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BRD4 and MYB inhibition
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in EVI1-rearranged acute myeloid
leukemia
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1,2,3
I

EVI1-rearranged acute myeloid leukemia (AML) with inv(3)(q21q26) or t(3;3)(q21q26) represents

a distinct and aggressive subtype characterized by poor prognosis and limited treatment options.
However, the optimal strategy to overcome resistance to conventional therapy remains elusive.
Building upon observations correlating EVI1 overexpression with reduced sensitivity to venetoclax,

a BH3-mimetic BCL-2 inhibitor, we investigated the mechanisms of resistance to venetoclax in
combination with hypomethylating agents in inv(3)/t(3;3) AML cells. Utilizing novel murine models
recapitulating inv(3) AML with concomitant SF3B1 mutations, we conducted comprehensive
phenotypic and transcriptomic analyses in the presence or absence of venetoclax-containing
therapy. Despite initial therapeutic responses, manifested as partially prolonged survival and
myeloid differentiation, resistant leukemic cells demonstrated enhanced dependency on BRD4 and
MYB pathways with a dormant phenotype. Notably, inhibition of either BRD4 or MYB significantly
augmented the efficacy of venetoclax and hypomethylating agents in both murine and patient-derived
AML models harboring inv(3) and SF3B1 mutations. These findings elucidate the transcriptional
dynamics underlying venetoclax resistance and propose alternative therapeutic strategies targeting
BRD4 and MYB as promising avenues for improving outcomes in patients with EVi1-rearranged AML.
Our work highlights the necessity for innovative combination therapies to address the multifaceted
mechanisms of resistance in this high-risk leukemia subtype.

Keywords Acute myeloid leukemia, EVI1, Venetoclax, Hypomethylating agent, MYB, BRD4

Acute myeloid leukemia (AML) with inv(3)(q21q26) or t(3;3)(q21q26), classified as a distinct subtype by
the World Health Organization classification, presents a formidable challenge in hematologic oncology'.
This aggressive malignancy, referred to as “inv(3)/t(3;3) AML,” is characterized by a dismal median overall
survival of less than one-year post-diagnosis?>—. Similar genomic alterations observed in myelodysplastic
syndromes (MDS) correlate with equally poor outcomes, underscoring the urgent need for improved
therapeutic strategies®®. Recent investigations have unveiled the molecular intricacies driving inv(3)/t(3;3)
AML pathogenesis. The hallmark chromosomal rearrangements relocate the GATA2 distal enhancer from its
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typical position at 3q21, transforming it into a potent super-enhancer that aberrantly activates the EVII proto-
oncogene, a critical driver of leukemogenesis within the MDS1 And EVI1 Complex Locus (MECOM) at 3q26.
The enhancer contains multiple transcription factor (TF) binding sites, including those for MYB, RUNXI,
and other key regulators of hematopoiesis”®. EVII originally encodes a TF crucial for normal hematopoiesis,
characterized by two Zinc finger (ZF) DNA binding domains located at the N-terminus and the C-terminus
of the protein, encompassing seven and three Zinc fingers, respectively’. A series of studies have demonstrated
that EVII overexpression promotes a stem-like gene expression program and dysregulates apoptotic pathways
in hematopoietic progenitors, enhancing self-renewal capacity and contributing to chemotherapy resistance'.
Furthermore, our recent findings have elucidated the mechanistic link between mutations in the splicing factor
SF3B1 and RAS-related pathways, frequently co-occurring in inv(3)/t(3;3) leukemias!’. Notably, we identified a
novel oncogenic EVII splicing variant caused by SF3B1 mutation, highlighting the role of pathological splicing
in disease progression'!.

The advent of venetoclax, a BH3-mimetic targeting BCL-2, in combination with hypomethylating agents,
has shown promise in AML treatment, particularly for patients ineligible for intensive chemotherapy!'2 This
combination leverages complementary mechanisms to promote apoptosis and inhibit leukemic cell survival.
BH3 mimetics represent a promising class of anticancer drugs, exerting their effects by inhibiting pro-survival
BCL-2 proteins, leading to apoptosis induction'®. The BCL-2 protein family plays a critical role in regulating
the intrinsic apoptosis pathway, comprising both pro-apoptotic and anti-apoptotic members. By binding to
BCL-2, venetoclax displaces pro-apoptotic proteins like BIM, which then activate BAX and BAK, leading to
mitochondrial outer membrane permeabilization with the cytochrome C release and subsequent cell death!®.
Maintaining the appropriate balance between these proteins is crucial for physiological hematopoiesis, with
dysregulation commonly observed in hematological malignancies. Despite various studies demonstrating the
efficacy of venetoclax in AML!>6, the efficacy of this venetoclax regimen in EVII-rearranged AML remains
unclear, primarily due to the rarity of genetically accurate animal models and limited clinical analyses.

In this study, we delineate the response of inv(3)/t(3;3) AML cells to venetoclax and hypomethylating agent
combination therapy, focusing on post-treatment transcriptional dynamics. Utilizing novel murine models that
faithfully recapitulate the humanized inv(3)(q21q26) allele and SF3BI mutations!!, we observe a phenotypic
shift in AML cells following an initial response and subsequent resistance to the combination therapy. Notably,
these resistant cells exhibit heightened dependency on BRD4 and MYB pathways, suggesting potential avenues
for second-line therapeutic interventions. Our findings not only elucidate the mechanistic underpinnings of
venetoclax resistance in EVI1-rearranged AML but also propose alternative therapeutic strategies with promising
clinical implications. This work addresses a critical gap in our understanding of this aggressive AML subtype and
paves the way for more effective treatment approaches.

Results

EVi1-rearranged AML is relatively resistant to venetoclax

Inv(3)/t(3;3) acute myeloid leukemia (AML) is characterized by a dismal prognosis, with multiple studies
reporting a median overall survival of less than one year post-diagnosis, whereas long-term overall survival
is less than 15%!'>!!. Given the widespread efficacy of venetoclax in various AML subtypes, we sought to
evaluate its sensitivity in inv(3)/t(3;3) AML. In vitro cytotoxicity assays, quantifying AML cell elimination
after 72-hour exposure, demonstrated that inv(3)/t(3;3) AML cells exhibited markedly reduced sensitivity to
venetoclax compared to EVII wild-type AML (Fig. 1A). Chromosomal abnormalities involving 3q21 activate
EVII transcription via an ectopic GATA2 enhancer. Notably, aberrant EVII expression can occur without
3q26 rearrangements, observed in ~ 8-10% of myelodysplastic syndrome (MDS), 8% of de novo AML, and
30% of advanced chronic myeloid leukemia (CML)". To further elucidate the relationship between EVII
expression and venetoclax sensitivity, we stratified AML samples into quartiles based on EVII expression
levels. Comparative analysis revealed that the EVII-high group (highest quartile) exhibited significantly greater
resistance to venetoclax compared to the EVII-low group (lowest quartile) (Fig. 1B), suggesting a crucial
role for the EVI1 TF in determining drug vulnerability. To gain deeper insights into the genomic landscape
of inv(3)/t(3;3) myeloid neoplasms, we compiled data from prior cohorts (n = 622 from BeatAML, n = 200
from TCGA AML) with recently reported cohorts of 109 inv(3)/t(3;3) patients'®-2. This comprehensive analysis
revealed that the most frequently mutated genes in inv(3)/t(3;3) myeloid neoplasms included the core RNA
splicing factor SF3B1, followed by RAS pathway genes (NRAS, PTPN11, KRAS, and NF1) and GATA2 mutations
(Fig. 1C). Statistical analysis using Fisher’s exact test demonstrated that the mutational frequencies of these
genes were significantly elevated in EVII-rearranged patients compared with non-EVII-rearranged patients.
Strikingly, while SF3BI mutations are rare in the general AML population (~ 4%), inv(3)/t(3;3) AML was
characterized by a significantly higher mutation rate (~ 30%) in this gene. Leveraging the integrated analysis of
drug response in the BeatAML2.0 cohort?!, we demonstrated that SF3BI mutations are most strongly associated
with increased resistance to venetoclax (Fig. 1D). Collectively, these findings underscore the distinct molecular
and pharmacological profile of inv(3)/t(3;3) AMLs, particularly in terms of venetoclax response, and highlight
the need for alternative therapeutic strategies for this high-risk AML subtype.

In vivo efficacy of venetoclax in inv(3) leukemia model

In our prior study, we generated MxI-Cre: inv(3) Sf3b1*7°°YWT mice by crossing transgenic mice harboring
a human BAC (bacterial artificial chromosome) encompassing the human inv(3)(q21q26) allele’” with mice
carrying a conditional knock-in of mutant Sf3b1¥7°%E22 A5 we reported, the MxI-Cre: inv(3) Sf3b1KX700E/WT
spontaneously developed aggressive leukemia''. We established a serial transplant model by injecting CD45.2*
leukemic cells from these mice into the tail veins of lethally irradiated CD45.1* wild-type recipients. Recipients
were divided into Vehicle control and venetoclax/decitabine (VEN/DAC) treatment (Fig. 2A), followed by
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Fig. 1. Characterization of sensitivity to venetoclax in EVII-rearranged AML cells. (A) Plot of venetoclax
sensitivity quantified by the percentage of elimination of AML cells. Others # =55, EVIIr n=4. The p-value was
calculated by a two-sided t-test. (B) Plot showing venetoclax sensitivity based on MECOM mRNA expression
levels. Low (Normalized MECOM levels < 20), n=67, and High (Normalized MECOM levels > 80), n=13; the
p-value was calculated using a two-sided t-test. (C) Bar chart displaying the mutational frequencies of the
indicated genes across different patient cohorts: inv(3)/t(3;3) patients, n=109; BeatAML, n=622; TCGA AML,
n=200. p-values were calculated using Fisher’s exact test. (D) Dot mapping of venetoclax resistance to the
effects of mutated genes, data sourced from BeatAML2.0 cohort. The y-axis represents -log10 of p-values.
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blood counts and survival monitoring. VEN/DAC treatment demonstrated a significant impact on leukemia
progression, characterized by lower white blood cell counts and higher platelet counts (Fig. 2B). Combination
treatment significantly prolonged recipient survival (p < 0.0001), although all mice eventually succumbed to
leukemia around day 60 after transplant (Fig. 2C). Cytological examination of bone marrow (BM) samples
revealed that VEN/DAC-treated mice exhibited more mature myeloid cell morphology and fewer blastic cells in
cytospin-stained sections (Fig. 2D, Supplementary Fig. 1D). While the CD45.2* cell frequency in BM, spleen, and
peripheral blood (PB) was nearly 100%, indicating the donor-derived leukemia, it decreased in the spleen and
PB at day 35 (Supplementary Fig. 1E). Furthermore, flow cytometric analysis of donor-derived PB cells showed
increased CD11b positivity in the treatment group, indicating enhanced maturation of inv(3) leukemic cells in
response to VEN/DAC (Fig. 2E, Supplementary Fig. 1A). At the time of sacrifice, we observed reduced spleen
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«Fig. 2. Efficacy of VEN/DAC combination therapy in the inv(3) AML model. (A) Schema of inv(3) Sf3b1X700F
model bone marrow (BM) serial transplantation assays. (B) Plots of white blood cells, hemoglobin, and
platelets in peripheral blood (PB) of recipient mice. N="5 independent samples at transplant Day 0; data
represent mean +s.e.m. Statistical significance was calculated with a two-tailed unpaired t-test. (C) Kaplan-
Meier survival curve of Vehicle (n=4) and VEN/DAC treatment group (n=5). Treatment of venetoclax
(100 mg/kg, once a day, by oral gavage) and decitabine (0.25 mg/kg, every 48 h via intraperitoneal injection)
was administered for three weeks (until Day 35), from Day 14 after transplantation. The p-value was calculated
by the log-rank test. (D) Representative images of the BM cytospin, stained with Wright-Giemsa staining.
Scale bar: 10 um. (E) The proportion of CD11b in peripheral blood, # =5 independent samples; data represent
mean *s.e.m. The p-value was calculated by a two-sided t-test. (F) Representative images of the spleen of
Vehicle and VEN/DAC treatment mice. (G) Plot of spleen weight (n =4, Vehicle group; n=3, VEN/DAC
treatment group). Data represent mean +s.e.m. The p-value was calculated by a two-sided t-test.

size and weight in the treatment group (Fig. 2F, G), along with a significant decrease in absolute BM cell counts
(Supplementary Fig. 1B). These findings demonstrate the in vivo efficacy of the VEN/DAC combination in an
inv(3) leukemia model, although it exerts the short-term efficacy. While our results highlight the potential of this
therapeutic approach in temporarily mitigating disease progression and improving hematological parameters,
they also underscore the persistent challenge of achieving long-term remission in this aggressive AML subtype.

VEN/DAC treatment altered the phenotype of inv(3) leukemia cells

To elucidate the molecular mechanisms underlying the therapeutic effects of VEN/DAC combination treatment
on inv(3)/t(3;3) AML, we performed comprehensive RNA-seq analysis on c-Kit* cells isolated via MACS
sorting from both vehicle and VEN/DAC treatment groups. The principal component analysis (PCA) results
exhibited significant differences between vehicle and VEN/DAC (Supplementary Fig. 2A). The Transcriptomic
profiling revealed substantial differences in gene expression patterns between the two groups, with 392 genes
significantly downregulated and 372 genes upregulated (adjusted p-value < 0.05 and |log2FC| > 2) (Fig. 3A, Band
Supplementary Table 1). Notably, genes associated with mature myeloid markers, including Lyz2, Cebpe, Fcnb,
and Sirpa, exhibited significant upregulation in the treatment group®*-2°. Conversely, stem cell-related genes
such as Zbtb 16, Irs2, and Med12] were markedly downregulated, suggesting a shift towards a more differentiated
phenotype?”?8. Further Gene Ontology (GO) and pathway enrichment analysis provided valuable insights into
the biological processes modulated by VEN/DAC treatment. The Gene Ontology Biological Process analysis
revealed significant upregulation of pathways associated with myeloid differentiation, including neutrophil
degranulation, neutrophil activation, and neutrophil-mediated immunity (Fig. 3C). This finding aligns with
the observed increase in CD11b positivity in our in vivo therapeutic model. Additionally, genes upregulated
in the treatment group showed enrichment in pathways related to hemostasis and cell cycle (Fig. 3D), further
corroborating the phenotypic changes observed in vivo. The enrichment of these specific pathways suggests a
dual mechanism of action for VEN/DAC, involving both direct cytotoxicity and the induction of differentiation.

Differential gene expression in treated and resistant group

Our in vivo therapeutic experiments (Fig. 2A) demonstrated that while the VEN/DAC combination treatment
effectively prolonged survival, all mice eventually succumbed to leukemia, with efficacy diminishing significantly
after day 60 (Fig. 2C). This pattern aligns with our previous analysis of venetoclax resistance in AML patients
with higher MECOM expression (Fig. 1B), suggesting the development of treatment resistance. By day 53, the
morphology had reverted to a blastic phenotype (Supplementary Fig. 1C-E), and the CD45.2* donor-derived
chimerism had returned to the levels observed in the untreated sample at day 35 (Supplementary Fig. 1E). To
further elucidate the molecular basis of resistance, we conducted an additional RNA-seq analysis on c-Kit* cells
MACS-sorted from treatment-responsive (Treatment group) and VEN/DAC-resistant mice (Resistant group)
(Figs. 2C and 4A). Hierarchical clustering correlation analysis revealed distinct transcriptional profiles between
these groups (Fig. 4B), indicating significant alterations in gene expression patterns during the development of
resistance. Gene expression heatmap and pathway analysis of differentially expressed genes (DEGs) between
treatment-responsive and resistant groups showed upregulation of cell cycle-related genes during the response
phase of VEN/DAC treatment. However, this elevated expression was not maintained in the resistant phase (Fig.
4C, D, Supplementary Fig. 3A). This temporal shift in cell cycle-related gene expression patterns suggests an
initial proliferative and cell cycle checkpoint response to treatment, followed by a more tolerant and quiescent
state in resistant cells, potentially facilitating treatment evasion®. Further RNA-seq analysis revealed that
the positive enrichment of TF substrates, including MYB, BRD4, and MECOM, represented a pathogenetic
hallmark event that persisted from the VEN/DAC treatment phase through the resistant phase (Fig. 4E, F). These
comprehensive molecular analyses provide crucial insights into the dynamic transcriptional landscape of inv(3)
leukemia cells during treatment response and resistance development. The observed shifts in cell cycle-related
pathways and TF activities highlight potential targets for overcoming resistance and improving the long-term
efficacy of VEN/DAC combination therapy in this aggressive AML subtype.

Treatment efficacy with BRD4/MYB inhibitors in inv(3) AML cells

Our RNA-seq analysis unveiled the activation of unfavorable TF programs, notably BRD4 and MYB, providing
comprehensive insights into the mechanisms underlying VEN/DAC resistance and highlighting potential
therapeutic vulnerabilities (Fig. 4E). To assess the efficacy of BRD4 and MYB inhibitors in the context of VEN/
DAC treatment, we employed these inhibitors in VEN/DAC-treated inv(3)/t(3;3) leukemic cells. The BRD4
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Fig. 3. Transcriptomic analysis of VEN/DAC-treated inv(3) AML model. (A) Volcano plot of differential
mRNA expression between the VEN/DAC treatment group and Vehicle group. Upregulated genes in VEN/
DAC treatment are highlighted in red, while downregulated ones are shown in blue, applying adjusted p-
value <0.05 and [log2FC]| > 2. The x-axis represents log2 fold change (FC) values; the y-axis represents -log10
of adjusted p-values. (B) Heatmap showing the top 40 up- or down-regulated genes evaluated by RNA-seq
(ranked by adjusted p-value) in the VEN/DAC treatment group. (C) Gene Ontology Biological Process (2018
version) enrichment of genes up-regulated in VEN/DAC treatment group. The p-values were calculated via
Enrichr, the x-axis represents -log10 of p-values. (D) Reactome Pathway Analysis enrichment of genes up-
regulated in VEN/DAC treatment group, the p-values were calculated via Enrichr, the x-axis represents -log10
of p-values.

inhibitors (JQ1°® or ABBV-744%!) demonstrated significant anti-leukemic effects, reducing myeloid colony
formation in vitro and suppressing leukemic cell expansion in vivo through synergistic effects with VEN/
DAC (Fig. 5A, B, Supplementary Fig. 4A). To further investigate the role of BRD4 inhibitors, we transplanted
inv(3)/t(3;3) leukemic cells into sublethally irradiated wild-type recipients and administrated a combination
treatment of VEN/DAC and JQI. The addition of the BRD4 inhibitor JQ1 significantly reduced the proportion
of inv(3) AML c-Kit* cells 6-7 weeks post-transplantation (Fig. 5C). Similarly, MYB inhibitors celastrol*? and
monensin®® exhibited anti-leukemic properties. In vitro M3434 colony formation assays demonstrated that the
MYB inhibitors, when combined with VEN/DAC at equivalent concentrations, synergistically inhibited inv(3)
Sf3b1¥7°E primary mouse cells and targeted the VEN/DAC resistance clones. (Fig. 5D-G).

Synergistic effects in human patient-derived inv(3) leukemic cells

We next investigated the synergistic effects of BRD4/MYB inhibitors in combination with VEN/DAC using
human EVII-rearranged AML cells to evaluate their potential clinical applicability. We utilized YCU-AMLL1
cell lines*, recently established from a high-risk MDS/AML patient harboring inv(3) and SF3BI mutation.
To investigate the BRD4 and MYB inhibition in YCU-AMLLI cells, we evaluated the effect of combination
treatments in vitro. MYB inhibitors, celastrol and monensin, displayed potent inhibitory effects on cell
proliferation at low concentrations of 10 ~ 100 nM (Fig. 6A). We subjected the cells to combined VEN/DAC and
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Fig. 4. Differential gene expression and transcriptional factor analysis in the treated and resistant groups. (A)

Experimental schema of sample preparation used in RNA-seq analysis in VEN/DAC-treated inv(3)

Sf3b 1 K700E

AML model. (B) Heatmap of the sample-to-sample distances and hierarchical clustering of 3 groups (Vehicle,
VEN/DAC treatment, VEN/DAC resistance) by differential gene expression. (C) Reactome Pathway Analysis
enrichment of genes upregulated in VEN/DAC treatment group compared with resistance mice, the p-values
were calculated via Enrichr. (D) Heatmap and hierarchical clustering showing the expression of 20 cell cycle-
associated genes in Vehicle, VEN/DAC treatment, and VEN/DAC resistance group. (E) ChIP Enrichment
Analysis (ChEA) Transcription Factor Targets dataset analysis of genes upregulated in VEN/DAC treatment
group compared to Vehicle group. The p-values were calculated via Enrichr; the x-axis represents -log10 of
p-values. (F) ChEA Transcription Factor Targets dataset analysis of genes upregulated in VEN/DAC resistant
group compared to Vehicle group, The p-values were calculated via Enrichr; the x-axis represents -log10 of

p-values.

Scientific Reports|  (2025) 15:37099

| https://doi.org/10.1038/s41598-025-21034-1

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A

B p<0.0001
500 p=0.2843
Vehicle VEN/DAC VEN/DAC+JQ1 p=0.0368
, 5 400
o
§
2 300
>
5
S 200
o
100
e [
0 T T T
F e
& 5
K\ e\0‘7“
R
C % D p <0.0001
8- i ;<0m01 25— p<0.0001 80~ p<0.0001
—_ . : _ . p <0.0001
X xR 20+
< 64 < = 60
& . g 8
£ ° £ 154 A1 g
o 4 . © K < 40+
+8 ° +8 10 #-e° <_§
g 2 . ¥ o
) ..: N S 5 Y : 20
s e . ==
0 T T T 0 T T 0*
g O » » O » @ N N N
PR R e & & & & &S
K\ o o ié ¢ K AN
2 2 NS " & @
o o 8 O
> <<§ &
N N & P ®
p <0.0001
E < 0.0001 F p <0.0001 G p <0.0001
300 p < 0.0001 50— p =0.6340 150 p =0.0286
{E p=0.0002 p=0.8231
: e 2
[
2 200 € o|® € 100
E 2 30 2 :{
c 2 z
g 2 20- -
§ 100~ 8 . 8
10
E o
0 1 e —o9e 0 R
N \
&S & F L
¢ & & & R
& N @ \\Q/ C x
(\9‘ EY & O
¢ & & 4
o N N \
AN o S o
NN %

MYB inhibitors and analyzed their synergistic interactions using the highest single agent (HSA) or the Loewe
models from SynergyFinder®>. We observed that VEN/DAC and MYB inhibitor celastrol demonstrated a high
level of synergy, with the maximal synergy score centered around 1 uM celastrol and 100 nM VEN/DAC (Fig.
6B, Supplementary Fig. 5A), consistent with the colony formation assay results from the mouse model (Fig.
5C, D). Another MYB inhibitor, monensin, exhibited an even more pronounced synergistic effect with VEN/
DAC, featuring a lower threshold concentration and a broader synergy range (Fig. 6C, Supplementary Fig. 5B).
Similarly, the BRD4 inhibitor JQ1 exhibited a robust synergistic effect with VEN/DAC at a concentration of 1
UM, reaching a high peak and highlighting its comparable therapeutic potential (Fig. 6D, Supplementary Fig.
5C). To validate monensin’s effects on human cells, we investigate the YCU-AMLI cells’ colony-forming capacity
using an H4230 semi-solid medium. Colony counts on day 14 revealed a dose-dependent reduction in colony
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«Fig. 5. Treatment efficacy with BRD4/MYB inhibitors in inv(3) AML cells. (A) Representative images of
M3434 colonies from inv(3) Sf3b1¥7%°E primary bone marrow cells with drug treatments (Vehicle, VEN/
DAC, JQ1, and VEN/DAC +]Q1). The final concentration of all drugs in the semi-solid medium was 100 nM.
(B) The number of colonies in methylcellulose M3434 is plotted in the right bar graph. n=3 independent
experiments; data represent mean +s.e.m. The p-value relative to Vehicle by a two-sided t-test. (C) Frequency
of c-Kit* cells in Vehicle group (n =5 independent samples), VEN/DAC (day 21: n=10 independent samples),
JQ1 (n=5 independent samples), VEN/DAC+]JQ1 (n =10 independent samples) at day 7 and day 42 post-
drug treatment. Data represent mean + s.e.m. The p-value was calculated by a two-sided t-test. (D) The
number of colonies replaced in methylcellulose M3434 with Vehicle or celastrol (0.5 uM, 1 uM, or 3 uM), n=3
independent experiments; data represent mean +s.e.m. The p-value relative to Vehicle by a two-sided t-test.
(E) The number of colonies replaced in methylcellulose M3434 with Vehicle or monensin (50 nM, 100 nM, or
500 nM), n=3 independent experiments; data represent mean +s.e.m. The p-value relative to Vehicle by a two-
sided t-test. (F) The number of colonies cultured in methylcellulose M3434 with Vehicle or drugs at a final
concentration of 100 nM (VEN/DAC, Celastrol, or VEN/DAC + Celastrol). n =3 independent experiments;
data represent mean +s.e.m. The p-value relative to VEN/DAC + Celastrol by a two-sided t-test. (G) The
number of colonies cultured in methylcellulose M3434 with 4 groups of different drug addiction components
at a final concentration of 100 nM (Vehicle, VEN/DAC, Monensin, VEN/DAC + Monensin). n =3 independent
experiments; data represent mean *s.e.m. The p-value relative to VEN/DAC + Monensin group by a two-sided
t-test.

formation with increasing monensin concentration (Supplementary Fig. 5D). Finally, we evaluated the YCU-
AMLI cell line cultured in H4230 medium to further validate the synergy between VEN/DAC and multiple
MYB/BRD4 inhibitors. While VEN/DAC alone significantly suppressed colony growth, the addition of MYB
or BRD4 inhibitors further enhanced this inhibition, demonstrating a strong synergistic effect (Fig. 6E-G). We
also validated the synergistic effect of these BRD4 or MYB inhibitors in combination with VEN/DAC in another
EVIl-rearranged and SF3BI-mutated cell line, MUTZ-3!! (Supplementary Fig. 5E-G). In addition, Western
blot analysis confirmed that the MYB inhibitors celastrol and monensin effectively suppressed the expression
of c-MYB, c-MYB (phospho S11)*¢%7, and its downstream target, c-MYC?® (Fig. 6H, Supplementary Fig. 5H).
These findings suggested that combining VEN/DAC and BRD4/MYB inhibitors is an effective treatment strategy
for the poor prognostic inv(3) AML and overcomes the resistant mechanisms.

Discussion

AML with inv(3)/t(3;3) or elevated EVII expression represents a particularly challenging therapeutic landscape.
The aggressive nature of this subtype correlates with poor prognosis, as evidenced by the median overall survival
of less than one year®®. EVII, a transcription factor that, when overexpressed, drives abnormal hematopoiesis
and promotes stem-like properties in leukemic cells, becomes a pivotal player in therapeutic resistance®. The
aberrant activation of EVII through chromosomal rearrangements not only enhances self-renewal capabilities
but also fosters chemotherapy resistance!®. This highlights a paradox where the very mechanisms that confer
a growth advantage to leukemic cells simultaneously render them less responsive to current therapies, such
as venetoclax-containing regimens. Recent studies have underscored the heterogeneity observed within EVII-
high leukemias, varying degrees of EVII expression, and frequent co-occurrence of mutations, such as those
in SF3BI'l. These mutations further complicate treatment strategies by contributing to pathological splicing
changes, altered apoptotic signaling, and enhanced leukemic cell survival'l. As such, this complexity necessitates
a multifaceted approach to therapy, targeting not only the malignant cells but also the pathways that promote
their survival.

The challenge of venetoclax resistance in AML, particularly in the context of EVII-rearranged leukemias,
is increasingly recognized as a significant barrier to effective treatment. Our study elucidates that inv(3)/t(3;3)
AML cells possess intrinsic resistance to venetoclax, as indicated by reduced sensitivity in in vitro assays (Fig.
1A). This resistance is compounded by the frequent co-occurrence of mutations in splicing factors such as
SF3B1, which exacerbat disease progression through pathological splicing and enhanced survival signaling®.
The identification of transcriptional programs associated with venetoclax resistance offers potential avenues
to enhance therapeutic efficacy. These findings underscore the importance of understanding transcriptional
programs that underlie resistance to identify new therapeutic targets. Transcription factors such as MYB and
BRD4 regulate key oncogenic and epigenetic processes that enable leukemic cells to survive therapeutic pressure.
Recent literature suggests that targeting these pathways can sensitize resistant cells to venetoclax, highlighting
the necessity for combination therapies that address the multifactorial nature of resistance’**!. By integrating
inhibitors of BRD4 and MYB alongside conventional agents like venetoclax and hypomethylating agents, we
may be able to disrupt the adaptive mechanisms employed by leukemia cells to evade therapy, thereby improving
treatment outcomes.

The application of MYB and BRD4 inhibitors represents a promising strategy to enhance therapeutic efficacy
in AML, particularly in EVI1-high subtypes. For example, Smeenk et al. demonstrated the requirement of MYB
for oncogenic EVII hyperactivation at the translocated enhancer caused by inv(3) or t(3;3)*%. Our findings
indicate that the combination of MYB inhibitors, such as celastrol and monensin, with venetoclax and decitabine
enhances the cytotoxic effects on inv(3) AML cells, demonstrating significant synergy in colony formation assays
(Fig. 5D and F). This is consistent with previous studies that highlight MYB as a critical transcription factor in
the maintenance of leukemic stem cell properties and resistance to apoptosis*’. Similarly, BRD4 has emerged
as a crucial regulator of oncogenic transcriptional programs, and its inhibition has been shown to disrupt the
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survival of AML cells, especially those with high EVII expression®®#*#, The integration of these inhibitors into
treatment regimens could potentially mitigate the resistance mechanisms that currently limit the effectiveness
of venetoclax in EVII-rearranged AML. However, while early results are promising, further investigations
are warranted to elucidate the optimal dosing strategies and combinations that maximize therapeutic benefit
while minimizing toxicity?®*!. The persistence of resistant clones despite combination therapies highlights the
necessity of identifying and targeting emergent vulnerabilities in resistant cells. Future studies should focus
on the specific mechanisms through which BRD4, MYB, and MECOM drive resistance, as well as on the
integration of these pathways with broader signaling networks. Additionally, addressing the pharmacokinetics
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«Fig. 6. Synergistic effects in human patient-derived inv(3) leukemic cells. (A) Relative cell viability of YCU-
AML1 with MYB inhibitor treatment was measured using a luminescent cell viability assay; the y-axis is the
intensity ratio based on Day 0. (B) Heatmap of the synergistic score for the combination treatment of VEN/
DAC and celastrol at day 3. SynergyFinder analyzed the data under the highest single agent (HSA) complete
models for combination analysis. Red colors indicate synergistic points, green points indicate antagonistic
points. (C) Heatmap of the synergistic score for the combination treatment of VEN/DAC and monensin at day
3. SynergyFinder analyzed the data under the highest single agent (HSA) complete models for combination
analysis. Red colors indicate synergistic points, green points indicate antagonistic points. (D) Heatmap of the
synergistic score for the combination treatment of VEN/DAC and JQI at day 3. SynergyFinder analyzed the
data under the highest single agent (HSA) complete models for combination analysis. Red colors indicate
synergistic points, green points indicate antagonistic points. (E) In vitro colony-forming assay cultured with
human GM-CSF (10 ng/mL) and either Vehicle or drugs at a final concentration of 100 nM (VEN/DAC,
Celastrol, or VEN/DAC + Celastrol). n=3 independent experiments; data represent mean +s.e.m. The p-value
relative to VEN/DAC group by a two-sided t-test. (F) In vitro colony-forming assay cultured with human
GM-CSF (10 ng/mL) and either Vehicle or drugs at a final concentration of 100 nM (VEN/DAC, Monensin, or
VEN/DAC + Monensin). n=3 independent experiments; data represent mean +s.e.m. The p-value relative to
VEN/DAC group by a two-sided t-test. (G) In vitro colony-forming assay cultured with human GM-CSF (10
ng/mL) and either Vehicle or drugs at a final concentration of 100 nM (VEN/DAGC, JQ1, or VEN/DAC+]JQl).
n=3 independent experiments; data represent mean +s.e.m. The p-value relative to VEN/DAC group by a two-
sided t-test. (H) Immunoblot analysis of phosphorylated c-MYB, total c-MYB, c-MYC, and B-Actin in protein
extracts from MUTZ-3 cells cultured with DMSO (Control), Celastrol 1 (M, or Monensin 1 uM for 24 h.

and pharmacodynamics of these inhibitors will be crucial for improving their in vivo efficacy. Overall, our
study contributes to the growing body of evidence advocating for a targeted approach in treating EVII-high
AML, emphasizing the importance of understanding molecular underpinnings in the development of effective
therapies.

In summary, addressing the challenges posed by inv(3)/ t(3;3) AML and EVII-high leukemias requires
a multifaceted approach that includes overcoming venetoclax resistance and leveraging novel therapeutic
strategies involving MYB and BRD4 inhibition. Our findings emphasize the importance of understanding
molecular mechanisms of resistance and integrating this knowledge into innovative treatment strategies. By
continuing to explore these avenues, we may pave the way for more effective and personalized treatment options
for patients suffering from this aggressive form of leukemia.

Methods

Clinical data analysis

Venetoclax sensitivity was calculated based on data from AML patients*’, and compared between EVII-
rearranged patients (n = 4) versus others (non-EVII-rearranged) (n = 55), and between low (n = 67) versus
high (n = 13) MECOM mRNA expression groups. The p-values were calculated using a two-sided t-test. The
mutational frequencies of the most frequently mutated genes in inv(3)/t(3;3) patients!®-2° (SF3B1, NRAS,
PTPNI1, KRAS, TP53, DNMT3A, GATA2, ASXLI1, NF1, FLT3, RUNX1, and KIT) were calculated based on data
from inv(3)/t(3;3) AML patients (n = 109), the Beat AML cohort (n = 622), and the TCGA AML cohort (n =
200). The p-values were calculated using Fisher’s exact test applied to 2 x 2 contingency tables comparing EVII-
rearrangement negative and EVII-rearrangement positive samples based on mutated versus unmutated gene
status.

Animals and ethical approval

inv(3)(3q21q26) mouse strain (RBRC09508) was provided by RIKEN BRC through the National BioResource
Project of the MEXT/AMED, Japan. NOD/SCID-IL2Rgnull (NSG) mice were purchased from Charles River
Laboratories Japan (Yokohama, Japan). All animals were housed at the Foundation for Biomedical Research and
Innovation (FBRI, Japan) using a 12-hour light/12-hour dark cycle at an ambient temperature of 21.5 °C+1 °C
and 30% to 70% humidity. All animal procedures were followed by the Guidelines for the Care and Use of
Laboratory Animals and approved by the Institutional Animal Care and Use Committees at FBRI. All mouse
experiments were performed according to a protocol approved by the FBRI Institutional Animal Care and Use
Committee. All animal experiments were followed by the ARRIVE guidelines. All experimental methods were
performed in accordance with a protocol approved by the formal ethics committee at FBRI, under approval No.
22-08.

Celllines

The YCU-AMLI cell line was previously established from a patient-derived xenograft (PDX) model of a high-
risk MDS/AML patient with the t(3;3)(q21;q26.2) mutation, as reported by Kunimoto et al.**. The detailed
methodology is outlined in prior literature®*.

Bone marrow (BM) transplantation

Freshly dissected femora and tibiae were isolated from inv(3) Sf3b1¥7%F/WT mjce. BM was flushed with a 3
mL insulin syringe into PBS supplemented with 3% fetal bovine serum (FBS). The BM was spun at 500 g by
centrifugation, and RBCs were lysed in ammonium chloride-potassium bicarbonate lysis buffer for 5 min. After
centrifugation, cells were resuspended in PBS supplemented with 2% FBS, passed through a cell strainer, and
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counted. Washed BM cells were transplanted via tail vein injection into sublethally irradiated (4.5 Gy) CD45.1*
recipient mice. YCU-AMLI cells were transplanted via tail vein injection into sublethally irradiated (2.0 Gy)
NSG (NOD.Cg-Prkdc*Ii2rg™"1!/Sz]) mice.

In vitro colony formation assays

Whole BM cells from inv(3) Sf3b1X79°E/WT primary leukemic mice or VEN/DAC-resistant clone mice were
seeded at a density of 10,000 cells/replicate in cytokine-supplemented methylcellulose semi-solid medium
(Methocult M3434, STEMCELL Technologies). Colonies were cultured at 37 °C and 5% CO, and counted on day
7.YCU-AMLI cells were seeded at a density of 2.0 x 10° cells/well by triplicate into cytokine-free methylcellulose
medium (Methocult H4230, STEMCELL Technologies) with GM-CSF 10 ng/mL. Plates were placed into an
incubator at 37 °C and 5% CO,,, and colonies were counted on day 14.

Antibodies

All FACS antibodies were purchased from eBioscience and BioLegend. BM mononuclear cells were stained
with a lineage cocktail consisting of antibodies targeting CD3, B220, Gr-1, CD11b, and Ter-119. Cells were
also stained with antibodies against c-Kit, anti-mouse CD45, and anti-human CD45. Cell populations were
analyzed using FACS Lyric (BD Biosciences). We used the following antibodies: B220-PECy?7 (clone: RA3-6B2;
BD Pharmingen; catalog #:10322; dilution: 1:300); CD3-APCCy7 (145-2c11; BioLegend; 100330; 1:300); Gr-1-
APC (RB6-8C5; BD Pharmingen; 553129; 1:300); CD11b-PerCPCy5.5 (M1/70; Biolegend; 101228; 1:300); c-Kit-
FITC (2B8; eBioscience; 553354; 1:300); anti-mouse CD45-PerCPCy5.5 (2B8; Biolegend; 105824; 1:1000) and
anti-human CD45-BV510 (HI30; Biolegend; 304036; 1:100). The following antibodies were used for Western
Blot analysis: c-Myb (phospho S11) (ab45150; Abcam; 1:1000), c-Myb (#59995; Cell Signaling; 1:1000), c-Myc
(#5605; Cell Signaling; 1:1000), and B-Actin (A5441; Sigma-Aldrich; 1:5000).

Peripheral blood analysis
Blood was collected by bleeding from the mouse tail using a heparinized microhematocrit capillary tube (Thermo
Fisher Scientific). Peripheral blood counts were automated using a HemaVet 950 (Drew Scientific).

Histological analysis with Wright-Giemsa staining

Bone marrow cells were collected and prepared for morphological analysis using cytospin centrifugation. Briefly,
1x10° cells were centrifuged onto glass slides at 650 rpm for 5 minutes using a cytocentrifuge. Slides were air-
dried at room temperature and stained by using Hemacolor Rapid staining of blood smear (#1.11957.2500,
Sigma-Aldrich), according to the standard manufacturer’s protocols.

Cell culture

YCU-AMLLI cells were cultured in OP-9 cell culture supernatant (Minimum Essential Medium a (a-MEM)
containing 20% fetal bovine serum (FBS)) supplemented with GM-CSF (10 ng/mL). MUTZ-3 cells (purchased
from DSMZ) were cultured in a-MEM containing 20% FBS and 20% supernatant from the 5637 cell line.

In vitro cell viability assays

YCU-AMLI cells were seeded in white flat-well 96-well plates (Costar) at a density of 10,000 cells per well with
the supernatant of OP-9 cell culture medium (Minimum Essential Medium «/20% FBS). ATP luminescence
readings were taken 24 h, 72 h, and 128 h after seeding, using Cell Titer Glo (Promega) according to the
manufacturer’s instructions.

Chemicals

Venetoclax (A-1195425.0) was obtained from Abbvie and dissolved in 60% Phosal 50PG/30% PEG400/10%
Ethanol. Other drugs used in the experiments: JQ1 (MCE, HY-1303), ABBV-744 (Selleck, S8723), celastrol
(Sigma-Aldrich, C0869), and monensin sodium salt (purity 90-95% TLC) (Sigma-Aldrich, M5273) were
dissolved in DMSO.

In vivo drug treatment

Recipient mice transplanted with inv(3) Sf3b1X7%E/WT [eykemia cells were administered venetoclax (100 mg/kg,
once daily, by oral gavage) and decitabine (0.25 mg/kg, every 48 h via intraperitoneal injection) for three weeks,
beginning at day 14 post-transplantation.

mRNA isolation and bulk RNA sequencing

For MACS-sorted c-Kit* cells using CD117 MicroBeads (MACS, Miltenyi Biotec), RNA was extracted using
RNeasy columns (Qiagen) according to the manufacturer’s instructions, followed by poly(A)-select treatment of
the RNA and preparation of Illumina stranded libraries using the TruSeq Stranded mRNA Library Preparation
Kit. Libraries were sequenced on an Illumina NovaSeq 6000 at a depth of ~ 30 M 2 x 151 bp reads per sample.
For differential expression analysis, FASTQ sequenced reads were filtered by Fastp and mapped to mm10 using
hisat2%¢%7. Gene counts were calculated with featureCounts*®, normalized and differentially expressed genes with
adjusted p-values of less than 0.1 were identified using DESeq2*° and weighted using an independent hypothesis
(Supplementary Table 1). Variance-stabilized transformed data calculated by the DESeq2-vsd function were used
for hierarchical clustering and principal component analysis. Gene ontology was performed using Enrichr>0-%2,
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Two-drug synergistic analysis

YCU-AMLI and MUTZ-3 were seeded into 96-well plates at a density of 10,000 cells per well. Drug combinations
of VEN/DAC with JQI, celastrol, or monensin were added to the growth medium at varying concentrations.
Cells were incubated with the drugs for 72 h at 37 °C and 5% CO,. ATP luminescence readings were measured
using CellTiter-Glo (Promega) according to the manufacturer’ instructions. Synergistic scores based on the cell
viability assay were calculated using the SynergyFinder web tool**.

Statistical analysis

Statistical analyses were performed using R (version 4.3.3), GraphPad Prism (version 10), DESeq2 (version
1.49.3), Enrichr (version 3.4), and SynergyFinder (version 3.16.0). Statistical significance was calculated using
two-tailed unpaired t-test, log-rank test, two-sided Wilcoxon rank-sum test, Fisher’s exact test, one-way ANOVA,
binomial distribution in Enrichr, and bootstrapping in SynergyFinder, as indicated in the figure legends. The
number of mice in each group and the number of replicates for each experiment are shown in the figure legends.
All error bars represent mean £ s.e.m.

Data availability
Sequencing data generated in this study have been deposited in the Gene Expression Omnibus (GEO) under
accession number GSE292744 (RNA-seq).
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