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In brief

Pediatric acute myeloid leukemia stem
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skipping events and decreased RBFOX2

expression, which is linked to embryonic

splicing patterns and CD47 splice isoform

upregulation. van der Werf et al. show

that the reversal of malignant exon

skipping with Rebecsinib, a selective

splicing modulator, prevents pediatric

LSC propagation.
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3Princess Máxima Center for Pediatric Oncology, Utrecht, the Netherlands
4Emma Children’s Hospital Amsterdam, Amsterdam UMC, Vrije Universiteit Amsterdam, Pediatric Oncology, Amsterdam, the Netherlands
5Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92037, USA
6Center for Computational Biology and Bioinformatics (CCBB), University of California, San Diego, La Jolla, CA 92037, USA
7These authors contributed equally
8Lead contact

*Correspondence: cjamieson@health.ucsd.edu

https://doi.org/10.1016/j.xcrm.2023.100962
SUMMARY
Pediatric acute myeloid leukemia (pAML) is typified by high relapse rates and a relative paucity of somatic
DNA mutations. Although seminal studies show that splicing factor mutations and mis-splicing fuel ther-
apy-resistant leukemia stem cell (LSC) generation in adults, splicing deregulation has not been extensively
studied in pAML. Herein, we describe single-cell proteogenomics analyses, transcriptome-wide analyses
of FACS-purified hematopoietic stem and progenitor cells followed by differential splicing analyses, dual-
fluorescence lentiviral splicing reporter assays, and the potential of a selective splicing modulator, Rebecsi-
nib, in pAML. Using these methods, we discover transcriptomic splicing deregulation typified by differential
exon usage. In addition, we discover downregulation of splicing regulator RBFOX2 and CD47 splice isoform
upregulation. Importantly, splicing deregulation in pAML induces a therapeutic vulnerability to Rebecsinib in
survival, self-renewal, and lentiviral splicing reporter assays. Taken together, the detection and targeting of
splicing deregulation represent a potentially clinically tractable strategy for pAML therapy.
INTRODUCTION

Alternative pre-mRNA splicing involves tightly regulated intron

removal and exon joining, which is crucial for converting pre-

mRNAs into mRNAs that are subsequently translated into func-

tional proteins.1,2 The expression of different splice isoforms

can have wide-ranging effects on stem cell functional properties,

including differentiation, self-renewal, dormancy, and homing.

Deregulation of alternative splicing has been linked to somatic

mutations in splicing regulatory genes, such as SRSF2, U2AF1,

andSF3B1, and confers a poor prognosis in human adult myeloid

malignancies, such as acute myeloid leukemia (AML).3–7 More-

over, mis-splicing can occur in stem cell regulatory transcripts,8

in some cases, as a response to inflammatory cytokine-inducible

RNA editing by ADAR1, which introduces new splice acceptor

sites through adenosine-to-inosine (A-to-I) RNA editing.4,9–12

Previously, we identified splice isoform signatures that distin-

guished therapy-resistant acute myeloid leukemia stem cells
Cell R
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(LSCs) from healthy age-matched hematopoietic stem cells

(HSCs) and hematopoietic progenitor cells (HPCs).4 In addition,

we pre-clinically sensitized adult LSCs to a splicing modulator,

17S-FD-895 (Rebecsinib) in stromal co-cultures and humanized

mouse models.4 This discovery of splicing deregulation in ther-

apy-resistant myeloid malignancies, in the absence of recurrent

splicing factor mutations, fueled our investigation of splicing

deregulation in children diagnosed with AML. Although pediatric

AML (pAML) is frequently therapeutically recalcitrant, precise

delineation of the mechanisms of therapeutic resistance has

been hindered by its relative rarity. Recent research has revealed

a relative paucity of somatic mutations in pAML compared with

adult AML.13,14 This finding suggests that pAML propagation

might be driven by epigenomic alterations and splicing deregu-

lation rather than solely by somatic DNA mutations.13–16

To elucidate the relative importance of somatic DNA drivers

and splicing deregulation in pAML, we performed whole exome

sequencingandmultiplexed single-cell proteogenomicsanalyses,
eports Medicine 4, 100962, March 21, 2023 ª 2023 The Authors. 1
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Figure 1. Comparative targeted whole-exome sequencing analysis of pediatric and adult acute myeloid leukemia samples

(A) Study design schematic.

(B) Targeted whole-exome (next-generation) sequencing analysis of 124 hematopoietic malignancy-associated genes was performed on DNA extracted from

peripheral blood or bone marrowmononuclear cells isolated from pediatric AML (pAML, n = 11) patients and adult de novo AML (dnAML, n = 3) patients. See also

Figure S1.
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purified HSC and HPC RNA sequencing (RNA-seq) analyses with

splicing-specific computational bioinformatics pipelines, single-

cell biosensing dual-fluorescence lentiviral splicing reporter

assays, and lentiviral shRNA knockdown assays. Using these

methods, we discovered that downregulation of RBFOX2, a

repressor of embryonic alternative pre-mRNA splicing, was asso-

ciatedwithCD47 splice isoformsupregulation, which has been re-

ported to prevent programmed cell removal bymacrophages and

fuel LSC propagation in adult AML.17,18 Moreover, in vitro assays

and humanized AML mouse model studies revealed selective

sensitivity of pAML to splicing modulation with Rebecsinib,

thereby setting the stage for the development of clinical splicing

modulator approaches aimed at eradicating LSCs in refractory

AML in children.

RESULTS

Whole-exome sequencing detection of somatic
mutations in pAML
To examine recurrent somaticmutations, we performed targeted

whole-exome sequencing analyses of 124 gene mutations on
2 Cell Reports Medicine 4, 100962, March 21, 2023
pAML (n = 11) and adult de novo AML (dnAML; n = 3) peripheral

blood and bone marrow mononuclear cell samples (Figures 1A,

S1A, and S1B, Table S1). While bulk samples lacked detectable

mutations in splicing factor genes, such as SF3B1, SRSF2,

U2AF1, U2AF2, or ZRSR2 (Figure 1B), we could not exclude

the existence of splicing factor mutations in rare cell populations.

Single-cell proteogenomics detection of clonal
heterogeneity in pAML
To rule out recurrent splicing factor mutations in relatively rare

cell populations, we analyzed three pAML patients (266, 451,

and 678) using multiplexed single-cell proteogenomics analyses

(Figure 2).19,20 To isolate single cells for DNA genotypes and cell

surface protein expression, we used a droplet microfluidics plat-

form (Tapestri)19,20 followed by immunoprecipitation with anti-

body-oligo conjugates to detect cell surface receptors (CD3,

CD7, CD11b, CD34, CD38, CD45, CD56, and ROR1), and we

queried DNA mutations in 45 myeloid malignancy-associated

genes, covering 312 amplicons. With this myeloid malignancy

proteogenomics platform, 8,325, 7,658, and 5,440 single cells

were analyzed, respectively, for each of the three pAML samples
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as shown in the uniform manifold approximation and projection

(UMAP) plots (Figures 2A, 2B, 2C (left) and S2A, S2B, S2C). To

correlate immunophenotype with DNAmutation status, wemap-

ped detectable single-nucleotide variants (SNVs) with the immu-

nophenotypes (Figures 2A, 2B, 2C (right) and S2A, S2B, S2C).

Next, we correlated the DNA mutation with cell immunopheno-

type. Patient 266 (an 11-year-old girl) had multiple mutations in

TP53, KIT, ASXL1, DNMT3A, ETV6, KDM6A, SETBP1, EZH2,

PHF6, BCOR, and SF3B1 (Figure 2A). Patient 451 (a 9-year-old

boy) had mutations in RAD21, FLT3, WT1, RUNX1, DNMT3A,

NF1, BRAF, RUNX1, NF1, EZH2, and SF3B1 (Figure 2B). Patient

678 (a 1-year-old boy) had mutations in KRAS, SETBP1, FLT3,

TET2, KIT, BCOR, RAD21, EZH2, and WT1 (Figure 2C). In all

three pAML patients studied by single-cell proteogenomic

sequencing, there was no clear evidence of immunophenotypic

segregation. In addition, different clones harbored only minor

differences in somatic mutations. In two out of three patients

(451 and 266), we identified an identical mutation in a non-coding

region of the splicing factor, SF3B1. While intriguing and

included as part of the standard Tapestri myeloid mutation

panel, the clinical implications of this SF3B1 mutation are not

known and will require detailed epidemiologic studies to eluci-

date in the context of myeloid malignancies in both pediatric

and adult patients.

LSC signature identification in pAML
The relative paucity of somatic mutational drivers in pAML sam-

ples suggests that other molecular mechanisms, including pre-

mRNA splicing alterations, may fuel therapeutic resistance and

LSC generation.4 While malignant pre-mRNA splicing deregula-

tion has been shown to be an essential driver of therapy-resistant

LSC generation in adults, it has not been reported in pAML. To

investigate the role of malignant pre-mRNA splicing in pAML,

we collected bone marrow or peripheral blood from children

diagnosed with AML (pAML; 1 to 14 years of age) and age-

matched non-leukemic individuals (pNL) followed by differential

gene expression and splice isoform RNA-seq analyses. Also, we

analyzed adult dnAML patients (34 to 83 years of age) and adult

secondary AML (sAML; 59 to 82 years of age) patients who were

previously shown to harbor distinct splicing patterns (Figures 1A,

S1A, and S1B, Table S1).4

Several adult dnAML and sAML studies show that LSCs

can be enriched in the CD34+CD38�Lineage– HSC or the

CD34+CD38+Lineage� HPC compartment and can be distin-

guished from normal blood cells based on gene expression

and splicing signatures as well as the capacity to self-renew in

immunocompromised mouse models.21,22 Similar to adults
Figure 2. Single-cell proteogenomic sequencing analysis of clonal het

Single-cell proteogenomic profiling was performed using the MissionBio Tapestri

manifold approximation and projection (UMAP) plots (left) are shown from three

jugates (CD3, CD7, CD11b, CD34, CD38, CD45, CD56, and ROR1) and a DNA m

(A) pAML 266; correspondence of immunophenotyping and single nucleotide v

expression is shown in a heatmap with each row associated with a single cell (ri

(B) pAML 451; correspondence of immunophenotyping and SNV analysis with

heatmap with each row associated with a single cell (right).

(C) pAML 678; correspondence of immunophenotyping and SNV analysis with C

See also Figure S2.
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with AML, the frequency of LSCs can distinguish children with

AML that are more likely to become resistant to treatment regi-

mens aimed at eliminating dividing cells.23,24 Accordingly, char-

acterization and elimination of LSCs appear to be critical.

To investigate the cell type and context-specific role of malig-

nant pre-mRNA splicing in pAML pathogenesis, we performed

RNA-seq on FACS-purified CD34+CD38�Lineage– cells (HSCs)

and CD34+CD38+Lineage– cells (HPCs).

In sortedHSCs, differential geneexpression analysesdetected

178genes thatwere significantly differentially expressed inpAML

versus age-matched non-leukemic controls (Table S2; adjusted

p value < 0.05). Initially, we evaluated the expression of leuke-

mia-associated markers that have previously been used to

discriminate LSCs fromnormalHSCs. Thesephenotypicmarkers

include CD47, CLL-1 (also known as CLEC12a), TIM3, CD7,

CD123, CD96, CD33, and CD44.25,26 Using this RNA-seq anal-

ysis platform, we found significantly increased expression levels

for each of these LSC markers in HSCs derived from pAML

compared with non-leukemic (pNL) samples (Figure 3A).21,27 In

contrast to pNL HSCs, LSC gene expression patterns were

similar between pAML and adult dnAML HSCs (Figure 3B).28

Because of its role in evasion of programmed cell removal by

macrophages, CD47 upregulation in pAML HSCs is particularly

notable as a potential driver of therapeutic resistance.

In addition, we compared several gene expression signatures

that have been reported in the literature in HSCs and HPCs (Fig-

ure S3A).29–32 As expected, sorted HSCs derived from adult

dnAML cannot be distinguished from pAML-derived HSCs as

both cell populations include malignant cells (Figure S3B). In

contrast, pAML-derived HSCs can be distinguished from non-

leukemic HSCs derived from age-related bonemarrow aspirates

(Figures S3C–S3E). Similar results were obtained with FACS-

purified HPCs derived from pAML, pNL, and adult dnAML

aspirates. Together, these data suggest an enrichment of LSC

expression signatures in both the CD34+CD38�Lineage– HSC

and the CD34+CD38+Lineage� HPC compartment in pAML.

Detection of pre-mRNA splicing disruption in LSCs
By employing multivariate analysis of transcript splicing, rMATS,

we detected alternative splicing alterations in hg38-aligned

whole-transcriptome RNA sequencing data derived from pAML

and non-leukemic HSCs and HPCs FACS-purified from age-

matched bone marrow aspirates (Figure 3).33 In these splicing

analyses, we detected 2,987 differential splicing events involving

1,982 genes (false discovery rate, FDR < 0.05; percent spliced

in, PSI > 0.1) in pAML-derived HSCs compared with age-

matched controls. These alternative splicing events included
erogeneity in pAML

system to identify clonal somatic mutations and proteomic alterations. Uniform

separate pAML patients and were generated using eight antibody-oligo con-

utation panel covering 45 myeloid genes with 312 amplicons.

ariant (SNV) analysis with ROR1, CD7, CD38, and CD34 cell surface protein

ght).

CD34, CD38, CD7, and ROR1 cell surface protein expression is shown in a

D7, CD38, CD34, and ROR1 cell surface protein expression is depicted (right).
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Figure 3. Whole-transcriptome detection of splicing deregulation in pAML compared with pediatric non-leukemic (pNL) hematopoietic stem

cells

(A and B) Transcript expression levels (log counts per million; CPM) of LSC-associated phenotypic markers in pAML (n = 9) versus pNL (n = 3; A) and adult dnAML

(n = 3; B) derived hematopoietic stem cells (HSCs; moderated t statistic with Benjamini-Hochberg correction method for multiple testing; *p < 0.05, **p < 0.01,

***p < 0.005).

(C) Schematic of alternative splicing event detection.

(D) Quantification of differential splicing events, including exon skipping (ES), intron retention (IR), alternative 30 splice site usage (A3SS), and alternative 50 splice
site usage (A5SS) in pAML HSCs compared with pNL HSCs using multivariate analysis of transcript splicing (rMATS) bioinformatics analysis.

(E) Percentage of exon skipping in pAML HSCs compared with pNL HSCs.

(F) Heatmap of top 200 distinct splice isoforms in pAML HSCs versus pNL HSCs.

(G) Quantification of differential splicing events (ES, IR, A3SS, A5SS) in pAML HSCs versus adult dnAML HSCs.

(H) Functional enrichment analysis of pAML HSCs versus adult dnAML HSCs. See also Figure S3.
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exon skipping (ES), intron retention (IR), and alternative 50 splice
site (A5SS) as well as alternative 30 splice site (A3SS) usage (Fig-

ure 3C, Table S3).34 ES was the most frequent event in our

analysis with more than 2,000 differential events identified (Fig-

ure 3D). Interestingly, the cassette exons identified were skipped

more frequently in pAML HSCs compared with non-leukemic

controls (Figure 3E). In addition, we identified distinct differences

in splice isoforms expressed by pAML compared with non-

leukemic HSCs and HPCs (Figures 3F and S3F). Prominent

splicing differences between pAML and age-matched normal

HSCs and HPCs suggest that a reasonable therapeutic index

may be achieved with selective small molecule splicing modula-

tory strategies in pAML.

Next, comparative RNA-seq was used to distinguish splicing

patterns between pAML and adult dnAML. Notably, we found
3,335 differential splicing events involving 2,071 genes in pAML

HSCs compared with adult dnAML HSCs (FDR < 0.05;

PSI > 0.1; Figures 3G and S3G). To identify genes that were differ-

entially spliced in pAMLonly, we investigated the overlap between

differential splicing events in pAML compared with adult dnAML,

and pAML compared with pNL. Subsequently, splicing events

unique to pediatric HSCs were utilized in enrichment analysis to

identify associated pathways and functions. Functional enrich-

ment analysis revealed widespread effects of genes involved in

mRNA processing, including several members of the serine/argi-

nine-rich gene family and numerous heterogeneous human ribo-

nucleoproteins (Figure 3H). Similarly, differentially splicing events

and the associated genes in pAML-derived HSCs compared with

adult sAML-derived HSCs showed a comparable distribution of

event types and overlapping categories in the enrichment analysis
Cell Reports Medicine 4, 100962, March 21, 2023 5
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Figure 4. Lentiviral splicing reporter and RNA sequencing-based detection of splicing alterations in pAML

(A) Schematic of lentiviral dual-fluorescence MAPT splicing reporter.

(B) Representative image of Kasumi-1, a pAML cell line, stably transduced with the pCDH-EF1-IRES-Puro MAPT splicing reporter lentiviral vector. Left: confocal

fluorescence microscopic image of lentiviral splicing reporter GFP expression (scale bar, 50 mm). Right: confocal fluorescence microscopic image of lentiviral

splicing reporter RFP expression (scale bar, 50 mm).

(C) FACS analysis of GFP andRFPmean fluorescence intensity (MFI) in the live cell population of CD34+ selected pAML patient samples (n = 4 biological replicates).

(D) FACS analysis of GFPMFI in the live cell population of CD34+ selected pAML samples versus CD34+ cord blood (CB) samples (Student’s t test, p = 0.029; n = 4

biological replicates).

(E) Whole-transcriptome (RNA-seq)-based quantification of CD44 splice isoforms in pAML (n = 9, blue) versus pNL (n = 3; red) HSCs (Student’s t test, p < 0.05).

(F) RNA-seq-based quantification of CD47 splice isoform expression in pAML (blue) versus pNL (red) HSCs (Student’s t test, CD47-201 p = 0.3766; CD47-202 p =

0.0019; CD47-204 p = 0.0167; CD47-205 p = 0.0134). See also Figure S4.
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results (Figure S3H). These results underscore fundamental

splicing differences between pAML and adult AML. Collectively,

these data emphasize the importance of studying the cell type

and context-specific pathogenesis of pAML.

Live lentiviral splicing biosensor reporter assays
quantify leukemia propagation
To further analyze alternative splicing events in pAMLcells, we re-

engineered a lentiviral EF1alpha (EF1a) promoter-driven MAPT-

mini-cassette-containing dual-fluorescence GFP/RFP reporter
6 Cell Reports Medicine 4, 100962, March 21, 2023
capable of detectingES (GFP) and exon inclusion (RFP) at the sin-

gle-stem-cell level (Figures 4A and 4B).35 Specifically, we trans-

duced immunomagnetic bead-selected CD34+ cells derived

from pAML bone marrow aspirates as well as pAML cell lines

with the lentiviral dual-fluorescence splicing reporter. Using this

lentiviral splicing reporter assay, we identified a strongGFP signal

indicative of ES in pAML CD34+ cells (Figure 4C). Moreover, we

found that CD34+ cells frompAMLpatients harbored significantly

increased levels of GFPwhen comparedwithCD34+ cells derived

from healthy umbilical cord blood (Figure 4D). In addition to
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Figure 5. RBFOX2 downregulation and reversion to an embryonic stem cell splicing program in pAML

(A) RBFOX2 protein expression levels were quantified in pAML (n = 5 biological replicates) and cord-blood-derived HSCs (n = 3 biological replicates) and he-

matopoietic progenitor cells (HPCs; pAML, n = 5; pNL, n = 4 biological replicates) by FACS analysis as shown by MFI (Student’s t test HSC [left] p = 0.04; HPC

[right] p = 0.06).

(B) RNA-seq-based cytoscape network analysis of RBFOX2 and embryonic stem cell (ESC) specific alternative splicing program-related transcripts. Nodes are

colored according to log fold change.

(C) Volcano plot highlighting RBFOX2 target genes that show differential exon usage in pAML (false discovery rate, FDR < 0.05; percent spliced in, PSI > 0.1).

A negative PSI reflects exon inclusion in pAML, while a positive PSI reflects ES in pAML versus pNL cells.

(legend continued on next page)

Cell Reports Medicine 4, 100962, March 21, 2023 7

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
validatingRNA-seq-baseddata frompAML-derivedHSCs versus

age-matched controls, this innovative lentiviral dual-fluorescence

splicing reporter system enables real-time in vitro and in vivo

quantification of splicing alterations that will facilitate therapeutic

splicing modulator development.

Identification of splicing deregulation biomarkers of
splicing deregulation in pAML stem cells
While we identified global splicing differences between pAML

and age-matched non-leukemic cells, we also identified specific

changes in pro-survival splice isoform expression.4,36 Specif-

ically, we found that the pro-survival splice isoform MCL1-L, a

member of the BCL2 gene family, was highly expressed in

pAML HPCs when compared with non-leukemic HPCs

(Figures S4A and S4B). Along with MCL1-L, we detected upre-

gulation of pro-survival BCL2-L transcript levels in pAML HSCs

and HPCs (Figure S4C). In addition, we identified differential

splicing of the A-to-I RNA editing enzyme, ADAR1. Specifically,

the ratio of the interferon-inducible splice isoform of ADAR1,

ADAR1 p150, was significantly increased compared with the

non-interferon-responsive isoform, ADAR1 p110, in pAML

compared with pNL HSC and HPC samples (Figure S4D). In

accordance with an increased ratio of ADAR1 p150 to ADAR1

p110, we identified widespread editing events in pAML

compared with pNL HSCs (Figure S4E). Concurrently, we identi-

fied RNA editing and concomitant differential splicing of PTPN6,

a protein tyrosine phosphatase that serves as a driver of onco-

genic transformation (Figures S4F and S4G).37 Since A-to-I

RNA editing can remove the 30 splice acceptor adenosine, future

studies will explore whether ADAR1 activity can be linked or even

cause differential exon usage in pAML.38

Interestingly, LSC-related genes, including CD44 and CD47,

were differentially spliced. Specifically, we identified significantly

increased levels of CD44-008 (also known as CD44v6), an impor-

tant driver of cancer stem cell self-renewal (Figures 4E and

S4H).28,36 In addition, we found differential splicing of CD47, the

malignant ‘‘don’t eat me signal’’ that enables evasion of

programmed cell removal by macrophages (Figures 4F and

S4I).17,18 Previously, we discovered that downregulation of mu-

scleblind-like splicing regulator 3 (MBNL3) was associated with

activation of human embryonic stemcell (ESC) alternative splicing

involved in expression and splicing of CD44 as a driver of blast

crisis LSC generation in chronic myeloid leukemia.36 More

recently, it was shown that splicing of CD47 is regulated by RNA

binding fox-1 homolog 2 (RBFOX2), a master regulator of alterna-

tive splicing in embryonic stem cells.39–41 Thus, we investigated

the relative roles of MBNL genes and RBFOX2 in pAML splicing

deregulation.

Decreased RBFOX2 expression in pAML
Recently, expression of RBFOX2 (also known as RBM9) was de-

tected in the human T cell line JURKAT.42 Subsequently, a role
(D) Heatmap of exon expression levels after unsupervised clustering of RBFOX2

compared with pNL (n = 3 and n = 6, respectively; red).

(E) Cytoscape network analysis of differentially spliced RBFOX2 target genes imp

comparison were used as seeds for network propagation on the STRING high-con

color. Triangles depict seed list genes, and circles represent associated genes.
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for RBFOX2 was identified in B cell non-Hodgkin lymphoma

and in the human pAML cell line Kasumi-1. This pAML cell line

harbors a RUNX1/RUNX1T1 fusion oncogene, which is typified

by a 2-fold reduction in RBFOX2 expression.43,44 In addition,

the splicing regulator RBFOX2 promotes ESC survival. Together

with MBNL proteins, as well as pyrimidine tract binding (PTBP)

proteins, RBFOX2 is a pre-mRNA splicing regulator that is nor-

mally expressed at lower levels in ESCs compared with differen-

tiated cell types.40,45

Strikingly, both pAML-derived HSCs andHPCs showed signif-

icant downregulation of RBFOX2 (Figures 5A and S5A). Similar to

the pattern of reduced RBFOX2 expression in pAML and ESCs,

pAML HSCs showed decreased expression of MBNL1 (Stu-

dent’s t test, p = 0.022) and MBNL2 (Student’s t test, p =

0.018) (Figure 5B, Table S2).42 Also, we identified significantly

increased expression of a CELF2, a repressor of both RBFOX2

and MBNL genes, in HPCs (Student’s t test, p = 0.035)

(Table S2).40 Since RBFOX2 was the only significantly differen-

tially expressed gene related to splicing in both HSC and HPC

cell types, we explored the contribution of RBFOX2 to splicing

deregulation in pAML.

Subsequently, we performed motif enrichment analysis us-

ing RNA mapping analysis and plotting server (rMAPS).46

RBFOX2 is known to promote ES when binding upstream of

an exon, and exon inclusion when binding downstream of

an exon. In our analyses, HPCs showed significant enrichment

for the RBFOX2 binding motif upstream of the alternatively

spliced exon (Figure S5B). Next, we identified RBFOX2 target

genes based on the oRNAment database, which uses an algo-

rithm to predict genes with target binding sites, and an eCLIP

study.39,41 Genes present in both studies were used for sub-

sequent analysis of RBFOX2 target genes (Figure 5C). In this

analysis, we focused on genes that have been shown to

have differential exon usage in ESCs.40 Consistent with the

behavior in ESCs, these exons were found to be highly ex-

pressed in pAML (Figure 5D). Thus, both pAML HSCs and

HPCs express exons linked to RBFOX2 repression in ESCs.

These data are indicative of reversion to an embryonic

splicing pattern in pAML. Thus, we performed network propa-

gation analysis on the STRING high confidence interactome

using the top differentially spliced RBFOX2 target genes as

a seed list.47 Together, these findings implicate that

decreased RBFOX2 expression drives widespread splicing

deregulation of several processes key for leukemia survival

(Figures 5E and S5C). Notably, this RBFOX2 differentially

spliced target gene analysis revealed upregulation of ‘‘the

don’t eat me signal,’’ CD47 (Figure 5E), thereby underscoring

the potential importance of immune evasion in pAML patho-

genesis. Moreover, differential expression of RBFOX2 and dif-

ferential splicing of RBFOX2 target genes also seems impor-

tant when comparing pAML and adult dnAML (Figures S5D

and S5E).
target genes in pAML HSCs and HPCs (n = 9 and n = 8, respectively; blue)

licated in ‘‘Pathways in Cancer’’ in pAML HPCs. The top 200 ES events in this

fidence interactome. Differential expression log fold change ismapped to node

See also Figure S5.
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Embryonic splicing leads to splicing modulator
sensitivity in pAML
Next, we examined the direct contribution of RBFOX2 to self-

renewal, as measured in hematopoietic colony replating assays.

First, we examined self-renewal upon lentiviral shRNA knock-

down of RBFOX2 in cord-blood-derived hematopoietic stem

and progenitor cells (HSPCs; Figure S6A). In this study, shRNA

knockdown of RBFOX2 significantly increased the replating

capacity of cord-blood-derived HSPCs (Figure 6A).

In parallel, we examined the response to splicing modulation

using the small molecule inhibitor Rebecsinib, previously known

as 17S-FD-895.4 Rebecsinib, which binds within the spliceo-

some core adjacent to SF3B1, SF3B3, and PHF5A, induces

alternative intron and exon usage and reduces self-renewal

and survival of LSCs in adult sAML.4 Strikingly, the knockdown

of RBFOX2 in cord-blood-derived HSPCs significantly increased

sensitivity to Rebecsinib in both colony survival and colony re-

plating assays (Figure 6B). Next, we performed functional he-

matopoietic colony survival and self-renewal (replating) assays

in HSPCs isolated from pAML bone marrow aspirates. In

these Rebecsinib sensitivity experiments, we detected a dose-

dependent reduction in clonogenicity and replating (Figure 6C).

This effect was detected at doses as low as 100 nM in pAML,

whereas cord-blood-derived HSPCs appeared to be unaffected

(Figure 6C). Notably, pAML samples were significantly more sen-

sitive to splicing modulation than adult dnAML and similar in

sensitivity to sAML (Figures 6D and S6B). Interestingly, splicing

modulation with Rebecsinib induced MCL1 exon 2 skipping,

thereby eliciting pro-apoptotic MCL1-S isoform expression

rather than pro-survival MCL1-L transcripts expression (Fig-

ure S6C and Table S4). Moreover, we established the relative

potency of Rebecsinib using the same leukemic cell line,

MOLM13, which had been previously used to assess the po-
Figure 6. Rebecsinib inhibition of pAML LSC survival and self-renewal

(A) Colony assay of CD34+ cord blood cells in long-term stromal co-cultures follo

knockdown of RBFOX2 (shRBFOX2, n = 7 biological replicates; Student’s t test,

(B) Percent colony survival and self-renewal (replating) of CD34+ cord blood sam

treated controls. Mean colony percentages ± SD are shown for each treatment co

way ANOVA (survival [left] 100 nM Rebecsinib shControl versus shRBFOX2 p = 0.

[right] 100 nM Rebecsinib shControl versus shRBFOX2 p < 0.001, 1,000 nM Reb

(C) Survival and self-renewal of CD34+ cells derived from pAML (n = 6 biological re

cultures. Data represent mean ± SD for each treatment condition. Statistical analy

versus CB p = 0.001, 1 mM Rebecsinib pAML versus CB p = 0.001, 10 mM Rebec

versus CB p = 0.001, 1 mM Rebecsinib pAML versus CB p = 0.001, 10 mM Rebe

(D) Self-renewal of CD34+ pAML (n = 6 biological replicates) versus adult dnAML (

for each treatment condition. Statistical analysis was performed by one-way AN

(E) Representative fluorescence microscopic imaging analysis of the pAML cell l

MAPT dual-fluorescence splicing reporter treated with (left) DMSO (scale bar, 20

RFP/GFP was quantified using Volocity software (Quorum Technologies) followin

(F) FACS analysis of RFP/GFP MFI in the live cell population of CD34+ selected p

replicates, Student’s t test, p = 0.016).

(G) FACS analysis of RFP/GFPMFI inMOLM13 (a leukemia cell line derived from a

Puro MAPT dual-fluorescence splicing reporter and treated in vitro with Rebecsi

SEM, Student’s t test, p < 0.0001).

(H) MOLM13-MAPT splicing reporter stably transduced cells were engrafted into

Rebecsinib (10 or 20 mg/kg; n = 2, n = 3 technical replicates), and sacrificed 24 h

marrow, spleen, and peripheral blood was quantified by FACS analysis using a M

each treatment condition. Statistical analyses were performed using unpaired, two

peripheral blood [middle] vehicle versus 20 mg/kg p = 0.0488, spleen [right] vehi
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tency of other splicing modulators, including E7107 and H3B-

8800 (Figure S6D).48,49

In addition, we treated Kasumi-1 leukemic cells transduced

with the lentiviral splicing reporter with 100 nM Rebecsinib and

performed time-lapse fluorescence microscopic imaging anal-

ysis (Figure 6E). Throughout the time course, there was an in-

crease in the ratio of RFP to GFP (normalized to DMSO-treated

cells), which was indicative of splicing modulation following

Rebecsinib treatment (Figure 6E) In addition, we transduced

the lentiviral splicing reporter and treated HSPCs isolated from

pAML peripheral blood samples and bone marrow aspirates.

Again, we found an increase in the ratio of RFP to GFP indicative

of splicing modulation following Rebecsinib (Figure 6F). These

results suggest that global ES in pAML can be corrected by

splicing modulation treatment using Rebecsinib.

Subsequently, we treated MOLM13 cells stably transduced

with the lentiviral splicing reporter (MOLM13-MAPT) with

100 nM Rebecsinib and found a similar increase in the ratio

of RFP to GFP by flow cytometry after treatment (Figure 6G).

Then, we engrafted MOLM13-MAPT intravenously into suble-

thally irradiated (150 cGy) NSG-SGM mice and treated them

with vehicle or Rebecsinib (10 mg/kg or 20 mg/kg) and sacri-

ficed the mice 24 h post-treatment. The ratio of RFP to GFP

was calculated in live, human CD45+ cells retrieved from

bone marrow, spleen, and peripheral blood by flow cytometry

(Figure 6H) and in vivo fluorescent imaging (Figure S6E). These

in vivo data show a significant increase in the RFP-to-GFP ra-

tio between the vehicle and 20 mg/kg Rebecsinib group in all

tissues and recapitulate the dose-dependent increase in the

RFP-to-GFP ratio seen in in vitro assays. Taken together,

these data suggest that splicing deregulation induces a

dose-dependent therapeutic vulnerability to pharmacologic

splicing modulation.
wing lentiviral shRNA control (shControl, n = 7 biological replicates) or shRNA

p = 0.03). Data represent mean ± SD.

ples after treatment with 100 or 1,000 nM of Rebecsinib normalized to vehicle-

ndition (n = 7 biological replicates). Statistical analysis was performed by one-

003, 1,000 nM Rebecsinib shControl versus shRBFOX2 p < 0.001; self-renewal

ecsinib shControl versus shRBFOX2 p < 0.001).

plicates) or cord blood (CB) (n = 7 biological replicates) in long-term stromal co-

sis was performed by one-way ANOVA (survival [left] 0.1 mMRebecsinib pAML

sinib pAML versus CB p = 0.001; self-renewal [right] 0.1 mM Rebecsinib pAML

csinib pAML versus CB p = 0.001).

n = 9 biological replicates) treated with Rebecsinib. Data represent mean ± SD

OVA (pAML versus adult dnAML p < 0.001).

ine Kasumi-1 cells stably transduced with the lentiviral pCDH-EF1-IRES-Puro

0 mm) and (middle) 100 nM Rebecsinib (scale bar, 200 mm). Right: the ratio of

g Rebecsinib treatment and normalized to DMSO vehicle controls (n = 1).

AML patient samples treated with 100 nM Rebecsinib for 72 h (n = 6 biological

20-year-oldmale) cells stably transduced with the lentiviral pCDH-EF1a-IRES-

nib (100 nM) versus DMSO (n = 3 technical replicates, data represent mean ±

irradiated NSG-SGM mice, treated with vehicle (n = 3 biological replicates) or

post-treatment. The ratio of RFP/GFP MFI in live, human CD45+ cells in bone

ACS Quant instrument and FlowJo software. Data represent mean ± SEM for

-tailed Student’s t test (bone marrow [left] vehicle versus 20 mg/kg p = 0.0013,

cle versus 20 mg/kg p < 0.0001). See also Figure S6.
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DISCUSSION

Compared with adult dnAML, pAML is associated with a rela-

tively low mutational burden. This likely stems from the relative

dearth of DNA-damaging environmental exposures and age-

related clonal hematopoiesis in children.13,16,50,51 Hence, we

posited that transcriptomic and epitranscriptomic (post-tran-

scriptional) rather than genomic alterations may prevail as

drivers of LSC generation in children.13

To investigate this hypothesis, we utilized (1) whole-exome

and single-cell proteogenomics analyses focused on myeloid

mutations, (2) transcriptome-wide analyses of FACS-purified

HSCs and HPCs followed by differential splicing analyses, (3)

dual-fluorescence lentiviral single-stem-cell splicing reporter as-

says, (4) HSC and HPC survival and replating assays, and (5) hu-

manized pAML mouse models treated with a selective splicing

modulator, Rebecsinib. Using this combinatorial approach, we

identified splicing deregulation typified by increased ES levels

in pAML HSCs compared with age-matched non-leukemic

HSC samples.52 In addition, we identified fundamental differ-

ences between pAML and adult dnAML, which emphasize the

importance of studying differential splicing in pAML specifically.

Beyond classes of genes known to be associated with cancer,

such as in cell cycle and metabolic pathways, the process of

pre-mRNA splicing was frequently disrupted in pediatric

samples.

Intriguingly, in two out of three patients studied by single-cell

proteogenomics analyses, we identified an identical mutation

in a non-coding region of the splicing factor SF3B1, which is

included in the standard Tapestri myeloid mutation panel.

However, the clinical significance of this mutation has not

been elucidated. Moreover, there was no identifiable correlation

between clonal somatic mutation profiles and immunopheno-

type suggesting that epigenetic or epitranscriptomic (post-tran-

scriptional) alterations, rather than splicing factor mutations,

contribute to splicing deregulation in pAML. As a potential driver

of splicing deregulation, we found significant downregulation of

RBFOX2, a repressor of embryonic splicing, in pAML. Moreover,

decreased RBFOX2 expression correlated with differential exon

usage and upregulation of LSC survival, self-renewal, and im-

mune evasion splice isoforms. Specifically, CD47 was one of

the few genes found to be both differentially spliced and ex-

pressed in pAML. Increased expression of CD47 indicates that

LSCs in pAML may not be cleared by endogenous macro-

phages.17 Interestingly, CD47 blockade using an anti-CD47 anti-

body, now known as magrolimab, was recently shown to be

effective in eliminating AML stem cells in adults.53 Future studies

will focus on uncovering the potential of this immune checkpoint

inhibitor in pAML.

In addition, we detected MCL1 and BCL2 pro-survival iso-

forms as well as ADAR1p150 self-renewal isoform upregula-

tion in pAML HSC. Further studies demonstrated that splicing

deregulation in pAML induced a therapeutic vulnerability to a

small molecule splicing modulator, Rebecsinib (17S-FD-895),

in lentiviral splicing reporter assays in vitro and in humanized

pAML mouse models.4,49,54 Together, these data indicate that

enhanced pAML LSC survival and self-renewal is fueled by

alternative splicing and potentially through RNA editing. In
the future, we will focus on pAML serial LSC transplantation

experiments with Rebecsinib as well as ADAR1 reporter

studies that may further define a link between splicing dereg-

ulation, RNA editing, and LSC propagation. In addition, we will

focus our studies on biomarkers of potential drug response.

In summary, we have identified splicing deregulation, in the

setting of RBFOX2 downregulation, which induces a therapeutic

vulnerability to a small molecule splicing modulator, Rebecsinib.

This approachmay be utilized to detect and target therapy-resis-

tant LSCs in pAML and cancer stem cells in other malignancies

that become therapeutically recalcitrant as a consequence of

splicing deregulation.

Limitations of the study
The insights garnered regarding pAML stem cell splicing dereg-

ulation in this study underscore the importance of interpatient

variability as well as the cell type and context-specific changes

in splicing and responses to targeted splicing modulation. While

a non-coding SF3B1 splicing mutation was detected in two of

the patients by single-cell proteogenomic sequences, the clinical

significance of this finding still needs to be elucidated. The

paucity of patient samples for this rare disease and the study

of rare stem cell populations was also challenging with regard

to RNA sequencing-based alternative splicing analyses. Howev-

er, these challenges provided the impetus for developing lentivi-

ral dual-fluorescence splicing reporter systems that are more

quantitative and can be evaluated in real time both in vitro and

in vivo. In future investigational new drug (IND) enabling studies,

RNA sequencing-based biomarker development will be per-

formed to further elucidate the selectivity of Rebecsinib as well

as the therapeutic index prior to initiating a phase 1 clinical trial.

While increases in ADAR1-mediated RNA editing and splicing

deregulation suggest that transcript editing and splicing may

change protein levels, further studies of both protein isoforms

and expression levels will need to be incorporated as an impor-

tant IND enabling future direction to conform with the pediatric

research equity act.
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Cytoscape Shannon et al.67 https://cytoscape.org/

VisJS2jupyter Rosenthal et al.68 https://github.com/ucsd-ccbb/visJS2jupyter
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PicardTools https://broadinstitute.github.io/picard/

Genome Analysis Toolkit (GATK) McKenna et al.69 https://gatk.broadinstitute.org/hc/en-us

RepeatMasker https://www.repeatmasker.org/

FlowJo FLOW JO LLC https://www.flowjo.com/

GraphPad Prism GraphPad Software Inc. https://www.graphpad.com/scientific-

software/prism/

Microsoft Excel Microsoft

GATK Resource Bundle https://gatk.broadinstitute.org/hc/en-us/

articles/360035890811-Resource-bundle

Gnomad https://gnomad.broadinstitute.org/
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Spliceosome Protein Annotations Cvitkovic and Jurica70 http://spliceosomedb.ucsc.edu/
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downloads#exac-variants

RNA Binding Protein Targets by eCLIP Van Nostrand et al.39 N/A
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dbSNP Sherry et al.72 N/A
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Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Catriona

Jamieson (cjamieson@health.ucsd.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact (C.H.M.J) with a completed Materials Transfer

Agreement.

Data and code availability
Data: The datasets generated during this study are available through dbGaP/GEOSequence Read Archive (accession codes are pro-

vided in the Key resources table).

Code: All code and processed data can be accessed via GitHub: https://github.com/ucsd-ccbb/pAML_StemCell_Methods.

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

Animal experiments
All mouse studies were completed in the Sanford Consortium vivarium in accordance with the University Laboratory Animal Re-

sources and Institutional Animal Care and Use Committee of the University of California regulations (IACUC). Four-week-old

NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ (NSGS-SGM) mice were purchased from Jackson Labora-

tories. Both sexes were used in the study. After an acclimation period of one week, animals were irradiated with 150cGy. 24 h later,

animals were injected with approximately 5 3 104 MOLM13 cells stably transduced with a lentiviral splicing reporter (MOLM13-

MAPT) intravenously. Animals were housed in groups. Mice were randomly assigned to experimental groups. Experimental animals

were maintained in the Sanford Consortium vivarium according to IACUC regulations (https://blink.ucsd.edu/_files/sponsortab/

iacuc/Policy%206%20Breeding.pdf). Transplanted animals were monitored regularly for health assessment. Peripheral blood

screening for human CD45+ was regularly performed to detect disease.
e3 Cell Reports Medicine 4, 100962, March 21, 2023

mailto:cjamieson@health.ucsd.edu
https://github.com/ucsd-ccbb/pAML_StemCell_Methods
https://blink.ucsd.edu/_files/sponsortab/iacuc/Policy%206%20Breeding.pdf
https://blink.ucsd.edu/_files/sponsortab/iacuc/Policy%206%20Breeding.pdf
https://github.com/MissionBio/mosaic-jupyter
https://cytoscape.org/
https://github.com/ucsd-ccbb/visJS2jupyter
https://github.com/ucsd-ccbb/network_bio_toolkit
https://github.com/ucsd-ccbb/network_bio_toolkit
https://broadinstitute.github.io/picard/
https://gatk.broadinstitute.org/hc/en-us
https://www.repeatmasker.org/
https://www.flowjo.com/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-bundle
https://gatk.broadinstitute.org/hc/en-us/articles/360035890811-Resource-bundle
https://gnomad.broadinstitute.org/
http://spliceosomedb.ucsc.edu/
https://gnomad.broadinstitute.org/downloads#exac-variants
https://gnomad.broadinstitute.org/downloads#exac-variants


Article
ll

OPEN ACCESS
Human subjects
Cryopreserved mononuclear cells isolated from adult AML diagnostic bone marrow samples were obtained from patients in clinical

trials of the Dutch-Belgian Cooperation Trial Group for Hematology-Oncology (HOVON) in accordance with the VU Amsterdam (Vrije

Universiteit) research ethics review committee (ETCO), METc-VUmc, and the declaration of Helsinki. Pediatric AML and pediatric

non-leukemic samples, obtained from lymphoma patients without bone marrow involvement, were collected after obtaining written

informed consent frompatients treated on theDutch ChildhoodOncology Group (DCOG), which has been approved byMETc-VUmc.

Based on CD34 positivity and age (pediatric versus adult), samples were included. CD34 negative samples were excluded from this

study. Primary adult acute myeloid leukemia samples were obtained from consenting patients at the University of California in accor-

dance with a UC San Diego human research protections program Institutional Review Board approved protocol (#131550). The IRB

reviewed this protocol and found that it meets the requirements as stated in 45 CFR 46.404 and 21 CFR 50.51. Human cord blood

samples were purchased as purified CD34+ cells from AllCells Inc or Lonza Bioscience. (See Table S1 for patient characteristics).

Cell lines
Human cell lines Kasumi-1 and MOLM13 were obtained from the American Type Culture Collection (ATCC, Manassas, VA) or the

German Collection of Microorganisms and Cell Cultures (DMSZ) and cultured in RPMI-1640 supplemented with 20% fetal bovine

serum.Murine cell lines SL andM2were obtained from StemCell Technologies Ltd. and cultured in DMEM, and RPMI-1640, respec-

tively, supplemented with 10% fetal bovine serum, 1% L-glutamine, and penicillin-streptomycin.

METHOD DETAILS

Next generation sequencing (NGS) analysis
For NGS (targeted whole exome sequencing) analyses, DNA was extracted from white blood cells isolated from blood or bone

marrow specimens. Solution-based hybrid capture was used to select the mutational hotspot regions or (for a select group of genes)

the entire coding region (all exons) of a panel of 124 genes. The resulting DNA libraries were sequenced using a sequencing-by-syn-

thesis technology. The data were aligned to the Genome Reference Consortium Human Build 37 (GRCh37) reference sequence. Bio-

informatics analysis was used to identify variants (single nucleotide changes, small insertions, or deletions) in the captured regions of

the 124 genes at greater than 5% allele frequency and represented by a minimum of 100 reads (100x coverage). This test was adop-

ted and its performance characteristics were determined by the UC San Diego Clinical Genomics Laboratory.

Single cell proteogenomics analysis
Patient samples were thawed, washed with 1x DPBS, quantified by hemacytometer and checked for viability by trypan blue staining

(cell viability >95%). The cells were resuspended in 1xDPBS at a concentration of 8,000–10,000 cells/mL and incubated with TruStain

FcX plus Staining Buffer (MissionBio), dextran sulfate (100 g/mL) for 3 min at room temperature. A pool of eight oligo-conjugated

antibodies (CD3, CD7, CD11b, CD34, CD38, CD45, CD56, ROR1) (MissionBio) were added to the cells and incubated for 30 min

at room temperature. The cells were then washed 3x with DPBS plus 5% fetal bovine serum followed by re-quantification and resus-

pended at 4,000 cells/mL in Tapestri Cell Buffer (MissionBio). The cell suspension was loaded into the Tapestri microfluidics cartridge

(MissionBio) following the manufacturer’s procedure. Following successful encapsulation including the Myeloid Panel reverse DNA

primer (30mM) (MissionBio), the cells were lysed, digested and barcoded with the Myeloid Panel forward DNA primer (30mM)

(MissionBio) for the DNA and barcoded for protein with an antibody Tag primer (30mM). The barcoded cells were UV treated, sub-

jected to PCR amplification per the manufacturer’s procedure. The DNA PCR products were isolated from individual droplets fol-

lowed by purification with Ampure XP Beads (Beckman Coulter). The protein PCR products were obtained from the Ampure XP

bead supernatant followed by DNA indexing primer. The protein-labeled PCR products were incubated with a biotin tag oligo

(5mM) at 95�C for 5 min followed by incubation on ice for 5 min. The protein PCR products were purified using Streptavidin C1 beads

(Thermo Fisher) and the beadswere used as a PCR template for tagmentation with i5/i7 Illumina indices followed by a purification with

Ampure XP beads. The DNA and protein libraries were quantified by Qubit fluorometry (Thermo Fisher) and the Agilent 2100 Tapes-

tation (Agilent). The DNA and protein libraries were pooled and sequenced using the NextSeq 550 Mid-Output system by Scripps

Sequencing Core. Following sequencing, the FASTQ single cell DNA and protein files were analyzed using the Python notebook Tap-

estri Mosaic pipeline (MissionBio).

Patient sample processing and preparation for whole transcriptome sequencing
Whole transcriptome sequencing (RNA-seq) was performed on pediatric (6 females and 10 males; age 1–14) and adult (1 female;

4males; age 32–61) patients across two cell types (See Table S1 for patient characteristics). Peripheral blood or bonemarrowderived

mononuclear cells were isolated by Ficoll-paque density centrifugation, transferred, and stored in liquid nitrogen. CD34+ cells were

selected from peripheral blood mononuclear cells from all patients by magnetic bead separation (MACS; Miltenyi, Bergisch Glad-

bach, Germany; CD34 Micro-Bead Kit, Ultra-Pure, human, Milteny).10 The CD34+ enriched fractions were stained with fluorescent

antibodies against human CD45, CD34, CD38, Lineage markers (BD Pharmingen; CD2 PE-Cy5, 1:20, cat 555328; CD3 PE-Cy5,

1:20 cat 555334; CD4 PE-Cy5, 1:10, cat 555348; CD8 PE-Cy5, 1:50, cat 555368; CD14 PerCP-Cy5.5, 3:100, cat 550787; CD19

PE-Cy5, 1:50, cat 555414; CD20 PE-Cy5, 1:20, cat 555624; CD56 PE-Cy5, 1:10, cat 555517; CD45 APC, 1:50, cat 335790; CD34
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BV421, 1:100, cat 562577; CD38 PE-Cy7, 1:50, cat 335790), and propidium iodide. Cells were FACS-purified using a FACS Aria II

(Sanford Consortium Stem Cell Core Facility) into hematopoietic stem cell (Lin-CD45+CD34+CD38�) and progenitor (Lin-

CD45+CD34+CD38+) populations directly into RLT lysis buffer (Qiagen) for RNA extraction (RNeasy Micro Kit, Qiagen) followed by

RNA-Seq (The Scripps Research Institute Next Generation Sequencing Core).

RNA-sequencing analyses
RNA-Seq was performed on Illumina’s NextSeq 500 sequencer with 150bp paired-end reads. Sequencing data were de-multiplexed

and produced as fastq files using Illumina’s bcl2fastq (v2.17). Quality control of the raw fastq files was performed using the software

tool FastQC.57 Sequencing reads were aligned to the human genome (hg19) using the STAR v2.5.1a aligner.58 Read and transcript

quantification was performed with RSEM v1.3.0 and GENCODE annotation (genocode.v19.annotation.gtf).59 The R BioConductor

packages edgeR and Limma were used to implement the limma-voom method for differential expression analysis at both the

gene and transcript levels.60–62 The experimental design was modeled upon disease in each tissue type (�0 + disease). Genes or

transcripts with an adjusted p value of <0.05 (based on themoderated t-statistic using the Benjamini-Hochberg (BH) method for mul-

tiple testing correction) were considered significantly differentially expressed (DE).73 Functional enrichment of the differentially ex-

pressed genes/transcripts was performed using the Bioconductor package webGesalt (v0.3.0) and Gene Set Enrichment Analysis

using the Bioconductor package GSVA (v1.22.4) with the msigdb hallmark (H) and C2 ontologies (https://www.gsea-msigdb.org/

gsea/msigdb/).64,74

Differential splicing analyses
To quantify splicing changes in all comparisons, rMATS turbo (version 4.1) was used to calculate Inclusion Level Differences for all

detectable splicing changes and assign false discovery rate (FDR) adjusted p values.66 Sorted BAM files generated with STAR

(v2.5.3a) were used as input along with read length (75) and the GRCh38 v82 gtf file (for transcript definitions).58 The rMATS software

produces a list of annotated differential splicing events for 5 individual types: Alternative 50 Splice Site (A50SS), Alternative 30 Splice
Site (A30SS), Mutually Exclusive Exon (MXE), Retained Intron (RI), and Skipped Exon (SE). Each type is defined by a combination of

Inclusion Junctions (IJ) and Skipping Junctions (SJ), i.e. SE events incorporate two IJ’s that span the introns from the upstream exon

to the included exon and from the included exon to the downstream exon, with one SJ that connects the upstream exon to the down-

stream exon. The normalized counts for the IJ’s and SJ’s are used to calculate Inclusion Levels for each sample, which are used for

calculating Inclusion Level Difference between the two groups and the statistical determination of significance. Splicing Events with

an FDR <0.05 were considered for downstream analysis.

After assigning significant differential splicing events to genes, enrichment analysis was performed with WebGestalt (http://www.

webgestalt.org/).63 These results include enrichment of Gene Ontology categories (Biological Process, Molecular Function, and

Cellular Compartment) and Pathways (KEGG, WikiPathway, Reactome). Visualization of specific differential splicing events was

performed with rmats2sashimiplot (https://github.com/Xinglab/rmats2sashimiplot/) which generates plots of read and junction

coverage surrounding inclusion/skipping events. Motif enrichment analysis was performed using the rMAPS2 Motif Map tool

(http://rmaps.cecsresearch.org/MTool/) which takes rMATS output files as input and generates plots of the alternatively spliced

exon and intron regions containing enriched canonical RNA-binding protein binding sequences along with associated statistics

for the enrichment.46

Network analysis of differentially spliced genes
Significantly differentially spliced genes were used as seeds for network propagation on the STRING high confidence interactome

(https://stringdb-static.org/download/protein.links.v11.0.txt.gz).47,75 The most proximal genes to the seed set were identified using

a network propagation method, using degree-matched sampling to generate proximity z-scores for each gene in the network. Genes

with a Z score >2 were retained in the network and used for visualization and downstream analysis. A graph-based modularity maxi-

mization clustering algorithmwas used to identify groups of genes within themost proximal genes which were highly interconnected.

Genes in the entire network and within each of these clusters were annotated with associated pathways identified by functional

enrichment analysis, with the g:Profiler tool using the proximal gene set as the background gene list for enrichment of the clusters

and the STRING interactome genes as the background for the entire network enrichment.65

Network visualization and propagation was performed using Cytoscape and VisJS2jupyter.67,68 The subgraph composed of the

most proximal genes was visualized using a modified spring-embedded layout algorithm, modified by cluster membership, so

that genes belonging to the same cluster are separated from other clusters. Differential expression log fold change was mapped

to the node color, for the significantly differentially expressed genes (FDR<0.05) within the subgraph.

RNA editing analyses
RNA editing analysis was performed as described previously.35 Briefly, RNA reads were aligned with STAR (v2.5.2b) and dedupli-

cated with Picard MarkDuplicates. Next, alignments were processed sequentially according to GATK best practices v3.8 for calling

RNA-Seq variants with tools SplitNCigarReads, RealignerTargetCreator, IndelRealigner, BaseRecalibrator, PrintReads.69 Variants

were called with HaplotypeCaller and filtered with VariantFiltration and mismatches in the first 6 base pairs were discarded. Non-

Alu variants were further processed after Alu removal by RepeatMasker. Sites were retained if not within 4bp of splicing junctions,
e5 Cell Reports Medicine 4, 100962, March 21, 2023

https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
http://www.webgestalt.org/
http://www.webgestalt.org/
https://github.com/Xinglab/rmats2sashimiplot/
http://rmaps.cecsresearch.org/MTool/
https://stringdb-static.org/download/protein.links.v11.0.txt.gz


Article
ll

OPEN ACCESS
not in homopolymer runs, minimum of three reads with the alternative allele, ten total reads, and a minimum allele frequency of 0.10.

Known RNA editing sites were identified according to REDIportal.71 To identify ADAR-specific RNA edits, A to G variants in genes on

the positive strand and T to C variants on the negative strand were retained. The final list of RNA edits was annotated with VEP and

sites that exist in ExAC, gnomad, and dbSNP removed.72

Gene list acquisition
All human genes were retrieved from the Spliceosome database to acquire a list of alternative splicing related genes (http://

spliceosomedb.ucsc.edu/).70 This list was limited to relevant genes by filtering for genes in the categories: hnRNP, SR protein, U1

snRNP, U5 snRNP, U11/U12 snRNP, 17S U2 snRNP, 17S U2 snRNP associated, pre-mRNA/mRNA binding proteins, alter-native

splicing factor. This resulted in 691 unique genes.

Lentiviral RBFOX2 shRNA knockdown
CD34+ primary samples were transducedwith pSMART hEF1a shCTRL and shRBFOX2 (MOI: 200) for 48h. Plasmidswere purchased

from Horizon Discovery (Waterbeach, UK). Upon treatment, RNA was extracted using RNeasy micro extraction kits (QIAGEN, Ger-

mantown, MD) following the manufacturer’s protocol including a DNase incubation step to digest any trace genomic DNA present.

RNA was subjected to cDNA synthesis using the Super-Script III (ThermoFisher Scientific) kit followed by qRT-PCR using SYBR

GreenER (ThermoFisher Scientific) master mix according to the manufacturer’s recommended procedures. qRT-PCR was per-

formed using SYBRGreenER Super Mix (Life Technologies) on BioRad iQ5, C1000 Touch, or BioRad CFX384 instruments.45 In addi-

tion, cells were stained with fluorescent antibodies against human CD45, CD34, CD38, RBFOX2 (CD45 APC, 1:50, cat 335790; CD34

BV421, 1:100, cat 562577; CD38 PE-Cy7, 1:50, cat 335790; RBFOX2 unconjugated, 1:25, cat ab74490) and NearIR (Invitrogen).

Chemical synthesis and preparation of splicing modulatory drugs
Synthesis of Rebecsinib compound has been previously described.4,55 Meanwhile, synthesis was optimized for a completed pre-

investigational new drug application (pre-IND) study (PIND 153126).

MTT growth inhibition assay
Growth inhibitory effects of Rebecsinib were determined using the MTT dye reduction assay. Upon 96 h drug exposure, MTT salt

(5 mg/mL) was added for 6 h. The crystals were dissolved with 100 mL acidified isopropanol, and formazan production was quanti-

tated using a spectrophotometer at 562 nm.76 For this assay, Rebecsinib (MW: 552.71 g/mol) was prepared at a concentration of

10 mg/mL.

Lentiviral splicing reporter
For the generation of the lentiviral dual fluorescence splicing reporter, a previously described construct35 was cloned into a lentiviral

pCDH-EF1a-MCS-T2A backbone (System Biosciences). For the evaluation of in vitro splicing activity using a two-color fluorescent

splicing reporter system, CD34+ primary samples, Kasumi-1 and MOLM13 cells were cultured in RPMI-1640 medium containing

20% fetal bovine serum. Cells were stably transduced with a lentiviral splicing reporter and sorted for GFP+ (Kasumi-1-MAPT or

MOLM13-MAPT).35 MOLM13-MAPT Cells were exposed to doses of Rebecsinib ranging from 0.03mM to 3mM for 24 h. Samples

were stained with DAPI or NearIR (Invitrogen) and fluorescent antibodies against human CD45, CD34, and CD38 (CD45 APC,

1:50, cat 335790; CD34 BV421, 1:100, cat 562577; CD38 PE-Cy7, 1:50, cat 335790). Subsequently, we ran samples on the BD

LSRFortessa. Mean fluorescence intensity (MFI) was calculated with FlowJo software based on live cells (DAPI negative or

NearIR negative). Similarly stably transduced Kausmi1-MAPT cells were stained with DAPI and run on the BD LSRFortessa to assess

baseline levels of GFP and RFP. MFI was calculated with FlowJo software based on live cells (DAPI negative). Primary patient sam-

ples were CD34+ selected by magnetic bead separation (MACS; Miltenyi, Bergisch Gladbach, Germany) and transduced with the

lentiviral splicing reporter (MOI:15) for 48 h in StemPro and cytokines (Thermo Fischer Scientific). CD34+ cells were treated with

100nM Rebecsinib for 72 h in a stromal co-culture (described under In vitro stromal co-culture assays). Cells were stained with

LIVE/DEAD Fixable Aqua (cat L34957, 1:100). Subsequently, samples were run on the BD LSRFortesssax20. MFI was calculated

with FlowJo software based on live cells (Aqua negative).

In addition, 600,000 stably transduced Kasumi-1 MAPT cells were plated in 35mm glass bottom culture dishes (MatTrek Life Sci-

ences) and treated with DMSO control. Cells were allowed to settle for 30 min prior to imaging. Cells were imaged every 10 min for

21 h using the Fluoview FV10i Olympus confocal microscope with 5% CO2 (Tokai Hit, Japan). On day two, 600,000 Kasumi-1 MAPT

cells were plated in 35mm glass bottom culture dishes (MatTrek Life Sciences) and treated with 100nM Rebecsinib. Cells were al-

lowed to settle for 30 min prior to imaging. Cells were imaged every 10 min for 24 h using the Fluoview FV10i Olympus confocal mi-

croscope with 5% CO2 (Tokai Hit, Japan). Images were analyzed using Volocity software (Quorum Technologies Inc.) to determine

the mean intensity of RFP and GFP.

In vivo lentiviral splicing reporter assays
Four-week-old NSGS-SGM mice were purchased from Jackson Laboratories. Chow was switched to low-fluorescent chow two

days after arrival. After acclimation, animals were irradiated with 150cGy, and transplanted with 50K Molm13 MAPT intravenously
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within 24 h. Two to three weeks after transplant, animals were given one dose of vehicle (n = 3), 10mg/kg (n = 2), or 20mg/kg (n = 3) of

Rebecsinib intravenously. Animals were sacrificed �24 h after dose, wherein bone marrow, spleen, and peripheral blood were har-

vested. Tissues were processed for single cell suspension and stained with Live/Dead NearIR Stain (1:1000), CD45 BV421 (1:100),

and CD38 PE-Cy7 (1:50). FlowJo software was used to calculate the RFP/GFP MFI Ratio. Subsequently, an unpaired t-test between

vehicle and 20 mg/kg Rebecsinib was performed.

In vitro stromal co-culture assays
Stromal co-culture experiments were performed as previously described.56 Briefly, mouse bone marrow cells lines SL (expressing

human SCF and IL3) and M2 (expressing human IL3 and G-CSF) were irradiated, mixed, and incubated overnight to facilitate attach-

ment. CD34+were selected frompediatric AML (n = 6), adult de novoAML (n = 9) and adult sAML (n = 9) primary samples. CD34+ cord

blood (CB) (n = 7) (All Cells Inc.) cells were utilized as a control. 10,000–15,000 CD34+ cells were added to SLM2 stroma in 1mL of

Myelocult H5100 (StemCell Technologies, Vancouver). Rebecsinib or vehicle (DMSO) was added at the initiation of co-culture at indi-

cated concentrations. After 1week both attached to stroma and floating cells were collected, resuspended in freshmedia, and plated

in methylcellulose (MC) (Stem Cell Technologies, MethoCult, H4330) in triplicates. After 2 weeks, primary colonies (>40 cells) were

counted and some individual colonies were plucked, and cells were resuspended and re-plated again in fresh MC. Secondary col-

onies were counted after an additional 14 days. Basal colony formation of untreated cells was considered to be 100% and results are

presented as % of change. Data (means) for summarized AML or CB samples are presented. Error bars indicate the SD Statistical

analysis included Student’s t test and one-way ANOVA, including All Pair-wise Multiple Comparison Procedures (Holm-Sidak

method).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses
For splicing reporter assays, qRT-PCR analyses, and flow cytometry, data were analyzed usingMicrosoft Excel and plotted for graph

preparation and statistical analyses in Prism GraphPad (San Diego, CA). Differences were assessed by unpaired or paired Student’s

t-tests, as indicated in the figure legends, and considered statistically significant for p values of <0.05. For stromal co-culture assays

and multiple group comparisons, data (means) were calculated and graphed. Error bars indicate the SD or SEM, as indicated in

individual figure legends. Student’s t test and one-way ANOVA statistical analyses were performed using Prism GraphPad and

comparisons described in each figure legend.
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