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ABSTRACT 

Mixed-lineage leukemia (MLL) rearrangements and Nucleophosmin-1 (NPM1) mutations are 
associated with acute leukemias whose pathogenesis is critically influenced by protein-protein 
interactions between menin and MLL. We hypothesized that targeting the menin-MLL interaction 
using DS-1594b and blocking the antiapoptotic BCL-2 protein using venetoclax may promote 
differentiation and enhance eradication of MLL-rearranged and NPM1-mutated leukemias 
models. We treated acute myeloid leukemia (AML) cell lines with MLL rearrangements, NPM1 
mutations, other leukemias and primary samples from AML patients with venetoclax alone, DS-
1594b alone, and their combination. We measured proliferation, viability, apoptosis, and 
differentiation using a variety of cellular assays, Western blotting, and BH3 profiling. Treatment 
with DS-1594b and venetoclax exerted significant synergy, resulting in enhanced differentiation 
and inhibited proliferation across several cell lines. In the NPM1-mutated AML PDX model, DS-
1594b single-agent treatment significantly extended survival. Importantly, compared with DS-
1594b monotherapy, the combination of DS-1594b and venetoclax more profoundly reduced 
leukemic burden and prolonged mouse survival. Menin inhibition was the primary driver of 
transcription changes in this model and impacted the expression of antiapoptotic regulators, 
providing a mechanistic explanation for the synergy observed between these drugs. Overall, we 
observed synergistic effects on differentiation induction and proliferation inhibition, both in vitro 
and in vivo. Together, our studies underscore the promise of this combination strategy as a 
novel therapeutic approach for improving treatment outcomes in patients with these specific 
genomic alterations.  



INTRODUCTION 

Acute leukemias are a heterogeneous group of aggressive blood cancers characterized by the 

rapid proliferation of immature white blood cells in the bone marrow. Among these, MLL (mixed-

lineage leukemia, KMT2A) rearrangements and NPM1 (nucleophosmin 1) mutations represent 

two distinct subtypes, each posing significant clinical challenges1,2. MLL rearrangements (MLLr) 

are a common genetic anomaly in pediatric hematologic malignancies, where they are found in 

up to 80% of infant acute lymphoblastic leukemia patients3. However, in adult acute myeloid 

leukemia (AML), they occur in only 5% to 10% of cases4. These rearrangements arise from 

translocations involving the MLL gene, producing fusion proteins that enhance proliferation, 

block differentiation, and drive aggressive leukemias5. Unfortunately, MLL-rearranged leukemias 

are notoriously resistant to conventional treatment approaches and associated with high early 

mortality, resulting in a distressingly low 5-year survival rate of only 35% in newly diagnosed, 

and <10% in relapsed/refractory (R/R) AML6.  

In contrast, NPM1 mutations are among the most common alterations in adult AML, present in 

~30% of cases7. The NPM1 gene encodes a nucleolar phosphoprotein involved in various 

cellular processes, including ribosome biogenesis and centrosome duplication. Mutations in 

NPM1 cause aberrant cytoplasmic localization, disrupting normal functions and promoting 

leukemogenesis through HOX gene activation8,9. Although NPM1-mutated AML generally has a 

favorable prognosis in the absence of FLT3-ITD mutations10 It remains a clinical challenge in 

relapse/refractory and elderly patients11. 

Menin, encoded by MEN1, is a scaffold protein essential for regulating gene expression through 

its interactions with chromatin-modifying complexes and plays a crucial role in various cellular 

processes12. It was initially identified as the product of the MEN1 gene, linked to Multiple 

Endocrine Neoplasia type 1, a hereditary tumor syndrome13. Several studies have revealed the 



critical role of protein-protein interactions between menin, MLL, and MLL fusion proteins in the 

pathogenesis of MLL-rearranged leukemias14,15. Similarly, mutated NPM1 interacts with the MLL 

complex to regulate oncogenic signatures in NPM1-mutated AML 16,17 . Consequently, targeting 

the menin-MLL interaction with additional menin inhibitors has emerged as a promising 

therapeutic strategy in preclinical and clinical studies of both MLLr and NPM1-mutated AML18. 

Notably, the first menin inhibitor revumenib was recently approved by the FDA for the treatment 

of relapsed or refractory acute leukemia with KMT2A translocations, marking a significant 

milestone in the treatment of these challenging leukemias19. Resistance mechanisms to menin 

inhibitors can include the appearance of specific point mutations that abrogate drug binding, but 

emerging evidence suggests that different inhibitors may have unique effects on the various 

pathways through which resistance develops20. Therefore, expanding preclinical data across a 

range of structurally distinct menin inhibitors remains an important task to refine therapeutic 

approaches. 

Here, we investigated the preclinical potential of the novel menin-MLL inhibitor DS-1594b21, in 

combination with venetoclax, a selective inhibitor of the antiapoptotic BCL2 protein22. 

Venetoclax has shown promising activity in AML, making it an ideal partner for targeted 

therapies23. We and others have shown that acute lymphoblastic leukemia cells with the t(4;11) 

MLL translocation express high BCL2 levels and are highly sensitive to venetoclax, as the 

resulting MLL/AF4 fusion protein upregulates BCL2 via increased H3K79me2/3 at its locus24. 

Here, we hypothesized that targeting the menin-MLL interaction using DS-1594b in combination 

with venetoclax may promote cell differentiation and enhance lethality in acute leukemias, 

particularly in MLL-rearranged and NPM1-mutated AML. To test this hypothesis, we utilized 

both cell lines and patient samples harboring either MLL rearrangements or NPM1 mutations 

and a patient-derived xenograft (PDX) model of NPM1-mutated acute leukemia to assess the 



synergistic effects of DS-1594b and venetoclax on leukemic cell viability, apoptosis induction, 

and differentiation potential. 

By evaluating this drug combination preclinically, our study aims to provide insights into a 

targeted therapeutic strategy for acute leukemias with NPM1 mutations and MLL 

rearrangements25, potentially supporting new treatment options for these high-risk patients. 

 

METHODS 

Cell lines and patient samples 

AML cell lines with MLL rearrangements (OCI-AML2, MOLM-13, MOLM-14, MV4-11, MOLM-13 

ven-res), NPM1 mutations (OCI-AML3, IMS-M2), and without these alterations (U937, HL60) 

were obtained from DSMZ and the University of Perugia26. Cells and patient samples (2,000–

150,000/well) were treated with DS-1594b (0–10 μM, 5–10 days; Daiichi Sankyo²¹) and/or 

venetoclax (0–500 nM, 5 days; LC Laboratories²²), except MV4-11 cells, which were treated for 

3 days due to their higher sensitivity. This study was approved by the Institutional Review Board 

of The University of Texas MD Anderson Cancer Center (protocol LAB-01-473), and conducted 

in accordance with the Declaration of Helsinki; written informed consent was obtained from all 

participants. 

Proliferation, viability, apoptosis, and differentiation assays 

Cell proliferation was measured by quantifying ATP using a CellTiter-Glo Luminescent Cell 

Viability Assay (Promega). The effect of each treatment on the number of viable cells and 

apoptotic cells was evaluated by Annexin V–DAPI assay with flow cytometry. To evaluate 

differentiation, cells were stained with CD14, CD15, CD11b, CD45, and CD33 antibodies (BD 

Biosciences) and analyzed with flow cytometry. 



Western blotting 

Immunoblotting was performed as detailed in Baran et al.27(Supplementary Methods). The 

antibody panel used is summarized in Table S1. 

BH3 profiling 

BH3 profiling was conducted as previously reported28. (Supplementary methods).  

AML xenograft mouse study 

40 female NSG mice (8–10 weeks old; Jackson Laboratory, NOD.Cg-Prkdc^scid 

Il2rgtm1Wjl/SzJ) were inoculated via tail vein with 3×10� NPM1m PDX/luc/GFP cells in 100 μL. 

After leukemia engraftment was confirmed by bioluminescence, mice (n = 10/group) were 

randomized to vehicle, venetoclax, DS-1594b, or the combination. DS-1594b (50 mg/kg) was 

given orally for 4 weeks starting 12 days post-injection; venetoclax was given orally at 50 mg/kg 

for 2 weeks, then 100 mg/kg for 2 weeks of a 28-day cycle. Mice were weighed weekly and 

sacrificed at endpoint per IACUC guidelines. Spleen PDX cells were barcoded and stained with 

metal-conjugated antibodies for CyTOF29 . Bioluminescence images were acquired every 7–10 

days using the IVIS Lumina LT system. 

RNA-Seq analysis 

 

FastQ files were quality checked using FastQC30 and the reads were trimmed using Trim 

Galore! With the parameter --2colour 20. The trimmed reads were then mapped to hg38 

reference genome using STAR31. Gene expression was then quantified using featureCounts32. 

DESeq233 was used to carry out differential gene analysis. Batch correction was carried out 

using RUVSeq34. Gene ontology enrichment analysis using biological process terms was 

performed using ClusterProfiler35. 



RESULTS 

DS-1594b alone promotes differentiation in MLL-rearranged and NPM1-mutated cell lines  

We first evaluated the impact of DS-1594b on the viability of various cell lines with MLL 

rearrangements (MOLM-13, MOLM-14, MV4-11) and NPM1 mutations (OCI-AML3, IMS-M2) 

after 7 days of treatment. Our findings indicated that low µM concentrations of DS-1594b 

significantly reduced proliferation in these cell lines, while having no effect on non-MLLr/non-

NPM1-mutated U937 and HL60 cells (Fig. 1A). Given the frequency of venetoclax resistance in 

AML, we generated venetoclax-resistant (ven-res) AML cell lines to evaluate whether menin 

inhibition could provide an alternative therapeutic option. To this end, we exposed MOLM-13, 

OCI-AML2, and MV4-11 cells to increasing concentrations of ABT-199, starting at 10�nM and 

increasing to 1�μM (see supplementary methods). Notably, the ven-res MOLM-13 cell line, 

along with the other two ven-res cell lines, OCI-AML2 and MV4-11, all of which harbor MLL 

rearrangements, showed varying responses to DS-1594b. MOLM-13 ven-res was sensitive to 

the treatment, while OCI-AML2 and MV4-11 ven-res did not respond (Figs. 1A and S1A).  

Given the known effects of menin inhibitors on inducing cell differentiation36, we assessed 

whether DS-1594b alone induced differentiation in the tested AML cell lines by examining 

differentiation markers (CD11b, CD14, CD15) using flow cytometry. Our results revealed that 

OCI-AML337,38, OCI-AML2, MOLM-13 ven-res, and MOLM-14 cell lines began to show 

differentiation effects (CD11b positivity) after 5 days (Fig. 1B), with the effects becoming more 

evident after 10 days of treatment (Fig. S1B). Of note, the differentiation marker CD15, 

expressed by neutrophils, was found to be upregulated only in the MOLM-14 cell line, while 

CD14, expressed by monocytes, was present only when CD11b was expressed after 10 days 

(Figs. S1C and S1D). No differentiation was observed in non-NPM1/non-MLLr cell lines like 

U937 or HL60, even at higher doses of DS-1594. Moreover, DS-1594b treatment induced 

apoptosis in OCI-AML2, OCI-AML3, and MV4-11 cells after 7 days (Fig. 1C). Notably, apoptosis 



was also observed in MOLM-13 and MOLM-13 ven-res cell lines after 10 days of treatment (Fig. 

S1E). Western blot analysis performed after 5-day treatment with DS-1594b showed a reduction 

in menin protein levels across all leukemia cell lines, accompanied by decreased BCL-2 

expression in OCI-AML3 and OCI-AML2, and reduced levels of the cell-cycle inhibitor p27 

specifically in OCI-AML2 cells (Fig. 1D). Interestingly, when treated with DS-1594b, MCL-1 was 

upregulated in OCI-AML3 but not in the other cell lines. In addition, CD11b upregulation was 

found in OCI-AML2 and OCI-AML3, consistent with results observed from flow cytometry 

analysis.  

Next, using dynamic BH3 profiling, we tested whether menin inhibition enhanced cell 

dependency on the antiapoptotic BCL-2 family members for survival (see supplemental 

methods). MV4-11 cells were pre-treated with DS-1594b followed by exposure to different BH3 

mimetic peptides, and the mitochondrial outer membrane permeabilization was measured by 

flow cytometric monitoring of cytochrome c release after 24 hours. We observed that in both cell 

lines, inhibition of menin increased cell priming to the pan-activator and sensitizer hBIM, hBID-

Y, PUMA, and Bmf-Y peptides (Figs. S2A and S2B), and only OCI-AML3 cells were additionally 

primed to MCL-1 targeting mNoxaA and MS1 peptides. This pattern indicates that while in MV4-

11 cells, DS-1594b enhanced cell dependency on BCL-2, in OCI-AML3 cells the drug 

additionally increased their dependence on the antiapoptotic MCL-1 for survival. 

Overall, our results demonstrate that DS-1594b induces differentiation of AML cells, consistent 

with a similar effect reported for other menin inhibitors in the literature39, as well as blocking cell 

proliferation. Additionally, we observed significant apoptosis induction after prolonged treatment 

(7–10 days) in several cell lines. Importantly, menin inhibition primed AML cells to become more 

dependent on BCL-2 for survival. 

Co-treatment with DS-1594b and venetoclax exerts synergistic in vitro lethality in AML 

cells expressing MLL rearrangements or NPM1 mutations 



Our findings of increased survival BCL-2 dependency upon Menin inhibition led us to explore 

the possibility that targeting BCL-2 with clinically used venetoclax may enhance the anti-AML 

efficacy of DS-1594b in cells expressing NPM1 mutant proteins or MLL fusion proteins.  

To this end, we tested the efficacy of combined DS-1594b and venetoclax treatment in the 

same MLL-rearranged and NPM1-mutated cell lines described previously. These combination 

experiments were performed using a 5-day treatment schedule (except for MV4-11, treated for 3 

days), which was selected to capture the full range of drug responses and potential synergistic 

effects, especially given the delayed activity typically observed with Menin inhibitors in AML. 

Combination treatment significantly reduced proliferation in all MLLr and NPM1-mutant lines, 

while sparing control lines (HL60, U937) (Fig. 2A). Notably, the MV4-11 cell line displayed 

significant inhibition after just 3 days of treatment (CI=0.07), suggesting heightened sensitivity to 

the drug combination, as did the MOLM-13 and MOLM-14 cell lines after 5 days of treatment 

(CI=0.25, CI=0.16 respectively). Moreover, the NPM1-mutated IMS-M2 cell line exhibited 

inhibition only when treated with the drug combination, not when treated with either drug alone 

(CI=0.005). In addition, Bliss synergy score analysis revealed synergy of the combined 

treatment in MOLM-14, but not in U937 cells (Fig. S2C), confirming efficacy of both drugs in 

MLL-rearranged AML cell lines.   

Next, we analyzed the effects of co-treatment with venetoclax and DS-1594b on apoptosis using 

flow cytometry for Annexin-V and a Western blot assay. All tested cell lines, except the negative 

control U937, underwent apoptosis following combined treatment (Fig. S3A). Notably, in OCI-

AML2 cells, the combination efficacy is primarily driven by venetoclax. Additionally, the Western 

blot analysis (Fig. 2B) demonstrated increased levels of PARP-C and decreased level of total 

Caspase-3, both well-known apoptosis hallmarks.  CD11b was upregulated in OCI-AML3, and 

menin was downregulated in all cell lines. The expression of MCL-1 persisted in OCI-AML3 cells 

after treatment with the combination for 3 days, consistent with increased priming by BH3 



profiling, yet was reduced after 5 days likely due to a change in cell state due to differentiation. 

In addition, P27 is downregulated in all cell lines except for the U937 cell line control. These 

outcomes were contrary to what was observed when DS-1594b was used alone.  

These findings collectively confirm that DS-1594b and venetoclax combination treatment 

effectively inhibits proliferation and induces apoptosis in cell lines with MLL rearrangements and 

NPM1 mutations, achieved through the activation of the PARP-c and caspase-3-c pathways. 

 

DS-1594b and venetoclax combination therapy promotes differentiation and shows 

enhanced lethality in primary AML patient samples harboring MLL rearrangements or 

NPM1 mutations 

Next, we investigated the potential of a combination DS-1594b and venetoclax treatment to 

induce differentiation and lethality in primary samples from AML patients that harbor MLL 

rearrangements or NPM1 mutations. Our findings provide evidence that the combined treatment 

exerted a moderate synergistic effect, in 4 out of 6 tested patient samples (Figs. 3A and S4A). 

Importantly, among these, 3 out of 5 patient samples with MLL rearrangement exhibited 

synergistic inhibition of viability as shown by Bliss synergy score, indicating a favorable 

response to menin/BCL-2 inhibition. Sample from patient 3 (PT3) however, displayed resistance 

to menin inhibition. Additionally, dual combination demonstrated a slight synergistic effect in 

patient sample PT6 with an NPM1 mutation (Figs. 3A and S4A). In turn, DS-1594b alone led to 

a substantial increase in the differentiation of AML cells, particularly in PT2 and PT6 (Fig. 3B), 

and less so in other patient samples treated with DS-1594b alone. 

Overall, our results suggest that the combination therapy of a menin inhibitor and venetoclax 

may be a promising treatment strategy for AML patients with MLL rearrangements or NPM1 



mutations. Furthermore, our findings highlight the potential of using DS-1594b as a single agent 

to promote AML cell differentiation. 

 

In vivo efficacy of the combination of DS-1594b with venetoclax in PDXs with NPM1 

mutations  

After observing moderate synergy between DS-1594b and venetoclax against AML cells with 

MLL rearrangements or NPM1 mutations in vitro, next we assessed anti-leukemia efficacy of 

dual combination in vivo using NSG mice engrafted with NPM1-mutated AML cells in a PDX 

luciferase-expressing model. We tested DS-1954b and venetoclax individually and in 

combination at well-tolerated doses. We found that co-treatment with DS-1594b and venetoclax 

for 4 weeks resulted in a greater reduction in AML burden compared with treatment with either 

single-agent treatment or the vehicle control. Bioluminescence imaging demonstrated the 

efficacy of the combination treatment (Figs. 4A and 4B). Importantly, the weight of the mice in 

the combination group was not significantly affected, indicating good tolerance, whereas 

venetoclax and control groups experienced significant weight reduction (Fig. 4C). Interestingly, 

there was no difference in weight between the DS-1594b and combination groups. Furthermore, 

the combination and single-agent DS-1594b group had a reduced spleen weight compared with 

the other groups indicative of a significant suppression of AML progression in the treated 

groups. (Figs. 4D and S5A). No differences were observed in bone marrow engraftment (Fig. 

S5B). The survival curve clearly demonstrated the benefits of the combination treatment, with 

the DS-1594b group showing some benefit but the combination group showing the greatest 

benefit (Fig. 4E).  Notably, this PDX appeared resistant to Venetoclax, as demonstrated by the 

survival curve and bioluminescence images. 



Next, we tested whether the addition of venetoclax further enhanced leukemia differentiation 

compared to menin inhibition alone. To this end, we performed high-dimensional mass 

cytometry (CyTOF) using a comprehensive panel of surface and intracellular markers to assess 

changes in protein expression across multiple pathways, with a particular focus on markers 

associated with myeloid and monocytic differentiation (Fig. 5A). This approach enabled a 

detailed phenotypic characterization of leukemic cells following in vivo treatment. For this 

analysis, cells from the PDX spleen were stained with anti-human antibodies against 

differentiation markers and leukemia markers (Table S2). We found that single agent DS-1594b 

as well as combined treatment led to the emergence of a population of cells (pop1) with 

elevated expression of CD33, CD13, and CD44, which are well-known markers of myeloid cell 

differentiation40–42 (Figs. 5B-C and S5C). Importantly, this population of cells did not significantly 

increase in the combined treatment compared to DS-1594b alone, suggesting that the observed 

differentiation of AML cells was driven mainly by DS-1594b.  

 

Menin inhibition potentiates venetoclax treatment via transcriptional mechanisms 

To better understand the molecular mechanisms underlying the impact of the combined 

venetoclax/menin treatment, we performed RNA-seq on PDX spleen cells harboring NPM1c, 

DNMT3A and FLT3-ITD mutations43 after 4 weeks of treatment in vivo. Comparing across single 

and combination treatments, it was apparent that most differences in gene expression were 

driven by the DS-1594b-mediated inhibition of menin, with few additional gene expression 

changes induced by the combined treatment (Fig. 6A). Classic menin targets, such as MEIS1, 

FLT3 and HOXA9, had decreased expression (Fig. S5D). Cluster 1 and 4 genes (decreased 

expression in DS-1594b and Combination) were enriched for DNA replication, cell division, and 

RNA processing, whereas Cluster 5 genes (decreased expression with VEN and Combination) 

were enriched for interferon response and response to virus (Fig. S5E).  



Interestingly, there was a small subset of genes that were further downregulated or upregulated 

in the combination treatment compared to menin inhibition alone (Fig. 6B, clusters 3 and 4). 

Based on this we hypothesized that menin inhibition might drive the downregulation of anti-

apoptotic factors, which could be further potentiated by co-treatment with venetoclax. To explore 

this possibility, we focused on key anti-apoptotic genes and found that DS-1594b suppressed 

expression of MCL-1 (Fig. 6C). Importantly, this effect was significantly augmented by combined 

treatment with venetoclax. Given that upregulation of MCL-1 is a well-defined factor underlying 

AML resistance to venetoclax44, such profound effect of treatment on MCL-1 level could account 

for the synergy of combined therapy observed in the tested PDX model. 

We performed additional RNA-seq in the NPM1-mutant cell line OCI-AML3 and the MLL-AF4 

cell line MV4-11 and similarly observed that Menin inhibition drives the majority of transcriptional 

changes both alone and in combination with venetoclax (Figs. S6A and S6B), including down-

regulation of known menin targets (Figs. S6C and S6D) and specific anti-apoptotic genes. We 

found that OCI-AML3 cells (Fig. S6E) specifically down-regulated BCL2 in response to 

treatment with Menin inhibition and with the combination. MV4-11 cells (Fig. S6F) exhibit 

statistically significant down-regulation of BCL2 and BCL2L10 with Menin inhibitor and 

combination treatment, along with subtle (but not significant) decreases in BCL2L12 and MCL1. 

This suggests that the specific anti-apoptotic genes affected by Menin inhibition may depend on 

the AML context. ChIP-seq for Menin showed that Menin binds directly to some anti-apoptotic 

genes in both our PDX models, primary patient cells from an NPM1-mutant AML, and cell lines 

(Fig. S6G), MV4-11 data were obtained from publicly available GEO dataset GSE196036), 

suggesting that these genes are directly regulated by Menin binding.  

Although Menin inhibition appears to drive the majority of transcriptional changes in the 

combination treatment, we nonetheless wanted to determine if any gene expression changes 

were driven specifically by venetoclax. To better clarify the differences between the individual 



treatments with Menin, Venetoclax, and the combination, we compared differentially expressed 

genes in each pairwise comparison: Venetoclax vs vehicle, DS-1954b vs Vehicle, and 

Combination vs Vehicle (Fig. S7A). The largest overlap of differentially expressed genes was 

between down-regulated genes with Menin inhibition and combination treatment. Of the genes 

that are down-regulated with the combination but not Menin inhibition, only 5 genes are also 

down-regulated with Venetoclax alone, suggesting that the addition of venetoclax to DS-1954b 

induces these changes. In a pairwise comparison of vehicle vs venetoclax treated cells, there 

were 76 downregulated and 73 upregulated genes (Fig. 6D). A GO enrichment analysis of the 

genes downregulated in venetoclax-treated cells revealed that they were related to apoptosis, 

although it is likely that this regulation is indirect (Fig. 6E), given that venetoclax primarily 

functions as a BCL-2 inhibitor rather than directly influencing gene transcription. 

These data indicate that venetoclax and menin inhibitors act through distinct mechanisms, with 

menin inhibition mainly impacting transcriptional programs, while synergy between the two 

agents occurs through modulation of anti-apoptotic pathways. Overall, our findings support the 

combination of DS-1594b and venetoclax as a promising therapeutic strategy with potent anti-

leukemic activity in vivo for patients with MLL rearrangements and NPM1 mutations. 

DISCUSSION 

In this study, we investigated the potential of combining the menin inhibitor DS-1594b with the 

BCL-2 antagonist venetoclax in AML. We assessed its ability to promote differentiation and 

enhance lethality in AML cell lines and primary patient samples harboring MLL rearrangements 

or NPM1 mutations. Additionally, we assessed the in vivo efficacy of this combination therapy 

using a PDX mouse model. Overall, DS-1594b alone primarily inhibited growth and promoted 

differentiation both in vitro and in vivo. Moreover, when combined with venetoclax, it effectively 

induced apoptosis in AML cell lines and NPM1-mutated AML PDX mouse model, presenting a 

promising treatment approach for patients with acute leukemias. These results are consistent 



with previous studies reporting synergistic anti-leukemic effects of venetoclax in combination 

with other menin inhibitors45,46.  

The decreased expression of menin and BCL-2 family members, along with the activation of 

apoptotic pathways, highlights a potential mechanism for the observed effects. Notably, the 

MV4-11 and MOLM-13 cell lines displayed heightened sensitivity to treatment with DS-1594b 

and venetoclax, emphasizing the therapeutic potential of this combination in AML subtypes with 

FLT3-ITD mutations. 

Our investigation extended to primary AML patient samples harboring MLL rearrangements or 

NPM1 mutations. Encouragingly, the combination treatment synergistically inhibited cell 

proliferation in most tested samples, particularly those with MLL rearrangements. These results 

underscore the potential clinical relevance of DS-1594b and venetoclax combination therapy. 

However, we also observed a lack of response in certain patient samples, indicating the need 

for further investigation into potential mechanisms of resistance and underscoring the 

importance of developing strategies to overcome resistance for more effective therapeutic 

outcomes in AML patients47. 

Our in vivo study using a PDX mouse model corroborated our in vitro findings, as mice who 

were treated with DS-1594b and venetoclax had a significantly reduced AML burden compared 

with those who were treated with single agents or vehicle control. Importantly, the combination 

therapy did not adversely affect mouse weight, suggesting that the regimen was well-tolerated.  

RNA-seq analysis revealed that while most differences in gene expression were driven by the 

menin inhibitor, only a small subset of genes exhibited further modulation upon combination 

treatment. Specifically, we observed a significant downregulation of antiapoptotic MCL-1 in our 

PDX model and direct Menin binding at anti-apoptotic factor loci, including MCL1, suggesting an 

added complementary mechanism for the observed synergy between the two treatments. 



Furthermore, our CyTOF analysis revealed increased expression of differentiation markers in 

the DS-1594b alone and combined treatment groups48. This finding supports that treatment with 

both DS-1594b and venetoclax may positively impact leukemic cell differentiation in vivo. 

The observed synergistic effects on differentiation and apoptosis, in vitro and in vivo, have 

important clinical implications. However, while the study demonstrates efficacy in a subset of 

patient samples, the observed resistance in some cases underscores the AML clonal 

heterogeneity and complexity of finding universally effective treatments, in patients treated at 

the time of relapsed/refractory disease. These findings are particularly relevant in light of recent 

early-phase clinical trial data indicating promising activity of menin inhibitor/venetoclax 

combinations in the relapsed/refractory setting49 and high response rates with a triple 

combination of azacitidine/venetoclax and Menin inhibitors in the R/R and older frontline AML 

patients50. Therefore, further studies are needed to explore the mechanistic underpinnings of 

this synergy and identify potential biomarkers of patient response and resistance. In conclusion, 

these results underscore the potential of DS-1594b and venetoclax as a targeted combination 

therapy, offering a promising and novel approach to specifically counteract the survival and 

differentiation blockades in AML patients with MLL rearrangements and NPM1 mutations, and 

laying the groundwork for more personalized and effective treatment regimens in this patient 

population.  
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FIGURE LEGENDS 

Figure 1. DS-1594b alone promotes differentiation in MLL-rearranged and NPM1-mutant 

cell lines.  

A. A proliferation assay was conducted by treating cell lines with MLL rearrangements (OCI-

AML2, MOLM-13, MOLM-14, MV4-11, MOLM-13 ven-res) and NPM1 mutations (OCI-AML3 and 

IMS-M2) and negative control cell lines (U937 and HL60) with DS-1594b alone at 

concentrations between 0.0001 μM and 9 μM for 7 days. Dose-response curves were analyzed 

using a curve-fitting routine based on nonlinear regression to compute the IC50 value. B. 

Apoptotic cells were identified by flow cytometry using counting beads, Annexin V, and DAPI 

after 7 days. Two-way ANOVA was performed to determine statistical significance (*, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001). D. OCI-AML3, HL60, OCI-AML2, and IMS-M2 

cells were treated with the indicated concentrations of DS-1594b for 5 or 7 days. Following this, 

total cell lysates were prepared, and BCA protein assay was performed, and 30 μg of protein 

was loaded for western blot analyses. The expression levels of β-Actin in the lysates served as 

the loading control. 

Figure 2. Co-treatment with DS-1594b and venetoclax exerts synergistic in vitro lethality 

in AML cells expressing MLL rearrangements or NPM1 mutations. 

A. Proliferation assay was conducted by treating cell lines with MLL rearrangements (OCI-

AML2, MOLM-13, MOLM-14, MV4-11, MOLM-13 ven-res) and NPM1 mutations (OCI-AML3 and 

IMS-M2) and negative control cell lines (U937 and HL60) with DS-1594b alone, venetoclax 

alone, or a combination treatment with the indicated concentrations in a fixed ratio for 5 days. 

MV4-11 was treated for 3 days. The combination index (CI), based on the Chou–Talalay 

method, was determined by CalcuSyn software (version 2.0). B. Apoptosis assay was 

conducted by treating cells lines for 5 days, except for MV4-11, which was treated for 3 days, 



with the indicated concentrations. Apoptotic cells were determined by flow cytometry using 

counting beads, Annexin V, and DAPI. Two-way ANOVA was performed to determine statistical 

significance between DMSO and combo treatment (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 

P < 0.0001). DS= DS-1594b, Ven= Venetoclax. C. OCI-AML2, OCI-AML3, IMS-M2, MV4-11, 

and U937 cells were treated with the indicated concentrations of DS-1594b and venetoclax for 3 

or 5 days. Following this, total cell lysates were prepared, BCA protein assay was performed, 

and 30 μg of proteins were loaded for western blot analyses. The expression levels of β-Actin in 

the lysates served as the loading control. DS= DS-1594b, Ven= Venetoclax. 

Figure 3. Combination therapy promotes differentiation and shows enhanced lethality in 

primary AML patient samples harboring MLL rearrangements or NPM1 mutations. 

A. Patient cells with MLL rearrangements or NPM1 mutations were treated with the indicated 

concentrations of DS-1594b and venetoclax for 3 days. Viable cell numbers were measured by 

quantifying ATP using a CellTiter-Glo Luminescent Cell Viability Assay. B. Four patients’ cells 

were treated with vehicle (0.2 % DMSO) or 0.1 or 1 μM DS-1594b for 5 to 7 days. Differentiation 

effects were determined by flow cytometry using the CD11b marker. Single experiments were 

conducted due to the limited number of cells from the patients.  

Figure 4. In vivo efficacy of the combination of DS-1594b with venetoclax in NPM1-

mutated PDXs. 

A. Bioluminescence imaging of tumor burden. Mice were inoculated via the tail vein with 

NPM1m PDX/luc/GFP; 3.0×106 cells/100 μL/mouse). Once leukemia engraftment was 

confirmed by bioluminescence imaging (day 0), mice (n = 10/group) were randomized to 4 

treatment arms: vehicle; venetoclax alone, DS-1594b alone, and venetoclax/DS-1594b (combo). 

Bioluminescence imaging was performed at days 0, 10, 18, and 25 with IVIS Lumina LT In Vivo 

Imaging System. B. Total flux radiance of mice every 7 to 10 days from bioluminescence 



imaging data. Two-way ANOVA was performed to determine significance (*, P < 0.05; **, P < 

0.01; ***, P < 0.001; ****, P < 0.0001). C. Body weight was measured at days 10, 17, and 23. 

Two-way ANOVA was performed to determine statistical significance (*, P < 0.05; **, P < 0.01; 

***, P < 0.001; ****, P < 0.0001). D. The spleen weight of three mice selected randomly from 

each treatment group was recorded. Two-way ANOVA was performed to determine statistical 

significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). E. Kaplan–Meier survival 

curves of mice according to treatment arm (n = 10/group). Treatment started on day 12 and 

ended on day 40. Venetoclax (Ven) was administered at 50 mg/kg for 2 weeks followed by 100 

mg/kg for 2 weeks; DS-1594b (DS) was given at 50 mg/kg for 4 weeks. Overall survival was 

estimated using the Kaplan–Meier method, and differences between groups were assessed 

using the Gehan–Breslow–Wilcoxon test (***, P < 0.001; ****, P < 0.0001). 

 

Figure 5. DS-1594b drives differentiation in PDX model.  

A. Human patient-derived xenograft (PDX) cells were collected from the spleens of three mice 

in each treatment group after 4 weeks of treatment. These cells were then stained for CyTOF 

analysis. Dimensionality reduction was performed using the t-distributed stochastic neighbor 

embedding method. Processed data were subjected to negative value pruned inverse 

hyperbolic sine transformation and clustered based on the PhenoGraph algorithm (k = 22) using 

all cell surface markers listed in Table S2. X= tSNE_1 Y=tSNE_2 B. Percentage of pop1 

population events across the different group treatment. C. The expression levels of each protein 

within each population cluster. CD44, CD33, CD13 differentiation markers are highlighted 

 

Figure 6. Menin inhibition potentiates venetoclax treatment via transcriptional 

mechanisms 



 A. Clustered heatmap of differentially expressed genes (p-adj < 0.05) in PDX-derived splenic 

leukaemia cells from mice treated for 4 weeks with vehicle control (Veh), venetoclax, Menin 

inhibitor (MENi) or a combination (Combo). B. Boxplots representing the patterns of expression 

(z-scored) of differentially expressed genes (p-adj < 0.05) from PDX-derived splenic leukaemia 

cells treated with vehicle control, venetoclax, Menin inhibitor, or a combination. C. Expression 

(CPM) of anti-apoptotic factors in PDX-derived splenic leukemia cells from mice treated with 

vehicle control, venetoclax, Menin inhibitor (MENi) or a combination. Statistical analysis was 

performed with an ANOVA followed by a Tukey test, where 1e-4 > `p-adj` < 1e-3 ~ "***", `p-adj` 

< 1e-2 ~ "**", `p-adj` < 5e-2 ~ "*", `p-adj` > 5e-2 ~ "NS”. D. RNA-seq in PDX-derived splenic 

leukaemia cells from mice treated with venetoclax compared to vehicle control. Genes with the 

lowest adjusted p-value are labelled. E. GO:BP enrichment analysis of genes downregulated (p-

adj < 0.05) with venetoclax treatment. 

 















SUPPLEMENTARY METHODS 

 

Cell lines and patient samples 

AML cell lines OCI-AML2, OCI-AML3, HL60, MOLM-13, MOLM-14, MV4-11, MOLM-13 ven-res, 

and U937 were purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen. All 

cells were authenticated by short tandem repeat DNA fingerprinting in September 2016 by the 

Cytogenetics and Cell Authentication Core Facility at The University of Texas MD Anderson 

Cancer Center. IMS-M2 and NPM1 luc PDX were received from the University of Perugia under 

MTA agreement 25854. Primary AML patient bone marrow or peripheral blood samples (n = 6) 

were collected under MD Anderson IRB protocol LAB-01-473. All cell lines were cultured in 

suspension in RPMI-1640 medium (Sigma) and supplemented with 10% fetal bovine serum 

(Sigma), L-glutamine, and penicillin/streptomycin (Invitrogen).  

Fresh whole blood samples from patients were mixed 1:1 with phosphate-buffered saline (PBS) 

without calcium and magnesium and added to 15 mL Lymphocyte Separation Medium (Sigma). 

Cells were centrifuged (1800 rpm for 20 min), and the mononuclear cell layer was extracted. 

Ammonium chloride solution (5 mL) was used to lyse residual red blood cells for 5 minutes while 

shaking. Primary AML patient cells were plated at 0.2-1.5 x 105 cells/mL in Stemline II 

(Milliporesigma), SCF (100 ng), FLT3L (100 ng), TPO (100 ng), IL3 (20 ng), and IL6 (20 ng) 

(Peptrotech). 

Reagents 

Venetoclax was purchased from LC Laboratories; DS-1594b was received from Daiichi 

SankyoCo., Ltd.; stock solutions for in vitro studies were prepared with DMSO (Sigma-Aldrich). 

For animal studies, DS-1594b was prepared in 0.1% methylcellulose and venetoclax was 

prepared in 10% ethanol/30% phosphal 50/60% PEG 400. Western blot antibodies were 

purchased from Cell Signaling (Table S1).  



Generation of ven-res cell lines 

OCI-AML2, MV4-11 and MOLM-13 AML cell lines were cultured in suspension in RPMI-1640 

medium and supplemented with 10% fetal bovine serum, L-glutamine, and penicillin/streptomycin. 

Venetoclax resistance was induced by continuously exposing the parental cells to increasing 

concentrations of Venetoclax, starting at 10 nM and increasing to 1 μM. The medium with 

venetoclax was changed every 2 days. After cells achieved stable viability (above 90%) at a 

certain venetoclax dose, the dose was increased until it reached 1 μM. 

Western Blotting 

Cells (approximately 1-2 million per well) were plated in 6-well dishes. After undergoing treatment 

for the specified period, we extracted total proteins using Laemmli buffer and performed a 

Bicinchoninic acid assay (BCA). About 30 micrograms of these proteins were separated through 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene 

fluoride membranes provided by Millipore Sigma. Post-blocking with Li-COR Odyssey blocking 

buffer, these membranes were left to incubate with primary antibodies overnight at 4°C. Following 

this, they were washed and incubated for 2 hours with suitable infrared fluorochrome-conjugated 

secondary antibodies - Odyssey Irdye 680 RD anti-mouse and Odyssey Irdye 800 CW goat anti-

rabbit. The protein signals were made visible using a LI-COR Odyssey imaging system. 

BH3 profiling 

BH3 profiling relies on the exposure of mitochondrial BCL-2 family of proteins to peptides that 

mimic endogenous pro-apoptotic BH3 activators and sensitizers that selectively bind to 

antiapoptotic BCL-2 family members. The release of cytochrome c from mitochondria in response 

to a given BH3 peptide therefore allows us to estimate the level of mitochondrial apoptotic priming 

(susceptibility of cells to commit apoptosis) and dependence on selective BCL-2 family members 

for survival. Cells were pelleted at 400 g and resuspended in DTEB (Derived from Trehalose 



Experimental Buffer). Cells were permeabilized with digitonin and exposed to BH3 peptides 

(hBIM, PUMA, hBID-Y, Bmf-Y, mNoxaA, MS1; New England Peptide). The mitochondrial outer 

membrane permeabilization was monitored by cytochrome C release. Dimethyl sulfoxide (DMSO) 

and Ala were used as the negative and positive controls, respectively. 

RNA sequencing 

RNA was extracted from ~ 5 million cells using the Qiagen RNeasy Kit for RNA (74104) 

purification following the manufacturer’s instructions. mRNA was purified using the NEBNext 

Poly(A) mRNA Magnetic Isolation Module (E7490S) using 1 µg of input RNA. Library preparation 

for sequencing was done using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina 

(E7760S). Samples were sequenced by paired-end sequencing on NextSeq500. 

CyTOF protocol 

Antibodies for time-of-flight mass cytometry (CyTOF) were either purchased from Fluidigm or 

conjugated in house as follows. Purified, carrier-free antibodies were conjugated with lanthanide 

isotopes using a MaxPar Antibody Labeling Kit (Fluidigm) following the manufacturer’s 

instructions. Protein concentrations were determined using a NanoDrop 2000 spectrophotometer 

(Thermo Fisher Scientific), and metal contents of the conjugated antibodies were determined by 

CyTOF using a CyTOF mass cytometer (Fluidigm) in solution mode using Claritas PPT Grade 

Multi-Element Solution 1 (SPEX CertiPrep) with 0.5 ppb as a standard. Table S1 lists the 

antibodies used. All antibodies were labeled with heavy metals using Maxpar-X8 labeling reagent 

kits (Fluidigm) according to the manufacturer’s instructions and titrated to determine the optimal 

concentration.  

For each sample evaluated, 3 × 106 cells were aliquoted into separate fluorescence-activated cell 

sorting tubes and washed twice with Maxpar PBS buffer (Fluidigm; cat. 201058). For live/dead 

cell discrimination, cells were resuspended in 200 µL of 5 µM cisplatin (Fluidigm; cat. 201064) for 



5 minutes on an orbital shaker, followed immediately by 3 washes in Maxpar cell staining buffer 

(CSB; Fluidigm; cat. 201068). Cells were then fixated for 10 minutes in 1 mL of 1× Fix I buffer 

(Fluidigm; cat. 201065), followed by 2 washes with 1× barcode perm buffer (Fluidigm; cat. 

201057). Each unique palladium barcode (Fluidigm; Cell-ID 20-Plex Pd Barcoding Kit, cat. 

201060) was suspended in 100 µL of barcode perm buffer and immediately transferred to cells in 

800 µL of barcode perm buffer. Cells were incubated with barcodes for 30 minutes, then washed 

twice with 2 mL CSB. Barcoded cells were then combined into a single tube for CyTOF staining. 

The staining factor was calculated as the total number of barcoded cells/3 × 106 cells. Cells were 

blocked with 5 μL× staining factor of anti-human Fc receptor binding inhibitor (eBioscience 

Invitrogen) in 45 µL × staining factor of CSB for 15 minutes at room temperature. An appropriate 

amount of surface antibody master mix was added directly to the tube and incubated for 1 hour 

at room temperature before it was washed with CSB twice.  

Next, cells were washed twice with PBS and stained for 30 minutes with antibodies against 

intracellular markers in a final reaction volume of 50 µL, washed twice with wash buffer and once 

with PBS, and stained for 20 minutes in 500 µL of 1:1000 iridium intercalator (Fluidigm; cat. 

201192A) diluted in 1.6% PFA in PBS. Cells were then washed twice with wash buffer and filtered 

through blue-capped tubes. Each sample pellet was resuspended in 50 µL deionized water and 

transferred to a 96–deep-well plate containing 50 µL Eu151/153 calibration beads (Cat. 201073, 

Fluidigm). Samples were analyzed on a CyTOF mass cytometer using an AS5 Autosampler 

(Fluidigm); 0.4 mL deionized water was added to each sample just before injection. The data were 

saved in FCS3.0 format, de-barcoded by a Fluidigm de-barcoder, and analyzed by spanning-tree 

progression analysis of density-normalized events (SPADE) software (version 3) or Cytofkit for 

Bioconductor. 

Data were initially filtered with FlowJo to eliminate normalization beads, debris, doublets, and 

non-viable cells. Subsequently, dimensionality reduction was conducted using the t-distributed 



stochastic neighbor embedding technique. Processed information underwent a transformation 

using the negative value pruned inverse hyperbolic sine method and was then clustered 

employing the PhenoGraph algorithm (with a parameter k set to 22), utilizing the cell surface 

markers detailed in Table S2. 

Statistical analyses 

In vitro experiments were conducted in technical triplicate. The combination index (CI), based on 

the Chou–Talalay method (CalcuSyn version 2.0), was obtained at the effective doses of 50%, 

75%, and 90% in the population exposed to the different agents (CI < 1, synergistic; CI = 1 

additive; CI > 1, antagonistic). Bliss Synergy scores of the drugs combination treatment on cell 

lines were determined using Combenefit software. Statistical differences between groups were 

determined using a Student t-test or 2-way ANOVA with the Dunnett test. P less than or equal to 

0.05 was considered statistically significant. Overall survival rate was estimated by the Kaplan–

Meier method and compared using the log-rank test. Dose-response curves were analyzed using 

a curve-fitting routine based on nonlinear regression.  All preceding analyses were performed 

utilizing GraphPad Prism 9 software. 

 

 

 

 

 

 

 



Company Cat. Number Antibody

Cell Signaling 6891S Menin (D45B1) XP® Rabbit mAb 

Cell Signaling 49420S CD11b/ITGAM (D6X1N) Rabbit mAb 

Cell Signaling 3700S β-Actin (8H10D10) Mouse mAb 

Cell Signaling 9662S Caspase-3 Antibody 

Cell Signaling  9664S Cleaved Caspase-3 (Asp175) (5A1E) Rabbit mAb

Cell Signaling 3686S p27 Kip1 (D69C12) XP® Rabbit mAb

Cell Signaling 15071S Bcl-2 (124) Mouse mAb 

Cell Signaling 5625S Cleaved PARP (Asp214) (D64E10) XP® Rabbit mAb 

Cell Signaling 94296S Mcl-1 (D2W9E) Rabbit mAb #

ID  Tagged Abs  Target  Label  Intracellular Staining  Clone  Specificities  Source  Cat

1 CD11c 159Tb CD11c 159Tb FALSE Bu15 Hu DVS-Fluidigm 3159001B

6 CD19 142Nd CD19 142Nd FALSE HIB19 Hu DVS-Fluidigm 3142001B

9 CD33 158Gd CD33 158Gd FALSE WM53 Hu DVS-Fluidigm 3158001B

11 CD11b 144Nd CD11b 144Nd FALSE ICRF44 Hu DVS-Fluidigm 3144001B

14 CD34 148Nd CD34 148Nd FALSE 581 Hu DVS-Fluidigm 3148001B

17 CD44 166Er CD44 166Er FALSE BJ18 Hu DVS-Fluidigm 3166001B

41 CD90 171Yb CD90 171Yb FALSE 5.00E+10 Hu BioLegend 328102

43 CXCR4 172Yb CD184, CXCR4 172Yb FALSE 12G5 Hu BioLegend 306502

125 CD133/2 153Eu CD133/2 153Eu FALSE 293C3 Hu Miltenyi 130-090-851

145 CD13 152Sm CD13 152Sm FALSE WM15 Hu DVS-Fluidigm 3152003B

175 HLA-E 145Nd HLA-E 145Nd FALSE 3D12 Hu BioLegend 342602

183 CD49d 141Pr CD49d 141Pr FALSE 9F10 Hu DVS-Fluidigm 3141004B

257 CD3 175Lu CD3 175Lu FALSE UCHT1 Hu BioLegend 300443

309 CD14 160Gd (MDA) CD14 160Gd FALSE M5E2 Hu BioLegend 301802

356 CD8a 176Yb CD8a 176Yb FALSE HIT8a Hu, Ch BioLegend 300902

375 CD15 173Yb CD15 173Yb FALSE W6D3 Hu BioLegend 323002

394 CD64 146Nd CD64 146Nd FALSE 10.1 Hu DVS-Fluidigm 3146006B

416 TIM-3 156Gd TIM-3 156Gd FALSE F38-2E2 Hu, Rh BioLegend 345002

455 CD4 161Dy CD4 161Dy FALSE RPA-T4 Hu, Ch BioLegend 300502

459 CD45 89Y CD45 89Y FALSE HI30 Hu, Ch DVS-Fluidigm 3089003B

467 CD56 163Dy CD56 163Dy FALSE NCAM16.2 Hu DVS-Fluidigm 3163007B

536 CD123 151Eu CD123 151Eu FALSE 7G3 Hu BD 554527

538 CD38 167Er (MDA) CD38 167Er FALSE HIT2 Hu BioLegend 303502

557 Ki67 168Er Ki67 168Er TRUE B56 Ms, Hu BD 556003

558 CD85j 154Sm CD85j, ILT2, LILRB1 154Sm FALSE HP-F1 Hu BC A07408

647 CD117 155Gd CD117(c-kit) 155Gd FALSE 104D2 Hu BioLegend 313202

698 CD16 209Bi CD16 209Bi FALSE 3G8 Hu, Rh DVS-Fluidigm 3209002B

824 CLL-1 174Yb (BL) CD371, CLL-1, CLEC12A 174Yb FALSE 50C1 Hu BioLegend 353602

937 CD7 115In CD7 115In FALSE CD7-6B7 Hu BioLegend 343102

1094 CD85k 165Ho CD85k, ILT3, LILRB4 165Ho FALSE ZM4.1 Hu BioLegend 333002

1100 HLA-DR 143Nd HLA-DR 143Nd FALSE L243 Hu DVS-Fluidigm 3143013B

Table S1.

Table S2.
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Supplementary Table 1. Antibodies used for Western blot analysis. 

Supplementary Table 2. Antibodies used for CyTOF analysis. 

Supplementary Figure 1. Effects of treatment with DS-1594b alone and in combination with 

venetoclax on various cell lines. 

A. Proliferation assays were conducted by treating OCI-AML2 ven-res and MV4-11 ven-res cell 

lines for 7 days with DS-1594b alone at the indicated concentrations. Dose-response curves were 

analyzed using a curve-fitting routine based on nonlinear regression to compute the IC50 value. 

B. Cell lines were treated with vehicle (0.2% DMSO) or 0.1, 1, or 10 μM (or 0.01, 0.1, and 1 μM) 

DS-1594b for 10 days. Differentiation effects were determined by flow cytometry using the CD11b 

marker. Two-way ANOVA was performed to determine statistical significance (* P < 0.05; ** P < 

0.01; *** P < 0.001; ****P < 0.0001). C. Differentiation effects in all cell lines was determined by 

flow cytometry using the CD15 marker. Two-way ANOVA was performed to determine statistical 

significance (* P < 0.05; ** P < 0.01; *** P < 0.001; ****P < 0.0001). D. Differentiation effects in all 

cell lines were determined by flow cytometry using the CD14 marker on all cell lines. Two-way 

ANOVA was performed to determine statistical significance (* P < 0.05; ** P < 0.01; *** P < 0.001; 

****P < 0.0001). E. Apoptosis assay was conducted by treating cell lines for 10 days with the 

indicated concentrations. Apoptotic cells were determined by flow cytometry using counting 

beads, Annexin V, and DAPI. Two-way ANOVA was performed to determine statistical 

significance (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).  

 

Supplementary Figure 2. BH3 profiling and bliss synergy scores in cell lines treated with 

Venetoclax and/or DS-1594b. 

A. MV4-11 and B. OCI-AML3 cell lines were treated for 24 hours and analyzed for BH3 profiling. 

Cells were then permeabilized with digitonin and exposed to BH3 peptides (hBIM, hBID-Y, PUMA, 



Bmf-Y, mNoxaA, MS1; synthesized by New England Peptide). The mitochondrial transmembrane 

potential loss was monitored by cytochrome C release. DMSO and Ala were used as the negative 

and positive controls, respectively, for cytochrome C release. MFI Normalization was calculated 

following this equation: 1-(MFI(log)-(DMSO-Ala)/(DMSO-Ala). C. U937 and MOLM-14 were 

treated with the indicated concentrations of DS-1594b and venetoclax for 5 days. Bliss synergy 

scores of the combination treatment on cell lines were determined using Combenefit software 2.0. 

Values > +10 indicate synergy, between -10 and +10 indicate additive effects, and < -10 indicate 

antagonism. 

Supplementary Figure 3. Apoptosis assay on AML cell lines after treatment with DS-1594b 

in combination with venetoclax 

A. Cell lines listed above were treated with vehicle (0.2% DMSO) or 0.1, 1, or 10 μM (or 0.01, 0.1 

and 1 μM) DS-1594b for 5 days. Differentiation effects were determined by flow cytometry using 

the CD11b marker. Two-way ANOVA was performed to determine statistical significance (* P < 

0.05; ** P < 0.01; *** P < 0.001; ****P < 0.0001). 

Supplementary Figure 4. Bliss synergy scores of AML patient samples treated with DS-

1594b and Venetoclax. 

A. Patient samples were treated with the indicated concentrations of DS-1594b and venetoclax 

for 3 days. Bliss synergy scores of the combination treatment on cell lines were determined using 

Combenefit software 2.0. Values > +10 indicate synergy, between -10 and +10 indicate additive 

effects, and < -10 indicate antagonism. 

Supplementary Figure 5. Effects of treatment with DS-1594b and Venetoclax on PDX 

mouse model. 

A. Photographs of the spleens from three mice within each treatment group. B. Percentage of 

human cells in the bone marrow of three mice from each treatment group. C. The expression 



levels of each protein within every treatment group. D. Heatmaps showing z-scored expression 

of canonical Menin-MLL transcriptional target genes following treatment with Venetoclax, DS-

1594b, or a combination, in PDX cells. E. GO:BP analysis, filtered to the top 5 significantly 

enriched terms, in the clusters of differentially expressed genes in the PDX model. Cluster 

numbers refer to the clusters in Fig. 5A. 

Supplementary Figure 6. Effects of treatment with DS-1594b and Venetoclax on AML cell 

lines. 

A. Clustered heatmaps of differentially expressed genes following treatment with Venetoclax, DS-

1594b, or a combination, in OCI-AML3 cells. B. Clustered heatmaps of differentially expressed 

genes following treatment with Venetoclax, DS-1594b, or a combination, in MV4-11 cells. C. 

Heatmaps showing z-scored expression of canonical Menin-MLL transcriptional target genes 

following treatment with Venetoclax, DS-1594b, or a combination, in OCI-AML3. D. Heatmaps 

showing z-scored expression of canonical Menin-MLL transcriptional target genes following 

treatment with Venetoclax, DS-1594b, or a combination, in MV4-11. E. Clustered heatmaps 

showing z-scored expression of anti-apoptosis genes following treatment with Venetoclax, 

DS1594b, or a combination, in OCI-AML3. F. Clustered heatmaps showing z-scored expression 

of anti-apoptosis genes following treatment with Venetoclax, DS-1594b, or a combination, in MV4-

11 cells. G. Menin ChIP-seq and ChIpmentation in OCI-AML3 and MV4-11 cells and small cell 

number ChIPmentation for Menin in an NPM1-mutant primary AML patient sample and an NPM1-

mutant PDX sample at the promoters of key anti-apoptotic genes. MV4-11 data were obtained 

from publicly available GEO dataset GSE196036. 

Supplementary Figure 7. Upset plot in PDX model. 

A. Upset plot comparing significant (p.adj <0.05) up-regulated and down-regulated genes across 

treatment conditions in PDX model. 
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