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INTRODUCTION
Acute myeloid leukemia (AML), a common adult leukemia, 

is characterized by considerable genetic heterogeneity that 
contributes to disease and complicates effective treatments 
(1). The standard of care for fit patients with minimal comor-
bidities is chemotherapy with or without hematopoietic stem 
cell transplantation. Patients who are older or less fit tolerate 
chemotherapy poorly, and effective treatment options are lim-
ited to hypomethylating agent (HMA) therapies (2–4). Older 
patients treated with azacytidine achieve complete remission 
(CR) in approximately a third of cases, and until recently, aza-
cytidine was the only agent with a survival advantage for these 
patients outside the context of stem cell transplantation (5).

To improve on azacytidine therapy, earlier combination 
studies with azacytidine backbones were limited by addi-
tional toxicity (6). However, newer agents have increased 
response rates with minimal added toxicity when combined 

with azacytidine. AML cells evade proapoptotic stress sig-
nals by upregulating antiapoptotic proteins such as BCL2, 
BCL2L1 (BCL-xL), or MCL1, a dependency that has prompted 
the development of drugs that mimic the activity of proapop-
totic BH3-only proteins or “BH3 mimetics.” Venetoclax, a 
specific BCL2 inhibitor, was developed to restore activation of 
apoptosis in AML and other cancers (7, 8). In a seminal study 
for older unfit patients with AML randomized to receive 
either standard azacytidine or venetoclax and azacytidine 
(Ven  +  azacytidine), overall survival and rates of remission 
were significantly higher for Ven  +  azacytidine patients (9). 
Consequently, Ven  +  azacytidine was approved as the new 
standard for first-line treatment of older or unfit patients 
with AML. Yet a clinical challenge remains: the ability to 
identify responsiveness to this therapy a priori.

Molecular patterns associated with clinical responses to 
Ven + azacytidine in patients with newly diagnosed AML (10) 
and in patients with relapsed/refractory AML (11) indicate 
that the presence of mutations in NPM1 or IDH1/2 pre-
dict higher response rates, whereas adverse cytogenetics and 
mutations in TP53, KRAS/NRAS, FLT3, and SF3B1 predict 
worse overall survival, although patients harboring these 
mutations in some cases show response prior to relapse. Fur-
ther elucidation of patterns of resistance will help to optimize 
HMA/venetoclax “doublets” by adding a third agent.

BCL2 is highly expressed in subpopulations of AML cells 
enriched for stem/progenitor cell phenotypes, which contrib-
utes to venetoclax sensitivity, whereas differentiated tumor 
cells with a monocytic phenotype rely on other BCL2 family 
members and are less sensitive to venetoclax (12–15). Due to the 
hierarchical organization of hematopoiesis, the composition 
of leukemia reflects a point in hematologic maturation where 
a differentiation block gives rise to a blast population. The 
block, which can occur at early or late differentiation stages, is 
mirrored in the transcriptomic profiles of the constituent cells 
(16, 17). Ven + azacytidine effectively targets the leukemia stem 

ABSTRACT The BCL2 inhibitor venetoclax combined with the hypomethylating agent azacy-
tidine shows significant clinical benefit in a subset of patients with acute myeloid 

leukemia (AML); however, resistance limits response and durability. We prospectively profiled the ex 
vivo activity of 25 venetoclax-inclusive combinations on primary AML patient samples to identify 
those with improved potency and synergy compared with venetoclax + azacytidine (Ven + azacytidine). 
Combination sensitivities correlated with tumor cell state to discern three patterns: primitive selectiv-
ity resembling Ven + azacytidine, monocytic selectivity, and broad efficacy independent of cell state. 
Incorporation of immunophenotype, mutation, and cytogenetic features further stratified combina-
tion sensitivity for distinct patient subtypes. We dissect the biology underlying the broad, cell state–
independent efficacy for the combination of venetoclax plus the JAK1/2 inhibitor ruxolitinib. Together, 
these findings support opportunities for expanding the impact of venetoclax-based drug combinations 
in AML by leveraging clinical and molecular biomarkers associated with ex vivo responses.

SIGNIFICANCE: By mapping drug sensitivity data to clinical features and tumor cell state, we identify 
novel venetoclax combinations targeting patient subtypes who lack sensitivity to Ven + azacytidine. 
This provides a framework for a taxonomy of AML informed by readily available sets of clinical and 
genetic features obtained as part of standard care.

See related commentary by Becker, p. 437.

1Division of Hematology and Medical Oncology, Knight Cancer Institute, 
Oregon Health and Science University, Portland, Oregon. 2Division of 
Oncological Sciences, Knight Cancer Institute, Oregon Health and Sci-
ence University, Portland, Oregon. 3Biostatistics Shared Resource, Knight 
Cancer Institute, Oregon Health and Science University, Portland, Oregon. 
4Division of Bioinformatics and Computational Biomedicine, Department 
of Medical Informatics and Clinical Epidemiology, Knight Cancer Insti-
tute, Oregon Health and Science University, Portland, Oregon. 5Division 
of Pediatric Hematology and Oncology, Knight Cancer Institute, Doernbe-
cher Children’s Hospital, Oregon Health and Science University, Portland, 
Oregon. 6Department of Cell, Developmental, and Cancer Biology, Knight 
Cancer Institute, Oregon Health and Science University, Portland, Oregon.
C.A. Eide and S.E. Kurtz contributed equally to this article.
Corresponding Author: Jeffrey W. Tyner, Knight Cancer Institute, Oregon 
Health and Science University, KR-Hem, 3181 SW Sam Jackson Park Road, 
Portland, OR 97217. E-mail: tynerj@ohsu.edu
Blood Cancer Discov 2023;4:452–67
doi: 10.1158/2643-3230.BCD-23-0014
©2023 American Association for Cancer Research

https://aacrjournals.org/bloodcancerdiscov/article/doi/10.1158/2643-3230.BCD-23-0180
mailto:tynerj@ohsu.edu


Eide et al.RESEARCH ARTICLE

454 | BLOOD CANCER DISCOVERY NOVEMBER  2023 AACRJournals.org

cell population (18). Initial response rates with this combina-
tion are transient and can result in relapse through intrinsic 
molecular characteristics of the tumor (15). Kinase-activating 
mutations such as FLT3-ITD, or TP53 alterations can also pro-
duce adaptive drug resistance to Ven + azacytidine therapy (10).

Patient responses to Ven  +  azacytidine coupled with the 
transcriptomic signatures that underlie hematopoietic differ-
entiation stages have led to the concept that leukemia treat-
ments may be more effective by integrating gene-expression 
profiles and functional drug responses, as sensitivities for 
certain drugs have preferential associations with tumor dif-
ferentiation states (19, 20). These observations provide the 
context for aligning ex vivo drug combination sensitivities 
from primary AML patient specimens with clinical features 
determined at the time of diagnosis. We hypothesize that 
identifying combination strategies whereby drug sensitivities 
are associated with discrete clinical features inherent to leu-
kemic cells may enhance therapeutic outcomes. The efficacy 

of Ven  +  azacytidine provides impetus to investigate other 
venetoclax-inclusive combinations for patients who are ineli-
gible for standard-of-care therapy. Using Ven + azacytidine as 
a reference, we evaluated a set of 25 venetoclax combinations, 
identified several with enhanced efficacy relative to Ven + aza-
cytidine, and found associations of combination sensitivities 
with discrete patient characteristics.

RESULTS
Ex Vivo Drug Sensitivity Recapitulates Clinical 
Experience with Ven ++ Azacytidine in AML

AML therapy has improved with the use of Ven  +  azacy-
tidine, and it has become the standard of care for elderly 
patients. Using an ex vivo assay, we evaluated Ven  +  azacy-
tidine on primary specimens from AML patient samples 
(n = 142) and observed greater sensitivity for the combination 
compared with azacytidine and to a lesser degree relative to 

Figure 1. Ex vivo drug-sensitivity recapitulates clinical experience with Ven + azacytidine in AML. A, Ex vivo sensitivities for venetoclax (Ven), azacytidine 
and Ven + azacytidine on matched AML primary samples (n = 142). Sensitivity is represented as % of the maximum (max) area-under-the-dose response curve 
(AUC) derived for a 7-point concentration series ranging from 10 μmol/L to 10 nmol/L. B, Distribution of combination ratio (CR) values for patient samples 
treated with Ven + azacytidine ex vivo. CR is defined as the AUC of the combination divided by the AUC of the most potent single agent, where AUC CR <1 
denotes the enhanced efficacy of the combination. C, Differences in Ven + azacytidine ex vivo sensitivity among patient samples with respect to expression 
of select immunophenotypic markers of primitive (CD117) and monocytic tumor cells (CD14). Neg, negative; Pos, positive. D, Differences in ex vivo sensitivity 
of Ven + azacytidine among patient samples based on the presence of prognostically relevant mutations in IDH1, NPM1, and either NRAS or KRAS. WT, wild-
type. E, For 10 newly diagnosed patients with AML with both ex vivo screening and subsequent clinical treatment with Ven + azacytidine, ex vivo sensitivity 
collected at baseline prior to treatment is compared based on subsequent clinical response achieved on treatment. P values shown were determined using 
Mann–Whitney tests.
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venetoclax alone (Fig. 1A). Sensitivity to Ven + azacytidine was 
measured by determining the area-under-the-dose response 
curve (AUC) following drug exposure. The Ven + azacytidine 
combination showed enhanced activity in 47% of the matched 
samples tested ex vivo (Fig. 1B), as measured by a combination 
ratio (defined as the combination AUC value divided by that 
of the most potent single-agent). Consistent with previous 
clinical observations showing Ven  +  azacytidine sensitivity 
on primitive but not mature tumor cells (17), we found that 
ex vivo sensitivity to Ven + azacytidine associated significantly 
with surface expression of CD117, a marker of hematopoietic 
stem cells, whereas resistance to Ven + azacytidine associated 
with expression of the monocytic marker CD14 (Fig. 1C).

Clinical response to Ven + azacytidine correlates with select 
genetic subtypes such as NPM1 and IDH mutations, but not 
others such as RAS mutations (9, 11). These associations were 
recapitulated in data from ex vivo screening as samples har-
boring IDH1 or NPM1 mutations demonstrated significantly 
greater sensitivity to Ven +  azacytidine, whereas samples with 
RAS mutations exhibited reduced sensitivity (Fig. 1D). Although 
it is a formal possibility that inherent chemosensitivity of 
some patient sample cells could explain their sensitivity ex vivo, 
screening data obtained at the time of diagnosis for a limited 
number of patients who received treatment with Ven + azacy-
tidine correlated with subsequent clinical response (Fig.  1E), 
indicating concordance between the ex vivo and clinical data.

Novel Partners with Venetoclax Augment 
Combination Therapy Across a Spectrum 
of AML Clinical Features

Although Ven  +  azacytidine has improved patient out-
comes, its effectiveness is limited by its restricted sensitivity 
for primitive tumor cell states and by acquired resistance, 
indicating a need for additional venetoclax-inclusive combi-
nations (15). This limitation prompted us to evaluate a set of 
25 new molecularly-targeted venetoclax-inclusive combina-
tions by profiling ex vivo drug sensitivities on primary speci-
mens from 433 patients with AML. The majority of these cases 
were collected at the time of initial AML diagnosis (n = 318), 
though analysis also encompassed patients with relapsed/
refractory AML (n = 85). Combinations formed using FDA-
approved drugs or late-stage development compounds repre-
sent a range of molecular targets (Supplementary Table S1). 
Due to the nature of combinations being added to screening 
panels over time, not all samples were evaluated with each 
combination. Among the new drug combinations tested with 
venetoclax as a backbone, the majority exhibited enhanced 
efficacy and potency relative to Ven  +  azacytidine (Fig.  2A; 
Supplementary Fig. S1). Similar overall patterns of sensitiv-
ity were observed for combination partner drugs within the 
same drug class, such as BET inhibitors (JQ1 and BETi), PI3K 
inhibitors (idelalisib and taselisib), and p38MAPK inhibitors 
(doramapimod and PH-797804).

Alignments of AUC sensitivity values for a subset of patient 
samples with matched drug combination data revealed dis-
crete patterns of enhanced efficacy. Potent sensitivity of single-
agent venetoclax was evident in approximately 30% of the 
samples, whereas azacytidine was weakly effective across all 
samples ex vivo (Fig. 2B). Inhibitors such as ibrutinib, idelal-
isib, and ruxolitinib demonstrated similar potency profiles to 

azacytidine. In contrast, inhibitors including BETi, doramapi-
mod, and taselisib showed single-agent sensitivity profiles 
with greatest potency on samples insensitive to venetoclax 
(Fig. 2B). Among matched samples, those with sensitivity to 
the Ven  +  azacytidine combination largely overlapped those 
with sensitivity to venetoclax alone. This was also true for 
Ven  +  ibrutinib. In contrast, venetoclax combined with ide-
lalisib, ruxolitinib, BETi, doramapimod, or taselisib showed 
broader sensitivity profiles indicative of complementary or 
enhanced efficacy relative to Ven + azacytidine (Fig. 2B).

To evaluate potential combination toxicity to nonleukemic 
compartments, we tested Ven + azacytidine and these 25 com-
binations on human stromal cell lines HS-5 (Supplementary 
Fig.  S2A) and HS-27 (Supplementary Fig.  S2B). Although 
there were differences in sensitivity for some combinations 
with respect to the two stromal cell lines, the majority of com-
binations showed comparable, limited toxicity to either cell 
line. In addition, we tested freshly isolated mononuclear cells 
(MNC) from nonleukemic bone marrow and observed modest 
effects for some combinations; nearly all combinations showed 
reduced activity against these cells compared with primary 
AML counterparts (Supplementary Fig. S2C and S2D). For one 
AML patient specimen (22-00043), matched ex vivo sensitivity 
data for a limited set of single agents and combinations tested 
on both the primary AML blasts and stromal cells isolated 
from this sample indicated stromal cells have reduced sensitiv-
ity relative to the leukemic blasts (Supplementary Fig. S2E).

The different sensitivity profiles of the combinations were 
evaluated with respect to clinical features obtained at the time 
of diagnosis. The majority of venetoclax combinations did not 
show a difference in sensitivity between de novo and second-
ary AML diagnosis [denoting AML transformed from myelo-
dysplastic syndrome (MDS) or myeloproliferative neoplasm 
(MPN)]. Notably, although Ven +  azacytidine trended toward 
less sensitivity in secondary AML samples but did not achieve 
significance, venetoclax combinations with ARRY-382, BETi, 
and ibrutinib were significantly less effective in secondary AML 
(Fig.  2C). In contrast, Ven  +  quizartinib was more effective 
on secondary AML samples. With respect to ELN2017 risk, 
Ven + quizartinib was more effective on samples from patients 
with adverse prognostic risk; venetoclax combinations with 
ARRY-382 and olaparib were preferentially effective on favora-
ble risk samples (Fig. 2D). Consistent with the reported resist-
ance to Ven  +  azacytidine in patients with monocytic AML 
subtypes (15), ex vivo Ven + azacytidine sensitivity was decreased 
in samples with high monocyte percentages (Fig. 2E). Across all 
venetoclax combinations tested, more than half demonstrated 
a significant correlation with monocyte levels, either with resist-
ance similar to Ven + azacytidine or with increased sensitivity. In 
contrast, combinations such as Ven + idelalisib and Ven + rux-
olitinib showed little to no difference in sensitivity based on 
monocyte levels in the peripheral blood (Fig. 2E).

Venetoclax-Combination Sensitivity Correlates 
with AML Tumor Cell State Signatures

The associations of drug combination sensitivities with 
respect to immunophenotypic markers and peripheral blood 
monocyte levels led us to evaluate sensitivities across the range 
of cell state–specific gene-expression signatures defined for AML 
tumors (17). Training and test subsets of samples from our full 
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sample cohort were stratified and balanced with respect to clin-
ical and genetic features (Supplementary Table S2). Cell state 
signature scores were deconvoluted from bulk RNA sequenc-
ing (RNA-seq) and computed using an eigengene methodology 
as described (19, 20). Comparison of the associations of AML 

cell state signatures with venetoclax-combination sensitivities 
revealed overall concordance between the training and test 
sets (Fig. 3A), allowing for the merger of the two datasets for 
subsequent analyses to increase sample numbers. Clustering 
of correlations between venetoclax-combination sensitivities 

Figure 2. Novel partners with venetoclax augment the sensitivity of Ven + azacytidine. A, Comparisons of overall ex vivo potency (as measured by median 
AUC) and enhanced efficacy [median AUC combination ratio (CR)] for venetoclax (Ven) combined with azacytidine and 30 novel drug partners among primary 
AML patient specimens. Numbers of evaluable samples and fractions exhibiting the highest single-agent (HSA) synergy for each combination are shown as 
point size and color, respectively. Note that absolute numbers of samples tested with a particular combination vary as they were added to drug panels over 
time. Ven + azacytidine is highlighted in red for reference comparison purposes. B, Heat map of matched ex vivo sensitivity data [AUC % of maximum (max)] 
for 95 AML patient samples tested with Ven + azacytidine, a subset of novel Ven combinations, and their respective single agents. C–E, Comparisons of Ven 
combination sensitivities with respect to AML type (C), ELN 2017 risk (D), and peripheral blood (PB) monocyte percentage from differential blood counts 
obtained at the time of sample collection (E). For categorical variables (de novo/secondary diagnosis and ELN 2017 risk) are compared by Mann–Whitney 
test; points indicate the difference of median AUC and bars indicate the 95% confidence interval around this estimate. Negative and positive differences 
in median values reflect greater sensitivity and resistance, respectively, in patient samples with secondary AML or adverse risk. Percent monocytes are 
correlated with combination AUC by Spearman rank test, where negative and positive Spearman r values denote correlation with sensitivity and resistance, 
respectively. Blue and orange coloring represent statistically significant associations with sensitivity and resistance, respectively; gray color indicates the 
comparison was not statistically significant. Secondary AML denotes instances in which a patient’s AML transformed from one of multiple disease states.
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and cell state transcription signatures revealed three distinct 
patterns of sensitivity tracking with the type of partner drug 
(Fig. 3B, left; Supplementary Table S3). Type 1 partners exhib-
ited combination sensitivity resembling Ven  +  azacytidine in 
that their respective combinations were effective on primitive 
cell states. Type 2 partners showed preferential combination 
sensitivity on more differentiated monocyte-like and conven-
tional dendritic cell (cDC)-like cell states. Type 3 partners had 
a broad profile that did not align with particular cell state 
signatures. These partner-type associations were lessened or 
not at all apparent with respect to the single-agent sensitivities 
and cell state signatures (Fig. 3B, right). To examine the com-
bination sensitivities at the patient samples level, AUC values 
for selected combinations of each type were plotted relative to 
progenitor-like and monocyte-like expression scores (Fig. 3C). 
For type 1 partner combinations (e.g., Ven + azacytidine and 
Ven  +  ibrutinib), greater ex vivo sensitivity associated with 
samples featuring high progenitor-like and low monocyte-like 

expression scores. Sensitivity to type 2 partner combinations 
(e.g., Ven  +  dasatinib) was increased in samples exhibiting 
high monocyte-like and low progenitor-like expression scores. 
Combinations involving type 3 partners (e.g., Ven +  idelalisib 
and Ven + ruxolitinib) demonstrated diffuse sensitivity distri-
butions that did not associate with either progenitor-like or 
monocyte-like gene set expression.

Clinical and Genetic Patient Features Associate 
with Differences in Venetoclax-Combination 
Sensitivities

We further dissected ex vivo drug response with respect to 
panels of clinical and genetic patient features routinely col-
lected in standard care. Analysis of mutations detected via 
clinical sequencing across a core panel of 42 genes revealed 
several significant associations with combination sensitivity 
and resistance (Fig. 4A; Supplementary Table S4). The sensi-
tivity of Ven + azacytidine was greater among patient samples 

Figure 3. Varying venetoclax partner drugs alters associations of sensitivity with AML tumor cell state. A, Concordance of drug-sensitivity cell state 
Pearson correlations for training and test sample cohorts. Colors indicate significant P values [after adjustment for family-wise error rate (FWER)] for both 
cohorts (purple), training set only (green), and test set only (orange). B, Clustered heat map of Pearson correlation r values for venetoclax (Ven) combina-
tion sensitivities (left) and respective single-agent sensitivities (not clustered, right) with respect to tumor cell state gene-expression signatures. Negative 
(blue) and positive (orange) correlation values correspond to sensitivity and resistance, respectively. C, Sensitivity of Ven + azacytidine and selected Ven 
combinations with respect to individual patient sample cell state. Dots represent individual patient specimens across the cell state spectrum defined by 
monocyte-like versus progenitor-like expression scores. Ex vivo drug sensitivity (AUC) is denoted in the color scale hue of each dot. Max, maximum.
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featuring NPM1 or IDH1/2 mutations and decreased for those 
with RAS and TP53 mutations. Venetoclax combinations such 
as with ruxolitinib, dasatinib, BET inhibitors, and palbociclib 
retained sensitivity on RAS and TP53-mutant samples.

Comparison of combination sensitivity among a panel of 
prognostically impactful cytogenetic rearrangements in AML 
found Ven  +  azacytidine sensitivity decreased in samples har-
boring the CBFB–MYH11 fusion (inv(16) or t(16;16)); similar 
findings were observed for this rearrangement for several type 1 
partner combinations with venetoclax (decitabine, cytarabine, 
ibrutinib, barasertib, artemisinin, taselisib, luxeptinib, and 
PH-797804; Fig.  4B). The presence of the inv(16) or t(16;16) 
rearrangement tracked with increased sensitivity to the type 2 

partner combinations of Ven + palbociclib, Ven + quizartinib, and 
Ven + olaparib. Ven + quizartinib also demonstrated increased 
sensitivity in samples harboring the KMT2A rearrangements.

The association of ex vivo sensitivity with respect to com-
mon immunophenotypic markers showed results consistent 
with those of tumor cell state for some but not all combina-
tions. Patient specimens expressing key surface markers of 
monocytic and/or mature myeloid cells (CD11b, CD13, CD14, 
CD16, CD56, and CD64) exhibited decreased sensitivity to 
Ven  +  azacytidine and other type 1 partner combinations 
including venetoclax combined with ibrutinib, artemisinin, 
taselisib, luxeptinib, and PH-797804, while conversely exhib-
iting increased sensitivity for multiple type 2 combinations 

Figure 4. Clinical and genetic features map to associations with combination sensitivity. A, Ridge density plots of venetoclax (Ven) combination sensitivity 
differences with respect to indicated gene mutations. Color gradients indicate AUC-based ex vivo sensitivity (dark blue/purple) through resistance (orange/
yellow). Max, maximum. B and C, Volcano plots showing a comparison of Ven combination sensitivity differences with respect to recurrent cytogenetic rear-
rangements (B) and immunophenotype surface markers (C). Negative and positive tails of each plot correspond to significantly increased (blue) and decreased 
sensitivity (orange), respectively, in samples positive for the tested feature. Size of each point represents the number of samples in the comparison that were 
positive for the tested feature for the given combination. The difference in median AUC was computed by the Hodges–Lehmann; P values were determined by 
Mann–Whitney tests and corrected for false discovery using the Benjamini–Hochberg method. D, Clustered heat map of multivariate ridge regression coef-
ficient estimates for clinical and genetic feature associations with ex vivo combination sensitivity among newly diagnosed AML patient specimens. Blue and 
orange shading corresponds to associations of the indicated feature with sensitivity and resistance, respectively, for the corresponding combination. Feature 
panels and combinations included reflect limitations involving sample numbers and model requirements for minimizing missing data for analysis. E, Bivariate 
subgroup stratification of ex vivo sensitivity for select Ven combinations for indicated features. Combination AUC was compared across subgroups by the 
Kruskal–Wallis test; post-hoc pairwise Mann–Whitney tests were performed, with FWER-adjusted P values shown. Abbreviations: mut, mutated; wt, wild-type.
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such as Ven + dasatinib, Ven + palbociclib, and Ven + olaparib 
(Fig. 4C). Notably, several combinations of the type 3 pattern, 
such as Ven + ruxolitinib, Ven + doramapimod, Ven + BETi, and 
Ven + ARRY-382, showed no significant differences in sensitiv-
ity across any of the mutation, cytogenetic, and surface anti-
gen panels (complete details are included in Supplementary 
Table S4). Together, these findings highlight the partial overlap 
of genetic aberrations and effects on cell state and their ability 
to inform more targeted venetoclax-combination efficacy.

Multivariable ridge regressions were fit to evaluate the 
independent strength of predictors of venetoclax combina-
tion ex vivo sensitivity and identify effective combinations 
for specific newly diagnosed AML patient attributes (Fig. 4D; 
Supplementary Table  S5). Given the limitations of sample 
numbers per feature for each combination screened, analy-
sis was confined to 22 combinations with complete data 
for 23 features. Ven  +  azacytidine had several pronounced 
feature-based associations among newly diagnosed AML 
cases, with sensitivity associated with IDH1/2- and NPM1-
mutated samples and with CD117 expression while markers 
of mature myeloid cells (CD11b, CD14, CD16, and CD64), 
mutations of TP53 and RUNX1, and adverse ELN risk asso-
ciated with resistance. Notable associations with sensitiv-
ity for other combinations included Ven  +  trametinib and 
Ven + BETi for RUNX1-mutant patients, Ven + palbociclib for 
adverse ELN risk, Ven + olaparib for patients with prior MDS 
or MPN, Ven  +  telaglenastat and Ven  +  doramapimod for 
ASXL1-mutant patients, and venetoclax paired with quizar-
tinib, dasatinib, palbociclib, or luxeptinib for TP53-mutated 
patients (Fig. 4D). Based on these associations, combination 
sensitivity was evaluated via pairwise feature comparisons of 
mutations, cytogenetics, and markers of cell state (Supple-
mentary Table  S6). This revealed many instances of further 
stratification of ex vivo sensitivity, such as increased sensitiv-
ity to Ven + azacytidine in patients who both harbor IDH1/2 
mutations and lack expression of CD64. Enhanced sensitivity 
was observed for Ven +  ibrutinib in patients with FLT3-ITD 
but no DNMT3A variant and for Ven + palbociclib in patients 
positive for expression of both CD11b and HLA-DR (Fig. 4E).

Analysis of a Type 3 Partner Combination: 
Ven ++ Ruxolitinib

Although the enhanced efficacy of several of the veneto-
clax combinations derives from combining partner drugs 
with complementary cell state selectivity profiles to that of 
venetoclax, certain type 3 partner combinations enhance 
venetoclax efficacy across a broad swath of AML patient sam-
ples irrespective of cell state and other clinical and genetic 
variables. For the Ven + ruxolitinib combination, ruxolitinib’s 
efficacy ex vivo is very limited as a single agent yet the ex vivo 
combination effectiveness was broad and did not correlate 
with the range of clinical and genetic features surveyed. Given 
these qualities, the established safety profiles of the two 
single agents, and that this combination is currently under 
evaluation in a phase I clinical trial in patients with relapsed/
refractory AML (NCT03874052), we performed additional 
mechanistic studies for Ven  +  ruxolitinib to understand its 
combination efficacy and mechanisms of resistance.

To confirm the effectiveness of Ven  +  ruxolitinib in vivo, 
primary AML patient MNCs were injected into NSGS mice, 

monitored for engraftment, and then treated with vehicle, 
venetoclax, ruxolitinib, or Ven + ruxolitinib daily (n = 4/group). 
Consistent with the significantly enhanced efficacy seen among 
patient samples ex vivo, tumor burden (assessed by CD45-posi-
tive cells in spleens) after 3 weeks of treatment was reduced in 
Ven + ruxolitinib-treated animals relative to either single-agent 
or vehicle, a result concordant with previous observations on a 
xenograft model using an AML cell line (ref. 21; Fig. 5A).

To dissect mechanisms underlying the enhanced efficacy 
of Ven + ruxolitinib, we first profiled multiple AML cell lines 
to identify a representative model. In line with the broad effi-
cacy seen in ex vivo patient samples, Ven + ruxolitinib showed 
synergistic inhibition in the majority of eight lines tested, 
with contrastingly decreased efficacy in two non-AML leu-
kemic cell lines (Supplementary Fig.  S3). The most potent 
combination sensitivity was observed for OCI-AML2 cells, 
despite having little to no sensitivity to ruxolitinib alone. 
RNA-seq of OCI-AML2 cells after treatment with venetoclax 
or Ven + ruxolitinib revealed 41 differentially expressed genes 
(Fig. 5B; Supplementary Table S7). The majority of the genes 
downregulated by the combination compared with venetoclax 
alone associate with the principal drug targets (Fig. 5C), some 
of which have known roles in differentiation (22–24).

OCI-AML2 cells were also analyzed using genome-wide 
CRISPR-Cas9 screens following treatment with DMSO, vene-
toclax, or the Ven + ruxolitinib combination. The ruxolitinib-
only screen was not performed, given the lack of sensitivity of 
these cells to single-agent ruxolitinib. Principal component 
analysis indicated discrete clusters separating DMSO controls, 
venetoclax-only treatment, and Ven + ruxolitinib treatment by 
both days 14 and 21 of treatment (Fig.  5D). Comparison 
of profiles for venetoclax and combination-treated cells to 
DMSO controls revealed discrete patterns for sensitivity and 
resistance (Fig.  5E–H). Many sgRNAs were depleted upon 
venetoclax but not combination treatment, suggesting a role 
for knockdown of these genes in further sensitization to 
venetoclax. Notably, this included many genes that are direct 
regulators of JAK–STAT signaling, such as TYK2, a JAK family 
kinase and a direct target of ruxolitinib (Fig. 5E and G). Other 
venetoclax-sensitizing hits included cytokine pathways identi-
fied from RNA-seq data and transcriptional regulators that 
govern cell differentiation programs. With respect to genes 
involved in resistance, among the sgRNAs most significantly 
enriched in both venetoclax- and Ven  +  ruxolitinib-treated 
cells were those targeting TP53, BAX, and PMAIP1, an expected 
result in concordance with our previous findings (25). sgRNAs 
with enrichment in the combination-treated cells but not 
those treated with venetoclax alone were more varied, with 
some of these targeting genes with roles as negative regula-
tors of JAK–STAT signaling and others suggesting immediate 
resensitizing drug combinations (Fig. 5F and H).

We evaluated three candidate effector genes—MED13L, 
MEIS2, and MDM2—for validation of genes and pathways 
conferring unique resistance to Ven + ruxolitinib. Single-cell 
OCI-AML2 knockouts were formed with two independent 
guides for candidate genes (Supplementary Table S8). Guide 
effectiveness evaluated by immunoblot analysis indicated 
near-complete loss of MED13L and MDM2, whereas robust 
reduction of MEIS2 levels was not apparent (Fig. 6A), despite 
parallel evidence of near complete allelic knockout at the DNA 
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Figure 5. Patterns of sensitivity and resistance for the type 3 combination Ven + ruxolitinib. A, Patient-derived xenograft evaluation of Ven + ruxoli-
tinib in vivo. Mononuclear cells from a newly diagnosed AML patient were injected into NSGS mice, allowed to engraft to ∼1% human CD33 chimerism, 
and cohorts (n = 4/group) were treated with venetoclax (Ven; 50 mg/kg), ruxolitinib (30 mg/kg), or Ven + ruxolitinib (30/50 mg/kg) daily for 3 weeks. 
Animals were sacrificed and splenic disease burdens were compared using one-way ANOVA. *, P < 0.05; **, P < 0.01. B, Volcano plot of differential gene 
expression (DE) by RNA-seq in OCI-AML2 cells following treatment with Ven alone or in combination with ruxolitinib in triplicate for 24 hours. Genes 
highlighted in blue and orange indicate those with significantly decreased and increased expression, respectively, in cells treated with the combina-
tion compared with single-agent Ven. C, Predicted protein interaction network between drug targets of the combination (highlighted in red) and genes 
downregulated upon Ven + ruxolitinib treatment compared with Ven alone in OCI-AML2 cells. D, Principal component analysis of CRISPR/Cas9 screen 
sequencing data obtained from YUSA library-transduced OCI-AML2 cells at days 7, 14, and 21 after treatment with DMSO, Ven, or Ven + ruxolitinib. Clus-
ters representing Ven-treated and Ven + ruxolitinib–treated cells are highlighted in purple and blue, respectively. Duplicate samples were evaluated for 
each condition. E, Volcano plot of changes in sgRNA expression (log2 fold change) for Ven-treated cells relative to DMSO control cells at day 21. Select 
genes highlighted in blue in the left tail showed unique sgRNA-sensitizing effects for Ven treatment but not Ven + ruxolitinib. F, Volcano plot of changes 
in sgRNA expression (log2 fold change) for Ven + ruxolitinib-treated cells relative to DMSO control cells at day 21. Select genes highlighted in orange in 
the right tail showed sgRNA enrichment consistent with unique resistance to Ven + ruxolitinibruxolitinib treatment but not Ven alone. On both CRISPR 
volcano plots (C–D), sgRNAs for select genes previously identified in Ven resistance CRISPR screens (BAX, PMAIP1, and TP53) are highlighted in red in 
each plot’s resistant (positive) tail. Select unique Ven-sensitizing gene hits (G) and Ven + ruxolitinib resistance gene hits (H) are listed.
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level for all three genes via TIDE analysis comparison with 
parental OCI-AML2 control cells (Fig.  6B). Consistent with 
screen results, knockout of these genes promoted resistance 
to the Ven + ruxolitinib combination and restored sensitivity 
to a level similar to that seen with venetoclax alone, but did 
not affect response to single-agent venetoclax (Fig. 6C). Fur-
thermore, loss of MDM2, but not MED13 L or MEIS2, induced 
resistance to the MDM2 inhibitor idasanutlin despite all lines 

remaining similarly sensitive to venetoclax alone (Supple-
mentary Fig. S4). Immunoblot analysis showed levels of total 
and phosphorylated TP53 to be elevated to varying degrees 
in knockout lines, most prominently for MDM2-KO. Levels 
of BCL2 and related apoptotic family members MCL1, BAK, 
and BAX were also elevated to varying extents in cells with 
Ven +  ruxolitinib resistance gene knockouts compared with 
parental cells (Fig. 6D and E).

Figure 6. Validation of CRISPR screen hits for resistance to the Ven + ruxolitinib combination. A, Immunoblot analysis of OCI-AML2 cells transduced with 
two independent guide RNAs for genes identified in the Ven + ruxoltinib CRISPR/Cas9 resistance screen. Cells were lysed, subjected to SDS-PAGE, transferred 
to PVDF membranes, and probed for levels of MED13L, MDM2, and MEIS2; vinculin was used as a protein loading control. Parental denotes untransduced 
OCI-AML2 cells; NT, nontargeting control guide. B, TIDE sequencing comparisons of genomic loci for MED13L, MDM2, and MEIS2 relative to parental OCI-AML2 
controls following transduction and CRISPR modification. C, Dose-response curves for OCI-AML2 cells transduced as in B with two independent guide RNAs for 
MED13L, MDM2, and MEIS2 and tested for sensitivity to Ven, ruxolitinib, and Ven + ruxolitinib. Data points represent the mean normalized cell viability ± SEM 
for three replicates. Parental denotes untransduced OCI-AML2 cells; NT, nontargeting control guide. D, Immunoblot analysis of indicated proteins in OCI-AML2 
parental and CRISPR knockout (KO) lines for MED13L, MDM2, or MEIS2. The vertical line denotes the cropping of nonadjacent lanes to juxtapose samples for 
ease of comparison. E, Quantification by densitometry of protein levels detected by immunoblot analysis in D. Band intensities were first blanked and normal-
ized to loading control vinculin levels within lanes, then normalized to levels in parental OCI-AML2 cells and shown as fold change in expression.
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DISCUSSION
Although its current indication is limited to newly diag-

nosed elderly patients with AML or patients with comorbidity 
concerns, the combination of venetoclax plus a hypomethyl-
ating agent (HMA) has improved the rate and depth of remis-
sion. Composite complete response rates range from 66% 
to 74% among these patients, with median overall survival 
between 14.7 and 16.4 months, representing an improvement 
over HMA alone (9, 26, 27). This highlights the importance 
of both defining the underlying features of patients who best 
respond to treatment and also identifying alternative combi-
nation strategies to manage emergent resistance to veneto-
clax plus hypomethylating agent therapy (28, 29).

A direct comparison of the activity of single-agent vene-
toclax versus Ven +  azacytidine has not been evaluated in a 
randomized trial setting; however, in the first-line setting, 
azacytidine has been compared with Ven + azacytidine, where 
CR/CRi rates of 28% for azacytidine alone and 66% for 
Ven + azacytidine were reported (9). In the relapsed/refractory 
setting, venetoclax showed a 19% overall response rate (30). 
Venetoclax has been tested as a single agent in newly diag-
nosed AML, with single-agent run-in administered for 7 days 
prior to administration of 5 + 2 (31). The venetoclax run-in 
resulted in significant and impressive reductions of bone mar-
row blasts over the 7-day period, especially within molecular 
subgroups with known strong responses to Ven + azacytidine 
(e.g., NPM1 and IDH1/2). Venetoclax has also been combined 
with low-dose Ara-C (LDAC), exhibiting equivalent activity to 
Ven + azacytidine (32). These data show that venetoclax can 
exhibit clinical activity in a variety of different combination 
scenarios, which argues for the exploration of more diverse 
venetoclax doublet and triplet combinations. In our ex vivo 
data, the activity of Ven + azacytidine aligned with expected 
responses in genetic subgroups and with cell-surface immu-
nophenotypes. In addition, clinical responses in the cases 
where both ex vivo and clinical data were available showed 
predictivity of the ex vivo result. Overall, these data suggest 
that our ex vivo assay provides a rapid readout for the predic-
tion of potentially useful venetoclax-based combinations, 
and the findings of this data set may be useful for the devel-
opment of novel venetoclax-combination regimens.

Analysis of clinical responses to Ven  +  azacytidine indi-
cated some molecularly based stratifications, such as stronger 
response rates in patients harboring IDH1/2 or NPM1 vari-
ants and poorer responses in patients with TP53 or NRAS/
KRAS mutations (9, 10, 33). Here, we show that ex vivo drug-
sensitivity screening data from primary AML patient samples 
recapitulate these observations for Ven  +  azacytidine and 
implicate potential new markers for response stratification 
such as decreased sensitivity in patient samples harboring the 
CBFB-MYH11 (inv(16) or t(16;16)) rearrangement. Patients 
with this rearrangement also generally present with myelo-
monocytic differentiation and abnormal eosinophils (34). 
The bimodal distribution seen for some combinations upon 
alignment with individual mutations suggests that incor-
poration of a second clinical or cell state feature may better 
discern optimal patient subtypes for a given combination.

Tumor cell state exerts a critical influence on venetoclax 
efficacy with preferential selectivity for more primitive, less 

differentiated leukemic cells compared with more mature, 
monocytic counterparts (12–15). To this end, classification 
schemes based on gene-expression scores that capture varia-
tions in leukemic hierarchy composition represent powerful 
biomarkers of response to targeted agents (19, 20). However, 
stratifying patients with AML on the basis of tumor cell 
state expression signatures will require further development 
and resources before its clinical implementation in routine 
care is realized. Nevertheless, our results provide the context 
for aligning ex vivo drug combination sensitivities, including 
Ven +  azacytidine, with both transcriptomic gene signatures 
of cell state and clinical features as part of current standard 
care. We demonstrate that patient attributes obtained from 
clinical labs, such as differential blood counts (e.g., % mono-
cytes) and immunophenotyping (e.g., CD14 and CD64), rep-
resent sufficient surrogate biomarkers to predict sensitivity 
to Ven + azacytidine. Additional stratification of sensitivity to 
Ven  +  azacytidine was evident upon combining genetic and 
cell state markers, such as IDH1/2 mutation status and CD64 
expression. Furthermore, our findings suggest many novel 
partner drugs may offer superior, enhanced efficacy when 
combined with venetoclax for patients who exhibit monocytic 
disease, thereby targeting AML tumors with greater selectivity.

Three patterns of venetoclax partner combination sensi-
tivities emerged from our analysis, ranging from Ven + azacy-
tidine-like (type 1) to differentiated selectivity (type 2) to 
broad efficacy irrespective of cell state (type 3). Each type may 
have utility, depending on specific patient characteristics. We 
note primary leukemic cells isolated from patient samples are 
viable in these assay conditions but do not proliferate. Con-
sequently, drugs whose activity requires cycling cells will have 
reduced sensitivity, which may provide an underestimation 
of the utility of the combination. In addition, drugs whose 
mechanism of action requires transcriptomic rewiring occur-
ring over many cycles may similarly have reduced sensitivity. 
For example, the ex vivo sensitivity profile for Ven  +  azacy-
tidine may reflect a mechanism of azacytidine activity that 
likely requires more than 3 days of exposure to observe its 
activity. It is noteworthy that patients undergoing azacytidine 
therapy require 3 to 4 cycles of dosing before clinical benefit is 
achieved (15, 35). The Ven + azacytidine combination showed 
enhanced activity in 47% of the matched samples tested ex vivo 
(Fig. 1B), as measured by a combination ratio (defined as the 
combination AUC value divided by that of the most potent 
single-agent). Consistent with previous clinical observations 
showing Ven  +  azacytidine sensitivity on primitive but not 
mature tumor cells (15), we found the ex vivo activity profile 
of Ven + azacytidine coincides with primitive clinical features. 
We identified many venetoclax-inclusive combinations with 
greater potency and enhanced efficacy and these may require 
sequential or altered dosing regimens to accommodate toxicity 
and resistance constraints as has been done for Ven + ibrutinib 
in chronic lymphocytic leukemia (36, 37) or their addition as 
a third agent to the Ven  +  azacytidine backbone (e.g., clini-
caltrials.gov: NCT03471260 and NCT04140487). Consistent 
with the activity of FLT3 inhibitors previously reported as 
single agents in AML (38, 39), the combination of quizartinib 
and sorafenib with venetoclax demonstrated increased ex vivo 
sensitivity in patient samples harboring FLT3-ITD mutations 
(Fig. 4D). Moreover, multiple type 2 combinations, including 
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Ven  +  quizartinib, showed associations with sensitivity in 
TP53-mutated samples, which may reflect a subset that harbor 
mutant TP53 yet feature a more mature cell state phenotype.

Our CRISPR-Cas9 genome screen of single-agent venetoclax 
revealed sensitizing hits in multiple JAK–STAT pathway genes, 
suggesting a heightened dependence of venetoclax-treated cells 
on an actionable pathway targeted by ruxolitinib. Many of the 
resistance hits in the Ven + ruxolitinib CRISPR-Cas9 screen are 
in regulatory or transcription factor coding genes, suggesting 
reprogramming at a global transcriptional level is required 
to evade combination sensitivity. Protein interaction network 
analysis (String-db.org) predicted associations for CRISPR 
hits for MED13L and MDM2 with the molecular targets of 
the Ven  +  ruxolitinib combination (BCL2 and JAKs), with 
TP53 implicated as a common interaction. Enhanced levels of 
TP53 were detected in all three CRISPR-KO lines consistent 
with the preservation of venetoclax sensitivity in the TP53-
KO cell lines (25), while compromising ruxolitinib activity in 
the combination by transcriptional reprogramming via loss 
of MDM2, MED13L, or MEIS2. MDM2 has a well-established 
role in activating TP53, and inhibitors of MDM2 are depend-
ent on wild-type TP53 (40). Prior studies using colon cancer 
cells have shown that loss of MED13L altered levels of super-
enhancer-regulated gene expression (41); in AML cells, inhibi-
tion of Mediator complex kinases led to increased expression of 

super-enhancer-regulated genes (42). MEIS2 has essential roles 
in hematopoietic differentiation (43) and proliferation, self-
renewal, and AML disease progression (44). We also observed 
varying levels of increased MCL1 for all three CRISPR-KO lines, 
and this was most pronounced in MDM2-KO cells. As inhibi-
tion of JAK–STAT signaling diminishes levels of MCL1 (45), 
this represents a potential resistance mechanism involving res-
cue via MCL1 levels. Direct inhibition of MCL1 combined with 
venetoclax has been shown to overcome resistance to venetoclax 
in AML (46). Underlying the efficacy of Ven + ruxolitinib may 
be the depletion of MCL1 via JAK–STAT inhibition thereby 
enhancing sensitivity to BCL2 inhibition.

Building on the success of Ven +  azacytidine begins with 
a detailed understanding of which patients are most likely 
to benefit from its use. We show that such stratification sen-
sitivity is associated with both transcriptomic signatures of 
tumor cell state and select clinical and genetic subtypes. Map-
ping ex vivo drug sensitivity data to clinical features opens 
opportunities for developing additional venetoclax partner 
combinations that may benefit patients who lack sensitivity 
to Ven  +  azacytidine, affording the possibility of defining a 
taxonomy of AML based on drug sensitivities informed by the 
readily available set of clinical and genetic features obtained 
as part of standard care (Fig. 7A and B). For a cancer as het-
erogeneous as AML, the ability to use all available clinical and 

Figure 7. Prioritizing venetoclax-based combination therapy for AML. A, Categories of venetoclax-inclusive combination selectivity from this study. Select 
combination partner drugs representing FDA-approved agents and their canonical targets are shown. Complete annotations for all tested combinations in 
this study, along with their type 1, 2, and 3 designations, are provided in Supplementary Table S1. B, Decision scheme for optimizing therapeutic application of 
Ven + azacytidine and other venetoclax-combination strategies based on standard clinical immunophenotype/differentiation state and mutation features. Ex 
vivo combination sensitivity data were expressed as z-scores relative to the mean AUC value for each combination to account for differences in overall potency. 
Scaled sensitivity data were grouped by combination type and then further aligned based on the presence of the indicated clinical immunophenotype and 
genomic features to optimize patient sample subgroup activity. Given Ven + azacytidine is the standard of care for patients who are ineligible for 7 + 3 chemo-
therapy, it may be that alternate type combinations or partner drugs added to a backbone of Ven + azacytidine as a triplet may offer improved responses.
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genetic patient features, along with evolving diagnostic tools, 
to guide venetoclax-combination treatment selection may 
enable improved depth and duration of response in patients.

METHODS
Study Approval

Clinical specimens used in this study were collected following 
written informed consent from patients according to a protocol 
approved by the Institutional Review Board at Oregon Health and 
Science University (IRB# 9570; 4422) based on the recommenda-
tions of the Belmont Report. MNCs were isolated from blood or 
bone marrow drawn from 433 patients diagnosed with AML. MNCs 
were isolated by Ficoll gradient separation and used immediately in 
drug-sensitivity assays or for the preparation of DNA and RNA. In 
vivo murine xenograft studies were performed in accordance with an 
approved protocol from the Oregon Health and Science University 
Institutional Animal Care and Use Committee (IACUC).

Ex Vivo Inhibitor Assay
Small-molecule inhibitors were purchased from LC Laboratories 

or Selleck Chemicals or obtained from a corporate partner, recon-
stituted in DMSO, and stored at  −80°C. Inhibitors (single agents 
or equimolar combinations of two single agents) were evaluated in 
a concentration series ranging from 10 μmol/L to 0.0137 μmol/L. 
Freshly isolated MNCs from primary patient bone marrow, periph-
eral blood, or leukapheresis specimens were seeded into prepared 
drug plates at 1E4 cells per well. At the time of seeding, cell viability 
was  >90%. The median percentage of blasts in the bone marrow of 
patient samples surveyed was 72.5% (range, 0.5%–98%). Under these 
culture conditions, cells maintain viability but do not proliferate. Cell 
viability was assessed after 3 days using an MTS reagent (CellTiter96; 
Promega). A probit regression curve was fit to the [0,100]-bounded 
cell viability percentages for log10-transformed drug concentrations 
in the seven-dose-point series to derive IC50 and AUC. Ex vivo sen-
sitivity data were normalized to untreated MNCs for each patient 
sample analyzed but were not further adjusted based on percentages 
of blasts detected in the clinical labs. For comparisons of sensitivity 
with nonleukemic blast cells, stromal cell lines HS-5 and HS-27 were 
plated at 1,000 cells/well in 384-well plates and tested on the same 
set of venetoclax combinations in three independent experiments 
conducted in triplicate. Fresh MNCs isolated from nonleukemic 
bone marrow obtained as a surgical discard from three different indi-
viduals (OHSU Department of Orthopedics) were plated at 1E4/well, 
also in triplicate. For some inhibitors and combinations, matched 
sensitivity data were available from AML patient sample 22-00044.

Univariate Analysis of Clinical and Genetic Features
Disease-specific panels of clinical, prognostic, genetic, cytogenetic, 

and flow cytometry-detected immunophenotype characteristics were 
manually curated from patient electronic medical records. Genetic 
characterization of patient samples included results of a clinical 
deep-sequencing panel of genes commonly mutated in hematologic 
malignancies. Associations between ex vivo inhibitor single-agent 
or combination efficacy (as assessed by AUC) were evaluated by the 
Mann–Whitney U test for categorical patient- or disease-based fea-
tures and by Spearman rank correlation for continuous features. For 
pairwise feature-based stratification of drug combination sensitivity, 
AUC values for all 26 venetoclax combinations were binned into four 
subgroups for all possible pairs of categorical features from a panel 
of 42 mutated genes, 7 recurrent cytogenetic rearrangements, and 9 
surface antigens. Feature pair breakdowns of combination AUC with 
at least 3 samples in all four possible subgroups were evaluated by 
the Kruskal–Wallis test across subgroups. Benjamini–Hochberg FDR 

correction of P values was applied for all tests within a given combi-
nation. For select highlighted comparisons, pairwise Mann–Whitney 
tests were performed between subgroups, with P values adjusted for 
family-wise error rate (FWER) by the Hochberg method.

Training versus Test Set Stratification
Available samples were divided into independent training and test 

subgroups of samples from the full sample cohort after stratifying 
on five factors: availability of RNA-seq data, availability of immu-
nophenotyping data, collection year of the sample, FLT3-ITD status, 
and percentage of peripheral blood monocytes. Balance between the 
sample sets was evaluated for a panel of clinical and genetic features 
by the Mann–Whitney U test for categorical variables and Spearman 
rank correlation for continuous variables.

Correlation of Drug-Sensitivity with Gene Signatures of 
Tumor Cell State

Gene-level RNA-seq counts were generated as described (47) and 
normalized using conditional quantile normalization (48). Cell 
states, defined using six transcriptomic signatures for hematopoietic 
cell differentiation states (17), were deconvoluted and scored from 
bulk RNA-seq as described (19, 20). Drug sensitivity was dissected 
with respect to transcriptomic signatures for hematopoietic cell 
differentiation states (17) for 21 venetoclax combinations and their 
respective 22 single agents with gene expression and ex vivo drug data. 
Pearson correlation coefficients were estimated for each cell type 
score (as computed in ref. 20) versus AUC comparison, with P values 
corrected for FWER (Hochberg method) across the six cell states for 
each single agent or combination.

Multivariable Ridge Regression for Assessing Relative 
Strength of Feature-Sensitivity Associations

Ridge regression modeling of the square root of AUC for specific 
venetoclax-inclusive combinations was applied to newly diagnosed 
AML patient samples to quantify the association between individual 
patient features and combination efficacy while adjusting for other 
features. This form of penalized regression was chosen over ordi-
nary least squares regression for its ability to better accommodate 
collinearity. The shrinkage parameter was chosen as the value that 
minimized mean squared error upon applying 5-fold cross-validation 
to the training set samples. To improve the visual display, ridge 
regression coefficient estimates were bounded between −0.5 and 0.5 
in the heat map representations. Feature sets (i.e., model predictors) 
were unique to the extent of missing data for some features and were 
not considered if >5% missing. Only those combinations screened on 
at least 30 training set samples and 20 test set samples were included, 
resulting in 22 combinations. The heat map of ridge regression esti-
mates (one model per venetoclax combination) allows for the identi-
fication of combinations with the highest and lowest ex vivo efficacy 
for a given patient attribute.

Xenograft Generation and In Vivo Drug Testing
MNCs from a male patient with newly diagnosed AML (FLT3-ITD 

and mutated NPM1, DNMT3A, SOCS1, and TET2) were injected 
into tail veins of NSGS mice (1 × 106 MNCs per mouse) and allowed 
to engraft until the peripheral blood showed approximately 1% 
human CD33 chimerism. Engraftment was detected using human 
CD33 and human CD45 antibodies by flow cytometry, with values 
ranging from 0.9% to 9.6%. Cohorts (n = 4/group) were then treated 
with vehicle, venetoclax (50 mg/kg), ruxolitinib (30 mg/kg), or 
Ven + ruxolitinib (30/50 mg/kg) daily for three weeks. Animals were 
sacrificed and splenic disease burdens were compared using one-way 
ANOVA with Tukey post-test to correct for multiple comparisons. 
Data were not further adjusted based on the level of engraftment. 
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Spleens were analyzed normalizing the number of human cells to the 
spleen weight (in mg). The data represent a single study conducted 
with four mice in each treatment cohort, as this was the minimum 
needed for statistical power.

Cell Lines
Human AML cell lines (OCI-AML2, OCI-AML3, CMK, HL-60, 

Marimo, MOLM14, U-937, and UT-7), non-AML leukemic cell 
lines (K562 and RCH-ACV), HEK 293T/17 cells, and stromal cell 
lines (HS-5 and HS-27) were purchased from ATCC. Cell lines were 
authenticated by the DNA sequencing core at OHSU and assessed 
for Mycoplasma negativity using the MycoAlert Detection kit (Lonza).

RNA-Seq of OCI-AML2 Cells
OCI-AML2 parental cells treated with Ven + ruxolitinib (0.1 μmol/L 

and 1 μmol/L, respectively) or venetoclax alone (0.5 μmol/L) in trip-
licate for 24 hours and processed for RNA isolation (RNeasy Mini 
Kit, Qiagen Inc.). RNA quality was assessed using an Agilent Bioana-
lyzer. Libraries were prepared using the TruSeq Stranded mRNA Kit 
(Illumina Inc.) and sequenced on a NovaSeq 6000 (Illumina Inc.). 
Fastq files were assembled using Bcl2Fastq (Illumina Inc.). Reads were 
aligned to Ensembl v75 gene models (GRCh37 build of the human 
genome) using Kallisto (v0.46.2). Gene-level counts were produced 
using tximport v1.18.0 (49) with the “lengthScaledTPM” option. Dif-
ferential expression was performed using the limma-trend v3.46.0 
methodology (50). The predicted protein interaction network between 
drug targets and genes downregulated upon Ven  +  ruxolitinib treat-
ment was derived using open-source software available at string-db.org.

Lentivirus Production and Transduction
HEK 293T/17 cells were transfected at low passage using Lipo-

fectamine-2000 (Life Technologies Inc.) with single transfer vec-
tors in combination with packaging plasmids, psPAX2 (Addgene, 
#12260) and VSVG (Life Technologies Inc.). Viral supernatants were 
collected, filtered through 0.45-μm filters, and used for transduction 
as previously described (25). Cells were used for downstream assays 
following 2 to 3 weeks after transduction.

CRISPR-Cas9 Screening and Single Gene Inactivation by 
Individual sgRNAs

Venetoclax and Ven  +  ruxolitinib–resistant Cas9-expressing cells 
were generated using lentiCas9-Blast (Addgene, #52962). Loss-of-
function screens were performed using a human genome-wide sgRNA 
library (ref. 51; Addgene #67989), as described (25). Cells (5E6) were 
collected to ensure library representation and overall cultures were 
expanded to 120 million. Transduced cells (3E7) were separated in 
individual flasks and treated with DMSO, venetoclax (500 nmol/L), 
or Ven  +  ruxolitinib (100 nmol/L and 1 μmol/L, respectively) in 
duplicate, for 14 to 21 days. Cells (2-3E7) were collected at each time 
point from each sample to ensure 300× representation of the library. 
CRISPR PCR-amplified barcode libraries were generated as previously 
described (25). Inactivation of individual genes was performed with 
sgRNAs cloned into plentiCRISPRv2 (Addgene, #52961).

Immunoblotting
Lysates from OCI-AML2 parental and CRISPR-derived knockout 

cell lines (50 μg) were separated on precast 4% to 15% Tris-Glycine 
gradient gels (Bio-Rad), transferred onto Immobilon-P 37TPVDF37T 
membranes (Millipore Inc.). Following incubation with primary 
antibodies for MED13 L (Abcam#8783), MDM2 (Abcam#259265), 
MEIS2 (Abcam#174270), p53 (Abcam#26), phospho-p53 (Cell Sig-
naling Technology #82530), BCL2 (Cell Signaling Technology #4222), 
MCL1 (Abcam#5453), BAX (Cell Signaling Technology #41162), BAK 
(Cell Signaling Technology #12105), or vinculin (Cell Signaling 

Technology #13901), the membranes were probed with species-
specific HRP-conjugated IgG antibodies, coated with luminescent 
substrate and imaged with the Bio-Rad Gel Doc Imaging System. 
Protein densitometry was performed using ImageJ software (NIH) by 
normalizing the blanked intensity of each band of interest in a given 
lane to corresponding levels of loading control protein and express-
ing it as a fold change relative to levels in parental OCI-AML2 cells.

Statistical Analysis
For comparisons of matched drug combination and single-agent 

data for a given venetoclax combination, AUC values were compared 
by the Nemenyi test. Univariate comparisons of ex vivo drug sensi-
tivity with respect to binary categorical variables (e.g., positive vs. 
negative for a given feature) were performed using a Mann–Whitney 
test. Differences in median values and their corresponding 95% 
confidence intervals were computed using the Hodges–Lehmann 
method. Differences in drug sensitivity across multiple subgroups 
defined by the status of two categorical variables were screened by the 
Kruskal–Wallis test. For categorical bivariate feature comparisons, P 
values were adjusted by the Benjamini–Hochberg step-up method to 
correct for all feature pairs compared for a given combination; select 
comparisons of multiple subgroups with FDR-adjusted P < 0.05 were 
subsequently analyzed by pairwise Mann–Whitney U test between 
subgroups with FWER-based correction of P values by Hochberg 
method. Continuous variable features (e.g., % monocytes in PB) 
were compared with combination ex vivo AUC values by Spearman 
rank correlation. Correlations of single-agent or combination AUC 
with tumor cell state gene-expression signatures were performed by 
Pearson correlation followed by FWER adjustment of P values across 
the six cell states tested for each combination. Drug sensitivity and 
feature correlation heat maps were generated using the pHeatmap 
R package (RRID:SCR_016418) using unsupervised pairwise aver-
age linkage clustering by either the Euclidean or Canberra method. 
For in vivo xenograft studies, tumor burden (as measured by splenic 
abundance of human CD45  +  cells) was compared between treated 
arms (4 animals per group) by one-way ANOVA with Tukey post-test 
for multiple comparisons. For genome-wide CRISPR-Cas9 knockout 
screens, sgRNA-level enrichment statistics were summarized at the 
gene level by selecting the sgRNA (among a pool of 5 targeting the 
same gene) with the middle P value as a representative. Robust rank 
aggregation was performed after ranking genes by their mid P value 
(52). For in vitro drug profiling of select CRISPR gene knockout cell 
lines, all treatment conditions were tested in triplicate and fit by four-
parameter nonlinear regression curves.

Data Availability
Patient sample RNA-sequencing data used in this study were previ-

ously submitted to dbGaP and Genomic Data Commons as part of 
the Beat AML Cohort and are publicly available. The dbGaP study ID 
is 30641 and the accession ID is phs001657.v2.p1 (https://www.ncbi.
nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001657.
v2.p1). Single-agent and drug combination ex vivo data (AUC val-
ues) along with associated specimen clinical annotations for the full 
cohort of patients analyzed in this study are available in Supplemen-
tary Table  S9. CRISPR-Cas9 data are available at Gene Expression 
Omnibus (GSE216087).
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