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CPSF6-RARγ interacts with histone
deacetylase 3 to promote myeloid
transformation in RARG-fusion acute
myeloid leukemia

Tianhui Liu1,2,5, Tanzhen Wang1,2,5, Lijuan Qi1,2,5, Yujie Liu 1,2,5, Meng Shan1,2,
Fuqiang Wang3, Yanglan Fang1,2, Sining Liu1,2, Lijun Wen1,4, Suning Chen 1,4 ,
Depei Wu 1,2 & Yang Xu 1,2

Acute myeloid leukemia (AML) with retinoic acid receptor gamma (RARG)
fusions, which exhibits clinical features resembling acute promyelocytic leu-
kemia (APL), has been identified as a new subtypewith poor clinical outcomes.
The underlying mechanism of RARG-fusion leukemia remains poorly under-
stood, and needs to be explored urgently to instruct developing effective
therapeutic strategies. Here, using the most prevalent RARG fusion, CPSF6-
RARG (CR), as a representative, we reveal that the CR fusion, enhances the
expansion of myeloid progenitors, impairs their maturation and synergizes
with RAS mutations to drive more aggressive myeloid malignancies. Mechan-
istically, CR fusion interacts with histone deacetylase 3 (HDAC3) to suppress
expression of genes associated with myeloid differentiation including the
myeloid transcription factor PU.1. Disrupting CR-HDAC3 interaction, restores
PU.1 expression and myeloid differentiation. Furthermore, HDAC inhibitors
effectively suppress CR-driven leukemia in vitro and in vivo. Hence, our data
reveals the molecular bases of oncogenic CR fusion and provides a potential
therapeutic approach against AML with CR fusion.

The successof treatingacutepromyelocytic leukemia (APL)with all-trans
retinoic acid (ATRA) and arsenic trioxide (ATO) has revolutionized can-
cer therapy by inducing the differentiation of immature cancer cells.
Differentiation therapy has greatly benefited patients with PML-RARA
fusion, resulting in an overall survival rate of more than 95%1–3. APL
harbors a t(15:17) chromosomal translocation that results in the fusion of
thePMLgene to retinoic acid receptor alpha (RARA).While thePML-RARA
fusion drives the pathogenesis of APL, it also determines sensitivity to
ATRA or ATO4–6. In addition to the PML gene, RAR genes are frequently

translocated to other regions in the genome, resulting in different RAR
fusion genes in various subcategories of APL-like myeloid leukemias7–10.
Despite sharing similar clinical features with t(15:17) translocation, APL-
like myeloid leukemias are not sensitive to ATRA and/or ATO treatment
and usually have a poor outcome11–13. In addition, the molecular
mechanisms of pathogenesis are largely unknown, and the effective
therapeutic strategies needs to be developed urgently.

Retinoic acid receptor gamma (RARγ) is a key regulator of normal
blood cell development. It regulates hematopoietic stem cell (HSC) self-
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renewal throughNotch1 signaling14–16. Interruptingmutations in theRARG
gene impair normal hematopoiesis and predispose to the development
of myeloid malignancies17. Recently, RARG rearrangements were fre-
quently reported in myeloid malignancies with the advancement and
applicationof high-throughput sequencing technologies at diagnosis18–25.
A worldwide study revealed that patients with RARG fusions formed a
unique group with morphology, immunophenotype, transcriptional
landscape and other features similar to those of APL patients with PML-
RARA26. However, these patients are insensitive to ATRA or ATO
treatment27–29. Patients carrying RARG fusions have worse clinical out-
comes, with a 2-year relapse rate of 68.7% and a survival rate of 33.5%26.

More than 6 different types of RARG fusions have been reported,
including CPSF6-RARG (CR)7,18–20,30, NUP98-RARG21,31,32, HNRNPc-
RARG25,33, HNRNPm-RARG22, PML-RARG34 and NPM1-RARG28. CR and
NUP98-RARG are the 2 most frequently observed fusions in patients,
with incidence of 41% and 32%, respectively26. Interestingly, patients
with RARG fusions frequently harbor concurrent mutations in RAS
family genes, such as NRASG12D or KRASQ61H, suggesting possible coop-
eration between the 2 genetic events in leukemogenesis. All RARG
fusions retain conserved DNA-binding domains, which play essential
roles in transcriptional regulation35. RARγ exerts dual roles of tran-
scription repression and activation, while it inhibits transcription by
recruiting corepressors and histone deacetylases (HDACs)35,36. The
fusion of RARG to different partner genes may change the genomic
occupancy and function of transcriptional regulation by recruiting
different repressors such as HDACs, which may contribute to the
development of disease.

Here, wedemonstrate that CR fusion impairsmyeloid development
in CR knock-in mice and human CD34+ cell xenograft models. CR fusion
interacts with HDAC3 to suppress gene expression and cooperates with
NRASG12D or KRASQ61H to drive more advanced myeloid malignancies.
Disrupting the CR-HDAC3 interaction selectively suppresses CR fusion-
leukemia, which could be a potential therapeutic choice.

Results
CR fusions promote myeloid expansion in mice
To evaluate the effect of CR fusion on hematopoiesis, we generated
conditional knock-inmousemodelswith two transcripts (CRL andCRS)
reported in our previous study18 (Supplementary Fig. 1a). Conditional
knock-in mice were bred with Vav-Cre mice to selectively express CR
fusion proteins in hematopoietic cells (Fig. 1a, Supplementary Fig. 1b).
All the Mice were genotyped by genomic polymerase chain reaction
(PCR), and the expression of transgenes in bonemarrow (BM) cellswas
confirmed by reverse transcription PCR (RT‒PCR), immunoblotting
and flow cytometry (Supplementary Fig. 1c–f). The expression levels of
CR fusions in the knock-in mice were comparable to those observed in
CR-AML patients (Supplementary Fig. 1g).

Vav-CRL and Vav-CRS mice exhibited increased white blood cells
(WBCs) and decreased hemoglobin (Hgb) and platelets (PLTs) in per-
ipheral blood (PB) at 12 months of age. (Fig. 1b). The expression of CR
fusions significantly increased the population of myeloid cells
(Mac1+Gr1+), and decreased the proportion of erythrocytes (Ter119+)
and B cells (B220+), but had less impact on T cells (CD3+) in the BM and
PB (Fig. 1c and Supplementary Fig. 1h, i). We next examined the more
primitive populations by flow cytometry. Micewith CR expression had
more myeloid progenitors (LK, Lineage‒IL7R−sca-1−Kit+), which is likely
due to the expansion of commonmyeloid progenitor cells (CMPs) and
granulocyte-monocyte progenitor cells (GMPs) in the BM (Fig. 1d).
Interestingly, CR fusions strikingly increased the populations of
Lin−Sca1+cKit+ (LSK) cells, long-term HSCs (LT-HSCs) and short-term
HSCs (ST-HSCs, Fig. 1e). We also observed mild splenomegaly (Sup-
plementary Fig. 1j), leukocytosis of neutrophilic andmonocytic cells in
the BM (Fig. 1f, g) and infiltration of leukocytes in the spleen and liver
(Supplementary Fig. 1k). BM cells from knockin mice were then iso-
lated for colony-forming assays. The results showed that BM cells from

either Vav-CRL or Vav-CRSmice couldgeneratemoremyeloid colonies
than those from WT mice (Supplementary Fig. 1l). These data sug-
gested that CR fusions drive the proliferation and expansion of HSPCs
and enhance myeloid differentiation.

Todetermine the effect of CR fusionson the stemness ofHSPCs,we
performed competitive repopulation assays (Fig. 1h). Wild-type (WT)
competitor (CD45.1+) BM cells were mixed with CD45.2 WT, Vav-CRL or
Vav-CRS BM cells at a 1:1 ratio. Cells were retro-orbitally injected into
lethally irradiated recipients (CD45.1mice). Recipients with Vav-CRL and
Vav-CRS showed increased proportions of chimerism (Supplementary
Fig. 1m) and chimeric tdTomato+ cells (Supplementary Fig. 1n). Notably,
the proportion of myeloid cells derived from Vav-CRL and Vav-CRS
donors was significantly higher than that from WT donors, in primary
and secondary transplantation (Fig. 1i, j), suggesting enhanced self-
renewal and repopulatingcapability ofmyeloidprogenitors and inHSCs.

To further reveal the effect of CR fusions on the myeloid lineage,
we crossed CR conditional knock-inmousemodels with LysM-Cremice
to achieve myeloid-specific expression of CR fusions (Supplementary
Fig. 2a). Consistent with the phenotype of Vav-CR (Vav-CRL and Vav-
CRS) mice, LysM-CRL and LysM-CRS mice showed increased neu-
trophils in the PB (Supplementary Fig. 2b), and increased proportions
of myeloid cells, including immature myeloid cells (Mac1+c-kitlow) and
GMPs, in the BM (Supplementary Fig. 2c). BM Mac1+ and c-kit+ cells
from WT, LysM-CRL or LysM-CRS mice were sorted and mixed at a 1:1
ratio to perform single-cell RNA sequencing (scRNA-seq). Nine sub-
populations were clustered according to the transcription profiles
(Supplementary Fig. 2d, e). Increased proportions of immature mye-
loid cells (IM) and granulocytes (G) were observed in cells from LysM-
CRL or LysM-CRS mice compared with those from WT mice (Supple-
mentary Fig. 2f). Gene set enriched analysis (GSEA) was performed in
IM and G clusters. We discovered that several pathways were down-
regulated by CR fusions, including myeloid cell differentiation,
migration and activation, and the pathway of regulation of the Mapk
cascade was upregulated (Supplementary Fig. 2g, h). Genes critical for
cell proliferation and differentiation, such as Kras, Junb and Fos, were
upregulated. Transcription factors (TFs) for myeloid maturation, such
as Id2 and PU.1, were downregulated (Supplementary Fig. 2i, j).

CR fusions disrupt myeloid differentiation of human HSPCs
To better understand the impact of CR fusions on human hemato-
poiesis, human CD34+ cells were enriched and transduced with lenti-
virus expressing CRL, CRS, or empty vector (Vec). GFP+ cells were
sorted for the following in vitro assays, while total unsorted cells were
transplanted into NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt)
mice (Supplementary Fig. 3a). The protein levels of exogenous CR
fusions in GFP+ cells, normalized by endogenous CPSF6, were com-
parable to those observed inCR-AMLpatients (Supplementary Fig. 3b).
Compared to the Vec group, CRL- or CRS- expressing cells generated
more myeloid and mixed-lineage colonies (Fig. 2a and Supplementary
Fig. 3c). We then examined the colony-replating abilities of GFP+ cells.
Both CRL- and CRS- expressing cells were able to generate colonies
after 5 consecutive cultures, while no colonies were observed in the
Vec group after 3 consecutive cultures (Fig. 2b), indicating an
enhanced self-renewal capability of CR-expressing cells.

We next investigated the impact of CR fusions on myeloid dif-
ferentiation. CR-expressing cells cultured in medium10 designed to
promote myeloid cell development exhibited intensive proliferative
capabilities (Fig. 2c and Supplementary Fig. 3d). These proliferative
cells were composed of a large proportion of immature myeloid cells
(CD34+CD33+) and fewer mature cells (CD66+CD33+, Fig. 2d and Sup-
plementary Fig. 3e). Morphology analysis showed that the majority of
cells were arrested at themyelocytic or promyelocytic stage in the CR-
expressing groups (Fig. 2e).

To analyze the effect of CR on human hematopoietic cells in vivo,
CR- or Vec- transduced cells were tibia injected into sub-lethal NCG
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mice, and the engraftment of human cells was analyzed 3months post
transplantation (Supplementary Fig. 3f–h). Consistent with the data
from in vitro assays, the proportions of myeloid cells and myeloid
precursors were significantly elevated, while the proportion of gran-
ulocytes decreased (Fig. 2f). In addition, the expression of CR fusions
expanded the stem and progenitor pools (Fig. 2g). Moreover, myeloid
cell expansion induced by CR fusions led to a reduction in B lympho-
cytes, comparedwith the Vec group (Fig. 2h). Hence, CR fusions impair
normal hematopoiesis and induce a pre-leukemic phenotype in both
murine and human models.

CR cooperates with oncogenic RAS to drivemyeloidmalignancy
Given that RAS mutations are common concurrent mutations in CR
fusion patients (Fig. 3a) and that mouse models with RAS mutations
were readily available, we wanted to test the hypothesis that CR fusion

was able to synergizewith oncogenicRAS to promote leukemogenesis.
Weestablished a viralmousemodel by expressing oncogenicRAS inCR
fusions HSPCs. C-kit+ cells fromWT or Vav-CRmice were enriched and
subsequently transduced with virus expressing Vec, NRASG12D or
KRASQ61H mutation (Supplementary Fig. 4a, b). Cells were then trans-
planted to sublethally irradiated recipients (Fig. 3b). Remarkably,
NRASG12D alone (WT/N) induced disease-related death with a median
survival date of 150 days after BM transplantation (BMT). CR sig-
nificantly accelerated leukemia progression, while CR/NRASG12D (CR/N,
CRL/N or CRS/N) mice died of leukemia within 110 days, which was
significantly earlier thanWT/Nmice (Fig. 3c, top panel). Similar results
were obtained in CR/KRASQ61H mice (Fig. 3c, bottom panel). No WT/
KRASQ61H (WT/K) mice died of leukemia during the observation period
(Fig. 3c, bottom panel). The double mutant mice had leukocytosis,
anemia, thrombocytopenia (Supplementary Fig. 4c, d) and increased
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Fig. 1 | CR fusions promote myeloid expansion in knock-in mice. a Strategy
design of CRL or CRS conditional knock-in mice. b Complete blood count (CBC) of
peripheral blood (PB)whitebloodcells (WBCs), hemoglobin (Hgb)andplatelets (PLTs)
in 12-month-old mice with the indicated genotypes. n= 7 mice/group. c–e Flow cyto-
metry quantification of BM lineage cells (c n=5 mice/group), myeloid progenitors
(d n=7 mice/group), and HSPCs (e n=5 mice/group) in WT (grey colour), Vav-CRL
(red colour) and Vav-CRS (blue colour) mice. Mac1+Gr1+, myeloid cells; B220+, B cells;
CD3+, T cells; Ter119+, erythrocytes; LK,myeloidprogenitors (Lin−IL7R−sca-1−kit+); CMP,
common myeloid progenitor (Lin−IL7R−sca-1−kit+CD34+CD16/32−); GMP, granulocyte-
monocyte progenitor (Lin−IL7R−sca-1−kit+CD34+CD16/32+); MEP, megakaryocyte-
erythroid progenitor (Lin−IL7R−sca-1−kit+CD34−CD16/32−); LSK (Lin−sca-1+kit+); LT-HSC,
long-term hematopoietic stem cell (Lin−sca-1+kit+CD150+CD48−); ST-HSC, short-term
hematopoietic stem cell (Lin−sca-1+kit+CD150−CD48−). MPP, multi-potent progenitor

(Lin−sca-1+kit+CD150+/−CD48+). f Representative hematoxylin and eosin (H&E) staining
and immunohistochemistry of BM sections, showing the expansion of myeloid cells.
Scale bars, 100 μm. All images are representative of 5 mice/group. g Statistically
analysis of themean staining intensity ofMPOprotein fromBMsections ofWTorVav-
CR mice by QuPath software (n=9 mice/group). h Schematic of competitive BM
repopulation assays and the secondary transplantation. i–j Frequencies of donor-
derived myeloid cells and immature myeloid cells (Mac1+Kitlow) in the BM of primary
(i n=5mice/group) and secondary (jn= 5mice/group) recipients. Heterozygousmice
were included in the experiments tomimic the clinical situation (b–g). All the data are
shown as the mean±SD, statistical analysis was performed by two-tailed one-way
ANOVAwithDunnett’smultiple comparisons test (b–e,g, i, j). See also Supplementary
Figs. 1, 2. Source data are provided as a Source Data file.
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GFP+ cells (cells expressing RAS mutation) in BM and spleen (Fig. 3d).
The GFP+ leukemic cells predominantly consist of Mac1+Gr1− cells
(Fig. 3e and Supplementary Fig. 4e, f). CR/N mice exhibited massive
hepatosplenomegaly (Fig. 3f). Pathological examination confirmed
robust blasts infiltration in the BM, spleen and liver (Fig. 3g and Sup-
plementary Fig. 4g). Increased myeloblasts were observed in BM
cytospins by Wright-Giemsa staining (Fig. 3g). It is noted that the dis-
ease burden was more severe in CR/N mice than in WT/N mice, indi-
cating a more profound lesion of hematopoiesis in the double mutant
groups. Collectively, these data showed that CR fusions enhanced
NRASG12D- or KRASQ61H- induced leukemogenesis in vivo.

To reveal the impact of CR fusions on the transformation of
myeloid malignancies driven by CR fusions and NRASG12D, we per-
formed scRNA-seq analysis in Mac1+ and Kit+ cells (mixed at a 1:1 ratio)
isolated from WT/V, CR/V, WT/N and CR/N mice. Seven tran-
scriptionally distinct cell clusters were identified (Fig. 3h and Supple-
mentary Fig. 4h). Leukemic cells exclusively present in the NRASG12D

groups were characterized based on the expression of human NRAS
(Fig. 3i), and subsequently classified into six distinct subsets (Fig. 3j).
Compared to WT/N group, CRL/N and CRS/N groups showed a higher
proportions of subpopulations C2, C3 and C4 (Fig. 3k). Comparative

analysis of transcriptional profiles between CR/N and WT/N in these
subsets revealed significant enrichment of myeloid cell development,
Hdac3 targets, HSC signatures, fatty acidmetabolism andTNF-α/NF-κB
signaling pathway within both the CRL/N and CRS/N groups
(Fig. 3l, m). These findings suggest an altered myeloid differentiation
and myeloid transformation in CR/N mice.

CR alters target profiles by increasing chromatin occupancy
As RARγ regulates gene expression by direct DNA binding, we sought
to address how CR fusions affect gene expression, which may disturb
myeloid development and contribute to pre-leukemia transformation.
We performed cleavage under targets and tagmentation sequencing
(CUT&Tag-seq) on human CD34+ cells with consistent expression
levels of flag-CRL, flag-CRS and flag-RARγ using the flag antibody
(Supplementary Fig. 5a). We found that CRL, CRS, and RARγ exhibit
strong binding signals on DNA (Supplementary Fig. 5b). Interestingly,
we identified approximately 2-fold increase of peak numbers in the
CRL andCRSgroups compared to theRARγ group (9005peaks of CRL,
10306 peaks of CRS and 3696 peaks of RARγ identified in CD34+ cells),
suggesting increased DNA-binding sites for the CR fusions. While dis-
tinctions were observed between CRL and CRS, we propose that the

Fig. 2 | CR fusions disrupt myeloid differentiation of human HSPCs. a Colony-
forming assays of human CD34+ cells transduced with the indicated genes in the
H4435 methylcellulose medium. n = 3 independent donors in n = 3 independent
experiments (Vec group) and in n = 4 independent experiments (CRL and CRS
groups). b Serial colony-forming assays of the cells used in a. n = 3 independent
donors in n = 3 independent experiments. c The growth curves of human CD34+

cells ectopically expressing with the indicated genes in myeloid differentiation
medium. Statistical analysis was performed by unpaired two-tailed Student’s t-test.
d Flow cytometry quantification of myeloid precursors (CD34+CD33+) and myeloid
mature cells (CD66b+CD33+) in myeloid differentiation medium on day 14.
e Statistical results and representative images of morphologic myelocytes and

myeloid mature cells. Scale bars, 5 μm. n = 2 independent donors in n = 4 inde-
pendent experiments (c–e). f–hThe frequencies ofmyeloid cells (f), HSPCs (g), and
B cells (h) in engrafted GFP+ cells in xenograft models. CD33+, myeloid cells (Vec,
n = 5 mice; CRL, n = 8 mice, CRS, n = 7 mice); CD34+CD33+, myeloid precursors;
CD33+CD66b+, granulocytes (n = 4 mice/group); CD34+CD38‒, primitive stem cell
populations; CD34+CD38+; committed progenitors (n = 5 mice/group); CD19+, B
cells (Vec,n = 5mice; CRL,n = 8mice, CRS, n = 7mice). All the data are shown as the
mean ± SD. Statistical analysis was performed by two-tailed one-way ANOVA with
Dunnett’s multiple comparisons test between the CR group and Vec group (a, b,
d–h). See also Supplementary Fig. 3. Source data are provided as a Source Data file.
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shared characteristics more accurately depict the features of RARG-
fusion and are of greater significance in understanding the disease’s
pathogenesis and developing treatment strategies. Consequently, a
total of 7262 overlapping peaks were identified in both CRL and CRS
groups. Notably, these groups exhibited significantly elevated binding
intensities at these loci compared to RARγ (Fig. 4a, b). This finding
suggests an alteration in DNA binding affinity in the presence of CR

fusions. The majority of these overlapping peaks are predominantly
located within proximal promoter regions (≤ 1 kb, Fig. 4c), indicating
that CR fusions may suppress gene expression by direct promoter
binding.

RNA sequence (RNA-seq) was performed in human CD34+ cells to
analyze differentially expressed genes by CRL, CRS and RARG expres-
sion. We identified 1363 genes that were upregulated and 1625 genes
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Fig. 3 | CR fusion cooperates with oncogenic RAS to drivemyeloidmalignancy.
a Diagram of concurrent mutations with RARG fusions in RARG-AML. b Schematic
of the doublemutationmouse model. c Survival curves of recipients transplanted
with the indicated cells. Statistical analysis was performedby Log-rank test.d Flow
cytometry analysis of GFP+ cells in the BM (CRS/N, n = 4 mice) and spleen of
recipients. BM and spleen: WT groups, n = 5 mice/group; CRL/CRS groups, n = 6
mice/group. e Flow cytometry qualification the proportion of Mac1+Gr1‒ cells
among GFP+ cells in WT/N and CR/N mice. Spleen WT groups, n = 3 mice/group;
other groups, n = 5 mice/group. f Representative pictures of spleen and statistical
results of spleen and liver weight. n = 6mice/group.gRepresentativeH&E staining
of BM, spleen and liver sections, and Wright-Giemsa staining of BM cytospins of
recipients. Scale bars, 100 μm for tissue section and 5 μm for BM cytospins. The
images are representative of 3 mice/group. h UMAP displaying seven distinct cell

populations in the BM cells of recipients, including hematopoietic stem cell/
multipotent progenitor (HSC/MPP), common myeloid progenitor (CMP), granu-
locyte and monocyte progenitor (GMP), pro-monocyte (pro-mono), monocyte
(mono), early differentiation stage granulocyte (early_GN), and late differentiation
stage granulocyte (late_GN). i Leukemic cell population was defined by human
NRAS expression. j The re-clustered leukemic cell subsets. k The proportion of
leukemic subsets in WT/N and CR/N mice. l–m The enriched gene set enrichment
analysis (GSEA) terms for CRL/N (l) and CRS/N (m), in comparison to WT/N, were
identified within leukemia clusters C2 to C4. The P-value is calculated via two-
tailedpermutation test. All the data are shown as themean ± SD, statistical analysis
was performed by two-tailed one-way ANOVA with Tukey’s multiple comparisons
test (d–f). See also Supplementary Fig. 4. Source data are provided as a Source
Data file.
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that were downregulated in both the CRL and CRS groups compared
to theVec group (LogFC≥1.0, P < 0.05, Fig. 4d).Moreover, we observed
that 61.0% of the upregulated genes and 72.9% of the down-regulated
genes were commonly shared in the RARG group (Supplementary
Fig. 5c), suggesting a pivotal role for the RARγ segment of the CR
fusion in its functionality.

To identify targets directly affected by CR fusions, we integrated
the CUT&Tag-seq data and RNA-seq data of CD34+ cells and found 514
CR direct targets, including 221 activated genes and 293 repressed
genes (Fig. 4e and Supplementary Data 1). We next investigated the
myeloid development relevance of these two classes of CR targets by
hypergeometric analysis with gene signatures for myeloid differ-
entiation stages37.We observed thatCR-repressed targets tended to be
correlated with mature myeloid progeny, including metamyelo-
cytes (MMs), band cells (BCs) and polymorphonuclear neutrophils
(PMNs, Fig. 4f). In agreement with this, we discovered that the
repressed target genes were mainly involved in myeloid cell differ-
entiation and HDAC targets (Fig. 4g). Furthermore, we examined the
disease relevance of the two classes of CR target genes by conducting
pre-ranked GSEA using RNA-seq data from 8 CR-AML and 113 non-CR
AML patients26. Our results revealed that the activated target genes
were enriched among highly expressed genes in CR-AML, while
repressed target genes showed down-regulation (Fig. 4h) when com-
paring CR-AML with non-CR AML. This suggests the specificity of both
classes of CR target genes to CR-AML and their association with
malignancy.

HDAC3 is indispensable for CR-driven myeloid aberrance
Given that CR-repressed targets were associated with myeloid devel-
opment and the enrichment ofHDAC targets, as depicted in Fig. 4g, we
wondered whether these repressed target genes are co-regulated by
HDACs. As HDACs are important components of the RAR transcrip-
tional complex that inhibit transcription in AML38,39, we examined the
possibility of protein interaction between HDACs and CR fusions by
immunoprecipitation (IP) assays. Interestingly, bothCRLandCRSwere
able to recruit HDAC3 (Fig. 5a and Supplementary Fig. 6a, b), while a
weak interaction was detected in the IP assay using HDAC1 or HDAC2
antibody (Supplementary Fig. 6c), indicating the predominant invol-
vement of HDAC3 in the interaction with CR. We also confirmed the
CR-HDAC3 interaction in CR patient-derived xenografts (Supplemen-
tary Fig. 6d). Hence, we performed CUT&Tag-seq using an HDAC3
antibody in CD34+ cells expressing the CR fusion to explore whether
the DNA occupancy of the CR fusion overlaps with that of HDAC3.
Notably, 31.7% CRL peaks and 33.9% CRS peaks were shared with
HDAC3, respectively (Fig. 5b). Moreover, the CR-HDAC3 common
peaks were predominantly located on gene promoters (Supplemen-
tary Fig. 6e), suggesting a potential cooperation to suppress gene
expression by CR and HDAC3 at promoter of target genes. Further-
more, we observed an overall downregulation in the expression levels
of CR-HDAC3 target genes in CD34-CRL or CD34-CRS cells compared
to CD34-Vec cells (Supplementary Fig. 6f). In contrast, the target genes
of CR showed no significant changes.

To further elucidate the transcriptional cooperation of the CR-
HDAC3 complex, we employed anHDAC3 specific inhibitorRGFP96640

and an HDAC class I inhibitor tucidinostat41. The interaction between
CR and HDAC3 was disrupted by HDAC inhibitors (Supplementary
Fig. 6g), leading to attenuated DNA binding at the co-occupancy sites
of CR-HDAC3, while maintaining consistent binding intensities at
regions bound by CR fusions without HDAC3, observed in both CD34-
CRL and CD34-CRS cells (Fig. 5c and Supplementary Fig. 6h). Con-
sistently, treatment with HDAC inhibitors or shRNAs abolished the
growth advantage of HSPCs expressing theCR fusions (Supplementary
Fig. 6i), reduced the colony-forming cells (Fig. 5d, e), and induced
myeloid differentiation (Fig. 5f, g and Supplementary Fig. 6j). These

data suggest a cooperative role of HDAC3 in sustaining the prolifera-
tion and myeloid abnormalities induced in CR-leukemic cells.

CR-HDAC3 complex transcriptionally inhibit PU.1 expression
The above data suggest that CR-HDAC3 complex orchestrates a tran-
scription program thatmay contribute to the development of myeloid
disease. Specifically, weobserved a significant reduction in the binding
of CR fusion to promoters of genes related tomyeloid development in
the presence of HDAC inhibitors (Supplementary Fig. 7a), and a cor-
responding increase in the expression of these genes followingHDAC3
knockdown (Supplementary Fig. 7b). The most notable change is evi-
dent in PU.1 (Fig. 5h, i), a crucial transcription factor for myeloid
maturation39, with significantly suppressed expression in CR-expres-
sing CD34+ cells and knock-inmice (Supplementary Fig. 7c). Treatment
with HDAC inhibitors orHDAC3 silencing alleviated the transcriptional
repression of PU.1 by CR fusion (Fig. 5j), and increased the levels of
histone H3 acetylation and the expression of PU.1 (Fig. 5k and Sup-
plementary Fig. 7d).

We subsequently induced ectopic expression of PU.1 to test
whether downregulation of PU.1 is responsible for the CR fusion-
induced arrest in myeloid differentiation. Human CD34+ cells were
transduced sequentially with virus expressing CR fusion and PU.1
(Supplementary Fig. 7e). Expression of PU.1 significantly impaired the
colony-forming abilities induced byCR fusions (Supplementary Fig. 7f)
and promoted myeloid maturation (Supplementary Fig. 7g, h). These
results indicate that suppression of PU.1 is required for the aberrant
myeloid differentiation and maturation caused by CR-HDAC3. Addi-
tionally, following treatment with HDAC inhibitors, we utilized shRNAs
to suppress PU.1 expression and evaluate whether the reduction
of PU.1 expression could attenuate the apoptosis induced by
HDAC inhibitors inCR-AMLcells (Supplementary Fig. 7i). TheHL60 cell
line, which serves as a representative model for APL research and
facilitates various manipulations, was employed. The results demon-
strated that knockdown of PU.1 significantly attenuated the apoptosis
induced by HDAC inhibitors in CR-AML cells (Fig. 5l). These data to-
gether suggest that PU.1was transcriptionally repressedbyCR-HDAC3,
which promotes the development of myeloid malignancy. Disrupting
CR-HDAC3 interaction restores PU.1 expression and myeloid
differentiation.

Given that the distinct clinical outcomes observed in RARG-fusion
AML and APL1,26, we sought to conduct comparative analyses on target
genes and drug sensitivity between these two fusions to offer insights
for clinical treatment. Using ChIP-seq data from NB4 cells37 and
CUT&Tag-seq data from human CD34+ cells expressing PML-RARA, we
unexpectedly discovered that only 10.7% or 14.2% of CR target genes
were overlapped with those of PML-RARα (Supplementary Fig. 8a),
indicating unique pathogenic molecular mechanisms for CR-fusion
leukemia. It is widely recognized that the PML-RARα protein can be
degraded byATRA, ATO, or their combination1,3.We also examined the
expression of the CR fusions under these treatments. However, neither
ATRA nor ATO, or their combination, induce degradation of the CR
fusion proteins (Supplementary Fig. 8b). As HDAC inhibitors induce
apoptosis in APL cells42,43, particularly those resistant to ATRA and
ATO40, we assessed the sensitivity of U937 and HL60 cells expressing
PML-RARAorCR toHDAC inhibitors. HDAC inhibitors induced 30–40%
apoptosis in control cells (U937 or HL60 cells transduced with empty
vector) and cells expressing PML-RARA. Surprisingly, HDAC inhibitors
elicit significant higher capability of apoptosis inducing effect in AML
cells expressing CR, compared to those expressing PML-RARA (Sup-
plementary Fig. 8c), suggesting thatHDAC inhibitors could be a potent
therapeutic option for CR-AML. The expression of PU.1 showed a sig-
nificantly increase upon treatment with an HDAC class I inhibitor but
not with an HDAC3-specific inhibitor or HDAC3 shRNAs in CD34+ cells
expressing PML-RARA. (Supplementary Fig. 8d).
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Fig. 5 | CR recruits HDAC3 to promote aberrant myeloid differentiation. a The
interaction between CR fusions and HDAC3 in human CD34+ cells expressing CR. *
indicate degraded flag-CRL proteins. M, markers. b Venn diagram displaying the
shared peaks of CR fusions andHDAC3 inCD34+ cells expressing CRL (toppanel) or
CRS (bottom panel). c The heatmaps showing the signal intensities at DNA loci
associated with common peaks of CR-HDAC3 in CD34-CR cells, both untreated and
treated with RGFP966 or Tucidinostat. d–e The colony-forming of CD34+ cells
expressing Vec, CRL or CRS following silencing of HDAC3 shRNAs (d) or treatment
with HDAC inhibitors (e). n = 3 independent donors in n = 3 independent experi-
ments. f–g Percentage of CD66+ cells assessed by flow cytometry in CR-expressing
CD34+ cells after silencing of HDAC3 shRNAs (f, n = 3 independent donors in n = 3
independent experiments) or treatment with HDAC inhibitors (g, n = 3

independent donors in n = 4 independent experiments). h–i HDAC inhibitors lead
to significantly decreased CR binding at PU.1 promoter in CD34-CRL (h) and CD34-
CRS cells (i). j RGFP966 or tucidinostat reversed the trans-repression of PU.1. n = 4
biological replicates. k The protein levels of PU.1 and acetylated histone H3 (Ac-H3)
in CD34-Vec, CD34-CRL and CD34-CRS cells following silencing of HDAC3 shRNAs.
l Silencing of PU.1 reduced the apoptosis induced by HDAC inhibitors in HL60-CR
cells. n = 3 biological replicates. The data are shown as the mean± SD, statistical
analysis was performed by two-tailed one-way ANOVA with Dunnett’s (d–g, l) or
Tukey’s (j) multiple comparisons test. The images are representative of three
independent experiments from three healthy donors (a, k). See also Supplemen-
tary Figs. 6–8. Source data are provided as a Source Data file.
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CR fusion-leukemia is sensitive to HDAC inhibitors
In order to further validate the efficacy of HDAC inhibitors in CR-AML,
BM blasts from CRL/N mice or WT/N mice were treated with vehicle,
ATRA, RGFP966 or tucidinostat for 48 h in vitro (Fig. 6a). Compared to
vehicle or ATRA treatment, RGFP966 or tucidinostat treatment sig-
nificantly impaired the colony-forming activities of leukemic cells from
CRL/N mice (Fig. 6b), decreased blasts (Supplementary Fig. 9a), and
increased apoptotic cells (Supplementary Fig. 9b), but did not exhib-
ited significant therapeutic efficacy on WT/N leukemic cells (Fig. 6b).
Subsequent drug sensitivity experiments also confirmed the enhanced
sensitivity of CRL/N leukemic cells to HDAC inhibitors compared to
WT/N leukemia cells (Fig. 6c).

We next evaluated the effects of ATRA orHDAC inhibitors in CRL/N
mice and WT/N mice in vivo. Recipients were administered vehicle,
ATRA, RGFP966 or tucidinostat for 15 days (Fig. 6d). Treatment with
RGFP966or tucidinostat significantly improvedoverall survival ofCRL/N
mice compared to vehicle- or ATRA-treated groups (Fig. 6e). However,
the treatments did not lead to a significant improvement in the survival
of WT/N mice (Fig. 6f). RGFP966 or tucidinostat treatment reduced
hepatosplenomegaly (Fig. 6g and Supplementary Fig. 9c, d) and leuke-
mia burden (Fig. 6h, i) in CRL/N mice. Consistent with our in vitro find-
ings, administration of RGFP966 or tucidinostat eliminated blasts and
leukemia-initiating cells44 (Mac1+kit+) by inducing cell apoptosis in the
BM and spleen (Supplementary Fig. 9e–g). Nevertheless, there were no
significant differences were observed regarding hepatosplenomegaly,

tumor burden, as well as apoptosis of leukemic cells between the
treatment groups and the control group in WT/N mice (Fig. 6g–i and
Supplementary Fig. 9e–g). These data suggested that CR fusion-driven
leukemia exhibits increased sensitivity toHDAC inhibitors, implying that
HDAC inhibition may be a selective and effective therapeutic choice for
leukemia patients with CR fusions.

Discussion
Retinoic acid signaling via ligand-activation of RARs plays crucial roles in
embryo development15,45 and pathogenesis including cancers46. RARG
maintains the balance between the self-renewal and differentiation of
HSCs14,16. High levels of RARG expression have been reported in some
carcinomas and are associated with increased cell proliferation, rapid
tumor progression, and a poor prognosis47. However, the roles of RARG
fusions in the pathogenesis of hematopoietic malignancies remain
unknown. In the present work, using themost prevalentRARG fusion-CR
fusion as a representative, we de novo generated knock-in mouse
models of CR fusions and provided compelling evidence that CR fusions
impair myeloid differentiation by promoting the expansion of myeloid
progenitor cells and enhancing their reconstructive ability. Consistent
with data from genetic mouse models, CR fusions also suppress the
maturation of human CD34+ cells, promote proliferation and increase
colony-forming abilities. The phenotype induced by CR fusions were
similar to that induced by PML-RARA, which was consistent with the
clinic diagnosis of APL-like disease.
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It is well recognized that the chimeric gene PML-RARA is a driver
oncogene for APL. PML-RARA blocks myeloid differentiation and
cooperates with a secondmutation to induce aggressive leukemia48–50.
Similar to PML-RARA, the CR fusion itself is insufficient to induce
advanced leukemia, suggesting that a second mutation is required to
cooperate with the transformation. By analyzing the sequencing data
from patient samples, we found frequently co-occurring mutations,
including NRAS, KRAS and WT1 mutations. However, no FLT3-ITD
mutation was observed, which was proved to be the second hit in APL
genesis48,51. Indeed, both NRASG12D and KRASQ61H promoted the rapid
transformation ofCR-expressingHSPCs into leukemia cells. Ourmodel
is consistent with the two-hit theory and reveals the role of CR fusions
in the development of myeloid malignancies.

RARγ is a ligand-dependent transcriptional activator or
repressor15,52. It plays an essential role in chromatin remodeling in
primitive hematopoietic precursors14,16. The molecular mechanism of
CR fusions in regulating transcription and how aberrant transcription
contributes to disease development is unknown. To understand the
distinctive trans-regulatory properties of CR fusions, we compared the
DNA-binding abilities of the CR fusions with those of RARγ. Notably,
CR fusions exhibited a higher binding affinity for DNA loci than RARγ.
While RARγ exhibited a relatively weaker binding signal, it may still
engage with DNA at the loci associated with overlapping peaks of CRL
andCRS. Additionally, we observed 67.5%of the genes regulated byCR
fusions overlapping with those regulated by RARγ, indicating an
indispensable role for the RARγ segment within the functionality of CR
fusions.

RARγ functions by recruiting coactivators or corepressors36,
which supports our finding that CR fusions can also interact with the
corepressor HDAC3. Approximately 30% of the DNA-binding sites of
the CR fusions were found to be co-occupied by HDAC3. The genes
occupied by CR-HDAC3 display a globally suppressed expression and
mainly involved in the regulation of myeloid cell differentiation. Inhi-
bition of HDAC3 activity or HDAC3 silencing results in the dissociation
of CR fusions from DNA-binding sites, leading to the up-regulation of
myeloid-related genes and restoration of myeloid differentiation. A
notable change was observed in PU.1, a crucial TF for myeloid
maturation that is frequently downregulated in AML53–55. Ectopic
expression of PU.1 in CD34-CR cells resulted in a reduction of the
colony-forming capacity and induction of myeloid maturation. While
knockdown of PU.1 expression in HL60-CR and U937-CR cells alle-
viated apoptosis induced by HDAC inhibitors. These data suggest that
the CR-HDAC3-PU.1 axis plays a crucial role in myeloid malignancy,
providing evidence for future targeted therapy against CR-driven leu-
kemia with HDACs inhibitors.

HDACs inhibitors are used in AML to reactivate genes that are
epigenetically silenced by oncogenic fusion proteins38. It has also been
reported that HDACs inhibitors overcome ATRA resistance in patients
with PLZF-RARA or TBLR1-RARA by disrupting their association with
corepressors56,57. Here, using the established CR/NRASG12D and WT/
NRASG12D mouse models, we confirmed that HDAC inhibitors selec-
tively induced differentiation and apoptosis ofCR fusion-blasts in vitro
and in vivo. HDAC inhibitors significantly prolonged the survival of CR/
NRASG12D mice with promising efficacy over ATRA. Based on our data,
with CR fusion as a representative, we have proposed a potential
therapeutic strategy for APL-like myeloid leukemia with RARG fusions.

Given that all patients with RARG fusions who received ATRA or/
and ATO therapy exhibited drug resistance. we sought to propose the
possible explanations. In contrast to PML-RARα, we found that CR
fusions cannot be degraded by ATRA, ATO or the combination, which
is one of themainmanifestations of ATRA andATO treatment of APL1,3.
In addition, it was reported that activated RARγ can reduce retinoid
levels by activating regulators of ATRA metabolism58. These evidence
may explain the adverse response to ATRA therapy in patients with
RARG fusions.

Interestingly, our investigation revealed that only 10–14% of CR
target genes overlapped with the target genes of PML-RARα, poten-
tially accounting for the different pathogenesis between these two
diseases. The similarity in pre-leukemic phenotypes but distinct target
genes of CR fusions and PML-RARα may be attributed to several fac-
tors. Firstly, the RARA and RARG segments in the fusions play pivotal
roles in their functionality while exhibiting diverse molecular and
biological functions. RARγ exerts dual roles of transcription repression
and activation inHSCsmaintenance14,16. In contrast, RARα orchestrates
trans-activation upon ligand binding15,59, and is predominantly
involved in myeloid differentiation52. Additionally, it is crucial to con-
sider the impact of the partner gene in the fusions. CPFS6 serves as a
fundamental subunit of the mRNA polyA site recognition complex,
which determines the 3’ UTR length of mRNA and subsequently
influences protein expression levels60. The entirely distinct function of
CPSF6 from that of PML, contributing to the substantial disparity in
target genes regulated by these two fusion proteins.

Importantly, in our studies, we observed increased sensitivities of
CR-AML cells compared to cells expressing PML-RARA, indicating that
the sensitivity to HDAC inhibitors in CR-AML may involve a distinct
mechanism from that in APL. Our study has demonstrated that the CR
repressed target genes are specific to CR-AML and distinct from target
genes of APL. Inhibition or knockdown of HDAC3 significantly upre-
gulates the expression of these genes. Notably, PU.1 expression, a key
target of CR-HDAC3, was restored by HDAC3 shRNAs or inhibitors,
specifically within CR-AML cells but not in AML cells with PML-RARα
fusion, indicating different molecular mechanisms of HDAC3 inhibi-
tors in CR-AML and APL. Taken together, these findings may indicate a
high sensitivity and specificity of CR-AML cells to HDAC inhibitors. The
molecular mechanisms contributing to the distinct sensitivities to
HDAC inhibitors between CR-AML and APL needs to be further studied
in future work.

Methods
Ethical statement
Umbilical vein cord blood (CB) from anonymized healthy donors was
purchased from Shanghai Cord Blood Bank (Shanghai, China) in accor-
dance with local ethics procedures. Mobilized peripheral blood (PB)
from healthy donors was provided by the Hematological BioBank in the
First Affiliated Hospital of Soochow University. No age and sex was
considered for the participating healthy donors since that information
was not recorded. The study was approved by local medical ethical
committees (2023-372), and all the healthy donors contributed volun-
tarily and were provided with an informed consent form, which states
that they would not obtain any compensation. All animals were raised in
specific pathogen-free conditions and in accordance with the guidelines
approved by the Institutional Laboratory Animal Care and Use Com-
mittee of SoochowUniversity. Experiments were approved by the Ethics
Committee of the First Affiliated Hospital of Soochow University.

Mice
CRL and CRS floxed mice were generated by CRISPR/Cas961. Vav-Cre
mice were provided by Jinyong Wang (Guangzhou Institutes of Bio-
medicine and Health, Chinese Academy of Sciences). LysM-Cre mice
were obtained from the Jackson Laboratory. All transgenicmouse lines
were C57BL/6. CD45.1 mice were obtained from Vital River Laboratory
(Beijing, China). C57BL/6 mice were purchased from SLAC Laboratory
Animal Center (Shanghai, China). NCG mice were purchased from
GemPharmatech (Nanjing, China). Mice were kept under controlled
12 h light/dark cycles in individually ventilated cages under specific
pathogen-free conditions. Mice were kept at 23 °C and 50% humidity,
with unlimited access to food and water. All animals in experiments
were sex and age matched, and in accordance with the guidelines
approved by the Institutional Laboratory Animal Care and Use Com-
mittee of Soochow University.
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Human samples
Umbilical vein cord blood (CB) from anonymized healthy donors was
purchased from Shanghai Cord Blood Bank (Shanghai, China) in
accordance with local ethics procedures. Mobilized peripheral blood
(PB) from healthy donors was obtained from the First Affiliated Hos-
pital of Soochow University. The study was approved by local medical
ethical committees, and all healthy donors gave written informed
consent. Next-generation sequencing (NGS) data for RARG fusions
were obtained from a previous study26.

Primary cell culture
CD34+ enriched cells were obtained by Ficoll gradient centrifugation
and magnetic-bead separation62. Purified human CD34+ cells were
cultured62 and transducedwith lentivirus in StemSpanSFEM IImedium
(Stem Cell Technology) supplemented with 50ng/ml Fms-related tyr-
osine kinase 3 ligand (FLT3L), 50ng/ml stem cell factor (SCF), 10 ng/ml
thrombopoietin (TPO), and 10 ng/ml interleukin-6 (IL6) for 3 days (all
cytokines were purchased from PeproTech). Subsequently, trans-
duced cells were sorted using a FACSAria II (BD) or selected with
geneticin and puromycin, followed by culture in StemSpan SFEM II
medium supplemented with cytokines (SCF, TPO, FLT3L, IL-3, IL-6,
each 10 ng/ml) to induce myeloid differentiation10.

Flow cytometry and magnetic-activated cell sorting (MACS)
BM cells were obtained by crushing femurs, tibias, sternums, and
pelvic bones with Iscove’s modified Dulbecco’s medium (IMDM,
Hyclone) supplemented with 1% bovine serum albumin (BSA). Spleens
were dissociated by crushing followed by trituration. PB cells were
collected via the retro-orbital plexus. All cell suspensions were filtered
through a 70 μm cell strainer. Spleen cells and PB cells were treated
with ACK solution (150mMNH4Cl, 1mMKHCO3, and 0.1mMEDTA) at
room temperature for 10min to lyse red blood cells, followed by
immediately washing in PBS. For flow cytometric analysis, whole BM
cells andACK treated spleen andPB cellswere incubatedwith antibody
staining at 4 °C for 30min in the dark. The cells were stained with
lineage-APC, IL7R-APC, sca-1-APC-Cy7, c-kit-BV605, CD34-BV421 and
CD16/32-PE-Cy7 for myeloid progenitor cells; lineage-APC, sca-1-APC-
cy7, c-kit- PE-Cy7, CD150-BV421 and CD48-BV605 for stem cell popu-
lations. Lineage markers for HSCs and progenitors were CD3, B220,
Gr1, Mac1 and Ter119. Analysis was performed using a NovoCyte Flow
Cytometer (ACEA Biosciences), and data were analyzed using FlowJo
software (TreeStar). For isolation of c-Kit+ cell populations, cells were
stained with c-Kit-PE antibody followed by microbeads conjugated
anti-PE secondary antibodies. Cells then were enriched according to
instructions of Mouse CD117 Positive Selection Kit (Stem Cell Tech-
nology). For isolation of human CD34+ cell populations, cells were
stainedwithCD34-biotin antibody followedbymicrobeads conjugated
avidin. Cells then were enriched according to instructions of Human
CD34 Pos Selection Kit II (Stem Cell Technology).

Lentiviral transduction
Flag-CRL, flag-CRS, flag-RARG, NRASG12D and KRASQ61H were cloned into
PCDH-SFFV-IRES-EGFP plasmid, respectively. ShRNAs oligonucleotides
for HDAC3 and PU.1 were cloned into pLKO.1-U6-NGFR plasmid. The
oligonucleotide sequences were summarized in the Supplementary
Data 2. For virus packaging, lentiviruses were packaged using calcium
phosphate transfection reagent62. The Kasumi-1, HL60 and U937 cell
lines were infected with lentivirus at a multiplicity of infection (MOI) of
10 for 18 h, and the enriched human CD34+ cells or purified mouse
CD117+ cells by MACS were infected with lentivirus at an MOI of 100 for
6–12 h. Transduced cells were used for in vitro assays or transplantation.

Colony-forming and replating assays
The transduced human CD34+ cells were cultured in a H4435 methyl-
cellulose medium (stem cell technology)62. Colonies were scored

under amicroscope 13–14 days post plating. Replating was carried out
by inoculating cells from primary cultures into fresh H4435 methyl-
cellulose medium, and colony counting and replating were performed
every 7 days. Assays of mononuclear cells (MNCs) from knock-in mice
or transplanted recipients were performed in aM3434methylcellulose
medium (StemCell Technology) at a concentration of 5 × 104 cells per
35mm dish, and colony morphology and counting were performed
10–12 days after plating.

Xenograft model
NCGmice were purchased and bred under pathogen-free conditions
at the Laboratory Animal Center of Soochow University. The mice
were then irradiated with 200 cGy of X-rays and subsequently
injected with transduced human CD34+ cells at a dose of 2 × 105

through the tibia. At 10–12 weeks post transplantation62, BM cells of
recipients were flushed down with IMDM supplemented with 1%
BSA, followed by filtration through a 70 μm cell strainer. Then, the
cells were treated with ACK solution for 10min at room tempera-
ture. BM engraftment was assessed by flow cytometry. Cells were
washed and stained with antibodies at 4 °C for 30min in the dark.
CD45-APC for total engraftment, CD34-PE-Cy7 and CD38-PE for
stem/progenitor cells, CD19-PE for B cells, and CD33-APC and
CD66b-BV421 for myeloid cells. Analysis was performed using a
NovoCyte Flow Cytometer (ACEA Biosciences), and data were ana-
lyzed using FlowJo software (TreeStar).

Complete blood counts
Blood was collected via the retro-orbital plexus and complete blood
counts were performed on an ADVIA 2120i (Siemens Healthineers)
according to the manufacturer’s protocol.

Competitive transplantation and the secondary transplantation
Recipient mice (45.1) received total body irradiation of 800 cGy (2
doses of 400 cGy with 4 h intervals) by an RAD 320 X-ray irradiator.
Vav-CRL, Vav-CRS or WT BM cells were mixed with competitor
(CD45.1) BM cells at a 1:1 ratio, and a total of 2 × 106 cells were trans-
planted into irradiated CD45.1 mice via retro-orbital injection. After
transplantation,mice weremaintained on antibiotic water for 4weeks.
Sixteen weeks post transplantation, the BMcells of the recipients were
analyzed by flow cytometry63. CD45.1-APC and CD45.2-APC-Cy7 for
engraftment; Mac1, Gr1 and c-kit for myeloid cells and myeloid
immature cells; lineage-APC, IL7R-APC, sca-1-APC-cy7, c-kit-BV605,
CD34-BV421 and CD16/32-PE-Cy7 for myeloid progenitor cells. For the
secondary transplantation, a total of 2 × 106 BM cells form the first
recipients of WT, Vav-CRL and Vav-CRS were transplanted into freshly
irradiatedCD45.1mice (2 doses of 400 cGywith 4 h intervals) via retro-
orbital injection. The BM cells of the recipients were analyzed by flow
cytometry after 14–16 weeks.

Cytospin and histology
Cytospins of human CD34+ cells and BM cells from knock-in mice or
transplanted recipients were stained with Wright-Giemsa. Tissue
sampleswere fixed in formalin, dehydrated, and embedded in paraffin.
Sectioned slides were rehydrated, followed by a standard hematoxylin
and eosin (H&E) staining protocol. For immunohistochemistry (IHC),
antigen was retrieved by boiling slides in 10mmol/L sodium citrate
buffer at 90–100 °C for 20min and then cooled to room temperature.
After washing twice with PBS, slides were incubated in 3% H2O2 for
25min followed by blocking with BSA. The primary antibody used was
myeloperoxidase (Abcam,#ab208670).Detectionwas performedwith
DAB Substrate (Beyotime), followed by hematoxylin counterstaining
(Sigma‒Aldrich). Myeloperoxidase stained BM sections were imaged,
and the mean DAB intensity of staining was calculated using an open
source bioimage software QuPath (v.0.2.3) according to the reported
method64.
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Leukemic mouse model
C-kit+ cells of Vav-CRL, Vav-CRSorWTmicewere isolated bymagnetic-
bead separation with a mouse CD117 positive selection kit (StemCell
Technology) according to the manufacturer’s protocols. The isolated
c-kit+ cells were transduced with lentivirus expressing NRASG12D,
KRASQ61H or empty vector. Subsequently, 2 × 105 transduced cells were
transplanted into semilethally irradiated recipients (500 cGy) by tibial
injection65. The percentage of GFP+ cells was quantified by flow cyto-
metry of periorbital blood, sampled at 2-week intervals. Ninety days
post transplantation, viable cell numbers in the BM or spleen of reci-
pients were determinedwith an automated cell counter (Countstar) by
acridine orange/propidium iodide (AOPI) staining. Recipient BM and
spleen cells were analyzed by flow cytometry. Mac1-PE-Cy7 and Gr1-
BV421 for myeloid cells; Ter-119-APC for erythrocytes; B220-APC for B
cells; and CD3-PE-Cy7 for T cells. The leukemia burden in the mice
remained within the ethical committee’s stipulated limits, which spe-
cified that themaximumallowable leukemiaburden shouldnot exceed
25% of circulating CD45+ cells or 80% of bone marrow CD45+ cells.

In vivo drug experiment
BM cells from CRL/N mice or WT/N mice were isolated, and 2× 105 cells
were transplanted into semilethally irradiated recipients (500cGy) by
retro-orbital injection. Five days post transplantation, mice were intra-
peritoneally injected once a day (QD) with vehicle (5% DMSO, 40%
PEG300 and 10% Tween 80 in water) or all-trans retinoic acid (ATRA) at
10mg/kg56, or once every other day (QOD) with RGFP966 at 20mg/kg40,
or tucidinostat at 10mg/kg41, for 15 days. ATRA, RGFP966 and tucidino-
stat were purchased from SelleckChem and suspended in vehicle. After
20 days following the transplantation, leukemia burden is evaluated
upon completion of the treatment regimen.

CUT&Tag-Seq and data analysis
The CUT&Tag assay was performed as described previously with
modifications66. Briefly, human CD34+ cells stably expressing flag-CRL,
flag-CRS or flag-RARγ were collected. CD34-CRL and CD34-CRS cells
treated with 2μM RGFP966 or 0.1μM tucidinostat for 9 days were
collected. All the cells were immobilized on concanavalin A coated
magnetic beads. Then, the cell membranes were permeabilized with
digitonin. Next, the cells were incubated sequentially with flag (Sigma‒
Aldrich, #F1804), HDAC3 (Abcam, #ab32369), H3K27me3 (Diagenode,
#C15410195) antibodies or normal mouse/rabbit IgG (Sigma‒Aldrich),
secondary antibodies, and PA-Tn5. DNA was purified using phenol‒
chloroform-isoamyl alcohol extraction and ethanol precipitation.
Libraries were amplified using universal i5 and uniquely barcoded i7
primers. Sequencing was performed in the Illumina NovaSeq 6000
(Illumina) using 150bp paired-end at Jiayin Biotechnology Ltd.
(Shanghai, China). The bamfile generated by the uniquemapped reads
was used as an input file, and macs2 software was used for callpeak
with a cutoff qvalue < 0.05. The CUT&Tag-seq assay for PML-RARαwas
performed in humanCD34+ cells expressing flag-PML-RARAusing aflag
antibody.

RNA-seq and data analysis
Human CD34+ cells transduced with Vec, flag-CRL, flag-CRS or flag-
RARG were cultured in myeloid differentiation medium for 14 days,
and then the cells were collected and high-throughput RNA-seq was
performed by Illumina HiSeq 2500 (Illumina) at CapitalBio Corpora-
tion (Beijing, China). The normalized gene expression value and dif-
ferentially expressed genes (DEGs) were both analyzed by using the R
package DESeq267. Genes with a P value < 0.05 and fold changes ≥2 or
fold changes ≤ −2 were recognized as DEGs between the two samples.
Signature enrichment analysis of these DEGs was conducted using
Metascape68. Gene set enrichment analysis (GSEA) was performed by
using GSEA software version 2.2.2.4, which uses predefined gene sets

from the Molecular Signatures Database (MSigDB v6.2). Preranked-
GSEA was performed using GseaPreranked function. To evaluate the
correlation between CR target genes and CR-AML specific gene sig-
natures, we used RNA-seq data of 8 CR-AML and 113 non-CR AML from
previously report26. Ranked gene lists were generated by gene
expression in CR-AML patients compared to non-CR AML patients.

Single-cell RNA-seq and analysis
For the scRNA-seq of CR knock-inmice, C-kit+ andMac1+ BM cells from
1 year-old WT (n = 2), LysM-CRL (n = 2) or LysM-CRS (n = 2) mice were
flow-sorted and mixed at a 1:1 ratio. For the scRNA-seq of leukemic
mice, C-kit+ and Mac1+ BM cells were flow-sorted from WT/V (n = 2),
WT/N (n = 2), CRL/V (n = 2), CRL/N (n = 2), CRS/V (n = 2) and CRS/N
(n = 1) mice 90 days post-transplantation. Then, the sorted cells were
mixed at a 1:1 ratio. Cells were loaded onto the Chromium single cell
controller (10x Genomics) to generate single-cell gel beads in the
emulsion according to the manufacturer’s protocol. Captured cells
were lysed and the released RNA was barcoded through reverse tran-
scription in individual gel-bead-in-emulsions. ScRNA-seq libraries were
constructed using the Single Cell 3’ Library andGel BeadKit V3.1. High-
throughput sequencing of the library was performed using the paired-
end sequencingmodel of the Illumina NovaSeq6000 sequencer with a
sequencing depth of at least 100,000 reads per cell with paired-end
150 bp (PE150) reading strategy (performed by CapitalBio Technology,
Beijing).

Cell Ranger (3.0.0) was used to perform alignment, filtering,
barcode and unique molecular identifier (UMI) counting to generate
feature-barcode-UMI matrices. The cDNA insert was aligned to the
GRCm38/mm10 reference genome and human NRAS. The Seurat
(4.3.0) R tool kit69 was used to perform quality control and unsu-
pervised clustering. Cells whose gene number was less than 1000 and
whose mitochondrial gene ratio was more than 10% were regarded as
abnormal and filtered out. To reduce the batch effect of the samples,
we performed data integration using the Harmony method70. The top
3000 variable genes of scaled data were used for principal component
analysis (PCA) to reduce dimensionality. Uniform manifold approx-
imation and projection (UMAP) dimensionality reduction was per-
formed by the “RunUMAP” function with default parameters using the
first 30 Harmony components. The graph-based Louvain clustering
and partitioned clusters were performed by using the “FindClusters”
function with a resolution parameter equal to 0.6. Markers of each
cluster were performed with the “FindAllMarkers” function setting a
logFC threshold of 0.25 and aminimumpercentage of cells expressing
the gene greater than 25% in at least one of the compared clusters.

Clusters were annotated based on the expression of knownmarker
genes, as depicted in Supplementary Fig. 2e (marker genes defining
clusters from WT and CR knock-in mice) and Supplementary Fig. 4h
(marker genes defining clusters from WT/V, WT/N, CR/V and CR/N
recipients). Leukemic cellsweredefinedbasedon the specific sequences
disparities between human NRAS and mouse Nras. DEGs between dis-
tinct clusters were identified using the “FindMarkers” function of the
Seurat package. GO andKEGGpathway enrichment analyses were based
on clusterProfiler71 and visualized by the enrichplot package.

RNA isolation and reverse transcription quantification PCR
Total RNA was extracted using TRIzol reagent in accordance with the
manufacturer’s instructions and reverse transcribed. Reverse tran-
scription quantificationpolymerase chain reaction (RT‒qPCR)was also
performed using TB Green Premix Ex Taq II (Takara) in accordance
with the manufacturer’s instructions. All experiments were performed
in triplicate with an ABI QuantStudio 3 Real-time PCR System (Applied
Biosystems). The primer sequences are summarized in the Supple-
mentary Data 2. Differences in cDNA input were normalized to the
ACTB expression levels.
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Immunoblotting
Cells were washed with PBS and lysed in 2× SDS sample lysis buffer
(1 mMTris HCl, pH 6.8, 200mMDTT, 4% SDS, 1MTris, 20% glycerol),
and then lysates were heated at 100 °C for 10min, left on ice for
5min, and heated at 100 °C for another 10min. Next, lysates were
obtained by centrifugation and quantified using a Bradford Protein
Assay Kit (Beyotime Biotechnology) according to the manu-
facturer’s instructions and diluted to 1 μg/μL using SDS‒PAGE pro-
tein loading buffer (Beyotime Biotechnology). Diluted protein
samples were heated at 100 °C for 5min. Then, 20 μg of total pro-
tein/sample was loaded and separated on SDS‒PAGE gels, trans-
ferred to polyvinylidene difluoride membranes (Millipore), and
immunoblotted with the Ras (G12D Mutant Specific, CST, #14429),
Ras (mutated Q61, abcam, #ab222516), PU.1 (CST, #2258), Ac-
Histone H3 (Santa Cruz, #sc-56616), Histone H3 (CST, ##4499),
CPSF6 (Bethyl, #A301-356A), β-actin (Abcam, #ab8227) and β-
tubulin (Sigma‒Aldrich, #T7941) antibodies. Signals were detected
using a SuperSignal West Femto Substrate (Thermo Fisher) Tanon-
5200 Multi Chemiluminescent Imaging System. The relative protein
levels were quantified using ImageJ software.

Immunoprecipitation
Approximately 2 × 107 Kasumi-1 cells or 1 × 107 BM cells from 1 case of
CR-derived xenograft mice were washed with PBS and lysed in 1mL
immunoprecipitation (IP) lysis buffer (Beyotime Biotechnology) with
100μM PMSF (Beyotime Biotechnology) and 100μM protease inhi-
bitor cocktail (Sigma‒Aldrich). Then, IP was conducted with the
HDAC3 (Abcam, #ab32369), HDAC1 (Abcam, # ab280198) and HDAC2
(Abcam, # ab32117) antibodies at 4 °C overnight followed by incuba-
tion with Protein A/G Magnetic beads (Thermo Fisher) at room tem-
perature for 1–2 h or anti-Flag M2 affinity gel (Sigma‒Aldrich) at 4 °C
overnight. After incubation, the beads or gelswerewashed 5 to 8 times
with ice-cold TBST wash buffer (25mM Tris, 0.3M NaCl, 0.05% Tween
20, pH 7.5). All the above steps were performed at 4 °C. Immunopre-
cipitates were detected by western blot experiments.

Luciferase reporter assay
HEK-293T cells were cotransfected with 100 ng of pcDNA3.1-CRL/
CRS plasmid or pcDNA3.1 empty vector in combination with 10 ng of
pRL-SV40 renilla plasmid and 100 ng of pGL3-promoter-luciferase
reporter constructs using FuGENE6 Transfection Reagent (Promega)
according to the manufacturer’s protocol. After transfection for
24 h, cells were treated with vehicle, 2 μM ATRA, 2 μM RGFP966 or
0.1 μM tucidinostat for 24 h. Subsequently, both firefly luciferase
activity and renilla luciferase activity were detected with the BioTek
Synergy HTX Multi-Mode Microplate Reader (Agilent) using the
Dual-Luciferase Reporter Assay System (Promega) in accordance
with the manufacturer’s instructions. Firefly luciferase activity was
normalized to Renilla luciferase activity to control the transfection
efficiency.

Statistics & reproducibility
GraphPad Prism 8.0 was used for all figure production and statistical
analysis. All the data are shown as the mean ± SD and were analyzed
by unpaired two-tailed Student’s t test for two groups. Significance
analysis of three or more groups was determined using repeated-
measures ANOVA with Dunnett’s or Tukey’s multiple-comparisons
tests. Overall survival (OS) was analyzed by using the Kaplan–Meier
methodology and comparisons were performed by using the log-
rank test. No statistical method was used to predetermine sample
size. No data were excluded from the analyses. The experiments
were not randomized. The Investigators were not blinded to allo-
cation during experiments and outcome assessment. Statistical
parameters for each experiment are indicated in the relevant figure
legend.

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

Data availability
All data generated or analyzed during this study are included in the
Article and Supplementary Information, with Source Data provided
alongside this paper. The raw data and processed data of RNA-seq,
CUT&Tag-seq and scRNA-seq data have been deposited in the Gene
Expression Omnibus (GEO) under the accession number GSE245030.
The gene signatures for myeloid differentiation stages were derived
from dataset GSE42519. ChIP-seq data of NB4 cells was acquired from
GSE126720. CUT&Tag-seq data in human CD34+ cells expressing PML-
RARA was obtained from GSE243438. The RNA-seq data of 8 CR-AML
and 113 non-CR AML patients were sourced from the Genome
Sequencing Archive of the China National Genomics Data Center
(accession number HRA003955), upon the authorization and consent
of Jinyan Huang (the First Affiliated Hospital, Zhejiang University
School of Medicine, Hangzhou, China. Email: huangjinyan@zju.e-
du.cn). Source data are provided with this paper.
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