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Dysregulation of apoptotic machinery is one mechanism by which 
acute myeloid leukemia (AML) acquires a clonal survival advan-
tage. B-cell lymphoma protein-2 (BCL2) overexpression is a com-

mon feature in hematologic malignancies. The selective BCL2 inhibitor, 
venetoclax (VEN) is used in combination with azacitidine (AZA), a DNA-
methyltransferase inhibitor (DNMTi), to treat patients with AML. Despite 
promising response rates to VEN/AZA, resistance to the agent is common. 
One identified mechanism of resistance is the upregulation of myeloid cell 
leukemia-1 protein (MCL1). Pevonedistat (PEV), a novel agent that inhibits 
NEDD8-activating enzyme, and AZA both upregulate NOXA (PMAIP1), a 
BCL2 family protein that competes with effector molecules at the BH3 
binding site of MCL1. We demonstrate that PEV/AZA combination 
induces NOXA to a greater degree than either PEV or AZA alone, which 
enhances VEN-mediated apoptosis. Herein, using AML cell lines and pri-
mary AML patient samples ex vivo, including in cells with genetic alter-
ations linked to treatment resistance, we demonstrate robust activity of 
the PEV/VEN/AZA triplet. These findings were corroborated in preclinical 
systemic engrafted models of AML. Collectively, these results provide 
rational for combining PEV/VEN/AZA as a novel therapeutic approach in 
overcoming AML resistance in current therapies.  
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ABSTRACT

Introduction 

Acute myeloid leukemia (AML) is a heterogeneous hematopoietic neoplasm 
characterized by the arrest of differentiation and clonal proliferation of myeloid 
precursor cells. Despite recent advances, only 24% of patients survive their disease 
beyond 5 years of diagnosis.1–6 One mechanism by which AML clones acquire a 
survival advantage is the dysregulation of apoptotic machinery that in normal cells 
regulates homeostasis in the bone marrow. Apoptosis is controlled at the mito-
chondrial level via mechanisms regulated by the B-cell lymphoma protein-2 (BCL2) 
family of proteins.7 This group of proteins is divided into three sub-groups which 
include pro-apoptotic “BH3-only” proteins BIM, BID, PUMA, NOXA, BAD, BIK, 
BMF and HRK, and the effector proteins BAX and BAK that are induced by various 
cell death stimuli to trigger mitochondrial outer membrane permeabilization 
(MOMP) and apoptosis.8,9 A separate group of anti-apoptotic family members, 
including BCL2, BCL-XL, MCL1, BCL-W, and BCL2-A1, function to bind and inhibit 
the pro-apoptotic family members, preventing MOMP and subsequently 
apoptosis.8,10,11 BCL2 overexpression in human hematologic malignancies is associ-
ated with poor responses to conventional chemotherapy.12,13 A deep understanding 



of mitochondrial protein control of apoptosis has fueled a 
desire to discover small molecules specifically intended to 
occupy the hydrophobic BH3 binding site of antiapoptotic 
proteins and allow initiation of apoptosis by effector mol-
ecules.14,15  

Venetoclax (VEN), a selective BCL2 inhibitor, binds BCL2 
to directly inhibit sequestration of pro-apoptotic proteins 
such as the activator BIM. Free BIM can bind to and activate 
BAX/BAK, inducing conformational changes that result in 
BAX/BAK homo-oligomerization and mitochondrial outer 
membrane permeabilization (MOMP), initiating apopto-
sis.16,17 VEN has been effective in the clinic for patients with 
chronic lymphocytic leukemia but has limited efficacy in 
relapsed-refractory AML as a single agent.18,19 In recent clin-
ical trials in newly-diagnosed AML patients ineligible for 
intensive chemotherapy, VEN demonstrated an overall 
response rate of 67% or 48% in combination with DNA 
methyltransferase inhibitors (DNMTi; AZA or decitabine) 
or low-dose cytosine arabinoside (LDAC), respectively.20,21 
Despite this progress, many patients treated with 
VEN+DNMTi/LDAC ultimately relapse, and a subset of 
patients never respond.20–23 One proposed mechanism of 
resistance to VEN is cellular upregulation of the anti-apop-
totic protein myeloid cell leukemia-1 protein (MCL1). VEN 
in combination with selective MCL1 inhibitors has demon-
strated enhanced cytotoxic activity over either agent alone 
in AML cells in vitro and in xenograft models pre-clinically, 
but efficacy of this combination in the clinic has yet to be 
reported.24 Both MCL1-dependent and MCL1-independent 
mechanisms of VEN resistance are emerging and new 
approaches aimed at addressing these are moving toward 
the clinic.25-29   

Pevonedistat (PEV) was developed as a targeted 
inhibitor of NEDD-8 activating enzyme (NAE), which 
activated the Cullin-RING E3 ubiquitin ligases (CRL) in a 
process called neddylation. Thus, PEV disrupts the protea-
somal-mediated degradation of proteins targeted by the 
CRL, leading to their accumulation.30 Neddylation is 
upregulated in AML, and pevonedistat has been tested as 
a single agent and in combination with the DNMTi, 
AZA.31-33 In a phase Ib clinical trial of untreated AML 
patients ≥60 years of age, an intention to treat analysis 
revealed PEV in combination with AZA induced an overall 
response rate of 50%.31 Interestingly, PEV and AZA both 
upregulate NOXA (PMAIP1), a pro-apoptotic BCL2 family 
protein known to compete with effector molecules at the 
BH3 binding site of MCL1 to inhibit its anti-apoptotic 
function.10,34,35 Given the emerging critical role of MCL1 in 
VEN resistance, we postulated that the combination of 
PEV/AZA will synergize with VEN in a triple combination 
with efficacy superior to VEN/AZA or VEN/PEV alone. 

Herein, we demonstrate that the triple combination of 
VEN/PEV/AZA induces robust activity in preclinical mod-
els of AML that is superior to either agent alone or as com-
bination doublets. Leveraging AML cell lines and primary 
AML patient samples ex vivo, we demonstrate that the 
PEV/AZA combination induces NOXA to a greater extent 
than PEV or AZA alone to further enhance VEN-mediated 
apoptosis. Apoptosis induced by the VEN/PEV/AZA com-
bination required PMAIP1, the gene encoding NOXA, 
since its deletion abrogated the activity of this triplet. 
Importantly, the VEN/PEV/AZA combination enhanced 
the kinetics of apoptosis compared to other treatment 
variations in AML cell lines and patient samples that man-
ifest in vivo to drive durable anti-leukemic activity in cell 

line-derived and patient-derived xenograft models of 
AML. Our work provides important mechanistic insight 
to support the use of these agents in combination in ongo-
ing clinical trials.   

 
 

Methods 

Cell culture and reagents 
AML cell lines and patient cells were cultured as previously 

described, and were short tantem repeats (STR) validated and 
mycoplasma tested.34 See the Online Supplementary Materials and 
Methods for reagent details. 

Patient samples 
Experiments were conducted on primary patient samples pro-

vided by the Vanderbilt-Ingram Cancer Center Hematopoietic 
Malignancies Repository, after obtaining informed consent, and 
approval of the Vanderbilt University Medical Center Institutional 
Review Board.  

Knockout cell line generation 
Genomic deletion of BBC3 and PMAIP1 were previously 

described.34 The BAK1/BAX-deficient OCI-AML5 cells were gen-
erated using the same protocol except by combining the two 
CRISPR RNA (crRNA) targeting BAK1/BAX. ATF4-deficient cells 
were generated by combining the two crRNA (Online 
Supplementary Table S1). 

Cell proliferation assay 
For combinatorial studies, cells were treated for 24 hours as pre-

viously described.34 For primary cells, compounds were dispensed 
into a 384-well plate using the Echo 555 liquid handler (Labcyte) 
and 2,000-8,000 cells/well were incubated for 24 hours or 72 hours 
for VEN/AZA resistant patient samples and cell viability was 
measured using the Cell TiterGlo (Promega). Percent viability was 
defined as the relative luminescence units (RLU) of each well 
divided by the RLU of cells in dimethyl sulfoxide (DMSO) control 
and the effective concentration (EC50) to induce 50% cell death 
were determined by nonlinear regression algorithms using Prism 
8.0 (GraphPad). 

Western blot 
Western blotting was performed as previously described.34 

Membranes were incubated with the respective primary antibod-
ies (Online Supplementary Table S2).  

Patient-derived xenografts 
2×106 primary AML mononuclear cells were engrafted in 7-9-

week-old female NSGS (NOD-scid IL2Rgnull3Tg(hSCF/hGM-
CSF/hIL3)) mice (The Jackson Laboratory) as described in the 
Online Supplementary Materials and Methods. Chimerism was 
assessed weekly in the peripheral blood, and, at time of tissue har-
vest, in the bone marrow and spleen. Animal experiments were 
conducted in accordance with guidelines approved by the IACUC 
at VUMC. 

Cell line-derived xenografts 
Female fox chase SCID beige mice were employed for the flank 

xenograft model; female NOD SCID gamma mice were employed 
in the systemic engraftment of OCI-AML2-Red-Fluc cell line 
(Charles River Laboratories) and performed as described in the 
Online Supplementary Materials and Methods. Animal studies were 
conducted in accordance with the guidelines established by the 
AbbVie Institutional Animal Care and Use Committee.    
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Flow cytometry   
Red blood cells were lysed with EL buffer on ice (Qiagen), with 

remaining cells washed and resuspended in 1X phosphate 
buffered saline (PBS) with 1% bovine serum albumin (BSA) and 
stained for 15 minutes with the conjugated antibodies listed in the 
Online Supplementary Table S2. Cells were washed and submitted 
for flow cytometric analysis using a 3-laser LSRII (Becton 
Dickinson).  

Immunohistochemistry 
Tissues were fixed in 4% paraformaldehyde for 48 hours and 

stored in 70% ethanol, embedded in paraffin and sectioned at 5 
µm after bone tissue was decalcified. Sections were dewaxed in 
Xylene and rehydrated in successive ethanol baths. Standard 
Mayer’s hematoxylin and eosin (H&E) staining was performed. 
Antigen retrieval using a standard pH 6 sodium citrate buffer 
(BioGenex) was performed and sections were stained with mono-
clonal mouse anti-human CD45 (Dako, M0701, dilution 1:200) 
using M.O.M. Kit (Vector).  

Kinetics of caspase-3/-7 activation and cell death 
Activated caspase-3/-7 (aCasp-3/-7+) and cell death (DRAQ7+) 

was evaluated using an IncuCyte S3 (Sartorius) as described in 
detail previously.34 Area under the curve (AUC) was calculated 
over the 48 hours period using Prism 8.0 (GraphPad). 

Gene expression 
100,000 AML cells (OCI-AML5, MV4-11, THP-1) were cultured 

in 96-well plates three biological replicates were treated with 
pevonedistat for 24 hours. QuantiGene Plex assay (Sigma-
Aldrich ) was performed as instructed by the manufacturer.  

Statistical analysis 
An unpaired 2-tailed Student t-test was performed unless other-

wise indicated. All statistical analyses were completed using Prism 
8.0 software (GraphPad). The effects of VEN/PEV combinatorial 
activity were calculated using the zero interaction potency (ZIP) 
synergy model, which compares observed and expected combina-
tion effects.36–38  

 
 

Results 

Deletion of PMAIP1 abrogates the synergistic activity 
of pevonedistat and venetoclax in acute myeloid 
leukemia cell lines 

We tested a panel of AML cell lines for the combinator-
ial activity of VEN and PEV using a 10 by 3 concentration 
matrix, respectively (Online Supplementary Figure S1A). The 
two agents were synergistic in 15 of 18 and highly syner-
gistic (d>5%) in nine of 18 AML cell lines (Figure 1A) as 
assessed by the ZIP synergy model.38 In order to further 
validate this in vitro observation, a subcutaneous xenograft 
model of the MV4-11 cell line was established in the flank 
of immunocompromised mice. The mice were divided 
into four treatment groups and treated daily for two 
weeks with either PEV, VEN, or the combination of PEV 
and VEN. Both VEN and PEV each moderately inhibited 
MV4-11 tumor growth to similar degrees. However, the 
two agents together displayed combinatorial activity 
resulting in pronounced tumor regression and a tumor 
growth delay (Figure 1B). 

In order to explore the molecular drivers behind the 
VEN/PEV synergistic activity, we measured changes in 

the BCL2 family proteins and gene expression in AML 
cell lines. Treatment with PEV caused a robust upregula-
tion in NOXA protein levels in all five AML cell lines 
(Figure 1C), and increased gene expression of its tran-
script, PMAIP1, in the three of the AML cell lines 
assessed (Figure 1D). The BH3-only protein PUMA was 
inconsistently induced across these cell lines at the pro-
tein or transcript level (Figure 1C and D). In contrast to 
the BH3-only pro-apoptotic members, MCL1 was down-
regulated in all cell lines treated with PEV (Figure 1C). In 
order to establish the importance of NOXA for either 
PEV or VEN/PEV activity, we utilized three PMAIP1-defi-
cient AML cell lines.34 Deletion of PMAIP1 reduced PEV-
induced death in OCI-AML5, Kasumi-1, and MV4-11 
cells (Figure 1E; Online Supplementary Figure S1B) and 
abrogated the synergistic activity of VEN/PEV in all three 
cell lines (Figure 1F and G). These findings illuminate the 
importance of NOXA for the synergistic activity 
between VEN and PEV. 

Venetoclax/pevonedistat/azacitidine induces 
BAX/BAK-dependent apoptosis in acute myeloid 
leukemia cell lines 

Previously, we demonstrated that NOXA is essential for 
the combinatorial activity between VEN and AZA in AML 
cell lines, providing an insight into the mechanism of 
VEN/AZA clinical activity in AML patients.34 We explored 
the impact of adding PEV to the VEN/AZA combination 
to AML cell lines in vitro. A panel of seven AML cell lines 
were treated with ten doses of VEN and three doses of 
AZA. Upon the addition of PEV at 100 nM or 370 nM, the 
overall cell viability decreased in the VEN/AZA combina-
tion matrix, indicating an added benefit of PEV to the 
VEN/AZA cell killing in all seven cell lines (Figure 2A), 
including in THP-1 cells where VEN/AZA was not syner-
gistic but VEN/PEV was (Figure 1A).34 Similarly, the addi-
tion of AZA to VEN/PEV increased cell death in SET-2 and 
U937 cells (Figure 2A). Thus, VEN/PEV/AZA triple combi-
nation improves the activity observed with either the 
VEN/PEV or VEN/AZA treatments, overcoming the inher-
ent resistance of some AML cells to these treatment dou-
blets. 

In order to explore the kinetics of cell death with the 
VEN/AZA/PEV combination, caspase-3/-7 activation and 
cell death (DRAQ7 uptake) were measured over time fol-
lowing the addition of individual agents, the double com-
binations, or the triple combination. The triple 
VEN/AZA/PEV treatment induced a more rapid activation 
of caspase-3/-7 and cell death in MV4-11 (Figure 2B) and 
Kasumi-1 (Online Supplementary Figure 2A) compared to 
other variations of this treatment combination. Similarly, 
the overall levels of caspase-3/-7 and cell death over the 
48-hour period, as measured by the area under the kinetic 
curve (AUCk), was significantly higher than the singlet or 
doublet treatments (Figure 2C). We asked whether the cell 
death induced by the triplet is dependent upon the intrin-
sic apoptosis signaling pathway. OCI-AML5 cells deficient 
in both BAX and BAK1 were generated using CRISPR-
Cas9 clonal gene editing and the absence of BAX and BAK 
protein expression confirmed (Figure 2D). The triplet com-
bination treatment in parental OCI-AML5 cells induced 
significant caspase-3/-7 activation and cell death, that was 
completely abrogated by BAX/BAK1 deletion (Figure 2E; 
Online Supplementary Figure S2B).  
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Figure 1. Deletion of PMAIP1 abrogates the synergistic activity of pevonedistat and venetoclax in acute myeloid leukemia cell lines. (A) Synergistic activity between 
venetoclax (VEN) and pevonedistat (PEV) as determined by the zero interaction potency (ZIP) model following 24 hours of treatment of a panel of acute myeloid 
leukemia (AML) cell lines. (B) Tumor growth over time in the MV4-11 subcutaneous xenograft model treated (black bar) with vehicle control, VEN (50 mg/kg; 14-day 
daily [QDx14]; orally [PO]), PEV (60 mg/kg; QDx14; intraperitoneal [IP]), or the two agents in combination (QD×14). Data are presented as the mean tumor volume 
± standard error of the mean (SEM) from eight mice per treatment group. (C) Western blot analysis of NOXA, PUMA, BCL2, BCL-XL, and MCL1 proteins in a panel of 
AML cell lines treated with PEV (OCI-AML5: 1 mM; Kasumi-1: 1.5 mM; MV4-11: 0.4 mM; OCI-AML2: 0.15 mM; U937: 2 mM) for 24 hours. (D) Gene expression analysis 
of PMAIP1, BBC3, BCL2L1, MCL1, and BCL2 in OCI-AML5, MV4-11, and THP-1 cells following treatment with PEV at the indicated concentrations (OCI-AML5: 0.4 mM 
and 1 mM; MV4-11: 0.2 mM and 0.4 mM) after 24 hour of treatment relative to the dimethyl sulfoxide (DMSO) control cells (t-test, *P<0.05, n=3). (E) Cell viability of 
three parental or PMAIP1-/- AML cell lines after 24 hours of treatment with VEN and PEV in combination (n=3). (F) Synergy measured by ZIP model metric for the VEN 
and PEV combination in three parental or PMAIP1-/- AML cell lines after 24 hours of treatment (n=3) (lower panel). (G) Visualization of the calculated 2D ZIP synergy 
map for the parental and PMAIP1-/- MV4/11 from (F).  
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     C                                                                                                 D
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Azacitidine- and pevonedistat-induced NOXA  
contributes to the combinatorial activity with  
venetoclax 

NOXA is important for efficient VEN, PEV or AZA sin-
gle-agent activity, as well as for VEN/AZA34 or VEN/PEV 
synergy (Figure 1F).35 However, PMAIP1 is induced by 
AZA or PEV through distinct mechanisms. AZA treatment 
induces the integrated stress response (ISR) pathway to 
upregulate PMAIP1, whereas PEV stabilizes the transcrip-

tion factor ATF4 to enhance PMAIP1 expression.34,39 In 
order to understand the effects of combining AZA and PEV 
on the ISR’s ATF4-NOXA axis, we treated the parental and 
PMAIP1 deficient OCI-AML5 cell lines for 24 hours with 
either agent alone or in combination. In parental cells, AZA 
or PEV alone or in combination induced ATF4 or its tran-
scriptional targets CHOP and NOXA and led to apoptosis, 
as measured by levels of cleaved PARP (Figure 3A). 
Similarly, AZA/PEV combination induced DDIT3 and 
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Figure 2. Adding azacitidine to venetoclax/pevonedistat treatment significantly decreases acute myeloid leukemia cell line viability in vitro that is dependent on 
BAX/BAK-mediated apoptosis. (A) Cell viability matrix measure in a panel of acute myeloid leukemia (AML) cell lines following 24 hours of treatment with venetoclax 
(VEN) (10 mM top dose 1:3 dilution, except OCI-AML2, MV4-11 top dose of 300 nM) and azacitidine (AZA) (0.3 and 1 mM) and pevonedistat (PEV) at the indicated 
doses. (B) Activated caspase-3/-7 positive cells (aCasp-3/-7+) or dead cells (DRAQ7+) were counted over time following treatment with the VEN (1 nM), AZA (1 mM), 
PEV (100 nM), or indicated combinations of these compounds in MV4-11 cells (n=5). (C) Area under the kinetic curves (AUCk) from (B) was calculated over a 48-hour 
period and plotted as total positive cells (n=5). (D) Western blot analysis of BAX and BAK expression in the parental and BAX-/-/BAK1-/- OCI-AML5 cell lines. (E) OCI-
AML5 cells were treated with VEN (10 nM), AZA (3 mM), PEV (100 nM) or indicated combinations, and the AUC of the total aCasp-3/-7+ or DRAQ7+ cells calculated 
over a 48-hour time period were plotted as total aCasp-3/-7+ (left) or DRAQ7+ (right) cells positive cells (n=5).   
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Figure 3. Azacitidine- and pevonedistat-induced NOXA contributes to the combinatorial activity with venetoclax. (A) Western blot analysis of total PARP, ATF4, CHOP, 
and NOXA protein in the parental and the PMAIP1-/- OCI-AML5 cell line treated with azacitidine (AZA) (1 mM), pevonedistat (PEV) (0.37 mM) or both for 24 hours.  
b-actin was used a protein loading control. (B) DDIT3 and PMAIP1 gene expression was measured in cell lines from (A) under the same conditions. (C) Western blot 
analysis of ATF4, CHOP, eIF2a, phosphor eIF2a Ser51 and NOXA protein in the parental and the ATF4-/- OCI-AML5 cell line treated as indicated in (A). (D) Cell viability 
of OCI-AML5 cell line following 24 hours of treatment with venetoclax (VEN) (10 mM top dose 1:3 dilution) and AZA (0.3 mM, 1 mM and 3 mM) and PEV (370 nM) (n=3). 
(E) Cell viability as measured by area under the curve (AUC) of the VEN dose response curve (from C and Online Supplementary Figures S3A and B) of three parental 
or PMAIP1-/- acute myeloid leukemia (AML) cell lines following 24 hours of treatment with VEN (10 mM top dose 1:3 dilution, MV4-11 top dose of 0.3 mM) and AZA 
(0.3 mM, 1 mM and 3 mM) and PEV 100 nM and 370 nM (n=3). (F) Western blot analysis of total PARP, BAX, BAK, MCL1, NOXA protein in the parental and the  
BAX-/-/BAK1-/- OCI-AML5 cell line treated as indicated in (A). DMSO: dimethyl sulfoxide. 
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Figure 4. The venetoclax/pevonedistat/azacitidine triple-combination treatment induces durable responses in a systemic xenograft model of acute myeloid 
leukemia. (A) Tumor growth from whole-body ROI bioluminescent signal (total photons/second) of systemically engrafted OCI-AML2-Red-Fluc tumor cells measured 
over time and treated (black bar) with vehicle control, venetoclax (VEN) (50 mg/kg, 14-day daily [QDx14], orally [PO]), AZA (8 mg/kg, every 7 days for three treatments 
[Q7D×3], intravenously [IV]), pevonedistat (PEV) (60 mg/kg, QD×14, intraperitoneal [IP]) or the combinations of the two or all three agents (n=6-8 mice per treatment 
group). (B) Representative images of animals’ bioluminescent signal of the treatment cohorts from panel (A) showing significant delay in in vivo acute myeloid 
leukemia (AML) growth with either single- or dual-treatment combinations, while no growth (BLI signal) was detected in the triple-combination treatment.  

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B

PMAIP1 transcripts to a greater level than the single agent 
treatments in OCI-AML5 and Kasumi-1 cells (Figure 3B). In 
contrast, the PMAIP1-deficient OCI-AML5 cells displayed 
reduced levels of cleaved PARP, while the ATF4 and CHOP 
induction was not affected by the gene deletion (Figure 
3A). Upon ATF4 ablation in OCI-AML5, either agent 
alone, or the combination, was unable to induce CHOP or 
NOXA (Figure 3C). Furthermore, unlike AZA, PEV did not 
induce significant phosphorylation of eIF2a at Ser 51, a 
marker of ISR activation, while still inducing ATF4 and 
NOXA. This suggests PEV stabilizes ATF4 in the absence 

of ISR. Thus, ATF4 is required for the induction of NOXA 
by AZA/PEV. In order to understand if NOXA is critical for 
the PEV/VEN-mediated sensitization of AML cell lines to 
VEN, we treated the parental and PMAIP1-deficient cell 
lines with the VEN/PEV/AZA triple combination and 
measured cell viability after 24 hours. Relative to the 
parental cell lines, PMAIP1-deficiency reduced the potency 
of VEN-mediated cell death alone or in combination with 
AZA, PEV, or AZA/PEV in OCI-AML5 (Figure 3D and 3E), 
Kasumi-1 (Online Supplementary Figure 3A) and MV4-11 
(Online Supplementary Figure 3B) cell lines. NOXA can pro-



mote the degradation of MCL1 by the proteosome and 
executioner caspases can also cleave MCL1 during apopto-
sis.40 In order to understand the mechanism of MCL1 loss 
upon treatment with either AZA or PEV, the OCI-AML5 
cell line deficient in BAX and BAK1 were treated with these 
agents (Figure 3F). MCL1 protein degradation induced by 
either AZA or PEV was not observed in the OCI-AML5 cell 
lines deficient in either PMAIP1 (Figure 3A), or BAX/BAK1 
(Figure 3E). In the BAX-/- BAK1-/- cells, MCL1 was not 
degraded despite NOXA upregulation (Figure 3F), thus 
MCL1 degradation by either AZA or PEV requires both 
sensitization by NOXA and activation of apoptosis by 
BAX/BAK. Taken together, these data demonstrate that 
NOXA can be induced by both AZA and PEV and that it 
has a central role in driving their combinatorial activity 
with VEN. 

The venetoclax/pevonedistat/azacitidine combination 
treatment is highly active in preclinical models of acute 
myeloid leukemia 

The in vivo efficacy of the triple combination of PEV, VEN 
and AZA was tested in a systemic murine model that 
allowed monitoring the tumor burden of xenografted bio-
luminescent OCI-AML2-Red-Fluc cells. Animals were dis-
tributed into eight treatment cohorts and treated with 
either vehicle alone, VEN (50 mg/kg, QD×14, orally [PO]), 
5-Aza (8 mg/kg, Q7D×3, intravenous [IV]), PEV (60 mg/kg, 
QD×14, intraperitoneal [IP]) or the combinations of the 
two or all three agents. Animals were imaged at regular 
intervals until they reached endpoint (1×1010 photons/sec-
ond). The single-agent treatments were active in this 
model, and the doublets were more efficacious than the 
single-agents (Figure 4A). Most notably, the triplet combi-
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Figure 5. The venetoclax/pevonedistat/azacitidine triple-combination treatment is efficacious in preclinical primary acute myeloid leukemia models. (A) Primary 
acute myeloid leukemia (AML) samples from seven different patients with different mutational profiles treated ex vivo for 24 or 72 hours (venetoclax/azacitidine 
[VEN/AZA] resistant patients) with pevonedistat (PEV) (0.3 mM), AZA (0.3 mM) and VEN (0.01 mM) alone, and combinations. (B) Western blot analysis of a primary 
AML patient samples after 12 hours (AML008) or 24 hours (AML004, AML005, AML006 and AML009) of treatment with dimethyl sulfoxide (DMSO) control, AZA 
alone, PEV alone, and PEV/AZA in combination. Protein levels of BCL2 family members MCL1, BCL2, NOXA, cleaved PARP, and b-actin. (C) Mice were injected with 
2x106 patient primary AML 004 cells via tail vein on day 1, 24 hours after cesium irradiation and were treated (black bar) with vehicle, PEV (30 mg/kg; every other 
day for 28 days [QOD×28]), AZA (1.5 mg/kg; once every day for 7 days [QD×7]), VEN (15 mg/kg; once every day for 28 days [QDx28]), VEN/AZA or triple combination 
VEN/AZA/PEV. Human CD45 positive (hCD45+) cells were measured weekly by flow cytometry in peripheral blood (PB) from week 2 through week 12 post-transplant 
(t-test, *P<0.05). (D) Percent of hCD45+ cells in bone marrow and spleen tissue were measured via flow cytometry on day of tissue harvest week 12 post-transplant. 
(E) Immunohistochemistry of bone marrow (femur) and spleen (20X), stained with monoclonal antibody for hCD45 in experimental mice.  
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nation of PEV, VEN and AZA demonstrated enhanced 
tumor growth inhibition compared to the singlet or dou-
blet treatment cohorts, driving durable responses with no 
evidence of tumor growth (zero of eight mice) by day 117, 
93 days after treatment had ceased (Figure 4A and B). 
Importantly, none of the cohorts experienced a significant 
decrease in body weight (Online Supplementary Figure 4A).  

In order to further explore the utility of the 
VEN/AZA/PEV triple combination, we treated a panel of 
primary AML patient samples with different mutational, 
karyotype profiles, and treatment failure (Online 
Supplementary Table S3) with PEV, AZA and VEN alone, 
and combinations of these agents (Figure 5A). Improved 
combinatorial activity was noted in the triplet combination 
for all patient samples when compared to VEN/AZA. In 
order to test whether PEV can also improve efficacy in 
patient samples with significant resistance to VEN/AZA in 
vitro, we tested four patients with in vitro resistance to the 
doublet. In this subset of patients, the triplet combination 
also demonstrated superior efficacy compared to 
VEN/AZA alone (Figure 5A). Western blot analysis of five 
primary AML patient samples treated with PEV/AZA in 
combination for 12 or 24 hours increased NOXA protein 
expression further than either drug alone, and coincided 
with a decrease in MCL1 protein without impacting BCL2 
expression (Figure 5B). In order to validate our ex vivo find-
ings in a patient-derived xenograft model, NSGS mice 
were transplanted with de novo cells from patient AML 004. 
Next generation sequencing of this patient’s AML revealed 
a complex mutational profile including mutations in FLT3-
ITD, NPM1, IDH2, and DNMT3A. Chimerism was estab-
lished, and 5 weeks post-transplant we began treating the 
mice with PEV, AZA, VEN, combination VEN/AZA (the 
current standard of care) or the triplet combination at sub-
therapeutic doses of 30 mg/kg of PEV, 1.5 mg/kg of AZA, 
and 15 mg/kg of VEN for 28 days. Vehicle-treated mice 
rapidly succumbed to leukemia by week 12 post-trans-
plant (Figure 5C). At this point, the experiment was con-
cluded, and tissue was harvested for evaluation of human 
chimerism in the bone marrow and spleen (Figure 5D). 
The triplet combination resulted in decreases of tumor 
burden in the bone marrow (0.6±0.3%) beyond any single 
agent treatment (P<0.05; VEN: 79.0±7.8%; PEV: 
40.8±7.5%; AZA: 69.9±12.6%) or VEN/AZA alone 
(P<0.05; 8.5±5.8%) (Figure 5D). Staining with anti-hCD45 
antibody revealed lowest AML chimerism in the group 
treated with the triplet combination (Figure 5E). Normal 
tissues were unaffected in this experiment, and combina-
tion of the three agents neither led to any significant 
effects on the weight of the mice (Online Supplementary 
Figure S4B), nor exhibited signs of stress. Ex vivo study of 
the triplet combination did not lead to a significant reduc-
tion in total colony formation in normal human CD34+ 

cells (Online Supplementary Figure S5). 
 
 

Discussion 

Novel drug combinations of VEN with DNMTi or 
LDAC, have led to dramatic improvements in responses 
in patients with AML.20,22 Despite these advances, some 
patients do not respond or will relapse on this therapy 
emphasizing a need to develop novel treatment strate-
gies. We explored the impact of adding the NAE 
inhibitor, PEV, to the clinically relevant treatment regi-

men of VEN/AZA in experimental models of AML. We 
demonstrate that the VEN/PEV/AZA triple combination 
requires the induction of the BH3-only protein NOXA to 
enhance the kinetics and depth of apoptosis in AML cell 
lines in vitro when compared to other treatment varia-
tions of these drug components. These observations are 
reflected in vivo, where the VEN/PEV/AZA combination 
triplet induces durable anti-leukemic responses in sys-
temic cell line-derived and patient-derived xenograft 
models of AML.   

Although the addition of VEN to AZA in newly diag-
nosed AML patients ineligible for intensive chemotherapy 
improved overall survival (14.7 months VEN/AZA vs. 9.6 
months AZA), a subset of AML patients present with 
shorter durations of response or never respond to treat-
ment.23,41 A previous report suggested the potential of PEV 
to synergize with VEN in cell lines in vitro.35 In order to 
build upon these observations and to explore the mecha-
nism of this interaction, we extensively explored the 
potential combinatorial activity extensively with, and 
without AZA.  VEN and AZA are effective in most AML 
cell lines in vitro and reflect clinical observations of dimin-
ished responses in cases of mutant TP53.34,41,42 Adding PEV 
to the VEN/AZA treatment paradigm enhanced cell death 
in AML cell lines and patient samples, consistent with our 
previous finding of NOXA induction in AML exposed to 
AZA,34 and consistent with synergistic NOXA induction 
with the combination of PEV and AZA. This coincided 
with diminished MCL1 protein which the primary target 
of NOXA in the mitochondria. To that end, we saw 
enhanced killing of AML in cell lines and patient samples 
in which VEN/PEV or then VEN/AZA combination activ-
ity was limited.    

In order to capture the response heterogeneity of AML 
we tested the triple combination in a panel of primary 
AML samples from patients found ultimately to be refrac-
tory to conventional chemotherapy, and/or VEN/DNMTi 
treatment (Online Supplementary Table S3). The triplet 
combination was found to effectively kill the malignant 
AML cells in ex vivo assays and in a disseminated AML 
patient-derived xenograft (PDX) model (AML004). Of 
note, we observed ex vivo activity of all three agents in the 
AML003 and AML005 patient cells even though in the 
clinic these patients eventually failed VEN/DNMTi treat-
ment. Considering the heterogeneity that characterizes 
AML and the clonal selection that occurs under existing 
treatment strategies that can eventually contribute to dis-
ease relapse,43,44 we speculate that the breadth of activity 
observed with VEN/PEV/AZA across AML cell lines and 
patient samples harboring differing genetic mutations 
may enable more durable responses in AML patients.  

An additional feature of the combinatorial activity of 
the VEN/PEV/AZA treatment was the increased rate of 
caspase-3/-7 activation and the resulting AML cell death 
over either agent as a monotherapy or as a combination 
doublet. These in vitro observations translated in vivo 
where the VEN/PEV/AZA treatment drove durable anti-
leukemic activity in a systemic model of OCI-AML2, with 
no evidence of tumor growth observed at 93 days post-
treatment cessation. Utilizing a PDX model of AML, we 
demonstrated that the VEN/PEV/AZA combination 
reduced the leukemic burden within the spleen and bone 
marrow to a greater extent than VEN, AZA or VEN/AZA 
in combination. In efforts to minimize potential toxicity, 
we lowered the doses of each agent used in this study, 
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which if administered alone may be sub-therapeutic. 
However, even at these low dosages, the VEN/PEV/AZA 
treatment proved safe and effective, offering an opportu-
nity to potentially mitigate hematologic toxicity seen with 
azanucleosides or LDAC, and in recent combination trials 
with VEN.23,45,46 

PMAIP1 induction is critical to the activity of AZA and 
PEV, and their respective synergy with VEN;34,35,39 howev-
er; the mechanism by which AZA and PEV induce 
PMAIP1 (NOXA) expression are distinct. PEV inhibition 
of NAE and the subsequent inactivation of CRL, leads to 
an accumulation of the CRL substrates.47 Importantly, 
CRL substrates include the transcription factors MYC and 
ATF4, which transcriptionally induce the expression of 
PMAIP1.35,39 Recently, we showed that AZA induced cel-
lular stress and ATF4/NOXA through the upstream acti-
vation of the ISR pathway and eIF2a phosphorylation.34 
Here, we observed that ATF4, and its transcriptional tar-
gets CHOP and NOXA were all induced by either AZA or 
PEV, which when combined, enhanced NOXA expres-
sion further in AML cells and was associated with elevat-
ed PARP cleavage and cell death. Deletion of PMAIP1 in 
this combination decreased the magnitude of apoptosis, 
measured by PARP cleavage, but not the ATF4/CHOP 
induction. This implies that NOXA, and not ATF4 or its 
other targets, is responsible for the ensuing apoptosis. 
Furthermore, deleting PMAIP1 resulted in significant 
decrease in cell death induced by the VEN/AZA/PEV 
triple combination, indicating a critical role for NOXA in 
the apoptosis-induction mechanism of this combination. 
NOXA has its greatest affinity for MCL1 over BCL-XL 
and BCL2, and when upregulated, serves to reduce the 
anti-apoptotic function of MCL1,48,49 subsequently prim-
ing cells to venetoclax-mediated apoptosis. When AZA 
and PEV are combined, their additive effects on NOXA 
induction increases the kinetics and depth of venetoclax-
mediated caspase-3/-7 activation and cell death that pro-
ceeds in a BAX/BAK-dependent manner.  

While treatment with VEN/AZA in patients with AML 
has been successful, additional therapies are needed to 
prevent or rescue patients from relapse of their disease. 
Our studies provide mechanistic insight as to how addi-
tion of PEV to VEN/AZA is synergistic and suggest that 
this triple combination will be a promising treatment 
strategy. Clinical trials, including NCT03863257 and 
NCT04172844, are ongoing to assess the safety and effica-
cy of the triplet combination in patients with AML. The 
question of whether sequential dosing with PEV/AZA in 
cases of VEN resistance, or in cases of de novo MCL1 
dependence, is tenable and effective in the clinic remains, 
and should be explored in future studies.  
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