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Acute myeloid leukemia (AML) featuring retinoic acid receptor-gamma
(RARG) rearrangements exhibits morphological features resembling those of
acute promyelocytic leukemia but is associated with drug resistance and poor
clinical outcomes. However, the mechanisms underlying the role of RARG
fusions in leukemogenesis remain elusive. Here, we show that RARG fusions
disrupt myeloid differentiation and promote proliferation and self-renewal of
hematopoietic stem and progenitor cells (HSPCs) by upregulating BCL2 and
ATF3. RARG fusions overexpression leads to preleukemic phenotypes but fails
to induce oncogenic transformation. However, the co-occurrence of RARG
fusions and heterozygous WtI loss induce fully penetrant AML by activating
MYC and HOXA9/MEISI targets. Leveraging Connectivity Map resources and
high-throughput screening, we identify venetoclax, homoharringtonine, and
daunorubicin as potential therapeutic options for RARG-AML. Overall, our
findings provide pivotal insights into the molecular mechanisms governed by
RARG fusions and enhanced by WTI loss in AML development and propose a
rational therapeutic strategy for RARG-AML.

AML is a hematological malignancy characterized by abnormal
expansion of hematopoietic precursors that are blocked at different
stages of differentiation’. Chromosomal translocations in AML lead to
the synthesis of chimeric proteins that interfere with cell signaling
pathways involved in growth, differentiation, and survival’. Next-
generation sequencing has revolutionized cancer genomics, and its
application in AML has led to the discovery of an increasing number of
molecular abnormalities, which in turn has expanded the classification

of AML subtypes®. In 2011, the first case of AML harboring a RARG was
reported’. AML with RARG rearrangements, including NUP98::RARG,
PML::RARG, CPSF6::RARG, NPM1::RARG::NPM1, and HNRNPC::RARG, has
been identified as a subtype of AML®. The method to diagnose patients
with AML with RARG rearrangement involves the multiplex quantita-
tive polymerase chain reaction (QPCR) using primers covering the 5
RARG fusions or fluorescence in situ hybridization (FISH) analysis with
RARG specific fluorescence in situ hybridization probes from BAC
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(bacterial artificial chromosome) clones. The morphological features
of leukemia blasts from patients with AML with RARG rearrangement
exhibited purple cytoplasm granules, kidney-shaped, bilobed or irre-
gularly shaped nuclei. These cases share clinical, morphological, and
immunophenotypic features similar to those of classical acute pro-
myelocytic leukemia (APL), but they are unresponsive to standard APL
treatments (ATRA and/or ATO) and have poor prognosis>*™¢. How-
ever, the mechanism of action of RARG fusions and therapeutic
approaches for RARG-AML remain largely unknown.

Retinoic acid receptors (RARs) are nuclear receptors that act as
transcription factors and are involved in the regulation of gene
expression during the development, differentiation, and maintenance
of tissue homeostasis”. RAR fusions have been repeatedly found in
AML, particularly in the APL subtype, which is characterized mainly by
the presence of PML:RARA resulting from t(15;17) chromosomal
translocation'®. PML-RARA acts as a transcriptional repressor of
RARA signaling to interfere with the gene expression programs
involved in both progenitor self-renewal and terminal myeloid cell
differentiation'*°. RARG fusions differ from PML-RARA primarily in
their N-terminal region. Although RARG shares 90% homology with
RARA and RARB?, the transcriptional regulatory ability of RARG
fusions remains poorly understood. Importantly, RARG-AML patients
does not respond to standard APL treatments, implying that RARG-
AML has a distinct etiology and requires distinct therapeutic strategies.

Wilms’ tumor 1(WT1) acts as a transcription factor that suppresses
tumor growth and promotes stem cell quiescence””. Concurrent
mutations in WT1 have been observed in 58.3% of patients with RARG
rearrangements’. However, whether WT1 mutations cooperate with
RARG fusions in AML development and pathology remains unclear.
Here, we found that RARG fusions exhibited effects on proliferation,
self-renewal, and disruption of myeloid differentiation similar to those
of PMLRARA. We also found that RARG fusions overexpression, in
combination with WT1 deficiency, contributes to AML formation in
mouse models. To elucidate the molecular mechanisms underlying the
differences between RARG fusions and PML-RARA, we integrated RNA-
seq analysis and ChIP-seq data to identify BCL2 and ATF3 as critical
factors involved in the development of AML. Additionally, we used the
Connectivity Map resource and high-throughput screening to identify
potential therapeutic options for AML with RARG rearrangement.
Finally, we validated the potential efficacy of these therapeutic
approaches in transplantation mouse models and patient-derived
xenograft (PDX) models.

Results

RARG fusions have molecular functions similar to those of
PML-RARA

To investigate the role of RARG fusions in AML, we generated a sche-
matic overview of RARG fusions and full-length RARG fusion genes
(Fig. 1a). Furthermore, the RARG fusions were subcloned into retroviral
vectors and used to infect human CD34* (hCD34") cells (Fig. 1b). After
infection, the percentage of GFP* cells was determined by flow cyto-
metry (Supplementary Fig. 1a) and the expression of RARG fusions was
confirmed by immunoblotting (Fig. 1c). After sorting for GFP* cells,
these cells were cultured in a liquid medium system, allowing long-
term expansion of HSPCs*. Cells overexpressing RARG fusions grew
much faster than those infected with control retrovirus (Fig. 1d). In
addition, CFU assays revealed that overexpression of RARG fusions, as
well as PML-RARA, in hCD34" cells increased their self-renewal ability
(Fig. 1e). Overexpression of RARG fusions or PML-RARA promoted the
expansion of immature myeloid cells (CD45'CD33°CD34"), reduced
the percentage of mature granulocytes (CD45'CD33°CD66b"), and
inhibited myeloid cell differentiation (CD45'CD33'Cb11b")* (Fig. 1f-h).
These results showed that similar to PML-RARA, RARG fusions
increased the proliferation and self-renewal abilities of primary hCD34"
cells while disrupting myeloid differentiation.

PML-RARA has long been considered as a transcriptional repres-
sor that blocks the differentiation of myeloid cells by repressing the
target genes CEBPE and PU.1*"%°. Recently, PML-RARA was shown to be
a transcriptional activator that promotes the expression of genes
essential for APL pathogenesis such as GFI1*°. We found that RARG
fusions exerted transrepressing effects on PU.1 and CEBPE and trans-
activating effects on GFI1 (Fig. 1i). RARA fusions have been reported to
form homodimers that bind corepressors and DNA sequences, which
mediate transcriptional deregulation and leukemogenesis®™*”. As
shown in Fig. 1j and Supplementary Fig. 1b, Flag-tagged RARG fusions
pulled down HA-tagged RARG fusions, indicating the formation of
homodimers. Additionally, PML-RARA forms a heterodimer with RXR,
which enhances the binding of PML-RARA to DNA and is required for
RA-induced APL cell differentiation®. Consistent with this observation,
RARG fusions formed heterodimers with RXRA (Fig. 1k and Supple-
mentary Fig. 1c), and interacted with nuclear receptor corepressors
such as NCOR2, Sin3A, and HDAC3 (Fig. 1 and Supplementary Fig. 1d).
To provide further evidence of the transcriptional effects of RARG
fusions, we examined the cellular localization of RARG fusions. We
found that RARG fusions were localized predominantly in nucleus,
with a lower distribution in cytoplasm (Supplementary Fig. 1e). To
further define the specific domain within the RARG fusion protein
responsible for its intracellular localization, we selected CPSF6-RARG
and constructed six CPSF6-RARG truncations and two CPSF6-RARG
mutants in key residues M624 and T627%***, Interestingly, we found
that ADBD, ARRM, ARARGI, CPSF6, and RARG had an intracellular
distribution similar to that of CPSF6-RARG (Supplementary Fig. 1f).
However, the ALBD and M624R/T627R mutants exhibited a loss of the
diffuse intranuclear pattern (Supplementary Fig. 1f). Additionally, we
confirmed the interaction between CPSF6-RARG and RXRA and found
that LBD domain and residues M624 and T627 were critical for med-
iating this interaction (Supplementary Fig. 1g, h). Previous study has
shown that the most significant differentially expressed genes in
RARG-AML patients, in comparison to PML::RARA-positive APL, include
CD38, SCUBEI, HOXA6, RARG, POSTN, DEFA1, among others’. As shown
in Fig. Im, n, the mRNA levels of CD38 and SCUBE1 were decreased,
while the mRNA levels of RARG, POSTN, and DEFAI were increased in
hCD34" cells with RARG fusions overexpression. Taken together, these
data imply that RARG fusions, similar to PML-RARA, not only promote
cell proliferation and self-renewal and block myeloid cell differentia-
tion but also contribute to the formation of transcriptional complexes
that regulate target gene transcription.

RARG fusions transcriptionally activate ATF3 and BCL2
To understand how RARG fusions regulate their target genes in the
hematopoietic system, we overexpressed fusions in hCD34" cells and
identified target genes that are regulated by RARG fusions (Fig. 2a). A
total of 4556 CPSF6-RARG-binding sites, 4852 NUP98-RARG-binding
sites, 2075 PML-RARG-binding sites, 3304 HNRNPC-RARG-binding
sites, 2684 NPMI-RARG-binding sites, and 2785 PML-RARA-binding
sites were identified (Fig. 2b). Notably, RARG fusions shared 423
common binding sites (Fig. 2¢), with the binding sites being highly
enriched at promoter regions (Supplementary Fig. 2a). Additionally,
there were 318 common binding sites and 105 unique binding sites
between RARG fusions and PML-RARA (Fig. 2d). By integrating ChIP-
seq and RNA-seq data, we further created an atlas of direct target genes
of RARG fusions, including 537 activated genes and 583 repressed
genes for CPSF6-RARG, 402 activated genes and 355 repressed genes
for NUP98-RARG, 68 activated genes and 36 repressed genes for
HNRNPC-RARG, 53 activated genes and 49 repressed genes for NPM1-
RARG, 166 activated genes and 119 repressed genes for PML-RARG, and
113 activated genes and 89 repressed genes for PML-RARA (Supple-
mentary Fig. 2b).

More importantly, we identified eight uniquely activated genes
and two repressed genes by RARG fusions compared to PML-RARA
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Fig. 1| Functional and molecular characterization of RARG fusions. a Schematic
representation of the main domains of RARG fusion genes. b Approaches to
investigate the effect of RARG fusions on the transformation of hCD34" hemato-
poietic stem and progenitor cells. ¢ The expression of RARG fusions in hCD34" cells
after sorting for GFP* cells were measured by western blotting (n =3 independent
experiments). d Growth curves of hCD34" cells with or without RARG fusions
overexpression. e Colony-forming capacity of hCD34" cells with or without RARG
fusions overexpression from the 1st and 2nd rounds of cell plating in methylcel-
lulose and culture for 14 days. f-h Flow cytometric analysis of the effect of RARG
fusions overexpression on hCD34" cell myeloid differentiation. The percentages of
immature myeloid cells (), granulocytes (g) and differentiation of myeloid cells (h)
are shown. The gating strategy is shown in Supplementary Fig. 7a. i The effect of
RARG fusions on the transcriptional activity of PU.1, CEBPE and GFIL. The luciferase
reporter plasmids expressing the CEBPE, PU.1, or GFI1 promoter were cotransfected
with empty vector or RARG fusions plasmids into U937 cells. Luciferase activity was

measured 24 h after transduction. j The homodimerization of CPSF6-RARG or
NUP98-RARG was evaluated by CO-IP assays (n =3 independent experiments).

k The heterodimerization of CPSF6-RARG or NUP98-RARG was evaluated by CO-IP
assays (n =3 independent experiments). | The interactions of CPSF6-RARG or
NUP98-RARG with endogenous transcriptional corepressors were evaluated by CO-
IP assays. Leukemia cells were isolated from WeI"*Cre"*,:CPSF6:RARG mice and
WEI* Creé®™:NUP98::RARG mice and cell extracts were subjected to IP with an anti-
HA antibody (n =3 independent experiments). m, n Real-time PCR analysis of the
effect of overexpression of RARG fusions or PML-RARA in hCD34" cells on the
mRNA level of CD38, SCUBEL, RARG, POSTN, or DEFAI. d-i, m, n n=3 technical
replicates. Results are representative of three independent experiments. Statistical
significance was calculated by (d-i, m, n) one-way ANOVA with Tukey’s multiple
comparison tests; Data are presented as means + S.E.M. In each of the immunoblots
j-1, all samples derive from the same experiments but different gels for each
antibody were processed in parallel. Source data are provided as a Source Data file.

through the integrated analysis of ChIP-seq and RNA-seq data (Fig. 2e).
Motif analysis revealed that RARG fusions binding sites were enriched
for motifs of transcription factors KLF1, KLF10, E2F2, SP1, CEBPG, and
SMAD4 (Fig. 2f). Overexpression of RARG fusions led to increased
transcript levels of activated genes (EREG, SYLT3, REXOI, RASGEFIB,
INPP5SA, NCAPG2, ATF3, and BCL2) and decreased transcript levels of
repressed gene (EIFI and RPS8). Notably, ATF3 and BCL2 exhibited the

highest upregulation in most hCD34" cells overexpressing RARG
fusions, while the mRNA levels of EREG, SYLT3, REXOI, RASGEFIB,
INPP5A, and NCAPG2 were increased in some of these cells (Fig. 2g and
Supplementary Fig. 2¢, d). Additionally, there was a slight increase in
the mRNA levels of EREG, RASGEFIB, ATF3, and BCL2 in hCD34" cells
overexpressing PML::-RARA (Supplementary Fig. 2e). Previous studies
have shown that ATF3 sustained the cycling and survival of leukemia
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Fig. 2 | Integrated analysis of ChIP-seq and RNA-seq data reveal unique genes
regulated by RARG fusions compared to PML-RARA. a Schematic illustration of
the experimental design. b Density heatmap of HA-X-RARG fusion genes binding
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on TSS enriched by the anti-HA antibody. ¢ Venn diagram indicating the common
binding peaks of RARG fusions identified by ChIP-seq. d Venn diagram indicating
the common binding peaks in both RARG fusions and PML::RARA identified by ChIP-
seq. e Venn diagram indicating the genes uniquely activated and repressed by
RARG fusions compared to PML-RARA based on integrated analysis of ChIP-seq and
RNA-seq data. f Motif enrichment at RARG fusions binding sites by HOMER analysis.
g Real-time PCR analysis of the effect of CPSF6-RARG and NUP98-RARG over-
expression in hCD34" cells on the expression of activated genes and repressed
gene. h Genome browser tracks showing the binding patterns of RARG fusions and
PML::RARA on ATF3 and BCL2. i hCD34" cells overexpressing RARG fusions were

analyzed by ChIP with an anti-HA antibody or IgG. Immunoprecipitated DNA was
quantified using qPCR for the anti-HA antibody- or IgG- bound BCL2 and ATF3
promoter and enhancer regions. j Effect of RARG fusions on the transcriptional
activity of ATF3and BCL2. k Heat maps and density plots of ATAC-seq peaks aligned
to human hg38 genome around the TSS + 5 kb. I, m Heatmaps and histograms
shown the abundant CPSF6-RARG, NUP98-RARG, H3K27ac, H3K4mel, H3K4me3,
and ATAC-seq occupancy on RARG fusions binding sites. A 5 kb window is shown
with the summit of RARG fusions binding in the center of each panel. n Real-time
PCR analysis of the effect of p300 inhibitor C646 on the expression of BCL2 and
ATF3in hCD34" cells with or without CPSF6-RARG or NUP98-RARG overexpression.
g, i,j, n n=3 technical replicates. Results are representative of three independent
experiments. Statistical significance was calculated by (i, j) one-way ANOVA with
Tukey’s multiple comparison tests; (g, n) two-tailed Student’s ¢ test; Data are pre-
sented as means + S.E.M. Source data are provided as a Source Data file.

cells and contributed to the differentiation arrest®. BCL2, a well-known
anti-apoptotic gene, has been implicated in various cancers, including
AML*, The upregulation of ATF3 and BCL2 in RARG-fusion AML sug-
gests their potential role in inhibiting differentiation and maintaining
survival of leukemia cells.

In addition, the binding signals of RARG-fusions were more
abundant in the promoter and enhancer regions of ATF3 and BCL2, as
well as the promoter region of EIFI compared to PML::RARA (Fig. 2h
and Supplementary Fig. 2f). Furthermore, ChIP-qPCR confirmed the
enrichment of these regions of ATF3, BCL2, and EIF1 in RARG fusions
targets (Fig. 2i and Supplementary Fig. 2g). RARG fusions and
PML::RARA could enrich the promoter and enhancer regions of ATF3
and BCL2, and there was a more abundant enrichment of RARG-fusions
on the promoter (peak 1) and enhancer (peak 2) regions of ATF3 and
BCL2 compared to PML::RARA (Fig. 2i). We then constructed the pro-
moter (peak 1) region of ATF3, BCL2, and EIFI into luciferase reporter

plasmid and detected the effect of RARG fusions on their transcrip-
tional regulation. The luciferase reporter assays indicated that
RARG fusions transcriptionally activated ATF3 and BCL2 while repres-
sing EIFI (Fig. 2j and Supplementary Fig. 2h). To further confirm the
effects of RARG fusions on the enhancer region of ATF3 and BCL2,
constructs containing the enhancer (peak 1) and promoter (peak 2)
regions of these genes were generated. The results showed an increase
in luciferase activity compared to the promoter construct of ATF3 or
BCL2 alone (Fig. 2j). Moreover, PML::RARA could transcriptionally
activate ATF3 and BCL2, but the transcriptional activities of ATF3 and
BCL2 were higher in RARG fusions overexpression compared to
PML::RARA overexpression (Fig. 2j). These findings elucidate the spe-
cific alterations in gene expression associated with different RARG
fusion variants, highlighting the roles of these fusions in hematopoi-
esis and their potential contributions to the development and treat-
ment of AML.
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We defined the chromatin accessibility using ATAC-seq assay in
human CD34* (hCD34") cells with or without CPSF6:RARG or
NUP98::RARG overexpression. ATAC-seq peaks were identified at
50,676 regions in hCD34" cells, 80,002 regions in hCD34" cells with
CPSF6::RARG, and 76,322 regions in NUP98:RARG overexpression
(Fig. 2k, and Supplementary Data 1). The chromatin accessibility was
increased in hCD34" cells with CPSF6::RARG or NUP98::RARG over-
expression compared to hCD34" cells (Fig. 2k). The ATAC-seq peaks
were mainly enriched at promoters, intron, and intergenic regions
(Supplementary Fig. 2i). Subsequently, differential chromatin accessi-
bility was analyzed based on sites with FDR <0.05 and the average
absolute log, (fold change) >1.0 in CPSF6::RARG and NUP98::RARG
overexpressing hCD34" cells compared to hCD34" cells. Using this
threshold, we identified 1145 differential regions in CPSF6::RARG
overexpressing hCD34" cells and 6008 in NUP98::RARG over-
expressing hCD34" cells compared to hCD34" cells (Supplementary
Fig. 2j). Of these regions, CPSF6::RARG overexpressing hCD34" cells
exhibited 1135 regions with increased chromatin accessibility and 10
regions with decreased accessibility. In NUP98:RARG overexpressing
hCD34" cells, 5952 regions showed increased accessibility, while 56
regions displayed decreased accessibility (Supplementary Fig. 2j, k).
Moreover, there were 625 differentially accessible regions in
CPSF6::RARG and NUP98:RARG overexpressing hCD34" cells (both
increased and decreased) compared to hCD34" cells (Supplementary
Fig. 2k). Notably, these differentially accessible regions were primarily
enriched at promoter, intron, and intergenic regions (Supplementary
Fig. 21). These data suggest that RARG fusions increased DNA acces-
sibility across numerous genomic regions.

We further performed ChIP-seq assay to investigate the epigenetic
changes (H3K27ac, H3K4mel, and H3K4me3) associated with RARG
fusions binding in hCD34" cells overexpressing CPSF6::RARG and
NUP98::RARG. Our analysis revealed that regions bound by RARG
fusions exhibited elevated levels of ATAC-seq, H3K27ac, H3K4me3,
and H3K4mel signals compared to hCD34" cells without RARG fusions
overexpression (Fig. 21, m), indicating a potential role of RARG fusions
in regulating promoter and enhancer. In hCD34" cells with
CPSF6::RARG and NUP98::RARG overexpression, the promoter and
enhancer sites of ATF3 and BCL2 showed significant enrichment of
ATAC-seq, H3K27ac, H3K4mel, and H3K4me3 signals compared to
hCD34" cells without RARG fusions overexpression (Supplementary
Fig. 2m). Previous reports have highlighted the activating functions of
PML-RARA through its interaction with coactivators. Our previous
work established that PML-RARA interacts with coactivator P300 to
activate specific target genes®’. To further investigate the interaction
between P300 and RARG fusions and its impact on gene activation, we
initially performed a CO-IP assay to examine the binding of P300 with
CPSF6-RARG or NUP98-RARG. The CO-IP assay results showed that
P300 indeed interacted with both CPSF6-RARG and NUP98-RARG
(Supplementary Fig. 2n). Subsequently, we treated hCD34" cells
overexpressing CPSF6::RARG or NUP98::RARG with the P300 inhibitor
C646 to detect the effect on downstream targets BCL2 and ATF3. The
expression of BCL2 and ATF3 were decreased in hCD34" cells over-
expressing CPSF6::RARG or NUP98::RARG following treatment with
C646 (Fig. 2n). This suggests that P300 plays a critical role in mediating
the activation of downstream targets such as BCL2 and ATF3 by RARG
fusions.

BCL2 and ATF3 are crucial for the maintenance of RARG-AML

Next, we investigated the clinical relevance of BCL2 and ATF3 in RARG-
AML. Gene set enrichment analysis (GSEA) using RNA-seq data’ from
RARG-AML patients revealed that ATF3 target genes were enriched in
RARG-AML, whereas the apoptosis pathway was enriched in APL
(Fig. 3a). We then detected the mRNA and protein levels of BCL2, ATF3,
and ATF3 target genes (TNFAIP6 and ITGA4) in U937 cells stably

overexpressing RARG fusions, PML::RARA or control vector. Our data
show a slight increase in the mRNA levels of BCL2, ATF3, and ATF3
target genes, as well as protein levels of BCL2 family proteins in U937
cells overexpressing PML:RARA compared to control U937 cells
(Fig. 3b—d). Importantly, we found a significant upregulation of these
proteins in U937 cells overexpressing RARG fusions compared to
those overexpressing PML::RARA (Fig. 3b-d). Moreover, other proteins
relating anti-apoptotic pathways were also upregulated in U937 cells
overexpressing RARG fusions (Fig. 3d). The IGV tracks showed that
there were binding signals in the promoter regions of BCL2L1, BCL212,
and MCL1 (Supplementary Fig. 3a). We also found that the mRNA levels
of BCL2L1, BCL2L2, or MCLI were increased in hCD34" cells with
X-RARG overexpression (Supplementary Fig. 3b). These data sug-
gested that the upregulation of BCL2 family protein BCL2L1, BCL2L2,
and MCL1 by X-RARG may be mediated by its transactivation activities.

Moreover, we also detected the protein levels of BCL2 and ATF3 in
human primary NUP98:RARG primary blasts, primary PML:RARA
blasts, and healthy donors, and found that BCL2 and ATF3 seemed to
have elevated tendency in NUP98::RARG primary blasts compared to
PML::RARA blasts (Supplementary Fig. 3c). Additionally, we found that
RARG fusions overexpression in U937 cells decreased the percentage
of apoptotic and differentiated leukemia cells and increased the
colony-forming ability compared to control U937 cells. Knockout of
ATF3 or BCL2 in U937 cells resulted in increased apoptosis and dif-
ferentiation, as well as a decrease in colony-forming ability. However,
the effects of RARG fusions overexpression on apoptosis, differentia-
tion, and colony-formation were diminished in ATF3- or BCL2- knock-
out U937 cells (Supplementary Fig. 3d-h). These data suggested that
ATF3 and BCL2 are crucial in maintaining apoptosis, differentiation,
and colony-forming ability of RARG fusions overexpressing U937 cells.

We also used human CD34" cells model to investigate the role of
BCL2 and ATF3 in the maintenance of RARG-AML. Overexpression of
RARG fusions or PML-RARA in hCD34" cells reduced the percentage of
apoptotic cells and differentiated myeloid cells (CD33"CD11b*) and
increased the CFU numbers compared to hCD34" cells transduced with
control vector (Fig. 3e-g, black columns). ATF3 or BCL2 knockdown in
hCD34" cells increased the percentage of apoptotic and differentiated
cells and decreased the CFU numbers. However, the effects of apop-
tosis and differentiation arrest and increase of colony-forming ability
induced by RARG fusions overexpression in hCD34' cells were
diminished in BCL2- or ATF3- knockdown hCD34" cells (Fig. 3e-g, red
and pink columns). Moreover, we found that PML-RARA over-
expression in hCD34" cells also induced the apoptosis and differ-
entiation arrest and increase of colony-forming ability. Notably, these
effects were still observed even when PML-RARA was overexpressed in
hCD34" cells with knockdown of BCL2 or ATF3 (Fig. 3e-g). Overall,
these results reveal that the apoptosis and differentiation arrest and
increase of colony-forming ability induced by RARG fusions were
mediated by transactivating BCL2 and ATF3.

In addition, BCL2 or ATF3 knockdown in hCD34" cells had minimal
effect on the apoptosis and differentiation (Fig. 3h, i). However, BCL2
or ATF3 knockdown in primary NUP98-RARG patient cells increased
the percentage of apoptotic and differentiated leukemia cells
(Fig. 3h, i). Moreover, we also performed long-term culture-initiating
cells (LTC-ICs) assay to evaluate the effect BCL2 or ATF3 knockdown on
the leukemia stem cells (LSCs) function of primary NUP98-RARG leu-
kemia cells. Primary NUP98-RARG leukemia cells infected with or
without BCL2- or ATF3- shRNA lentivirus were cultured for 2 days
before being subjected to LTC-ICs assays for 3 weeks, followed by
colony-forming assay. The results showed that BCL2 or ATF3 knock-
down in primary NUP98-RARG leukemia cells significantly reduced the
colony formation compared to cells without the knockdown (Fig. 3j).
These results indicate that BCL2 and ATF3 are crucial for the main-
tenance of RARG-AML.

Nature Communications | (2025)16:617


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55047-7

p=0.0026 p=0.0526 p=0.0112
a b 5 p=0. 0008 c — p=6.01x 10° — ____p=00128
510 __p=r77x107 © 4 5=0.00048 ER 749:61'.15'>8!o§
Apotosis pathway ATF3-Target gene < 3:5200134 ﬁ ﬁ p=461x
p=1.32x
838 nzé A 1 Z3 p=0.00206 N
8861 <6 E E
$%| FWER p value:0. FWER p value:0. D, s 22
0751 ES value:-0.2578 ES value:1.2 g =0.0289 = =
025 > 2
2 2 2,
1IN \IH QU g2 5 B
€ 2 2
RARG-AML APL RARG-AML APL TO
o R?‘P?\?*PS{ ?\P‘a QW\ ?\ »&1 P‘R P?‘ & QO‘\\ (&P f° ?\pﬁ ?J;?\O PR ?\p\?‘
?M 5(, oAt “\'\ A \l\ AR 0t 1 &
Gttt e @ 9! ?5? v\‘)? \“ o\ N\ ‘4\3‘? AN
d o
& S . s
?~G @ o P o pE p=2.33x 10
?33*2 o @e‘;%w ‘@xﬁ\ﬁo W \NA» o \W@? NS s 54,60 % 107
“\\‘ ?% MM W N A i N @Y kDa [ e
G ™ Wipa O kDa ° BCL2L1 2 SFeTx 107
e 0 BeLaLt [s2cema] BOL2LT [os ou ma]pBOL2LT [<2 o —J70BCL2L1 bo <4 RO
-| BCL2 b4
[E==—loBcl2 [[—— =802 [ = = am],BCl2 [—==—===}oBCL2 . Es
- - - 0 <~
[EE=T oo, [EEERec [ e sc.2 2 (R e, [EEE2=] o
MCL1 S
== == =] MCL1 o= o= == | MCLT [e=we=e=]| MCL1 [#= ¢ =] MCLI oMe °
0 0 0 0 ATF3 &1
_ =88, ATF3 == == | ATF3 o -] ATF [ e | ATF3 b %0
— ) - | HA ©
- _| S HA HA ﬁ | OV p®P nR0 (0 4 R
70 0 — a0 b 0 i Wa% ?6,%53%,@ ?o,v;';m,a Wﬁ
. Acti
—— e e |  Actin — e | Actin —— —J40Aclin —— —-J 0Aclin E«) ctin e \’\ﬁ?\ﬁ W e
e p=2.36 x 10° p=084 x 10- f mmCON-shRNA smATF3-shRNA  BCL2-shRNA 27,02 107
=0.043 =9 - —_p=00®
o = NG mmCON-shRNA it oo 30110t
5 T NS mATF3-shRNA 100 T Po ot =0.0003
~ — —p=425x 107 p=0. 2
g p=752x 10° 5=0.031 NS BCL2-shRNA S B =0.0010
S 404 —Erexior —— s e P 00015 %‘S o
o p=2.12x 10" % © NS N o
o by a—-yer vl o & A
p p=1.79x10° °
2 30 p=g60x 107 B p %R 2
= =3.05 x 1070 ]
S,ola g
< 204 > 40—
@
] 5
8 3
10 <
<
0; e af\;ﬁe e ng Oow& sﬁe 4475, oO Pa‘épg (L»Nze N;\p 0; 0 60,05 0L Gt OO 0 G e
AR 9 xxﬂ @P\Pg%g%_ Narfart e o SR A
o EvEare v" mww» 05 WM NN R AR %o«n»
uv%?vwwv S (N \9‘3 ??wpw? ?9 AU g?pngw»h
N e e V“’Y\v\“ M\U‘“ PPN
g p=3.48x 10° mmCON-shRNA h ! ) CON-shRNA
—p=831x10% A = CON-shRNA - mmCON-s
p=6.03 x 107 mmATF3-shRNA mmBCL2-ShRNA :gggf:;’m < mmBCL2-ShRNA
100 9:87.84); 019'7 BCL2-shRNA ATF3-shRNA ATF3-ShRNA 5 ATF3-shRNA
PLOXY p=7.38x 10° - z,
p=2.67 x 10* = 4 @2 _5 =1.51x 10° §_2 9
3% NS y\731'26x 10 B 5 Y p=0.0003 2
3 NS NS 5%, tE o0¢ OO0 3
8 S 2g ERE 00008 P2t o
8 60 o &% _p=0.0008 2
é Ngs " E §3 E S p=0.0034 s
£ o 5 85 8
g ABBRpL 55 83 3
2 2 g 250. S
% 20 e S o
T e Lo o
€3 5380 S hCD34* cells ~ Primary NUP98-RARG
[} - A . -
0 oo B o‘~\ G A 600 o6 ok hCD34 cells Primary NUP98-RARG & hCD34" cells  Primary NUP98-RARG patient cells
?J* ?~P ° SO o PJ*“ “ﬁ P‘{?W atient cells patient cells
e v9‘° G w p\~"\‘ 9%?0 i pack g ek Up@“ P

Fig. 3 | RARG fusions- activated ATF3 and BCL2 are necessary for the main-
tenance of AML. a GSEA results showing the enrichment of apoptosis pathways
and ATF3 target genes in RARG-AML patients compared with APL patients. Statis-
tical significance was determined by a one-sided permutation test, and statistical
adjustments were made for multiple comparisons. b, ¢ Real-time PCR analysis of
the effect of stable overexpression of RARG fusions or PML-RARA in U937 cells on
the mRNA level of BCL2 (b), ATF3 and ATF3 target genes TNFAIP6 and ITGA4 (c).
d The protein levels of apoptosis pathway proteins and ATF3 in U937 cells with or
without RARG fusions or PML-RARA overexpression were measured by Western
blotting (n =3 independent experiments). The samples derive from the same
experiments but different gels for BCL2L1, BCL2, BCL2L2, MCL1, ATF3, HA, and
Actin were processed in parallel. e, f Flow cytometric analysis of the effect of RARG
fusions overexpression on differentiation (e) and apoptosis (f) in hCD34" cells with
or without ATF3 or BCL2 knockdown. e CON-shRNA VS ATF3-shRNA p value: 0.0009;
CON-shRNA VS BCL2-shRNA, p value: 0.0011. The gating strategy is shown in Sup-
plementary Fig. 7b. f CON-shRNA VS ATF3-shRNA, p value: 0.0086; CON-shRNA VS

BCL2-shRNA, p value: 0.0016. The gating strategy is shown in Supplementary Fig. 7c.
g The effect of RARG fusions or PML-RARA overexpression on the colony-forming
capacity of hCD34" cells with or without ATF3 or BCL2 knockdown. CON-shRNA VS
ATF3-shRNA, p value: 0.0041; CON-shRNA VS BCL2-shRNA, p value: 0.0061. h, i The
effect of ATF3 or BCL2 knockdown on the apoptosis and differentiation of hCD34"
cells and primary NUP98-RARG patient cells. The relative change in apoptosis and
differentiation cells (Fold of CON-shRNA group) were calculated. j Long-term cul-
ture-initiating cell (LTC-IC) assays were performed from hCD34" cells or primary
NUP98-RARG patient cells with or without ATF3 or BCL2 knockout. LTC-IC colonies
were counted as a percentage of colonies from CON-shRNA groups of hCD34" cells
or primary NUP98-RARG patient cells. b, ¢, e-j n =3 technical replicates. Results are
representative of three independent experiments. Statistical significance was cal-
culated by (b, c, e-j) one-way ANOVA with Tukey’s multiple comparison tests; Data
are presented as means + S.E.M. Source data are provided as a Source Data file.

RARG fusions drives the expansion of HSPCs

To examine the function of RARG fusions in hematopoietic develop-
ment and leukemogenesis, we generated a mouse model by knock-in
Cpsfé-rarg cDNA in exon 3 of Rarg (Supplementary Fig. 4a). The
Cpsférarg™ mice were crossed with the Cre'™ strain to induce
Cpsf6::rarg overexpression in the HSCs (Fig. 4a). The expression of
Cpsfé-rarg in the BM of Cpsfé-rarg® mice was validated by
western blotting (Supplementary Fig. 4b). Hematological phenotype
analysis indicated that white blood cell counts, platelet counts,

and hemoglobin levels were similar between Cpsfé:rarg™
and Cre'"™ mice throughout their lifespans (Supplementary Fig. 4c).
The proportions of B, T, and myeloid cells in the PB and spleen of
6-month-old Cpsfé:rarg™ mice did not differ significantly from
those in Cre" controls (Supplementary Fig. 4d). The number of BM
cells in 6-month-old Cpsf6::rarg™ mice was similar to that in Cre"”
controls (Supplementary Fig. 4e). This finding suggests that Cpsfé-rarg
overexpression alone does not cause any overt changes in
hematopoiesis.
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Fig. 4 | CPSF6-RARG overexpression increases the proportions of hemato-
poietic stem and progenitor cells in the BM but does not cause the develop-
ment of overt AML. a Schematic strategy used to establish the mouse model of
HSC-specific overexpression of Cpsfé:rarg. b, c Representative images of Wright-
Giemsa-stained PB smears, BM smears (b), spleens (c, left) and statistical analysis of
the spleen weights (c, right) from 12-month-old Cre*® mice and Cpsf6.::rarg™
mice (n =5 mice per group). d, e Flow cytometric analysis of PB, spleen cells (d) and
BM cells (e) isolated from 12-month-old Cre’® mice and Cpsf6:rarg™ mice (n=>5
mice per group). The gating strategy is shown in Supplementary Fig. 7e.

f-j Representative FACS plots and quantification of the percentage of granulocytes
(CD11b*Gr-1"), immature myeloid cells (CD11b*c-kit") (f) and myeloid precursor
cells (Gr-1"c-kit *) (g), Lin cells, LSK cells, HPCs (h), MPPs, ST-HSCs, LT-HSCs (i),
MEPs, GMPs, and CMPs (j) in BM from 12-month-old Cre** mice and Cpsf6:rarg™

MEP

GMP CMP Cre"® Cpsf6::rarg®'

mice. (n=5 mice per group). k Schematic strategy to investigate the effect of
transplantation of BM cells isolated from Cpsf6::rarg™ mice or Cre’™ mice on AML
development. I Representative images of spleens (top) and statistical analysis of
the spleen weight (bottom) in recipient mice 2 months after transplantation of BM
cells isolated from 12-month-old Cre’® mice or Cpsf6::rarg™ mice (n=5 mice per
group). m-o Flow cytometric analysis of BM cells isolated from recipient mice

2 months after transplantation of BM cells isolated from 12-month-old Cre*® mice
and Cpsf6::rarg®™ mice (n=5 mice per group). p Real-time PCR analysis of the
mRNA levels of Atf3 (top) and Bcl2 (bottom) in myeloid cells sorted from the BM of
Cre’™ mice and Cpsf6.:rarg®™ mice (n =3 mice per group). The strategy for isolating
myeloid cells from BM is shown in Supplementary Fig. 7f. Statistical significance
was calculated by (cj, I-p) two-tailed Student’s t-test; Data are presented as
means + S.E.M. Source data are provided as a Source Data file.
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Although there were no significant differences in blood cell dif-
ferentials or splenomegaly at the age of 12 months (Fig. 4b, c), the
proportion of B cells was decreased, while that of myeloid cells was
increased in the PB and spleen of 12-month-old Cpsfé:rarg™ mice
(Fig. 4d). A more detailed analysis of the BM showed that the pro-
portions of B cells and T cells were decreased in Cpsf6::rarg™ mice,
while those of myeloid cells, granulocytes (CD11b*Gr-1%), and immature
myeloid cells (CD11b’c-kit") were increased (Fig. 4e, f and Supple-
mentary Fig. 4f, g). Moreover, the percentage of myeloid precursors
(Gr-I*c-kit") in the BM of 12-month-old Cpsf6::rarg®™ mice was higher
than that in BM of Cre"™ mice (Fig. 4g).

We then further analyzed the impact of Cpsfé6:rarg on HSPCs,
which are phenotypically defined as Lin'Scal’c-kit” (LSK) and
Lin“Scal c-kit* (HPC) respectively. Interestingly, the proportions of
lineage-negative (Lin’) cells in the BM and LSK and HPC cells in the Lin°
cell population were increased in the BM of both 6 and 12-month-old
Cpsf6-rarg™ mice (Fig. 4h and Supplementary Fig. 4h). Furthermore,
the proportions of multipotent progenitor cells (MPPs) and short-term
repopulating HSCs (ST-HSCs) among LSK cells, as well as granulocyte-
monocyte progenitors (GMPs) among HPC cells, were increased in the
BM of these mice (Fig. 4i, j, and Supplementary Fig. 4i). In contrast, the
proportions of megakaryocyte-erythroid progenitor cells (MEPs) and
common myeloid progenitors (CMPs) among the HPCs were
decreased in these mice (Fig. 4j). Taken together, these results imply
that the CPSF6-RARG drives aberrant expansion of HSPCs, which may
lead to a preleukemic phenotype.

To investigate whether the preleukemia phenotype originated
from transformed HSPCs harboring CPSF6-RARG, we conducted sec-
ondary BM transplantation experiments. BM cells from 12-monthold
Cpsf6::rarg™ mice were transplanted into lethally irradiated recipient
mice (Fig. 4k). Similar to the observations in the donor mice, there
were no detectable differences in PB cell counts of recipient mice
(Supplementary Fig. 4j). As expected, the reproduction of the pre-
leukemia phenotypes was observed. These phenotypes included
spleen enlargement (Fig. 41), as well as a decrease in the proportion of
B cells and increase in the proportion of myeloid cells in the PB and
spleen of Cpsfé6:rarg™-transplanted recipient mice (Supplementary
Fig. 4k, 1). Furthermore, aberrant expansion of myeloid cells, granu-
locytes, and immature myeloid cells, as well as LSK and HPC popula-
tions, was observed in the BM of Cpsfé::rarg™-transplanted recipient
mice (Fig. 4m, n). The percentages of MPPs and GMPs also increased in
the BM of recipient mice (Fig. 40). We next measured Bcl2 and Atf3
expression in Cpsf6::rarg™® mice. The mRNA levels of Bcl2 and Atf3 were
significantly increased in the myeloid cells isolated from the BM of
Cpsf6.::rarg™ mice compared to those in control mice (Fig. 4p). These
results showed that these abnormal cell populations originated from
abnormal BM cells in Cpsfé.:rarg™® donor mice. However, overt AML
development upon transplantation in this mouse model suggests that
additional events or genetic alterations may be required to fully pro-
mote hematopoietic transformation and leukemia development.

Wt haploinsufficiency cooperates with RARG fusions to
induce AML

Based on clinical observations that monoallelic germline W¢I muta-
tions frequently co-occur with RARG-AML’, we investigated whether
partial Wtl deficiency cooperates with RARG fusions to induce AML.
We first crossed Cre"™ mice with WeI™F mice to generate mice with Wl
deletion in hematopoietic system. Unfortunately, Cre" W17 mice did
not survive longer than 2-3 weeks after birth, possibly due to hema-
topoietic cell dysfunction. Subsequently, we generated an inducible
hematopoiesis-specific conditional WtI-knockout mouse model by
crossing WtI™" mice with Cré"™* mice (Supplementary Fig. 5a, b). Lin’
cells were isolated from the BM of 8-month-old Creé** and Wt1”*Cre'
mice, transduced with X-RARG-fusions-GFP retrovirus, and trans-
planted into lethally irradiated recipient mice (Fig. 5a). Eight to nine

weeks after transplantation, all Wt17*Cre”?; X-RARG transplanted mice
developed aggressive AML with significantly enlarge spleen (Fig. 5b).
Wright staining and HE staining confirmed the infiltration of leukemic
blasts into the PB, BM, and spleen (Fig. 5c and Supplementary Fig. 5c).
FACS analysis showed that the GFP-positive cells from the BM and
spleen of WtI*Cré*;CPSF6::RARG-transplanted mice were myeloid
cells (Fig. 5d). Furthermore, mice transplanted with W¢I7*Cre Lin®
cells expressing RARG fusions exhibited a median latency of
60 days (Fig. Se).

However, similar to the mice transplanted with Cre"? Lin cells,
most mice transplanted with Cre"” Lin cells with RARG fusions over-
expression exhibited normal spleen sizes, PB, BM, and spleen staining,
a long survival time, and good hematopoietic reconstruction capacity
(Fig. 5b-e and Supplementary Fig. 5c). Only one Cre":CPSF6::RARG
mouse died after transplantation and succumbed after approximately
four months, with an enlarged spleen. Moreover, WtI*Creé"?* trans-
planted mice did not develop an overt leukemic phenotype and had
life spans comparable to those of Cré" transplanted mice (Fig. 5b—d).
All WeI*Cre"™*;X::RARG mice with secondary transplantation died of
AML within 2 months, whereas in most mice, X-RARG fusion over-
expression alone did not result in leukemia-related death during the
three-month observation period after secondary transplanta-
tion (Fig. 5f).

To investigate the mechanism by which WtI haploinsufficiency
cooperates with RARG fusions overexpression to induce AML, we
analyzed the gene expression profiles of leukemia cells isolated from
Cre"™,CPSF6::RARG and WtI"*Cré®;CPSF6::RARG mice. Functional
enrichment analysis showed that the upregulated genes in leukemia
cells isolated from WtI*Cre"™*,CPSF6::RARG mice were mainly enri-
ched in transcriptional regulation by RUNXI1, myeloid leukocyte acti-
vation, HATs acetylate histones, and cell cycle pathways (Fig. 5g left).
Furthermore, the downregulated genes in leukemia cells isolated from
W1 Cré;CPSF6::RARG mice were mainly enriched in the myeloid
cell differentiation, T-cell differentiation and activation, and hemo-
poiesis pathways (Fig. 5g right). GSEA showed that MYC and HOXA9/
MEISI targets were significantly enriched in W¢1™*Cre",CPSF6::RARG
mice (Fig. 5h). These results imply that MYC- and HOXA9/MEIS1
mediated transcriptional regulation may contribute to AML patho-
genesis induced by Wt haploinsufficiency in cooperation with RARG
fusions.

Furthermore, we determined the roles of Bcl2 and Atf3 in RARG-
AML using a CPSF6::RARG transplantation mouse model. The protein
levels of ATF3 and BCL2 and mRNA levels of A¢f3 and Bcl2 were sig-
nificantly increased in WtI”*Cré"™%,X::RARG-driven AML mice com-
pared to those in control mice and PML::RARA-driven APL mice (Fig. 5i
and Supplementary Fig. 5f). Moreover, knockdown of either Bcl2 or
Atf3 in leukemia cells significantly prolonged the survival of
CPSF6::RARG AML cells engrafted mice (Supplementary Fig. 5g and
Fig. 5j). These results indicate that BCL2 and ATF3 are crucial for the
maintenance of AML with RARG rearrangements and could be targeted
therapeutically.

Identifying potential therapeutic approaches for RARG-AML

Similar to clinical observations®, both ATRA and ATO showed weak
effects on the proliferation of U937 cells overexpressing CPSF6-RARG
(Supplementary Fig. 6a). In addition, we detected the effects of ATRA
and ATO in primary leukemia cell derived from primary NUP98-RARG
patient blasts and Wt17*Cre";CPSF6::RARG mice and found that these
leukemia cells showed resistance to ATRA and ATO in the induced
differentiation and apoptosis (Supplementary Fig. 6b, c). To identify
potential therapeutic approaches for RARG-AML, we performed HTS in
U937 cells overexpressing CPSF6-RARG (Fig. 6a). Four small-molecule
drugs, topotecan hydrochloride, mitoxantrone, HHT, and venetoclax
(BCL2 inhibitor), showed strong inhibitory activity against CPSF6-
RARG-overexpressing U937 cells (Fig. 6b). We used C-MAP analysis to
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Fig. 5 | Wel haploinsufficiency cooperates with RARG fusion to induce AML.

a Schematic model of the procedure used to study the effect of heterozygous Wt1
knockout in combination with RARG fusions overexpression on AML development.
b Representative images of spleens (left) and statistical analysis of the spleen
weights (right) in recipient mice from the indicated groups (n =S5 mice per group).
c Representative images of BM smears and H&E staining of the spleen tissues from
recipient mice in the indicated groups (n =5 mice per group). d Representative
FACS plots of GFP positive cells in the BM and spleen of Cre"! CPSF6::RARG mice or
Wel™*Cre®™! CPSF6::RARG mice. e Kaplan-Meier survival curves for recipient mice
with primary transplantation of Lin" cells isolated from Cre™* mice (left) or
WelCre™! mice (right) and infected with the control retrovirus or RARG fusions
retroviruses (n =5 mice per group). f Kaplan-Meier survival curves for recipient
mice with secondary transplantation of spleen cells isolated from primary
WeI*Cre™;:X::RARG mice (leukemic) or X:RARG mice (n =5 mice per group).

g Enrichment analysis of the top enriched pathways related to the upregulated
genes (left) and downregulated genes (right) in leukemia cells isolated from the

spleen of WtI*Cre":CPSF6:RARG mice compared to Cré"*;CPSF6::RARG mice.
Statistical analysis was conducted with Metascape (https://metascape.org/gp/
index.html), using the two-sided cumulative hypergeometric distribution. h GSEA
showing the enrichment of indicated gene sets in the WtI”*Cre"';CPSF6::RARG
group compared with the Cre"%;CPSF6::RARG group. The P value was determined
by a one-sided permutation test. Statistical adjustments were made for multiple
comparisons. i The protein levels of BCL2 and ATF3 in the BM of PML::RARA-driven
APL mice and WtI™*CréM*;X::RARG-driven AML mice were detected by western
blotting (n =3 independent experiments). The samples derive from the same
experiments but different gels for ATF3, BCL2, and GAPDH were processed in
parallel. j Kaplan-Meier survival curves for recipient mice with secondary trans-
plantation of spleen cells isolated from primary WeI”*Cre*',CPSF6:RARG mice
(leukemic) and infected with control, A¢f3 or Bcl2 shRNA lentivirus particles (n=8
mice per group). Statistical significance was calculated by (b) two-tailed Student’s
t-test; (e, f, j) two-sided log-rank test. Data are presented as means + S.E.M. Source
data are provided as a Source Data file.

the BCL2 inhibitor could be an attractive targeted agent for
RARG-AML.

Furthermore, U937 cells overexpressing RARG fusions exhibited
sensitivity to all four drugs in a concentration-dependent manner,
indicating the potential therapeutic efficacy of these drugs in RARG-
AML (Fig. 6e, f). Because daunorubicin and mitoxantrone are both
chemotherapeutic agents, and daunorubicin is the first-line ther-
apeutic drug for AML treatment in clinic”’, we did not verify the effect
of mitoxantrone on RARG-AML in further studies. Moreover, we also
detected the dose-response effect of daunorubicin, HHT, and vene-
toclax on hCD34" cells with or without X-RARG fusions overexpression
by the CCK-8 assay. Our results demonstrated that hCD34" cells
overexpressing RARG fusions exhibited more sensitivity to daunor-
ubicin, HHT, and venetoclax in a concentration-dependent manner
(Fig. 6g). These findings suggest the potential therapeutic efficacy of
these drugs in RARG-AML.

We then evaluated and compared the therapeutic effects of low
concentrated daunorubicin, HHT, and venetoclax in primary
NUP98::RARG leukemia cells, as well as other type of primary AML cells
(AML-M2) and hCD34" cells. We found that low concentrations of HHT
(0.1nM and 1nM), daunorubicin (0.1nM and 1nM), and venetoclax
(100 nM) could induce the apoptosis of primary NUP98-RARG patient
cells. However, these low concentrations of the drugs did not have
obvious effect on normal hCD34" cells or primary AML-M2 cells
(Fig. 6h). These data suggest that daunorubicin, HHT, and venetoclax
show some level of specificity towards X-RARG.

To assess the anti-AML effects of daunorubicin, HHT, and vene-
toclax in vivo, we used a transplantation mouse model harboring the
WeI™ Cré:CPSF6::RARG (Fig. 7a). After 3 weeks of administration, the
mice in the daunorubicin, HHT, and venetoclax treatment groups
exhibited dramatic reductions in spleen size and weight and
(Fig. 7b, c). Additionally, these treatments decreased the population of
immature blast cells, increased the proportion of apoptotic leukemia
cellsin the BM and spleen, and prolonged the survival of recipient mice
(Fig. 7d-f).

In addition, we examined the therapeutic effects of daunorubicin,
HHT, and venetoclax in an established PDX model of RARG-AML
derived from CPSF6::RARG patients (Fig. 7g). Daunorubicin, HHT, and
venetoclax reduced the spleen size and weight of PDX mice (Fig. 7h).
Moreover, these treatments decreased the percentage of human
CD45" cells in the spleen and BM, and prolonged overall survival of
PDX mice (Fig. 7i, j). The survival data presented in Fig. 7j suggests a
weak response to HHT and daunorubicin, indicating that the immu-
nodeficient NOD-SCID mice may not have been tolerant to these
chemotherapy drugs. We then reduced treatment regimen and treated
CPSF6::RARG PDX mice with 1 mg/kg HHT or 1 mg/kg daunorubicin for
one week (three times a week). The survival data indicated that HHT
and daunorubicin treatment prolonged the survival time of

CPSF6::RARG PDX mice (Fig. 7k). Furthermore, the percentage of
human CD45" cells in the spleen and BM of CPSF6::RARG PDX mice was
remarkably decreased (Fig. 7I). These findings underscored the
potential efficacy of HHT and daunorubicin in treating RARG-AML in
vivo. Taken together, these results support the therapeutic potential of
daunorubicin, HHT, and venetoclax for the treatment of RARG-
AML (Fig. 7m).

Discussion

In our previous study, we identified AML with RARG rearrangements
as a distinct AML entity. However, AML with RARG rearrangements is
insensitive to ATRA and ATO, and has poor prognosis, leading to a
mortality rate of over 60%. Due to the similarities in morphological
features between RARG-AML and APL, it is expected that ATRA or
ATO treatment would be effective in treating RARG-AML patients.
However, these treatments have proven to be ineffective in RARG-
AML patients, putting them at a high risk of early death®. Therefore,
there is an urgent and unmet need for combinatorial approaches that
involve molecular targeted therapies in combination with current
chemotherapies to prevent early death and subsequent relapse in
RARG-AML patients. In this study, we demonstrated that RARG genes
play a role similar to that of PML-RARA in supporting cell prolifera-
tion and self-renewal, disrupting myeloid differentiation, and reg-
ulating transcription. RARG-AML also has distinct differences from
PML::RARA-positive APL, such as lack of CD38 expression®. Our RNA-
seq and CUT&Tag data revealed that the upregulation of ATF3- and
BCL2- mediated apoptotic signaling and the reduced EIF1 level in
RARG-AML contributed to the expansion of leukemogenic cells,
distinct from the mechanism observed in PML::RARA-positive APL.
Using HTS, we identified the BCL2 inhibitor as a potential targeted
treatment agent for RARG-AML. Our study has identified promising
therapeutic options for RARG-AML treatment in clinical settings,
including the use of daunorubicin, HHT, and venetoclax as treatment
agents. Our work for the first time offers not only crucial insights into
its pathogenesis but also proposes potential therapeutic options for
RARG-AML.

ATRA signaling relies on retinoic acid receptors (RARA, RARB, and
RARG) and their heterodimeric partners RXR to bind DNA response
elements to activate the transcription of target genes, which have been
implicated as key regulators of normal and transformed blood cells®®.
Among the RARs, RARA and RARG have distinct functions, particularly
in the field of hematopoiesis. RARA, a low-efficacy receptor for ATRA,
primarily exerts ATRA reversible basal repressive functions. On the
other hand, RARG, a high-efficacy receptor for ATRA, acts as a potent
ligand-dependent transcriptional activator®. Interestingly, over-
expression of RARA but not RARG is sufficient to induce myeloid
progenitor immortalization*’. In leukemia, activation of RARA signal-
ing by ligand promotes myeloid differentiation and loss of self-
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Fig. 6 | HTS for small molecule drugs against RARG-AML. a Schematic illustration
of the procedure for HTS of small molecule drugs against RARG-AML. An FDA-
approved drug library containing 10,000 small molecule drugs was used to treat
CPSF6-RARG-overexpressing U937 cells. Hits in the top 2% were reconfirmed by cell
viability testing. b Volcano plot showing the hits in the top 2% (left). The viability of
CPSF6-RARG-overexpressing U937 cells treated with the indicated small molecule
drugs is also shown. ¢ The top 10 targets and potential drug candidates identified
by C-MAP analysis are shown in the table. d Effects of HHT, mitoxantrone, dau-
norubicin, or venetoclax on the growth of U937 cells with or without CPSF6-RARG
overexpression. The data are a summary of the ICs, values. e, f Effects of HHT,
mitoxantrone, venetoclax, or daunorubicin on the growth of NPM1-RARG, NUP98-
RARG, PML-RARG, and HNRNPC-RARG overexpressing U937 cells. The data are
summary of the ICsq values. g Effects of HHT, venetoclax, or daunorubicin on the

growth of hCD34" cells with or without CPSF6-RARG, NUP98-RARG, HNRNPC-
RARG, NPMI-RARG, and PML-RARG overexpression. The data are summary of the
ICs0 values. h Flow cytometric analysis of the effect of different concentrations of
daunorubicin, HHT or venetoclax on the apoptosis of hCD34" cells, primary AML
cells (AML-M2), or primary NUP98-RARG leukemia cells. hCD34" cells, primary AML
cells (AML-M2), or primary NUP98-RARG leukemia cells were treated with different
concentrations of daunorubicin, HHT or venetoclax for 48 h, and the percentage of
Annexin V* cells were calculated with FlowJo software. The gating strategy is shown
in Supplementary Fig. 7c. The relative change in apoptosis and differentiation cells
(Fold of CON group) were calculated. d-h n =3 technical replicates. Results are
representative of three independent experiments. Statistical significance was
determined by (h) one-way ANOVA with Tukey’s multiple comparison tests. Data
are presented as means + S.E.M. Source data are provided as a Source Data file.

renewal, whereas ATRA activation of RARG may enhance self-
renewal**2. The role of RARG in AML cells differentiation and clono-
genic activity requires further investigation. AML with RARG rearran-
gements exhibits distinct differences in immunophenotypes, such as

the lack of CD38 expression (0% positive) compared to PML::RARA-
positive APL, which shows 88% positive expression®. The involvement
of RARG-RXR-RARE axis in CD38 downregulation of RARG fusions
needs to be explored in the future.
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Fig. 7 | Daunorubicin, HHT, and venetoclax inhibit RARG fusion AML in mice
and in the PDX model. a Strategy for investigating the anti-AML effects of dau-
norubicin, HHT, and venetoclax in a WtI”*Cre,CPSF6::RARG transplantation
mouse model in vivo. b, ¢ Representative images of spleens (b) and statistical
analysis of the spleen weights (c) in WtI”*Cre"*',CPSF6::RARG transplanted reci-
pient mice treated with the indicated agents (n =4 mice per group). d, e Percen-
tages of CD11b’c-kit* cells (d) and apoptotic cells (e) in the BM and spleens of
Wel™ Cre®™;,CPSF6.::RARG transplanted recipient mice treated with the indicated
agents (n =5 mice per group). The gating strategy is shown in Supplementary

Fig. 7g and Supplementary Fig. 7c. f Kaplan-Meier survival curves for

W1 Cre™;CPSF6::RARG transplanted recipient mice treated with the indicated
agents (n =38 mice per group). g Strategy for investigating the anti-AML effects of
daunorubicin, HHT, and venetoclax in the PDX model established with CPSF6::RARG
patient cells in vivo. h Representative images of spleens (left) and statistical analysis

of the spleen weight (right) in the indicated PDX model (n = 5 mice per group). i The
percentages of human leukemia cells in the spleens and BM of CPSF6-RARG PDX-
bearing mice with the indicated treatments were determined by flow cytometry
(n =S5 mice per group). The gating strategy is shown in Supplementary Fig. 7h.

j Kaplan-Meier survival curves for CPSF6-RARG PDX-bearing mice with the indi-
cated treatment (n = 8 mice per group). k Kaplan-Meier survival curves for CPSF6-
RARG PDX-bearing mice with 1 mg/kg HHT and 1 mg/kg daunorubicin for 1 week
(three times a week) treatment (n = 3 mice per group). | The percentages of human
leukemia cells in the spleens were determined by flow cytometry (n =3 mice per
group). m Schematic diagram illustrating the molecular mechanisms governed by
RARG fusions and propose a rational therapeutic strategy for RARG-AML. Statistical
significance was determined by (c-e, h, i, I) one-way ANOVA with Tukey’s multiple
comparison tests; (f, j, k) two-sided log-rank test. Data are presented as means +
S.E.M. Source data are provided as a Source Data file.

The WTI gene is frequently mutated in T-ALL (10%), non-APL
AML (10%), and typical APL with PML::RARA (19%), and RARG-AML
(58.3%)**~*¢. Alterations in WTI are predominantly heterozygous fra-
meshift mutations in exon 7, but also include mutations in exons 1

and 9. These mutations often lead to the synthesis of truncated
proteins lacking C-terminal DBD or loss of WT1 function due to
nonsense-mediated RNA decay®. In some cases, monoallelic or sub-
clonal deletions have been observed in association with mutations**
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However, it is difficult to replicate the diverse mutation status of WT1
in the context of RARG fusions with a single-site mutation. Here, we
found that WT1 R462Q mutant overexpression did not produce
synergistic leukemic effects with CPSF6::RARG (Fig. SSE). Instead, we
used mice with heterozygous loss of Wtl to demonstrate that over-
expression of RARG fusions, coupled with partial loss of Wt1, resulted
in AML transformation. A previous study showed that Wtl-
haploinsufficient hematopoietic cells progressed to leukemic trans-
formation, whereas Wtl-deficient cells did not*. Furthermore, RARG-
AML has been associated with low frequencies of KRAS, NRAS, TP53,
and GATA mutations®. Further exploration is needed to understand
the status of these mutations and their contributions to the patho-
genesis of RARG-AML.

Daunorubicin and HHT are chemotherapeutic drugs, which are
also sensitive to AML. BCL2 inhibitor venetoclax is also used for AML
treatment. We verified Daunorubicin, HHT and venetoclax are also
sensitive to RARG-AML on RARG-AML PDX model and RARG-AML
mouse model. Our studies provided potential therapeutic options
for RARG-AML treatment, which is blank in clinical. It is urgent for
screening therapeutic agents and verifying the therapeutic efficiency
specially for RARG fusions in pre-clinical studies. Moreover, there are
discrepancy in survival curves between daunorubicin treated
immunodeficient NOD-SCID xenograft model (human primary RARG-
AML PDX model) and C57B6/L transplantation mouse model har-
boring the Wl Cré®™*;CPSF6::RARG. We speculate that immunode-
ficient NOD-SCID mice are intolerant and low dose of daunorubicin
treatment had side-effect on immunodeficient NOD-SCID mice, but
low dose of daunorubicin treatment had little side-effect on
immunocompetent mice.

The limitations of this study include the small size of primary
RARG-AML patient samples, lack of other primary RARG-AML patient
samples except for CPSF6::RARG and NUP98::RARG blasts, the lack of
experiments in RARG-AML cell lines and the use of AML cell lines
overexpressing CPSF6::RARG for confirmation and drug screening
experiments. It would be valuable to verify the mechanism on primary
RARG-AML patient samples. Furthermore, it would be valuable to use
AML cell lines specifically harboring RARG rearrangements to mimic
the genetic context of RARG-AML better. Additionally, the absence of
experiments with an ATF3 inhibitor and the need for more robust
investigations into the mechanism of RARG fusions combined with Wt1
inactivation in AML development are noted limitations.

Overall, our study provides valuable insights into the molecular
mechanisms of RARG fusions in AML development, highlighting the
similarities between RARG fusions and PML-RARA and potential ther-
apeutic targets. The identification of BCL2 and ATF3 as targets in RARG
fusions-driven AML suggests that inhibiting BCL2, such as venetoclax,
could be a rational therapeutic strategy for RARG-AML. Prospective
clinical trials in RARG-AML patients are warranted as proof of concept.

Methods

Study approval

Human-mobilized peripheral blood collected from healthy donors,
APL patient specimens and RARG-AML patient specimens were
obtained from the Beijing Chao-Yang Hospital. Informed consent was
obtained from all the participants in accordance with the Declaration
of Helsinki. Patients received no financial compensation for study
participation. The study protocol was approved by the Institutional
Review Board of the Ethics Committee of the Beijing Chao-Yang Hos-
pital. All participants provided written informed consent to publish the
information that identified the individuals. Our study is compliant with
the ‘Guidance of the Ministry of Science and Technology (MOST) for
the Review and Approval of Human Genetic Resources, which requires
formal approval for the export of human genetic material or data from
China. The patient-related information is identified in Supplemen-
tary Data 2.

Animal studies

NOD-scid IL2Rg™" (NSG) mice (6-8 weeks old, male) were purchased
from Beijing Biocytogen Co., Ltd. (Beijing, China). C57BL/6 mice
(6-8 weeks old, male or female) were purchased from Beijing Hua Fu
Kang Bioscience Co. Ltd. (Beijing, China). Cre"™” (B6. Cg-
Commd10Q™VAVticre/Akioy ' mice (5-6 weeks old, one male and two
females) (The Jackson Laboratory, 008610) were obtained from Cya-
gen Biosciences Inc. (Suzhou, China). Cpsfé6-rarg knock-in mice
(Cpsfé:rarg ', Cpsfé:rarg ) were generated by the National
Human Disease Animal Model Resource Center (Beijing, China).
Cpsfé6:rarg overexpression in hematopoietic stem cells (Cpsf6::rarg
mice) was performed by breeding Cre'"™ mice with Cpsf6::rarg *" mice.
Cré"™(B6.Cg-Tg(Mxl-cre) 1Cgn/)/) mice (5-6 weeks old, two males and
two females) (The Jackson Laboratory, 003556) and W¢IF (C57BL/
6JSmoc-Wreptm3flodsmeey mice (5-6 weeks old, two males and two
females) (NM-CKO-200041) were obtained from Shanghai
Research Center for Model Organisms (Shanghai, China). Inducible
Wti-knockout mice were generated by breeding WtI™F mice with Cre*?
mice to generate Cré™WtI”* mice, which were treated with
polyinosinic-polycytidylic acid (poly I:C) to induce WtI heterozygous
knockout. To induce Wtl in Creé"'WtI* mice, 8-month-old Cre* Wl
mice were treated with poly I:C (Sigma-Aldrich, 528906) at a dose of
20 pg/kg i.p. for five days, followed by transplantation. If mice mani-
fested symptoms such as failure to thrive, weight loss >10% of total
body weight, hunching, activity decrease (stationary unless stimulated
or hind limb paralysis), bleeding, infection, and/or fatigue, they were
killed immediately, which was approved by the Animal Experimenta-
tion Ethics Committee of the Chinese Academy of Medical Sciences.
The criteria of diagnosing AML in mice includes the detection of
massive splenomegaly with myeloid infiltration, BM infiltration with
high blast counts, and expansion of c-Kit-high myeloid cells in the BM
and spleen. Animals were housed in groups of 4-6 mice per indivi-
dually ventilated cage under a 12 h light/dark cycle with controlled
room temperature (23 + 2 °C) and relative humidity (40-50%).

All mice were maintained in the animal facility at the Institute of
Medicinal Biotechnology under specific pathogen-free (SPF) condi-
tions. For animal studies, mice were earmarked before grouping and
then randomly separated into groups by an independent person;
however, no particular method of randomization was used. The sam-
ple size was predetermined according to previous experience using
the same strains and treatments. In general, we used >5 mice per
genotype and condition. We ensured that the experimental groups
were balanced in terms of age and weight. All animal procedures were
conducted in accordance with the guidelines of the Institutional
Committee for the Ethics of Animal Care and Treatment in Biomedical
Research of the Chinese Academy of Medical Sciences and Peking
Union Medical College (PUMC). Animal studies were performed
according to ARRIVE guidelines.

Cell culture

U937 (Acute myeloid leukemia) cells, and HEK 293 T cells were pur-
chased from the Cell Resource Center, Peking Union Medical College.
lenti-X293T cells were purchased from Takara Bio (Cat. #632180).
These cells were recently authenticated by short tandem repeat (STR)
profiling and characterized by mycoplasma and cell vitality detection.
U937cells were cultured and maintained in 1640 medium supple-
mented with 10% fetal bovine serum (FBS; Invitrogen, CA, USA) and 1%
penicillin streptomycin. HEK 293T and lenti-X293T cells were cultured
and maintained in DMEM supplemented with 10% FBS. All cell lines
were verified to be negative for mycoplasma using the MycoAlert™
Mycoplasma Detection Kit (Lonza, LT07-318). To generate U937 cells
stably overexpressing X-RARG fusions, X-RARG-HA-IRES-GFP or MIGR1-
HA-IRES-GFP retrovirus particles were infected into U937 cells. After
48 h of infection, GFP-positive U937 cells were sorted using FACS Aria
111 (BD Biosciences) and cultured for experiments without cloning. To
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generate U937 cells stably expressing AFT3“*° or BCLZ®°, AFT3“*° or
BCL2 ©*° lentiviral plasmids were purchased from Wengene Bios-
ciences Co., Ltd. (Beijing, China). The gRNA sequence targeting AFT3
was 5- TGTCAGCGACAGACCCCTCGGGG -3’; 5- TTTGTGATGGA-
CACCCCGAGGGG -3%; and the gRNA sequence targeting BCL2 was 5'-
CATTATAAGCTGTCGCAGAG GGG-3; 5- GGAGAACAGGGTACGA-
TAAC CGG -3’; After 24 h of infection, stable cells were selected in
medium containing 4 pg/mL puromycin (Gibco) for 14 days. After 2-3
passages in the presence of puromycin, cultured cells were used for
experiments without cloning.

Plasmid construction

Human RARG-untagged (HGI18253-UT), Human NUP98-untagged
(HG17778-UT), Human RXRA (HG10731-CF), and Human CPSFé6-Flag-
tagged (HG11458-CF) proteins were purchased from Sino Biological
Inc. (Beijing, China). Human PML::RARA-Myc-tagged proteins were
generated as previously described . The full-length fusion transcript
of CPSF6::RARG spanning from the start codon to exon 4 (519 nt) of
CPSF6 cDNA (NM001300947) was fused to the RARG 5-UTR from
exon2 to exon3 (210 nt) plus the RARG coding region (NG029822)
from the start codon to the stop codon, forming a 2094-bp in-frame
fusion transcript (GenBank MG715502), which is predicted to encode a
698-aa fusion protein. The full-length fusion transcript of
HNRNPC::RARG, spanning from the start codon to the 5-region,
encodes an RNA recognition motif (RRM) of HNRNPC cDNA
(NM_031314) that was fused to the RARG coding region (NG029822)
from the DNA binding domain to stop codon forming al422-bp in-
frame fusion transcript, which is predicted to encode a 474-aa fusion
protein. The full-length fusion transcript of PML::RARG spanning from
the start codon to exon 3 (1183 nt) of PML cDNA (NM_002675.3) was
fused to the RARG 5’-UTR from exon2 to exon3 (209 nt) plus the RARG
coding region (NG029822) from the start codon to the stop codon,
forming a 2754-bp in-frame fusion transcript, which is predicted to
encode a 918-aa fusion protein. The full-length fusion transcript of
NUP98::RARG spanning from start exon 4 to the stop codon (1409 nt)
of NUP98 cDNA (NM_016320) was fused to the RARG coding region
(NG029822) from the start codon to the stop codon to form a 2586-bp
in-frame fusion transcript, which is predicted to encode an 862aa
fusion protein. The full-length fusion transcript of NPM1::RARG span-
ning exon 1 to exon 4 (352 nt) of NPM1 cDNA (NM_002520) was fused
to the RARG coding region (NG029822) from partial exon 4 to exon 9
plus NPM1 exon 11 to form a 1389-bp in-frame fusion transcript, which
is predicted to encode a 463-aa fusion protein. Full-length cDNA
sequences of NPM1::RARG and HNRNPC::RARG were synthesized by
Ruibiotech (Beijing, China). Full-length cDNA sequences of
CPSF6::RARG, NUP98::RARG, and PML:RARG were constructed by
standard subcloning. The CPSF6:RARG, NUP98::RARG, PML:RARG,
NPM1::RARG, HNRNPC:RARG and PML:RARAHA-IRES-GFP plasmids
were cloned into the MIGR1 vector (Addgene, #27490) by standard
subcloning, and an HA-tag or Flag-tag was added. The Myc-tagged X-
RARG fusion plasmid was cloned into the pcDNA3.1-Myc-his vector
using standard subcloning. The truncations of CPSF6:RARG (amino
acids 1-698), CPSF6 (amino acids 1-173), RARG (amino acids 243-698),
CPSF6::RARG-/\-RARGI (amino acids 1-173 and 243-698), CPSF6::RARG-
/\-RRM (amino acids 1-81 and 173-698), CPSF6.::RARG-/\-DBD (amino
acids 1-328 and 408-698), CPSF6::RARG-/\-LBD (amino acids 1431 and
661-698), CPSF6::RARG-M624R and CPSF6::RARG-T627R were inserted
into the pcDNA3.1-Myc-his vector by standard subcloning. shRNAs
specifically targeting murine Bcl2 and Atf3 or human BCL2 and ATF3
were constructed into the ZsGreenl-tagged lentiviral vector pLVX-
shRNA2 (Clontech, Palo Alto, CA, USA) according to the Lenti-X shRNA
expression system user manual. The shRNA sequence targeting murine
Atf3 was 5- AGAAGGAACATTGCAGAGCTA-3’; and the shRNA
sequence targeting murine Bc2 was 5- CGTGATGAAGTACATACATTA-
3’; The shRNA sequence targeting human ATF3 was 5-

AGGCGACGAGAAAGAAAT-3; and the shRNA sequence targeting
human BCL2 was 5-AACATCGCCCTGTGGATGACT-3’; For the con-
struction of luciferase reporter plasmids of BCL2, we cloned the Chrl8:
63318000-63319000 promoter sequences of BCL2 into pGL3-basic
vector, or Chrl8: 63318000-63319000 promoter sequences plus
Chr18: 63366500-63367700 enhancer sequences into pGL3-basic
vector. For the construction of luciferase reporter plasmids of ATF3,
we cloned the Chrl: 212566200-212567300 promoter sequences of
ATF3into pGL3-basic vector, or Chrl: 212566200-212567300 promoter
sequences plus Chrl: 212607500-212609000 enhancer sequences into
pGL3-basic vector (Promega, Madison, WI, USA). For the construction
of luciferase reporter plasmids of FIF1, we cloned the Chrl7: 41688400-
41689700 promoter sequences of ATF3 into pGL3-basic vector. PGL3-
CEBPE, pGL3-PU.1, and pGL3-GFI1 were gifts from the Kankan
Wang Lab.

Retrovirus or lentivirus production

Lenti-X-293T cells were seeded in a 15 cm culture dish (Corning Inc.,
#430599) for retrovirus particle or lentivirus particle production. For
retrovirus particle production, 15 pg of retrovirus plasmids (MIGR1 or
X::RARG-HA-IRES-GFP plasmid) and 9 pg of pCL-Ecopack plasmid
(Addgene, 12371) were transfected into lenti-X-293T cells in 150 mm
culture using polyethylenimine (PEI, Polysciences Inc., #23966). For
lentivirus particle production, 2.7 ug of pMD2.G (Addgene, #12259),
5.4 pg of psPAX2 (Addgene, #12260), 10.7 ug of lentivirus target plas-
mid (A#3-shRNA, Bcl2-shRNA, ATF3-shRNA, BCL2-shRNA, AFT3° or
BCL2%** lentiviral plasmids) were transfected into lenti-X-293T cells,
the virus containing supernatant was collected, filtered with a 0.45 um
PVDF filter (Millipore), and concentrated with Retro-X™ Concentrator
(Takara Bio, 631455) or lenti-Pac™ Lentivirus Concentration Solution
(GeneCopoeia, LT007) at 48 h after transfection. The retrovirus or
lentivirus particles were aliquoted and stored at —-80°C freezer
until use.

Isolation, culture, and retroviral infection of human CD34"
primary cells

Human CD34" cells were isolated from mobilized peripheral blood
using a human CD34 MicroBead Kit (Miltenyi Biotec,130-046-702).
hCD34" cells were cultured in StemSpan™ SFEM II (Stemcell, 09655)
medium supplemented with 2 mM Glutamine, 100 units/ml penicillin/
streptomycin (PS), 100 ng/mL human SCF (Peprotech, 300-07-10),
100 ng/mL human TPO (Peprotech, AF-300-18-10), 20 ng/mL human
GM-CSF (Peprotech, 300-03-5), 100 ng/mL human FIt3L (Peprotech,
300-19-10), 50ng/mL human IL-6 (Peprotech, 200-06-20), and
50 ng/mL human IL-3 (Peprotech, 200-03-10) or supplemented with
1x StemSpan™ CD34" expansion supplement (Stemcell, 02691), and
UM729 (Stemcell, 72332). For retroviral infection of human CD34" cells,
hCD34" cells were infected with MIGR1 or X-RARG-HA-IRES-GFP retro-
virus particles supplemented with 8 pg/ml polybrene and then were
centrifuged at 1200 x g, 37 °C for 1.5 h. After 48 h of infection, GFP-
positive hCD34" cells were sorted using FACS Aria Il (BD Biosciences)
and cultured for experiments without cloning.

Flow cytometry

For BM, spleen, and PBMC of Cpsfé-rarg®™ mice or recipient mice for
primary or secondary transplantation analysis, cell suspensions from
the BM, spleen, and PBMC were directly labeled. Fluorescently
labeled antibodies against the following surface proteins were used
for mouse cells staining: PE anti-mouse B220 antibody (Biolegend,
103207, 1:100), APC/Cyanine7 anti-mouse CD3 antibody (Biolegend,
100221, 1:100), APC anti-mouse Gr-1 antibody (Biolegend, 108411,
1:100), PerCP/Cyanine5.5 anti-mouse/human CD11b antibody (Biole-
gend, 101227, 1:100), PE/Cyanine7 anti-mouse c-kit antibody (Biole-
gend, 135111, 1:100), PE anti-mouse Lin antibody (Biolegend, 13303,
1:100), FITC anti-mouse Lineage cocktail antibody (Biolegend,
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133302, 1:100), PerCP/CyanineS5.5 anti-mouse Ly6A/E (Sca-1) antibody
(Biolegend, 108121,1:100), APC/Cyanine?7 anti-mouse CD48 antibody
(Biolegend, 103431, 1:100), APC/Cyanine7 anti-mouse CD16/32 anti-
body (Biolegend, 101327, 1:100), APC/Cyanine7 anti-mouse CD34
antibody (Biolegend, 128621, 1:100), APC anti-mouse CD150 antibody
(Biolegend, 162604, 1:100), APC anti-mouse CD34 antibody (Biole-
gend, 128611, 1:100), APC anti-mouse CD16/32 antibody (Biolegend,
101325, 1:100). For human CD34" cell differentiation analysis, cell
suspensions from hCD34" cells overexpressing RARG fusions for
seven days were directly labeled. Fluorescently labeled antibodies
against the following surface proteins were used for human cell
staining: APC anti-human CD33 antibody (BioLegend, 366605, 1:100),
PE anti-human CD66b antibody (BioLegend, 305105, 1:100), PE/Cya-
nine7 anti-human CD45 antibody (BioLegend, 368531, 1:100), PE anti-
human CD45 antibody (BioLegend, 304008, 1:100), PE antihuman
CD34 antibody (BioLegend, 343506, 1:100), Annexin V-APC (BioLe-
gend, 640920,1:100), and 50 pg/mL propidium iodide (PI) (BD Bios-
ciences, 550825). For human CD34" cell differentiation and apoptosis
analysis, cell suspensions from hCD34" cells or hCD34" cells over-
expressing RARG fusions with or without ATF3 or BCL2 knockdown
cultured for 10 days were directly labeled. Fluorescently labeled
antibodies against the following surface proteins were used for
human cell staining: APC anti-human CD33 antibody (BioLegend,
366605, 1:100), PE/ Cyanine7 anti-human CD11lb antibody (BioLe-
gend, 982608, 1:100), PE antihuman CD34 antibody (BiolLegend,
343506, 1:100), Annexin V-APC (BioLegend, 640920, 1:100), and
50 pg/mL propidium iodide (PI) (BD Biosciences, 550825). Cells were
then washed, and data were acquired using a CytoFLEX flow cyt-
ometer and analyzed using FlowJo and CytExpert software.

Luciferase reporter assays

U937 cells were seeded in 12-well plates and transfected with the
indicated luciferase reporter gene plasmids using the Cell Line
Nucleofector Kit V (LONZA, VCA-1003) according to the manu-
facturer’s instructions. pTK-Renilla was used as the internal control.
After 24 h of transfection, the cells were harvested with lysis buffer and
luciferase activity was measured using a dual-luciferase assay (Pro-
mega, Madison, WI, USA, E1910).

Immunoprecipitation, immunoblotting, and immunostaining
Co-IP was performed as previously described. The cells were harvested
and lysed for 30 min in ColP buffer supplemented with a complete
protease inhibitor (Cell Signaling Technology, 5817) on ice. Cen-
trifugation was performed to obtain the supernatant, which was then
incubated first with the indicated antibodies at 4 °C overnight and then
with Protein A/G Plus-Agarose (Santa Cruz Biotechnology, TX, USA) at
4 °Cfor 2 h. Soluble lysates were incubated with the indicated anti-Myc
magnetic beads (Bimake.com, B26302) and anti-HA magnetic beads
(Bimake.com, B26202) at 4 °C overnight. The complexes were eluted
from the beads and boiled for 10 min. The precipitated proteins were
subjected to SDS-PAGE and immunoblotting with the corresponding
antibodies.

For immunoblotting, whole-cell extracts were prepared using
RIPA lysis buffer. SDS-PAGE was performed with equal amounts of
protein per sample and transferred to PVDF membranes. The following
antibodies were used for immunoblotting: anti-Bcl-2 (CST, #4223,
1:1000), anti-Bcl-xL (CST, #2764, 1:1000), anti-Mcl-1 (CST, #5453,
1:1000), anti-Bcl-w (CST, #2724, 1:1000), anti-ATF3 (Abcam, ab207434,
1:1000), anti-GAPDH (ZSGB-BIO TA-08, 1:2000), anti-Retinoic Acid
Receptor gamma (Abcam, abl87159, 1:1000), anti-RXRA (Abcam,
ab125001, 1:1000), anti-NCOR2 (Abcam, ab24551, 1:1000), anti-HDAC3
(CST, #3949, 1:1000), anti-mSin3A (Abcam, ab307197, 1:1000), anti-
CPSF6 (Abcam, ab175237, 1:1000), anti-P300 (CST, #54062, 1:1000)
anti-HA (CST, #3724, 1:1000), anti-Flag (CST, #14793, 1:1000), anti-GFP
(Abcam, ab290, 1:1000), anti-Myc-tag (MBL, #562, 1:1000), anti-

DDDDK-tag (MBL, PM020, 1:1000), anti-HA-tag (MBL, #561, 1:1000),
and anti-His-tag (MBL, PM032, 1:1000).

For immunofluorescence and colocalization assays, cells were
seeded on coverslips and processed according to the experimental
requirements. Next, the cells were briefly washed with PBS, fixed with
4% formaldehyde in PBS for 10 min, washed thrice with PBS, and per-
meabilized with 0.5% Triton X-100 for 15 min. Then, cells were washed
with PBS three times and blocked with 3% bovine serum albumin (BSA)
for 1h at 37°C. samples were incubated with primary antibodies
overnight at 4 °C and with secondary antibodies for 2 h. Nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI) in blocking buffer.
Images were acquired using a confocal microscope (Olympus
Microsystems).

RNA-Seq library preparation and sequencing

Human CD34" cells infected with control or RARG fusions retroviruses
were sorted into GFP-positive cells. Total RNA was extracted from
hCD34" cells with or without RARG fusions overexpression or spleen
cells isolated from the spleens of WtI*Cré"~L:CPSF6::RARG mice and
Cre"™;CPSF6::RARG mice using the RNA-Quick™ MicroPrep Kit (ZYMO
RESEARCH, R1055). RNA purity was evaluated using the Kaiao K5500®
spectrophotometer (Kaiao, Beijing, China), and RNA integrity and
concentration were assessed using the RNA Nano 6000 Assay Kit and
Bioanalyzer 2100 system (Agilent Technologies, CA, USA). An RNA
integrity number of 7.5 was required for all samples. Sequencing
libraries were generated using the NEBNext® Ultra™ RNA Library Prep
Kit for lllumina® (#E7530L, NEB, USA), according to the manufacturer’s
recommendations, and index codes were added to attribute sequen-
ces to each sample. Briefly, mRNA was purified from 2 pg of each total
RNA sample using poly T oligo-attached magnetic beads. Fragmenta-
tion was performed using divalent cations at an elevated temperature
in NEB Next First Strand Synthesis Reaction Buffer (5X). First-strand
cDNA was synthesized using random hexamer primers and RNase H.
Secondstrand cDNA synthesis was subsequently performed using a
buffer, ANTPs, DNA polymerase I, and RNase H. The library fragments
were purified using QiaQuick PCR kits and eluted with EB buffer, and
terminal repair, A-tailing, and adapter addition were implemented. The
intended products were retrieved and PCR was performed, at which
point the library construction was complete.

ChlIP-seq, ChIP-qPCR and CUT&Tag assay

For ChIP-seq, ChIP assays were performed according to the manu-
facturer’s protocol using the SimpleChIP® Plus Sonication Chromatin
IP Kit #56383 (Cell Signaling Technology, Danvers, MA, USA). Briefly,
hCD34" cells with CPSF6::RARG and NUP98::RARG overexpression were
fixated with 1% formaldehyde for 10 min, incubated with glycine
(50 mM final) 10 min and washed three times with PBS. After cell lysis
and chromatin extraction, chromatin was sonicated to 100-500 bp
using a Q800R3 Sonicator Chromatin and DNA Shearing System
(Qsonica, USA), followed by centrifugation at 16,000 g for 10 min at
4 °C. Then the lysates were incubated overnight at 4 °C with ChIP grade
antibodies: anti-HA tag-ChIP grade (abcam, ab9110, 1:100), anti-
Histone H3 (mono methylK4 ChIP grade (abcam, ab8895, 10 pg/sam-
ple), anti-Histone H3 (tri methylk4 ChIP grade (abcam, ab213224,
10 pg/sample), and anti-Histone H3 (acetyl K27ChIP grade) (abcam,
ab4729, 10 pg/sample), which were then coupled to magnetic beads
for 4 h. The Precipitated material was eluted (input chromatin was
used as control), the crosslinking was reverted, and DNA was purified
by chloroform/phenol extraction and resuspended in DNA elution
buffer. Species-matched IgG (Cell Signaling Technology, Danvers, MA,
USA) was used as the control for all ChIP-qPCR experiments. Then the
purified DNA was used to prepare ChIP-seq DNA libraries for Illumina
sequencing using NEBNext Ultra Il DNA Library Prep Kit (E7645).
Library DNA was sequenced with paired-end 150 reads using the Illu-
mina NovaSeq X plus platform.
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For ChIP-qPCR experiments, for BCL2, the ChIP-qPCR regions
include the promoter region (peak 1) Chr18: 63318200-63318500 and
the enhancer region (peak 2) Chrl8: 63367000-63367300. For ATF3,
ChIP-gPCR regions include the promoter region (peak 1)
Chrl1:212566400-212566700 and the enhancer region (peak 2)
Chrl:212608000-212608300. The qPCR primer sequences were as
follows: hBCL2 (peak 1) forward, 5" - AACTCAAAGAAGGCCACAATCC-3;
hBCL2 (peak 1) reverse, 5 - CGCCCCATCCAGCCGCATCCCG -3’; hBCL2
(peak 2) forward, 5’ - AGGCCACTCACCACCACATGCG -3’; hBCL2 (peak
2) reverse, 5’ - CTGGGTGGCGCGCGCGCCGGCT -3’; hATF3 (peak 1)
forward, 5" - ATTTTCCCATTTATAAAATATG -3’; hATF3 (peak 1) reverse,
5" - GCGTCATTTATAACCTCTCAACT -3’; hATF3 (peak 2) forward, 5’ -
CGGGGCTGCGGGCTCGGGCGCAC -3; hATF3 (peak 2) reverse, 5 -
CCCAGACTAGGTGAGGCTGGGA -3; hEIFI forward, 5" - AGAGGACGCC
CTCCTGCCGCAGA -3’; hEIFI reverse, 5 - GAAGGCGGCGGCGGCGG
TGGCG -3'.

For CUT&Tag, the CUT&Tag assay was performed according to
the manufacturer’s protocol using the Hyperactive Universal CUT&Tag
Assay Kit for Illumina (Vazyme, Nanjing, China, #TD904). In brief,
hCD34" cells with CPSF6::RARG, NUP98:RARG, PML::RARG,
NPM1::RARG, HNRNPC:RARG and PML::RARA overexpression were
harvested, counted and centrifuged for 5min at 600 xg at room
temperature, 100,000 cells per sample. The cells were washed with
500 uL of Wash Buffer supplemented with 1x protease inhibitor
cocktail and then resuspended in 100 pL of Wash Buffer. ConA Beads
pro were prepared with binding buffer, and 10 uL of activated beads
were added per sample, inverted to mix, and incubated at room tem-
perature for 10 min. Placed The tube on a magnetic stand and then
discard the supernatant, the primary antibody (anti-HA (CST, #3724,
1:100), anti-Flag tag-ChIP grade (CST, #14793, 1:100) incubation was
incubated on a rotating platform overnight at 4 °C. The beads were
incubated with goat anti-rabbit secondary antibody for 1 h at a dilution
of 1:100. After incubation, the beads were washed three times with Dig-
wash Buffer. Cells were incubated with a hyperactive pA/G-transposon
(pA/G-Tnp) at RT for 1 h and washed three times in Dig-300 buffer to
remove unbound pA/G-Tnp. Next, cells were re-suspended in 50 pL
Trueprep Tagment Buffer L (TTBL) buffer and incubated at 37 °C for
1h. The DNA fragments were extracted by adding 2 pL 10% SDS at 55 °C
for 10 min. Tubes were placed on a magnet stand to clear, and the
liquid was carefully removed to new tubes. DNA fragments was
extracted by adding 50 pL prepared DNA Extract Beads Pro at room
temperature for 20 min, and the tubes were placed on a magnet stand
to clear, and the liquid was carefully withdrawn. Beads were washed
twice with 200 pL 1 X BW buffer without disturbing the beads. After
drying for approximately 5min, 15uL of ddH,O was added and the
resuspended beads were used for amplifying libraries.

To amplify the libraries, 15uL DNA was mixed with 25uL
2xCUT&Tag amplification mix, 5puL universal N5, and 5uL uniquely
barcoded N7 primer, using a different barcode for each sample. The
sample was placed in a thermocycler with a heated lid using the fol-
lowing cycling conditions: 72 °C for 3 min, 95 °C for 30 min, 14 cycles of
98°C for 10 s and 60 °C for 5 s, final extension at 72 °C for 1 min, and
holding at 4 °C. Post-PCR clean-up was performed by adding 100 uL
VAHTS DNA Clean Beads (Vazyme, #N411), and libraries were incu-
bated with beads for 5 min at RT, washed twice gently in 80% ethanol,
and eluted in 20 pL ddH,O for sequencing.

For CUT&Tag sequencing, the size distribution of libraries was
determined using an Agilent 2100 bioanalyzer, and the libraries were
sequenced on the Illumina NovaSeq X plus platform in paired-end
reads, following the manufacturer’s instructions.

ATAC-seq

The ATAC-seq assay was performed according to the manufacturer’s
protocol using the Hyperactive ATAC-seq Library Prep Kit for lllumina
(Vazyme, Nanjing, China, #TD711). In brief, 10,0000 hCD34" cells with

or without CPSF6::RARG or NUP98::RARG overexpression were har-
vested, centrifuged for 5min at 500 x g at 4 °C. The cells were washed
with 50 uL TW wash buffer twice, resuspended with 50 pL lysis buffer,
incubated in lysis buffer on ice for 5min to isolate the nuclei. Then
nuclei were spun at 500 x g for 10 min at 4 °C, and resuspended in
50 pL Fragment Mix buffer. The fragmentation reaction was incubated
at 37 °C for 30 min. DNA fragments were extracted by adding 100 pL
DNA Extract Beads at room temperature for 5 min, and the tubes were
placed on a magnet stand to clear, and the liquid was carefully with-
drawn. Beads were washed twice with 80% ethanol, without disturbing
the beads. After drying for approximately 5min, 26 uL of ddH,0O was
added. The tubes were vortexed, spun quickly, and allowed to sit for
5 min. The tubes were then placed on a magnet stand, and the liquid
was withdrawn to a fresh tube.

To amplify the libraries, 20 uL fragmented DNA was mixed with
30 uL 2x CAM buffer, 5 uL universal N5, and 5 pL uniquely barcoded N7
primer, using a different barcode for each sample. The sample was
placed in a thermocycler with a heated lid using the following cycling
conditions: 72 °C for 3 min, 95 °C for 30 min, 15 cycles of 98 °C for 10 s
and 60 °C for 5 s, final extension at 72 °C for 1 min, and holding at 4 °C.
Post-PCR clean-up was performed by adding 33 uL ATAC DNA Clean
Beads and libraries were incubated with beads for 5min at RT, the
tubes were placed on a magnet stand to clear, and the liquid was
removed to a fresh tube. Then the amplified DNA was added 72 uL
ATAC DNA Clean Beads and incubated with beads for 5 min at RT, and
libraries were incubated with beads for 5min at RT, washed twice
gently in 80% ethanol, and eluted in 20 uL ddH,O for sequencing. For
ATAC-seq sequencing, the size distribution of libraries was determined
using an Agilent 2100 bioanalyzer, and the libraries were sequenced on
the Illumina NovaSeq X plus platform in paired-end reads, following
the manufacturer’s instructions.

ChiIP-seq, CUT&Tag and ATAC-seq analysis

For ChIP-seq, CUT&Tag and ATAC-seq, reads were trimmed using
Cutadapt (version 4.1).and then were aligned to the human genome
(hg38) using Bowtie 2 (version 2.2.9) to map the unique reads. Dupli-
cated reads from PCR amplification were further removed with Picard
MarkDuplicates (version 1.119). The sam files were converted to bam
files and sorted with Samtools (version 1.3). The bam files were con-
verted to BW files by using Deeptools (version 3.5.1). MACS2 (version
2.2.7.1) was used to call peaks*®. The Mapped reads were visualized
using Integrative Genomics Viewer (IGV, version 2.17.4).

For CUT&Tag, the RARG fusions or PML-RARA binding peaks
were identified using MACS2 (version 2.2.6) by comparing differ-
ences between those peaks identified in hCD34" cells with RARG
fusions or PML-RARA overexpression with an IgG control. The com-
mon peaks in RARG fusions to or unique peaks in RARG fusions
compared to PML-RARA were identified by Bedtools intersect. The
enrichment motifs in RARG fusions were analyzed using HOMER
motif analysis. The ChlPseeker was used for the peak annotations
with the default settings. Diffbind*’ was used to call differential peaks
between CPSF6::RARG or NUP98::RARG overexpressing hCD34" cells
and hCD34" cells using a threshold of FDR<0.05 and the average
absolute log 2 (fold change) 1.0 by DESeq2.

Real-time PCR

RNA was isolated using the RNA-Quick Purification Kit (ES science,
RNOO1). Total RNA (1 mg of total RNA was reverse-transcribed using
the TransScript One-Step gDNA Removal and cDNA Synthesis Super-
Mix (Transgen Biotech, AT311-02). PCR was performed using a MyCy-
cler thermal cycler and analyzed using qTOWER. The PCR primer
sequences were as follows: hGAPDH forward, 5- GTCTCCTCTGACTT-
CAACAGCG-3’, hGAPDH reverse, 5- ACCACCCTGTTGCTGTAGCCAA-
3; hATF3 forward, 5- CGCTGGAATCAGTCACTGTCAG -3’; hATF3
reverse, 5- CTTGTTTCGGCACTTTGCAGCTG-3’; hBCL2 forward, 5-
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ATCGCCCTGTGGATGACTGAGT-3’; hBCL2 reverse, 5- GCCAGGAGAA
ATCAAACAGAGGC -3’; hEREG forward, 5- CTTATCACAGTCGTCGG
TTCCAC -3’; hEREG reverse, 5- GCCATTCAGACTTGCGGCAACT -3
hSYTL3 forward, 5- GCCTGTAAGAACCTTGCCTATGG -3’; hSYTL3
reverse, 5- ACGGTGTTCCTTTGGACTCCAG -3’; hREXO1 forward, 5-
AACGAGTCCACCAGCGTCAAGA -3; hREXOI reverse, 5- CCTTGCT
TGGAAAGGTGGGAGA -3; hRASGEFIB forward, 5- TTCAGGCG
TTCGTGCAGAAGGA -3’; hRASGEFIB reverse, 5- AGCAACCAAGTAGCT
GAGGCGA -3’; hINPP5A forward, 5- AGCGAGGAGAAGGTTGTCACCT
-3’; hINPP5SA reverse, 5- CATGGGCATGAGGTTTACCTGC -3’; hANCAPG2
forward, 5- GGAACTGGCATTTGACACGAGC -3’; hNCAPG2 reverse, 5’
GCTGCTCTAACAATGGGTGGCT -3’; hEIFI forward, 5- ACTGTCCAA
GGGATCGCTGATG -3’; hEIFI reverse, 5- TCTTGCGTTGGTCACCCTG-
TAG -3’; hRPSS forward, 5'- CCGCAAGAAGGGAGCCAAGCT -3’; hRPS8
reverse, 5- CCAGGAGACTGCTGATTTTGGC -3’; mAtf3 forward, 5-
GAAGATGAGAGGAAAAGGAGGCG -3; mAY3 reverse, 5- GCTCAG-
CATTCACACTCTCCAG -3’; mBcl2 forward, 5- CCTGTGGATGACT-
GAGTACCTG -3’; mBc2 reverse, 5- AGCCAGGAGAAATCAAACAGAGG
-3’; hBCL2L1 forward, 5- GCCACTTACCTGAATGACCACC -3’; hBCL2L1
reverse, 5- AACCAGCGGTTGAAGCGTTCCT -3’; hBCL2I2 forward, 5-
CAAGGAGATGGAACCACTGGTG -3’; h BCL2L2 reverse, 5- CCGTATA-
GAGCTGTGAACTCCG -3; hMCL1 forward, 5- CCAAGAAAGCTG
CATCGAACCAT -3’; hMCLI reverse, 5- CAGCACATTCCTGATGCCA
CCT -3; hRARG forward, 5- CATCACCAAGGTCAGCAAAGCC -3’;
hRARG reverse, 5- GCTCACTGAACTTGTCCCACAG -3’; hCD38 forward,
5- TCTTGCCCAGACTGGAGAAAGG -3’; hCD38 reverse, 5- TGGACCA-
CATCACAGGCAGCTT -3’; hSCUBEI forward, 5- ATGTGGACGAGTG-
CAGCATGAG -3’; hSCUBEI reverse, 5- GCGAGAAAGACACTTGCCTGTC
-3’; hPOSTN forward, 5- CAGCAAACCACCTTCACGGATC -3’; hPOSTN
reverse, 5- TTAAGGAGGCGCTGAACCATGC -3’; hDEFAI forward, 5-
CCAGAAGTGGTTGTTTCCCTTGC -3; hDEFAI reverse, 5- GGTA-
GATGCAGGTTCCATAGCG -3';

Wright-Giemsa staining

The PMBC or BM cells were harvested, washed with PBS, and 1x10*
cells were centrifuged into glass slides by cytospin at 600 rpm for
5min. Glass slides were stained with Wright-Giemsa staining solution
(E607315, Sangon Biotech, Shanghai, China) according to the manu-
facturer’s instructions.

Mouse bone marrow transplantation (BMT)

For BMT of Cpsfé::rarg™ mice, 1x 10° freshly harvested BM cells from
12-month-old Cre*® mice and Cpsf6-rarg™ mice were transplanted via
tail vein injection into lethally (9 Gy, X-rays, RS2000)irradiated 8-week-
old C57BL/6 recipient mice. For WtI”*Cre*?, X-RARG mouse model
establishment, lineage-negative (lin) cells were enriched from 8-
month-old Cré"™or Wt17*Cré"mice (poly L:C-induction) using the
ImunoSep Mouse hematopoietic lineage negative cell enrichment kit
(Nuowei Biotechnology, 729120), according to the manufacturer’s
instructions. Lineage-negative cells were cultured in StemSpan™ SFEM
(Stemcell, 09650) supplement with 10 ng/ml recombinant mouse IL-3
(Peprotech, 213-13), 10 ng/ml recombinant human IL-6 (Peprotech,
200-06-20) and 100 ng/ml recombinant mouse SCF (Peprotech,
250-03), 55 mM BME, 1% HEPES, and 1% penicillin/streptomycin (PS) for
24 h. Then Lineage negative cells were infected with MIGR1 or X-RARG-
HA-IRES-GFP retrovirus particles supplemented with 8 ug/ml poly-
brene and then were centrifuged at 1200 g, 37 °C for 1.5 h. After two
rounds of infection with retrovirus particles, 1x10° lineage-negative
cells were transplanted via tail vein injection into lethally (9 Gy, X-rays,
RS2000)-irradiated 8-week-old C57BL/6 recipient mice. For secondary
transplantation, spleen cells from primary Wel”*Cre®;X-RARG mice
(leukemic) or X-RARG mice were transplanted into sublethally (4.5 Gy)
irradiated 8-week-old C57BL/6 recipient mice. Peripheral blood (PB)
was collected for peripheral blood cell counts using an ABX Pentra 60
Hematology Analyzer. Portions of the spleen from the leukemic mice

were collected at the time of sacrifice, fixed in formalin, and embedded
in paraffin. Tissue samples were then sectioned and stained with
hematoxylin and eosin (H&E).

PDX mouse models and treatment in vivo

For the PDX model, 6-week-old male NSG mice were implanted with
intravenous injections of 5 x 10° leukemia cells from AML patients with
CPSF6::RARG and NUP98::RARG rearrangement after 1Gy irradiation.
Approximately 3-4 weeks following implantation, the first-generation
mice (G1) were sacrificed, and spleen and BM cells were collected.
Leukemia cells were tested for human CD45 expression, and the
remaining cells 3 x 10° into 8 NSG mice as the second generation (G2).
After stable passage of the third generation (G3), 1 x 10° leukemia cells
of the fourth generation (G4) were transplanted into 30-40 NSG mice
for in vivo treatment (8 mice per group, dependent on the experi-
mental drug treatment). After confirmation of human leukemia
engraftment in murine peripheral blood (>5% human CD45" cells),
mice were treated with vehicle, Venetoclax (ABT-199) (Selleck, S8048)
(100 mg/kg/day, p.o.), homoharringtonine (Selleck, S9015) (0.5 mg/kg,
i.p. twice a week), or daunorubicin HCI (Selleck, S3035) (0.5 mg/kg, i.p.
twice a week) for three weeks. During and after treatment with the
vehicle control or the indicated agents, the ratio of human CD45" cells
and survival were evaluated to determine therapeutic efficacy in the
PDX models. Mice were sacrificed post-treatment, and the peripheral
blood, bone marrow, and spleen were analyzed by flow cytometry.

In vivo study of RARG-AML mice model

To assess the anti-AML effects of HHT, Daunorubicin, and Venetoclax
on RARG-AML in vivo, AML like spleen cells from primary transplan-
tation mice (WtI”*Cre"™*; CPSF6:RARG mice, leukemic) were intrave-
nously injected into sublethally (4.5 Gy) irradiated 8-week-old C57BL/6
recipient mice (1 x 10° cells per mouse). Mice implanted with leukemic
cells were randomly assigned to one of two treatment groups. Three
days after transplantation, Venetoclax (ABT-199) (Selleck, S8048)
(100 mg/kg/day, p.o.), homoharringtonine (Selleck, S9015) (0.5 mg/kg,
i.p. three times a week), or daunorubicin HCI (Selleck, S3035) (0.5 mg/
kg, i.p. three times a week) for three weeks. Mice were sacrificed post-
treatment, and the peripheral blood, bone marrow, and spleen were
analyzed by flow cytometry. To assess the role of A¢f3 or Bcl2 knockout
on the progression of RARG-AML, mouse AML-like spleen cells from
primary transplantation mice (W17 Cre" ;NUP98::RARG mice, leu-
kemic) infected with con or Bcl2 and Atf3 shRNA lentiviral particles,
and 1x10° cells were intravenously injected into sublethally (4.5 Gy)
irradiated 8-week-old C57BL/6 recipient mice. The survival rates in the
indicated groups were evaluated.

Colony formation assay

Approximately 10,000 human CD34" cells with or without X-RARG
fusion overexpression were seeded in semi-solid medium (MethoCult
H4536; Stemcell Technologies, Cambridge, MA, USA) according to the
manufacturer’s instructions. Colony formation and colony number
were calculated after 14 days. For 2nd replating, the cells from 1st CFU
were collected, washed, resuspended, and replated in semi-solid
medium. The number were counted after 14 d.

Cell proliferation assay

For the CCK-8 assay, U937 or hCD34" cells with or without X-RARG
overexpression were seeded in 96-well plates at a concentration of
10,000 cells per well in triplicate at 37 °C and 5% CO,. The cells were
then treated with prilocaine (AbMole, M5897), oxfendazole (AbMole,
M3209), lopinavir (AbMole, M2158), mitoxantrone (AbMole, M3493),
dasabuvir (ABT-333) (AbMole, M2333), CAL-101 (ldelalisib) (AbMole,
M1945), daunorubicin HCI (Selleck, S3035), venetoclax (ABT-199)
(Selleck, S8048), ABT199 (Venetoclax) (AbMole, M2017), and homo-
harringtonine (Selleck, S9015) at different concentrations for 48 h.
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Subsequently, 10 pl of CCK-8 solution (Dojindo, CKO4) was added to
each well, according to the manufacturer’s instructions. Finally, the
absorbance was measured at 450 nm wavelength. The IC50 values of
the indicated agents were calculated using the GraphPad Prism soft-
ware (version 9.3.1).

Gene Set Enrichment Analysis (GSEA)

For the GSEA analysis, the gene list was pre-ranked based on log2 fold-
change values of gene expression in primary RARG-AML patients vs
primary APL patients. Pre-ranked GSEA analysis was performed using
an apoptotic pathway gene set or ATF3 target gene sets (ATF3_Q6.
v2023.1. Hs). The MisigDB database used in this analysis was originated
from our previous study’.

Statistics and reproducibility

Data are expressed as meanz+standard error of the mean (SEM).
Comparisons between two groups were performed using an unpaired
Student’s ¢ test and one-way ANOVA. Survival rates were analyzed
using the Kaplan-Meier method. Sample number (n) indicates the
number of independent biological samples in each experiment. The
sample numbers and experimental replicates are indicated in the fig-
ures and figure legends. All experiments were performed with >3
biological replicates. Statistical significance was set at p <0.05. Ana-
lyses were performed using the GraphPad Prism software (ver-
sion 9.3.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq, CUT&Tag, ChIP-seq, and ATAC-seq data have been
deposited in the NCBI Gene Expression Omnibus (GEO) database
under accession numbers GSE243438, GSE275303, and GSE275304.
The uncropped blot figures and original data underlying Figs. 1-7 and
Supplementary Figs. 1-6 are provided as a Source Data file. The
remaining data are available within the Article, Supplementary Infor-
mation or Source Data file. Source data are provided in this
paper. Source data are provided with this paper.
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