1(K700E) (n=18) mutations (Figure 1C-E). The clinical characteristics of 155 

patients harboring SF mutations are summarized in Tables 1 and S1 (AMLSG cohort), along 156 

with a statistical assessment between cohorts (Table S2). We observed a high overall degree 157 

of similarity regarding clinical features of SF mutated patients between the AMLCG and AMLSG 158 

cohorts, despite their large median age difference. Mutations in SRSF2, U2AF1 and SF3B1 159 

occurred more frequently in secondary AML (44.7% compared to 18.2% in de novo AML) and 160 

were all associated with older age. As reported previously [1], SRSF2 and U2AF1 mutated 161 

patients were predominantly male (76.7% and 76.3%, respectively). Furthermore, patients 162 

harboring SRSF2 mutations presented with a lower white blood cell count (WBC; median 13.3 163 

109/L vs. 22.4 109/L) while U2AF1 mutated patients presented with a reduced blast percentage 164 

in their bone marrow when compared to SF wildtype patients (median 60% vs 80%).  165 

Associations of SF mutations and other recurrent alterations in AML 166 

In a second step, we investigated associations between SF mutations and recurrent cytogenetic 167 

abnormalities and gene mutations in AML (Figure 2). Notably, SF mutations were not found in 168 

inv(16)/t(16;16) patients (n=124), with the exception of one inv(16)/t(16;16) patient harboring a 169 
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U2AF1(R35Q) mutation. The same held true for t(8;21) patients (n=98), where only one patient 170 

had a rare deletion in SRSF2. Additionally, all patients in the AMLCG cohort presenting with an 171 

isolated trisomy 13 (n=9) also harbored an SRSF2 mutation (p<0.001), as described previously 172 

[31].  173 

Mutations in all SF genes correlated positively with mutations in BCOR and RUNX1 and 174 

negatively with mutations in NPM1. Expectedly, SRSF2(P95H) and SRSF2(P95L) mutations 175 

shared a similar pattern of co-expression including significant pairwise associations with 176 

mutations in ASXL1, IDH2, RUNX1 (both p<0.001) and STAG2 (p<0.001 and p=0.002, 177 

respectively). However, apart from IDH2 mutations where co-occurrence was comparable (OR: 178 

3.4 vs 5.1), mutations in ASXL1, RUNX1 and STAG2 coincided more frequently with 179 

SRSF2(P95H) mutations. Despite this, SRSF2(P95L) mutations showed a slightly increased 180 

co-occurrence with other recurrent AML mutations (median 5 vs 4 mutations, p=0.046).  181 

Prognostic relevance of SF mutations for relapse-free survival and overall survival 182 

The prognostic impact of SRSF2, U2AF1 and SF3B1 mutations was initially assessed using 183 

Kaplan-Meier graphs and log-rank testing. All SF mutations presented with both inferior relapse-184 

free survival (RFS) and overall survival (OS) compared to SF wildtype patients (Figures S3.1A-185 

C and S3.2). The effect was most pronounced in U2AF1 mutated patients with an one-year 186 

survival rate of only 29.1%, followed by SF3B1 (40.6%) and SRSF2 mutated patients (49.2%). 187 

Different point mutations inside the same SF gene did not differ significantly in their effect on 188 

OS. 189 

To confirm the observed prognostic impact of SF mutations we performed single Cox 190 

regressions on all available clinical and genetic parameters. In agreement with the Kaplan-191 

Meier estimates, patients harboring SRSF2(P95H), SRSF2(P95L), U2AF1(S34F) and 192 

SF3B1(K700E) mutations had significantly reduced RFS and OS (Figures S3.1D and S4.1). To 193 
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test whether any SF mutation was an independent prognostic marker, multiple Cox regression 194 

models (Figure 3) were built by integrating all parameters significantly associated (p < 0.1) with 195 

RFS and OS in the single Cox regression models. Along with several known predictors, only 196 

U2AF1(S34F) mutations presented with prognostic relevance for both RFS (Hazard 197 

Ratio=2.81, p=0.012) and OS (HR=1.90, p=0.034) in the AMLCG cohort, but not in the AMLSG 198 

cohort. However, when aggregating mutations at the gene level, mutations in SRSF2 and 199 

SF3B1 presented with prognostic relevance for RFS in the AMLSG cohort (HR=1.77, p=0.008; 200 

HR=2.15, p=0.014; respectively), while not reaching significance in the AMLCG cohort (Table 201 

S4.2). When looking only at de novo AML patients, the prognostic impact of U2AF1(S34F) 202 

mutations diminished, yet the prognostic impact observed for SRSF2 and SF3B1 remained 203 

significant in the AMLSG cohort (HR=1.84, p=0.009; HR=2.43, p=0.015; respectively) (Tables 204 

S4.1-S4.2). 205 

Differential isoform expression in SF mutated patients 206 

We next assessed the impact of SF mutations on mRNA expression. To this end, whole-207 

transcriptome RNA-sequencing was performed on 246 AML patients, 29 of which harbored a 208 

mutation in the SF genes of interest, while 199 SF wildtype patients were used as a control 209 

(Figure S2). The remaining patients either presented with a different SF mutation (n=17) or 210 

exhibited more than one SF mutation (n=1) and were excluded. In addition, a subset of the Beat 211 

AML cohort (n=177) with matched DNA- and RNA-sequencing data was used for validation 212 

[20].  213 

After low-coverage filtering we performed a differential isoform expression analysis for ~90 000 214 

isoforms. Differential expression was restricted to a small fraction of all expressed isoforms 215 

(<0.5%; Figure 4A and Table S6.1). Little overlap of differentially expressed (DE) isoforms was 216 

found when different SF mutation groups were compared to the control, consistent with previous 217 
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observations [33]. However, 10 isoforms were reported as DE in both SRSF2(P95H) and 218 

SRSF2(P95L) mutated samples, all with the same fold-change direction (Figure 4B). Out of 219 

those, the isoforms in GTF2I, H1F0, INHBC, LAMC1 and one of the isoforms of METTL22 220 

(ENST00000562151) were also significant in the validation cohort for both SRSF2(P95H) and 221 

SRSF2(P95L). Additionally, the isoform of H1F0 was also reported as DE for U2AF1(S34F) 222 

mutants in both cohorts. For SRSF2(P95H) mutants 107 of all DE isoforms also reached 223 

significance in the validation cohort (40.1%), while for the other SF mutation subgroups 224 

validation rates ranged from 15.1 to 27.3% increasing with larger mutant sample sizes. Notably, 225 

mutated and wildtype samples showed large differences in the expression levels of several 226 

isoforms (Figure 4C and Figure S5). The top two overexpressed isoforms in SRSF2(P95H) both 227 

corresponded to INTS3, which was recently reported as dysregulated in SRSF2(P95H) mutants 228 

co-expressing IDH2 mutations [32]. Several DE isoforms identified in SF mutated patients 229 

correspond to cancer-related genes, many of which have a known role in AML. Specifically, 230 

genes with DE isoforms included, but were not limited to BRD4 [34], EWSR1 [35] and YBX1 231 

[36] in SRSF2(P95H) mutated samples, CUX1 [37], DEK [15,38] and EZH1 [39] in 232 

U2AF1(S34F) mutated samples, as well as PTK2 [40] in SF3B1(K700E) mutated patients 233 

(Tables S7.1-S7.2).  234 

Hierarchical clustering using DE isoforms was performed for all samples to assess the 235 

expression homogeneity of SF mutations. A tight clustering of samples harboring identical SF 236 

point mutations was observed, indicating an isoform expression profile highly characteristic for 237 

each individual SF mutation (Figures S6.1-S6.3). When using DE isoforms resulting from the 238 

comparison of all SRSF2 mutated samples against SF wildtype samples, the samples did not 239 

cluster as well. This stands in agreement with the limited overlap of differentially expressed 240 

isoforms found between the two SRSF2 point mutations examined and suggests at least some 241 
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heterogeneity among them. The same also held true for U2AF1 mutated samples, however all 242 

SF3B1 mutated samples still clustered together when compared as a single group to the 243 

control.  244 

Differential splicing in SF mutants 245 

Previous studies have reported differential splicing as causal for isoform dysregulation in SF 246 

mutants [41,42]. To detect aberrant splicing in our dataset, we quantified the usage of all unique 247 

splice junctions by pooling information from all samples (Figure S7). After filtering out junctions 248 

with low expression, 235 730 junctions were assigned to genes. Only junctions within an 249 

annotated gene were considered, leading to the exclusion of 11 617 (4.9%) junctions. Junctions 250 

present in genes with low-expression or genes with a single junction were excluded, leaving 251 

221 249 unique junctions (19.3% novel) across 15 526 genes (Table S6.1). Applying the same 252 

workflow to the Beat AML cohort yielded 194 158 junctions (8.3% novel). Notably, of the 172 253 

518 junctions shared across both datasets, 10 029 (5.8%) were novel. The novel junctions 254 

passing our filtering criteria were supported by a high amount of reads and samples with a 255 

distribution comparable to that of annotated junctions (Figure 5A). Neither the number of novel 256 

junctions nor the number of reads supporting them correlated with the presence of SF 257 

mutations, suggesting that novel splicing events are not increased in SF mutants.  258 

In consideration of the high proportion of novel junctions in both datasets, we employed a 259 

customized pipeline that can quantify the differential splice junction usage (DSJU) of each 260 

individual junction, by harnessing usage information from all junctions inside one gene. Of the 261 

several hundred junctions reported as differentially used in our primary cohort (p<0.05, log2(fold 262 

change) > 1), 20.2-45.9% constituted novel junctions (Tables S7.1-S7.3 and Tables S9.1-S9.2) 263 

and were classified according to their relationship with known acceptor and donor sites as 264 

described previously (Figure 5B) [15]. Unsurprisingly, validation rates increased with larger 265 
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mutant sample sizes, ranging from 9.3% (SF3B1(K700E); n = 3) to 74.0% (all SRSF2 mutants; 266 

n = 26). Furthermore, validation rates were higher for novel junctions (mean 39.3% vs. 21.5% 267 

known junctions), likely due to the stricter initial filtering criteria applied. By performing nanopore 268 

sequencing of one SRSF2(P95H) mutant and one SF wildtype sample we were able to confirm 269 

the usage of several novel junctions and detect resulting novel isoforms as exemplified for 270 

IDH3G in Figure 6A-D. A tendency towards decreased junction usage was observed for all SF 271 

point mutations and was most evident in SF3B1(K700E) mutants (1 423/1 927; 73.9% of 272 

differentially used junctions). The total number of splicing events, however, was not reduced in 273 

SF mutants (mean 9,275,359 events vs. 9 192 697 in wildtype patients), suggesting that 274 

decreased splicing is limited to selected junctions rather than being a global effect.  275 

We systematically compared the genes with at least one DE isoform and those reported as 276 

differentially spliced in all SF mutation subgroups (Tables S9.3-S9.4). For SRSF2 mutants, 277 

genes significant in both analyses included EWSR1, H1F0, INTS3 and YBX1. In general, out 278 

of the genes examined in both analyses only 9.8-23.3% (depending on the SF mutation) of 279 

genes reported as having a DE isoform were also reported as being differentially spliced. 280 

Conversely, 3.3-28.5% of differentially spliced genes were also reported as having a DE 281 

isoform. These findings suggest that differential gene splicing does not always lead to altered 282 

isoform expression while at the same time differential isoform expression cannot always be 283 

attributed to an explicit splicing alteration. Considering the complementary nature of the 284 

analyses, we performed gene ontology (GO) analysis by combining the genes with evidence of 285 

differential isoform usage or differential splicing (Tables S10.1-S10.7). Interestingly, GO terms 286 

enriched for both SRSF2 mutants included “mRNA splicing, via spliceosome” (p<0.001 and 287 

p=0.046, respectively) and “mRNA splice site selection” (p=0.022 and p=0.019, respectively) 288 

(Figure 5C).  289 
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In an additional step, the splice junction counts reported by Okeyo-Owuor et al. were used to 290 

detect DSJU between CD34+ cells with U2AF1(S34) mutations (n=3) and SF wildtype (n=3) 291 

via the same pipeline applied to the AMLCG and Beat AML cohorts. While no identical junctions 292 

were differentially used in all three datasets, 16 genes were reported as differentially spliced in 293 

all, including leukemia or cancer-associated genes (ABI1, DEK, HP1BP3, MCM3 and SET), as 294 

well as HNRNPK (a major pre-mRNA binding protein), thereby further refining our list of genes 295 

with strong evidence of differential splicing between U2AF1(S34F) mutants and SF wildtype 296 

samples (Table S11).  297 

The effect of SF mutations on the splicing pathway 298 

It is well established that SF mutations dysregulate splicing by changing RNA binding affinities 299 

or altering 3’ splice site recognition of the corresponding splicing factors. However, SRSF2 also 300 

plays a splicing-independent role in transcriptional pausing by translocating the positive 301 

transcription elongation factor complex (P-TEFb) from the 7SK complex to RNA polymerase II 302 

[43]. A recent study reported that mutant SRSF2(P95H) enhances R-loop formation due to 303 

impaired transcriptional pause release, thus providing evidence that altered splicing does not 304 

account for the entirety of the SRSF2(P95H) mutant phenotype [33]. In another study no 305 

difference was found in the total mRNA of 12 Serine/arginine rich splicing factors and 14 out of 306 

16 major heterogeneous nuclear ribonucleoprotein (hnRNP) splicing factors between 307 

SRSF2(P95H) mutant and WT CRISPR clones [44].  308 

We cross-referenced our differential expression and differential splicing analysis results with a 309 

list of all genes involved in splicing (GO:0000398; mRNA splicing, via spliceosome). Of the 347 310 

splicing-related genes (317 of which were expressed in our dataset) 101 were dysregulated in 311 

at least one SF mutant group. On average 30.5 (range 6-52) splicing-related genes were 312 

dysregulated per SF point mutation. Of note, both SRSF2 point mutations associated with 313 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


15 

 

differential splicing of HNRNPA1 and HNRNPUL1, as well as PCF11 and TRA2A. A query of 314 

the STRING database suggests protein-protein interactions between SRSF2 and the proteins 315 

of the above genes, which are also interconnected (Figure 6E). Interestingly, one of the 316 

differential splicing events reported in both SRSF2 mutants involves the under-usage of the 317 

same novel splice junction in TRA2A (Figure 6F). TRA2A has previously been shown to be 318 

differentially spliced in mouse embryo fibroblasts upon SRSF2 knockout [45]. Furthermore, it 319 

has been shown that both HNRNPA1 and SRSF2 interact with the loop 3 region of 7SK RNA 320 

and by favoring the dissociation of SRSF2, HNRNPA1 may lead to the release of active P-TEFb 321 

[46]. Taken together, our results indicate a strong dysregulation of the splicing pathway in SF 322 

mutants including several genes whose gene products closely interact with SRSF2.  323 

 324 

  325 
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Discussion 326 

The clinical relevance of SF mutations and their aberrant splicing patterns have been explored 327 

in myelodysplasia, while comparable data for AML is lacking. In this study we examined two 328 

AML patient cohorts, encompassing a total of 2678 patients from randomized prospective trials, 329 

to characterize SF mutations clinically. This analysis was complemented by RNA-sequencing 330 

analysis of two large datasets to reveal targets of aberrant splicing in AML. 331 

We show that SF mutations are frequent alterations in AML, identified in 21.4% of our primary 332 

patient cohort, especially in elderly patients and in secondary AML. SF mutations are 333 

associated with other recurrent mutations in AML, such as BCOR and RUNX1 mutations, 334 

however SRSF2(P95L) mutations co-occur less often with those mutations when compared to 335 

SRSF2(P95H) mutations, albeit showing a slightly increased mutational load. This suggests a 336 

more diverse co-expression profile of SRSF2(P95L). 337 

Previous studies have demonstrated the predictive value of SF mutations in clonal 338 

haematopoiesis of indeterminate potential (CHIP) [47], MDS [6,8,48–50] and AML 339 

[10,18,19,51]. However, survival analyses in AML were, in their majority, hampered by small 340 

sample sizes and limited availability of further risk factors. Therefore, we examined whether SF 341 

mutations impact survival while accounting for recently proposed risk parameters included in 342 

the ELN 2017 classification [52]. In our analysis, SRSF2 and SF3B1 mutations were no 343 

independent prognostic markers for OS in AML. U2AF1(S34F) mutations displayed poor OS in 344 

the AMLCG cohort, which we were unable to validate in the AMLSG cohort. The discrepancy in 345 

survival of SF mutated patients between the two cohorts lied most likely in the large age 346 

difference of the participants (median age difference of 8 years), which also led to a higher 347 

percentage of patients receiving allogeneic transplants in the AMLSG cohort (56.5% vs. 30.6% 348 

in the AMLCG cohort). In summary, SF mutations are early evolutionary events and define 349 
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prognosis and transformation risk in CHIP and MDS patients, yet there is no clear independent 350 

prognostic value of SF mutations in AML.  351 

Two large RNA-sequencing studies have been performed previously, to detect aberrantly 352 

spliced genes in SF mutants, both of which focused on MDS patients [41,42]. In this study we 353 

described a distinct differential isoform expression profile for each SF point mutation. 354 

Furthermore, we evaluated differential splicing for the four most common SF point mutations 355 

via a customized pipeline to determine differential usage of both known and novel splice 356 

junctions. Our pipeline enables the differential quantification of individual splice junctions 357 

without restricting the analysis to annotated alternative splicing events. We argue that the 358 

strength of our analysis lies in the accurate detection of single dysregulated junctions 359 

(especially in cases where splice sites are shared by multiple junctions) in an annotation-360 

independent manner achieving validation rates up to 74.0% in our largest mutant sample group 361 

(SRSF2, n=19). Limitations of the analysis include the restriction to junctions with both splice 362 

sites within the same gene (a restriction shared by most differential splicing algorithms) and 363 

genes with at least two junctions. However, the reduced requirements of our analysis could 364 

prove valuable in the study of differential splicing in organisms with lacking annotation.    365 

All SF point mutations shared a tendency towards decreased splice junction usage, which did 366 

not affect the global number of splicing events in SF mutants. Surprisingly, we observed a 367 

limited overlap between genes with differentially expressed isoforms and differentially spliced 368 

genes. In addition, a recent study by Liang et al. reported that the majority of differential binding 369 

events in SRSF2(P95H) mutants do not translate to alternative splicing [53]. Taken together, 370 

these findings indicate a “selection” or possibly a compensation of deregulatory events from 371 

differential binding through differential splicing to finally differential isoform expression. 372 

Furthermore, the enrichment of aberrant splicing in splicing-related genes opens the possibility 373 
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of a cascading effect on transcription via the differential alternative splicing of transcriptional 374 

components. A congruent hypothesis was stated by Liang et al., where an enrichment of 375 

SRSF2(P95H) targets in RNA processing and splicing was shown, further supporting the notion 376 

of an indirect effect of mutant SRSF2 facilitated through additional splicing components. Further 377 

investigations may provide a mechanistic link between the differential splicing of selected genes 378 

and the impairment of transcription and specifically transcriptional pausing observed in SF 379 

mutant cells, which contributes to the MDS phenotype [33]. 380 

To the best of our knowledge our study represents the most comprehensive analysis of SF 381 

mutations in AML to date, both in terms of clinical and functional characterization. This enabled 382 

us to study SRSF2(P95H) and SRSF2(P95L) separately, thereby not only outlining their 383 

differences but also identifying common and likely core targets of differential splicing in SRSF2 384 

mutants. We conclude that SF mutated patients represent a distinct subgroup of AML patients 385 

with poor prognosis that is not attributable solely to the presence of SF mutations. SF mutations 386 

induce aberrant splicing throughout the genome including the dysregulation of several genes 387 

associated with AML pathogenesis, as well as a number of genes with immediate, functional 388 

implications on splicing and transcription. Further studies are required to identify which splicing 389 

events are critical in leukaemogenesis and whether they are accessible to new treatments 390 

options, such as splicing inhibitors [54] and immunotherapeutic approaches.   391 
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Table 1: Clinical characteristics of SF mutations in the AMLCG cohort. 635 

Variables SF wildtype SRSF2 P U2AF1 P SF3B1 P 

No. of patients 903 133 - 38 - 45 - 

Age, years, median (range) 55 (18-86) 65 (25-80) <0.001 64 (23-74) 0.007 65 (31-78) 0.001 

Female sex, no. (%) 490 (54.3) 31 (23.3) <0.001 9 (23.7) 0.003 19 (42.2) 0.387 

Hemoglobin, g/dL, median (range) 9 (3.5-16) 8.9 (3.8-14.7) 0.466 9.2 (6-13.6) 1.000 8.9 (6.8-13.4) 1.000 

WBC count, 10^9/L, median (range) 22.4 (0.1-798.2) 13.3 (0.5-406) 0.008 7 (0.7-666) 0.079 
22.4 (0.9-

269.5) 1.000 

Platelets, 10^9/L, median (range) 55 (0-1760) 49.5 (0-643) 0.736 47 (11-132) 0.466 67 (5-585) 0.744 

LDH, U/L, median (range) 448 (76-19624) 
362 (150-

14332) 0.118 
346 (128-

3085) 0.313 
472 (142-

7434) 0.950 

BM Blasts, %, median (range) 80 (6-100) 76 (15-100) 0.455 60 (10-95) 0.002 70 (13-95) 0.206 

Performance Status (ECOG) > 1, 
no. (%) 157 (25.9) 18 (26.1) 1.000 8 (27.6) 1.000 4 (16) 0.941 

primary AML, no. (%) 786 (87) 100 (75.2) 0.016 24 (63.2) 0.003 29 (64.4) 0.002 

secondary AML, no (%) 69 (7.6) 30 (22.6) <0.001 13 (34.2) <0.001 11 (24.4) 0.021 

therapy-related AML, no (%) 48 (5.3) 3 (2.3) 0.507 1 (2.6) 1.000 5 (11.1) 0.380 

Allogeneic transplant, no. (%) 296 (32.8) 27 (20.3) 0.022 7 (18.4) 0.273 12 (26.7) 0.797 

Complete Remission, no. (%) 641 (71) 71 (53.4) <0.001 18 (47.4) 0.015 19 (42.2) 0.001 

Relapse, no (%) 366 (63.5) 46 (82.1) 0.034 11 (78.6) 0.713 14 (87.5) 0.266 

Deceased, no (%) 575 (63.7) 112 (84.2) <0.001 34 (89.5) 0.010 41 (91.1) 0.002 

 636 

WBC: white blood cells, LDH: lactate dehydrogenase, BM: bone marrow, ECOG: Eastern Co-637 

operative Oncology Group performance score 638 

 639 

 640 

 641 

  642 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


31 

 

Figure Legends 643 

Figure 1: Frequency and location of SF mutations. (A) Distribution of SF mutations in the 644 

AMLCG cohort. (B) Variant allele frequency of SF mutations in both study cohorts. (C) Mutation 645 

plots showing the protein location of all SF mutations in the genes SRSF2, U2AF1, and SF3B1 646 

for all patients of the AMLCG cohort. Number of patients harboring SF mutations are 647 

additionally provided for both cohorts. 648 

Figure 2: Correlations between SF mutations and recurrent abnormalities. Correlation 649 

matrix depicting the co-occurrence of SF mutations and recurrent mutations in AML (A), as well 650 

as cytogenetic groups, as defined in the ELN 2017 classification (B). Only variables with a 651 

frequency >1% in the AMLCG cohort are shown. FLT3-ITD: FLT3 internal tandem duplication 652 

mutation; FLT3-TKD: FLT3 tyrosine kinase domain mutation; CN-AML: cytogenetically normal 653 

AML 654 

Figure 3: Multiple Cox regression models for overall survival. Multiple Cox regression 655 

models (for OS) were performed separately for patients in the AMLCG cohort (on the left) and 656 

AMLSG cohort (on the right). The models include all variables with p < 0.1 in the single Cox 657 

regression models of the primary cohort (AMLCG cohort). Significant p-values (<0.05) are 658 

marked with a star. CN-AML: cytogenetically normal AML; LDH: lactate dehydrogenase; pAML: 659 

primary AML; sAML: secondary AML; tAML: therapy-related AML; WBC: white blood cells 660 

Figure 4: Differential isoform expression analysis in the AMLCG cohort. (A) Number of 661 

differentially expressed isoforms for each SF point mutation. (B) Isoforms reported as 662 

differentially expressed in the same direction among patients with different SF mutations vs. SF 663 

wildtype patients. HGNC symbols of the genes in which the common isoforms are located are 664 

shown. The corresponding Ensembl isoform identifiers are: 1. ENST00000340857, 2. 665 

ENST00000481621, 3. ENST00000309668, 4. ENST00000258341, 5. ENST00000426532, 6. 666 
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ENST00000562151, 7. ENST00000564133, 8. ENST00000368817, 9. ENST00000566524, 667 

10. ENST00000530211. (C) Volcano plots showing the magnitude of differential isoform 668 

expression for SRSF2(P95H) and SRSF2(P95L). The x-axis corresponds to the log2(fold 669 

change) of each isoform between mutated and wildtype samples, while the y-axis corresponds 670 

to –log10(FDR), where FDR represents the adjusted p-value for each isoform (False Discovery 671 

Rate).  672 

Figure 5: Differential splice junction usage. (A) Scatterplot displaying the number of samples 673 

as well as the total number of reads supporting each splice junction, separately for known and 674 

novel splice junctions in both RNA-Seq datasets. To preserve visibility 20000 random junctions 675 

are shown for each group. (B) Barchart showing the annotation status of splice junctions 676 

reported as differentially used. Novel splice junctions where classified into 5 groups based on 677 

their annotation status as described previously[15] (“DA”: annotated junctions, “NDA”: unknown 678 

combination of known donor and acceptor sites, “D”: known donor, but novel acceptor site, “A”: 679 

novel donor, but known acceptor site, “N”: previously unknown donor and acceptor site). (C) 680 

Venn diagram showing the overlap of GO terms between SRSF2(P95H) and SRSF2(P95L) 681 

mutants for the “biogical process” domain. 682 

Figure 6: Splicing dysregulation in SRSF2 mutants. (A) DSJU of all splice junctions inside 683 

IDH3G (ENSG00000067829) are shown for SRSF2(P95H) mutants compared to SF wildtype 684 

patients in the AMLCG and Beat AML cohort. To determine significance the log fold-change 685 

(logFC) of each splice junction (SJ) is compared to the logFC of all other junctions inside the 686 

same gene. The x-axis denotes individual splice junctions defined by their chromosomal 687 

coordinates (note the high number of splice sites shared by multiple splice junctions). (B)-(D) 688 

Nanopore sequencing results of one SRSF2(P95H) mutated sample and one SF wildtype 689 

sample of the AMLCG cohort. The yellow boxes highlight examples of exon skipping (same 690 
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exons highlighted in (C) and (D). (B) FLAIR distribution of transcripts. Only one known isoform 691 

is expressed in the samples. Additionally, two novel isoforms were detected which are virtually 692 

mutually exclusive in the SRSF2(P95H) mutant and the SF wildtype sample. (C) Exon 693 

composition of known and novel isoforms detected (D). Sashimi plots showing the exon 694 

sequence coverage as well as the splice junction usage of the SRSF2(P95H) mutated and SF 695 

wildtype samples. The black arrow indicates the novel splice junction that is differentially used 696 

in SRSF2(P95H) mutated samples compared to SF wildtype samples in both RNA-Seq 697 

datasets shown in (A). (E) STRING plot depicting an interaction between SRSF2 and several 698 

other splicing-related proteins including TRA2A. (F) Differential splice junction usage of all 699 

splice junctions inside TRA2A (ENSG00000164548) are shown for SRSF2(P95H) and 700 

SRSF2(P95L) mutants compared to SF wildtype patients. Annotation same as (A). 701 

  702 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


34 

 

0%

25%

50%

75%

100%

V
a

ri
a
n

t 
A

ll
e

le
 F

re
q

u
e
n

c
y

Cohort: AMLCG AMLSG

SF wildtype (78.6%) other (1.8%)
SF3B1 (4.1%)

U2AF1 (3.4%)

SRSF2 (12.1%)

A B

SRSF2

AMLCG: n = 136

AMLSG: n = 82

U2AF1

AMLCG: n = 38

AMLSG: n = 33

SF3B1

AMLCG: n = 46

AMLSG: n = 34

P95H/P95L/95_103del and 4 more

S34F/Y

K666N

C

Figure 1
 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

  740 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


35 

 

 741 

 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

 762 

 763 

 764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


36 

 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


37 

 

66%

48%
50%

29%

34%
52%

50%

71%

-400

-200

0

200

N
u

m
b

e
r 

o
f 

D
E

 i
s

o
fo

rm
s 121

2

462

1

0

0

0

0

279

1
0 1

0

155

9

SRSF2(P95H)
n1 = 16 | n2 = 5 

SRSF2(P95L)
n1 = 4 | n2 = 3

U2AF1(S34F)
n1 = 6 | n2 = 3

SF3B1(K700E)
n1 = 3 | n2 = 3

U
p
re
g
u
la
ti
o
n

D
o
w
n
re
g
u
la
ti
o
n

A B

n1  = AMLCG
n2  = Beat AML

logFC

SESN2 LAMC1

PKP2

EWSR1

LPP

ITGB2-AS1

INTS3

GTF2I

INTS3

SLC25A29

1

3

5

7

9

11

13

15

-7 -5 -3 -1 1 3 5 7

-l
o

g
1

0
(F

D
R

)

CDK11B
USF1

CHTOP

HLA-C

ABHD14B

MTND5P19

OGT

MYL5

RP11-531A21.2

XPO6

-7 -5 -3 -1 1 3 5 7

Expression

Below Threshold

Upregulation

Downregulation

SRSF2(P95H) SRSF2(P95L)C
2.   EIF4G2

3. TF2I

4. INHBC

5. LAMC1

6. LTF

7. METTL22

8. METTL22

9. THEM5

10. TIPIN

1.  H1F0

Figure 4
 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

  879 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


38 

 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

 916 

 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

http://dx.doi.org/10.1101/2020.01.07.20016881


39 

 

 928 

 929 

 930 

All rights reserved. No reuse allowed without permission. 
preprint (which was not peer-reviewed) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

The copyright holder for this . http://dx.doi.org/10.1101/2020.01.07.20016881doi: medRxiv preprint first posted online Jan. 10, 2020 ; 

View publication statsView publication stats

http://dx.doi.org/10.1101/2020.01.07.20016881
https://www.researchgate.net/publication/338521299

