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Introduction
Acute myeloid leukemia (AML) is the most prevalent form 

of acute leukemia in adults. Despite the high initial remis-
sion rates with the standard “7 + 3” chemotherapy regimen 
(cytarabine with an anthracycline), approximately 50% to 80% 
of patients with AML will experience relapse within 5 years 
with poor clinical outcomes, and older individuals experience 
higher recurrence rates (1). Relapse after remission can occur 
due to a rare population of quiescent leukemic cells that per-
sist during chemotherapy, which can ultimately serve as a res-
ervoir for minimal residual disease (2). The failure of current 
treatments to effectively eradicate minimal residual disease 
underscores the critical need to understand the molecular ba-
sis of AML quiescence, which may inform the development of 
future therapeutic modalities.
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Large-scale genomic sequencing studies have shown a scar-
city of mutations in patients with relapsed AML (3), imply-
ing the contribution of nongenetic alterations that mediate 
therapeutic resistance, thus making the clinical management 
of AML challenging (4–6). Altered RNA splicing has been 
previously implicated in AML progression and therapeutic 
resistance (7, 8) irrespective of mutations (9, 10). Here, we 
directly characterized the alternative splicing landscape in 
patients with relapsed AML, which remains poorly under-
stood. Transcription factors (TF) represent one of the most 
ubiquitous gene families that undergo pre-mRNA splicing 
to generate protein isoforms or “proteoforms” that differ in 
their DNA-binding domains or other protein regions (11). 
The Runt-related TF RUNX1 (also known as AML1) is a mas-
ter regulator of hematopoiesis and is essential for primitive 
blood development (12). In adult hematopoiesis, RUNX1 
is dispensable (13), as evidenced by the frequent onset of 
myeloid malignancies caused by loss-of-function RUNX1 mu-
tations or fusion with other proteins through chromosomal 
translocations (e.g., AML1–ETO; ref. 14). RUNX1 encodes 
three annotated spliced isoforms (A, B, and C) that are dif-
ferentially expressed during normal development (15) and 
disease states (16), implicating isoform-dependent functions. 
However, to the best of our knowledge, the mechanistic im-
portance of RUNX1 isoforms in AML drug resistance has not 
yet been previously characterized.

Here, we provide a comprehensive and longitudinal anal-
ysis of the RNA isoform landscape in patients with AML be-
fore treatment and at relapse after chemotherapy. We found 
that the long isoform of RUNX1, RUNX1C, was upregulated in 
patients with relapsed AML and contributed to chemoresis-
tance. Mechanistically, RUNX1C promoted AML quiescence 
by regulating a distinct transcriptional program that includes 
direct targets, including BTG antiproliferation factor 2 
(BTG2), which we have shown can modulate the deadenylation 

Aberrant levels or structures of RNA isoforms are a hallmark of many cancers, 
including acute myeloid leukemia (AML), yet their role in AML chemoresistance re-

mains unclear. We conducted a paired analysis of RNA isoform changes in patients with AML before 
therapy and at relapse after chemotherapy and identified intragenic DNA methylation at the proximal 
promoter of the transcription factor RUNX1, which resulted in elevated expression of the long-isoform 
RUNX1C through its alternative distal promoter. The unique N-terminal region of RUNX1C orches-
trated an isoform-specific transcriptional program that promoted chemoresistance, with its direct 
target BTG2 playing a role in chemotherapy resistance. BTG2 promoted rRNA deadenylation, resulting 
in decreased mRNA expression and stability. Deletion of rRNAs increased cellular quiescence. More-
over, RNA-based targeting of RUNX1C reactivated quiescent leukemia cells and enhanced chemother-
apy efficacy. These findings delineated an isoform-specific transcriptional circuit that governed 
chemotherapy response, providing a potential therapeutic strategy to mitigate AML recurrence.

Significance: This study identifies RUNX1C as a contributor to AML chemoresistance and an inducer  
of quiescence through BTG2. Targeting RUNX1C with RNA-based approaches disrupts this state and 
improves chemotherapy response, highlighting RUNX1C inhibition as a promising strategy to over-
come resistance and enhance treatment efficacy in AML.
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of rRNAs, leading to reduced protein synthesis. RNA-based 
targeting of RUNX1C isoform reactivated quiescent leukemia 
cells and enhanced chemotherapy efficacy. Collectively, these 
findings revealed an isoform-specific transcriptional program 
of RUNX1C that mediated leukemia quiescence via BTG2. 
Moreover, we showed that BTG2 regulated the deadenylation 
of rRNAs and that targeting RUNX1C allowed AML cells to 
reenter cell cycle and improved chemotherapy responsiveness.

Results
Transcriptome-Wide Isoform Profiling in Relapsed 
AML Samples

To characterize changes in isoform abundance and alter-
native splicing (AS) underlying AML relapse after chemo-
therapy, we performed both supervised analyses of transcript 
abundance (17) and AS (18) using published RNA sequencing 
(RNA-seq) data from 19 matched AML bone marrow speci-
mens collected at diagnosis and relapse after combination 
chemotherapy (Fig. 1A and B; Supplementary Fig. S1A; Sup-
plementary Table S1; ref. 4). In the relapsed cohort, we iden-
tified 5,859 transcripts that were significantly upregulated 
(log2 fold change >0.75) in relapsed samples compared with 
1,748 transcripts that were downregulated (P < 0.05, log2 fold 
change <−0.75; Fig. 1B). In our splicing analysis, we discerned 
approximately 670 significant differential spliced events that 
spanned six main types of AS events: cassette exon, alternative 
5′ splice sites (ss), alternative 3′ ss, mutually exclusive exons, 
retained introns, and tandem 3′ untranslated regions using 
the FDR of <0.05 and Δpercent spliced in >10% (Supplemen-
tary Fig. S1B). The most common type of splicing change in 
patients with relapsed AML was cassette exon splicing (48.9%), 
followed by tandem 3′ untranslated regions (15.5%) and alter-
native 5′ ss usage (12.6%; Supplementary Fig. S1C and S1D). 
Notably, we observed a global increase in cassette exon in-
clusion events (n = 163) compared with repressed exons (n = 
44) in AML relapse (Supplementary Fig. S1C). These cassette 
exons that were more inclusive in relapsed patients were en-
riched for GC-rich motifs (Supplementary Fig. S1E). Overlap-
ping both analyses identified that the long isoform of RUNX1 
(also referred to as RUNX1C) was significantly upregulated 
in relapsed AML samples but not in its other annotated iso-
forms, RUNX1A and RUNX1B (Fig. 1C). Consistent with these 
findings, we observed the inclusion of RUNX1 exons 1 and 2, 
which are unique to the RUNX1C transcript (Δpercent spliced 
in = 0.17), as one of the top cassette exon changes identified in 
our splicing analysis. This was observed in 11 of 19 relapsed 
patients (Fig. 1D; Supplementary Fig. S1F).

Aberrant DNA Methylation of Alternative 
Promoters Regulates RUNX1C Expression

Alternative promoters modulate the transcription of dis-
tinct RNA isoforms, which are often dysregulated in tumors 
(19), but the regulation of which are not fully explored in AML. 
The distal P1 promoter of RUNX1 drives the expression of 
the longest isoform, RUNX1C, which encodes a poorly charac-
terized N-terminal region, whereas the proximal P2 promoter 
drives the expression of RUNX1A and RUNX1B (20). Previous 
reports indicate that alternative promoter methylation and 

TF binding to RUNX1 P1 and P2 promoters occur during 
embryonic development, resulting in differential expression 
of RUNX1 isoforms (20–22), suggesting that distinct TF reg-
ulatory mechanisms may govern activity at these promoters 
in relapse. To explore potential transcriptional regulators 
of RUNX1 isoform expression, we first performed TF motif 
analysis of the P1 and P2 promoters of RUNX1, which iden-
tified differentially enriched TFs binding to each promoter 
(Supplementary Fig. S2A). Next, to determine whether al-
ternative promoter methylation of RUNX1 is dysregulated 
during AML relapse, we analyzed enhanced reduced represen-
tation bisulfite sequencing data from the same cohort study 
of patients with AML (4). Using the methylKit, we identified 
significant (FDR <0.05) differentially methylated regions for 
each patient with relapse–diagnosis paired AML across all 
CpG probes within the P2 promoter at relapse and diagnosis 
[Δ%5-methylcytosine (5-mc)]. Compared with pretreatment, 
a subset of patients with relapsed AML showed significantly 
elevated intragenic DNA methylation at the P2 proximal 
promoter, which has been shown to drive the RUNX1A and 
RUNX1B isoform expression (Fig. 1E; Supplementary Fig. 
S2B; Supplementary Table S1; refs. 23–25). As increased 
promoter methylation generally represses transcription, 
we hypothesized that hypermethylation of the P2 promoter 
may further increase transcription at the P1 distal promoter, 
which has been shown to regulate long-isoform RUNX1C. To 
test this hypothesis, we used a catalytically inactive Cas9 pro-
tein fused to Dnmt3a to allow site-specific DNA methylation 
and repression of the P2 proximal promoter in MOLM-13 
cells (Fig. 1F; Supplementary Fig. S2C). Bisulfite Sanger se-
quencing confirmed that single-guide RNA (sgRNA) target-
ing the P2 promoter showed increased methylation (6.75%) 
compared with the control sgRNA (2.5%; Fig. 1G). We ob-
served that dCas9-Dnmt3a–mediated de novo methylation of 
the P2 promoter of RUNX1 resulted in decreased RUNX1A/B 
levels but upregulated RUNX1C mRNA expression compared 
with the catalytic inactive form of Dnmt3a and dCas9 only 
(Fig. 1H; Supplementary Fig. S2D). Conversely, dCas9 Tet1 re-
sulted in increased RUNX1A/B expression and RUNX1C levels 
(Supplementary Fig. S2E). Together, these data suggest a re-
lationship between aberrant DNA methylation of alternative 
promoters and the regulation of TF isoforms associated with 
AML relapse.

Long-Isoform RUNX1C Modulates Chemotherapy 
Response in AML

To study the relationship between RUNX1C expression and 
chemotherapy response, we assessed two patient-derived xeno-
grafts (PDX) of AML and six genetically diverse human AML  
cell lines (U937, MOLM-13, MOLM-14, NOMO-1, KG-1a, and 
THP-1). We observed that the AML cell lines KG-1a, THP-1, 
and NOMO-1 displayed elevated RUNX1B and RUNX1C pro-
tein levels, which correlated with higher IC50 values (50% of 
maximal inhibitory effect concentration) when treated with 
the commonly used chemotherapeutic agents, cytarabine or 
idarubicin (Fig. 2A–C). By contrast, the AML cell lines U937, 
MOLM-13, and MOLM-14 showed lower RUNX1B/C protein 
levels and higher chemosensitivity (Fig. 2A–C). Next, we per-
formed direct long-read sequencing (LR-seq) using Oxford 
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Nanopore Technologies (Oxford Nanopore Technologies) on 
MOLM-13 and MV4-11 cells to investigate RUNX1 isoforms. 
In MOLM-13 cells, which exhibit lower RUNX1C protein ex-
pression (Supplementary Fig. S2F), 51.8% of exon 2 transcripts 
terminated prematurely at a previously unannotated exon 3 
(Supplementary Fig. S2G), which was not detected by short-
read RNA-seq. This exon introduces a stop codon, generating 
a truncated transcript that encodes a small peptide of only 48 
amino acids. These findings suggest that exon 3 may function 
as a putative poison exon, a type of alternative exon inclusion 
of which in an mRNA transcript introduces a premature 

termination codon. This event contributes to the significantly 
reduced expression of full-length RUNX1C in MOLM-13 
cells. By contrast, MV4-11 cells, which express higher levels 
of RUNX1C, exhibited fewer premature termination events, 
with only 18.2% of exon 2 transcripts terminating at exon 
3 (Supplementary Fig. S2G). These findings suggest that in 
addition to alternative promoter usage of RUNX1 isoforms, 
inclusion of poison exons may further modulate RUNX1 
isoform expression by directing specific transcripts toward 
nonsense-mediated decay. In AML PDX models, we also 
observed that PDX#1 (TP53mut) exhibited higher RUNX1C 
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Figure 1.  Alternative promoter methylation regulates isoform-dependent expression in AML relapse. A, Isoform and AS analyses of RNA-seq data 
from bone marrow samples of 19 paired patients with AML at diagnosis (pretreatment) and following relapse after combination chemotherapy treatment. 
B, Volcano plot analysis of all transcripts in relapsed vs. diagnosis in patients with AML. Significant upregulated transcripts are denoted in red (log2 fold 
change >0.75, P < 0.05) and downregulated transcripts are denoted in cyan (log2 fold change <−0.75, P < 0.05). C, RUNX1 isoform transcript analysis 
from (B) in relapsed vs. diagnosis. D, Sashimi plot illustrating cassette exon inclusion of RUNX1 exons 1 and 2 in relapsed patients vs. diagnosis patients. 
Arrow represents the direction of the gene. E, Each dot represents an individual CpG probe, depicting the mean Δ5-mc (relapse vs. diagnosis) across 19 
patients at its corresponding CpG site. For each patient with AML, Δ5-mc was calculated as the difference in methylation proportion between relapse 
and diagnosis. Significant regions (FDR <0.05) are highlighted in red circles. The distal promoter P1 and proximal promoter P2 are as indicated. P values 
were calculated using χ2 statistics and FDRs calculated using the Benjamini–Yekutieli procedure. F, Schematic of the dCas9-Dnmt3a system to allow 
site-specific de novo methylation at RUNX1 P2 promoter. G, Bisulfite DNA sequencing of RUNX1 P2 promoter region upon transduction of a P2 promoter 
sgRNA compared with sgRNA control in MOLM-13 dCas9-Dnmt3a–expressing cells. Filled and open circles represent methylated and unmethylated CpGs, 
respectively. H, qPCR analysis of RUNX1A, RUNX1B, or RUNX1C mRNA expression in MOLM-13 dCas9-Dnmt3a cells transduced with sgRNA targeting 
P2 promoter from (G) and (H). Data are normalized to ACTB. P values were calculated using a two-tailed Student t test in GraphPad Prism v9.0; error bars 
represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not statistically significant and performed in technical triplicates per experiment. FC, fold change; 
TPM, transcripts per million. (F, Created with BioRender.com.)
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Figure 2.  Long-isoform RUNX1C modulates AML chemotherapy response. A, Western blotting of RUNX1 protein levels in seven human AML cell 
lines. The long-isoform RUNX1C and RUNX1B are as indicated. B, Dose–response curves of human AML cell lines from (A) treated with various concen-
trations of idarubicin or (C) cytarabine after 48 hours. Red curves indicate AML cell lines with higher IC50 values (chemotherapy resistant), whereas 
blue curves represent cell lines with lower IC50 values (chemotherapy sensitive). D, Schematic of dual sgRNA deletion of the RUNX1 P1 and P2 pro-
moters. E, qPCR analysis of RUNX1 isoform expression upon P1 promoter deletion in MOLM-13 cells from (D). Data are normalized to ACTB. #1 and 
#2 indicate two independent sgRNA pairs used for dual-guide deletion of the RUNX1 P1 promoter. F, Dose–response curves of RUNX1C dual sgRNA 
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CRISPR activation of P1 promoter sgRNA compared with sgRosa at 6 days after transduction from (G). Representative Ki-67/DAPI plots are shown. 
P values were calculated using a two-tailed Student t test. J, Schematic of RUNX1C cDNA protein domain mutants. K, Competition-based assay of 
MOLM-13 transduced with RUNX1C cDNA mutants from (J) treated with various chemotherapeutic concentrations. P values were calculated using 
one-way ANOVA. L, Cell-cycle analyses by Ki-67 and DAPI upon RUNX1C WT and N-terminus deletion compared with control vector at 5 days after 
transduction. P values were calculated using one-way ANOVA. All IC50 values were performed in technical triplicates per experiment and calculated using  
a nonlinear fit of log(inhibitor) vs. response (four parameters) in GraphPad Prism v9.0; error bars represent SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001; 
ns, not statistically significant. ID, inhibitory domain; N-term, N-terminus region; RHD, Runt-homology domain; TAD, transactivation domain; VWRPY, 
VWRPY motif.
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expression levels and greater resistance to cytarabine treat-
ment than PDX#2 (FLT3ITD, NPM1mut; Supplementary Fig. S3A 
and S3B). In addition, we evaluated RUNX1C expression after 
long-term exposure to cytarabine in two independent human 
AML cell lines, MOLM-13 and U937, which had lower base-
line RUNX1C levels and higher chemotherapy sensitivity 
(Fig. 2A–C). After a drug selection period of 3 weeks in the 
presence of cytarabine at the IC50 value or DMSO, we derived 
cytarabine-resistant (CR) cell lines, as confirmed by dose– 
response curves (Supplementary Fig. S3C). We found that the 
CR cell lines exhibited upregulated RUNX1B and RUNX1C 
protein expression compared with the parental cell lines 
(Supplementary Fig. S3D).

To functionally assess whether endogenous perturbation 
of RUNX1C levels modulates chemotherapy efficacy, we first 
ablated RUNX1C expression by using Clustered Regularly 
Interspaced Short Palindromic Repeats (CRISPR) to simulta-
neously deliver two sgRNAs to excise the intervening DNA se-
quence between the ATG start codon and the first coding exon 
of RUNX1C (referred to as sgP1 paired deletion and is denoted 
by the corresponding sgRNA pair number; Fig. 2D; Supple-
mentary Fig. S3E; Supplementary Fig. S2C). We confirmed 
an approximately fourfold downregulation of RUNX1C lev-
els without affecting the expression of RUNX1A/B isoforms, 
which led AML cells to become more sensitized to cytarabine 
treatment than the nontargeting control (sgRosa; Fig. 2E 
and F). Alternatively, CRISPR-mediated deletion of the P2 
promoter that led to decreased RUNX1B expression did not 
result in differences in cytarabine response when compared 
with sgRosa control (Fig. 2D; Supplementary Fig. S2F–S2H). 
Conversely, we used the CRISPR activation (CRISPRa) sys-
tem using the MOLM-13 isogenic cell line stably expressing 
dCas9-VP64 and p65-HSF1 with sgRNA upstream of the 
P1 distal promoter of RUNX1 to endogenously upregulate 
RUNX1C (referred to as P1 CRISPRa sgRNA), resulting in a 
12-fold increase in RUNX1C expression (Fig. 2G; Supplemen-
tary Fig. S2C). We observed that CRISPRa-mediated upregu-
lation of RUNX1C led to an approximately fourfold increase in 
the IC50 dose compared with the nontargeting sgRNA (Fig. 2H). 
Relapse can often be caused in part by residual leukemia cells 
that enter a reversible quiescent state to confer resistance to 
chemotherapy (26, 27). Previous studies have indicated that 
RUNX1 and certain isoforms facilitate cellular quiescence 
during early blood development and hair follicle stem cells 
(15, 28, 29); however, RUNX1 isoforms have not been studied 
in the context of drug resistance, to the best of our knowl-
edge. Indeed, we observed that the endogenous upregulation 
of RUNX1C led to a significant increase in G0 quiescent cells, 
as determined by Ki-67neg and DAPIneg staining—a widely 
used method for identifying quiescent cell populations 
(Fig. 2I; refs. 30–32). These findings underscore the impor-
tance of RUNX1C isoform expression to modulate chemo-
therapy response in AML.

The N-Terminus Region Is Required for  
RUNX1C-Mediated Chemoresistance

To characterize the protein domains of RUNX1C required 
for conferring chemoresistance, we performed ectopic over-
expression of RUNX1C wild-type (WT) or cDNAs harboring 

truncations of different protein domains coupled to a GFP 
reporter (Fig. 2J; Supplementary Fig. S3I). Consistent with 
the above findings, ectopic overexpression of RUNX1C WT 
potently imposed a survival advantage upon treatment with 
various chemotherapeutic agents when compared with the 
DMSO control using competition-based proliferation assays 
(Fig. 2K). However, overexpression of RUNX1C cDNAs lack-
ing its C-terminus regions, inhibitory domain, or VWRPY 
motif showed similar results as RUNX1C WT, indicating that 
these domains are not essential for modulating cytarabine 
response. As expected, the deletion of the Runt-homology 
domain or transactivation domain, both of which mediate 
DNA binding, led to diminished CR (Fig. 2K).

RUNX1 isoforms are transcribed from two alternative 
promoters that result in different N-termini domains (20). 
Human RUNX1C is the longest isoform and harbors a unique 
32 amino acid at its N-terminus that is not present in other 
RUNX1 splice variants (33). Notably, we observed that the 
removal of the 32 amino acid N-terminus region of RUNX1C 
(ΔN-term) restored cytarabine sensitivity to levels of the con-
trol vector, which was replicated in multiple human AML 
cell lines (U937 and MOLM-14; Fig. 2L; Supplementary Fig. 
S3J and S3K). We showed that endogenous upregulation of 
RUNX1C promoted the entry of AML cells into a quiescent 
state (Fig. 2I). The N-terminus of RUNX1C has previously 
been shown to inhibit B-cell growth (33), which led us to 
hypothesize that this region may regulate leukemia quiescence. 
Consistent with our hypothesis, ectopic overexpression of 
RUNX1C WT significantly retained AML cells in G0 quies-
cence, although the N-terminal deletion reduced quiescent 
AML cells (Fig. 2L; Supplementary Fig. S3L).

RUNX1/AML1 is translocated with the transcriptional 
repressor ETO gene in approximately 12% to 15% of all pa-
tients with AML and typically exhibits higher response rates 
to combination chemotherapy (34, 35). Interestingly, patients 
with AML1-ETO fusion lacked the unique N-terminal region 
of RUNX1C, which led us to reason for its enhanced efficacy 
to chemotherapeutic agents. As a proof-of-concept, we in-
troduced the unique 32 amino acid N-terminus sequence of 
RUNX1C (referred to as RUNX1C-ETO) into the naturally 
occurring RUNX1-ETO translocation (Supplementary Fig. 
S3M). Using competition-based proliferation assays, ectopic 
expression of RUNX1C-ETO in AML cells showed elevated CR 
and etoposide treatment when compared with RUNX1-ETO 
(Supplementary Fig. S3N). Together, the above data re-
vealed the biological significance of the N-terminus region 
of RUNX1C as a necessary regulatory domain in regulating a 
quiescent state and chemotherapy resistance.

Genome-Wide Binding Profiles Reveal Distinct 
Isoform-Specific Targets

To address the mechanisms underlying RUNX1C-mediated 
chemoresistance, we performed bulk RNA-seq of MOLM-13 
cells ectopically expressing 3×FLAG-tagged isoforms A, B, C, 
and ΔN-term. Overexpression of RUNX1C resulted in upreg-
ulated inflammatory gene signatures that have been linked 
to AML progression and poor clinical outcome (36, 37), in-
cluding IFN response genes (IFITM1, IFITM2, IFITM3, IFI30, 
CD74, IRF8, MTHFD2, and IRF2BP2), S100 alarmins (S100A4, 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
b
l
o
o
d
c
a
n
c
e
r
d
i
s
c
o
v
/
a
r
t
i
c
l
e
-
p
d
f
/
6
/
5
/
4
6
4
/
3
6
4
6
2
0
7
/
b
c
d
-
2
4
-
0
3
2
7
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
7
 
J
u
l
y
 
2
0
2
6



RESEARCH ARTICLE

AACRJournals.org

Han et al.

470 | BLOOD CANCER DISCOVERY September 2025

S100A6, S100A8, S100A9, S100A10, and S100A11), and ma-
trix metalloproteinases (MMP9 and MMP14; Fig. 3A; Supple-
mentary Table S2). Notably, RUNX1C overexpression did not 
change the expression of ATP-binding cassette (ABC) trans-
porter genes ABCC1, ABCG2, and ABCB1, which have been 
previously implicated in cancer multidrug resistance (Supple-
mentary Table S2; refs. 38, 39).

Given the established biochemical functioning of RUNX1 
as a TF, we carried out Cleavage Under Targets and Release 
Using Nuclease (CUT&RUN; ref. 40) by expressing FLAG-
tagged fused RUNX1-isoform cDNAs (A, B, C, and ΔN-term) 
in MOLM-13 cells to characterize the genome-wide binding 
sites of the isoform variants. CUT&RUN analysis showed sig-
nificantly more peaks bound by RUNX1C (2,944), followed by 
RUNX1B (971) and RUNX1A (168), which predominantly 
occupied the intergenic, intronic, and promoter regions as 
previously reported (Fig. 3B; Supplementary Table S3; ref. 41). 
We also found that RUNX1B and RUNX1C are located near 
the transcriptional start site of PU.1/SPI1, a previously char-
acterized direct downstream target of RUNX1 (Supplemen-
tary Fig. S4A; ref. 42). We searched for known motifs enriched 
within the preferential binding sites of each RUNX1 isoform 
using MEME-ChIP (43), which showed enrichment of the ca-
nonical Runx1 target motif (TGTGGT), further confirming 
our CUT & RUN method (Fig. 3C; Supplementary Fig. S4B). In 
total, we identified 2,485 genes that were preferentially bound 
by RUNX1C compared with RUNX1A or RUNX1B (Fig. 3D).

Our data showed that the N-terminal region of RUNX1C 
is required for AML chemosensitivity (Fig. 2K and L; Supple-
mentary Fig. S3M and S3N), which has not been well studied. 
It has been previously described that the N-terminal domain 
alters the DNA-binding affinity of RUNX1 (44). Therefore, we 
speculated that this region may affect RUNX1 binding to tar-
get genes that mediate AML chemoresistance. We performed a 
combination of CUT&RUN and RNA-seq to characterize the 
gene regulatory program directly regulated by the N-terminus 
region of RUNX1C. Our CUT&RUN analysis identified 232 
differential peaks upon deletion of the N-terminal sequence 
compared with RUNX1C WT. Among these regions, 142 and 
90 peaks were gained or lost, respectively, in the N-terminal 
deletion, suggesting a dual function as negative and positive 
regulators of DNA binding (Fig. 3E). Together, these findings 
highlight an RUNX1C-mediated transcriptional program 
regulated by the N-terminal domain of RUNX1C.

BTG2 Is an Isoform-Specific Target that Confers 
Chemotherapy Resistance

To identify the direct targets of RUNX1C that mediate 
AML chemoresistance and quiescence, we overlapped the 
(i) top 50 most significantly upregulated genes in RUNX1C 
overexpression, (ii) CUT&RUN peaks that were preferentially 
bound by RUNX1C WT over RUNX1A and RUNX1B, and (iii) 
peaks that were lost upon deletion of the N-terminus region. 
Among these genes, B-cell translocation gene 2 (BTG2) met all 
these criteria as a bona fide transcriptional target of RUNX1C 
and is regulated by its N-terminal region (Fig. 4A and B). Con-
sistent with our findings, CRISPRa-mediated upregulation of 
RUNX1C led to an increase in BTG2 mRNA levels (Fig. 4C). 
To functionally assess whether RUNX1C binding at the BTG2 
promoter regulates its expression, we took advantage of  

protospacer adjacent motif sites to precisely mutate two 
separate RUNX1 core consensus motif sequences (TGTGG) 
located within 1 kb upstream of the BTG2 transcription start 
site (referred to as the sgBTG2 RUNX1 motif; Supplementary 
Fig. S5A and S5B). Delivering sgRNA targeting the RUNX1 
consensus sequences led to a two- to threefold downregula-
tion of BTG2 expression compared with nontargeting sgRNA 
in two independent human AML cell lines, NOMO-1 and 
THP-1 (Fig. 4D; Supplementary Fig. S5C).

To address the clinical relevance of our findings, we ana-
lyzed publicly available data from BeatAML, a large cohort of 
patients with AML subjected to ex vivo drug sensitivity assays 
(45). This analysis revealed that higher BTG2 mRNA levels were 
modestly but significantly correlated with a poor response to 
cytarabine treatment (r = 0.23; Fig. 4E). Leukemia cells can 
enter a transient and reversible state of quiescence to allow 
therapeutic escape while maintaining the ability to reenter 
the cell cycle to resume active proliferation upon the removal 
of the drug (6, 46, 47). Our previous data showed that upreg-
ulated RUNX1C levels induce an AML quiescent state (Fig. 2I 
and L; Supplementary Fig. S3L). In the literature, BTG1 and 
BTG2 have been implicated to negatively impact proliferation 
(48) and promote quiescence in T cells (30). Therefore, we 
tested whether BTG2 overexpression promotes AML cellular 
quiescence and mediates chemotherapy resistance. Here, we 
ectopically overexpressed BTG2 cDNA in the human AML 
cell lines MOLM-13 and MV4-11, which showed a twofold in-
crease in G0 cells compared with the control vector (Fig. 4F; 
Supplementary Fig. S5D). To functionally evaluate whether 
BTG2 levels mediate response to chemotherapy agents, we 
performed competition-based growth assays in multiple 
human AML cell lines overexpressing BTG2 and treated them 
with the chemotherapeutic agents, etoposide and cytarabine. 
Indeed, we observed that BTG2 overexpression significantly 
mediated broad resistance to all tested AML cell lines and 
chemotherapeutic agents (Fig. 4G). As BTG2 is upregulated 
during myeloid maturation (49), we confirmed that its overex-
pression did not induce AML differentiation (Supplementary 
Fig. S5E), which indicates that our results can be attributed to 
cellular quiescence. Importantly, ablation of BTG2 enhanced 
cytarabine efficacy compared with control sgRNA (Fig. 4H). 
Based on these results, we questioned whether targeting 
BTG2 could promote AML cells to exit quiescence and be-
come sensitized to chemotherapy. Ablation of BTG2 in AML 
cells led to exit from the G0 quiescent program and cell- 
cycle reentry into G1 when compared with the nontargeting 
sgRNA control (Fig. 4I). Furthermore, we performed a cell vi-
ability assay by overexpressing RUNX1C in BTG2-deficient or 
BTG2-intact (nontargeting sgRNA) AML cells (Supplemen-
tary Fig. S5F). We observed that BTG2 deficiency attenuated 
the chemotherapy resistance of RUNX1C-overexpressing 
MOLM-13 AML cells (Supplementary Fig. S5F). To deter-
mine whether BTG2 induction results from cell quiescence 
or is directly mediated by RUNX1C, we performed ectopic 
overexpression experiments in MOLM-13 cells transduced 
with either an RUNX1C overexpressing or control vector, 
followed by high-dose cytarabine or DMSO treatment. In 
control vector–transduced cells, cytarabine induced about 
fourfold increase in BTG2 expression compared with DMSO, 
suggesting an RUNX1C-independent effect. However, in 
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RUNX1C-overexpressing cells treated with cytarabine, BTG2 
expression increased dramatically (about 12-fold), support-
ing a role for RUNX1C in BTG2 induction (Supplementary 
Fig. S5G). Taken together, these findings demonstrate that 
BTG2 is a direct target of RUNX1C that mediates AML quies-
cence and chemoresistance.

BTG2-Mediated Deadenylation of Ribosomal RNAs 
Promotes AML Quiescence

BTG2 interacts with the deadenylation complex to reduce 
poly(A) tails and mRNA stability (50, 51). To this end, we 
implemented direct native LR-seq (52) to characterize the 
genome-wide 3′ poly(A) tail length changes in mRNA tran-
scripts. Consistent with its known role in mRNA destabiliza-
tion (50, 53), we observed that ectopic overexpression of BTG2 
led to a significant global shortening of poly(A) tail lengths 
(74 nucleotides) compared with the control vector (77 nucle-
otides; Fig. 5A; Supplementary Table S4). Interestingly, Gene 
Ontology analysis showed that “large and small ribosomal 
subunits” were the most significantly enriched terms among 
deadenylated transcripts in BTG2 overexpression (Fig. 5B 
and C). It has been suggested that shorter poly(A) tail length 
on mRNAs is translated less efficiently and is associated with 

abundantly expressed genes (e.g., ribosomal proteins; refs. 
54, 55). Moreover, hematopoietic stem cells that undergo qui-
escence have reduced protein synthesis rates compared with 
cycling hematopoietic progenitors (56–58). Based on these 
studies, we hypothesized that BTG2 overexpression alters 
mRNA stability of ribosomal proteins to diminish protein 
translation and promote a quiescence state.

To assess the role of BTG2 in protein translation, we im-
plemented O-propargyl–puromycin (OP-Puro) incorporation 
assays to fluorescently label and measure protein synthesis 
using flow cytometry (56). Ectopic overexpression of BTG2 
resulted in significantly less incorporation of OP-Puro, indi-
cating a global reduction in protein synthesis (Fig. 5D; Sup-
plementary Fig. S6A). As shorter poly(A) tail lengths may act 
to reduce mRNA stability, we assessed the decay of rRNAs 
at multiple timepoints after actinomycin D treatment in 
MOLM-13 cells ectopically expressing BTG2 or the control 
vector. RT-qPCR of large (RPL19 and RPL13A) and small 
(RPS11, RPS10, RPS9, RPS6, RPS27A, and RPS19) rRNAs 
showed significantly increased mRNA decay in BTG2 overex-
pression compared with that in the control vector (Fig. 5E). 
As negative controls, we measured the transcript decay of 
genes that did not exhibit shorter poly(A) tails upon BTG2 
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overexpression (Supplementary Fig. S6B). Among these ribo-
somal genes, RPL5 and RPL17 showed elevated mRNA levels 
and reduced protein levels upon BTG2 overexpression (Fig. 5F).

Next, we developed a lentiviral cell-cycle reporter using a 
previously described p27 inactive mutant (p27K) that pre-
vents CDK binding (59), fused to mCherry, to quantitatively  
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AML cells 4 days after transduction. Representative Ki-67/DAPI plots are shown. P values were calculated using a two-tailed Student t test. G, Competition- 
based assay of six human AML cell lines transduced with BTG2 cDNA or control vector and treated with cytarabine, etoposide, or DMSO control. P values 
were calculated using one-way ANOVA. H, Dose–response curves of BTG2 knockout in MOLM-13 AML cells treated with various cytarabine concentrations 
after 48 hours. I, Cell-cycle analyses by Ki-67 and DAPI of BTG2 sgRNAs compared with sgRosa in MOLM-13 AML cells 6 days after transduction. Represen-
tative Ki-67/DAPI plots are shown. All error bars represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant. OE, overexpression.
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measure the population of live G0 quiescent cells across 
human AML cell lines (Fig. 5G). We further confirmed that 
mCherryhigh-p27K quiescent AML cells exhibited an approxi-
mately fourfold increase in BTG2 expression, as well as other 
quiescent gene signatures, compared with cycling cells 
(mCherryneg-p27K; Fig. 5H; Supplementary Fig. S6C). 
Notably, AML cell lines that we previously showed had 
RUNX1Chigh protein expression (THP-1 and NOMO) exhib-
ited higher baseline expression of mCherry-p27K quiescent 
cells than RUNX1Clow AML cell lines (MOLM-13, U937, 

and MOLM-14; Fig. 5I; Supplementary Fig. S6D). Moreover, 
MOLM-13 cells treated with increasing doses of cytarabine 
showed higher mCherry-p27K expression (Supplementary 
Fig. S6E). Despite the overall small percentage of quiescent 
cells (mCherry-p27K), mCherryhigh-p27K–sorted cells exhibited 
greater resistance to high-dose cytarabine than mCherrylow- 
p27K–sorted cells (Supplementary Fig. S6F). Consistent with 
previous studies (56, 57), mCherryhigh-p27K quiescent cells 
exhibited significantly less incorporation of OP-Puro and 
thus lower global protein synthesis than mCherryneg-p27K 
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cycling cells (Supplementary Fig. S6G). Next, we used our 
p27K lentiviral reporter system to assess the quiescent pop-
ulation upon CRISPR-mediated perturbation of the large or 
small ribosomal subunits. Our results showed that CRISPR- 
mediated ablation of large and small ribosomal genes led to 
a significant increase in the mCherry-p27K quiescent popu-
lation relative to nontargeting sgRosa (Fig. 5J; Supplemen-
tary Fig. S6H and S6I). These data support a model in which 
BTG2 deadenylates rRNAs to lower protein synthesis rates 
and promotes AML quiescence. To our understanding, this 
has not been previously described.

RNA Targeting of RUNX1C Improves 
Chemotherapeutic Efficacy In Vitro and In Vivo

Next, we assessed the feasibility of targeting RUNX1C mRNA 
to enhance chemotherapy efficacy by eradicating treatment- 
resistant cancer cells. Previous studies have shown that RUNX1 
is crucial for blood cells (12); however, it is dispensable for 
adult hematopoiesis (13, 60). Notably, the genetic deletion of 
RUNX1C has no impact on normal adult hematopoiesis (23). 
Together, these studies present a therapeutic opportunity to 
target the RUNX1C splice variant to potentiate chemotherapy 
response. The discovery of Cas13 proteins has enabled RNA 
knockdown in mammalian cells with minimal off-target 
effects (61). To assess whether Cas13-mediated RNA target-
ing of RUNX1C mRNA can increase chemosensitivity, we gen-
erated a human MOLM-13 AML cell line stably expressing 
Cas13 driven by a tetracycline-inducible promoter (61) that 
we confirmed upon doxycycline treatment (Fig. 6A; Supple-
mentary Fig. S7A). In parallel, we designed isoform-specific 
sgRNAs against the first two exons of the RUNX1C transcript 
(referred to as sgRUNX1C Cas13), which are not present in 
the other RUNX1 isoforms (Supplementary Fig. S2C; Supple-
mentary Table S5). We measured levels of all three isoforms 
at the mRNA and protein levels in cells with control versus 
Cas13-mediated knockdown of RUNX1C mRNA (Fig. 6B; 
Supplementary Fig. S7B).

By using Ki-67 staining, we observed that Cas13 targeting 
of RUNX1C led to increased G0 to G1 transition (Supplemen-
tary Fig. S7C). Next, we assessed the combination of RUNX1C 
knockdown and cytarabine treatment in AML cells. Notably, 
we demonstrated that RUNX1C inhibition enhanced cytara-
bine treatment of MOLM-13 AML cells (Fig. 6C). In addition, 
this was also observed in an intrinsically chemotherapy- 
resistant TP53-mutated AML cell line, THP-1, which showed 
that Cas13 targeting of RUNX1C significantly conferred 
cytarabine sensitivity (Fig. 6D). Given the potential for Cas13 
to induce collateral activity based on previous literature (62),  
we sought to validate our results using an orthogonal RNA- 
targeting system. Here, we introduced a tetracycline-inducible 
short hairpin RNA (shRNA) targeting RUNX1C and con-
firmed its knockdown in MOLM-13 cells (Supplementary 
Fig. S7D). In agreement with our findings, shRNA-mediated 
knockdown of RUNX1C in AML cells also increased G0 to G1 
transition and sensitivity of AML cells to cytarabine compared 
with the nontargeting shRNA control (Supplementary Fig. 
S7E–S7G). Given that RUNX1 has been previously implicated 
in AML growth (63), we investigated its impact to delineate 
the specific contributions of its isoforms. We designed sgRNAs  

targeting all annotated RUNX1 isoforms (pan-RUNX1 
sgRNA), which led to reduced AML survival (Supplementary 
Figs. S2C, S7H, and S7I), consistent with previous findings 
(63). However, we observed that pan-RUNX1 deletion did not 
induce chemosensitivity as observed with RUNX1C-specific 
ablation (Supplementary Fig. S7J). These data suggest that 
chemosensitivity depends on selective RUNX1C targeting and 
results in an RUNX1A/B isoform shift, whereas pan-RUNX1 
deletion may disrupt this critical balance and abrogate drug 
response.

We next assessed the in vivo efficacy of Cas13-mediated deg-
radation of RUNX1C mRNA in AML progression by trans-
planting MOLM-13 AML cells expressing firefly luciferase 
into immunodeficient recipient mice. To resemble the disease 
burden in patients, we waited until the onset of disease, 
as confirmed by using bioluminescent imaging, followed 
by induction of Cas13 expression by doxycycline administra-
tion and cytarabine treatment (60 mg/kg per day; Fig. 6E).  
In agreement with the in vitro findings, bioluminescent quan-
tification and imaging of animals with Cas13 targeting of 
RUNX1C mRNA and treatment with cytarabine showed a 
marked delay in AML burden in vivo (Fig. 6E and F). Impor-
tantly, Cas13-mediated knockdown of RUNX1C extended 
survival in the setting of cytarabine treatment compared with 
the vehicle control and nontargeting sgRNA (Fig. 6G).

To assess the translational potential of this work, we 
designed antisense oligonucleotides (ASO) targeting RUNX1C 
mRNA used 2′-O-methoxyethyl phosphorothioate chemistry 
for increased ASO stability and fewer off-target effects. Our 
data showed that ASO treatment resulted in an approxi-
mately fourfold downregulation of RUNX1C mRNA in AML 
PDX (FLT3ITD and NPM1mut) cells compared with control 
ASO after 4 days of treatment (Supplementary Fig. S7K). No-
tably, ASO-mediated knockdown of RUNX1C mRNA in PDX 
cells exhibited increased antileukemic effects compared with 
control ASO when combined with cytarabine treatment 
(Fig. 6H and I). Together, these findings highlight the ther-
apeutic potential of targeting RUNX1C isoform to potentiate 
chemotherapy efficacy in AML, suggesting a potential thera-
peutic approach for patients.

Discussion
Despite our current understanding of mRNA isoforms in 

leukemogenesis, the impact of RNA isoforms on disease re-
lapse remains unclear. To address this challenge, we conducted 
a comprehensive analysis characterizing the AS landscape of 
patients at pretreatment and at relapse after chemotherapy. 
These data, combined with bisulfite sequencing, revealed 
epigenetic dysregulation of alternative promoters that alter 
RUNX1 isoform–specific expression at relapse after chemo-
therapy. We further demonstrated that genetic perturbation 
of RUNX1C expression is pivotal for modulating the response 
to chemotherapeutic agents in AML. TF isoforms of genes 
such as RUNX1 are often differentially expressed and exhibit 
distinct cellular functions that can promote cancer cell sur-
vival (64, 65). Despite extensive studies on the role of RUNX1 
in early blood development and leukemogenesis, wherein it is 
frequently mutated, its isoform-dependent functions in drug 
resistance are not well understood. The Runt-homology 
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Figure 6.  RNA targeting of RUNX1C enhances chemosensitivity. A, Schematic of the two-component inducible Cas13 (CasRfx) system in human AML 
cell lines. B, qPCR analysis of RUNX1 isoform expression treated with doxycycline for 4 days in MOLM-13 cells. Error bars represent technical triplicates. 
C, Dose–response curves of MOLM-13 or (D) THP-1 AML cells transduced with RUNX1C sgRNAs and treated with various cytarabine (AraC) concen-
trations. E, Bioluminescent images of mice transplanted with MOLM-13 cells transduced with sgControl (sgCTL) or sgRUNX1C and treated with vehicle 
or cytarabine (AraC) (60 mg/kg). The same mice are depicted at each timepoint. F, Quantification of bioluminescent imaging and (G) Kaplan–Meier survival 
curves of mice in (E). The P values were determined using the log-rank Mantel–Cox test. H, Representative flow cytometry plots of annexin V staining per-
formed on PDX#2 (FLT3ITD and NPM1mut) cells treated with 500 nmol/L RUNX1C ASO or control ASO for 4 days and DMSO or cytarabine (AraC) (500 nmol/L) 
for 2 days. I, Quantification of annexin-positive cells from (H). IC50 values are calculated from at least three technical replicates per experiment. All error bars 
represent SEM. All IC50 values were performed in technical triplicates per experiment and calculated using a nonlinear fit of log(inhibitor) vs. response 
(four parameters) in GraphPad Prism v9.0; error bars represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 ****, P < 0.0001; ns, not significant.
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domain of RUNX1 is a bona fide DNA-binding domain critical 
for transcriptional regulation. However, the functional rele-
vance of the different N-terminal regions encoded by RUNX1 
isoforms remains unclear. In this study, we provide the first 
genome-wide characterization of the transcriptional program 
mediated by the N-terminus region of RUNX1C that drives 
chemotherapy resistance. We found that the N-terminal re-
gion of RUNX1C regulates a subset of RUNX1 target genes, 
including BTG2 that is necessary for promoting a quiescent 
phenotype in AML, which was not observed in other RUNX1 
splice variants. Importantly, RNA targeting of RUNX1C sen-
sitized AML cells to chemotherapy treatment (Fig. 7).

In addition to the RUNX1C–BTG2 axis, our data suggest 
that there may be other mechanisms of RUNX1C-associated 
drug resistance. Notably, we observed a marked upregulation 
of IFNγ signaling pathway, including IFITM1, IFITM2, and  
IFITM3, upon RUNX1C overexpression. These genes have been 
implicated in drug resistance and poor prognosis in AML, point-
ing to a multifaceted role for RUNX1C in mediating chemore-
sistance (66, 67). This finding expands our understanding of 

RUNX1C's function and highlights the need for future studies 
to explore the contribution of these inflammatory mediators 
to drug resistance.

In our study, we demonstrated that genetic and chemical 
RNA targeting of RUNX1C mRNA enables AML cells to exit 
quiescence and enhance chemotherapy efficacy. Although 
advances in RNA therapeutics have allowed researchers 
to directly target genes that are traditionally difficult to 
inhibit with small molecules, their clinical application is 
still hampered by significant limitations. These include 
poor stability in biological environments and inefficient 
delivery of oligonucleotide-based therapies to tumor cells 
in vivo, leading to reduced efficacy and safety. Despite these 
hurdles, recent progress in chemical modifications of 
ASOs has shown potential, particularly in targeting AML 
cells. Previous studies have shown that Toll-like receptor 
9–specific oligodeoxynucleotides containing unmethylated 
CpG motifs can silence genes specifically in immune cells 
recognized by Toll-like receptor 9, including myeloid and 
B cells (68). These findings highlight the feasibility of the 
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CpG-siRNA approach to silence genes in TLR9+ tumor cells, 
potentially addressing some of the traditional challenges 
of ASO therapy.

We identified BTG2 as a regulator of AML quiescence and 
chemoresistance. Although several studies have linked BTG2 
to mRNA stability (30, 50, 51), its specific deadenylated mRNA 
targets have not been well characterized. In this study, we used 
native LR-seq, which revealed a previously unknown mecha-
nism by which BTG2 regulates rRNAs through deadenylation 
and degradation of its transcripts. The degradation of rRNA 
transcripts leads to reduced global protein synthesis, a hall-
mark of hematopoietic stem cell quiescence (56–58). Gene 
promoters are often enriched for binding to multiple TFs. Our 
findings show that RUNX1C directly binds to and regulates 
BTG2 levels. Notably, our longitudinal samples collected from 
patients with AML at relapse after chemotherapy, a stage with 
treatment pressure that is marked by leukemic repopulation, 
did not show any changes in BTG2 expression as compared 
with that at diagnosis (Supplementary Fig. S7L). By contrast, 
our findings model an immediate response to chemotherapy 
that robustly induces BTG2 (Supplementary Fig. S5G). We 
hypothesize that during this acute phase, RUNX1C cooper-
ates with TP53 (69), also known as BTG2 activator, whereas 
at relapse, attenuated DNA damage signaling and TP53 
activity allow proliferation despite high RUNX1C expression, 
implying that additional factors are needed to induce BTG2. 
In summary, our work identifies that the RUNX1C–BTG2 
axis as a critical mechanism for quiescent leukemia cells may 
contribute to chemotherapy resistance and RNA targeting of 
RUNX1C as a promising therapeutic strategy may contribute 
to potentially mitigate AML relapse.

Methods
Cell Lines and Cell Culture

All human leukemia cell lines were cultured in RPMI medium with 
10% FBS and 1% penicillin/streptomycin. HEK293T cells were grown in 
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. 
Cell lines transduced with lentiviral Cas9 blasticidin (Addgene, plas-
mid number 52962) were selected using blasticidin (Thermo Fisher 
Scientific) 48 hours after transduction. The CRISPRa AML isogenic 
cell line was generated by transducing MOLM-13 cells with a lentiviral 
vector encoding MS2-P65-HSF1 with a hygromycin resistance marker 
(lentiMPH v2; Addgene, plasmid number 89308) and dCas9-VP64 
with a blasticidin resistance marker (Addgene, plasmid number 
61425). The MOLM-13 dCas9-Dnmt3a cell line was generated by 
transducing with the Fuw-dCas9-Dnmt3a-P2A-tagBFP construct 
(Addgene, plasmid number 84569) and selecting isogeneic clones 
with high dCas9-Dnmt3a protein expression by using Western blotting. 
Cas13 cell lines were generated by transducing THP-1 or MOLM-13 
AML cell lines with RfxCas13d expressing a TetO promoter and a 
blasticidin resistance marker (Addgene, plasmid number 138149). All 
transfections were performed in HEK293T cells using polyethyleni-
mine reagent at 4:2:3 ratios of plasmid:pVSVG:pPax2 in Opti-MEM 
solution. Viral supernatants were collected 24 and 48 hours after 
transfection. Spin infections were performed at room temperature  
(1,800 RPM for 30 minutes with a polybrene reagent (1:2,000 dilu-
tion; Thermo Fisher Scientific). All cell lines were authenticated using 
the Arizona Genetics RII Core based on fragment and short tandem  
repeat analyses. All cell lines were tested for Mycoplasma contam-
ination. MOLM-13 (DSMZ, Cat. #ACC554; RRID: CVCL_2119), 
MOLM-14 (DSMZ, Cat. #ACC777; RRID: CVCL_7916), MV4-11 

(ATCC, Cat. #CRL-9591; RRID: CVCL_0064), THP-1 (ATCC, Cat. 
#TIB-202; RRID: CVCL_0006), NOMO-1 (DSMZ, Cat. #ACC542; 
RRID: CVCL_1609), U937 (ATCC, Cat. #CRL-1593.2; RRID: 
CVCL_0007), HEK293T (ATCC, Cat. #CRL-1573; RRID: CVCL_0063), 
and KG-1a (ATCC, Cat. #CCL-246.1; RRID: CVCL_1824).

AML PDXs
Primary bone marrow and blood specimens were collected from 

patients with leukemia and lymphoma at the Dana-Farber Cancer 
Institute, Brigham and Women’s Hospital, and Boston Children’s 
Hospital. De-identified patient samples were obtained with written 
informed consent, and the studies were conducted in accordance with 
recognized ethical guidelines approved by the Dana-Farber/Harvard 
Cancer Center Institutional Review Board–approved protocol #13-351 
(70). NOD/SCID IL2Rγ mice were purchased from The Jackson Lab-
oratory and handled according to the Dana-Farber Cancer Institute 
Institutional Animal Care and Use Committee–approved protocol 
#13-034. Targeted exon capture and next-generation sequencing of 
all coding exons of 205 genes are described in the article by Townsend 
and colleagues (70). PDXs were cultured in StemSpan Leukemia 
Cell Culture Medium (STEMCELL Technologies), according to the 
manufacturer’s protocol. PDX#1 is derived from primary bone mar-
row AML specimens with a TP53 mutation and is described as a  
48-year-old male with no prior treatments. PDX#2 is derived from 
primary bone marrow AML specimens with a FLT3ITD and NPM1mut 
and is described as a 61-year-old male patient with acute myelocytic 
leukemia M4/M5 that has been treated with induction therapy, con-
solidation high-dose cytarabine, and allogenic hematopoietic stem 
cell transplantation. Patient race and ethnicity were not reported.

Animal Studies
About 8- to 10-week-old NSG-SGM3 male mice were obtained 

from The Jackson Laboratory. The mice were bred and maintained 
in individual ventilated cages and fed autoclaved food and water at 
UConn Health. All animal experiments were performed in accordance 
with protocols approved by the Institutional Animal Care and Use 
Committee, according to national and institutional guidelines. For 
Cas13 expression induction, animals were treated with doxycycline 
in drinking water (2 mg mL−1 with 2% sucrose; Sigma-Aldrich) and 
food (625 mg kg−1; Teklad). For cytarabine treatment, a stock of 
50 mg mL−1 cytarabine in DMSO was diluted eightfold with a 10% 
2-hydroxypropyl-β-cyclodextrin carrier (Sigma-Aldrich). Mice were 
intraperitoneally injected daily with freshly diluted cytarabine  
(60 mg kg−1) or a similar volume of a carrier containing 10% DMSO. 
Kaplan–Meier survival curves were compared using the Wilcoxon 
rank-sum test in GraphPad Prism.

cDNA Experiments
For cDNA analysis, RUNX1A (NM_001122607.2), RUNX1B 

(NM_001001890.3), RUNX1C (NM_001754.5), and BTG2 
(NM_006763.3) were cloned into a lentiviral vector (EF1α promoter- 
IRES-puromycin-T2A-Zsgreen). For all CUT&RUN and RNA-seq, 
RUNX1 cDNA isoforms were fused with a C-terminal 3×FLAG. All 
cloning procedures were performed using an In-Fusion cloning sys-
tem (Clontech, #638909) and sequenced using Plasmidsaurus.

In Vitro Competition Assay
RUNX1A, RUNX1B, RUNX1C, RUNX1C mutants, BTG2, RUNX1C-

ETO, and RUNX1-ETO were synthesized as gene blocks by Twist Bio-
science and subcloned into a lentiviral Puro-IRES-GFP construct 
using the NEBuilder HiFi DNA Assembly. For the competition assay to 
evaluate the drug response of cDNA overexpression, cell lines were 
transduced with cDNAs (Puro-IRES-GFP) constructs, and the per-
centage of GFP-expressing cells was measured 2 days after transduc-
tion and treated with drugs for 48 hours using BD LSRFortessa. 
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On day 2 after transduction, AML cells were cultured in RPMI/10% 
FBS with cytarabine (MedChemExpress, HY-13605), etoposide 
(MedChemExpress), daunorubicin (Selleckchem), or idarubicin 
(Selleckchem). The GFP-positive rate in living cells at each time-
point compared with that in DMSO was calculated.

Western Blotting
Proteins were harvested using whole-cell lysis RIPA buffer. Lysate 

protein concentration was measured with the BCA reagent and 10 to 
30 mcg was loaded per lane onto 4% to 12% NuPAGE Bis-Tris protein 
gels. After transfer, the polyvinylidene difluoride membranes were 
probed using anti-RUNX1 (Cell Signaling Technology, Cat. #4334; 
RRID: AB_2184099), anti-HA antibody (Cell Signaling Technology, 
Cat. #26183; RRID: AB_10978021), and β-actin (Sigma-Aldrich, Cat. 
#A3854; RRID: AB_262011) and visualized using standard methods.

ASOs
ASOs were designed using 2′-O-methoxyethyl phosphorothioate 

chemistry to increase ASO stability and reduce off-target effects (IDT). 
For qPCR analysis, cells were collected 4 days after treatment with 500 
nmol/L of control ASO or RUNX1C ASO by direct addition to the cell 
culture media. For annexin V analysis, cells were treated with ASOs 
2 days before DMSO or cytarabine (500 nmol/L) treatment, treated 
for an additional 2 days, and then analyzed using flow cytometry.

p27K Quiescent Reporter
The p27K mutant from Oki and colleagues (59) was fused to 

mCherry-T2A-hygromycin, and EF1α promoter was synthesized as 
gene blocks by Twist Bioscience and cloned as a modular assembly us-
ing the Gibson Assembly into lentiviral backbone linearized by PmeI 
and BsrGI as previously described (71). Cells were selected using 
200 μg/mL hygromycin.

Short-Read RNA-seq Preparation and Analysis
About 2 × 106 cDNA overexpressing RUNX1 isoforms in MOLM-

13 cells was harvested 3 days after transduction and washed using 
1× PBS. Total RNA was extracted using the RNeasy Plus Mini Kit  
(Qiagen, Cat. #74136) and QIAshredder (Qiagen, Cat. #79656) ac-
cording to the manufacturer’s protocol. We isolated poly(A) mRNA 
using the magnetic isolation method (New England Biolabs, Cat. 
#E7490S), using ∼1 μg of total mRNA. To generate RNA-seq libraries, 
we used NEXTFLEX Rapid Directional (PerkinElmer) protocol and 
NEXTFLEX RNA-seq barcodes (PerkinElmer, Cat. #NOVA-5198-02), 
which were carried out according to the manufacturer’s protocol. 
Library fragments were amplified with PCR, size-selected using 
AMPure XP Beads to select for fragments between 200 and 500 bps. 
RNA-seq barcoded libraries were then sequenced using NovaSeq X 
(150 paired end cycles).

RNA-seq reads were first mapped to the transcriptome annota-
tions assembled as described above using RSEM v1.2.4 (72), modified 
to invoke Bowtie v1.0.0 (73) with the “-v 2” option. The remaining 
unaligned reads were then mapped to the genome hg38, and a data-
base of possible splice junctions, consisting of all possible combina-
tions of 5′ and 3′ ss, annotated for each gene using TopHat v2.0.8b 
(74). The resulting read alignments generated by TopHat were then 
merged with the output from the RSEM. The reads were filtered to 
ensure that splice junction–spanning reads had a minimum overhang 
of 6 nt. Additional information on sample barcodes can be found in 
Supplementary Table S5.

LR-seq Preparation and Poly(A) Tail Length Analysis
About 20 × 106 cells were collected and washed using 1× PBS. 

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen, 
Cat. #74136) and QIAshredder (Qiagen, Cat. #79656) according to 

the manufacturer’s protocol. Poly A-tailed RNA was enriched using 
the Dynabeads mRNA Purification Kit (Invitrogen, Cat # 61006). 
Libraries were prepared using the Direct RNA Sequencing Kit (Oxford 
Nanopore Technologies, SQK-RNA004), according to the manufac-
turer’s recommendations. In brief, approximately 300 ng of poly(A) 
tailed RNA per sample was incubated with a reverse transcription 
(RT) adapter for 10 to 20 minutes at room temperature, followed by 
RT using SuperScript III Reverse Transcriptase (Thermo Fisher Scien-
tific, Cat. #18080044) and Agencourt RNAClean XP Beads (Beckman 
Coulter). The eluted RT-RNA samples were then incubated with an 
RNA ligation adapter for 20 to 30 minutes at room temperature, 
followed by another RNAClean XP Bead cleanup. The completed 
libraries were quantified by fluorometry (Qubit, Thermo Fisher Sci-
entific) and sequenced on RNA flow cells (FLO-PRO004RA) using 
a PromethION (Oxford Nanopore Technologies) for 72 hours. Live 
basecalling was performed during the experiment by using Guppy’s 
high-accuracy basecalling model in MinKNOW. For direct RNA-seq 
data obtained from the nanopore platform, Dorado (Oxford Nanopore 
Technologies) was used to call the read sequences and estimate poly(A) 
tail length. Base-called reads with poly(A) tail length estimates were 
aligned against the human genome hg38 using Minimap2 (-ax splice -t  
7 -B 3 -O 3,20 --junc-bed GENCODE v43 annotation) and then as-
signed to a unique gene using only the primary alignments by IsoQuant 
(--data_type nanopore --gene_quantification unique_only --splice_ 
correction_strategy default_ont --no_secondary). Reads assigned to 
each gene were extracted to obtain the poly(A) tail length tags in R, 
and the Kolmogorov–Smirnov test was performed to detect the poly(A) 
tail length change between the control vector and BTG overexpression 
groups at the single gene level. The median poly(A) tail length was plot-
ted at both the whole transcriptome and single gene levels to show the 
change between control and BTG overexpression samples.

CUT&RUN Preparation and Analysis
MOLM-13 cells were transduced with RUNX1 3×FLAG-tagged 

cDNA constructs linked to a GFP reporter, and 1 million cells per rep-
licate were sorted to enrich for GFP-positive cells. CUT & RUN exper-
iments were performed as described in the CUTANA CUT&RUN 
Kit (EpiCypher, Cat. #14-1048). Anti-FLAG M2 mAbs (Sigma-Aldrich, 
Cat. #F1804) were used in all experiments. Libraries were generated 
using the CUTANA CUT&RUN Library Prep Kit (EpiCypher, Cat. 
#14-1002) according to the manufacturer’s protocol. Library quality 
was assessed using the High Sensitivity Bioanalyzer kit (Agilent), and 
libraries with different barcodes were pooled and sequenced on No-
vaSeq X. For CUT&RUN analysis, reads were aligned to the human 
genome hg38 using Bowtie 2 v2.4.5 (75), following the parameters as 
previously suggested (76): --very-sensitive-local --no-mixed --phred33 
-I 10 -X 700 --no-discordant. Samtools v1.16.1 (77) was used to remove 
presumed PCR duplicates using the rmdup command, and BAM files 
containing uniquely mapped reads were created. The blacklist regions 
were obtained from the ENCODE blacklist and removed. Filtered  
BAM files were used for downstream analyses. Count per million– 
normalized bigWig files were created using the bamCoverage command 
with deepTools v3.5.4 and visualized on Integrative Genomics Viewer 
(v2.17.4). CUT&RUN signals were called on using MACS2 v2.2.7.1 (78) 
using the narrowPeak setting with a q value cutoff of 0.05. Genes 
proximal to the peaks were annotated against the hg38 genome using  
annotatePeaks.pl in HOMER v4.11 (79). RUNX1-binding motifs were 
identified using MEME-ChIP software. To compare differentially 
bound regions between WT and mutant RUNX1C, sorted BAM files 
and MACS2 peak calls for all biological replicates were analyzed using 
the DiffBind v3.12.0 package in R (v4.3.2). The two genotypes were 
compared using relative log expression (RLE) normalization with back-
groundTRUE. Regions with an FDR <0.05 were considered significantly 
differentially bound, as determined using edgeR. Additional informa-
tion on sample barcodes can be found in Supplementary Table S5.
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Flow Cytometry
Cell-line suspensions were subjected to centrifugation at 400g for 

5 minutes at 4°C, and the supernatant was discarded. Pellets were 
resuspended in 1 mL PBS with 2% FCS and filtered using a 70-μm nylon 
mesh (Thermo Fisher Scientific) with residual cell clumps discarded. 
After centrifuging at 400g and 4°C for 5 minutes, the supernatant  
was discarded, and the cell pellet was resuspended in PBS (Corning) 
with 2% FCS and placed on ice prior to staining for FACS. After anti-
body incubation, 0.1 × 106 cell suspensions were subjected to two wash 
cycles involving resuspension of cell pellets in 3 mL PBS with 2% FCS, 
followed by centrifuging at 400g at 4°C for 5 minutes, then super-
natant removal. Finally, samples were resuspended in 300 μL of PBS 
with 2% FCS per 1 × 106 cells, supplemented with DAPI (0.5 μg/mL,  
MilliporeSigma, Cat. #D9542) for LIVE/DEAD staining. For the Ki-67 
cell cycle assay, 1 × 106 cells were washed two times with PBS, the su-
pernatant discarded, the cell pellets loosened by vortexing and resus-
pended in 3 mL cold 70% ethanol drop by drop to the cell pellet while 
vortexing, then incubated at −20°C for 1 hour. Subsequently, the 
cells were washed using Cell Staining Buffer and incubated with APC 
antihuman Ki-67 (BD Biosciences, Cat. #561277) in the ratio 1:100 at 
room temperature for 1 hour. Cells were washed two times with Cell 
Staining Buffer and incubated with 0.5 μg/mL DAPI for DNA con-
tent, followed by flow cytometry. For apoptosis assay, 0.1 × 106 cells 
were collected and washed two times with cold Annexin V Binding 
Buffer (BioLegend, Cat. #422201). They were resuspended in 100 μL 
Annexin V Binding Buffer. About 5 μL of APC Annexin V (BioLegend,  
Cat. #640941) and 0.5 μg/mL DAPI were added. The cells were  
gently vortexed and incubated for 15 minutes at room temperature in 
the dark. Then, 400 μL Annexin V Binding Buffer was added to each 
sample and analyzed by using flow cytometry. For OP-Puro incor-
poration assays, protein synthesis was measured using the Click-iT 
Plus OPP Alexa Fluor 647 Protein Synthesis Assay Kit (Thermo Fisher 
Scientific, Cat. #C10458), according to the manufacturer’s protocol. 
Briefly, 0.1 × 106 AML cells transduced with BTG2 cDNA or con-
trol vector were incubated with or without 20 μmol/L Click-iT OPP  
(component A) for 30 minutes at 37°C and then fixed and permea-
bilized (BD Biosciences, Cat. #554714). Next, the Click-iT Plus OPP 
reaction cocktail was prepared according to the manufacturer’s pro-
tocol; the permeabilization buffer was removed; and the cells were 
washed twice with PBS. The Click-iT Plus OPP reaction cocktail was 
added to the cells and incubated for 30 minutes at room tempera-
ture in the dark. The reaction cocktail was spun and removed, then 
washed once using reaction rinse buffer. The cells were resuspended 
in a cell-staining buffer containing DAPI. For flow cytometry analysis, 
samples were gated on the basis of the forward and side scatter, fol-
lowed by exclusion of doublets, then gated on viable cells (DAPIlow). 
sgRNA, ectopic cDNA expression, or p27K-mCherry gating was based 
on fluorescence (GFP or mCherry) relative to non-transduced control 
cells. Appropriate unstained or single fluorophore controls were in-
cluded to establish gates for each fluorochrome and ensure accurate 
discrimination of positive versus negative populations. All gating 
strategies were consistently applied across conditions, and nontar-
geting control sgRNAs or control vector served as internal controls 
to assess experimental variability and enable comparison between 
replicates. All the flow cytometry data analysis was performed using 
FACSDiva (BD Biosciences) and FlowJo (BD Biosciences) software.

Drug Treatment IC50 Measurements
Cell viability was determined using the CellTiter-Glo assay 

(Promega), according to the manufacturer’s protocol. Briefly, 25,000 
cells per well were plated in 96-well plates and exposed to the indi-
cated compounds at various concentration ranges, with a minimum 
of three technical replicates per concentration per cell line. The plates 
were shaken for 15 minutes, and bioluminescence was determined us-
ing BioTek Synergy H1. The absolute viability values were converted 

to percentage viability and normalized to the DMSO control treatment. 
Normalized values were plotted using a nonlinear fit of log(inhibitor) 
versus response (four parameters) using GraphPad Prism v9.0 to 
obtain IC50 values.

qPCR Measurement of Gene Expression
RNA was extracted from the indicated cell lines and reverse tran-

scribed into cDNA using the Verso cDNA Synthesis Kit (Thermo 
Fisher Scientific). Gene expression was measured using primers 
amplifying a coding sequence region and designed using Primer3 
(https://bioinfo.ut.ee/primer3-0.4.0/), with ACTB as the housekeeping 
gene. Primers for the RUNX1 isoform were obtained from Challen 
and colleagues (15). Relative expression levels across cell lines were cal-
culated using the ΔΔCt method as per standard procedures.

Targeted Amplicon Bisulfite Sequencing
MOLM-13 cells were collected, and DNA was extracted using 

the DNeasy Blood & Tissue Kit (Cat. #69504). About 2 μg of DNA 
was bisulfite treated using the EZ DNA Methylation-Gold Kit 
(Zymo Research, Cat. #D5005), according to the supplier’s instruc-
tions. PCR was performed using KAPA HiFi HotStart ReadyMix 
(KAPA Biosystems, Cat. #KM2802), and the PCR products were 
cloned into the pCR4-TOPO TA vector according to the manu-
facturer’s instructions (Thermo Fisher Scientific, Cat. #K4575J10). 
Subcloned colonies were sequenced using the M13 reverse primer 
(5′-CAGGAAACAGCTATGAC-3′).

RNA Stability
MOLM-13 cells were transduced with BTG2 overexpression or 

control vector and treated with 2.5 μg/mL actinomycin D (Sigma- 
Aldrich) 7 days after transduction. RNA was extracted at the indi-
cated timepoints (0, 6, 8, and 10 hours) after transcription inhibition 
using the RNeasy Plus Mini Kit (Qiagen, Cat. #74316) according to 
the manufacturer’s instructions and converted to cDNA using the 
High-Capacity RNA-to-cDNA Kit (Life Technologies, Cat. #4387406). 
RT-PCR was performed using Fast SYBR Green Plus Master Mix 
(Applied Biosystems). The target gene Ct values were normalized to 
18S Ct values and used to calculate ΔCt. Relative mRNA abundance 
was calculated as the start of transcriptional inhibition [0-hour time-
point; 2 − (Δ Ct − ΔCt*)] for each gene.

RNA Targeting of RUNX1C Isoform
RUNX1C-specific sgRNAs were designed using https://cas13design.

nygenome.org/ and cloned into a pLenti sgRNA direct repeat vector 
(Addgene, plasmid number 138151). THP-1 or MOLM-13 RfxCas13d 
AML cell lines were transduced with sgRNAs and treated with 1 μg/mL 
doxycycline to activate RfxCas13d for 4 days, followed by qPCR analy-
sis and CellTiter-Glo assays. For the RNAi experiments, shRNAs were 
designed using the Broad Institute GPP Web Portal, and sequences 
were cloned into a Tet-ON miR-E (miR-30 variant)–based vector 
(LT3GEPIR; Addgene, plasmid number 111177).

RNA-seq Read Mapping
RNA-seq reads were first mapped to the transcriptome anno-

tations assembled as described above using RSEM v1.2.4 (72), 
modified to invoke Bowtie v1.0.0 (73) with the “-v 2” option. The 
remaining unaligned reads were then mapped to the genome and 
a database of possible splice junctions, consisting of all possible 
combinations of 5′ and 3′ ss annotated for each gene, using TopHat 
v2.0.8b (74). The resulting read alignments generated by TopHat 
were then merged with the output from the RSEM. The reads were 
filtered to ensure that splice junction–spanning reads had a mini-
mum overhang of 6 nt.
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Isoform and AS Analysis
Paired RNA-seq data of patients with AML were obtained from 

Li and colleagues (4) and downloaded from Database of Genotypes 
and Phenotypes (dbGaP) study phs001027. The only inclusion cri-
terion applied was the use of bone marrow specimens, excluding 
peripheral blood samples, to ensure consistency and enrichment 
of leukemic blasts across patients. Annotations from the UCSC 
knownGene (80), Ensembl 71 (81), and MISO v2.0 (18) were com-
bined to create a genome annotation for the human UCSC hg19 
(GRCh37) assembly. All reads were mapped to the transcriptome 
using RSEM v1.2.4 (72) and the Bowtie alignment option “-v 2” 
(73). RSEM produces gene-level estimates of expression in units of 
transcripts per million. All gene expression estimates were normal-
ized using the trimmed mean of M values method (82). Reads that 
failed to align were mapped to the genome using TopHat v2.0.8b 
(74), and an expanded annotation was created by computing all 
possible combinations of annotated 5′ and 3′ ss per gene. Salmon 
(17) v1.10.2 was used to map RNA-seq reads to a “gentrome” com-
posed of GENCODE 43 cDNA sequences appended to GENCODE 
43 genomic sequences. Salmon-generated transcripts-per-million 
expression matrices were used for comparing isoform expression 
levels between samples. We quantified splicing changes with MISO 
v2.0 (18) using combined RSEM and TopHat alignments as inputs. 
We used a two-sided t test to test for differential isoform expres-
sion between the sample groups. Differentially spliced events were 
defined as those with at least 20 isoform-identifying reads in each 
sample, a minimum absolute difference of 10% in isoform expres-
sion, and a P value < 0.05. All analyses were conducted within the 
R Programming environment using tools from Bioconductor 
(83). Visualizations were created using dplyr, ggplot2, and UpSetR  
(84) packages. Sashimi plots were generated using the Integrative 
Genomics Viewer of the Broad Institute.

DNA Methylation Analysis
Bisulfite sequencing data from the dbGaP study phs001027 

(4) were downloaded and converted into FASTQ format using 
the SRA Toolkit (https://github.com/ncbi/sra-tools/wiki) v3.0.0.  
Examination of reports from FastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc) v0.12.1 did not suggest contami-
nation with sequencing adapters or other technical problems. Only 
paired bone marrow samples (diagnosis and relapse samples from the  
same patient) were analyzed. The only inclusion criterion applied 
was the use of bone marrow specimens, excluding peripheral blood 
samples, to ensure consistency and enrichment of leukemic blasts 
across patients. Sequences were mapped to the GRCh38.p13 (NCBI 
accession GCF_000001405.39) genomic assembly using Bismark 
(85) v0.24.1, calling Bowtie 2 (75) v2.5.0. Mapping data were im-
ported into methylKit (86) v1.26.0, tabulating coverage for meth-
ylation positions aligned with at least three reads (with a Phred 
quality of at least 20 at the aligned position) from each of at least 
10 samples. Only positions within the interval Chr21:34786301-
36006167 were evaluated, corresponding to positions within 1,500 
bases of the RUNX1 gene. Methylation differences between diag-
nosis and relapse at each of the resulting 809 tested positions were 
modeled using methylKit, including patient ID as a covariate. The 
effects of relapse on methylation were tested using χ2 statistics, 
and FDRs were calculated using the Benjamini–Yekutieli proce-
dure. An FDR cutoff of 0.05 was used to identify significance. The 
top 10 (sorted by q value) methylKit hits in the 3-kbp genomic 
interval chr21:34884999-34887999 were selected for analysis. At 
each of these 10 genomic positions, for each patient, we calculated 
the proportion 5-mc and the difference in 5-mc proportion be-
tween diagnosis and relapse. For each of the 10 genomic positions, 
a boxplot was made of the methylation differences between diag-
nosis and relapse.

Data Availability
RNA-seq reads for human AML samples (dbGaP study phs001027; 

ref. 4) were downloaded from the NCI Genomic Data Commons. 
RNA-seq for RUNX1 isoform expression was deposited in the Gene 
Expression Omnibus (GSE273034). CUT&RUN for RUNX1 isoforms 
was found in GSE273226. LR-seq data generated as part of this study 
were deposited in Gene Expression Omnibus (GSE273359). This 
article does not report original code. Any additional information 
required to reanalyze the data reported in this article is available from 
the lead contact upon request.
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