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Mutations in genes encoding splicing factors (which we refer 
to as spliceosomal genes) are commonly found in patients with 
myelodysplastic syndromes (MDS) and acute myeloid leukemia 
(AML)1–3. These mutations recurrently affect specific amino 
acid residues, leading to perturbed normal splice site and 
exon recognition4–6. Spliceosomal gene mutations are always 
heterozygous and rarely occur together with one another, suggesting 
that cells may tolerate only a partial deviation from normal 
splicing activity. To test this hypothesis, we engineered mice to 
express a mutated allele of serine/arginine-rich splicing factor 2 
(Srsf2P95H)—which commonly occurs in individuals with MDS 
and AML—in an inducible, hemizygous manner in hematopoietic 
cells. These mice rapidly succumbed to fatal bone marrow failure, 
demonstrating that Srsf2-mutated cells depend on the wild-type 
Srsf2 allele for survival. In the context of leukemia, treatment 
with the spliceosome inhibitor E7107 (refs. 7,8) resulted in 
substantial reductions in leukemic burden, specifically in isogenic 
mouse leukemias and patient-derived xenograft AMLs carrying 
spliceosomal mutations. Whereas E7107 treatment of mice 
resulted in widespread intron retention and cassette exon skipping 
in leukemic cells regardless of Srsf2 genotype, the magnitude 
of splicing inhibition following E7107 treatment was greater in 
Srsf2-mutated than in Srsf2-wild-type leukemia, consistent with 
the differential effect of E7107 on survival. Collectively, these 
data provide genetic and pharmacologic evidence that leukemias 
with spliceosomal gene mutations are preferentially susceptible to 
additional splicing perturbations in vivo as compared to leukemias 
without such mutations. Modulation of spliceosome function 
may thus provide a new therapeutic avenue in genetically defined 
subsets of individuals with MDS or AML.

Mutations in the spliceosomal genes SRSF2, U2AF1, and SF3B1 are 
the most common class of mutations in patients with MDS1–3 and 
occur across the entire spectrum of myeloid malignancies, includ-
ing in 10–25% of patients with AML and in a higher proportion of 
patients with AML transformed from an antecedent MDS9. Recent 
studies revealed that heterozygous mutations in SRSF2 (ref. 5), as well 
as U2AF1 (ref. 4), drive hematopoietic stem–progenitor cell (HSPC) 
expansion in mice in vivo and that these mutations alter mRNA recog-
nition in a sequence-specific manner6. However, it is still unclear why 
spliceosomal gene mutations occur in an exclusively heterozygous 
state in myeloid malignancies and why these mutations are mutually 
exclusive with one another. Moreover, given the frequency of these 
mutations and their early occurrence in myeloid malignancies10–12, 
strategies to therapeutically target spliceosome-mutant malignancies 
are urgently needed.

We first took a genetic approach to test the hypothesis that cells 
carrying mutations in spliceosomal genes are sensitive to further per-
turbation of normal splicing. We engineered mice that condition-
ally expressed the Srsf2P95H mutation in a hemizygous manner in 
the hematopoietic system (under the control of the Mx1 promoter 
to drive the expression of Cre recombinase); conditional expression 
of the Srsf2P95H allele could then be induced by administration of 
polyinosinic:polycytidylic acid (polyI:C). These mice enabled us 
to study the effects of deleting wild-type (WT) Srsf2 and concomi-
tantly activating expression of the Srsf2P95H allele. Mx1-Cre+Srsf2+/fl 
mice were crossed to Srsf2P95H/+ mice to generate progeny that  
were WT for Srsf2 (Mx1-Cre+Srsf2+/+), heterozygous knockout for 
Srsf2 (Mx1-Cre+Srsf2+/fl), heterozygous for the Srsf2P95H mutation 
(Mx1-Cre+Srsf2P95H/+), or hemizygous for the Srsf2P95H mutation 
(Mx1-Cre+Srsf2P95H/fl) (Supplementary Fig. 1a). In noncompetitive  
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bone marrow (BM) transplantation assays, shortly after polyI:C admin-
istration, recipient mice reconstituted with BM mononuclear cells 
(MNCs) from hemizygous Mx1-Cre+Srsf2P95H/− mice showed signifi-
cantly shorter survival (P = 0.004) and severe BM aplasia (Fig. 1a–c)  
due to loss of HSPCs in the BM (Supplementary Fig. 1b–f),  
which was not observed in mice transplanted with BM MNCs from 
Mx1-Cre+Srsf2P95H/+, Mx1-Cre+Srsf2+/fl, or Mx1-Cre+Srsf2+/+ mice.

To determine the effect of hemizygous expression of the Srsf2P95H 
allele on the transcriptome, we performed RNA-seq analysis on 
HSPCs (CD45.2+ lineage− Sca1+c-Kit+ (LSK) cells) isolated 2 weeks 
after polyI:C injection from mice that had been reconstituted with 
Mx1-Cre+Srsf2+/+, Mx1-Cre+Srsf2+/fl, Mx1-Cre+Srsf2P95H/+, or Mx1-
Cre+Srsf2P95H/− BM cells. We observed >3,000 dysregulated genes in 
Srsf2P95H/− HSPCs relative to all other groups, including >1.5-fold 
repression of many genes involved in hematopoietic stem cell self-
renewal, including Runx1, Erg, and the entire HoxA cluster (Fig. 1d 
and Supplementary Table 1). Gene Ontology (GO) analysis of the 
differentially expressed genes in HSPCs from all four groups revealed 
that pathways related to cell migration, chemotaxis, cytokine produc-
tion, and inflammatory responses were significantly overexpressed 
in Mx1-Cre+Srsf2P95H/− relative to Mx1-Cre+Srsf2P95H/+ HSPCs 
(Supplementary Fig. 1g). We next tested whether hemizygous expres-
sion of Srsf2P95H was associated with substantive alterations in splic-
ing. We used Bayesian statistical methods (the MISO algorithm13 
and Wagenmakers’s framework14) to quantify differential splicing of 
~44,000 annotated alternative splicing events and ~170,000 constitu-
tive splice junctions. We observed differential splicing of all classes of 
alternative splicing events, including competing 5  and 3  splice sites, 
cassette exons, and retained introns in Mx1-Cre+Srsf2P95H/− cells, as 
well as alternative splicing and intron retention affecting normally con-
stitutively spliced junctions. Although most splicing events remained 
unchanged, Mx1-Cre+Srsf2P95H/− cells showed approximately two-
fold more mis-splicing across all types of splicing events than did  
Mx1-Cre+Srsf2P95H/+ cells (Supplementary Tables 1–3).

We next tested whether increased mis-splicing in Mx1-Cre+ 
Srsf2P95H/− cells was due to altered exon recognition. Heterozygous 
expression of the SRSF2P95H, SRSF2P95L, or SRSF2P95R mutation alters 
SRSF2’s recognition of specific exonic splicing enhancer (ESE) motifs 
and drives recurrent mis-splicing of transcripts for key hematopoietic 
regulators5,15. Quantification of the occurrence of ESE motifs within 
cassette exons that were differentially spliced in each genotype of LSK 
cells revealed a statistically significant preference for CCNG over 
GGNG ESE motifs in Mx1-Cre+Srsf2P95H/+ and Mx1-Cre+Srsf2P95H/− 
cells (Fig. 1e), consistent with previous reports. CCNG motifs were 
enriched, and GGNG motifs were depleted, within differentially spliced 
cassette exons but not within flanking introns or exons (Fig. 1f).

To determine whether the cell lethality seen with Srsf2P95H/− 
hemizygosity was also present in the setting of leukemogenesis, we 
transduced Srsf2P95H/fl (control) or Mx1-Cre+Srsf2P95H/fl (hemizygous) 
fetal liver cells with a green fluorescent protein (GFP)-expressing 
retroviral construct encoding the KMT2A–MLLT3 fusion oncogene 
(also known as MLL–AF9) and then transplanted these cells into 
lethally irradiated recipient mice (Supplementary Fig. 2a). Although 
Srsf2P95H/fl control mice rapidly developed leukocytosis, anemia, 
thrombocytopenia, and elevated levels of donor-derived GFP+ cells, 
these features were substantially diminished in the hemizygous 
Srsf2P95H/− background (Supplementary Fig. 2b–g). Consistent with 
this observation, all of the mice from the control group eventually 
developed leukemia, whereas only five of ten Srsf2P95H/− mice suc-
cumbed to disease (Supplementary Fig. 2h). Moreover, leukemic 

cells in Srsf2P95H/− recipients uniformly escaped polyI:C-mediated 
recombination of the WT loxP-flanked (floxed) Srsf2 allele, as com-
pared to the cells in the blood samples taken from the same animals 
in the pre-leukemic state (Supplementary Fig. 2i). Overall, these 
observations revealed that Srsf2P95H/+ cells specifically depend on the 
presence of the WT Srsf2 allele for survival, even in the presence of a 
potent oncogene. These findings are consistent with the observation 
that mutations in genes encoding SRSF2 and other spliceosomal pro-
teins are always heterozygous in individuals with MDS or AML, and 
they provide a potential explanation for the consistent heterozygous 
nature of spliceosomal gene mutations in cancer.

Having established, using mouse genetic models, that cells with 
spliceosomal gene mutations depend on WT splicing function, we 
hypothesized that spliceosome-mutant hematopoietic cells might dis-
play an altered response to pharmacologic inhibition of pre-mRNA 
splicing relative to their WT counterparts. To test this, we treated 
recipient mice with the splicing inhibitor E7107 (refs. 7,8). We first 
generated BM chimeras by transplanting Srsf2+/+ or Srsf2P95H/+ BM 
MNCs into lethally irradiated recipient mice. We then treated these 
mice with E7107 or vehicle starting at 6 months after transplantation  
(a time point at which stable engraftment of long-term hematopoiesis 
is expected) (Supplementary Fig. 2j). After five daily treatments of 
vehicle or E7107, we purified HSPCs (CD45.2+ lineage− Sca1− c-Kit+ 
cells) by flow cytometry and analyzed splicing and gene expression 
by RNA-seq. Ordination analysis by multidimensional scaling based 
on global cassette exon inclusion and global gene expression revealed 
that all of the vehicle-treated samples clustered together irrespective 
of Srsf2 genotype, whereas the E7107-treated samples clustered on 
the basis of Srsf2 genotype (Fig. 2a). These results indicate a differ-
ential gene expression and splicing response to E7107 treatment in 
Srsf2P95H/+ hematopoietic cells as compared to their Srsf2+/+ counter-
parts. We next examined whether this differential response to E7107 
is due to the previously described altered ESE motif preference by 
mutant Srsf2. To do so, we performed a ‘two-factor’ analysis across 
two experimental parameters (vehicle versus E7107 and Srsf2+/+ ver-
sus Srsf2P95H/+) in which we systematically tested for preferential rec-
ognition of exons with different variants of the core SSNG (S = C or 
G) motif between each comparison (Fig. 2b). This analysis revealed 
that exons that are differentially spliced between the vehicle-treated 
Srsf2+/+ and Srsf2P95H/+ samples showed the expected difference in 
ESE motif preference (Fig. 2b, left), as previously published5. In con-
trast, there was no motif enrichment associated with the exons that 
were affected by E7107 in either Srsf2+/+ or Srsf2P95H/+ cells (Fig. 2b, 
top and bottom). However, we did observe that preferential recogni-
tion of exons with CCNG versus GGNG motifs in Srsf2P95H/+ versus 
Srsf2+/+ cells was weaker following E7107 treatment, and we identified 
a small subset of exons whose inclusion was affected in a genotype-
dependent manner (Fig. 2b, right and Supplementary Table 3).

On the basis of these observations, we hypothesized that spliceosome- 
mutant leukemias might have greater sensitivity to pharmacologic 
inhibition of splicing than spliceosome-WT leukemias. Recent work16 
identified SRSF2 mutations in ~10% of adult MLL-rearranged AMLs, 
suggesting that MLL-rearranged leukemias constitute a relevant sys-
tem to study SRSF2 mutations. By reanalyzing RNA-seq data16 from 
human subjects with MLL-rearranged AML, we observed global 
alterations in splicing and ESE motif preference in SRSF2-mutated 
MLL-rearranged AML transcriptomes that are similar to those we 
previously reported in the SRSF2-mutated mouse model of MDS 
and in patients with myeloid leukemia5 (Fig. 2c,d), suggesting that 
SRSF2 mutations alter exon recognition in MLL-rearranged AML as 
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expected. We therefore created an isogenic mouse leukemia model 
by retroviral overexpression of the MLL–AF9 fusion oncogene in 
Vav-Cre+Srsf2+/+ or Vav-Cre+Srsf2P95H/+ BM cells (in which the Vav 
promoter drives hematopoietic-specific expression of the Cre recom-
binase) followed by transplantation into lethally irradiated recipi-
ent mice (Supplementary Fig. 3a). Overexpression of MLL–AF9 in  
Vav-Cre+Srsf2+/+ or Vav-Cre+Srsf2P95H/+ BM cells resulted in fully 
penetrant AML with similar survival latencies and marked splenom-
egaly and hepatomegaly for both groups of mice (Supplementary  
Fig. 3b,c). Although Srsf2-mutated leukemias showed altered gene 
expression related to processes such as cell migration and response 
to external stimuli relative to their WT counterparts (Supplementary 
Fig. 3d), immunophenotype or histological and cytological analyses of 
BM, spleen, and liver revealed no obvious differences between the two 
genotypes (Supplementary Fig. 3e–g). We next examined the effects 
of pharmacological spliceosomal inhibition in vivo. To accomplish 
this, equal numbers of primary MLL–AF9 leukemic cells from Srsf2+/+ 
or Srsf2P95H/+ mice were transplanted into secondary (2°) recipient 
mice to generate secondary leukemias, and the secondary recipient 

mice were then treated with either E7107 or vehicle (Fig. 2e). Ten days 
of intravenous (i.v.) administration of E7107 at 4 mg per kg of body 
weight per day (mg/kg/d) resulted in decreased disease burden—as 
assessed by peripheral blood leukocyte counts and the percentage  
of GFP+ cells (Fig. 2f), histological analyses (Supplementary  
Fig. 3h), and survival benefit in Srsf2P95H/+ mice (P = 0.001)—whereas 
the same treatment regimen had no impact on overall survival of 
Srsf2+/+ mice (P = 0.621) (Fig. 2g). E7107 treatment also improved 
anemia and thrombocytopenia in both Srsf2+/+ or Srsf2P95H/+ mice, 
with a slightly greater improvement observed in Srsf2P95H/+ mice 
(Supplementary Fig. 3i,j).

To determine the mechanistic origins of the Srsf2-mutant- 
selective effects of E7107, we analyzed transcriptional changes after 
5 d of E7107 treatment in vivo (Fig. 3a). Myeloid leukemic cells 
(marked by GFP+Mac1+) were purified from the BM of recipient 
mice exactly 3 h after the fifth dose of E7107 and subjected to RNA-
seq analysis. E7107 exposure resulted in global splicing inhibition 
in both genotypes, typified by widespread intron retention and cas-
sette exon skipping that is expected from inefficient splicing catalysis  
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Figure 1 Spliceosome-mutant cells require  
the wild-type Srsf2 allele for survival.  
(a) Kaplan–Meier survival curve of CD45.1  
recipient mice transplanted with BM cells  
from control (Mx1-Cre+Srsf2+/+) mice or  
mice heterozygous (Mx1-Cre+Srsf2+/−) for  
the WT Srsf2 allele, or mice heterozygous  
(Mx1-Cre+Srsf2P95H/+) or hemizygous  
(Mx1-Cre+Srsf2P95H/−) for the Srsf2P95H  
(mutated) allele (n = 10 mice per group).  
Administration of polyI:C (pIpC) was performed  
4 weeks after transplantation. ****P < 0.0001  
by Mantel–Cox log-ranked test. (b) White  
blood cell (WBC) counts in mice of each  
genotype over 18 weeks of noncompetitive  
transplantation (n = 10 mice per group).  
Error bars represent mean  s.d. ***P < 0.001;  
****P < 0.0001; by one-way analysis of  
variance (ANOVA). (c) Representative  
H&E-stained images of BM from CD45.1  
recipient mice (n = 10 mice per group)  
that were transplanted with BM cells from  
the indicated mouse strains 8 weeks after  
transplantation. Scale bars, 200 m.  
(d) Scatter plots comparing normalized expression  
of individual genes in lineage−Sca1+c-Kit+  
(LSK) BM cells from Mx1-Cre+Srsf2+/− (left),  
Mx1-Cre+Srsf2P95H/+ (middle), and  
Mx1-Cre+Srsf2P95H/− (right) mice relative to  
those from WT control mice. Genes that were  
significantly dysregulated between comparisons  
(Bayes factor > 5; fold change > 1.5) are  
labeled in red (upregulated) and blue  
(downregulated), respectively. Differentially  
expressed genes of particular biological importance  
are highlighted in each plot. Units are transcripts  
per million. (e) Mean enrichment of all variants of the SSNG exonic splicing enhancer (ESE) motif in  
cassette exons that were differentially included versus excluded in LSK cells with heterozygous loss  
of (+/−), heterozygous mutation in (P95H/+), or hemizygous mutation in (P95H/−) Srsf2 relative to the  
Srsf2 control (+/+). Error bars indicate 95% confidence intervals estimated by bootstrapping. (f) Spatial distribution of CCNG and GGNG motifs 
adjacent to the sets of differentially spliced cassette exons analyzed in e. N 10% down and N 10% up indicate the number of exons that exhibited 
decreases or increases, respectively, in inclusion of absolute magnitude 10% in cells with the indicated genotypes relative to Srsf2 control (+/+) cells. 
Shading indicates 95% confidence intervals by bootstrapping. The schematic (bottom) illustrates a portion of a metagene with the cassette exon (black 
box) separated from the upstream and downstream exons (gray boxes) by the beginning and end of the connecting introns. Horizontal axis indicates 
genomic coordinates defined with respect to the 5  and 3  splice sites where position 0 is the splice site itself. Vertical axis represents relative frequency 
of the indicated motifs over genomic loci containing cassette exons included versus those excluded in the indicated genotype comparisons (log scale). 
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(Fig. 3b–d (top and middle) and Supplementary Fig. 4a). Whereas 
E7107-induced splicing dysregulation was highly variable across 
animals in both Srsf2P95H/+ and Srsf2+/+ backgrounds, effects on glo-
bal expression of protein coding genes was highly distinct between 
the genotypes (Fig. 3b–d (bottom) Supplementary Fig. 4b,c, and 
Supplementary Table 1). Moreover, the magnitude of splicing inhibi-
tion following E7107 treatment was more severe in Srsf2P95H/+ versus 
Srsf2+/+ mice, consistent with its differential effect on the survival of 
mice of these two genotypes (Supplementary Fig. 4d). GO analysis 
revealed that differentially expressed genes in Srsf2P95H/+ relative to 
Srsf2+/+ leukemic cells after E7107 treatment were enriched in bio-
logical pathways related to cytokine and immune signaling and to 
leukocyte activation and migration (Supplementary Fig. 4e).

Notably, genes involved in maintaining the leukemogenic programs 
in MLL-rearranged leukemias, including Dot1-like histone H3 meth-
yltransferase (Dot1l) and Meis homeobox 1 (Meis1), were among the 
most differentially spliced genes in Srsf2P95H/+ mice in response to 
E7107 treatment (Fig. 3e and Supplementary Table 3). Given the 
known importance of DOT1L to MLL-mediated leukemogenesis17,18, 
we investigated the effects of E7107 treatment on Dot1l splicing 
further. Treatment with E7107 resulted in more pronounced exon 
skipping and intron retention within a region encoding the catalytic 

domain of the Dot1l protein in MLL–AF9;Srsf2P95H/+ cells relative to 
their MLL–AF9;Srsf2+/+ counterparts, which was readily detectable 
by RT–PCR and qRT–PCR during a time course of drug exposure 
(Fig. 3f,g). A similar increase in cassette exon skipping within Meis1 
was also observed by RT–PCR and qRT–PCR in MLL–AF9;Srsf2P95H/+ 
cells as compared to that in MLL–AF9;Srsf2+/+ cells (Fig. 3f,g). This 
increased mis-splicing in Dot1l and Meis1 in the Srsf2-mutated 
background after E7107 exposure correlated with a mild decrease 
in Meis1 protein and Dot1l-mediated histone H3 Lys79 dimethyla-
tion (H3K79me2), indicating a reduction in Dot1l catalytic activity 
(Supplementary Fig. 4f,g). Conversely, exogenous re-expression  
of DOT1L cDNA resulted in a mild but consistent restoration in cel-
lular proliferation in MLL–AF9;Srsf2P95H/+ cells relative to that in 
MLL–AF9;Srsf2+/+ cells after exposure to E7107 (Supplementary 
Fig. 5a,b). In contrast, Meis1 overexpression was unable to rescue 
the inhibition of cell proliferation that was induced by E7107 treat-
ment (Supplementary Fig. 5c,d). Of note, stable introduction of a 
previously identified point mutation in the gene splicing factor 3b, 
subunit 1 (SF3B1) known to cause E7107 resistance (SF3B1R1074H)19 in 
MLL–AF9;Srsf2P95H/+ cells (Supplementary Fig. 5e–g) rendered these 
cells almost completely insensitive to E7107, with a half-maximal  
inhibitory concentration (IC50) nearly 300-fold greater than that 
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Figure 2 SRSF2-mutated myeloid leukemias are preferentially sensitive to pharmacologic modulation of splicing catalysis. (a) Multidimensional scaling 
using alternatively spliced cassette exons (top) and protein-coding genes (bottom) in LSK cells from the BM of Mx1-Cre+Srsf2P95H/+ and Mx1-Cre+Srsf2+/+ 
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Srsf2P95H/+ (Vav-Cre+Srsf2P95H/+) backgrounds to test the effects of E7107 treatment in vivo. (f) WBC counts (left) and percentage of WBC cells expressing 
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of the parental or SF3B1WT-overexpressing cells (Supplementary  
Fig. 5h). SF3B1R1074H-expressing cells were also impervious to E7107- 
mediated inhibition of splicing (Supplementary Fig. 5h,i). Collectively, 
our data suggest that E7107 treatment induces phenotypic changes in 
MLL–AF9 leukemia through aberrant splicing of multiple downstream 
targets, including Dot1l and Meis1, and provides genetic confirmation 
that E7107 affects cells through on-target inhibition of SF3B1.

Given that the above-mentioned data were generated in the specific 
context of MLL-rearranged mouse leukemias, we next sought to ana-
lyze the effect of splicing inhibition in the context of human AMLs in 
which endogenous SRSF2 mutations also co-occur with a spectrum 
of mutations commonly found in myeloid leukemias. First, we tested 
the effect of E7107 on a previously described cassette exon inclusion 
event in the polycomb repressive complex (PRC) 2–subunit-encoding 
gene enhancer of zeste 2 (EZH2)5 in human leukemia cell lines that 
were WT (TF-1) or mutated (K052) for SRSF2. RT–PCR and qRT–PCR 
analyses revealed that E7107 treatment inhibits SRSF2 mutant-specific 
EZH2 mis-splicing in a dose-dependent manner (Fig. 4a,b). Next, to 
evaluate in vivo drug effects in primary human AMLs, we generated 
patient-derived xenografts (PDXs) from a cohort of patients with pri-
mary AML (n = 2 without a spliceosomal gene mutation, n = 3 with a 
spliceosomal gene mutation; Supplementary Table 4). Primary leuke-
mia cells from each individual patient were transplanted via tail-vein 
injection into ten adult immunodeficient NOD–Scid Il2rgnull (NSG) 
mice. After the human CD45+ cells reached >25% of the total cells 
in the BM of NSG mice (median of 86 d after transplantation; range  
62–148 d), mice were treated with E7107 (4 mg/kg/d) or vehicle for 10 d  
(Fig. 4c). In each PDX model, targeted genomic analysis of purified 
human leukemic cells from the BM confirmed faithful engraftment 

of the major leukemic clones that were found in the primary patient 
samples (Supplementary Fig. 6a) and revealed that spliceosomal gene 
mutations were present in the major leukemic clones following E7107 
treatment in vivo (Supplementary Fig. 6b). All spliceosome-mutant 
AML PDXs showed significant reductions in human leukemic burden 
in response to E7107 treatment, whereas the response in AML cells that 
were WT for splicing was less robust (Fig. 4d,e). Further examination 
revealed that two of three spliceosome-mutant AMLs had a substantial 
decrease in hCD45+ hCD34+ HSPC subsets (Supplementary Fig. 6c). 
In contrast, AMLs that were WT for splicing showed less substantial 
reductions in leukemic cells, as well as in hCD45+ hCD34+ cell sub-
sets (Fig. 4d,e and Supplementary Fig. 6c–e). Although E7107 treat-
ment resulted in reduced cell proliferation 3 h after treatment in vivo 
regardless of spliceosome mutational status (Fig. 4f), the preferential 
sensitivity to E7107 in spliceosome-mutant AML was associated with 
substantially increased apoptosis only in spliceosome-mutant PDX 
samples (Fig. 4g,h and Supplementary Fig. 6f). These data establish 
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Figure 3 Splicing and gene expression changes in Srsf2-WT or  
Srsf2-mutated leukemia cells that were treated with E7107.  
(a) Schematic of secondary transplantation experimentation, with  
E7107 treatment for a defined amount of time followed by euthanization 
of the mice for RNA-seq analyses. Sublethally irradiated mice were 
transplanted with MLL–AF9;Srsf2+/+ or MLL–AF9;Srsf2P95H/+ primary 
leukemias, followed by treatment with E7107 (4 mg/kg/d) or vehicle for  
5 d. GFP+Mac1+ BM cells that were sorted 3 h after the fifth treatment 
were used for RNA-seq (n = 5 mice per group). (b) Multidimensional 
scaling analysis of all 20 mice from a, on the basis of alternatively  
spliced cassette exons (N = 6,369) (top), alternatively spliced retained 
introns (N = 1,791) (middle), and expressed protein-coding genes  
(N = 9,339) (bottom). (c,d) Scatter plots of cassette exon splicing (isoform 
ratios represented as percentage spliced in (PSI, ) values) (top), retained 
introns (  values) (middle), and gene expression (normalized expression 
values) (bottom) from MLL–AF9;Srsf2+/+ (c) or MLL–AF9;Srsf2P95H/+  
(d) mice that were treated with vehicle or E7107. Percentages indicate 
the fraction of differentially spliced cassette exons or retained introns 
(inclusion rates increased or decreased by absolute magnitude 10% with 
P < 0.01) or the number of differentially expressed genes (fold change 
 2.5 with P < 0.01). Red and blue dots represent individual splicing 

events or coding genes whose expression is increased or decreased after 
treatment with E7107 versus vehicle, respectively. (e) Sashimi plots28,29 
across splice junctions surrounding differentially spliced cassette exons 
in Dot1l (top) and Meis1 (bottom), with reads summarized across five 
replicate mice. Bar plots represent the percentage of spliced ( ) cassette 
exon inclusion ratios across all samples. (f) Representative RT–PCR 
analysis of the effect of acute exposure to E7107 (10 nM) on splicing of 
Dot1l and Meis1 in MLL–AF9;Srsf2+/+ and MLL–AF9;Srsf2P95H/+ leukemia 
cells in vitro (n = 3 biological replicates per group). (g) Quantification, 
by qRT–PCR, of the relative levels of exclusion (EX) and inclusion (IN) 
isoforms of Dot1l (left) and Meis1 (right) following acute exposure to 
E7107 (10 nM) in vitro (n = 3 biological replicates per group). Error bars 
represent mean  s.d. *P < 0.05; **P < 0.01; by Student’s t-test.
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a relationship between sensitivity to E7107 and the mutational status 
of spliceosomal genes in primary AMLs.

Whereas splicing is an essential process required for the normal 
function of all mammalian cells, here we provide both genetic and 
pharmacologic evidence that SRSF2-mutant leukemias are preferen-
tially sensitive to splicing modulation in vivo relative to SRSF2-WT 
leukemias. Genomic and biological analyses of cells expressing mutant 
SRSF2 in the absence of the WT protein indicated that the SRSF2 
mutation, despite being selected for in human leukemia1,5, is unable 
to, on its own, support gene expression and splicing patterns required 
for hematopoiesis. The sensitivity of SRSF2-mutated leukemias to loss 
of the WT SRSF2 allele was mirrored by the exposure of leukemias 
bearing heterozygous SRSF2 mutations to E7107, an inhibitor of splic-
ing8. Because mutations affecting the spliceosomal proteins SF3B1 and 

U2AF1 are also found in an exclusively heterozygous context, it will 
be important to determine whether the broad range of malignancies 
carrying diverse spliceosomal gene mutations may prove similarly sen-
sitive to pharmacologic perturbation of normal splicing catalysis.

Given the high frequency of SRSF2 mutations across myeloid 
malignancies1,20,21, the adverse outcome associated with SRSF2 
mutations20,22,23, and the need for novel therapeutic approaches for 
these disorders, the data provided here have important therapeutic 
implications for patients with MDS and AML who have genetic altera-
tions in SRSF2. E7107 is one of a host of structurally distinct splicing 
inhibitors, all of which hinder normal splicing in a similar manner 
by inhibiting SF3B1 function24,25. The only such compound that  
has been tested in humans to date is E7107, for which there are two 
completed phase 1 dose-escalation studies for patients with advanced 
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Figure 4 Preferential sensitivity of primary human leukemias to pharmacologic modulation of splicing in vivo with E7107. (a,b) Representative  
RT–PCR analysis (a) and quantification, by qRT–PCR, (b) of the effect of E7107 exposure (6 h), relative to DMSO treatment, on expression of a  
cassette exon inclusion isoform (‘poison’ exon) of EZH2 in leukemia cell lines that are either WT (TF-1) or mutated (K052) for SRSF2. (c) Schema of 
patient-derived xenograft (PDX) experiments, using engraftment of primary human AML samples (either WT or mutated for spliceosomal genes) into 
NSG mice. (d) Quantification of human CD45 chimerism (hCD45+) (from PDX samples from patients (Pts.) with AML who have (indicated in color) or 
do not have mutations in spliceosomal genes) in the BM of NSG recipient mice after 10 d of treatment with vehicle or E7107 (4 mg/kg/d). Each circle 
represents the hCD45 value for an individual NSG mouse, and each color represents the PDX from a specific patient. Mutational data for each patient 
are listed below the graph. (e) Representative immunohistochemical and immunofluorescence analysis for hCD45 in BM sections of recipient mice 
shown in d. Scale bars, 200 m (10× images) and 50 m (40× images). (f) BM hCD45+ cells in S phase, on the basis of in vivo BrdU incorporation 
after 5 d of treatment with E7107 (4 mg/kg/d) or vehicle. (g,h) Representative FACS plots of annexin V and propidium iodide (PI) staining of hCD45 
cells following 5 d of E1707 (4 mg/kg/d) (bottom) or vehicle (top) treatment in vivo (g) and quantification of annexin V+PI− or annexin V+PI+ hCD45+ 
cells (h). In f,g,h: for Pt_009, n = 3 mice; for Pt_026, n = 2 mice; for Pt_008, n = 4 mice; for Pt_038, n = 3 mice. Throughout, error bars represent 
mean  s.d. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; by Student’s t-test.
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solid tumors. In patients treated with E7107, inhibition of splicing  
was observed during dose escalation, and the dose-limiting toxicity 
was primarily gastrointestinal related; however, visual impairment was 
reported in 3/66 patients26,27. The data presented here demonstrate 
that SF3B1 inhibition has therapeutic potential for the treatment of 
malignancies with SRSF2 mutations; clinical studies with newly iden-
tified SF3B1 inhibitors will be essential to define the safety and thera-
peutic efficacy of this approach in patients. Moreover, ongoing efforts 
to understand how pharmacological inhibitors of splicing alter the 
constellation of proteins that directly or indirectly bind to SF3B1, and 
how mutations affecting splicing factors might alter protein–protein 
interactions, will facilitate the future development of compounds with 
heightened specificity for cells with mutant spliceosomes.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Gene Expression Omnibus: all newly generated 
RNA-seq data were deposited under accession number GSE74064.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Mice. All mice were housed at Memorial Sloan Kettering Cancer Center 
(MSKCC). All animal procedures were completed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals30 and were approved 
by the Institutional Animal Care and Use Committees at MSKCC. The number 
of mice in each experiment was chosen to provide 90% statistical power with 
a 5% error level. Generation and genotyping of the Srsf2P95H/+ conditional 
knock-in mice as well as the Srsf2 conditional-knockout mice (both on the 
C57BL/6 background) were as previously described5,31. For MLL–AF9 BM 
transplantation assays, Srsf2P95H/+ and littermate control mice were crossed 
to Vav-Cre transgenic mice32.

Peripheral blood analysis. Blood was collected by retro-orbital bleeding 
using heparinized microhematocrit capillary tubes (Thermo Fisher Scientific). 
Automated peripheral blood counts were obtained using an IDEXX ProCyte 
Dx Hematology Analyzer. Differential blood counts were scored on blood 
smears stained using Wright–Giemsa stain and visualized using an Axio 
Observer A1 microscope.

Histological analyses. Mice were euthanized and autopsied, and the dissected 
tissue samples were fixed in 4% paraformaldehyde, dehydrated, and embedded 
in paraffin. Paraffin blocks were sectioned at 4 m and stained with hema-
toxylin and eosin (H&E). Images were acquired using an Axio Observer A1 
microscope (Carl Zeiss) or scanned using a MIRAX Scanner (Zeiss).

Bone marrow (BM) transplantation assays. Freshly dissected femora  
and tibiae were isolated from Mx1-Cre+Srsf2+/+, Mx1-Cre+Srsf2+/fl,  
Mx1-Cre+Srsf2P95H/+, or Mx1-Cre+Srsf2P95H/fl CD45.2+ mice of both sexes. 
BM was flushed with a 3-ml insulin syringe into cold PBS (without Ca2+ and 
Mg2+), supplemented with 2% bovine serum albumin, to generate single-
cell suspensions. BM cells were pelleted by centrifugation at 1,500 r.p.m. for  
5 min, and the red blood cells (RBCs) were lysed in ammonium chloride–
potassium bicarbonate lysis (ACK) buffer for 5 min on ice. After centrifuga-
tion, cells were resuspended in PBS with 2% BSA, passed through a 40- m cell 
strainer, and counted. For competitive transplantation experiments, 0.5 × 106  
BM cells from Mx1-Cre+Srsf2+/+, Mx1-Cre+Srsf2+/fl, Mx1-Cre+Srsf2P95H/+, 
or Mx1-Cre+Srsf2P95H/fl CD45.2+ mice were mixed with 0.5 × 106 wild-type 
CD45.1+ support BM and transplanted via tail vein injection into 6-week-old 
lethally irradiated (900 cGy) female CD45.1+ recipient mice. To activate the 
conditional alleles, mice were treated with three doses of polyinosinic:poly-
cytidylic acid (polyI:C; 12 mg/kg/d; GE Healthcare) every second day via intra-
peritoneal injection. Peripheral blood chimerism was assessed every 4 weeks 
by flow cytometry. For noncompetitive transplantation experiments, 1 × 106 
total BM cells from Mx1-Cre+Srsf2+/+, Mx1-Cre+Srsf2+/fl, Mx1-Cre+Srsf2P95H/+, 
or Mx1-Cre+Srsf2P95H/fl CD45.2+ mice were injected into lethally irradiated 
(900 cGy) CD45.1+ recipient mice. Peripheral blood chimerism was assessed 
as described for competitive transplantation experiments. Additionally, for 
each bleeding, whole-blood cell counts were measured on an automated blood 
analyzer. Animals that failed to engraft (<1% CD45.2 chimerism in peripheral 
blood) or were lost due to poly(I:C) toxicity were excluded from analysis.

Xenografts of primary human AML samples. Studies were approved by the 
Institutional Review Boards of Memorial Sloan Kettering Cancer Center and 
Fred Hutchinson Cancer Research Center and conducted in accordance to the 
Declaration of Helsinki protocol. Primary human AML samples derived from 
whole peripheral blood or BM MNCs were depleted of CD3+ T lymphocytes 
and transplanted via tail vein injection into 6-week-old NOD–Scid Il2rgnull 
(NSG) mice (Jackson Laboratory) conditioned with 200 cGy of gamma irradia-
tion. Mice were bled monthly to assess the presence of human CD45+ cells in 
the blood. If hCD45+ was >1%, then BM aspiration was performed to assess 
BM hCD45 chimerism.

Retroviral transduction and transplantation of primary hematopoietic 
cells. Vav-Cre+Srsf2+/+ and Vav-Cre+Srsf2P95H/+ mice were treated with a 
single dose of 5-fluorouracil (150 mg/kg) followed by BM harvest from the 
femora, tibiae and hip bones 6 d later. RBCs were removed by ACK lysis 

buffer, and nucleated BM cells were transduced with viral supernatants  
containing murine stem cell virus (MSCV)-driven MLL–AF9 fusion oncogene 
in a construct tagged with GFP reported from an internal ribosomal entry site 
(MSCV-MLL–AF9-IRES-GFP) for 2 d in Iscove’s modified Dulbecco’s medium 
(IMDM) with 15% fetal calf serum (FCS) supplemented with mouse stem cell 
factor (mSCF) (25 ng/ml), mouse interleukin (IL)-3 (10 ng/ml) and mouse 
IL-6 (10 ng/ml), followed by injection of ~400,000 cells per recipient mouse via 
tail vein injection into lethally irradiated (900 cGy) CD45.1 mice. For second-
ary transplantation experiments, 6-week-old, sublethally irradiated (450 cGy)  
C57/BL6 recipient mice were injected with 250,000 primary MLL–AF9  
leukemic cells. For Srsf2 hemizygous rescue experiments, Srsf2P95H/fl and  
Mx1-Cre+Srsf2P95H/fl fetal liver cells (embryonic day (E) 12.5–E14.5) were  
c-Kit-enriched using CD117 MicroBeads (MACS, Miltenyi Biotec) and  
transduced with viral supernatants containing MSCV-MLL–AF9-IRES-GFP 
twice for 2 d in IMDM with 15% FCS supplemented with mSCF (100 ng/ml), 
mouse thrombopoietin (mTPO; 50 ng/ml), mouse FLT3 ligand (mFLT3-L;  
5 ng/ml), and mouse IL-6 (10 ng/ml), followed by tail vein injection  
of ~500,000 cells into lethally irradiated (900 cGy) CD45.1 recipient mice.  
All cytokines were purchased from R&D Systems.

Flow cytometry analyses and antibodies. Surface marker staining of  
hematopoietic cells was performed by first lysing cells with ACK lysis  
buffer and then washing the cells with ice-cold PBS. Cells were stained with 
antibodies in PBS with 2% BSA for 30 min on ice. For hematopoietic stem 
and progenitor cell staining, cells were stained with a specific lineage-positive 
antibody cocktail, including antibodies specific for B220 (RA3-6B2), CD3 
(17A2), CD4 (RM4-5), Gr-1 (RB6-8C5), Mac1 (M1/70), NK1.1 (PK136), and 
Ter119 (all from BioLegend), allowing for mature lineage exclusion from the 
analysis. Cells were also stained with monoclonal antibodies against c-Kit 
(2B8), Sca1 (D7), Fc- RII and Fc- RIII (2.4G2), CD34 (RAM34), CD45.1 
(A20), CD45.2 (104), CD48 (HM48-1), and CD150 (9D1) (all from eBio-
science). The composition of mature hematopoietic cell lineages in the BM, 
spleen and peripheral blood was assessed using a combination of Mac1, Gr-1, 
B220, CD19, CD4 and CD8 staining. For analysis of human cell populations 
in mouse xenograft experiments, BM mononuclear cells and peripheral blood 
mononuclear cells were stained with a combination of antibodies against hCD3 
(SK7), hCD19 (HIB19), hCD33 (WM-53), hCD34 (4H11), hCD38 (HIT2), 
and hCD45 (HI30) (all from eBioscience). Antibodies against mouse CD45.1 
(A20) and Ter119 were used to exclude host-derived cells. DAPI was used 
to exclude dead cells. The final staining volume was 100 l, and the final 
concentration for all antibodies used was 1:200, except for CD34 (1:50), c-Kit 
(1:100), and CD150 (1:100). For in vivo apoptosis experiments, BM cells were 
harvested from NSG mice 3 h after E7107 treatment. Cells were stained with an 
allophycocyanin (APC)-conjugated annexin V antibody in annexin V binding 
buffer (BD Pharmingen) to detect cells undergoing apoptosis, according to 
the manufacturer’s instructions. For assessment of the effect of E7107 treat-
ment on cell cycle status in vivo, 5-bromo-2 -deoxyuridine (BrdU; 0.1 mg per 
g body weight (mg/g)) was administered via intraperitoneal injection to NSG 
mice 24 h before drug treatment. BM cells were harvested 3 h after E7107 
treatment, and the detection of BrdU incorporation was performed follow-
ing the manufacturer’s instructions (BD Pharmingen) Propidium iodide (PI) 
was used as a counter stain in both the annexin V and BrdU experiments. All 
FACS sorting was performed on FACS Aria, and analysis was performed on 
an LSRII or LSR Fortessa (BD Biosciences). For western blotting, the following 
antibodies to the following proteins were used: H3K79me2 (Abcam; Ab-3594), 
histone H3 (Cell Signaling Technologies; D1-H2), Meis1 (Abcam; Ab-124686), 
Sf3b1/Sap-155 (MBL; D221-3), Flag-M2 (Sigma-Aldrich; F-1084) and -actin 
(Sigma-Aldrich; A-5441). All primary antibodies for western blotting were 
diluted to a final concentration of 1:1,000, in either 5% BSA (Sigma-Aldrich) 
in 0.05% TBS–Tween 20 (TBS-T) or 5% skim milk in 0.05% TBS-T.

Administration of spliceosome modulator E7107 in vitro and in vivo. For 
all in vitro experiments E7107 was dissolved in DMSO. For drug-sensitivity 
studies, cells were exposed to E7107 from a range of 10 M to 0.05 nM. For 
in vivo administration, E7107 was dissolved in vehicle (10% ethanol and 4% 
Tween-80 in sterile PBS) and administered via intravenous (i.v.) injection at 
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4 mg/kg/d. For drug-efficacy studies, randomization was done by conducting 
WBC analysis before the start of drug administration and confirming that 
WBC count averages were equivalent in treatment and vehicle groups. All 
mice received ten consecutive doses of E7107. No blinding was done in the 
in vivo drug studies or in data analysis. For RNA-seq analysis in the mouse 
MLL–AF9 leukemia model, five consecutive doses of E7107 were administered 
to the mice. The mice were euthanized 3 h after receiving the last dose, and 
BM Mac1+ GFP+ cells were purified by flow cytometry.

Cell culture. K052 leukemia cells were purchased from the Japanese Collection 
of Research Bioresources (JCRB) Cell Bank (JCRB0123) and were cultured in 
RPMI medium (made in-house at MSKCC) with 10% FCS. TF-1 cells were 
purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ; ACC344); these cells were cultured in RPMI medium with 10% FCS 
supplemented with human granulocyte–macrophage colony-stimulating  
factor (hGM-CSF) (R&D Systems; 5 ng/ml). Primary mouse MLL–AF9 leuke-
mia cell lines were generated from BM cells of leukemia-bearing mice and 
maintained in IMDM with 15% FCS, supplemented with l-glutamine, mSCF  
(20 ng/ml), mouse IL-3 (10 ng/ml), and mouse IL-6 (10 ng/ml). All cell lines 
have been tested for mycoplasma contamination and authenticated to confirm 
the status of the SRSF2 mutation.

MSCV-Flag-Bio-DOT1L-Puro, MSCV-Meis1-IRES-Puro, and MSCV-IRES-
Puro constructs were used for overexpression studies. Retroviral supernatants 
were produced by transfecting 293 GPII cells (Clontech Laboratories) with cDNA 
constructs and the packaging plasmid VSV.G using XtremeGene9 (Roche) and 
were used to transduce MLL–AF9 leukemic cells in the presence of polybrene  
(5 g/ml), followed by puromycin selection (1 g/ml; Invitrogen) for successfully 
transduced cells. Cells were treated with E7107 (0.5 nM) or DMSO in 96-well 
plate format and were changed into fresh medium containing E7107 or DMSO 
every 2 d. Relative cell growth was assessed on day 6 after E7107 exposure using 
the LSR Canto.

Overexpression of the SF3B1WT or SF3B1R1074H allele was introduced 
into MLL–AF9;Srsf2P95H/+ leukemic cells using the PiggyBac transposon 
system (Supplementary Fig. 5e). 2 g of PiggyBac Transposase construct 
(CMV-PB-Transposase-IRES-TK-HSV) and 6 g of either the SF3B1WT 
(ITR-CAG-Flag-SF3B1WT-IRES-Puro-ITR) or the SF3B1R1074H (ITR-CAG-Flag- 
SF3B1R1074H-IRES-Puro-ITR) cDNA construct were electroporated into 
2 × 106 cells (in a 200- l volume) using the Amaxa Nucleofector Protocol 
(Program T-003) according to the manufacturer’s instructions (Lonza). 
Puromycin selection (1 g/ml) was initiated 4 d after electroporation to 
select for cells that successfully incorporated the constructs. Sanger sequenc-
ing was performed to confirm successful integration of the cDNA plasmid 
using the primers Fwd: TCCAATCAAAGATCTTCTTCCAA and Rev: 
GAGCAGGTTTCTGCAACGAT.

In vitro cell viability assays. Cells were seeded in white flat-well 96-well plates 
(Costar) at a density of 10,000 cells per well. ATP luminescence readings were 
taken 48 h after E7107 treatment using Cell Titer Glo (Promega) according to 
the manufacturer’s instructions.

Semi-quantitative and quantitative RT–PCR. Total RNA was isolated using 
the RNeasy Mini or Micro Kit (Qiagen). For cDNA synthesis, total RNA was 
reverse-transcribed with the SuperScript VILO cDNA Synthesis kit (Life 
Technologies). Primers used in the RT–PCR reactions were: Dot1l (exons 11–13), 
Fwd: ACTTGAGTGACATTGGCACCA, Rev: AGCACCAGAATCCGCGGGG; 
Meis1 (exons 7–9), Fwd: CGGCATCCACTCGTTCAG, Rev: TCACTTGAAG 
GATGGTAAGTCCT; Gapdh, Fwd: CCATGACAACTTTGGCATTG, Rev: CCTG 
CTTCACCACCTTCTTG; EZH2 (exons 9–10), Fwd: TTTCATGCAACA 
CCCAACACT, Rev: CCCTGCTTCCCTATCACTGT. The PCR cycling condi-
tions chosen were as follows: 33 cycles of (i) 45 s at 95 °C; (ii) 45 s at 52 °C;  
(iii) 60 s at 72 °C; with a subsequent 5-min extension at 72 °C. Reaction  
products were analyzed on 2% agarose gels. The bands were visualized by 
ethidium bromide staining.

Quantitative RT–PCR (qRT–PCR) analysis was performed on an Applied 
Biosystems QuantStudio 6 Flex cycler using Power SYBR Green PCR Master Mix 
(ThermoFisher Scientific). The following primers were used: EZH2 inclusion, 

Fwd: CAGCATTTGCCACTCCTACC, Rev: AGAGCAGCAGCAAACTCCTTT; 
EZH2 exclusion,c Fwd: CAGCATTTGGAGGGAGCA, Rev: GCTGGGC 
CTGCTACTGTTATT; 18S rRNA, Fwd: GTAACCCGTTGAACCCCATT, 
Rev: CCATCCAATCGGTAGTAGCG; Dot1l exclusion, Fwd: GCAGGAAC 
TTGAGTGCTTGAA, Rev: GGCAGCTGCTTTGCTCTC; Dot1l inclusion, Fwd: 
CGGCAGAATCGTATCCTCAA, Rev: AAGTATGGTGCGGTCAATG; Meis1 
exclusion, Fwd: TAACAGCAGTGAGCAAGCAC, Rev: AATAAACCAATTG
TTCACTTGAAGG; Meis1 inclusion, Fwd: AAGGTGATGGCTTGGACAAC, 
Rev: AGGGTGTGTTAGATGCTGGAA; Gapdh, Fwd: TGGAGAAACCT 
GCCAAGTATG, Rev: GGAGACAACCTGGTCCTCAG.

All samples, including the template controls, were assayed in triplicate.  
The relative number of target transcripts was normalized to the housekeeping 
gene found in the same sample. The relative quantification of target gene expres-
sion was performed with the standard curve or comparative cycle threshold 
(CT) method.

Statistical analyses. Statistical significance was determined by Student’s  
t-test or analysis of variance (ANOVA) after testing for normal distribution. 
For Kaplan–Meier survival analysis, Mantel–Cox log-ranked test was used to 
determine statistical significance. Data were plotted as mean values with error 
bars representing s.d. using GraphPad Prism 7 software.

Targeted genomic sequencing using MSKCC IMPACT. Genomic alterations 
from FACS-purified hCD45+ BM cells from NSG mice of PDX models were 
profiled using the MSKCC IMPACT assay as described previously33. Genomic 
DNA was extracted using DNeasy Blood and Tissue Kit (Qiagen).

Replicates. RNA-seq was conducted with 3–5 biological replicates from  
each group. Genetic phenotyping experiments were replicated three times 
independently. For in vivo experiments, the number of animals was chosen 
to ensure 90% power with 5% error based on observed s.d. Flow cytometric 
experiments were replicated independently two or three times. Pilot studies 
were conducted with drug studies, and results were replicated in a larger study 
to achieve enough statistical power. In vitro experiments were replicated two 
or three times, and viability experiments were completed in triplicate.

mRNA isolation, sequencing, and analysis. RNA was extracted from sorted 
mouse cell populations using Qiagen RNeasy columns. Poly(A)-selected, 
unstranded Illumina libraries were prepared with a modified TruSeq protocol. 
0.5× AMPure XP beads were added to the sample library to select for fragments 
<400 bp, followed by addition of 1× beads to select for fragments >100 bp. These 
fragments were then amplified with PCR (15 cycles) and separated by gel elec-
trophoresis (2% agarose). 300-bp DNA fragments were isolated and sequenced 
on the Illumina HiSeq 2000 (~100 million 101-bp reads per sample).

Publicly available RNA-seq data. Unprocessed RNA-seq reads from  
31 patients with AML (with MLL rearrangements) were downloaded from 
the US National Center for Biotechnology Information (NCBI) sequence read 
archive (SRA; accession numbers SRP028594, SRP033266, SRP048759, and 
SRP056295). The data consisted of paired-end 2 × 100-bp libraries, with an 
average read count of 102 million per sample. The SRSF2 mutational status of 
the samples was obtained from Lavallée et al.16.

Genome annotations. To create organism-specific gene and genome annota-
tion files, information was combined across University of California, Santa 
Cruz (UCSC) and Ensembl databases, using mouse assembly mm10 (NCBI 
GRCm38) and human assembly hg19 (NCBI GRCh37). To create splice junc-
tion annotation files, alternatively spliced cassette exons, competing 5  or  
3  splice sites, and retained introns were obtained from MISO v2.0 (ref. 13). 
Constitutively spliced exons and introns were identified based on exon–exon 
junctions that were not alternatively spliced according to UCSC knownGene34. 
Novel junctions were defined from the UCSC and Ensembl 71 databases35 
using all possible combinations of splice sites, as described previously36.

RNA-seq read mapping. All human and mouse samples were processed  
using the same pipeline. (i) The reads were mapped to their respective genome 

http://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP028594
http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=SRP033266
http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=SRP048759
http://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=SRP056295
http://www.ncbi.nlm.nih.gov/assembly/327618
http://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/
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assembly, using Bowtie v1.0.0 (ref. 37) and RSEM v.1.2.4 (ref. 38). The latter was 
internally modified to call Bowtie with -v 2, and it was run on the gene annota-
tion file with the parameters --bowtie-m 100 --bowtie-chunkmbs 500 --calc-ci 
--output-genome-bam. (ii) BAM files from step 1 were filtered to remove reads 
in which the alignment mapq score was 0 and the splice junction overhang was 
<6 nt. (iii) All remaining unaligned reads were mapped to the splice junction 
annotation files using TopHat v2.0.8b (refs. 39,40), called with the parameters 
--bowtie1 --read-mismatches 3 -- read-edit-dist 2 --no-mixed --no-discordant  
--min-anchor-length 6 --splice-mismatches 0 --min-intron-length 10 --max- 
intron-length 1000000 --min-isoform-fraction 0.0 --no-novel-juncs --no-
novel-indels --raw-juncs. The --mate-inner-dist and --mate-std-dev arguments  
were calculated using the MISO exon_utils.py script, which maps reads to 
constitutively spliced exon junctions. (iv) The reads aligned to splice junc-
tions were filtered as in ii. (v) All resulting BAM files were merged to create a 
combined file of all aligned RNA-seq reads.

Identification and quantification of differential splicing. Isoform ratios 
for all alternative splicing events were quantified using MISO v2.0 (ref. 13). 
Constitutively spliced exons and introns were quantified using junction-span-
ning reads, as previously described36. The conditional knock-in and knockout 
mice were compared in a pair-wise manner, and for each pair the analysis was 
restricted to splicing events with 20 or more reads supporting either or both 
isoforms, and for which the event was alternatively spliced in the sample pair. 
From that subsets of events, those that fulfilled the following criteria were 
defined as differentially spliced: (i) they had at least 20 relevant reads in both 
samples, (ii) the change in absolute isoform ratio was  10%, and (iii) the 
statistical analysis of isoform ratios had a Bayes factor 5, when calculated 
using Wagenmakers’s framework14. The human AML samples were analyzed 
by calculating the median isoform ratios across all 28 SRSF2+/+ samples and 
comparing those in a pair-wise manner to each sample with mutated SRSF2, 
using the same methodology as for the knock-in and knockout mice. The  
Mx1-Cre+Srsf2+/+ or Mx1-Cre+Srsf2P95H/+ E7107-treated mice were compared 
in a pair-wise manner against the median isoform ratios of their vehicle-
treated counterparts, using the same methodology. For the MLL–AF9-AML- 
transformed mice, there were sufficient numbers of replicates to do a  
group-based comparison within the Srsf2P95H and Srsf2+/+ genotypes individually  
(n = 5 for each genotype–treatment combination). E7107- and vehicle-treated 
mice were compared in a two-sided Wilcoxon rank-sum test, using the total 
number of isoform reads within each treatment group. Events were categorized 
as being differentially spliced if they fulfilled the following criteria: (i) they had 
at least 20 relevant reads in both samples, (ii) the change in median absolute 
isoform ratio was 10%, and (iii) they had a P value <0.01.

Gene expression analysis. All comparisons of gene expression levels  
were performed using RNA-seq read counts normalized with the trimmed 
mean of M values (TMM) method41. The scaling factors were calculated  
based on protein-coding genes only. For comparisons with fewer than five 
replicates per group, we used Wagenmakers’s Bayesian framework14 to com-
pare samples in a pair-wise manner, as described above for the analysis of 
differential splicing. Differentially expressed genes had to have a Bayes factor 
>100. For the MLL–AF9 leukemic mouse model, E7107- and vehicle-treated 
mice within the Srsf2+/+ or Srsf2P95H/+ genotype were analyzed using a two-
sided Wilcoxon rank-sum test to compare the five replicates within each 
genotype–treatment group. Differentially expressed genes had to fulfill the 
following criteria: (i) a difference in abundance greater than a fold change of 
2, and (ii) a P value <0.01.

Gene Ontology (GO) enrichment analysis. For each genotype–treatment 
comparison, we identified genes that were differentially expressed in at least 
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Erratum: Modulation of splicing catalysis for therapeutic targeting of  
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Andrei Krivtsov, Scott A Armstrong, James Palacino, Silvia Buonamici, Peter G Smith, Robert K Bradley & Omar Abdel-Wahab
Nat. Med.; doi:10.1038/nm.4097; corrected 11 May 2016

In the version of this article initially published online, the graphs in Figure 3b–d were laid out incorrectly and were not consistent with the figure 
legend and text. The error has been corrected for the print, PDF and HTML versions of this article.
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