
Menin inhibitor ziftomenib (KO-539) synergizes with 
drugs targeting chromatin regulation or apoptosis and 
sensitizes acute myeloid leukemia with MLL 
rearrangement or NPM1 mutation to venetoclax

Acute myeloid leukemia (AML) represents a genetically het-
erogeneous group of myeloid neoplasms derived from early 
hematopoietic progenitors. Mutations in the NPM1 gene and 
chromosomal rearrangements of the gene encoding the hi-
stone 3 lysine 4 (H3K4) methyltransferase MLL (KMT2A) rep-
resent recurrent genetic abnormalities that define distinct 
AML subtypes and predict treatment outcomes.1,2 Both gen-
etic alterations in AML are associated with activating a par-
ticular leukemogenic transcriptional program, including the 
aberrant expression of the self-renewal associated homeo-
box (HOX), MEIS1, and PBX3 transcription factor genes and 
their target genes FLT3 and BCL2.3 The interaction of MLL 
with the adaptor protein menin is required for MLL-re-
arranged (MLL-r) leukemogenesis,3 and we discovered that 
NPM1mut AML also depends on the menin binding motif in 
MLL.4 Small-molecule inhibitors that block the menin-MLL 
interaction cause downregulation of leukemic gene ex-
pression, induce differentiation, and have anti-leukemic ac-

tivity against NPM1mut and MLL-r leukemia models (reviewed 
in5). Ziftomenib is one of five menin inhibitors currently as-
sessed in clinical phase I/II trials (clinicaltrials gov. Identifiers: 
NCT04067336, NCT04065399, NCT05153330, NCT04811560, 
NCT04988555) with explorative single-agent efficacy of zif-
tomenib reported in relapsed or refractory AML.  
Here, we selectively screened for synergistic treatment 
partners using a combinatorial drug screen and deciphered 
synergistic effects of ziftomenib on MLL-r and NPM1mut AML. 
In order to characterize the single-drug treatment effects 
of ziftomenib, we first assessed its anti-proliferative ac-
tivity in various MLL-r (MOLM13, MV411, OCI-AML2) and 
NPM1mut (OCI-AML3) human AML cell lines. Similar to other 
menin inhibitors such as VTP-50469, we observed strong 
and dose-dependent inhibitory effects in all MLL-r and 
NPM1mut AML at low nanomolar concentrations upon 7 
days of treatment (half-maximal inhibitory concentration 
[IC50] <25 nM; Figure 1A, B). HL60 and NB4 AML cells with-
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Figure 1. Ziftomenib acts highly selective in MLL-r and NPM1mut acute myeloid leukemia and synergizes with a variety of targeted 
drugs in vitro. (A) Dose-response curve from cell viability assays in human acute myeloid leukemia (AML) cell lines after 7 days 
of treatment. (B) Ziftomenib half-maximal inhibitory concentration (IC50) values determined after 7 days of treatment by GraphPad 
Prism software. (C) Volcano plots of RNA-sequencing data after 150 nM ziftomenib treatment in OCI-AML3, MOLM13 (4 days) and 
MV411 (3 days). Negative log2 values represent downregulated genes with ziftomenib compared with dimethyl sulfoxide (DMSO). 
Selected MLL targets are labeled. (D) Drug synergy screen of ziftomenib with 37 targeted drugs. Depicted are weighted combina-
tion indices (CI) calculated after 2 days pretreatment with ziftomenib followed by 2.5 days combined treatment with small mol-
ecule inhibitors. Viable (DAPI-negative) cells were assessed by flow cytometry. CI values were calculated using CompuSyn 
software and weighted for IC75, IC90 and IC95 values ((1xIC75+2xIC90+3xIC95)/6) based on recommendations from Chou Talalay for 
anti-cancer drugs because strong inhibitory effects are a necessity in the treatment of cancer. For MLL-r cell lines, the mean CI 
of MV411 and MOLM13 was calculated. (E) Venn-Diagram of common top 15 synergistic drugs based on highest CI values. Data in 
panels (A, B) represent the mean of 3 independent experiments, each in technical triplicates, error bars represent standard devi-
ation. RNA sequencing of each cell line was performed in triplicates. The drug screens were performed twice in each cell line, 
CI values represent the mean of these independent experiments.

out MLL-r or NPM1mut served as negative controls and ex-
hibited only minor responses to very high concentrations 
(IC50 >2,500 nM) consistent with a high selectivity of zif-
tomenib (Figure 1A, B). Next, we assessed gene expression 
changes by RNA sequencing. Ziftomenib uniformly induced 
transcriptional downregulation of MEIS1, PBX3, FLT3, and 
BCL2 in all NPM1mut and MLL-r cells (Figure 1C; Online Sup-
plementary Figure S1A) and demonstrated high consistency 
with the effects of other menin inhibitors3,6–10 (Online Sup-
plementary Figure S1E). Ziftomenib also induced differenti-
ation as evidenced by upregulation of the monocytic cell 

surface markers CD11b and CD14 and cytomorphologic 
analysis (Online Supplementary Figure S1B, C). Also, the 
genes upregulated with ziftomenib treatment were highly 
enriched for genes associated with hematopoietic cell dif-
ferentiation (Online Supplementary Figure S1D).  
As single-drug treatment is generally unlikely to induce 
long-term remissions in AML, we sought to screen zif-
tomenib for effective drug combination partners. There-
fore, we designed a screen assessing single and combined 
drug effects of ziftomenib and 37 targeted compounds, 
each at four concentrations in a constant 1:4 ratio. Com-
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pounds were selected based on previously reported 
(pre)clinical activity against AML (Online Supplementary 
Figure S2A). Because treatment with menin inhibitors af-
fect proliferation with a latency of several days,4,8 we pre-
treated leukemic cells with ziftomenib for 2 days and then 
added the other compounds for another 2.5 days. Drug 
synergy was calculated based on viable cell count as pre-
viously described9 (Online Supplementary Figure S2B). The 
screen revealed synergistic effects of ziftomenib with 
many of the preselected drugs. There was a strong overlap 
of most synergistic combination partners between MLL-r 
and NPM1mut AML subtypes. Of the top 20 synergistic com-
pounds from each AML subtype, 15 overlapped and were 

enriched for agents targeting epigenetic regulation and 
DNA damage (e.g., LSD1 [ORY-1001], PRMT5 [GSK3326595, 
JNJ-64619178], and PARP [olaparib, talazoparib]) as well 
as apoptosis and cell cycle (e.g., BCL2 [venetoclax], AKT 
[MIK-2206], and CDK4/6 [ribociclib, palbociclib]) (Figure 
1D, E; Online Supplementary Figure S2C, D). All-trans-reti-
noic acid (ATRA) was highly synergistic in both AML sub-
types, which was confirmed in cell viability assays. The 
combination induced strong differentiation as evidenced 
by upregulation of CD11b (Figure 2A, B; Online Supplemen-
tary Figure S2E). As previously reported, menin inhibitors 
synergize with the FLT3 kinase inhibitor gilteritinib.9 This 
was confirmed for ziftomenib against the MLL-r AML cells 
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harboring an FLT3-internal tandem duplication (ITD) mu-
tation (MOLM13 and MV411) in our screen and in more de-
tailed cellular assays (Online Supplementary Figure S2F).  
As mentioned above, BCL2 was uniformly downregulated 
with ziftomenib, and the specific BCL2 inhibitor veneto-
clax appeared among the top synergistic combination 
partners in our screen (Figure 1C, D).  
In order to explore this combination in more detail, we first 
assessed venetoclax in single-agent treatment assays to 
determine IC50 values across the respective AML cell lines. 
We found remarkable growth inhibition in the MLL-r cells 
and resistance of the NPM1mut OCI-AML3 cells (Online Sup-
plementary Figure S3A), as previously described.11 Assess-
ment of combined venetoclax and ziftomenib treatment in 
cellular response assays confirmed synergistic growth in-
hibition in the MLL-r cells and also less pronounced in the 
NPM1mut OCI-AML3 cells (Figure 2C) as reported.12–14 No 
growth inhibition was detected in the NPM1 and MLL wild-
type NB4 cells (Online Supplementary Figure S3B, C). It is of 
interest to note that drug synergy in OCI-AML3 cells was 
only observed with a prolonged 5-day combined drug ex-
posure of ziftomenib and venetoclax (Figure 2C). No synergy 
was found in OCI-AML3 when venetoclax was added for 24 
hours (h) (including much higher concentrations) after a 
four-day ziftomenib pretreatment (Online Supplementary 
Figure S3D, E). In order to confirm the enhanced anti-leu-
kemic activity of menin targeting with venetoclax treat-

ment, we knocked down MEN1 (menin) using two validated 
small hairpin RNA (shRNA) in MLL-r MOLM13 cells (Online 
Supplementary Figure S3F). MEN1 knock-down increased 
venetoclax-mediated cell killing, phenocopying the effects 
of pharmacological menin inhibition. Next, we performed 
Annexin V staining demonstrating substantial apoptosis in-
duction with venetoclax that was even more pronounced in 
the combination (significant in 2 of 4 cell lines) (Figure 2D). 
In order to assess potential apoptotic priming of ziftomenib 
we performed selected BCL2 homology (BH) 3 screening 
exemplarily in the MLL-r MV411 and NPM1mut OCI-AML3 cells. 
Therefore, cells were treated with ziftomenib for 48 h ver-
sus vehicle control and then exposed to different concen-
trations of various BH3-peptides (Figure 2E, F). We found a 
significantly enhanced cytochrome c release in ziftomenib-
treated cells in response to the pro-apoptotic peptides BIM, 
PUMA and BAD (Figure 2G). This may partially be explained 
by the downregulation of BCL2 leading to an increased sen-
sitivity to venetoclax. It is worth mentioning that apoptotic 
priming was only detected at higher BIM concentrations (0.1 
uM), which may explain discrepancies with published data 
assessing other menin inhibitors, where lower peptide con-
centrations were used.10 While more detailed studies are 
required to determine the net response of BCL2 family pro-
teins upon ziftomenib treatment, these findings suggest 
that apoptotic priming may contribute to drug synergy with 
venetoclax in these leukemias. 
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Figure 2. Characterization of the highly synergistic effects of ziftomenib shows differentiation with ATRA and a pro-apoptotic sig-
nature with venetoclax. (A) Dose-response curves from combinational cell viability assays of MV411, MOLM13, and OCI-AML3 com-
paring 150 nM ziftomenib (5 days), 100 nM ATRA (5 days), and combinational treatment (5 days / 5 days). (B) Surface CD11b expression 
of all viable cells was assessed by flow cytometry after treatment described in (A). (C) Dose-response curves from combinational 
cell viability assays of MV411, MOLM13, and OCI-AML2 comparing ziftomenib (5 days), venetoclax (24 hours), and combinational treat-
ment (4 days ziftomenib pretreatment and additional 24 hours combined treatment with venetoclax). For OCI-AML3, treatment dur-
ation was 5 days with both drugs. (D) Percentage of apoptotic (Annexin V) and dead (DAPI-stained) cells after single and combinational 
treatment with ziftomenib (150 nM) and venetoclax (100 nM; OCI-AML3 500 nM, OCI-AML2 25 nM) in human cell lines. (E) Affinity of 
BCL2 proteins to different BH3 activating or sensitizing peptides. (F) Schematic of BH3 profiling: After permeabilization with 0.002% 
digitonin, cells were exposed to BH3-peptides and then fixed. As readout, loss of cytochrome c was evaluated by flow cytometry as 
surrogate for apoptotic priming. (G) BH3 profiling was conducted in cells treated with 75 nM ziftomenib for 48 hours. Cells were ex-
posed to the BH3-peptides (BIM 0.1 μM, BAD 1 μM, PUMA 1 μM). Panels (A-D, G) represent the mean of 3 independent experiments, 
each performed in technical triplicates. Error bars represent standard deviation.
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We next investigated combinatorial ziftomenib and vene-
toclax treatment in four primary NPM1mut AML patient 
samples (Figure 3A-C). We selected AML samples harbor-
ing this particular gene mutation as - unlike the veneto-
clax-resistant NPM1mut OCI-AML3 cells - NPM1mut patients 
responded particularly well to venetoclax-based treat-
ment in clinical trials.15 NPM1mut AML cells were treated for 
5 days in a human stromal cell co-culture assay as pre-
viously described9 (Figure 3B). All four samples showed 
an enhanced reduction of viable AML cells with com-
binatorial versus single-drug treatment with statistical 
significance in two samples (Figure 3C).  
In order to assess the therapeutic potential of combined 
ziftomenib and venetoclax treatment in vivo, we used a 
disseminated MLL-r MV411 xenotransplantation model. 
We transplanted MV411 cells into NSG mice via tail vein 
injection and randomly assigned the animals into four 
groups to receive either drug vehicle, ziftomenib (50 
mg/kg), venetoclax (100 mg/kg), or their combination. 
Treatment was initiated on day 12 after transplantation. 
In order to assess leukemic burden - as defined by the 
percentage of human CD45-positive cells in the bone 
marrow - the animals were euthanized on day 26. We ob-
served a significant reduction within the combination-
treated animals compared to venetoclax and ziftomenib 
single-drug treatment (Figure 3D, E). In a separate experi-
ment, we explored the survival of MV411 xenograft mice. 
Treatment was started on day 12 and continued until day 
35. Animals receiving venetoclax and ziftomenib exhibited 
the most extended median survival across all treatment 
groups. The survival benefit of the combination was sig-
nificant compared to treatment with drug vehicle or 
venetoclax alone but not to single-agent ziftomenib, po-
tentially due to the small sample size, the long interval 
after the end of treatment, and the high potency of zif-
tomenib alone (Figure 3F, G). When assessing the com-
bination treatment in a murine xenotransplantation model 
of the venetoclax-resistant OCI-AML3 cells, we found a 
trend toward superior reduction of leukemic burden 
compared to single-drug treatment. While these results 
are consistent with the above-reported in vitro data, this 
trend did not reach statistical significance. Of interest, 

the ziftomenib-treated animals exhibited strong differ-
entiation effects in nearly all engrafted AML cells (Online 
Supplementary Figure S3G, H). 
In summary, the menin inhibitor ziftomenib has signifi-
cant activity against NPM1mut and MLL-r AML, suppresses 
specific leukemogenic gene expression, and induces dif-
ferentiation. Ziftomenib exhibited synergistic leukemia 
cell killing in combination with drugs from various 
classes, many of them targeting chromatin regulation and 
DNA damage as well apoptosis and cell cycle. While ad-
ditional studies will be required to characterize these 
combinations in detail, we have focused here on the 
promising combinations with ATRA and venetoclax, the 
latter being currently considered the standard of care for 
non-fit AML patients. Consistent with published data,12–14 
we demonstrated that ziftomenib has profound anti-pro-
liferative activity in combination with venetoclax against 
MLL-r and NPM1mut AML and is already available for as-
sessment in clinical trials. Our data suggest that ziftome-
nib may induce apoptotic priming and (re-)sensitize AML 
cells to venetoclax. If confirmed, this finding could sup-
port further evaluation as a potential treatment option 
for AML patients harboring these genotypes that failed 
venetoclax-based regimens and have few further treat-
ment options.  
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