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In brief

Wang et al. perform genetic screens to
identify mediators of sensitization and
resistance to acute myeloid leukemia
therapies. This reveals a unique
relationship between expression of RNA
splicing factors and response to the BCL2
inhibitor venetoclax, as well as an
inhibitor of splicing-dependent kinases,
which overcomes venetoclax resistance.
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SUMMARY

Therapy resistance is a major challenge in the treatment of cancer. Here, we performed CRISPR-Cas9
screens across a broad range of therapies used in acute myeloid leukemia to identify genomic determinants
of drug response. Our screens uncover a selective dependency on RNA splicing factors whose loss prefer-
entially enhances response to the BCL2 inhibitor venetoclax. Loss of the splicing factor RBM10 augments
response to venetoclax in leukemia yet is completely dispensable for normal hematopoiesis. Combined
RBM10 and BCL2 inhibition leads to mis-splicing and inactivation of the inhibitor of apoptosis XIAP and
downregulation of BCL2A1, an anti-apoptotic protein implicated in venetoclax resistance. Inhibition of
splicing kinase families CLKs (CDC-like kinases) and DYRKSs (dual-specificity tyrosine-regulated kinases)
leads to aberrant splicing of key splicing and apoptotic factors that synergize with venetoclax, and over-
comes resistance to BCL2 inhibition. Our findings underscore the importance of splicing in modulating

response to therapies and provide a strategy to improve venetoclax-based treatments.

INTRODUCTION

Acute myeloid leukemia (AML) is an aggressive hematologic malig-
nancy marked by a dismal prognosis.’ For decades, the standard
therapy for newly diagnosed AML has been intensive cytotoxic
chemotherapy. Recently, several targeted therapies have been
approved for AML, including inhibitors of IDH1/2, FLT3, and
BCL2.” Despite the introduction of these agents, most patients ul-
timately relapse and acquire resistance to long-term, continuous
drug exposure.®* Genetic mutations, such as in TP53, have
been shown to contribute to poor prognosis in patients treated
with chemotherapy or the BCL2 inhibitor venetoclax.””” More
recently, acquired BAX mutations have been shown to confer
resistance to venetoclax in a subset of AML patients.8 However,
in the majority of cases, genetic lesions are not known to be the
main underlying mechanism of AML relapse,” ' possibly impli-
cating non-genetic mechanisms that allow persistent survival of
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leukemia cells on exposure to drug therapy.'" For instance, upre-
gulation of anti-apoptotic proteins'®'® and dysregulated mito-
chondrial metabolism'“~'® can alter responsiveness to venetoclax.
Such findings have demonstrated that epigenetic plasticity and
transcriptional variability can act as critical evolutionary drivers of
clonal fitness and drug resistance in leukemia.'”'®
Combinatorial therapies have been widely used to circumvent
acquired drug resistance and as an approach with proven clin-
ical efficacy for the treatment of several cancer types.'®?° In
AML, the combination of venetoclax with hypomethylating
agents is now widely used and has significantly improved the
response and survival rates of patients.>’"*> However, despite
the success of venetoclax and hypomethylating agent combina-
tion therapy, this regimen is not curative. Furthermore, the major-
ity of patients are unable to undergo curative allogeneic
stem cell transplantation and ultimately become resistant to
therapy.”” As such, identifying and targeting drug-resistance
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mechanisms in AML with combinatorial treatment regimens is of
critical importance.

Here, we utilized unbiased genetic screens to map drug/gene
interactions for a variety of clinically approved therapies used in
the treatment of AML. This effort highlighted a unique genetic
relationship between response to venetoclax and the function
of specific RNA splicing factors. Although there is a well-estab-
lished role for RNA splicing in the regulation of apoptosis,® clin-
ically viable means to manipulate splicing to enhance cell death
in cancer have been limited to date. As genetic proof of concept,
we identified a number of splicing factors whose loss promotes
cell death in the setting of venetoclax and that are dispensable
for normal hematopoiesis, suggesting a therapeutic index for
augmenting venetoclax response by modulating RNA splicing.
Moreover, we present a compound to modulate RNA splicing
and enhance venetoclax response via inhibition of the splicing
kinase families known as CLKs (CDC-like kinases) and DYRKs
(dual-specificity tyrosine-regulated kinases).

RESULTS

Mapping genomic determinants of AML drug response
To explore drug-gene interactions that underpin response to AML
therapies, we performed a genome-wide Clustered Regularly In-
terspaced Short Palindromic Repeats (CRISPR) screen containing
77,441 single guide RNAs (sgRNAs) targeting 19,115 genes.”* We
transduced this library into the human AML cell line, MOLM-13 (an
MLL-AF9 translocated cell line bearing a concomitant FLT3'T°
mutation) and after 8 days post-transduction, cells were treated
with a broad range of clinically approved AML drugs (venetoclax,
5-azacytidine, cytarabine, etoposide, midostaurin, and idarubicin)
(Figure 1A). Changes in sgRNA abundance were assessed at day
20 post-transduction by measuring the average fold change (drug/
DMSO) of all sgRNAs targeting a given gene, and top scoring can-
didates were classified as genes that sensitize (negative CRISPR
score) or confer resistance (positive CRISPR score) to individual
drugs (Table S1).

We identified previously characterized genes shown to
mediate resistance to these compounds, including sgRNAs tar-
geting the pro-apoptotic factors, BAX and PMAIP (also known as
NOXA), as well as TP53 to confer venetoclax resistance” (Fig-
ure 1B). We also confirmed that inactivation of TOP2A, a target
of etoposide, promoted survival of AML cells against etoposide
exposure. Of note, sgRNAs targeting the uridine-cytidine kinase
UCK2 scored as the top positive hit in our 5-azacytidine screen,
and UCK has been previously implicated to confer resistance to
the hypomethylating agent.*>>°

To identify combinatorial strategies that enhance existing AML
therapies, we explored genes whose sgRNAs were significantly
depleted on drug exposure. We performed Gene Ontology (GO)
enrichment analysis on the top scoring negative hits from each
CRISPR screen and uncovered significant terms associated with
RNA splicing and regulation of mRNAs, linked to venetoclax sensi-
tization (Figure 1C). Consistently, we observed a significantly wider
distribution (higher variance) of CRISPR scores for sgRNAs target-
ing RNA processing genes in the setting of venetoclax treatment
compared with other drugs (Figure S1A). These data suggest a
unique relationship between perturbation of RNA processing and
response to venetoclax compared with other commonly used

¢ CellP’ress

AML therapies. Previous reports have indicated the importance
of leukemia cells exploiting alternative splicing and post-transcrip-
tional mechanisms to promote tumor growth and therapy resis-
tance.”’ " Moreover, clinical observations in AML patients have
also demonstrated correlations between spliceosome mutations
and alterations in response to venetoclax.5*

To further investigate the functional impact of RNA splicing
factors in modulating drug response, we applied a previously
developed CRISPR library targeting functional domains of 492
RNA-binding proteins (RBPs) consisting of 2,855 sgRNAs?’ to
enhance CRISPR-Cas9 negative selection by targeting func-
tional protein domains®® (Figure 1D). Consistent with our initial
findings from the genome-wide screen, we identified that loss-
of-function of several RNA splicing factors enhanced sensitivity
or resistance to venetoclax treatment (Figures 1E and 1F). We
further validated the top scoring sensitizers, such as RBM10,
SRSF11, SRSF8, HNRNPD, HNRNPAB, and HNRNPF, whose
inactivation led to preferential sensitivity in AML cells treated
with venetoclax, which was not seen with other tested therapeu-
tics (Figures 1G and S1B-S1D).

Loss of RBM10 sensitizes leukemia cells to venetoclax
Among the top gene candidates whose loss sensitized cells to
venetoclax was RBM10, whose loss-of-function exclusively
enhanced venetoclax efficacy in AML among other drugs
screened (Figures 1F, 1G, and S2A). We further explored publicly
available genome-wide CRISPR screens performed in a broad
range of human cancer cell lines, which revealed that RBM10
loss is least essential in leukemia cell lines compared with other
cancer subtypes (Figure S2B). However, in the presence of ven-
etoclax, RBM10 deletion strikingly conferred preferential lethality
and anti-leukemic effects in human AML cell lines across a variety
of molecular subtypes (Figures 2A-2C and S2C). Of note, RBM10
deletion even augmented BCL2 inhibition in TP53-mutated AML
cell lines (THP-1 and U937),>* which have been previously
described as venetoclax resistant®® (Figure S2D).

We next assessed the impact of RBM10 deletion on the
response of human AML cells to venetoclax in vivo. To achieve
this, we transplanted MOLM-13 cells stably expressing firefly
luciferase and anti-RBM10 sgRNAs or the non-targeting control
(sgRosa) into non-obese diabetic (NOD)/severe combined im-
munodeficiency (SCID) IL2Rgamma™" (NSG) mice. On disease
onset, mice were treated with venetoclax (100 mg/kg/day) or
vehicle control (Figure 2D). Consistent with our in vitro findings,
RBM10 deletion reduced leukemia burden and extended sur-
vival in the setting of venetoclax treatment (Figures 2E, 2F, and
S2E). Indel analysis of prolonged RBM10 sgRNA editing by
next-generation sequencing showed an outgrowth of cells con-
taining in-frame RBM10 mutations, implicating that mice suc-
cumb to an outgrowth of sgRNA-expressing cells that retain
RBM?10 functionality (Figure S2F). Overall, these findings provide
genetic evidence that loss of RBM10 has a synthetic lethal
relationship with BCL2 inhibition in AML.

Many RNA splicing factors are known to be pan-essential for cell
survival.*® To evaluate the therapeutic potential of RBM10 modu-
lation as a therapeutic candidate for venetoclax-based therapies,
we generated an Rbm10 conditional knockout (KO; cKO) mouse
by inserting loxP sites flanking exon 3 of Rbm10 (Rbm10™": Fig-
ure 2G) and crossing with interferon-induced Mx7-driven Cre
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Figure 1. Mapping genomic determinants of AML drug response and synthetic lethal relationship between RNA splicing factors and vene-
toclax sensitivity

(A) Schematic of genome-wide CRISPR screens in MOLM-13 AML cells treated with a panel of clinically approved AML drugs.

(B) Manhattan plot depicting top 10 genes that sensitize (blue) or confer resistance (red) in individual CRISPR drug screens. Orange dots represent RNA pro-
cessing genes. CRISPR score represents the log?2 (fold-change) values of sgRNAs normalized to DMSO.

(C) Gene Ontology (GO) enrichment analysis of top sensitizers in the venetoclax screen.

(D) Clustered heatmap of results of the RNA-binding protein-focused CRISPR drug screens in MOLM-13 AML cells treated with drugs. CRISPR score represents
log2 fold change of sgRNAs normalized to DMSO.

(E) Histogram of CRISPR scores for all sgRNAs in the venetoclax screen in (D). Values represent the log2 (fold-change) values of sgRNAs normalized to DMSO.
The blue lines represent individual sgRNAs targeting the indicated genes among the top splicing factor candidates.

(F) Polar plots of top synergistic splicing factors identified in (D) treated with various AML drugs. The height of the wedge corresponds to the sgRNA fold change
normalized to DMSO.

(G) Competition-based assay in MOLM-13 cells 10 days post-transduction with top two sgRNAs targeting each splicing factor or non-targeting sgRosa control
(n = 3 per condition; mean + SEM) treated with 50 nM venetoclax.

Statistical analysis was performed using unpaired Student’s t test by Prism GraphPad (*p < 0.05, **p < 0.01, **p < 0.001). n.s., not significant. See also Figure S1
and Table S1.
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Figure 2. RBM10 loss enhances BCL2

inhibition in AML cells but is dispensable for normal hematopoiesis

(A) Western blot of CRISPR-mediated knockout (KO) of RBM10 in MOLM-13 cells.

(B) Dose-response curves of sgRBM10 or sgRosa treated with indicated venetoclax concentrations on the x axis and cell viability on the y axis at 48 h. ICsq values
were calculated from technical triplicates per experiment; error bars represent SEM.

(C) Competition proliferation assays of sgRBM10 or non-targeting sgRosa in human AML cell line expressing Cas9 and treated with 50 nM venetoclax or DMSO
(n = 3 biological replicates per time point and condition; mean + SEM).

(legend continued on next page)
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recombinase mice. Following intraperitoneal polyinosinic-polycy-
tidylic acid (plpC) injections, Rom10 cKO mice were confirmed
to excise exon 3 of Rbm10, leading to an early frameshift and
loss of Rom10 protein in bone marrow cells (Figures 2H, S2G,
and S2I). We next assessed stem cell functionality using in vitro
colony-replating assays, which demonstrated that Rom10 dele-
tion in hematopoietic precursors did not impair colony formation
(Figure 2I). In parallel, bone marrow-derived cells from CD45.2*
Rbm10 floxed mice were transplanted in a competitive manner
along with competitor Rbm 10 wild-type CD45.1" cells and treated
with plpC after stable reconstitution of hematopoiesis. There was
no significant effect of Rbm10 deletion on absolute numbers or fre-
quency of peripheral blood and bone marrow cells (Figures 2J, 2K,
S2J, and S2K). These data demonstrate that Rom10 is dispens-
able for normal hematopoiesis.

Dual inhibition of RBM10 and BCL2 promotes XIAP mis-
splicing

We next sought to understand the mechanistic basis for the
relationship between RBM10 loss and enhanced response to
venetoclax. The effects of RBM10 KO on venetoclax response
were rescued by expressing an RBM70 cDNA impervious to
anti-RBM10 sgRNAs (because of mismatches between cDNA
sequence and the RBM10 sgRNAs; Figure 3A). However,
expression of RBM10 lacking its second RNA recognition motif
2 (RRM2) or C2H2-type zinc finger (C2H2 ZnF)*° failed to rescue
response to venetoclax (Figure 3A).

The above data indicate the importance of RBM10’s RNA-
binding domains on venetoclax response. We therefore further
assessed the direct impact of RBM10-RNA interactions on
pre-mRNA binding and splicing, which have not been explored
in hematopoietic cells previously. We performed anti-RBM10
enhanced UV cross-linking immunoprecipitation (€CLIP)*” in
MOLM-13 AML cells (Figure S3A). This approach identified
approximately 29,000 significant sequence clusters bound by
RBM10, which corresponded to ~5,000 annotated transcripts
(Table S2). Approximately 90% of RBM10 binding sites mapped
to intronic sites, with a preferential occupancy of distal (farther
than 500 nt from the splice-site region) (77.1%) and proximal
(within 500 nt of the splice-site region) intronic (8%) sequences
near 5-AND-3' splice sites throughout the transcriptome
(Figures 3B and S3B).

Cancer Cell

Next, we evaluated the transcriptional and splicing changes in
RBM10-deleted AML cells treated with venetoclax or DMSO,
compared with non-targeting sgRosa, by RNA sequencing
(RNA-seq) (Tables S3 and S4). We measured isoform usage fre-
quencies across seven main types of alternative splicing event
(skipped [or retained] cassette exons [SEs], alternative 5’ splice
sites [A5SSs], alternative 3’ splice sites [A3SSs], mutually exclu-
sive exons [MXEs], tandem 3’ UTRs [TUTRs], and retained [Rls]
and constitutive introns [Cls]) to quantify splicing changes across
treatments (Figures S3C and S3D). RBM10 KO primarily led to
changes in cassette exon splicing (Figure 3C), suggesting that
RBM10 most commonly regulates exon usage in AML cells. In
comparison, RBM10 deletion in the presence of venetoclax
amplified the degree of aberrant splicing involving Cls and
cassette exons. Most notably, we observed an increase in
exon exclusion events in the combination treatment versus
RBM10 deletion alone (n = 342) (Figure 3D).

We further investigated the link between RBM10 binding and
differential splicing observed in combined RBM10 KO and ven-
etoclax. These analyses revealed RBM10 binding signal in the
5 region of the upstream intron of repressed cassette
exons following combination treatment, suggestive of a role of
RBM10 binding in this region in promoting exon exclusion (Fig-
ure 3E). Interestingly, we found that the inhibitor of apoptosis
protein (IAP) family member, XIAP, displayed increased exclu-
sion of the first coding exon in venetoclax-treated RBM10 KO
AML cells, which also had significant RBM10 binding at this re-
gion (Figures 3F and S3E). XIAP, also known as BIRC4, binds
and sequesters pro-apoptotic caspases through direct protein-
protein interactions with its BIR domains to prevent caspase
homodimerization, thereby inactivating apoptosis.®®*! Based
on our findings, we hypothesize that activation of apoptosis is
a consequence of skipping the first coding exon of XIAP. The re-
sulting mRNA lacks XIAP’s canonical start codon, as well as the
sequence encoding the majority of its BIR1-3 domains, strongly
suggesting that this splicing change results in loss of functional
XIAP production (Figure 3G). We also functionally evaluated
the mis-spliced isoform of XIAP event induced by RBM10 KO
and venetoclax treatment (which we refer to as XIAP Aexon 1)
by ectopically expressing full-length XIAP (FL) or XIAP Aexon 1
linked to a GFP reporter in MOLM-13 cells (Figure 3H).
Consistent with the function of IAP proteins, we found XIAP FL

(D) Bioluminescent imaging of mice transplanted with MOLM-13 cells transduced with sgRBM10 or sgRosa and treated daily with venetoclax (100 mg/kg) or
vehicle control. Representative images of four mice per condition are shown. Images were taken 4 days post-treatment.

(E) Flow cytometry analysis of GFP-positive sgRNA-expressing, indicated by y axis, MOLM-13 cells in peripheral blood at day 6 post-treatment. Statistical
analysis was performed using one-way ANOVA with post hoc testing as indicated (number of mice used in each group is indicated in F; mean + SEM).

(F) Kaplan-Meier survival curves of mice transplanted with MOLM-13 cells transduced with sgRBM10 or sgRosa and treated daily with venetoclax (100 mg/kg) or
vehicle. The p values were determined using a log rank Mantel-Cox test (**p < 0.01, ***p < 0.001).

(G) Schematic depiction of the targeting strategy to generate Rbm10 cKO mice. The Rom10 allele was deleted by targeting exon 3 that resulted in a frameshift
following excision. Two LoxP sites flanking exon 3 and an Frt-flanked neomycin selection cassette were inserted in the downstream intron.

(H) Western blot of Rom10 in bone marrow mononuclear cells from Mx1-cre Rom10 fl/’y (Rbm10 cKO) or Mx1-cre control 7 days after polyinosinic-polycytidylic

acid (plpC) treatment.

(l) Total number of colony-forming units (CFUs) from bone marrow cells of Mx1-cre Rom10 fl/y (Rom10 cKO) or Mx1-cre control mice following 7 days of culture
(n = 6; mean + SEM). The p values were determined by unpaired Student’s t test.
(J) Percentage of CD45.2* cells in peripheral blood over the course of 4 months of competitive transplantation (n = 6 for Mx1-cre control and n = 7 mice for Rom10

cKO; mean + SEM).

(K) Percentage of CD45.2* hematopoietic stem and progenitor cells in the bone marrow (left) and mature immune cells in the peripheral blood (right) (n = 6 for Mx1-

cre control and n = 7 mice for Rom10 cKO; mean + SEM).
See also Figure S2.
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Figure 3. Impact of RBM10 on RNA binding, RNA splicing, and response to venetoclax

(A) Competition-based assay of RBM10 KO in MOLM-13 cells and transduced with RBM10 cDNA wild-type (WT) or individual mutant (lacking RNA-binding
domains) RBM10 cDNA and treated with venetoclax (50 nM) or DMSO at 48 h (n = 3; mean + SEM). The p values were determined by one-way ANOVA with post
hoc testing.

(B) Metaintron plots of average number indicated by y axis of RBM10 peaks mapped to intronic regions flanking exons in MOLM-13 cells (n = 4 eCLIP replicates).
This plot is exon centered (500-600 bp) on the x axis. Enhanced cross-linking and immunoprecipitation (eCLIP) was performed in four replicates.

(C) Percentage of treatment-responsive (RBM10 KO, venetoclax, or RBM10 KO and venetoclax) differentially spliced event types: cassette exons (SEs), alter-
native 5 splice site (ss) exon (A5E), alternative 3’ ss exon (A3E), mutually exclusive exons (MXEs), retained intron (RI), constitutive intron (Cl), and tandem 3’ UTR
(TUTR) from RNA-seq (n = 3 per condition).

(D) Scatterplot of SEs promoted (red circles) or repressed (blue circles) in MOLM-13 cells transduced with sgRosa (y axis) or sgRBM10 (x axis) treated with DMSO
or venetoclax RNA-seq (n = 3 per condition). p denotes Spearman’s rank correlation coefficient.

(E) RBM10 splicing map generated by integrating RBM10 KO splicing changes from RNA-seq and RBM10 eCLIP binding sites.

(F) RNA-seq and eCLIP (bottom) coverage plots of XIAP Aexon1 in MOLM-13 cells with RBM10 KO or non-targeting sgRNAs treated with DMSO or venetoclax.
Yellow shadow depicts exon exclusion event in RBM10KO venetoclax-treated MOLM-13 cells overlapped with functional protein domains of XIAP.

(G) Western blotting of XIAP after 50 nM venetoclax treatment of MOLM-13 cells with sgRosa or sgRBM10 for 48 h.

(H) Western blotting of XIAP protein levels after ectopic overexpression of XIAP full-length (FL) or XIAP Aexon1.

(I) Competition-based assay of XIAP FL or XIAP Aexon1 linked to GFP reporter after 24 h of venetoclax treatment (n = 3; mean + SEM). y axis denotes GFP-
positive cells.

(J) Annexin V staining of XIAP FL or XIAP Aexon1 after 24 h of venetoclax treatment (n = 3; mean + SEM). y axis denotes Annexin V-positive cells. Statistical
analysis was performed using unpaired Student’s t test by Prism GraphPad (*p < 0.05, **p < 0.01).

(K) Volcano plot of differentially expressed genes (DEGs) on RBM10KO venetoclax-treated MOLM-13 cells compared with DMSO RNA-seq (n = 3 per condition).
(L) Competition-based assay measuring Cherry-expressing sgRBM10 or sgRosa cells transduced with overexpression (OE) of BCL2A1 cDNA or empty vector
GFP-positive cells in MOLM-13 cells treated with 50 nM venetoclax for 48 h (n = ; mean + SEM). y axis denotes mCherry-positive cells.

See also Figure S3 and Tables S2, S3, and S4.
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overexpression allowed survival of AML cells after venetoclax
treatment, whereas XIAP Aexon 1 resulted in increased
apoptosis (Figures 3l, 3J, and S3F). Overall, these results
demonstrate that XIAP Aexon 1 cannot rescue cell death
induced by venetoclax treatment and RBM10 deletion (Fig-
ure S3G). Importantly, prior work has demonstrated that inhibi-
tion of XIAP synergized with venetoclax,’® highlighting the
importance of XIAP levels in BCL2 inhibitor sensitivity.

Gene expression analysis of venetoclax-treated RBM10 KO
AML cells revealed downregulated expression of BCL2A1, which
encodes an anti-apoptotic factor whose expression is correlated
with venetoclax resistance in AML patients®*® (Figures 3K, S3H,
and S3I). Consistent with these data, overexpression of BCL2A1
cDNA was able to fully rescue the anti-leukemic effects seen with
the combined loss of RBM10 and BCL2 inhibition (Figure 3L).
Moreover, we did not observe significant RBM10 eCLIP peaks
or splicing alteration of BCL2A1 mRNA, which suggests that up-
stream factors may regulate BCL2A1 transcript. Overall, these
data provide mechanistic evidence that the combined loss of
RBM10 and BCL2 leads to altered splicing and expression of
mRNAs encoding key apoptotic genes.

Pharmacologic inhibition of splicing kinases synergizes
with venetoclax
Utilizing our CRISPR screens to identify pharmacologically inter-
venable splicing factors to augment venetoclax response, we
found that inactivation of several serine/arginine (SR)-rich pro-
teins (SRSF2, SRSF3, SRSF8, and SRSF11) sensitized AML cells
to venetoclax (Figure 1D; Table S1). The family of SR splicing
factors is essential for alternative pre-mRNA splicing, and their
activity is tightly regulated by post-translational modifications
placed by serine/threonine kinases.”**° For example, CLKs
phosphorylate arginine/serine (RS) domains in SR proteins and
regulate pre-mRNA splicing.*>*” Moreover, DYRK1A has been
reported to regulate alternative splicing via phosphorylation of
SF3B1.%5°C |n addition, analysis of publicly available genome-
wide CRISPR screens from DepMap®' revealed BCL2 as one
of the top co-dependencies with DYRK1A loss (Figure S4A).
These findings support the rationale to inhibit splicing-depen-
dent kinases as a combinatorial strategy with venetoclax treat-
ment. To pursue therapeutic inhibition of splicing-dependent
kinases, we developed SM09419, a pan-CLK pan-DYRK inhibitor,
via rational design and iterative medicinal chemistry to achieve
drug-like and favorable pharmacokinetic profiles (Figures 4A-
4D). We confirmed the selectivity of SM09419 to target CLK1-4,
as well as DYRK1A-B and DYRK2, using in-cell NanoBRET target
engagement assays (Figures 4C and S4B). Accordingly, SM09419
treatment resulted in dose-dependent reduction of CLK activity
and SR protein phosphorylation in AML cells (Figures 4E and
S4C). Next, we assessed the combinatorial effects of SM09419
with a panel of drugs (venetoclax, 5-azacytidine, cytarabine, and
midostaurin) in human AML cell lines. We observed a synergistic
effect exclusively when combining SM09419 and venetoclax in
MOLM-13 parental and venetoclax-resistant cells, but not with
other drugs (Figures 4F—4l, S4D, and S4E). Despite robust anti-
leukemic effects of SM09419 in vitro, SM09419 (25 mg/kg) treat-
ment in wild-type C57BL/6 mice was well tolerated in vivo with
no signs of hematologic toxicities (based on serial blood counts,
in vitro hematopoietic progenitor cell assays, and detailed analysis
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of hematopoietic cell composition in blood and bone marrow) or
liver or kidney dysfunction, thus providing a rationale for pharma-
cologic inhibition of CLK/DYRK in combination with venetoclax
in AML (Figures S5A-S5H).

To understand the mechanistic basis for the synergy of
SM09419 and venetoclax combination, we performed RNA-
seq on MOLM-13 human AML cells treated with SM09419 alone
or in combination with venetoclax (Tables S5 and S6). Splicing
analyses showed that SM09419 alone, or in combination with
venetoclax, mainly resulted in changes in the processing of
Cls/RlIs and cassette exons (Figure 5A). CLK/DYRK inhibition af-
fects cassette exon recognition in a sequence-specific manner,
as evidenced by the enrichment of pyrimidines in exons prefer-
entially excluded on SM09419 treatment (Figure 5B). Although
venetoclax monotherapy had no significant effects on RNA
splicing, treatment with SM09419 or the combination resulted
in striking reductions in RNA splicing efficiency as manifested
by cassette exon skipping and intron retention (Figures 5A and
5C; Table S6). Of note, these splicing shifts resulted in substan-
tial increases in levels of mMRNAs that contain premature
termination codons and are therefore predicted substrates for
degradation by nonsense-mediated decay (NMD).

In order to understand how the effects of SM09419 relates to
deletion of RBM10, we next performed a systematic comparison
of the splicing changes and gene expression across both condi-
tions in the same MOLM-13 cells. Both RBM10 deletion and
SMO09419 treatment cause splicing changes that promote NMD-
inducing transcripts. However, the magnitude of NMD-inducing
splicing events is greater with SM09419 treatment (a result consis-
tent with the fact that RBM10 deletion in the absence of any drug
treatment is well tolerated in MOLM-13 cells) (Figure 5D). Nonethe-
less, a number of mMRNA isoforms were shared across RBM10
deletion versus SM09419 treatment in the absence and presence
of concomitant venetoclax treatment. Interestingly, one concor-
dant effect was the same mis-splicing event in XIAP seen with
RBM10 deletion (Figures 5E and 5F). Finally, both RBM10 deletion
and SM09419 treatment prominently downregulate TNFAIP3 (also
known as A20) (Figure S6A). TNFAIP3 is a well-described regulator
of nuclear factor kB (NF-kB) signaling,®* and its inhibition may
explain the BCL2A1 downregulation in RBM10 KO cells exposed
to venetoclax. Transcriptomic analysis of SM09419-treated AML
cells also demonstrated downregulation of MYB and MYC
mRNA levels, which are essential oncogenic factors in AML
(Figure S6B).>%5

SM09419 induces splicing alterations of key survival
genes in AML

Further characterization of SM09419-associated splicing changes
revealed increased intron retention within the transcripts of a num-
ber of RNA splicing factors (SRSF5, U2AF2, RBM17, and RBM5),
which also led to decreased protein expression in two independent
human AML cell lines (Figures 5G, 5H, and S6C-S6E). Interest-
ingly, several of these same splicing factors were also identified
by our CRISPR screens as genes whose inactivation enhanced
venetoclax efficacy, which therefore explains the synergistic ef-
fects when combining SM09419 and venetoclax (Figures 5E and
5l). Furthermore, we found that SM09419-treated AML cells led
to downregulation of several key apoptotic proteins, such as
MCL-1, which have been shown to be upregulated in hematologic
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Figure 4. Pharmacologic inhibition of splicing-dependent kinases synergizes with venetoclax

(A) Structure of SM09419 selectivity.

(B) Kinase dendrogram of SM09419. Kinases with ICs, values of 0.01-0.1 uM are indicated by small red circles, whereas larger red circles represent more potent
ICs0 values with 0.001-0.01 uM.

(C) NanoBRET target engagement assay of CLK1-4, DYRK1A/B, and DYRK2 on 2 h of SM09419 treatment.

(D) Inhibition of CLKs (CLK2, CLK3, and CDK1) (n = 3). IC5q values were determined from dose-response curves. y axis denotes the percent inhibition for CLK2,
CLKS3, and CDK1 (n = 3; mean + SD).

(E) Western blot of phosphorylated SR proteins treated with increasing concentration of SM09419 for 48 h in MOLM-13 cells.

(F and G) 2D synergy plots using zero interaction potency (ZIP) model (left) and dose-response curves (right) of SM09419 and venetoclax combination at various
concentration treated for 48 h in MOLM-13 (n = 3; mean + SEM) and (G) KG-1 cells (n = 3; mean + SEM). The presence of synergy was determined using the
SynergyFinder computational package and the ZIP synergy index in which red signifies synergism and blue is antagonism. A positive synergy score is the percent
more cell death than expected. ICs, values were calculated from technical triplicates per experiment.

(H and I) Annexin V staining (left) and quantification (right) of MOLM-13 (H) parental and (1) venetoclax-resistant cell lines treated with SM09419, venetoclax, or the
combination at 48 h post-treatment (n = 3; mean + SEM). y axis denotes percent of Annexin V-positive cells.

Statistical analysis was performed using unpaired Student’s t test by Prism GraphPad (***p < 0.0001). See also Figures S4 and S5.
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Figure 5. SM09419 promotes mis-splicing of key oncogenic pathways in AML

(A) Total number of splicing changes observed after SM09419 (100 nM), venetoclax (10 nM), or combination of SM09419 (100 nM) and venetoclax (10 nM)
treatment for 48-h RNA-seq (n = 3 per condition). SEs, ASE, A3E, MXEs, RI, Cl, and TUTR.

(B) Spatial distribution of pyrimidine-rich (YYYY) and purine-rich (RRRR) motifs comparing sequence enrichment of excluded exons (n = 674) against included
exons (n = 370) in SM0419-treated (100 nM) MOLM-13 cells.

(C) Scatterplot of NMD-inducing Rl events (red circles) in MOLM-13 cells treated with venetoclax (left), SM09419 (middle), or the combination of venetoclax and
SM09419 (right) RNA-seq in triplicates for each condition.

(D) Percentage of NMD-inducing events indicated on the y axis in RBM10 KO venetoclax (compared with non-targeting sgRosa) and SM09419, or SM09419 +
venetoclax (compared with DMSO) RNA-seq in triplicates for each condition (mean + SEM).

(E) Venn diagram of NMD-inducing events in RBM10 KO venetoclax (compared with non-targeting sgRosa) and SM09419, or SM09419 + venetoclax (compared
with DMSO).

(F) RNA-seq coverage plot (left) and mean PSI (Percent Spliced In) of XIAP SE inclusion isoform (n = 3 per condition; mean + SEM).

(G) RNA-seq coverage plots of the splicing factors SRSF5, U2AF2, RBM17, and RBM5 in MOLM-13 cells. Yellow regions represent Rl events in each of the genes.
(H) Western blotting of XIAP, U2AF2, RBM5, FLT3, MCL-1, and actin in MOLM-13 parental or venetoclax-resistant (VR1) cells treated with varying concentration
of SM09419 for 24 h.

(1) Normalized sgRNA counts of top splicing factors from RNA-binding protein CRISPR screen that synergized with venetoclax treatment in MOLM-13 cells.
(J) RNA-seq coverage plots (left) and gene expression (right) plots for FLT3 mRNA (n = 3 per condition; mean + SEM). p values were determined by one-way
ANOVA with post hoc testing as indicated.

See also Figure S6 and Tables S5 and S6.
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(legend continued on next page)
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neoplasms and confer resistance to BCL2 inhibitors'? (Figures 5H
and S6E). Finally, SM09419 treatment promoted inclusion of an
exon with an in-frame stop codon (a “poison exon,” whose inclu-
sion renders the transcript NMD sensitive) in the receptor tyrosine
kinase FLT3 (Figure 5J). As such, there was reduced FLT3 mRNA
and protein expression in SM09419-treated cells (which is espe-
cially pertinent given the known dependence of this FLT3 mutant
AML cell line on FLT3 expression) (Figures 5H and S6E). Impor-
tantly, the above results on the impact of SM09419 treatment on
XIAP, FLT3, and MCL-1 levels were confirmed in an additional
AML cellline. Both venetoclax-resistant and -sensitive KG-1a cells
were similarly susceptible to SM09419 treatment and experienced
comparable dose-dependent reductions in XIAP, FLT3, and
MCL-1 (Figures S6D and S6E).

Additional predicted NMD-inducing splicing events occurred
on SM09419 treatment with commensurate reduction in mMRNA
expression in SMYD2 (a lysine methyltransferase recognized
as a therapeutic target in AML),>* DHODH (a metabolic enzyme
and recent AML therapeutic target),®> ATAD3A (a metabolic
enzyme whose expression has been included in leukemia stem
cell signatures),”® the MYC target gene CDC16,°” and the addi-
tional RNA processing genes SRPK3, TRA2A, and DDX51
(Figure S6F). Overall, these data identify that SM09419 downre-
gulates expression of key RNA splicing factors, as well as impor-
tant apoptotic factors and FLT3, viaimpaired splicing to enhance
response to venetoclax in AML while having minimal impact on
normal hematopoiesis.

SMO09419 overcomes venetoclax-based therapy
resistance

We next tested the efficacy of SM09419 across a spectrum of
human AML cell lines. SM09419 treatment resulted in broad
anti-leukemic effects with potent inhibitory activity across AML
subtypes, including cell lines that were highly resistant to veneto-
clax treatment (Figure 6A). Based on these data, we evaluated the
ability of SM09419 to overcome venetoclax resistance. We devel-
oped three independent venetoclax-resistant MOLM-13 cell
lines following continuous exposure to venetoclax for 3 weeks.
Dose-response curves after drug selection confirmed that veneto-
clax-resistant cell lines displayed a high inhibitory effect concen-
tration (ICso > 99 nM) approximately six times greater than parental
cells (IC5o = ~15nM) (Figure 6B). Whole-exome sequencing (WES)
and targeted capture sequencing (MSKCC-IMPACT; Memorial
Sloan Kettering Cancer Center Integrated Mutation Profiling of
Actionable Cancer Targets) did not reveal any known genomic
alterations that may cause venetoclax resistance. SM09419 as a
single agent led to approximately equally potent inhibitory activity
against venetoclax-resistant AML cells as parental, venetoclax-
sensitive cells (Figure 6B). Moreover, addition of venetoclax and
SM09419 led to synergistic effects in venetoclax-resistant
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MOLM-13 cells (Figures 4l and S4D). Consistent with our previous
findings in MOLM-13 parental cells, we observed downregulation
of essential apoptotic proteins (XIAP, MCL-1), splicing factors
(RBM5, U2AF2), and the tyrosine kinase FLT3 in venetoclax-resis-
tant MOLM-13 and KG-1a cells (Figures 5H and S6E). We further
extended these findings to patient-derived xenograft (PDX)
models of AML from patients with de novo resistance to veneto-
clax combination regimens (5-azacytidine or low-dose cytarabine)
(Figures 6C and 6D). Following xenotransplantation from two indi-
vidual venetoclax-resistant patients into NSG-S mice, we de-
tected disease engraftment with >10% human (h) CD45*
hCD34*hCD38" cells and exposed mice to SM09419 (25 mg/kg)
or vehicle administered orally and daily for 3 weeks. SM09419 re-
sulted in significant reduction of hCD45 AML cells in the peripheral
blood and bone marrow of mice treated with SM09419 when
compared with vehicle control (Figures 6D-6F). Moreover,
ex vivo culturing of these AML patient samples demonstrated sin-
gle-agent potency of SM09419, as well as synergistic effects when
combined with venetoclax (Figures 6G and 6H). Collectively, these
findings demonstrate the in vivo efficacy of SM09419 to overcome
resistance to venetoclax-based therapies.

DISCUSSION

Here, we performed comprehensive mapping of drug-gene
interactions that dictate response to a broad range of AML
therapies. This effort uncovered genetic strategies that
enhance the effects of these existing AML drugs, which
may ultimately lead to combinatorial strategies to improve pa-
tient outcomes. We focused on those genetic events that
augment response to venetoclax given the clinical need to
develop venetoclax-based combinatorial treatment regimens
for AML. Overall, our findings establish a functional link be-
tween splicing modulation and therapeutic efficacy of BCL2
inhibition in AML.

Given the established role of RNA splicing in regulating the
expression and function of key proteins involved in cell death
signaling and apoptosis, a number of prior studies have at-
tempted to pharmacologically perturb splicing to promote
response to BCL2 inhibition. For example, one prior study
demonstrated that E7107, a potent SF3b inhibitor, can syner-
gize with venetoclax in B cell malignancies and solid
tumors.®®°° However, toxicities associated with E7107 have
led to its suspension from clinical use,®>®" and the clinical effi-
cacy of more recent SF3b inhibitors (such as the drug H3B-
8800)°° for high-risk myeloid neoplasms remains unclear.
Here, we provide a rationale for a clinical modality to modulate
RNA splicing through pharmacologic inhibition of splicing-
dependent kinases. Specifically, our data suggest that inhibi-
tion of CLKs and DYRKs in combination with venetoclax or

(B) Dose-response curves of venetoclax-resistant MOLM-13 cells treated with different concentrations of venetoclax (top) and SM09419 (bottom) as indicated by

x axis (n = 3; mean + SEM). Cell viability is denoted on the y axis.

(C) Schematic of patient-derived xenograft (PDX) generation and treated daily with SM09419 (25 mg/kg PO) or vehicle.

(D) Diagnosis, treatment regimen, and genetic characteristics of AML PDX samples.

(E and F) Percentage of human CD45* (hCD45™) cells in (E) bone marrow and (F) peripheral blood of PDXs following 3 weeks of SM09419 treatment.

(G) Representative flow cytometry plots of hCD45" and mouse CD45* (mCD45*) in bone marrow from PDXs treated daily with 25 mg/kg SM09419 after 3 weeks.
(H and I) Synergy scores (Loewe and HSA) (left) and 2D synergy plots (right) from ex vivo-cultured (H) patient 1 and (l) patient 2 samples treated with venetoclax,

SM09419, or the combination after 48 h.
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as a single agent represents a therapeutic strategy to circum-
vent resistance to venetoclax.

CLK and DYRK kinases are two highly related families of
kinases within the CMGC (cyclin-dependent kinase [CDK],
mitogen-activated protein kinase [MAPK], glycogen synthase ki-
nase [GSK3], CLK) group of the eukaryotic kinome. Each CLK
and DYRK is a dual-specificity kinase that phosphorylates
serine/threonine and tyrosine residues.®*°* A variety of structur-
ally diverse CLK inhibitors have been developed, and most of
these also inhibit DYRK kinases to varying degrees.® Despite
the fact that CLKs and DYRKs perform multi-site phosphoryla-
tion of a number of substrates, it is clear that perturbing the ac-
tivity of CLK1-4 or DYRK1A/B globally impacts RNA splicing via
altering splicing factor protein phosphorylation. DYRK1A resides
in nuclear speckles, and overexpression of DYRK1A induces
redistribution of SR proteins from nuclear speckles to active sites
of transcription/splicing in a manner that depends on its
kinase activity.®® Similarly, CLK1 has been shown to regulate
the cellular localization and splicing impact of SRSF1 via phos-
phorylation of serine/proline dipeptides at multiple sites on
SRSF1.%°

Interestingly, prior data have identified that dephosphoryla-
tion of RNA splicing factors occurs during apoptosis, and that
the ensuing change in splicing may be necessary for cells to
execute apoptosis.®” For example, SR proteins are targets for
a number of apoptosis agonists, and splicing factor kinases
are inactivated during cell death by caspase-mediated proteol-
ysis.®” This includes caspase-8, -9, and -3/6 cleaving SRPK1,
SPRK2, and topoisomerase, respectively, thereby altering
splicing during apoptosis. Moreover, FAS activation results in
dephosphorylation of SR proteins via induction of PP1 phos-
phatase.®® Thus, pharmacologic inhibition of phosphorylation
of splicing factors may enhance response to venetoclax by
mimicking the impact of apoptosis signaling cascade on RNA
splicing.

SM09419 has pharmacologic properties that are very similar to
Cirtuvivint, one of the first CLK/DYRK ATP-competitive inhibitors
that has entered first-in-human and phase 1b clinical trials in
patients with advanced solid tumors (ClinicalTrials.gov:
NCT03355066 and NCT05084859).°>" In the Cirtuvivint first-in-
human study, pharmacodynamic evidence for proof of mechanism
in human whole blood was reported at well-tolerated doses.
Importantly, infrequent grade 3 adverse hematologic events
have been observed with a grade 3 anemia rate of <15% and
even lower frequency for neutropenia or thrombocytopenia. In
the dose-escalation portion of this trial and in the combination
study, Cirtuvivint has shown early evidence of anti-tumor activity
with declines in prostate-specific antigen (PSA) in prostate cancer
subjects, tumor shrinkage in several tumor types, and prolonged
stable disease (treatment reaching cycle 6 and beyond). Similarly,
inthe phase 1 trial of the pan-CLK inhibitor CTX-712 that evaluated
subjects with solid tumors and hematologic malignancies, two
complete remissions in refractory AML patients, along with two
partial responses in ovarian cancers subjects, were reported
with single-agent therapy.”’ Although it is too early to make
conclusions about efficacy from these early data, hematologic re-
covery is required for CR in AML, which indicates that CLK/DYRK
inhibition is feasible with manageable hematologic toxicity. Using
the SM09419 compound herein, we provide preclinical data
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demonstrating the utility of CLK/DYRK inhibition as a single agent
to overcome resistance to venetoclax-based therapies.

Beyond chemical modulation of RNA splicing, our genetic
studies also highlighted a number of additional therapeutic targets
to rationally enhance response to venetoclax and/or overcome
venetoclax resistance. For instance, we demonstrated that loss
of RBM10 enhances efficacy of venetoclax. RBM10 is a
known splicing factor that promotes exon inclusion.”? Although
loss-of-function RBM10 mutations have been described in certain
solid tumors”>"® and in the genetic disease TARP (Talipes
equinovarus, Atrial septal defect, Robin sequence, and Persistent
left superior vena cava) syndrome,”® we found that loss of Rom10
does not alter hematopoiesis. These data suggest context-spe-
cific roles for RBM10 and nominate RBM10 as a therapeutic
vulnerability in combination with BCL2 inhibitors.

Importantly, loss of RBM10 was associated with reduced
expression of the anti-apoptotic BCL2 homolog BCL2A1, as
well as alternative splicing of XIAP, the most well-character-
ized IAP protein. Among BCL2 family members, expression
of BCL2A1 has been most consistently associated with vene-
toclax resistance in a variety of leukemias. Upregulation of
BCL2A1 has been reported to be associated with resistance
to venetoclax in both the BeatAML and Leucegene cohorts
of AML patients, as well as AML preclinical models.®’” In
addition, BCL2A1 mRNA is heavily expressed (>10-fold more
than BCL2) in monocytes, which is thought to at least partially
explain the relationship between monocytic leukemia differen-
tiation and impaired response to venetoclax.® Consistent with
these findings, genetic downregulation of BCL2A1 restores
venetoclax sensitivity in AML models with venetoclax resis-
tance.® Although there is no clinical means to chemically
inhibit RBM10, our data underscore the need to develop
potent small-molecule inhibitors or peptide aptamers of
BCL2A1 in the treatment of AML.

Lastly, our data demonstrate that co-targeting of RBM10 and
BCL2 or pharmacologic inhibition of CLK/DYRK converge on the
mis-splicing of the IAP-antagonist protein, XIAP, as a mecha-
nism to enhance venetoclax efficacy. These findings suggest
the potential benefit of chemical campaigns to develop mimetics
of IAP-antagonist proteins to negatively regulate XIAP, as seen
with RBM10 loss.

LIMITATIONS OF THE STUDY

Here we describe the therapeutic rationale for the combination of
venetoclax and SM09419, a multi-kinase inhibitor targeting
CLK1-4, DYRK1A-B, and DYRK2 kinases. A limitation of this
study is that it is currently unknown which of these specific ki-
nase targets inhibited by SM09419 is responsible for exerting
its function to sensitize AML cells to venetoclax therapy. This is
a very important point given the development of other CLK and
DYRK inhibitor agents that may be more selective for individual
CLKs or DYRKs. Another limitation of this study is the evaluation
of SM09419 across diverse genetic subtypes of AML. Given prior
literature on the preferential sensitivity of splicing factor mutant
myeloid leukemias via targeting of the spliceosome,””"®79 it
will be important to test whether certain genetic alterations are
more susceptible to SM09419.
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Antibodies

TruStain Fcblock BioLegends 422302; RRID: AB_2818986

Anti-RBM10 rabbit polyclonal

Bethyl Laboratories

A301-006A; RRID: AB_2175726

B-actin HRP Sigma Aldrich A3854; RRID: AB_262011
Anti-Phosphoepitope SR proteins Millipore Sigma MABES50; RRID: AB_10807429
Antibody, clone 1H4

Anti-total SR Antibody (1H4) Santa Cruz sc-13509; RRID: AB_2185202
FITC anti-human CD45 BioLegend 368507; RRID: AB_2566367
APC anti-mouse CD45 BioLegend 103111; RRID: AB_312976
APC anti-human CD19 BioLegend 302211; RRID: AB_314241
APC anti-human CD3 BioLegend 300411; RRID: AB_314065
PE anti-human CD34 BioLegend 343605; RRID: AB_1732033
APC/Cyanine7 anti-human CD38 BioLegend 303533; RRID: AB_2561604
Anti-XIAP Cell Signaling 2042S; RRID: AB_2214870
Anti-U2AF2 Abcam ab37530; RRID: AB_883336
Anti-RBM5 Abcam ab245646

Anti-MCL-1 SantaCruz sc-12756; RRID: AB_627915
Anti-FLT3 Cell Signaling 3462S; RRID: AB_2107052
Bacterial and virus strains

One Shot™ StbI3™ Chemically Fisher C737303

Competent E. coli

Chemicals, peptides, and recombinant proteins

D-Luciferin, Potassium Salt

Gold-Bio Technology

Cat#LUCK-500

G418 ThermoFisher Scientific 10131027
Blasticidin Fisher Cat#A1113903
Polybrene Sigma Aldrich TR-1003-G
Polyethylenimine (PEI) Polysciences, Inc Cat#23966
Venetoclax Fisher NC1235948
SM09419 BioSplice N/A
Cytarabine Sigma BP383
Etoposide Sigma E1383-25MG
Idarubicin hydrocholoride Sigma 11656-10MG
Midostaurin SelleckChem S8064
5-Azacytidine SelleckChem S1782
Critical commercial assays

RNeasy Plus Mini Kit Qiagen Cat#74136
MethoCult GF M3434 StemCell Technologies Cat#03434
CellTiter-Glo Luminescent Cell Viability Promega G7572
NucleoSpin Blood XL Takara 740950.1
Verso cDNA synthesis kit ThermoFisher Scientific AB1453B
Nano-Glo Dual Luciferase Reporter Assay Promega N1610
Z’-LYTE Kinase assay ThermoFisher Scientific PV3190
Phusion Flash High Fidelity PCR Master Mix Fisher F548L
KAPA Hyper Library Preparation Kit Roche KK8500
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA-seq Raw data This paper GSE199161

RBM10 eCLIP data This paper GSE199161

Whole exome sequencing data on This paper GSE199161

venetoclax sensitive and resistant

MOLM-13 cells

CRISPR screen data This paper Table S1

List of differentially expressed genes in This paper Table S3

RBM10-deleted AML cells treated with

venetoclax or DMSO

List of differentially spliced events in This paper Table S4

RBM10-deleted AML cells treated with

venetoclax or DMSO

List of differentially expressed genes in This paper Table S5

SM09419-treated AML cells treated

with venetoclax or DMSO

List of differentially spliced events in This paper Table S6

SMO09419-treated AML cells treated

with venetoclax or DMSO

BeatAML database Tyner et al.*® https://www.nature.com/articles/
s41586-018-0623-z

Experimental models: Cell lines

Human: MOLM-13 DSMz ACC 554

Human: NKM-1 JCRB IFO50476

Human: MV4-11 ATCC CRL-9591

Human: THP-1 ATCC TIB-202

Human: U937 ATCC CRL-1593.2

Human: TF-1 ATCC CRL-2003

Human: HEK293T ATCC CRL-1573

Experimental models: Organisms/strains

NOD scid gamma JAX Cat#005557

NSG-S JAX Cat#013062

C57BL/6J JAX Cat#000664

Mx-1 cre transgenic mice JAX Cat#005673

Rbm10 conditional knockout This paper N/A

Biological samples

Patient 1 PDX (bone marrow) This paper N/A

Patient 2 PDX (PBMCs) This paper N/A

Oligonucleotides

sgRNAs and primers, see Table S1 This paper N/A

Human pooled genome-wide sgRNA Doench et al.®® Addgene: 73179

library (Brunello) sequences

Recombinant DNA

Lenti-Cas9 Blasticidin
psPAX2

pVSVG

LRG2.1-GFP sgRNA vector

Sanjana et al.®®
Gift from Didier Trono
Gift from Didier Trono

Tarumoto et al.®*

Addgene: 52962
Addgene: 12260
Addgene: 12259
Addgene: 108098

Software and algorithms

FlowdJo V8.7
Prism 9.0
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TreeStar (BD Biosciences)
GraphPad

https://www.flowjo.com/
https://www.graphpad.com
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Living Image Software Perkin Elmer http://www.perkinelmer.com/product/li-

GSEA
IGV

CRISPResso
Trim_galore v0.6.4

STARVv2.7.5
samtools v1.9
deeptools v3.3.1
subread v1.5.0

Broad Institute
Broad Institute

Pinello et al.®®
Martin et al.®®

Dobin et al.®®

Danecek et al.”
Ramirez, et al.”"

Liao et al.®?

software-for-spectrum-1-seat-add-on-
128113

http://software.broadinstitute.org/gsea/

http://software.broadinstitute.org/
software/igv/

http://crispresso.pinellolab.partners.org/)

https://github.com/FelixKrueger/
TrimGalore

https://github.com/alexdobin/STAR
http://www.htslib.org/
https://github.com/deeptools/deepTools
https://subread.sourceforge.net/

RSEM v1.2.4 Li and Dewey.*® https://github.com/deweylab/RSEM

Bowtie Langmead et al.”” https://github.com/BenLangmead/bowtie

edgeR Robinson et al.”® Bioconductor

TopHat v2.0.8b Trapnell et al.® https://ccb.jhu.edu/software/tophat/
index.shtml

MISO v2.0 Katz et al.”® http://hollywood.mit.edu/burgelab/miso/

tidyverse Wickham et al.™" Bioconductor

UpSetR Conway et al."% Bioconductor

GenomicRanges Lawrence et al.'®® Bioconductor

picard v2.6.0 Broad Institute https://github.com/broadinstitute/picard

bamutils v0.5.7 Breese et al.'®® https://ngsutils.org/modules/bamutils/

DEWSeq Huppertz et al.’®® Bioconductor

htseg-clip Anders et al.' https://github.com/EMBL-Hentze-group/
htseq-clip/

IHW Ignatiadis et al.’®” Bioconductor

fgsea Korotkevich et al.'%® Bioconductor

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Omar
Abdel-Wahab (abdelwao@mskcc.org).

Material availability
All unique reagents generated in this study are available from the lead contact without restriction.

Data and code availability
o All bulk RNA-seq and eCLIP as well as whole-exome sequencing of venetoclax resistant MOLM-13 cells have been deposited
at GEO (GSE199161) and are publicly available as of the date of publication which is listed in the key resources table. The Tyner
et al., 2018 data used for this study can be found with the Accession number (dbGaP:phs001657).
@ This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture

All human leukemia cell lines were cultured in recommended media, typically RPMI medium with 20% FBS and 1% penicillin/strep-
tomycin. TF-1 human AML cell line was cultured in RPMI 20% FBS, 1% penicillin/streptomycin and 2 ng/mL GM-CSF. HEK293T cells
were grown in DMEM medium with 10% FBS and 1% penicillin streptomycin. Cell lines transduced with lentiviral Cas9 blasticidin
(Addgene plasmid no. 52962)°° were selected with blasticidin (Fisher) 48 hours after transduction. All transfections were performed
in HEK293T cells using Polyethylenimine (PEIl) reagent at 4:2:3 ratios of plasmid: pVSVG: pPax2 in OPTI-MEM solution. Viral
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supernatant was collected 48 hrs and 72 hrs post-transfection. Spin infections were performed at room temperature at 1,800 RPM for
30 mins with polybrene reagent (1:2000 dilution) (Fisher Scientific). All cell lines were authenticated in-house by our Integrated Ge-
nomics Operation (IGO) core based on fragment and STR analysis.

Animals

8-10 weeks-old female and male C57BL/6 and Mx7-Cre mice were purchased from Jackson Laboratory. 8 weeks-old NOD scid
gamma and NSG-S female mice were obtained from Jackson Laboratory. Mice were bred and maintained in individual ventilated
cages and fed with autoclaved food and water at Memorial Sloan Kettering Animal Facility. All animal procedures were completed
in accordance with the Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use Committees at MSKCC. All mouse experiments were performed in accordance with a protocol approved by the MSKCC Insti-
tutional Animal Care and Use Committees (13-04-003).

Human patient samples

Studies were approved by the Institutional Review Boards of Memorial Sloan Kettering Cancer Center and conducted in accordance
with the Declaration of Helsinki protocol. Primary human de-identified AML samples derived from whole peripheral blood or BM
mononuclear cells were utilized. Mutational genotyping of each sample was performed by the MSKCC IMPACT assay as described
previously.®'*®? Cord blood was acquired from NY Blood Bank. Informed consent was obtained from all subjects to obtain the patient
specimens used in the studies described. Patient 1 is a 62 year old male and patient 2 is a 85 year old male. Specimens were obtained
as part of the Memorial Sloan-Kettering Cancer Center Institutional Review Board approved clinical protocol #16-171 to which all
subjects consented. O.A-W is a participating investigator on this protocol.

METHOD DETAILS

CRISPR screen

250 million MOLM13 Cas9-expressing cells were transduced with the Brunello sgRNA library®® at a low multiplicity of infection (~0.3)
to obtain at least 500 cells per sgRNA (500X). Spin infections were performed at room temperature at 1,500 RCF for 90 mins with
polybrene reagent (1:2000 dilution) (Fisher Scientific). On Day 4 post-transduction, GFP percentage was assessed to determine
infection efficiency and sgRNA coverage (~300-500X). Remaining 300-500X cells were placed back into culture after each passage
until 20 days post-transduction. At day 8 post-transduction, pooled sgRNA cells were treated with either DMSO (1%), cytarabine
(50 nM), 5-azacytidine (3 uM), etoposide (400 nM), idarubicin (5 nM), midostaurin (25 nM) or venetoclax (25 nM). Genomic DNA
(gDNA) extraction using NucleoSpin Blood XL, Maxi kit for DNA from blood (Takara) according to manufacturer’s protocol. For pooled
CRISPR screen analysis, sgRNAs were normalized using the formula (sgRNA read count/total read count) x CPM+1. Subsequently,
normalized reads were then used to calculate log, fold change (normalized read count drug treatment/normalized read count DMSO).
CRISPR library amplifications were performed according to published study.®* Competition assays were performed using MOLM-13
cells transduced with sgRNA or cDNA constructs and mixed with parental cells at fixed ratios followed by 4 days of treatment with
either vehicle (DMSO) or venetoclax, and GFP percentages were analyzed using BD LSR Fortessa FlowCytometer. The RNA pro-
cessing factor (genes in the “RNA processing” gene ontology term, GO:0006396) sgRNA log, fold change distributions in cytarabine,
5-azacytidine, etoposide, idarubicin, and midostaurin were compared to venetoclax. Specifically, a two-sided F-test for equality of
variances was used to assess if the drug:venetoclax ratios significantly deviated from 1. Variance ratios and the 95% confidence in-
tervals were estimated using the stats R package. For individual sgRNA validations, sgRNAs were cloned into LRG2.1 vector.®*

CRISPR indel analysis

To quantify the spectrum of indel mutations with RBM10 sgRNAs, we transduced MOLM-13 cells with sgRBM10 or sgRosa (non-
targeting), followed by cell sorting of GFP+/sgRNA+ populations at day 4 and day 28 post-infection. Cells were then harvested for
gDNA and PCR amplicon (~200 bp) was designed to flank the sgRNA recognition sequence. 200 ng of gDNA was amplified using
2x Phusion Master Mix. Sequencing libraries were prepared from amplicons with an average size of 200 bp. The reported concen-
tration was 3-7 ng/uL, and 50 pL were used as input for the KAPA Hyper Library Preparation Kit (Kapa Biosystems KK8504) according
to the manufacturer’s instructions with 8 cycles of PCR. Barcoded libraries were pooled in equal volumes and run on MiSeq in a
PE150 run, using the MiSeq Reagent Micro Kit v2 (300 Cycles) (lllumina). The average number of read pairs per sample was 203,000.

Indel analysis was performed using CRISPResso (http://crispresso.pinellolab.partners.org/).®®

RNA-sequencing library preparation and sequencing

For cell line RNA sequencing (RNA-seq), RNA was extracted from MOLM13 cells using the Qiagen RNeasy extraction kit, according
to the manufacturer’s instructions. A minimum of 500 ng of high-quality RNA (as determined by Agilent Bioanalyzer) per replicate was
used as input for library preparation. Poly(A)-selected, strand-specific (AUTP method) lllumina libraries were prepared by the Inte-
grated Genomics Operation (IGO) at Memorial Sloan Kettering with a modified TruSeq protocol and sequenced on the lllumina HiSeq
2000 to obtain ~50-60M 2 x 101 bp paired-end reads per sample.
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eCLIP library preparation

eCLIP studies were performed in duplicates by Eclipse Bioinnovations Inc (San Diego, www.eclipsebio.com) according to the pub-
lished single-end enhanced CLIP protocol with the following modifications. For Rom10 immunoprecipitation, 10% of IP samples and
1% of input samples were run on NUPAGE 4-12% Bis-Tris protein gels, transferred to PVDF membrane, probed with 1:1,000 of
RBM10 antibody and 1:10,000 TrueBlot Anti Rabbit IgG (HRP) and imaged with C300 Imager for 1 min on normal settings using Azure
Radiance ECL. Only the region from ~100 kDa to 180 kDa (protein size to 80 kDa above) was isolated during eCLIP. For RNA visu-
alization, 10% of IP samples were run on NUPAGE 4-12% Bis-Tris protein gels, transferred to nitrocellulose membrane, visualized
using the Chemiluminescent Nucleic Acid Detection Kit (cat. no. 89880) from Thermo Fisher Scientific and imaged with C300 Imager
for 30 seconds on normal settings. For eCLIP preparation, 10 million MOLM-13 cells were UV crosslinked at 400 mJoules/cm2 with
254 nm radiation, and snap frozen. Cells were then lysed and treated with RNase | to fragment RNA as previously described. RBM10
antibody (A301-006A, Bethyl) was then pre-coupled to Protein G Dynabeads (Thermo Fisher), added to lysate, and incubated over-
night at 4 deg C. Prior to immunoprecipitation, 2% of the sample was taken as the paired input sample, with the remainder magnet-
ically separated and washed with lysis buffer only (as the standard high-salt eCLIP wash buffer gave poor immunoprecipitation yield).
eCLIP was performed by excising the area from ~100 kDa to ~180 kDa. RNA adapter ligation, IP-western, reverse transcription, DNA
adapter ligation, and PCR amplification were performed as previously described.

Whole-exome sequencing and targeted capture sequencing

For MSKCC-IMPACT, after PicoGreen quantification and quality control by Agilent BioAnalyzer, 100 ng of DNA were used to prepare
libraries using the KAPA Hyper Prep Kit (Kapa Biosystems KK8504) with 8 cycles of PCR. 80-190 ng of each barcoded library were
captured by hybridization in pools of 6-14 samples using the IMPACT (Integrated Mutation Profiling of Actionable Cancer Targets)
assay®' (Nimblegen SeqCap), designed to capture all protein-coding exons and select introns of 505 commonly implicated onco-
genes, tumor suppressor genes, and members of pathways deemed actionable by targeted therapies. Captured pools were
sequenced on a NovaSeq 6000 in a PE100 run using the NovaSeq 6000 S4 Reagent Kit (200 Cycles) (lllumina) producing an average
of 540X coverage per sample. For exome capture and sequencing, after PicoGreen quantification and quality control by Agilent
BioAnalyzer, 100 ng of DNA were used to prepare libraries using the KAPA Hyper Prep Kit (Kapa Biosystems KK8504) with 8 cycles
of PCR. After sample barcoding, 500 ng of library were captured by hybridization using the xGen Exome Research Panel v2.0 (IDT)
according to the manufacturer’s protocol. PCR amplification of the post-capture libraries was carried out for 12 cycles. Samples were
run on a NovaSeq 6000 in a PE100 run, using the NovaSeq 6000 S4 Reagent Kit (200 Cycles) (lllumina). Samples were covered to an
average of 251X.

Western blotting

MOLM-13 Cas9-expressing cells were transduced with sgRNAs and harvested for protein on day 6 post-transduction. For SM09419,
MOLM-13 cells were treated with varying concentrations of SM09419, and protein was harvested 48 h post-treatment. Lysate protein
concentration was measured with the BCA reagent and 10-30 mcg was loaded per lane onto 4-12% NuPAGE™ Bis-Tris protein gels.
After transfer, PVDF membranes were probed with anti-RBM10 (Bethyl Laboratories), anti-Phosphoepitope SR proteins Antibody
(clone 1H4, Millipore Sigma), total SR protein (Santa Cruz), anti-XIAP (Cell signaling), anti-MCL-1 (Cell signaling), anti-RBM5 (Abcam),
anti-FLT3 clone 8F2 (Cell signaling), anti-U2AF2/U2AF65 (Abcam) and anti-BCL-2 (Abcam) at 1:1,000 and visualized by standard
methods.

Colony-forming assays

Total bone marrow from Mx7-Cre WT and Mx7-Cre Rbm10™ mice were harvested and seeded at a density of 20,000 cells per
replicate into cytokine-supplemented methylcellulose medium (MethoCult M3434, Stemcell Technologies). For SM09419 experi-
ments, total bone marrow from C57BL/6 treated with 25 mg/kg SM09419 for 3 weeks were harvested and seeded as described
above. Colonies propagated in culture were scored at day 7.

Annexin V assay

Apoptotic analysis was determined using APC Annexin V (BD Bioscience) and performed according to manufacturer’s specifications
and co-stained with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) for DNA content. Cells were analyzed by flow cytometry
and FlowdJo software.

Generation of Rbm10 conditional knockout mice

The Rbm10 allele was deleted by targeting exon 4. Two LoxP sites flanking exon 3 and a Frt flanked neomycin selection cassette
were inserted in the downstream intron. Ten micrograms of the targeting vector were linearized and then transfected by electropo-
ration of HF4 (129/SvEv x C57BI/6) (FLP Hybrid) embryonic stem cells. After selection with G418 antibiotic, surviving clones were
expanded for PCR analysis to identify recombinant ES clones. The Neo cassette in targeting vector has been removed during ES
clone expansion. Screening primer A1 was designed downstream of the short homology arm (SA) outside the 3’ region used to
generate the targeting construct. Clones 182, 184, 211, 212, and 284 were expanded and reconfirmed for SA integration. A PCR
was performed on clones 182, 184, 211, 212, and 284 to detect presence of the distal LoxP site using the LOX1 and SDL2 primers.
This reaction amplifies a wild-type product 472 bp in size. The presence of a second PCR product 48 bp greater than the wild-type
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product indicates a positive LoxP PCR. Confirmation of distal LoxP retention was performed by PCR using the LOX1 and FRTN2C
primers. This reaction produces a product 1.05 kb in size. Sequencing was performed on purified PCR DNA to confirm presence of
the distal LoxP cassette using the SDL2 primer. Secondary confirmation of positive clones identified by PCR was performed by
Southern Blotting analysis. DNA was digested with Apa |, and electrophoretically separated on a 0.8% agarose gel. After transfer
to a nylon membrane, the digested DNA was hybridized with a probe targeted against the 5’ external region. DNA from HF4 mouse
ES cells was used as a wild-type control. Positive clones were further confirmed by Southern Blotting analysis using an internal probe.
DNA was digested with BamH |, and electrophoretically separated on a 0.8% agarose gel. After transfer to a nylon membrane, the
digested DNA was hybridized with a probe targeted against the 3’ internal region. DNA from HF4 mouse ES cells was used as a wild-
type control. Primer set NDEL1 and NDEL2 was used to screen mice for the deletion of the Neo cassette. The PCR product for the
wild-type is 322 bp. After Neo deletion, one set of LoxP-FRT sites remains (147 bp). A second band with a size of 469 bp indicates Neo
deletion. APCR was performed to detect presence of the distal LoxP site using the LOX1 and SDL2 primers. This reaction amplifies a
wild-type product 473 bp in size. The presence of a second PCR product 48 bp greater than the wild-type product indicates a positive
LoxP PCR. Tail DNA samples from positive mice were amplified with primers NEOGT and A1. NEOGT is located inside the Neo
cassette and A1 is located downstream of the short homology arm, outside the region used to create the targeting construct.
NEOGT/A1 amplifies a fragment of 2.32 kb in length.

Bone marrow (BM) transplantation

Freshly dissected femora and tibiae were isolated from Mx7-cre WT and Mx1-cre Rbm10f'/y, CD45.2* mice. BM was flushed with a
3-cc insulin syringe into PBS supplemented with 3% fetal bovine serum. The BM was spun at 0.5 g by centrifugation and RBCs were
lysed in ammonium chloride-potassium bicarbonate lysis buffer for 5 min. After centrifugation, cells were resuspended in PBS plus
3% FBS, passed through a cell strainer, and counted. Finally, 0.5 million total BM cells of Mx7-cre WT and Mx7-cre Rbm10™Y
CD45.2* mice were mixed with 0.5 million WT CD45.1* support BM and transplanted via tail vein injection into lethally irradiated
(two times 450 cGy) CD45.1* recipient mice. Chimerism was measured by FACS from the peripheral blood 4 weeks after transplant.
Chimerism was followed via FACS in the peripheral blood every 4 weeks (week 0, 4, 6, 8,12, and 16 after polyl:polyC injection). For
noncompetitive transplantation experiments, 1 million total BM cells of Mx7-cre WT and Mx7-cre Rbm10™Y CD45.2* mice were in-
jected into lethally irradiated (two times 450 cGy) CD45.1" recipient mice.

Drug treatment IC5o measurements

Cell lines were plated in 96 well plates and exposed to the indicated compounds at various concentration ranges with a minimum of
three technical replicates per concentration per cell line. Cell viability was measured with the CellTiter Glo reagent (Promega) as per
manufacturer’s instructions. Absolute viability values were converted to percentage viability versus DMSO control treatment, and
then non-linear fit of log(inhibitor) versus response (three parameters) was performed in GraphPad Prism v7.0 to obtain an ICsq
values. Two-dimensional heatmaps of Synergy Scores from Bliss synergy models were generated based on Demidenko et al.,
2019.%°

QPCR measurement of BCL2A1 gene expression

RNA was extracted from the indicated cell lines and reverse transcribed into cDNA using the Verso cDNA synthesis Kit (ThermoFisher
Scientific). Measurement of BCL2A1 gene expression was performed using primers amplifying BCL2A1 CDS region and designed by
primer3 (https://bioinfo.ut.ee/primer3-0.4.0/) with ACTB as the housekeeping gene. Relative expression levels across cell lines were
calculated using the Delta-delta Ct method as per standard procedures.

cDNA overexpression

BCL2A1, RBM10 wild-type and RBM10 domain mutants as well as XIAP full-length and Aexon 1 were codon optimized and synthe-
sized as gene blocks by Integrated DNA Technologies (IDT) and was sublconed cloned into lentiviral Puro-IRES-GFP construct using
NEBuilder Hifi DNA assembly. MOLM-13 RBM10-KO cells were transduced with either BCL2A1, RBM10 wild-type, or RBM10
mutant constructs and treated with venetoclax.

Animal experiments

For in vivo Cas9 experiments, MOLM-13 Cas9-expressing cells were transduced with sgRosa (negative control) or sgRBM10 con-
structs. At day 2 post-transduction, sgRNA positive cells (GFP*) were sorted by FACS. 100,000 leukemia-sgRNA expressing cells
were intravenously injected into each sub-lethal irradiated (5.5 Gy) 8 weeks-old NOD scid gamma mice mice. For venetoclax trials,
a 100 mg/mL venetoclax (Sigma Aldrich) stock was diluted in a carrier containing 10% ethanol, 30% polyethyleneglycol-400 (Sigma),
and 60% phosal 50 propylene glycol (Lipoid) to obtain a final concentration of 100 mg/kg. Upon disease onset as measured by biolu-
minescent imaging, we performed oral gavage once daily with either 100 mg/kg venetoclax or vehicle (1% DMSO). All whole-body
bioluminescent imaging was performed by intraperitoneally injection of Luciferin (Goldbio) at a 50 mg/kg concentration and imaging
was performed after 5 mins using an VIS imager. Bioluminescent signals (radiance) were quantified using Living Image software with
standard regions of interests (ROI) rectangles.
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Kinase assays

IC5 values for CLK2, CLK3, DYRK1A and CDK1 were determined by transferring test compounds to 1536-well plates (Echo 550,
LabCyte) and by optimizing and performing Z’-LYTE™ kinase assays per the manufacturer’s instructions (Thermo Fisher). In addition,
a full kinome screen (464 kinases) with 1 uM SM09419 was performed by Thermo Fisher Select Screen service. The IC5q for each
kinase demonstrating >80% inhibition was then determined. Kinase tree dendrogram was generated using Coral.®’

NanoBRET target engagement assay

Cellular target engagement assays were performed using NanoBRET in 293T cells expressing CLK1, CLK2, CLK3, CLK4, DYRK1A,
DYRK1B, and DYRK?2 in-frame with a nanoluciferase (NanoLuc) tag. A cell permeable NanoBRET fluorescent tracer was then added
to the cells which reversibly binds the target-NanoLuc Fusion protein in live cells to result in a BRET signal. SM09419 or vehicle were
then added to each cell over a dose range and the degree of drug-target protein binding was assessed via loss of NanoBRET signal.
An ICsq value indicating SM09419-protein binding was then identified via 10-point dose response curves.

Patient-derived xenograft experiments

Frozen human peripheral blood mononuclear cells (PBMCs) from two individual PDX models were rapidly thawed and transferred into
50 mL conical tubes. 20 mL pre-warmed RPMI 1640 (Corning) was added dropwise to tubes. After centrifuging at 300 x g at 4 de-
grees Celsius, cell pellet was resuspended in PBS (Corning). 4 million cells were intrafemorally injected per mouse. Blood was
collected by retro-orbital bleeding using heparinized microhematocrit capillary tubes (Thermo Fisher Scientific) and a flow cytometry
panel consisting of mCD45/ hCD45/hCD3/hCD11b/hB220 were used to discriminate human from mouse cells and human myeloid vs
T-cell engraftment. Upon disease onset as measured by hCD45-positive cells by flow cytometry, we performed oral gavage once
daily with either 25 mg/kg SM09419 or vehicle (5% polyvinylpyrrolidone).

QUANTIFICATION AND STATISTICAL ANALYSIS

Genome-wide differential gene expression analysis

FASTQ files were first trimmed using Trim_galore (v0.6.4)® to remove sequencing adapters and low quality (Q<15) reads. Trimmed
sequencing reads were aligned to the human Hg19 reference genome (GENCODE, GRCh37.p13) using STAR (v2.7.5).%9 SAM files
were subsequently converted to BAM files, sorted, and indexed using samtools (v1.9).°° BAM files were used to generate bigwig files
using bamCoverage (part of the Deeptools package; v3.3.1).°" Read counting across genomic features was performed using featur-
eCounts (part of the subread package; v1.5.0).%

Gene expression estimation and alternative splicing analysis

Annotations from UCSC knownGene,®® Ensembl 71,°* and MISO v2.0°° were combined to create a genome annotation for the human
UCSC hg19 (GRCh37) assembly. We mapped all reads to the transcriptome via RSEM v1.2.4,%° using the Bowtie alignment option
“.v 27 9" RSEM produces gene-level estimates of expression in units of transcripts per million (TPM). All gene expression estimates
were normalized via the trimmed mean of M values (TMM) method.“® Reads which failed to align were mapped to the genome with
TopHat v2.0.8b,%° as well to an expanded annotation created by computing all possible combinations of annotated 5’ and 3’ splice
sites per gene. We quantified isoform expression with MISO v2.0,°® using the combined RSEM and TopHat alignments as input. We
used the two-sided t-test to test differential isoform expression between sample groups. Differentially spliced events were defined as
those with at least 20 isoform-identifying reads in each sample, a minimum absolute difference of 10% in isoform expression, and a
p-value < 0.05. All analyses were conducted within the R Programming environment with tools from Bioconductor.'?® The visualiza-
tions were created using the dplyr, ggplot2, tidyverse,'®" and UpSetR'%? packages.

Purine/Pyrimidine motif enrichment analysis

Differentially spliced cassette exon events following SM09419 treatment were identified. The enrichment of purines/pyrimidines in
excluded, relative to included, cassette exons was measured within exonic regions and immediately adjacent intronic sequences.
The 95% confidence interval was estimated with bootstrapping (1000 resampling iterations). The motif enrichment analysis was con-
ducted within the R Programming environment with GenomicRanges from Bioconductor.'®°

eCLIP data analysis

The eCLIP data was processed similarly as described previously®” and is outlined shortly in the following. First, adapter sequences
were trimmed from both reads of all read-pairs using cutadapt version 1.14. Then, all remaining reads longer than 16 bases were
aligned against the human reference genome sequence hg19/GRCh37 using STAR version 2.5.0c. Only uniquely mapped reads
were kept. Read-pair duplicates by position were removed using picard tools version 2.6.0. To identify binding sites, we first ran
a custom script to identify clusters of overlapping reads that had a read-depth of at least 10 reads. Then, we calculated significant
enrichments for all such identified clusters by comparing IP-samples versus input-samples using edgeR. More specifically, we ran
bamutils count version 0.5.7'%° to counted stranded reads within all identified clusters for all samples. Using this output, we calcu-
lated differential coverage between IP-vs-input for each cluster with edgeR after normalizing for total sequencing depth per replicate
(resulting in counts per million/CPM per cluster). Final binding sites were called by applying logFC > 2 and FDR < 0.05 thresholds
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between IP-vs-input. Identification of RBM10 binding positions in events alternatively spliced following RBM10 KO relied on the
htseg-clip suite (https://htseq-clip.readthedocs.io), '°* and the DEWSeq'°° and GenomicRanges Bioconductor packages. ' In brief,
the GRCh38.v40 GENCODE annotation was processed into 50 nucleotide (nt) genomic sliding windows, with step size of 20 nt, using
htseg-clip. From the STAR-aligned eCLIP BAM files, htseq-clip was used to identify crosslink positions and count their abundance in
each window. The htseg-clip counts matrix was used as input to DEWSeq for normalization and identification of IP-vs-input
significantly enriched windows (adjusted p-value < 0.05, logFC > 2) in protein-coding regions. The p-values were FDR-adjusted
via Independent Hypothesis Weighting'®” and overlapping significantly enriched windows were combined. The positions of enriched
windows in alternatively spliced regions identified from our RNA-seq analyses were determined using the GenomicRanges package.

Gene ontology analysis
Gene set enrichment was performed using the fgsea R package (1.4.0)'°® using the KEGG, GO and MsigDB specific signatures ac-
cording to the manual.

Statistical analysis

Kaplan-Meier survival curve p-values were performed using Log rank Mantel-COX test. For statistical comparison, we performed
unpaired Student’s t test. Statistical analyses were performed using Prism 7 software (GraphPad). Data with statistical significance
are as indicated, *p< 0.05, **p< 0.01, **p< 0.001. Kaplan-Meier survival curves were compared using the Wilcoxon Rank-Sum test
via GraphPad Prism. Information on replicates, independent experiments and statistical test can be found in the Figure Legends.
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