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Summary

Adenosine deaminase acting on RNA1 (ADAR1) preserves genomic integrity by preventing 

retroviral integration and retrotransposition during stress responses. However, inflammatory 

microenvironment-induced ADAR1p110 to p150 splice isoform switching drives cancer stem 

cell (CSC) generation and therapeutic resistance in 20 malignancies. Previously, predicting and 

preventing ADAR1p150-mediated malignant RNA editing represented a significant challenge. 

Thus, we developed lentiviral ADAR1 and splicing reporters for non-invasive detection of 

splicing-mediated ADAR1 adenosine to inosine (A-to-I) RNA editing activation; a quantitative 

ADAR1p150 intracellular flow cytometric assay; a selective small molecule inhibitor of 
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splicing-mediated ADAR1 activation, Rebecsinib, which inhibits leukemia stem cell (LSC) 

self-renewal and prolongs humanized LSC mouse model survival at doses that spare normal 

hematopoietic stem and progenitor cells (HSPCs); and pre-IND studies showing favorable 

Rebecsinib toxicokinetic and pharmacodynamic (TK/PD) properties. Together, these results lay 

the foundation for developing Rebecsinib as a clinical ADAR1p150 antagonist aimed at obviating 

malignant microenvironment-driven LSC generation.

Graphical Abstract

eTOC Blurb

Jamieson and colleagues demonstrate that splicing-mediated activation of the inflammation 

responsive RNA editase, ADAR1, can be inhibited by Rebecsinib, a selective splicing modulator 

with favorable safety, pharmacokinetic and pharmacodynamic properties in pre-IND studies. 

These findings support Rebecsinib development as a potent ADAR1p150 antagonist aimed at 

preventing leukemia stem cell generation.

Keywords

Myeloproliferative neoplasms; myelofibrosis; secondary AML; leukemia stem cells; splicing; 
RNA editing; ADAR1; hematopoiesis; cancer stem cells; cancer therapy

Crews et al. Page 2

Cell Stem Cell. Author manuscript; available in PMC 2024 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Human innate immune responses against retroviruses are predicated, at least in part, 

on A-to-I RNA base editing by ADAR1p150.1 Recently, engineered base editing (BE) 

strategies have enabled high-throughput functional analyses of cancer-associated single 

nucleotide variants.2 Also, antisense oligonucleotide (ASO) mediated A-to-I RNA base 

editing3 approaches have been explored as single nucleotide variant correction strategies 

for inherited disorders that arise from point mutations. However, substantive off-target 

editing events and ADAR1’s capacity to induce malignant transformation and therapeutic 

resistance in many malignancies have hindered clinical development of ADAR1-mediated 

BE strategies.2–4

Previously, we showed that 1) inflammatory cytokine signalling deregulation in malignant 

microenvironments drives ADAR1p150 splice isoform overexpression and induces chronic 

myeloid leukemia (CML) blast crisis transformation, 2) malignant reprogramming of 

myeloproliferative neoplasm (MPN) hematopoietic stem and progenitor cells (MPN HSPCs) 

into self-renewing LSCs that drive secondary AML (sAML) therapeutic resistance, and 

3) malignant regeneration of multiple myeloma progenitors.5–9 Since then, human whole 

transcriptome RNA sequencing (RNA-seq) editome analyses, qRT-PCR detection of edited 

substrates, and functional therapeutic resistance assays have revealed that ADAR1-mediated 

A-to-I editing deregulation drives progression of 20 different hematologic malignancies and 

solid tumor types (reviewed in10).9,11–14 Moreover, ADAR1 activation was shown to induce 

immune checkpoint blockade (ICB) resistance in cancer.5,6,9,15–19 While a recent ground-

breaking study identified ZPB1 activation of necroptosis with the small molecule curaxin, 

CBL0137, as an indirect method for inhibiting ADAR1-mediated immune silencing, there 

remains a pressing need for non-invasive detection and selective inhibition of ADAR1 A-to-I 

base editing activation, which is a primary driver of CSC generation.20

Herein we describe the development of a lentiviral nanoluciferase-GFP (ADAR1 nanoluc-

GFP) reporter that enables real-time, non-invasive detection of ADAR1-specific A-to-I 

RNA editing in human stem and progenitor cells as well as a lentiviral dual fluorescence 

(GFP/RFP) splicing reporter; and RNA-seq GRCh38-aligned computational bioinformatics 

platforms for quantifying ADAR1 splice isoform switching in normal human HSPCs, 

MPN HSPCs and LSCs. In addition, we have developed a flow cytometric assay for 

quantifying stem and progenitor cell ADAR1p150 protein expression levels and a selective 

small molecule inhibitor of splicing-mediated ADAR1 activation, Rebecsinib (17S-FD-895). 

In completed pre-IND studies (PIND 153126), Rebecsinib prevents ADAR1p150-splice 

isoform expression and malignant A-to-I editing-mediated LSC self-renewal at doses that 

spare normal HSPCs and are well tolerated in rat, rabbit, and non-human primate pre-IND 

toxicokinetic, PK and PD studies. Thus, clinical development of Rebecsinib may obviate 

A-to-I editing driven therapeutic resistance and reduce relapse-related mortality rates in 

AML and 20 therapeutically recalcitrant, ADAR1p150 overexpressing malignancies.
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Results

Transcriptomic Detection of ADAR1 Splice Isoform Switching

Inflammatory cytokine-induced splice isoform switching of ADAR1 into the highly 

active A-to-l editing isoform, ADAR1p150, promotes solid tumor progression and drives 

high-risk MF hematopoietic progenitor cell (HPC) transformation into LSC.7–9,15,16,21–25 

To determine the impact of ADAR1 splice isoform switching on LSC generation, 

we performed comparative whole transcriptome sequencing (RNA-seq) analyses of 

hematopoietic stem cells (HSCs) and HPCs from 1) healthy young and aged bone 

marrow samples, 2) myeloproliferative neoplasms, including polycythemia vera (PV), 

essential thrombocythemia (ET) and myelofibrosis (MF), and 3) chronic myeloid leukemia 

(CML) and AML samples (Table 1). Based on our previous observations that ADAR1-

mediated RNA editing and splicing alterations occurs predominantly in the self-renewing 

CD34+CD38+Lin− HPC population in sAML,5,8,9,14 we focused on this subpopulation for 

analysis of RNA editing and splicing changes in MPN pre-LSC and LSC. By evaluating 

RNA-seq pipelines and data based on GRCh38 (hg38) human genomic assembly,5 which 

identifies spliced junctions more reliably than hg19,26 we observed increased expression 

of both the standard ADAR1p150 splice isoform, ADAR-202 (GRCh38 transcript 

ID ENST00000368474.9), and a recently identified ADAR1p150 isoform, ADAR-208 

(ENST00000529168.2). The ADAR-208 isoform, which has a truncated 3’UTR that 

is predicted to prevent microRNA-mediated degradation, was enriched in MPN HPCs 

compared to normal young and aged bone marrow HPCs, along with the ADAR-202 

isoform, while the ADAR-201 isoform was downregulated (Figure 1A). This is in line 

with our previous observations that changes in ADAR1p150 occur predominantly in the 

malignant progenitor population and may reflect its central role in disease progression.9 

This observation that a splice isoform switch may favor ADAR1p150 production led to our 

testing of the capacity of Rebecsinib (17S-FD-895), which binds within the spliceosome 

core complex (Figure 1B),27 to induce intron retention and to prevent splicing mediated 

ADAR1 BE activation (Figure 1C).

A Real-time Lentiviral ADAR1 Reporter for Non-invasive detection of A-to-I RNA Editing

Key challenges in the CSC field include the capacity to reliably predict pre-CSC evolution 

to self-renewing CSCs and to detect tumor immune microenvironmental (TIME) drivers of 

dormant CSC maintenance, CSC immune evasion, and CSC therapeutic resistance, such 

as ADAR1. To date, the standard approach for quantifying ADAR1-mediated A-to-I base 

editing has relied on complex and cumbersome RNA-seq analyses. Moreover, the cell 

type and context-dependency of ADAR1 activation combined with the rapid degradation 

of inosine-containing transcripts, necessitates the development of a non-invasive live-cell 

detection system to accurately quantify real-time niche-dependent RNA base editing in 

normal stem cell, pre-CSC and CSC populations. Because lentiviral vectors sustainably 

integrate into the genomes of dormant stem cells, we chose to develop a lentiviral non-

invasive reporter that selectively responds to ADAR1 activation for use in primary normal 

hematopoietic stem and progenitor cells (HSPCs), MF HPCs and LSCs both in vitro and in 

vivo.
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To develop an ADAR1-specific lentiviral A-to-I base editing reporter, we incorporated 

an ADAR1-specific synthetic nucleic acid sequence28 into a stem cell promoter-driven 

(EF1α) pCDH lentiviral vector (Figure S1A) that enables rapid detection of A-to-I editing. 

Specifically, ADAR1-mediated A-to-I RNA base editing removes a stop codon within 

the synthetic sequence and induces downstream nanoluciferase and GFP (ADAR1 nanoluc-

GFP) expression (Figure 2A). We then overexpressed this vector in combination with a 

lentiviral ADAR1 overexpression vector that recapitulates endogenous induction of the 

interferon-responsive ADAR1p150 isoform in human TF-1a AML cells (Figure S1A and 

B). In contrast to catalytically inactive ADAR1 (E912A) mutant or ADAR2 proteins, the 

lentiviral ADAR1 nanoluc-GFP reporter showed a dose dependent increase in A-to-I base 

editing (BE) activity that responded to overexpression of wild-type ADAR1p150, further 

highlighting the specificity and sensitivity of our BE reporter system (Figures 2B and 

C). This system represents an important advance over recently described BE reporter and 

sensor assays that are not selective between ADAR1 and ADAR2 activity,29,30 due to the 

functional implications of ADAR1-mediated RNA editing in cancer and stem cell biology. 

The lentiviral ADAR1 nanoluc-GFP reporter could be detected in human leukemia cells 

in vitro by confocal fluorescence microscopic detection of GFP (Figure 2D) and by non-

invasive (IVIS, Caliper) bioluminescence detection of ADAR1 BE activity in mice engrafted 

with human leukemia cell lines (K562 and TF-1a) expressing wild-type ADAR1 compared 

with no transplant and lentiviral pCDH backbone or ADAR1 E912A mutant controls (Figure 

2E and Figure S1D). These studies confirmed the specificity and sensitivity of our lentiviral 

ADAR1 BE reporter both in vitro and in vivo.

Moreover, in a manner that phenocopied ADAR1 shRNA knockdown in a 

microenvironmentally-responsive TF1a AML cell line, Rebecsinib treatment reduced 

ADAR1 expression as measured by qRT-PCR, with low levels of AZIN1 transcript editing 

activity as shown by RNA editing site-specific qPCR (RESSqPCR) detected in shADAR1-

transduced cells treated with Rebecsinib compared with vehicle controls (Figure S1E). 

Moreover, stromal co-cultures assays performed with primary high-risk myelofibrosis 

(MF) pre-LSC (MF HPCs), which were lentivirally transduced with the lentiviral ADAR1 

nano-Luc-GFP reporter, revealed that Rebecsinib treatment significantly reduced ADAR1 

RNA editing activity (Figure 2F). Because ADAR1 induces A-to-I intronic editing and 

upregulation of STAT3 isoforms, which transcriptionally activate ADAR1,5,8,16 we assessed 

the effects of Rebecsinib on phospho-STAT3 expression. In keeping with inhibition of 

ADAR1 base editing activity, Rebecsinib reduced phospho-STAT3 expression, as shown by 

phospho-STAT3 intracellular flow cytometry (Figure 2G). Together, these studies provided 

the rationale for testing the high-risk MF HPC and LSC inhibitory efficacy of Rebecsinib in 

survival and self-renewal assays with multiple primary patient samples (Table 1).

Inhibition of ADAR1p150 Activation Prevents High-risk MF HPC and LSC Maintenance

To quantify ADAR1 protein expression in HSPCs and LSCs, we developed a flow 

cytometric assay with HSPC and LSC cell surface markers and an ADAR1p150-specific 

antibody. Compared with vehicle controls, treatment of stromal co-cultures with Rebecsinib 

(Figure 3A) decreased MF HPC viability commensurate with reduced ADAR1p150 protein 

expression as detected by intracellular flow cytometry (Figures 3B and C). Both clonogenic 
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survival and replating (self-renewal) assays demonstrated greater sensitivity of secondary 

AML (sAML) LSC to Rebecsinib than MF HPC or normal cord blood, young bone marrow 

or aged bone marrow HPCs, independent of splicing factor mutational status in sAML 

(Figures 3D and E and Figure S1F). In contrast to MF HPC and LSC, no significant 

differences were detected in normal HSPC and mature hematopoietic progeny exposed to 

doses of Rebecsinib that decreased LSC survival and self-renewal in co-culture assays (1 

μM) compared with DMSO (vehicle) treated controls (Figure S1G). These data provide 

evidence for a favorable therapeutic index with Rebecsinib.

Splicing Reporter and Splice Isoform Biomarkers of Rebecsinib Response

In addition to testing the effects of Rebecsinib in lentiviral ADAR1 nanoluc-GFP activity 

assays, we also confirmed its activity using a lentiviral dual fluorescence splicing reporter 

that shows increased RFP compared with GFP expression upon splicing modulation. The 

design of this reporter was based on a non-lentiviral reporter construct that was previously 

tested with Rebecsinib but that was not compatible with use in primary human HSPC.14,31 

Cloning into a lentiviral construct allows confocal microscopic imaging, in vivo imaging 

of fluorescence (IVIS Caliper), and flow cytometric quantification of splicing activity using 

the ratio of RFP to GFP signals in primary cells. Rebecsinib impaired CD34+ KG-1a 

AML cell survival and increased RFP to GFP reporter expression in a dose-dependent 

manner, with an IC50 dose of approximately 0.1 μM (Figure 4A). In primary patient 

sample-derived CD34+ MF HPC and LSC short-term culture with Rebecsinib (no stroma), 

increased exon skipping resulted in elevated expression of pro-apoptotic MCL1-short (S) 

compared with anti-apoptotic MCL1-long (L) transcripts (expressed as ratios of MCL1-S/L) 

in all samples treated with 0.1 μM Rebecsinib compared with vehicle (Figures 4B and 

C). Moreover, Rebecsinib treatment phenocopied ADAR1 shRNA knockdown, with respect 

to repression of ADAR1 activity, and reduced expression of LSC-associated transcripts, 

such as CD44v313 and MCL1-L. Moreover, ADAR1 shRNA knockdown reduced MCL1-L 

expression, which is consistent with a previous report involving human cancer cell lines 

where ADAR1 knockdown attenuates STAT3 activity and subsequent MCL1 transcription.32 

These studies suggest that Rebecsinib inhibits splicing-mediated ADAR1 activation which 

is a central driver of LSC self-renewal,5,9,16 and is potentiated by MCL1 splicing 

modulation.12

Rebecsinib Pharmacokinetic, Toxicokinetic and Pharmacodynamic Pre-clinical Studies

To facilitate pharmacodynamic (PD) studies in rats, rabbits and non-human primates 

(NHP), we developed and validated a panel of functionally relevant species-specific splice 

isoform biomarker primers to detect responses to Rebecsinib. Based on our current and 

previous work identifying splice isoform biomarkers of molecular response to splicing 

modulation,14,33 the transcripts selected for species-specific primer design included SF3B 
family members and the AML LSC-signature transcript, PTK2B-202 (Figure S2), along 

with the pro-survival gene, MCL1, and the LSC self-renewal driver ADAR1p150 (Figures 

3 and 4). Three unique human AML cell lines, including KG-1a, MOLM-13 and HL-60, 

were tested for response to Rebecsinib treatment at a final concentration of 1 μM with 

significant upregulation of intronic retention of SF3B family members (Figure S2A–C), 

with SF3B3 demonstrating the most potent and consistent response across all cell lines. 
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Decreased expression of the LSC-related PTK2B-202 isoform was also observed following 

treatment with Rebecsinib (Figure S2D). In rat RBL-1 leukemia cells, intron retention in 

Sf3b family members was rapidly induced after treatment with different lots of Rebecsinib 

(Figures S2E and F). Together, these biomarkers will be used to monitor responses to 

Rebecsinib treatment in IND-enabling studies.

Pre-IND PD and toxicokinetic (TK) studies (Figure 4D) were enabled by scalable 

Rebecsinib synthesis34 and development of an optimized formulation for in vivo 
biodistribution (5% w/v EtOH, 5% w/v Kolliphor HS15 in 0.9% Sodium Chloride). In PK 

studies, Rebecsinib was detectable in rat (Figure S3A), rabbit (Figure S3B), and non-human 

primate (NHP) plasma (Figure S3C) following IV bolus administration. In rat TK studies, 

Rebecsinib was quantifiable up to 1-hour post-dose at 1 mg/kg and up to 4 hours post-dose 

at 3, 5, and 8 mg/kg (Figure 4E). Rebecsinib Tmax values were observed by 0.083 hours 

post-dose at 1 and 5 mg/kg and by 0.167 hours post-dose at 3 and 8 mg/kg. Rebecsinib 

T1/2 values were 0.342, 0.447, 0.313, and 0.530 hours at 1, 3, 5, and 8 mg/kg, respectively 

(Figure S3A). In rabbit TK studies, plasma t1/2 values ranged from 0.12 to 0.89 hours 

(Figure S3B). Following 3, 10, and 20 mg/kg boluses, Rebecsinib was quantifiable in plasma 

1 hour post-dose and could be detected up to 8 hours post-dosing with 40 mg/kg (Figure 4F). 

In NHP TK studies, peak (Cmax) and total (AUClast) levels following exposure to Rebecsinib 

were comparable between male and females at all dose levels (Figure S3C). Following 3, 

10, 15, and 20 mg/kg of Rebecsinib, quantifiable plasma concentrations of Rebecsinib were 

observed through 8 hrs post-dose (Figure 4G). Rebecsinib half-life (t1/2) values ranged from 

0.62 to 1.1 hours (Figure S3C). While one female NHP in the 20 mg/kg treatment group 

developed diarrhea, it resolved within 24 hours with no treatment and no sequelae indicative 

of favorable tolerability.

Pharmacodynamic studies were conducted on peripheral blood mononuclear cells (PBMCs) 

isolated from NHPs treated with escalating doses of Rebecsinib (3 mg/kg, 10 mg/kg, 15 

mg/kg or 20 mg/kg) or a vehicle control and collected at 30 minute and 4 hours post-dose. 

Splice isoform-specific qRT-PCR demonstrated on-target splicing modulation typified by 

MCL1 exon skipping and SF3B3 intron retention following Rebecsinib dosing (Figure 4H 

and Figure S2G). Compared with vehicle, SF3B3 intron retention levels increased at 30 min 

following single Rebecsinib doses of 3, 10, 15 or 20 mg/kg and were detectable at 4 hours 

(Figure S2G). Taken together, TK studies show favorable characteristics and PD analyses 

demonstrate predictable, dose-dependent splicing modulation with Rebecsinib.

Rebecsinib-mediated Inhibition of ADAR1 Splicing Reduces LSC Self-Renewal

To evaluate the inhibitory efficacy of Rebecsinib, we performed in vivo humanized LSC 

mouse model serial transplantation assays, as a gold-standard measurement of self-renewal 

of the malignant progenitor (pre-LSC and LSC) population, as well as survival assays 

(Figure 5A).14 With a twice weekly dosing regimen, there was a significant reduction in 

sAML LSC burden in the bone marrow, peripheral blood, and spleen of Rebecsinib-treated 

mice engrafted with splicing factor mutated and unmutated primary AML patient samples 

(Figure 5B and Figures S4A and B). There was a concomitant increase in the pro-apoptotic 
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MCL1-S isoform expression in human CD34+ cells isolated from the bone marrows of these 

mice (Figure S4C).

In purified human CD34+ cells derived from Rebecsinib-treated sAML50261 engrafted 

mice, there was a significant reduction in total ADAR1 RNA expression by qRT-PCR 

(Figure 5C) as well as LSC-specific splice isoform biomarkers, including CD44-012 and 

PTK2B-202, compared with vehicle treated controls (Figures S4D and E). Moreover, 

RNA-seq-based analyses of ADAR1 transcript splicing revealed unique retained intron 

regions and alternative splice site usage in Rebecsinib-treated samples (Figure S4F). In 

Rebecsinib-treated sAML50261 engrafted mice, intracellular flow cytometry assays detected 

significantly decreased ADAR1p150 protein isoform levels in both human HSC and HPC 

compared with vehicle controls (Figure 5D and Figure S4G). A comprehensive investigation 

of the molecular changes after in vivo Rebecsinib treatment from our previous datasets 14 

revealed a global downregulation of RNA editing activity that occurred in a dose-responsive 

manner, concomitant with splice isoform switching of MCL1-L to MCL1-S, in mice treated 

with 5 or 10 mg/kg of Rebecsinib (Figures 5E and F). In comparative in vivo studies 

using fedratinib, a small molecule JAK2 inhibitor that modulates ADAR1 expression by 

inhibiting its transcriptional activation by STAT3, we found no alteration of MCL1 splicing 

but, as expected, we observed significantly reduced ADAR1 expression (Figures S4H and 

I). In contrast, Rebecsinib inhibits both MCL1-L pro-survival transcript expression and 

ADAR1p150-mediated RNA editing suggesting that it has the capacity to impair LSC 

survival and self-renewal.

To test this, we performed serial transplantation assays of cells harvested from SAML50261 

LSC engrafted mice that were treated intravenously twice weekly for two weeks with 

Rebecsinib at 10 mg/kg (serial transplant recipients received no further treatment). Flow 

cytometry analyses of human hematopoietic cell engraftment confirmed that there was 

a reduced frequency of hematopoietic progenitors (CD34+CD38+Lin−) in the spleens of 

serial transplant recipients of cells isolated from treated mice (Figure S4J and K). Serial 

transplantation after treatment of a splicing factor mutated sAML (2008-5) engrafted 

mouse model confirmed that Rebecsinib treatment significantly reduced LSC self-renewal 

(Figure S4L). In a separate cohort, mice that received CD34+ cells from Rebecsinib-treated 

splicing factor unmutated sAML 50261 engrafted mice displayed a significant improvement 

in overall survival, indicative of a significant reduction in LSC self-renewal capacity 

(Figure 5G). Intriguingly, further molecular analysis of serially transplanted cells harvested 

from these mice revealed that a less well-characterized interferon-responsive transcript of 

ADAR1, ADAR-208, which encodes for ADAR1p150 but has a truncated 3’UTR and 

is lacking a short region of the dsRNA binding domain, shows sustained reductions in 

expression after serial transplantation compared with ADAR1p110 (Figure 5H and S4M). 

Thus, reductions in ADAR1p150-mediated RNA editing activity following Rebecsinib 

treatment correspond with a reversion to a healthy splice isoform expression profile14 in 

engrafted human progenitors. Together, these results demonstrate that Rebecsinib reduces 

both the survival and self-renewal potential of sAML LSC in primary patient-derived 

splicing factor-mutated and unmutated LSC engraftment models, and promotes improved 

mouse survival in serial transplantation assays. These results demonstrate that Rebecsinib-
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mediated inhibition of ADAR1p150 splice isoform expression and activity impairs LSC 

self-renewal in vivo.

Normal Human HSPCs Exhibit Functional Resistance to Rebecsinib

To determine the sensitivity of normal HSPCs to Rebecsinib, human cord blood-derived 

CD34+ cells were transplanted into Rag2−/−γc−/− mice. After human cell engraftment was 

established (6 to 12 weeks), mice were treated with Rebecsinib twice-weekly for two weeks 

at doses equivalent to the maximum doses selected for in vivo LSC assays. The frequency 

of CD45+ hematopoietic cells in bone marrow, peripheral blood, spleen, and thymus were 

unchanged between vehicle and Rebecsinib-treated groups that received a dose of 10 mg/kg 

(Figure S5A). Moreover, flow cytometric analyses showed no significant reduction in human 

CD3+ T cells in thymus or peripheral blood samples or in CD19+ B cells in the bone 

marrow, peripheral blood, or spleen of mice treated with Rebecsinib compared with vehicle 

controls (Figure S5B and C). In mice treated with 20 mg/kg of Rebecsinib, there was a 

reduction in human CD45+ and CD19+ cells in the peripheral blood cell engraftment but not 

in the bone marrow or spleen (Figures S5A and C). Thus, a dose of 10 mg/kg in mice is 

sufficient to reduce in vivo sAML LSC burden while sparing normal HSPC development. In 

addition, no evidence of Rebecsinib-related systemic toxicity was observed after 2 weeks of 

dosing at 10 or 20 mg/kg in this humanized in vivo model of normal HSPC development.

After completion of treatment and engraftment analyses of in vivo normal HSPC assays, 

total human hematopoietic cells (CD45+) were selected for splice biomarker analyses to 

determine sensitivity of normal human hematopoietic cells to Rebecsinib compared with 

sAML LSC. These analyses showed no changes in SF3B3 intron retention in the bone 

marrow but a trend toward changes in the spleen that were not statistically significant 

(Figures S5D and E). Together, our humanized mouse model assays combined with our 

splice isoform biomarker system confirms a functional and molecular therapeutic index for 

Rebecsinib, whereby sAML LSC are significantly more sensitive to splicing modulation 

than normal HSPCs and their progeny.

Sensitive Detection of ADAR1 Activity in Primary Human Cells In Vivo

To further test the utility of the ADAR1 nanoluc-GFP reporter for in vivo detection 

of endogenous ADAR1 activity, primary human aged normal bone marrow CD34+ cells 

were transduced with the reporter vector and transplanted into immunocompromised mice. 

ADAR1 activity was detected by live animal bioluminescence imaging and corresponded 

with human cell engraftment detection by flow cytometry (Figure S5F–H). Moreover, 

treatment of this normal aged HSPC in vivo model with Rebecsinib at 10 mg/kg confirmed 

that healthy human hematopoietic cells tolerate splicing modulation (Figure S5G and H), 

with no loss of human HSPC engraftment or mature T or B cell maturation (Figure S5I–

K). In comparison to cord blood transplantation models, the frequency of normal CD34+ 

cells appeared to be increased in the bone marrow of Rebecsinib-treated animals (Figure 

S5I). This suggests that Rebecsinib spares normal HSPC survival and retention in the 

bone marrow niche, which is the subject of ongoing mechanistic studies. Together, these 

results further support a favorable therapeutic index of Rebecsinib that has been observed in 

comprehensive in vitro and in vivo IND-enabling studies.
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Discussion

In sAML, 5-year survival rates of only 26%, are fueled, at least in part, by therapy 

resistant LSC survival and self-renewal.35 Over 50% of patients succumb to AML in 

the first year (10,590 deaths out of 21,380 new cases in 201736) and mortality rates 

have remained similar over four decades thereby underscoring the pressing unmet need 

for selective LSC inhibitors. Despite advances in molecularly targeted therapy, morbidity 

and mortality rates also remain elevated for patients with high-risk MF.37 Inflammatory 

microenvironment-induced adenosine-to-inosine (A-to-I) hyper-editing by ADAR1 has been 

linked to therapeutic resistance in sAML, MF, chronic myeloid leukemia, multiple myeloma 

and 14 different solid tumor types.5,7–9,15,16,23 Also, recent studies show that splicing 

deregulation drives therapeutic resistance and that inflammatory cytokine induced A-to-I 

RNA editing introduces novel splice acceptor sites, such as in STAT3, which promote LSC 

generation.14,38–40 Previously, we showed that LSC splicing deregulation was associated 

with increased sensitivity to the splicing modulator, 17S-FD-895 (Rebecsinib). However, a 

mechanistic link between A-to-I editing activation by ADAR1 and splicing deregulation had 

not been established.

To determine if niche-dependent splicing deregulation drives ADAR1 activation, we 

developed sensitive lentiviral ADAR1 nanoluciferase GFP and lentiviral dual fluorescence 

splicing reporters that enable non-invasive imaging, confocal fluorescence microscopic 

detection and flow cytometric quantification of ADAR1 activation and splicing deregulation 

in selective microenvironments. In addition, we developed ADAR1 shRNA knockdown 

and ADAR1p150 overexpression vectors for use in normal HSPC, MF HPC and LSC 

human SCF, IL-3 and GM-CSF secreting stromal co-cultures and humanized mouse model 

systems. By demonstrating that genetic inhibition of ADAR1 expression with lentiviral 

shRNA knockdown vectors phenocopies pharmacologic splicing inhibition with Rebecsinib, 

we discovered that A-to-I hyper-editing is predicated on ADAR1 splice isoform switching 

favoring ADAR1p150 over ADAR1p110.

Moreover, we found that ADAR1p150 inhibition with Rebecsinib was well tolerated at 

doses that eradicated LSC and spared normal HSPC. As a result of ADAR1 induced 

self-renewal dependency, Rebecsinib treatment inhibited sAML LSC replating and serial 

transplantation and enhanced survival of humanized sAML mouse models commensurate 

with dose-dependent changes in ADAR1p150 transcript and protein expression as well as 

decreased A-to-I editing activity. These in vitro and in vivo studies provided a mechanistic 

link between microenvironmentally-driven splicing deregulation and ADAR1-mediated 

A-to-I editing activation in LSC in sAML and potentially in other ADAR1-activated 

malignancies.24 In addition to preventing ADAR1 transcript processing, Rebecsinib reduces 

LSC-enriched anti-apoptotic transcripts, including MCL1-L, BCL-XL, and BCL-2, and 

induces marked intron retention in splicing factor gene products, such as SF3B1 and SF3B3, 

which form part of the splicing modulator binding pocket.

In multi-species (rat, rabbit, NHP) pre-IND studies, Rebecsinib was well tolerated and 

induced dose-dependent increases in splicing modulation. With a clinically tractable 

formulation, Rebecsinib showed predictable pharmacokinetic and pharmacological (PK/PD) 
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properties combined with favorable bioavailability and stability thereby enabling twice-

weekly intravenous dosing regimens with no evidence of systemic toxicity.

The high likelihood of clinical feasibility with Rebecsinib is based on extensive pre-clinical 

studies showing chemical stability, toxicokinetic safety, favorable pharmacokinetic and 

pharmacodynamic properties, and highly efficacious human MF HPC and LSC-targeting 

capacity in splicing factor-mutated and unmutated humanized models of sAML. While one 

chemically distinct splicing modulator, H3B-8800, completed Phase 1 clinical trials for 

hematologic malignancies resulted in red blood transfusion independence in some patients, 

its efficacy was dependent on SRSF2 mutations and it was not sufficiently potent to induce 

durable remissions.41 Another splicing modulator, E7107, induced reversible optic neuritis 

in 2 of 26 patients with solid tumors,42,43 which was related to compound instability44 

and resulted in early clinical trial discontinuation. In contrast, Rebecsinib has a favorable 

potency profile and therapeutic index compared to other splicing modulators. Overall, this 

study lays the foundation for clinical development of Rebecsinib as an ADAR1 self-renewal 

pathway inhibitor aimed at obviating LSC driven therapeutic resistance and relapse in 

patients with high-risk MF and sAML and potentially for other malignancies that resist 

immune checkpoint blockade as a result of ADAR1-mediated immune silencing.19

Limitations of the Study

As a potent first-in-class ADAR1 inhibitor, Rebecsinib decreases RNA editing by inhibiting 

ADAR1 splicing into the most active editase, ADAR1p150. While active in high-risk MF 

HPC and LSC, a limitation of the current study is that we did not examine the dependence 

of solid tumor CSC self-renewal on splicing mediated ADAR1 activation and sensitivity 

to Rebecsinib-mediated ADAR1 splicing inhibition. For future IND enabling studies with 

Rebecsinib, which are beyond the scope of this completed pre-IND proof-of-concept 

study, we have developed lentiviral ADAR1 reporter expressing tumor organoid-containing 

nanobioreactors that enable niche-dependent detection of A-to-I editing activation and 

humanized CSC ADAR1 reporter models. The capacity of Rebecsinib to potently inhibit 

malignant A-to-I editing may enhance the spectrum of therapeutically sensitive malignancies 

to include 14 solid tumor types that activate ADAR1.41

STAR Methods

RESOURCE AVAILABILITY

Lead Contact—Further information and requests 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 with a completed Materials Transfer Agreement.

Data and Code Availability

• Whole transcriptome RNA-seq data have been deposited at the database of 

Genotypes and Phenotypes (dbGaP) at NIH. Accession numbers are listed in the 
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key resources table. Any additional information required to reanalyze the data 

reported in this paper is available from the lead contact upon request.

• Original code and RNA splicing and editing analysis methods are publicly 

available via github repository. Links and the DOI are provided in the key 

resources table.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo Mouse Studies—All mouse studies were completed in accordance with the 

University Laboratory Animal Resources and Institutional Animal Care and Use Committee 

of the University of California (IACUC) regulations. Rag2−/−γc−/− mice and NSG-SGM3 

mice (Jackson Laboratories, Bar Harbor, ME) mice were bred and maintained in the Sanford 

Consortium vivarium according to IACUC-approved protocols. Rag2−/−γc−/− mice exhibit 

T cell, B cell, and NK cell immunodeficiencies that make them effective transplant hosts 

for human immune cells. NSG-SGM3 mice produce 2-4ng/mL serum levels of human SCF, 

GM-CSF, and IL-3, which supports the engraftment of myeloid and lymphoid cells. Animals 

were housed in groups. Mice were randomly assigned to experimental groups based on 

engraftment levels (equivalent average peripheral blood engraftment levels were present in 

vehicle and treatment groups prior to initiation of treatment).

Animals Used in Pre-clinical Toxicokinetic (TK) Studies—Single-dose TK studies 

were performed in Sprague Dawley rats (Charles River Labs, South San Francisco, CA), 

New Zealand white rabbits (BASi/Inotiv, West Lafayette, IN), and cynomolgus monkeys 

(BASi/Inotiv).

Human Subjects—Primary patient samples were obtained from consenting patients at the 

University of California in accordance with a UC San Diego human research protection 

program Institutional Review Board (IRB)-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 and normal aged-match samples were purchased as purified 

CD34+ cells (AllCells).

Stromal Co-Culture Assays—Primary patient samples and normal bone marrow 

controls used for functional assays are described in Table 1. Human HS5 and HS27a45 

or mouse bone marrow cells lines SL (hSCF and hIL3) and M2 (hIL3 and hG-CSF) were 

irradiated and then mixed at a ratio of 1:1 and incubated overnight for attachment. To 

establish co-cultures, 10,000-15,000 CD34+ cells were added to SLM2 stroma in 1 ml of 

Myelocult H5100 (STEMCELL Technologies, Vancouver, Canada). Rebecsinib or DMSO 

control was added at the initiation of co-culture at indicated concentrations. After one 

week, cells that were both attached to stroma and floating were collected, resuspended 

in fresh media and plated in methylcellulose (MC) H4330 (STEMCELL Technologies) in 

triplicate. After 2 weeks primary colonies (more than 40 cells) were counted and individual 

multilineage colonies were plucked, cells resuspended, and re-plated again in fresh MC. 

Secondary colonies were counted after another 14 days. Basal colony formation of untreated 

cells was considered to be 100% and results are presented as % of change.
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In vitro Culture of Cell Lines—The following cell lines were used for in vitro lentiviral 

reporter assays and biomarker development: human KG-1a cells (AML cells derived 

from a 59 y/o male, cultured in Iscove’s Modified Dulbecco’s Medium, Catalog No. 

30-2005, 20% fetal bovine serum), human K562 cells (blast crisis chronic myeloid leukemia 

cells isolated from a 53 y/o female, cultured in Iscove’s Modified Dulbecco’s Medium, 

Catalog No. 30-2005, 10% fetal bovine serum), human TF-1a cells (erythroleukemia cells 

isolated from a 35 y/o male, cultured in RPMI-1640 Medium, ATCC 30-2001, 10% fetal 

bovine serum), human MOLM-13 (sAML cells isolated from a 20 y/o male, cultured in 

RPMI-1640 Medium, ATCC 30-2001, 10% fetal bovine serum), human HL-60 cells (acute 

promyelocytic leukemia cells isolated from a 36 y/o female, cultured in Iscove’s Modified 

Dulbecco’s Medium, Catalog No. 30-2005, 20% fetal bovine serum), 293T cells (human 

kidney epithelial cells from human fetus, cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (ATCC 30-2002, 10% fetal bovine serum), and rat RBL-1 cells (leukemia cells 

isolated from the Wistar strain, cultured in Eagle’s Minimum Essential Medium, Catalog 

No. 30-2003, 10% fetal bovine serum). All cell lines, with the exception of MOLM-13 cells, 

were obtained from the American Type Culture Collections (ATCC, Manassas, VA) and 

cultured at 37°C 5% CO2, and monitored routinely for cell line identity by flow cytometry 

and for culture integrity by mycoplasma screening. MOLM-13 cells were generously 

provided by Dr. Dennis Carson (UC San Diego).

METHOD DETAILS

Primary Samples, Whole Transcriptome RNA-sequencing, RNA Editing, and 
Splice Isoform Analyses—Primary peripheral blood or bone marrow samples from 

patients with MPNs (n=6 PV, n=2 ET, n=24 MF, n=5 CML) or AML (n=12), 

along with non-MPN bone marrow controls (n=24) were FACS-purified to isolate 

live HSC (CD34+CD38−Lin−) and HPC (CD34+CD38+Lin−) populations, as previously 

described.5,14,16 Cells were lysed in RNA extraction buffer and total RNA was extracted 

using RNeasy micro extraction kits (QIAGEN, Germantown, MD). RNA samples were 

evaluated for quality. Samples with RNA integrity (RIN) values >7 were processed for 

whole transcriptome RNA-sequencing (The Scripps Research Institute Next Generation 

Sequencing Core) on Illumina HiSeq platforms.

RNA-Seq was performed on Illumina’s NextSeq 500 sequencer with 150bp paired-end 

reads. Transcript quantification was performed as previously described.5 Briefly, sequencing 

data were de-multiplexed and output as fastq files using Illumina’s bcl2fastq (v2.17). Quality 

control of the raw fastq files was performed using the software tool FastQC.46 Sequencing 

reads were aligned to the human genome (hg38) using the STAR v2.5.1a aligner.47 

Read and transcript quantification was performed with RSEM48 v1.3.0 and GENCODE 

annotation (genocode.v19.annotation.gtf). The R BioConductor packages edgeR49 and 

limma50 were used to implement the limma-voom51 method for normalization of transcript 

levels and calculation of log transformed counts per million (logCPM). For sashimi plots, 

the .bam alignment files generated with the STAR aligner were input in the Integrated 

Genomics Viewer (IGV v2.12, https://software.broadinstitute.org/software/igv/). The viewer 

was navigated to the specific ADAR1 region of interest and a sashimi plot was generated 
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with base level coverage represented by individual bars and junction level coverage 

represented by arcs.

For RNA editing analyses of whole transcriptome sequencing data, previous datasets were 

utilized from CD34+ cells isolated from the spleens of SAML50261-engrafted mice treated 

once weekly with Rebecsinib in a dose-response assay (5 or 10 mg/kg),14 along with 

CD34+ cells harvested from mice that were serially transplanted with CD34+ cells from 

SAML50261-engrafted mice that had been treated twice weekly with Rebecsinib at 10 

mg/kg (no further treatment was delivered to serial transplant recipients). Due to limiting 

number of cells remaining after treatment, cells were pooled from n=4 to 5 mice per 

condition for sequencing. RNA editing analysis was performed as previously described.5 

Additional analysis code and documentation for the computational analyses are available 

through Github: https://github.com/ucsd-ccbb/MPN_atlas_methods.

Lentiviral RNA Splicing and ADAR1 Editing Reporters—To enable real-time, live 

cell RNA splicing and editing quantification detection, lentiviral dual fluorescence RNA 

splicing and ADAR1-dependent RNA editing vectors were designed and tested for activity 

in human leukemia cell lines. To assess ADAR1-dependent editing, a lentiviral reporter 

was constructed to measure activity by fluorescence and or luminescence. The construct 

contains a synthetic ADAR1-specific nucleic acid sequence28 (“Herbert sequence”) that was 

cloned into a pCDH (System Biosciences) backbone containing an EF1α promoter and T2A 

sequence for co-expression of nanoluciferase and COP-GFP. The Herbert sequence precedes 

a stop codon, UGA, which lies upstream of NanoLuc T2A copGFP. Following A-to-I 

editing, this stop codon is removed, resulting in downstream nanoluciferase and COP-GFP 

expression. The ADAR1-dependent RNA editing reporter vector was validated in 293T cells 

via co-transfection with various ADAR-overexpression vectors including ADAR1-FLAG 

wildtype, ADAR1-FLAG E912A (editing-deficient), ADAR2-FLAG and corresponding 

backbone. ADAR-overexpression plasmids were transfected at 3 concentrations (0.1 μg, 0.3 

μg, 1.0 μg) to demonstrate the sensitivity of ADAR1-dependent editing. Cells were collected 

for western blot to confirm ADAR overexpression using anti-FLAG M2 antibody (Sigma 

F3165). Reporter activity was measured by luminescence using Nano-Glo Luciferase Assay 

System (Promega).

For generation of stably transduced splicing reporter cell lines, a previously described 

splicing reporter construct31 was cloned into a lentiviral vector backbone.52 KG-1a cells 

were transduced with the dual-fluorescent lentiviral splicing reporter vector, treated with 

various concentrations of Rebecsinib (3-fold serial dilutions from 3 μM to 4 nM) for 24 

hr, washed followed by DAPI staining, and analyzed by flow cytometry for cell viability 

and RFP/GFP fluorescence intensity. Results were from duplicate wells of each condition. 

Viability of cells treated with DMSO (0.5% final concentration) was set as 100%. Nonlinear 

regression curve fit analysis was carried out using Prism software (GraphPad) to determine 

EC50 values for viability and mean fluorescence intensity (MFI) of RFP and GFP.

In Vitro Cell Line Treatments and Analyses—For lentivirus-mediated knockdown 

of human ADAR1 in ADAR1 activation and RNA editing biomarker studies of the 

nanoluc-GFP reporter and endogenous transcripts, human leukemia cells were stably 
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transduced with the lentiviral shRNA vectors targeting ADAR1 (shADAR1) or scrambled 

control (shCtrl) to ablate endogenous ADAR1 expression. The shRNA plasmids targeting 

ADAR1 (shADAR1) as well as the scrambled control (shCtrl) were purchased from 

VectorBuilder (Chicago, IL) (shCtrl: CCTAAGGTTAAGTCGCCCTCG and shADAR1: 

CCGGACCTCCTCACGAGCCCAAGTTCGTTTACCAAGCAAAA). Human wild-type or 

catalytically inactive (E912A) mutant vectors were also used to selectively express 

ADAR1p150 in some experiments. Viral titers were assessed by qRT-PCR and transduction 

efficiency was tested in 293T cells. 100,000 TF-1a cells stably transduced with the same 

lentiviral shCtrl (TF-1a shCtrl) and shADAR1 (TF-1a shADAR1) vectors were plated (n=4) 

and treated with interferon-α or 0.1 μM Rebecsinib or DMSO control for 4 hours.

For ADAR1 protein isoform and STAT3 phosphorylation analyses in cell lines, western blots 

were performed as previously described.5,8,16 Blots were probed with antibodies against 

ADAR1p150 (Abcam ab126745) and pan-ADAR1 (detects ADAR1p150 and p110, Cell 

Signaling D7E2M), along with total STAT3, phosphorylated STAT3 (Y705 D3A7, Cell 

Signaling), and GAPDH as a loading control (Key Resources Table).

Stromal Co-cultures and ADAR1 Reporter Assays—Human HS5 and HS27a45 

or mouse bone marrow cells lines SL (hSCF and hIL3) and M2 (hIL3 and hG-CSF) 

were irradiated and then mixed at a ratio of 1:1 and incubated overnight for attachment. 

CD34+ were selected from high-risk MF and sAML primary samples using magnetic 

beads (Miltenyi Biotec, Germany). As a control, CD34+ cells from aged normal bone 

marrow (aNBM), young normal BM (yNBM) and cord blood (All Cells Inc, Alameda, 

CA) mononuclear cells were utilized. To establish co-cultures, 10,000-15,000 CD34+ cells 

were added to SLM2 stroma in 1 ml of Myelocult H5100 (STEMCELL Technologies, 

Vancouver, Canada). Rebecsinib or DMSO control were added at the initiation of co-culture 

at indicated concentrations. After one week, cells that were both attached to stroma and 

floating were collected, resuspended in fresh media and plated in methylcellulose (MC) 

H4330 (STEMCELL Technologies) in triplicate. After 2 weeks primary colonies (more than 

40 cells) were counted and individual multilineage colonies were plucked, cells resuspended 

and re-plated again in fresh MC. Secondary colonies were counted after another 14 days. 

Basal colony formation of untreated cells was considered to be 100% and results are 

presented as % of change.

For nanoluciferase RNA editing activity assays, CD34+ selected cells from primary high-

risk MF samples were lentivirally transduced with ADAR1 nanoluc-GFP reporter for 48 

hr, followed by treatment with DMSO or Rebecsinib in stromal co-culture for 72 hr. 

Luminescence reporter activity was measured in 10,000 cells by Nano-Glo Luciferase 

Assay and values were normalized to cell viability. Cell viability was measured in 10,000 

cells by CellTiter-Glo Luciferase Assay (Promega). A pilot in vivo reporter assay was 

also performed using TF-1a cells that were stably transduced with the ADAR1 nanoluc-

GFP reporter. For this purpose, cells were co-transduced with lentiviral vectors expressing 

ADAR1-targeted shRNA (to knock down endogenous wild-type ADAR1) and wild-type 

or catalytically inactive mutant (E912A) exogenous human ADAR1p150. Cells were 

transplanted into neonatal Rag2−/−γc−/− mice (70,000 cells per mouse), and animals were 
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imaged 4 weeks after transplant on the IVIS 200, as previously described.7,9 Human cell 

engraftment was also confirmed in the peripheral blood in the same week as imaging.

For normal bone marrow control survival and differentiation assays, CD34+ cells from 

aged bone marrow samples were plated into StemPro media (ThermoFisher, Carlsbad, CA) 

and treated with Rebecsinib for 72 hr. Samples were analyzed by flow cytometry using 

antibodies for total hematopoietic cells (CD45 APC; Life Technologies cat#MHCD4505, 

1:50), T cells (CD3 FITC; BioLegend cat#300306, 1:20), monocytes (CD14 PerCP-Cy5.5; 

BD Pharmingen cat#550787, 3:100) and B cells (CD19 PE; BioLegend cat#302208, 1:50).

Splice Isoform Specific Quantitative RT-PCR—For quantitative analysis of splice 

isoform expression, RNA editing rates, and whole gene expression by qRT-PCR, cells 

or tissue fragments were harvested in RNA lysis buffer and total RNA was extracted 

using RNeasy mini or micro extraction kits (QIAGEN, Germantown, MD) following the 

manufacturer’s protocol including a DNase incubation step to digest any trace genomic 

DNA present. Levels of ADAR1 variants and LSC-specific transcripts were quantified by 

qRT-PCR as previously described.14 RNA-editing site-specific qRT-PCR (RESSqPCR) was 

performed for variants in AZIN1 transcripts.53 Additional species-specific primers were also 

designed to quantify intron retention rates in cells treated with Rebecsinib as a biomarker of 

response to RNA splicing modulation. Specifically, for the two-step SYBR-green based 

assays, as previously described,7,14,53 100-1000 ng of RNA were subjected to cDNA 

synthesis using the Superscript 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 performed using SYBR GreenER Super Mix (Life 

Technologies) on BioRad iQ5, C1000 Touch, or BioRad CFX384 instruments. Human splice 

isoform-specific, RNA editing site-specific qPCR (RESSqPCR),53 and whole gene primers 

used are listed in Table S1. Primer sets that have not been previously published were 

designed and tested for efficiency followed by analyses in samples exposed to Rebecsinib, 

with species-specific HPRT primers used as controls. Samples with Ct<35 for the species-

specific reference gene, HPRT, were included in analyses. Relative mRNA expression values 

were calculated using the 2−ΔCT method, with normalization to untreated or vehicle-treated 

controls.54

For multi-species biomarker development and transcript variant-specific qRT-PCR 

experiments, human AML cell lines KG-1a, MOLM-13, and HL-60, and rat leukemia cells 

RBL-1 were grown to confluence and treated with 1 μM Rebecsinib for 4 hr. Cells were 

collected and lysed in Qiagen RNA lysis buffer, and analyzed using the species-specific 

primers and qRT-PCR procedures described above.

Intracellular ADAR1p150 and Phospho-STAT3 Flow Cytometric Analyses—
Flow cytometry for stem and progenitor cell surface antibody staining was performed as 

previously described.14 For phospho-flow, a subset of samples was fixed and permeabilized, 

then blocked and stained with APC-conjugated ADAR1p150 antibody (cat ab269444, 1:25) 

and pSTAT3 APC (cat 17-9033-42, 1:10) (Key Resources Table). Fractions were analyzed 

with the BD LSR Fortessa (Sanford Consortium for Regenerative Medicine Stem Cell Core) 

and FlowJo software (TreeStar, Ashland, OR).
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Humanized LSC Mouse Model Assays and Human HSPC Therapeutic Index 
Studies—In humanized mouse models, sAML cells (CD34+) from two unique primate 

patient samples that were splicing factor mutated or unmutated were utilized, including 

SAML50261 and SAML20085.14 For in vivo efficacy and therapeutic index studies, sAML 

CD34+ cells, or normal human cord blood-derived or aged bone marrow-derived HSPCs 

(CD34+), were transplanted (50,000-200,000 cells per mouse) intrahepatically into neonatal 

Rag2−/−γc−/− mice, or intravenously into adult NSG-SGM3 mice (Jackson Laboratories, 

Bar Harbor, ME). A subset of experiments was performed with normal aged bone marrow 

cells that were transduced with the lentiviral ADAR1 nanoluc-GFP reporter vector prior 

to transplant. For transplantation into adult mice, animals were irradiated with 137Cs at a 

dose of 150 cGy 24 hr before IV transplantation. After engraftment levels reached >1% 

human CD45+ hematopoietic cells in the peripheral blood, animals were distributed among 

treatment groups for treatment with Rebecsinib or vehicle control essentially as previously 

described, with an increased dosing regimen of twice weekly (versus once weekly in prior 

studies)14 and an optimized in vivo formulation (2% w/w EtOH, 5% w/v Kolliphor HS 

15 in 0.9% saline). For animals that received transplants of cells transduced with the 

lentiviral ADAR1 nanoluc-GFP reporter, mice were imaged 15 weeks after transplant on the 

IVIS 200, as previously described.7,9 Following treatment with Rebecsinib (five intravenous 

doses total over a two-week period), hematopoietic tissues (peripheral blood, bone marrow, 

spleens) were collected and analyzed by flow cytometry as previously described.14 For 

splice isoform-specific qRT-PCR or RNA-seq analyses on cells from in vivo studies, human 

CD34+ LSC from bone marrows and spleens of engrafted mice were isolated by magnetic 

bead separation (Miltenyi Biotec).

Additional aliquots of CD34+ cells from bone marrow and/or spleens of treated and control 

animals were used for serial transplantation assays after Rebecsinib treatment, including 

engraftment studies and overall survival assays. In a separate cohort of animals, mice were 

treated with Fedratinib for two weeks (twice daily oral delivery at 60 mg/kg) as a positive 

control for modulation of ADAR1 expression and activity.8

Pre-clinical Toxicokinetic (TK), Pharmacokinetic and Pharmacodynamic (PD) 
Studies—Single-dose TK studies were performed in Sprague Dawley rats (Charles River 

Labs, South San Francisco, CA), New Zealand white rabbits (BASi/Inotiv, West Lafayette, 

IN), and cynomolgus monkeys (BASi/Inotiv). Rat and rabbit studies included toxicology 

analyses, quantification of plasma levels of Rebecsinib, and necropsies to evaluate organ 

integrity after treatment. For NHP studies, health and ophthalmological evaluations were 

performed before and after dosing with Rebecsinib, and blood samples were collected for 

quantification of plasma levels of Rebecsinib and biomarker studies in PBMCs from treated 

and control animals. All monkeys were returned to the animal colony after the end of 

the observation period. Toxicokinetic values including mean plasma concentrations and t1/2 

values were calculated according to CRO-approved protocols (Charles River and BASi).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analyses—For ADAR1 and splicing reporter assays, qRT-PCR analyses, and 

flow cytometry, data were analyzed using Microsoft Excel and plotted for graph preparation 
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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) for summarized sAML, MF or healthy control samples 

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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Highlights

• ADAR1p150 isoform-mediated A-to-I RNA editing fuels human LSC 

generation

• Lentiviral ADAR1 and splicing reporters enable detection of ADAR1p150 

activation

• Rebecsinib inhibits ADAR1p150-driven LSC self-renewal while sparing 

normal HSCs

• Rebecsinib pre-IND studies show scalable chemistry and favorable 

pharmacokinetics
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Figure 1. Quantification of ADAR1p150 by Splice Isoform RNA Sequencing (RNA-seq)
(A) RNA-seq-based quantification (counts per million, CPM) of ADAR-201 (GRCh38 

ENST00000368471.8, ADAR1 p110-encoding), ADAR-202 (ENST00000368474.9, 

ADAR1 p150-encoding), and ADAR-208 (ENST00000529168.2, ADAR1 p150-encoding 

3’UTR truncated transcripts) was performed on FACS-purified hematopoietic stem cells 

(HSC, CD34+CD38−Lin−) from young (YBM; n=4) and aged bone marrow (ABM; n=4) 

HSC, polycythemia vera (PV, n=3), essential thrombocythemia (ET, n=2), myelofibrosis 

(MF, n=24), chronic myeloid leukemia (CML, n=5), or secondary acute myeloid leukemia 

Crews et al. Page 23

Cell Stem Cell. Author manuscript; available in PMC 2024 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(sAML, n=5). RNA-seq analyses were also performed on FACS-purified hematopoietic 

progenitor cells (HPC, CD34+CD38+Lin−) from primary samples, including YBM (n=8), 

ABM (n=8), PV (n=6), ET (n=2), MF (n=24), CML (n=5), de novo (dnAML and sAML) 

(n=13) AML. Statistics for HSC: ADAR-201 p<0.05 for MF, CML, and sAML versus 

ABM; ADAR-202 p<0.05 for MF versus ABM; ADAR-208 differences were not significant 

in HSC. Statistics for HPC: ADAR-201 p<0.05 for PV, ET, MF, and CML versus ABM; 

ADAR-202 p<0.05 for PV, ET, MF, and CML versus ABM; ADAR-208 p<0.05 for PV, ET, 

and MF versus ABM. Statistical analyses were performed using Student’s t-tests comparing 

MPNs and sAML versus ABM.

(B) Structural diagram showing the spliceosome core complex with Rebecsinib interacting 

at the interface of SF3B1 and PHF5A, adapted from the spliceosome complex bound to 

pladienolide B.27

(C) Schematic diagram of the primary ADAR1 p150-encoding transcript, ADAR-202, and 

proposed Rebecsinib-induced intron retention reducing transcript expression after treatment.
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Figure 2. Development of a lentiviral ADAR1 A-to-I RNA editing reporter
(A) Schematic diagram demonstrating the synthetic RNA sequence containing an ADAR1-

sensitive stop codon that, upon A-to-I editing, reads through to produce nanoluciferase and 

GFP proteins separated by a T2A cleavage site.

(B) ADAR protein expression levels in 293T cells co-transfected with the ADAR1 

nanoluciferase-GFP (nanoluc-GFP) reporter and increasing amounts of FLAG-tagged wild-

type (WT) ADAR1, catalytically inactive mutant ADAR1 (E912A), or wild-type ADAR2. 

β-actin was used as a loading control.

(C) Relative luciferase signals in 293T cells prepared as in panel B. Data are represented as 

mean ± SEM.

(D) Live cell fluorescent imaging of GFP expression in human myeloid leukemia TF-1a 

cells transduced with the ADAR1 nanoluc-GFP reporter vector (lower panels) compared to 

untransduced controls (upper panels).

(E) Detection of nanoluciferase expression via in vivo bioluminescence (IVIS) imaging 

of no transplant control (far left), K562-nanoluc-GFP and pCDH vector transduced and 

K562-nanoluc-GFP and ADAR1 wild-type or E912A mutant transduced human leukemia 

cells (K562) transplanted into RAG2−/−γc−/− mice.

(F) Luminescence-based quantification of ADAR1-dependent nanoluciferase signals in 

CD34+ cells from primary, high-risk MF samples (*=untreated patient) after in vitro 
transduction with the ADAR1 nanoluc-GFP reporter and treatment with vehicle control 

(DMSO) or Rebecsinib (72 hr). Relative luciferase signals were normalized to cell viability 

for each condition. Data are represented as mean ± SEM. p<0.05 compared to DMSO 

controls by pairwise t-test.

(G) Intracellular flow cytometry-based quantification of STAT3 phosphorylation (expressed 

as mean fluorescence intensity, MFI, values within HPC populations) after in vitro treatment 

with vehicle control (DMSO) or Rebecsinib (1 μM, 72 hr).

See also Figure S1.
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Figure 3. Rebecsinib Inhibits ADAR1p150 mediated high-risk MF HPC and LSC survival
(A) Schematic diagram of in vitro MF HPC and LSC survival and self-renewal assays.

(B) Flow cytometry-based viable cell counts (5,000 events measured) in high-risk MF 

samples after in vitro treatment of primary CD34+ cells with vehicle control (DMSO) or 

Rebecsinib (72 hr).

(C) Flow cytometry-based quantification of ADAR1 p150 protein expression in high-risk 

MF samples after in vitro transduction of primary CD34+ cells with ADAR1 nanoluc-GFP 

reporter or vector control (pCDH) followed by treatment with vehicle control (DMSO) or 

Rebecsinib (72 hr).

(D, E) Quantification of colony formation (survival, D) and replating (self-renewal, E) 

of high-risk MF HPC and sAML LSC compared with cord blood (CB) and aged versus 

young normal bone marrow (a-NBM, y-NBM) controls treated with Rebecsinib at increasing 

concentrations. Bar graphs show data as mean ± SEM and statistical analyses by pairwise 

t-test and dose-response assays show data as mean ± SD and statistical analyses by one-way 

ANOVA.

See also Figure S1.
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Figure 4. Rebecsinib pharmacodynamic and pharmacokinetic studies in pre-clinical and pre-
IND models
(A) Quantification of cell viability (left panel) and splicing modulation (RFP/GFP ratios, 

right panel) by flow cytometry analyses of the human AML cell line (KG-1a) stably 

transduced with a lentiviral dual-fluorescence splicing reporter vector and treated with 

increasing concentrations of Rebecsinib.

(B) Transcript diagram illustrating alternative splicing of MCL1 to generate MCL1-short 

(S, pro-apoptosis) and MCL1-long (L, anti-apoptosis) variants. For human cells, the ratio of 

MCL1-short to long isoforms is shown.

MCL1 S/L ratios in Rebecsinib dose response assays performed using primary sAML LSC 

(without stromal co-culture). Splice isoform-specific qRT-PCR values were normalized to 

DMSO-treated controls for each individual patient sample.

(D) Schematic diagram outlining multispecies toxicokinetic (TK) and pharmacodynamic 

studies in mammalian species treated in vivo with a single dose of Rebecsinib. Toxicokinetic 

analyses were performed in rats (n=6 per sex, per group), rabbits (n=2 per sex, per 

group), and non-human primates (NHPs, n=1 per sex, per group) and pharmacodynamic 

splice isoform quantification studies were performed in peripheral blood mononuclear cells 

(PBMCs) from NHP.

(E, F) For toxicokinetic analyses, rats (E) and rabbits (F) were given a single injection of 

Rebecsinib at 1-40 mg/kg, or vehicle control, and blood samples were drawn at regular 

intervals to determine plasma concentrations of the compound over 8 hr after treatment.
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(G, H) For in vivo TK and complementary pharmacodynamic studies, NHPs were given a 

single injection of Rebecsinib at 3-20 mg/kg, or vehicle control, and blood samples were 

drawn at regular intervals to determine plasma concentrations (G) of the compound along 

with splice isoform biomarker assays to quantify MCL1 exon skipping in PBMCs isolated 

from treated animals (H, n=2 animals per group).

All data are represented as mean ± SEM.

See also Figures S2 and S3.
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Figure 5. ADAR1 expression and LSC self-renewal following Rebecsinib treatment
(A) Schematic diagram showing in vivo treatment of primary patient LSC or cord blood 

(CB)-engrafted mice and sAML serial transplantation studies.

(B) Flow cytometry analysis quantifying human LSC survival in sAML-engrafted mice 

treated with Rebecsinib Lot 1 (n=3 sAML50261, n=3 sAML 2008-5) or Lot 2 (n=4 

sAML50261) compared with vehicle control (n=4 sAML50261, n=3 sAML2008-5) at 10 

mg/kg twice weekly for two weeks (5 total doses).

(C) qRT-PCR analyses in CD34+ cells isolated from the spleens of sAML50261 mice 

treated with Rebecsinib (as in A) showing decreased total ADAR1 expression by qRT-PCR.

(D) Mean fluorescence intensity (MFI) of ADAR1p150 protein levels in human HSCs 

(CD45+CD34+CD38−Lin−) and HPCs (CD45+CD34+CD38+Lin−) from the spleens of 

sAML50261 engrafted mice treated with Rebecsinib or vehicle.
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(E) Whole transcriptome-based RNA editing analyses of previously-described RNA-seq 

data14 generated from CD34+ cells isolated from the spleens of sAML50261 engrafted 

mice treated with Rebecsinib or vehicle. Total edits, edits in unique genes, and normalized 

numbers of edits per million reads were calculated using RNA editing pipelines as 

previously described.5

(F) Isoform-level analysis of MCL1 transcripts from RNA-sequencing data shown in panel 

E.

(G) Overall mouse survival in serially transplanted sAML50261 mice (primary transplanted 

mice were treated with Rebecsinib or vehicle) (n=10 mice per group).

(H) Ratios of ADAR1p150-3’UTR truncated (ADAR-208) to ADAR1p110 (ADAR-201) by 

RNA-seq analyses of CD34+ cells isolated from serial transplant recipients of sAML50261 

LSC engrafted mice treated with vehicle or Rebecsinib. Serial transplant recipients received 

no further treatment.

Bar graphs show data as mean ± SEM and statistical analyses by unpaired t-test, and overall 

animal survival plot shows Kaplan-Meier plots (p=0.0008).

See also Figures S4 and S5.
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Table 1.

Demographic information including mutational status of potential disease-associated genes in MF, MPN, and 

sAML samples used in functional assays

Sample Tissue Diagnosis Sex Age Blasts 
(% in 
BM)

Treatment Number 
of 

Somatic 
Mutations

Notable 
Mutations

Cytogenetics PDX 
Model 

Engraft 
ment

2011-1 BM AML F 53 62 Idarubicin, 
cytarabine. 
Previous 

chemotherapy 
and radiation 

for breast 
cancer.

6 KIT t(8;21)(q22;q22), cKIT+ NA

2008-5 PB AML post-
BCR-ABL-

CML

M 80 61 Hydroxyurea 15 KIT, 
TET2, 
PRPF8 

D1598H, 
SRSF2 
P95S, 
FLT3

isochromosome 17q, trisomy 13, 
trisomy 19

Engrafted

50261 PB AML post-
MDS

F 72 63 None 24 DNMT3A/
B, TET2, 

EZH2

46,XX,1,inv(3)(q21q26.2),del(5)
(q14q34),der(12)t(1;12)

(q21;p11.2),20,+r,+mar1[9]/
46,sl,der(7)t(7;9)(p13;q13)[4]/
46,sl,i(21)(q10)[3]/46,sl,add(2)
(q31)[2]/46,sl,add(2)(q33)[2]

Highly 
engrafted

2012-17 BM AML post-
MDS

M 52 75 None 16 DNMT3A, 
TET2, 
ZRSR2

71-100,XXYY,psudic(1;17)
(q32;p11.2),−5,add(5)

(q13),−10,del(11)(q23),
−12,−17,−17,+1-2mar, 

~3-28dmin[cp20]

NA

2012-8 PB AML post-
MDS

M 80 80 None 9 TP53 46-48,X,?Y,del(4)
(q22q35),del5(q21q33),
−7,+8,+11,+13,?del(13)

(q31q33),der(15;22)
(q10q10),add(17)(p13),

−21,add(21)(q22),
−222,+2-4mar[cp18]/48,?

Y,idem,del(6)(q21),del(9)(q22q34)
[cp2]

NA

2013-6 BM AML post-
MDS

F 70 15 None 16 ABL1, 
TP53

43-XX,add(5)
(q12-13)−7,der(12)t(12;17)

(p13;q12),−15,add(17)(p11.2)
[2]/42-XX,add(5)(q12-13),

−7,i(8)(q10),der(12)t(12;17)
(p13;q12),?del(15)(q21-22),

−17[5]/42-45,XX,t(1;15)
(q42;q11.2),der(2)t(2;13)

(p23;q12-13),add(5)(q12-13),
−7,+8,t(12;17)(p13;q12),−13[12]/

46,XX[3]

NA

749 PB AML post-
MF

M 77 NS-018 JAK2 
inhibitor

12 JAK2 
V617F

46,XY,der(7)t(1;7)(q12;q11.2)
[20].nucish[EGR1,D5S23)x2[200],

(D7S486x2,D7Z1x1)[185/200],
(D8Z2x2)[200],(KMT2Ax2)[200],

(D13S319,13qtel)x2[200]

Engrafted

14737 BM AML post-
MPN

F 28 None NA

14074 PB AML post-PV M 67 Hydroxyurea, 
pegylated 
interferon, 

JAK2 
V617F, 
EVI1 

NA
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Sample Tissue Diagnosis Sex Age Blasts 
(% in 
BM)

Treatment Number 
of 

Somatic 
Mutations

Notable 
Mutations

Cytogenetics PDX 
Model 

Engraft 
ment

carbasalate 
calcium

overexpre 
ssion

16970 PB AML post-PV F 61 Ruxolitinib, 
hydroxyurea

7 JAK2 
V617F, 
SRSF2 
P65H, 
IDH2-
R140, 

Trisomy 8

Engrafted

12924 BM MDS-RAEB2 
post-ET

M 59 88 Hydroxyurea NA

576 PB Myelofibrosis, 
high risk

F 64 <1 Pacritinib JAK2 
V617F

20q deletion

794 PB Myelofibrosis, 
high risk

F 69 1.2 Fedratinib, 
luspatercept

JAK2 
V617F, 
ASXL1, 
VUCS: 
IL7R, 

RAD21

normal karyotype

796 PB Myelofibrosis, 
high risk

F 69 0 Ruxolitinib CALR duplication 1q

804 PB Myelofibrosis, 
high risk

M 82 0 Fedratinib, 
luspatercept, 

filgrastim

JAK2 
V617F, 

DNMT3B 
loss, 

IKZF1 
loss

unbalanced translocation (7;18) 
with loss of 7p and 18p, 20q 

deletion (72%)

866 PB Myelofibrosis, 
high risk

M 87 0 Ruxolitinib JAK2 
V617F, 
SF3B1

normal karyotype

943 PB Myelofibrosis, 
high risk

M 77 None ASXL1 

p.Q803*, 
SRSF2, 
ASXL1 

p.G646fs* 
12

950 PB Myelofibrosis, 
high risk

M 75 1.3 Ruxolitinib JAK2 
V617F, 
CBL, 

SRSF2, 
SETBP1, 
ASXL1, 
VCUS: 
RUNX1

normal karyotype

959 PB Myelofibrosis, 
high risk

M 82 Fedratinib, 
allopurinol

JAK2 
V617F, 
NRAS, 
TET2, 
SH2B3

normal karyotype

974 PB Myelofibrosis, 
high risk

M 68 0 Ruxolitinib MPL, 
TET2, 

KMT2C, 
SRSF2, 
VUCS: 
MPL 

R.V501M, 
PAX5

unbalanced translocation (1;6) 
with 1q gain, 6p loss; loss of 20q 

(4%)

980* PB Myelofibrosis, 
high risk

M 79 0 Fedratinib TET2, 
ASXL1, 
NRAS, 

normal karyotype
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Sample Tissue Diagnosis Sex Age Blasts 
(% in 
BM)

Treatment Number 
of 

Somatic 
Mutations

Notable 
Mutations

Cytogenetics PDX 
Model 

Engraft 
ment

VCUS: 
EZH2

367 BM Normal 
control

53

374 BM Normal 
control

37

388 BM Normal 
control

F 67

420 BM Normal 
control

F 40

*
specimens collected on two separate days with same clinical data
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD2 (Lineage), PE-Cy5, used at 1:20 BD Pharmingen Cat#555328

CD3 (Lineage), PE-Cy5, used at 1:20 BD Pharmingen Cat#555334

CD4 (Lineage), PE-Cy5, used at 1:10 BD Pharmingen Cat#555348

CD8 (Lineage), PE-Cy5, used at 1:50 BD Pharmingen Cat#555368

CD14 (Lineage), PerCP-Cy5.5, used at 1:33 BD Pharmingen Cat#550787

CD19 (Lineage), PE-Cy5, used at 1:50 BD Pharmingen Cat#555414

CD20 (Lineage), PE-Cy5, used at 1:20 BD Pharmingen Cat#555624

CD56 (Lineage), PE-Cy5, used at 1:10 BD Pharmingen Cat#555517

CD34, APC, used at 1:50 BD Biosciences Cat#340441

CD38, PE-Cy7, used at 1:50 BD Biosciences Cat#335790

CD45, APC, used at 1:50 Life Technologies Cat#MHCD4505

CD3, FITC, used at 1:20 BioLegend Cat#300306

CD19, PE, used at 1:50 BioLegend Cat#302208

ADAR1p150, APC, used at 1:25 (flow cytometry) Abcam Cat# ab269444

pSTAT3, APC, used at 1:10 (flow cytometry) eBioscience Cat#17-9033-42

Anti-FLAG M2 Sigma Cat#F3165

ADAR1p150 (western blot) Abcam Cat#ab126745

Pan-ADAR1 (western blot) Cell Signaling Cat#14175 (clone D7E2M)

phospho-STAT3 (Y705) (western blot) Cell Signaling Cat#9145 (clone D3A7)

GAPDH Millipore Cat # MAB374; RRID: 
AB_2107445

Bacterial and virus strains

2nd and 3rd Generation Lentiviral vectors Core facility at UC 
San Diego

N/A

Biological samples

Primary peripheral blood or bone marrow samples from patients with 
myeloproliferative neoplasms

Obtained through 
patients consented 
at UC San 
Diego according to 
Institutional Review 
Board-approved 
protocols Jiang et al., 
2021

See Table 1

Primary young normal bone marrow All Cells Inc, 
Alameda, CA

https://allcells.com

Primary aged normal bone marrow Obtained through 
patients consented 
at UC San 
Diego according to 
Institutional Review 
Board-approved 
protocols Crews et al., 
2016

See Table 1

Cord blood All Cells Inc, 
Alameda, CA

https://allcells.com
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Rebecsinib (17S-FD-895) UC San Diego Crews 
et al., 2016

N/A

Fedratinib Pharmacy at Moores 
Cancer Center, UC 
San Diego

N/A

Critical commercial assays

RNAeasy Micro Kit Qiagen Cat#74004

RNAeasy Mini Kit Qiagen Cat#74104

SuperScript III Reverse Transcriptase ThermoFisher 
Scientific

Cat#18080093

SYBR GreenER qPCR SuperMix ThermoFisher 
Scientific

Cat#1176202K

CD34+ MicroBead Kit, human Miltenyi Biotec Cat#130-046-702

Nano-Glo Luciferase Assay System Promega Cat#N1110

CellTiter-Glo Luciferase Assay Promega Cat#G7570

Live/Dead Fixable Near IR Dead Cell Stain Kit Invitrogen Cat#L10119

Deposited data

Raw and analyzed primary patient sample RNA-sequencing data Deposited at dbGaP 
Jiang et al., 2021

phs002228.v2

Raw and analyzed in vivo sequencing data This paper and Crews 
et al., 2016

phs002228.v2

Analysis codes This paper and Jiang 
et al., 2021 Archived 
at Zenodo (DOI: 
10.5281/zenodo.755 
2888)

https://github.com/ucsd-ccbb/
MPN_atlas_methods
https://doi.org/10.5281/
zenodo.7552888

Experimental models: Cell lines

human KG-1a cells (AML cells derived from a 59 y/o male) ATCC CCL-246.1

human K562 cells (blast crisis chronic myeloid leukemia cells isolated from a 53 
y/o female)

ATCC CRL-3344

human TF-1a cells (erythroleukemia cells isolated from a 35 y/o male) ATCC CRL-2451

293T cells (human kidney epithelial cells from human fetus) ATCC CRL-3216

rat RBL-1 cells (leukemia cells isolated from the Wistar strain) ATCC CRL-1378

human MOLM-13 (sAML cells isolated from a 20 y/o male) Provided by Dr. 
Dennis Carson (UC 
San Diego)

N/A

human HL-60 cells (acute promyelocytic leukemia cells isolated from a 36 y/o 
female)

ATCC CCL-240

Experimental models: Organisms/strains

Rag2−/−γc−/− mice, Strain #014593 Jackson
Laboratories, Bar 
Harbor, ME

RRID:IMSR_JAX:014593

NSG-SG3M mice, Strain #013062 Jackson
Laboratories, Bar 
Harbor, ME

RRID_IMSR JAX:013062

Sprague Dawley rats Charles River Labs, 
South San
Francisco, CA

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

New Zealand white rabbits BASi/Inotiv, West 
Lafayette, IN

N/A

cynomolgus monkeys BASi/Inotiv N/A

Oligonucleotides

Primers for qRT-PCR, see Table S1 This paper Table S1

Recombinant DNA

ADAR1 A-to-I editing reporter This paper See Figure 2

pCDH-ADAR1 WT Zipeto et al., 2016 N/A

pCDH-ADAR1E912A Zipeto et al., 2016 N/A

shADAR1-pLKO.1 
(CCGGACCTCCTCACGAGCCCAAGTTCGTTTACCAAGCAAAA) 
(ShADAR1)

Jiang et al., 2021 N/A

shScramble -pLKO.1 (CCTAAGGTTAAGTCGCCCTCG) (ShCtrl) Jiang et al., 2021 N/A

Dual-fluorescent lentiviral splicing reporter This paper and Crews 
et al., 2016; Stoilov et 
al., 2008

N/A

Software and algorithms

FlowJo FLOWJO LLC https://www.flowjo.com/

GraphPad Prism GraphPad Software 
Inc.

https://www.graphpad.com/
scientific-software/prism/

Microsoft Excel Microsoft

Sequencing analyses software and algorithms This paper and Jiang 
et al., 2021

https://doi.org/10.5281/
zenodo.7552888
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