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Enhanced TP53 reactivation disrupts MYC
transcriptional program and overcomes venetoclax
resistance in acute myeloid leukemias
Yuki Nishida1, Jo Ishizawa1†, Edward Ayoub1†, Rafael Heinz Montoya1, Lauren B. Ostermann1,
MuharremMuftuoglu1, Vivian R Ruvolo1, Tallie Patsilevas1, Darah A. Scruggs1, Shayaun Khazaei1,
Po Yee Mak1, Wenjing Tao1, Bing Z. Carter1, Steffen Boettcher2,3, Benjamin L. Ebert3,
Naval G. Daver4, Marina Konopleva4,5, Takahiko Seki6, Kensuke Kojima1,7, Michael Andreeff1*

The tumor suppressor TP53 is frequently inactivated in a mutation-independent manner in cancers and is reac-
tivated by inhibiting its negative regulators. We here cotarget MDM2 and the nuclear exporter XPO1 to maxi-
mize transcriptional activity of p53. MDM2/XPO1 inhibition accumulated nuclear p53 and elicited a 25- to 60-
fold increase of its transcriptional targets. TP53 regulates MYC, and MDM2/XPO1 inhibition disrupted the c-
MYC–regulated transcriptome, resulting in the synergistic induction of apoptosis in acute myeloid leukemia
(AML). Unexpectedly, venetoclax-resistant AMLs express high levels of c-MYC and are vulnerable to MDM2/
XPO1 inhibition in vivo. However, AML cells persisting after MDM2/XPO1 inhibition exhibit a quiescence- and
stress response–associated phenotype. Venetoclax overcomes that resistance, as shown by single-cell mass cy-
tometry. The triple inhibition ofMDM2, XPO1, and BCL2was highly effective against venetoclax-resistant AML in
vivo. Our results propose a novel, highly translatable therapeutic approach leveraging p53 reactivation to over-
come nongenetic, stress-adapted venetoclax resistance.
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INTRODUCTION
Inactivation of tumor suppressors and activation of oncogenes are
fundamental driving forces in cancer development, progression,
and resistance to therapies. p53 is a critical tumor suppressor
protein that governs transcriptional programs that regulate numer-
ous cellular functions, such as cell cycle progression, senescence,
and cell death (1). Inactivation of p53 occurs most frequently
through missense and/or truncating mutations of the TP53 gene
or by up-regulation of negative regulators, such as Mouse double
minute 2 (MDM2) andMDM4. The proto-oncogeneMYC controls
a myriad of cellular processes across numerous cancers and leuke-
mias by regulating cell cycle progression, mitochondrial and ribo-
somal biogenesis, and metabolic abnormalities (2). It is tightly
controlled by p53 in a negative feedback loop to maintain cellular
homeostasis under physiological conditions (3, 4). However, this in-
teraction is often dysregulated in cancer and leukemia cells (5) by
MYC amplification or overexpression, resulting in the inactivation
of p53, as reported recently (6, 7). Conversely, DNA damage–induc-
ing chemotherapeutic drugs or ionizing radiation activates TP53
and suppress MYC expression either through direct binding of
p53 to theMYC promoter or by up-regulation of tumor-suppressive
microRNAs such as miR-145 (8, 9).

Acute myeloid leukemias (AMLs) are a heterogeneous group of
hematologic malignancies characterized by the inability of hemato-
poietic stem/progenitor cells to undergo cell death and differentia-
tion, resulting in the accumulation of immature myeloid blasts in
the bone marrow (BM) and peripheral blood (PB) (10). We previ-
ously reported the ability of BCL2/BCL-XL inhibition by ABT-737
(11) and of BCL2 inhibition by ABT-199 [venetoclax (Ven)] to
overcome blocks in apoptosis in AML (12, 13). Ven in combination
with hypomethylating agents (HMAs) has revolutionized the treat-
ment of patients with AML, with response rates of 70 to 90% (14).
Acquired resistance to Ven-based therapies is common, although
resulting in a median overall survival (OS) of only 2.4 months
after Ven/HMA failure (15). While TP53 mutations are relatively
infrequent in de novo AML (~10%) compared to other cancers,
p53 is frequently inactivated by MDM2 overexpression, which
prompted us to preclinically and clinically investigate the effects
of MDM2 inhibition on the restoration of p53 function (16, 17).
Clinical trials of MDM2 inhibitors demonstrated overall responses
in approximately 20% of patients with AML (18, 19), warranting al-
ternative approaches to improve their efficacy. The normal function
of p53 is critically important for the efficacy of Ven (20), and we
recently reported that combinatorial inhibition of MDM2 and
BCL2 in TP53 wild-type AML was highly effective in Ven-resistant
(Ven-R) AML through the p53-mediated reduction of myeloid cell
leukemia 1 (MCL1) (21, 22); however, additional resistance mech-
anisms to this combination treatment remain uncovered.

Exportin-1 (XPO1; also known as CRM1) is an important trans-
porter of more than 220 cargo proteins, including tumor suppres-
sors such as p53, RB transcriptional corepressor 1 (RB1), Forkhead
box O3 (FOXO3a), protein phosphatase 2A, and BRCA1 DNA
repair associated, from the nucleus to the cytoplasm (23). XPO1
also exports a wide range of mRNAs (over 3000) with an eIF4E-
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sensitive element in the 30 untranslated region and a 7-methylgua-
nosine cap at the 50 end by direct binding of a pentatricopeptide
repeat protein (24). These mRNAs encode various oncogenes
such as MYC, CCND1, and MCL1. On the basis of its biological
role as a regulator of oncogenes and tumor suppressor genes,
XPO1 has been investigated as an attractive therapeutic target in
various malignancies. Selinexor (Sel; KPT-330), a second-genera-
tion selective XPO1 inhibitor, has been Food and Drug Administra-
tion (FDA)–approved for treatment of multiple myeloma and
diffuse large B cell lymphomas (25, 26). Sel has also been assessed
in several early-phase clinical trials for AML, where it exhibited
anti-leukemia activities (27, 28). We previously reported that up-
regulation of XPO1 protein is an independent negative determinant
of AML patient survival and that coinhibition of XPO1 and MDM2
accumulates nuclear p53 and induces synergistic apoptosis in AML
cell lines in a p53-dependent manner (29). Detailed molecular
mechanisms of action, biomarkers of sensitivity, and in vivo efficacy
of this combination have yet to be investigated.

Here, we report the molecular sequelae of combined MDM2/
XPO1 inhibition including notable nuclear accumulation of p53 re-
sulting in greatly increased transcription of target genes. We next
focused on the regulation of MYC by p53, as we found unexpected
overexpression of c-MYC in AML cells refractory to BCL2 inhibi-
tion. This led us to hypothesize that the triple combination of
MDM2, XPO1, and BCL2 inhibition would overcome different
mechanisms of resistance to BCL2 inhibition, a major clinical
problem. The triple combination demonstrated a 300% extension
of survival in vivo in a Ven-resistant patient-derived xenograft
(PDX) model of AML.

RESULTS
Dual inhibition of MDM2 and XPO1 results in nuclear p53
accumulation and synergistic anti-leukemia efficacy in AML
with limited impact on normal hematopoietic cells
MDM2 inhibition with milademetan (Mil) reduced cell numbers
and induced apoptosis in TP53 wild-type (OCI-AML3, MOLM-
13, MOLM-14, MV4;11, and OCI-AML2) but not in TP53-
mutant AML cells (U-937, THP-1, Kasumi-1, and HL-60 cells;
Fig. 1A and fig. S1A), as expected. The XPO1 inhibitor Sel decreased
cell numbers and induced apoptosis in both TP53 wild-type and
mutant AML cells, with relatively higher half-maximal inhibitory
concentration(IC50) and half-maximal concentration for apoptosis
induction (ED50) values in cells with TP53 mutations (Fig. 1A, fig.
S1A, and table S1). Mil + Sel induced synergistic cytoreduction and
apoptosis (three- to four-log10 cytoreduction) in TP53 wild-type,
but not in TP53-mutant or TP53-deleted, cells (Fig. 1A, fig. S1A,
and table S1). The nuclear and cytoplasmic fractions from OCI-
AML3 and MOLM-14 cells, which are inherently resistant to Ven,
showed increased nuclear accumulation of p53 when treated with
Mil + Sel, as compared to Mil or Sel alone, leading to enhanced
poly (ADP-ribose) polymerase (PARP) cleavage (Fig. 1B and fig.
S1B). Knockdown of TP53 in OCI-AML3 cells (Fig. 1C and fig.
S1C) andMOLM-13 cells with CRISPR-engineered TP53-knockout
or TP53-mutations (fig. S1D) almost completely abrogated the ob-
served synergistic effects by Mil + Sel (Fig. 1D and fig. S1, C and E),
confirming the dependency of efficacy of the dual MDM2 and
XPO1 inhibition on wild-type TP53.

Thirty primary AML samples, 23 of which (77%) were from pa-
tients categorized as adverse risk according to European Leukemia-
Net criteria (30), were treated with Mil, Sel, or Mil + Sel (patient
characteristics shown in fig. S2 and tables S2 and S3). These includ-
ed 5 (17%) and 12 (40%) baseline (i.e., before Ven-based treat-
ments) samples from patients who achieved complete remission
(CR) by Ven-based therapies and those who had AML resistant to
such treatments (i.e., after Ven-based treatments), respectively. Mil
+ Sel induced significantly higher levels of cytoreduction (two- to
three-log10) compared to Mil or Sel alone and synergistic apoptosis
in TP53wild-type but not in TP53-mutant samples (Fig. 1, E and F).
Among the recurrent gene mutations detected in these samples,
TP53mutations were identified as the sole determinant of resistance
to Mil + Sel by multivariate analysis (table S4). Mil + Sel induced
comparable apoptosis both in primary samples derived from pa-
tients with AML sensitive and resistant to Ven-based therapies,
with comparable ED50 values for Mil + Sel between Ven-sensitive
and Ven-R AML samples (fig. S1F).

Sel has reduced the frequency of leukemia stem/progenitor cells
(LSPCs) in AML (31). Sel and Mil + Sel exerted increased apoptosis
induction in immature AML CD34+CD38− cells as compared to
more mature CD34− cells, but no difference was observed in cells
treated with Mil (Fig. 1G). Notably, Mil + Sel induced significantly
greater cytoreduction in CD34+CD38− AML cells compared to
CD34+CD38− or CD34− normal BM cells (Fig. 1H). Together,
dual inhibition of MDM2 and XPO1 induced synergistic apoptosis
in AML cells carrying wild-type TP53 and in AML cells resistant to
Ven, independent of recurrent mutations other than those of TP53.
Dual MDM2/XPO1 inhibition was effective, especially against
LSPCs, with modest to no discernable effects on normal hematopoi-
etic stem cells (HSCs).

Dual MDM2 and XPO1 inhibition enhances activation of the
p53 transcriptional program and disrupts the MYC
transcriptional program
Expression levels of p53 target genes were highly induced by Mil +
Sel compared to Mil or Sel alone in inherently Ven-resistant OCI-
AML3 cells, peaking at 8 to 12 hours, including a 60-fold increase in
CDKN1A and a 25-fold increase in MDM2 levels (Fig. 2A and fig.
S3A). To explore the impact of dual MDM2/XPO1 inhibition on the
transcriptome of TP53wild-type AML cells, we performed RNA se-
quencing (RNA-seq) in OCI-AML3 cells treated with dimethyl sulf-
oxide (DMSO), Mil, Sel, or Mil + Sel. As expected, pathway analyses
revealed p53 pathway to be most highly up-regulated following
treatment with Mil or Mil + Sel compared to DMSO (Fig 2B and
fig. S3, B to D). Although more than 200 cargo proteins and 3000
target mRNAs are XPO1 clients, RNA-seq identified the p53
pathway as the top Sel–up-regulated pathway in AML cells (fig.
S3C). p53 pathway was also identified as the most up-regulated
pathway when Mil + Sel was compared to Mil or Sel alone
(Fig. 2B). Regarding other significantly up- or down-regulated path-
ways, apoptosis pathway was detected in Sel versus Mil + Sel as an
up-regulated pathway but not in DMSO versus Sel, suggesting that
the anti-AML effect by Sel alone is mostly cytostatic (Fig. 2B and fig.
S3C). Fatty acid metabolism pathway was down-regulated only in
DMSO versus Mil + Sel and not in any other comparison (fig.
S3D), implicating that synergistic effects by the dual MDM2/
XPO1 inhibition are partially mediated by inhibiting fatty acid me-
tabolism. On the other hand, pathway analyses identified E2F
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Fig. 1. Dual MDM2/XPO1 inhibition accumulates nuclear p53 and induces synergistic cytoreduction in TP53wild-type AML stem/progenitor cells. (A) TP53wild-
type and TP53-mutant AML cell lines were treated with Mil, Sel, or Mil + Sel. (B) Immunoblots of cytoplasmic and nuclear fractionations of OCI-AML3 cells treated with Mil,
Sel, or Mil + Sel for 12 hours. (C) Immunoblots of p53 in OCI-AML3 cells transfected with control short hairpin RNA (shRNA; control) and shp53 (p53kd). (D) OCI-AML3
control/p53kd cells were treatedwithMil, Sel, or Mil + Sel. (E) TP53wild-type (N = 27, left) and TP53-mutant (N = 3, right) primary AML samples were treatedwithMil, Sel, or
Mil + Sel. Data represent means ± SEM normalized live cell numbers of primary AML samples treated. #, significant differences in normalized live cell numbers after Mil +
Sel versus Mil and Mil + Sel versus Sel. (F) A two-dimensional plot for combination indices and concentrations for ED50 values. TP53 wild-type and TP53-mutant primary
AML samples are shown in blue and red, respectively. Open circles represent primary AML samples resistant to Ven-based regimens. (G) Percentages of specific apoptosis
in CD34+CD38− immature versus CD34− mature AML cells treated with Mil, Sel, or Mil + Sel. Paired t tests were used for statistical comparisons. (H) Live cell numbers in
CD34+CD38− and CD34− normal BM (NBM) and CD34+CD38− AML cells treated with Mil + Sel. The percentages of the live cell numbers were normalized to those of
untreated cells. Data represent means ± SEM of the normalized live cell numbers of samples treated. A Mil and Sel concentration of 160 nM was used. GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; N.S., not significant. **P < 0.01.
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Fig. 2. Dual MDM2/XPO1 inhibition enhances p53 target transcription and dysregulates MYC transcriptional program, leading to cell cycle arrest. (A) Relative
quantitation (RQ) values by quantitative PCR for CDKN1A andMDM2 in OCI-AML3 cells treated with Mil, Sel, or Mil + Sel for the indicated time points. (B) Pathway analyses
comparing Mil versus Mil + Sel and Sel versus Mil + Sel in RNA-seq in OCI-AML3 cells treated with Mil, Sel, or Mil + Sel for 12 hours. The top up-regulated and down-
regulated pathways are indicated by red and blue arrows, respectively. NES, normalized enrichment score. (C) Volcano plots [beta score (magnitude) and q values (sig-
nificance,−log10 scale)] from differential gene expression profiles in RNA-seq fromOCI-AML3 cells DMSO versus Mil (left), Sel (middle), and versus Mil + Sel (right). The top
10 up-regulated TP53 targets and down-regulated MYC targets are indicated with red and blue colors, respectively. The remaining genes are indicated in gray. (D) Cell
cycle analyses using multiparameter flow cytometry with Ki-67, p21, and cleaved caspase-3 in OCI-AML3 cells treated with Mil, Sel, or Mil + Sel for 24 hours. Caspase-3–
negative cells were gated for EdU, Ki-67, and p21 panels. (E and F) Change in the percentages of cells in S (E) and M (F) phases in OCI-AML3 cells in indicated treatments.
(G) The percentages of “p21 high”OCI-AML3 cells [rectangles shown in the third row of (D)] in indicated treatments. (H) Change of cell percentages of cleaved caspase-3–
positive OCI-AML3 cells [rectangles shown in the fourth row of (D)] in indicated treatments for G1 (2N) and G2-M (4N) phases. A Mil and Sel concentration of 160 nM was
used. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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targets, G2M checkpoint genes, andMYC targets as individually top
down-regulated and shared by Mil + Sel versus control, Mil, or Sel
(Fig 2B and fig. S3, B to D). We confirmed statistically significant
down-regulation of MYC and its targets MCM2 and MCM4, which
act as components of helicase complexes at the replication fork in S
phase, and PLK1 by quantitative polymerase chain reaction (PCR;
fig. S3E). These findings demonstrate an unexpected convergence of
commonly up- and down-regulated pathways resulting from
MDM2 or XPO1 inhibition alone and the dual MDM2/XPO1 inhi-
bition, as the p53 pathway has not been reported as the most acti-
vated pathway in the literature upon XPO1 inhibition (23).

Volcano plots clarified the differences in the magnitude and sig-
nificance of individual p53 andMYC targets among the three treat-
ment conditions, using an unbiased filtering approach from
differential gene expression profiles (Fig 2C). As expected, signifi-
cant up-regulation of TP53 targets, including CDKN1A, MDM2,
FDXR, and TP53INP1 was observed following Mil compared to
DMSO. These p53 targets were also shown to be up-regulated in
our first clinical trial with MDM2 inhibitor RG7112 (18), attesting
to the potential clinical relevance of this finding. Similarly, TP53
targets were up-regulated, and MYC targets were down-regulated
by Sel treatment. Notably, the magnitude and significance of p53
target up-regulation were prominently enhanced, and in contrast,
MYC targets were further down-regulated by Mil + Sel, compared
to single agents (Fig 2C). Similar findings were observed in RNA-
seq in CRISPR-engineered TP53 wild-type and p.R248Q mutant
MOLM-13 cells after DMSO, Mil, Sel, or Mil + Sel treatment (fig.
S4 and S5). XPO1 inhibition has been reported to impair cell growth
through down-regulation of homeobox (HOX) genes in nucleo-
phosmin 1 (NPM1) mutant (NPM1c) AML cells (32). We observed
the down-regulation of HOX genes and of MEIS1 in NPM1c OCI-
AML3 cells treated with Sel (fig. S6A). Mil + Sel–induced growth
inhibition in NPM1c OCI-AML3 cells through p53 activation oc-
curred within 24 hours, which was much faster than that induced
by HOX gene silencing (7 to 9 days) (32), indicating a broader
impact of p53 pathway activation than that of HOX silencing. The
data demonstrate that the enhanced transcriptional activation of
p53 by dual MDM2/XPO1 inhibition is accompanied by a similarly
enhanced down-regulation of the MYC transcriptional program.

On the basis of these findings, we next assessed the impact of
dual MDM2/XPO1 inhibition on the cell cycle in OCI-AML3
cells, as it significantly down-regulated cell cycle–regulating genes
controlling S and G2-M phases. We developed a flow cytometry
panel to simultaneously measure Ki-67, DNA, 5-ethynyl-20-deoxy-
uridine (EdU), p21, and active (cleaved) caspase-3 levels. As expect-
ed, Mil delayed G1 to S transition, and Sel induced profound G1 cell
cycle arrest with a significant increase in cells in G0 determined by
low levels of Ki-67 with the 2N DNA content (Fig. 2, D to F, and fig.
S6, B and C). In contrast, Mil + Sel treatment resulted in almost
complete cell cycle arrest with significantly reduced S-phase cells,
with G1 and G2-M blocks (Fig. 2, D to F, and fig. S4B). Mil + Sel
increased p21 levels in both G1 and G2-M phases, with 2N and
4N DNA content at 24 hours, suggesting p53 reactivation–
induced G0-G1 and G2-M arrest (Fig. 2, D and G), being consistent
with previous findings (33, 34). Furthermore, elevated levels of
cleaved caspase-3 were more profound at G2-M (4N) than at G1
(2N) (Fig. 2, D andH), indicating that apoptosis induction occurred
first in G2-M, which was followed by late cell death in G1, as the G2-
M population almost disappeared at a later time point (48 hours; fig.

S6, D and E). Collectively, these data suggest that dual inhibition of
MDM2 and XPO1 cooperatively induces cell cycle arrest and apo-
ptosis across cell cycle phases.

Dual inhibition of MDM2 and XPO1 reduces c-MYC in a p53-
dependent manner; baseline c-MYC protein is biomarker
for the efficacy of MDM2/XPO1 inhibition
We previously reported that XPO1 inhibition reduced c-MYC
protein levels by blocking translation initiation of c-MYC (35). As
expected, Mil + Sel profoundly up-regulated p53 targets and greatly
down-regulatedMYCmRNA and protein levels compared toMil or
Sel alone in OCI-AML3 ShC cells, but not in OCI-AML3 shp53 cells
(Fig. 3A and fig. S7, A and B). Similarly, c-MYC protein levels were
markedly reduced by Mil + Sel in TP53 wild-type MOLM-13 cells
compared to those in TP53-knockout or TP53-mutant cells (fig.
S7C). Enhanced reduction of c-MYC protein levels by Mil + Sel
compared to controls was also observed in primary AML samples
with wild-type but not with mutant TP53 (Fig. 3, B to D). Further-
more, baseline c-MYC protein levels in primary AML samples
showed a statistically significant negative correlation with ED50 con-
centrations (r = −0.45, P = 0.036) for Mil + Sel (Fig. 3E), suggesting
that c-MYC levels are a potential biomarker for Mil + Sel in AML.
Mil + Sel exerted superior cytoreduction and apoptosis induction in
c-MYC–overexpressing OCI-AML3 cells compared to empty vector
controls, associated with a profound decrease in c-MYC protein
levels (Fig. 3, F and G, and fig. S7, D and E). Together, pretreatment
c-MYC protein levels may serve as a biomarker for the efficacy of
dual MDM2 and XPO1 inhibition in AMLs.

Anti-leukemia efficacy of MDM2 and XPO1 inhibition in
Ven-R AML xenograft is associated with suppression of c-
MYC, leading to restored sensitivity to Ven
To further investigate the relevance of c-MYC protein in Ven-R
AML, we compared protein levels of c-MYC in primary AML
samples from patients who achieved CR (Ven-sensitive and Ven-
S, collected before Ven-based therapies), those who initially
achieved CR and later relapsed (Ven-Rem/rel, collected after Ven-
based therapies), and those with disease primarily refractory to
Ven-based therapy (Ven-Ref, collected after Ven-based therapies;
table S3). We found significantly higher c-MYC protein levels in
Ven-Ref primary AML samples than in Ven-S or Ven-Rem/rel
samples (Fig. 4A and fig. S8A). c-MYC protein levels were signifi-
cantly higher in MV4;11 Ven-R (21) than in Ven-S cells (Fig. 4B).
Ven-R MV4;11 cells were also resistant to Ven or Ven + 50-azaciti-
dine (fig. S8, B and C), serving as a clinically relevant model of Ven/
HMA-resistant AML. Furthermore, in line with c-MYC–overex-
pression in OCI-AML3 cells (Fig. 3F), MV4;11 Ven-R cells were
more sensitive to Mil + Sel than parental cells (Fig 4C and fig.
S8D), showing 1 to 2 log10 greater cytoreduction.

In a systemic model of MV4;11 Ven-R cells labeled with lucifer-
ase in NOD.Cg-Prkdcscid Prkdcscid/SzJ (NSG) mice (Fig. 4D), the
leukemia burden was reduced, and OS was prolonged in the Mil
+ Sel group compared to vehicle, Ven, Mil, or Sel groups (Fig. 4,
E to G). Although Sel or Mil + Sel treatments reduced white
blood cell (WBC) counts, Mil + Sel did not induce changes in
body weight, hemoglobin levels, or platelet counts relative to
those in the control group without AML cells or the individual
treatment groups (fig. S8, E and F). The data indicate that the Mil
+ Sel combination exerts superior anti-leukemia efficacy compared
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Fig. 3. Dual MDM2/XPO1 inhibition–mediated c-MYC reduction is p53 dependent and baseline c-MYC protein levels correlate with sensitivity to Mil + Sel. (A)
Immunoblot of p53, MDM2, and c-MYC in OCI-AML3 cells transfected with shRNA for scramble control (ShC) and p53 knockdown (Shp53) treated with Mil, Sel, or Mil + Sel
for 12 hours. (B) Immunoblot of p53, MDM2, and c-MYC of TP53wild-type (WT) and mutant (MT) primary AML samples treated with Mil, Sel, or Mil + Sel. (C) Protein levels
of p53 in 10 TP53WT (left) and 3 TP53MT (right) primary AML samples. (D) Protein levels of c-MYC in 10 and 3 WT (left) and MT (right) TP53 primary AML samples. Data in
(C) and (D) representmeans ± SEM values. (E) The correlational plot of baseline c-MYC protein levels and ED50 values for Mil + Sel in primary AML samples. (F) Immunoblot
of c-MYC in OCI-AML3 cells transfected with empty vector (EV) control or MYC-overexpressing plasmids (c-MYC). (G) Live cell numbers in OCI-AML3 EV and c-MYC cells
treated with Mil, Sel, or Mil + Sel for 72 hours. A Mil and Sel concentration of 160 nM was used. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fig. 4. Dual MDM2/XPO1 inhibition induces synergistic anti-leukemia effects in Ven-R AML cells. (A) c-MYC protein levels in primary AML samples from patients
sensitive to Ven-containing regimens (Ven-S; N = 6), thosewho had remission and then relapse (Ven-Rem/rel; N = 3), and thosewho had primarily refractory disease (Ven-
Ref; N = 7). Data represent means ± SEM. (B) Immunoblot of c-MYC in MV4;11 Ven-S and resistant (Ven-R) cells. (C) Live cell numbers of MV4;11 Ven-S and Ven-R cells
treated with Mil, Sel, or Mil + Sel for 72 hours. (D) Schematic diagram of in vivo xenograft model. (E) Images of leukemia burden measured by luciferin intensities in three
representative mice from each treatment group. (F) Luciferin intensities of each treatment group (N = 8, 9, 8, 9, and 5 for vehicle, Ven, Mil, Sel, and Mil + Sel, respectively).
(G) Survival curves of each treatment group and treatment durations of Mil (blue rectangle) and Sel (red arrows). (H) Immunoblots for c-MYC in MV4;11 Ven-R cells
obtained from moribund mice in each in vivo treatment group. (I) Ven (48 hours)–specific annexin V induction in MV4;11 Ven-R cells after each in vivo treatment. (J)
Live cell numbers of MV4;11 Ven-R cells treated with 200 nM of Ven (48 hours) with prior transfection with control siRNA (siCtrl) orMYC siRNA (siMYC) sequences. Histone
H3 serves as the loading control in (B) and (H). **P < 0.01; ****P < 0.0001.
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to the individual agents in Ven-R AML cells in vitro and in vivo.
However, the Mil + Sel group eventually had aggressive AML and
succumbed to the disease, suggesting that a modified therapeutic
strategy is necessary to eradicate the residual persistent AML cells.
c-MYC protein levels were essentially undetectable in Ven-resistant
MV4;11 (MV4;11 VR) cells harvested from mice treated with Mil,
Sel, or Mil + Sel after they became moribund (Fig. 4H), suggesting
that c-MYC suppression by MDM2/XPO1 inhibition was still effec-
tive but resistance developed, nevertheless. These cells demonstrat-
ed partially restored sensitivity to Ven (Fig. 4I). Consistently, MYC
knockdown by small interfering RNA (siRNA) increased the sensi-
tivity to Ven in MV4;11 VR cells (Fig. 4J and fig. S8G). These find-
ings suggest that c-MYC overexpression contributes to Ven
resistance and that sustained reduction of c-MYC in residual
disease could render AML cells susceptible to Ven again.

Triple inhibition of MDM2, XPO1, and BCL2 further
enhances the anti-leukemia efficacy of MDM2 and XPO1
inhibition in vitro and in vivo
To further define the biological characteristics of residual resistant
AML cells after dual inhibition of MDM2 and XPO1, we used high-
parametric flow cytometry to determine cellular levels of active
(cleaved) caspase-3, cleaved PARP, activating transcription factor
4 (ATF4), H2A.X variant histone (γH2AX), p21, microtubule asso-
ciated protein 1 light chain 3 beta (LC3B), Ki-67, and an amine-re-
active live/dead discriminating dye, which enabled us to evaluate
apoptosis, autophagy, and integrated stress response (ISR) (36).
Mil or Sel alone induced only moderate cell death, with elevated
levels of p21, LC3B, and ATF4 and decreased Ki-67 levels in the sur-
viving cell population. Mil + Sel induced profound cell death
(Fig. 5A and fig. S9A), leaving alive a small but resistant fraction
of AML cells with the highest levels of p21, along with high ATF4
and LC3B and very low Ki-67 (Fig. 5A, connected rectangles), sug-
gesting a quiescent AML cell population protected by three distinct
cell-protective stress response pathways (i.e., quiescence, ISR, and
autophagy). This observation corresponded to the finding of
CDKN1A as the most up-regulated p53 target gene in OCI-AML3
cells after Mil + Sel treatment (Fig. 2C). We reported previously that
cell cycle arrest in MDM2 inhibitor–resistant cells could be over-
come by BCL2 inhibition (21).

Next, we simultaneously inhibited MDM2, XPO1, and BCL2,
which led to an even more profound cytoreduction of OCI-AML3
cells and primary AML samples with wild-type TP53 and with clin-
ical resistance to Ven-based therapies, compared to all other single
agents and doublet combinations (fig. S9, B and C). Primary AML
samples with mutant TP53 did not respond to the triple inhibition
ofMDM2, XPO1, and BCL2, confirming dependency of the efficacy
of the triple combination on wild-type TP53 (fig. S9D). To investi-
gate the efficacy of this triple combination therapy in vivo, we inject-
ed PDX AML cells, established from an AML patient resistant to
Ven and decitabine (DAC) (37) into NSGmice, established engraft-
ment, and treated mice with seven different treatment regimens, the
triple combination of Mil, Sel [reduced doses from 20 to 10 mg/kg a
week, which is a lower dose than previous studies (31, 38), based on
suppression of WBC counts in the previous MV4;11 VR xenograft
model], and Ven; a two-drug combination (Mil + Sel, Mil + Ven, or
Sel + Ven); or the individual drugs as monotherapy (Fig. 5B). The
group treated with the triple combination showed the deepest cytor-
eduction in circulating blasts (>4-log10; Fig. 5C and fig. S9E), and

this cytoreduction was sustained with lower residual levels of circu-
lating blasts compared to Mil + Ven group or all other treatment
groups. The triple combination group showed significantly longer
OS than any other group (Fig. 5D), reflecting the profound cytor-
eduction. The median OS ranged from 66 days in the control group
to 234 days in the triple combination group. The triple combination
did not affect mouse body weights throughout the course of the
treatment (fig. S9F). The triple combination did not affect hemoglo-
bin levels (fig. S9G). Triple combination– and Mil + Ven–treated
groups showed higher murine CD45+ cell and platelet counts
than any other treatment group, probably reflecting the recovery
of normal hematopoiesis from myelosuppression secondary to
AML infiltration (Fig. 5E and fig. S9H). The triple combination
group demonstrated comparable levels of normal murine CD45+
cells compared to the control group lacking AML throughout the
course of treatment (Fig. 5F), indicating hematologic tolerability
of the triple combination inmice. These results suggest that the con-
comitant inhibition of MDM2, XPO1, and BCL2 is a feasible and
highly effective treatment strategy that has the potential to overcome
resistance to Ven.

Triple inhibition of MDM2, XPO1, and BCL2 overcomes Ven
resistance by eradicating AML cell populations in
quiescence with increased MCL1 and stress responses
To gain insight into the mechanisms of action of the triple combi-
nation of Mil, Sel, and Ven against Ven/HMA-resistant AML at the
single-cell level, we treated the PDX AML cells ex vivo with Mil, Sel,
and/or Ven for 24 hours to assess the early impact on cellular re-
sponses, when the cell death was still modest, and used single-cell
mass cytometry [cytometry by time of flight (CyTOF); fig. S10A].
As expected, the triple combination demonstrated the lowest
number of live cells determined by 195-platinum (195Pt) positivity
(fig. S10B). To annotate p53 reactivation or up-regulated stress re-
sponse–associated cells, unsupervised clustering of 195Pt-negative
live cells was performed incorporating all surface and intracellular
markers (see Supplementary Materials and Method). Unsupervised
clustering distinguished 14 cell clusters (Fig. 6A), and annotations
were performed on the basis of the characteristic of protein levels
(Fig 6B and fig. S10C). Specifically, AML cells in S phase were de-
termined solely by increase of iododeoxyuridine (IdU; cluster 1);
those proliferating were determined by increased Ki-67 (cluster
5), and those undergoing apoptosis were determined by increased
cleaved caspase-3 and BAX (clusters 11, 12, and 13). p53 reactiva-
tion–associated clusters were defined by increased p53 and/or p21
(clusters 4, 7, and 8). Notably, cluster 4 also demonstrated enrich-
ment of LSPC markers CD34 and CD123 and the highest MCL1
levels. The unsupervised clustering also revealed shifts in the distri-
bution of those clusters by each treatment (Fig. 6, C and D). p53
reactivation by Mil or Mil + Sel decreased the number of IdU-
and Ki-67–positive proliferating cells, consistent with the observed
cell cycle perturbation byMil + Sel in the previous cell cycle analyses
(Fig. 2, D to F). However, p53 reactivation generated clusters with
high p21 (clusters 4, 7, and 8). On the other hand, while Ven had no
impact on clusters 1 and 5, Mil + Ven effectively decreased the
number of p53 reactivation–associated clusters 7 and 8. Neverthe-
less, cluster 4 persisted after Mil + Ven, exhibiting high p21 along
with increased MCL1, BCL-XL, ATF4, and LC3B (figs. S10C and
S11). The triple combination decreased cluster 4, inducing apopto-
sis shown as increase in clusters 11, 12, and 13 (Fig. 6, C and D).
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Fig. 5. MDM2/XPO1 inhibition leaves alive p21high/Ki-67lowAML cells and triple inhibition ofMDM2, XPO1 and BCL2 exhibits superior anti-leukemia effects in
Ven-R AML cells. (A) Uniformmanifold approximation and projection (UMAP) data of target protein levels determined in OCI-AML3 cells with indicated treatments (160
nM of Mil and/or Sel, 48 hours). Top: Twomajor populations of live (left) and dead (right) cells under each treatment condition. Bottom: Protein levels on a color scale with
residual AML cells after Mil + Sel highlighted in connected red rectangles. (B) Schematic of the in vivo PDX AMLmodel. (C) Percentages of live human AML cell numbers in
PB specimens frommice treated with the indicated drugs. (D) OS of micewith indicated treatments (N = 8, 8, 8, 5, 7, 7, 8, and 8 for vehicle, Ven, Mil, Sel, Mil + Sel, Mil + Ven,
Sel + Ven. andMil + Sel + Ven groups, respectively). (E) Murine platelet counts in PB specimens in each treatment group at week of 7. (F) Murine CD45+ cell numbers in PB
specimens collected from indicated treatment groups over the entire treatment courses (N = 6). Data representmeans ± SEM values in (C), (E), and (F). *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001.
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Fig. 6. Triple inhibition ofMDM2, XPO1, and BCL2 induces apoptosis in p53 reactivation–responsive persistent AML cells with increasedMCL1 alongwith stress
responses. (A) t-distributed stochastic neighbor embedding (t-SNE) plots generated by unsupervised clustering and dimension reduction using RphenoGraph. Clusters
are annotated by numbers with distinct colors. (B) The t-SNE plot shown in (A) along with marker expression plots by t-SNE for CD34, p53, p21, MCL1, LC3B, and ATF4.
Cluster 4 is connected by red lines and rectangles. (C) t-SNE plots of samples treated with each indicated treatment. Clusters 11, 12, and 13; cluster 4; and cluster 8 are
circled by black, red, and orange dashed lines, respectively. (D) Proportions of each cluster in each sample with the indicated treatment in 195Pt-negative live cells. The
colors correspondwith the ones in the t-SNE plot shown in (A). (E) Immunoblots of indicated proteins collected fromOCI-AML3 cells with indicated treatments (100 nM of
Mil, Sel, and/or Ven for 24 hours).
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These data suggest that the triple combination is sufficient to induce
apoptosis in persistent AML cells harboring increased p21, BCL-XL,
andMCL1 levels along with up-regulated stress responses. The high
p21 levels induced by Mil + Sel in OCI-AML3 cells were decreased
by adding Ven, along with a profound decrease in MCL1 and in-
crease in cleaved PARP levels in the triple combination (Fig. 6E
and fig. S10, D and E).

To detect any TP53mutations that emerged and investigate phe-
notypic changes in AML blasts after the triple combination, we per-
formed single-cell DNA + protein sequencing (scDNA + protein
seq) analysis on BM samples collected from mice before and after
the triple combination. We did not detect any TP53 mutations in
pre- and posttreatment samples. The AML cells after triple combi-
nation demonstrated increased immature phenotypic markers in-
cluding CD117, CD123, CD45RA, and CD44 (clusters 5 to 8),
consisting of clusters with high levels of monocytic markers
CD11b, CD11c, and CD64 (clusters 5 and 6; figs. S12 and S13).
The residual AML cells after the triple combination exhibited rela-
tively lowMCL1 levels compared to those with Ven or double com-
binations (fig. S14). Further proteomic characterizations will be
required to better understand the detailed molecular changes in
these residual AML cells. Collectively, the triple inhibition of
MDM2, XPO1, and BCL2 counteracted the MDM2/XPO1 inhibi-
tion–induced increase in p21 and MCL1 with activated stress re-
sponses to overcome Ven resistance, thereby inducing profound
cell kill and notable increase in survival of mice bearing Ven-
R AML.

DISCUSSION
Inhibition of key p53-inactivating molecules, such as MDM2 and
XPO1, or of the main anti-apoptotic protein BCL2 has met with
limited clinical success as monotherapy (13, 18, 27). We have pre-
viously provided rationale for the combined inhibition of MDM2
and BCL2 in AML, and a clinical trial, combining idasanutlin and
Ven as MDM2 and BCL2 inhibitors, respectively, showed promis-
ing results (21, 22). We also reported that combined MDM2 and
XPO1 inhibition increased the nuclear levels of p53, and important-
ly that wild-type TP53 was critical for the efficacy of XPO1 inhibi-
tion in AML. Knockdown of or mutations of TP53 completely
abrogated apoptosis in AML (29). Furthermore, we demonstrated
that the combined inhibition of MDM2 and XPO1 synergistically
and massively enhances the transcriptional activity of p53, which,
in turn, resulted in significant reduction of c-MYC expression
and its transcriptional signaling, which was attributable to the neg-
ative regulation of c-MYC by p53 (8, 9).

c-MYC has been reported to transform normal hematopoietic
cells into myeloid leukemia (39, 40) and is essential for hematopoi-
etic and leukemia stem cell (LSC) maintenance (41, 42). Single-cell
RNA-seq identified MYC as one of the most up-regulated genes in
HSC-like immature AML subpopulations (43). Several studies have
shown the clinical impact of c-MYC expression in AML (44, 45),
and c-MYC–targeted therapies have been investigated for various
cancers, lymphomas, and leukemias (5, 46). Therapeutic targeting
of bromodomain extraterminal proteins (BET) down-regulated c-
MYC but demonstrated only modest activity in patients with
AML (47, 48). Resistance mechanisms to BET inhibitors include
the sustained MYC expression in LSCs despite the loss of Brd4
from the Myc enhancer (49) or the rapid restoration of MYC after

BRD4 inhibition (50), suggesting that therapeutic combinations
that leverage alternative pathways are needed to consistently sup-
pressMYC expression and improve anti-leukemia efficacy. Dual tar-
geting of p53 and c-MYC byMDM2 and BRD4 inhibitors exhibited
promising efficacy in myeloid malignancies (51, 52), suggesting that
p53 activation adds therapeutic benefit to p53-independent MYC
inhibition in cancers. These studies collectively support our
concept of maximal reactivation of p53 by dual targeting of
MDM2 and XPO1, where the enhanced p53 activity potently inhib-
its c-MYC. Notably, significant up-regulation ofMYCwas observed
in LSCs at the single-cell level (43), and we reported that MYC
targets were significantly up-regulated in LSCs and minimal resid-
ual disease cells in adverse risk patients with AML (53), which un-
derscores the importance of MYC in immature, therapy-resistant
AML cells.

We identified elevated c-MYC protein levels in AML cells refrac-
tory to Ven-based therapies, the mechanisms of which are still not
completely understood. We speculate that RAS pathway–activating
gene mutations (e.g., NRAS, KRAS, HRAS, and PTPN11) may
account for elevated c-MYC levels in Ven-R AML cells, as reported
for RAS activation that transcriptionally induces MYC and/or sta-
bilizes c-MYC proteins by posttranslational modifications (54, 55).
Resistance factors to Ven/HMA include activation of signaling, in-
cluding RAS mutations (56). Although the sample size was limited
in the present study, five of seven AML samples resistant to Ven-
based therapies had RAS pathway mutations (KRAS, NRAS, or
PTPN11), whereas only one had a PTPN11 mutation in the Ven-S
AML group (table S3). Consistently, the combination ofMDM2 and
XPO1 inhibitors was highly active in primary AML samples with
RAS pathway mutations (fig. S2). Notably, we found that the com-
bination of BCL2 andmitogen-activated protein kinase (MAPK) in-
hibition (cobimetinib) induced synergistic cell death in preclinical
models, with a significant reduction of c-MYC and the perturbation
of the MYC pathway in BCL2 + MAPK inhibition-sensitive AML
cells (57), supporting the fact that the potential importance of tar-
getingMYC by p53 activationmay benefit RAS-mutated AMLs. Sig-
nificant down-regulation of the fatty acid metabolism pathway by
Mil + Sel may also explain mechanisms of action of MDM2/
XPO1 inhibition in Ven-R AML (58).

Previously, we reported that p53 reactivation by MDM2 inhibi-
tion induced prosurvival G1 cell cycle arrest, which was effectively
eliminated by adding Ven by MDM2 inhibition–mediated suppres-
sion of RAS pathway, leading to the reduction of MCL1 (21). In ac-
cordance with these findings, CDKN1A was one of the most up-
regulated genes following p53 reactivation by combined MDM2
and XPO1 inhibition. Multiparametric flow cytometry of multiple
stress response regulators identified high p21 and low Ki-67 levels
along with increased stress response molecules ATF4 and LC3B in
residual AML cells, suggesting that quiescent AML cells account, at
least in part, for resistance to p53 reactivation–induced cell death.
p21 was by far the highest up-regulated gene in the original MDM2
inhibitor trial (18). MV4;11 VR cells with acquired resistance to
MDM2/XPO1 inhibition in vivo showed a sustained decrease in
c-MYC, which, in turn, was associated with restored sensitivity to
Ven, a finding supported by increased sensitivity to Ven by MYC
knockdown.

The triple combination of MDM2, XPO1, and BCL2 inhibition
exerted superior anti-leukemia activity in comparison to all single-
agent and dual-agent combination treatments in Ven/HMA-
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resistant primary AML cells andmarkedly prolonged survival in the
PDX AML model by 300 to 400% compared to single agents. Our
previously reported data on the combination of BCL2 and MDM2
inhibition were reproduced in this study and clinically translated
into nearly 50% response rates in older, unfit relapsed/refractory pa-
tients with AML (22). These findings are particularly relevant
because resistance to Ven-based therapies has become one of the
major clinical challenges, associated with extremely short survival
after relapse from Ven/HMA (15). Using CyTOF, we identified a
cluster of AML cells with concurrently high levels of p21, ATF4,
LC3B, BCL-XL, and MCL1. We previously reported that the combi-
natorial inhibition of MDM2 and BCL2 significantly decreased
MCL1 levels, thereby inducing synergistic anti-leukemia efficacy
(21). Mil + Ven reduced the cluster with high MCL1 levels;
however, it left behind a cell population with up-regulated p21,
ATF4, LC3B, BCL-XL, and MCL1, which was reduced by the
triple combination. Therapy-tolerant persister cells after BH3 mim-
etics treatment established increased ISR with ATF4 up-regulation
(59), being another potential resistance mechanism to MDM2 +
BCL2 inhibition.

Another potential concern of MDM2 + BCL2 inhibition is the
emergence or selection of mutant TP53 clones, as we have shown
in a recent clinical trial (22). Our scDNA + protein seq analysis
did not detect any TP53 mutations before or after treatment,
likely because of the absence of TP53-mutant clones in the PDX
AML cells, as we have shown that TP53 mutations detected after
MDM2 + BCL2 inhibitor therapy were preexisting and could be
identified by duplex sequencing (22). A cellular hierarchy–based
drug response framework has shown that Ven is one of the top ef-
fective agents in quiescent LSPCs compared to primed/cycling
LSPCs or more mature AML fractions, and XPO1 and nuclear
export–associated genes are highly expressed in cycling LSPCs
(60). In the present study, Mil + Sel induced cell-kinetic quiescence
with high p21 and low Ki-67, and the addition of Ven induced a
pronounced cytoreduction in Ven-R AML cells in vitro and in
vivo, potentially targeting both quiescent and cycling LSPCs. Unsu-
pervised clustering also detected a distinct cluster with high levels of
CD44 and CXCR4, having been associated with LSC survival or Ven
resistance (61, 62), which requires further investigation as another
relevant mechanism related to BM niche–mediated therapy resis-
tance. We have successfully addressed drug resistance in fms
related receptor tyrosine kinase 3 (FLT3) mutant AMLs by targeting
CXCR4, CD44, VLA4, and SDF1 (63).Whether triple inhibition ad-
dresses Ven resistance in more differentiated monocytic AML and/
or by altered metabolic features remains to be investigated. ScDNA
+ protein seq revealed that the residual AML cells after the triple
combination of Mil + Sel + Ven in vivo predominantly consisted
of immature cell clusters with increased CD123, CD117, and
CD45RA levels (clusters 5 and 6). These clusters also demonstrated
elevated levels of monocytic markers CD11b, CD11c, and CD64.
Those clusters also showed elevated CD69, a metabolic gatekeeper
in immune cells (64), regulating glucose uptake and glycolysis, and
CD71 (transferrin receptor 1), a marker for iron uptake, suggesting
a metabolic adaption that confers resistance to the triple combina-
tion. These findings suggest that these adapted AML cells demon-
strate multiphenotypic characters of immature and monocytic
blasts after the triple inhibition of MDM2, XPO1, and BCL2.
Further studies are needed to fully characterize those subpopula-
tions. In addition, we conducted flow cytometry experiments on

residual CD45+ cells in PDX AML cells obtained from mice that
became moribund during each in vivo treatment. Notably, those
cells already adapted to each treatment after continuous in vivo
treatments. In contrast to PDX AML samples after each in vitro
treatment shown in Fig. 6, we did not see increases in LC3B,
ATF4, p21, or MCL1 in those treated with and adapted to the
triple combination (Mil + Sel + Ven). Rather, MCL1 levels were
higher in the Ven-treated sample than in any other sample, and
those in the triple combination–treated sample displayed relatively
lower MCL1 levels, indicating that MCL1 may not be relevant to
resistance mechanisms to the triple combination.

Last, the proposed combinations are highly translatable, as
MDM2 inhibitors such as Mil (RAIN-32), HDM201, and APG-
115 are in clinical trials (19), and Sel and Ven have already been
FDA-approved. ED50 concentrations of Sel in this study ranged
up to 240 nM, which is substantially lower than the Cmax (1 μM)
observed in patient plasma (27), suggesting that doses of Sel can
be reduced in Mil + Sel combination. Moreover, the reduced dose
of Sel (20 to 10 mg/kg per week) was well tolerated in mice without
any suppression of normal hematopoiesis, as documented by
normal blood counts, with superior cytoreduction and survival of
mice treated with the triple combination of Mil + Sel + Ven in
vivo. The triple combination did not induce severe toxicities but
rather improved murine (i.e., normal) CD45+ cell numbers and
platelet counts compared to vehicle or single-agent treatments.
We are also conducting early clinical studies with the central
nervous system–sparing XPO1 inhibitor eltanexor, which may be
more tolerable than Sel. Further investigation and validation of
the triple MDM2, XPO1, and BCL2 inhibitor combination in a clin-
ical trial are warranted.

MATERIALS AND METHODS
Experimental design
The objective of the study was to determine whether the dual
MDM2/XPO1 inhibition results in the accumulation of nuclear
p53 protein and induces synergistic anti-leukemia efficacy in
AML cells including in primary AML samples, as a novel treatment
approach to overcome Ven resistance. To that end, we used AML
cell lines including Ven-resistant ones (OCI-AML3 and MV4;11
VR) and primary AML samples sensitive/resistant to Ven-based
therapies along with or without TP53 mutations. We did not use
statistical methods to predetermine sample sizes for primary AML
samples but specified them on the basis of the incidence of mutant
p53 AML samples, which is around 10% of AML samples in the in-
stitution. Samples obtained from patients with acute promyelocytic
leukemia were excluded.

The study was conducted in accordance with the Declaration of
Helsinki and approved by the Institutional Review Board at the Uni-
versity of Texas MD Anderson Cancer Center (LAB02-395). In-
formed consent was obtained from all the patients. Primary AML
samples from patients with AML and normal BM samples from
healthy donors were obtained through the Leukemia Sample Bank
Core at theMDAnderson Cancer Center. All but one primary AML
samples (N = 33) were subjected to the next-generation sequencing-
based 81 AML gene panel and cytogenetic analysis, which are rou-
tinely applied in the clinic of the Department of Leukemia at MD
Anderson Cancer Center. Primary AML samples with more than
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60% blast percentages were included. Samples with 30% or more
spontaneous apoptosis when starting experiments were excluded.

Animal experiments
The animal study protocols were approved by the Institutional
Animal Care and Use Committee at the University of Texas MD
Anderson Cancer Center. All animals were obtained from the De-
partment of Experimental Radiation Oncology or in-house breed-
ing colonies at the MD Anderson Cancer Center.

Luciferase-labeled MV4;11 Ven-R cells (0.5 × 106 cells per
mouse) were injected into 6-week-old male NSG mice. After con-
firming engraftment using in vivo bioluminescence imaging by
IVIS 200 imaging system (Perkin Elmer, Waltham, MA, USA) on
day 4 after inoculation and randomization based on body weights
and luminescence intensities, the mice were administered vehicle
(0.5% methylcellulose for Mil and 0.6% PVP K29/32 with 0.6%
Pluronic F-68 for Sel), Mil (50 mg/kg, 5 consecutive days per
week), Sel (20 mg/kg, once a week), Mil + Sel, or Ven (100 mg/
kg, 5 days a week) by oral gavage until they became moribund. Leu-
kemia burden was measured by luminescence at indicated
time points.

PDX AML cells were obtained from an AML patient resistant to
Ven and DAC therapy and were established in our laboratory (37).
AML cells had FLT3-ITD (two ITDs with ratios of 0.235 and 0.119),
GATA2 (p.R362*), and NRAS (p.G12D, <2% of variant allele fre-
quency) mutations after Ven/DAC. One million PDX AML cells
were injected into NSG mice (all 6-week-old female). At week 9
after inoculation, engraftment was confirmed by the presence of
more than 1% of human CD45 (Pacific Blue, BioLegend,
#304029) and CD123 (APC, BioLegend, #306012) double-positive
cells among the sum of mouse CD45- and human CD45-positive
populations measured by flow cytometry in PB specimens. Ran-
domization was performed on the basis of the percentages of circu-
lating leukemia cells and body weights. Oral gavage treatments
included vehicle, Mil (50 mg/kg, 5 days a week), Sel (10 mg/kg,
once a week), Ven (100 mg/kg, 5 days a week), Mil + Sel, Mil +
Ven, Sel + Ven, and Mil + Sel + Ven. The treatment was adminis-
tered until all mice in each group became moribund. Leukemia
burden in PB was measured by flow cytometry (human CD45
and CD123 double-positive cells) biweekly. Hemoglobin levels
and platelet counts in PB were measured using a hemocytometer
(Horiba, Kyoto, Japan).

Cell lines and cell culture
The human AML cell lines MOLM-13 was purchased from the
German Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany). OCI-AML3 cells were provided by
M. Minden (Ontario Cancer Institute, Toronto, ON, Canada).
MV4;11, OCI-AML2, MOLM-14, HL-60, Kasumi-1, U-937, and
THP-1 cells were purchased from the American Type Culture Col-
lection (Manassas, VA, USA). All cell lines were subjected to cell
line authentications performed by the Cytogenetics and Cell Au-
thentication Core at the University of Texas MD Anderson
Cancer Center every 6 months. OCI-AML3 cells transfected with
scrambled and TP53 short hairpin RNA (shRNA) were generated
previously (65). CRISPR-engineered MOLM-13 cells with TP53
knockout and mutations were generated and described previously
(66). MV4;11 VR cells were obtained through long-term exposure
to Ven as described previously (21) and were subsequently

transduced with lentivirus delivering enhanced green fluorescent
protein (GFP)/luciferase on the pCD550A-1 plasmid as previously
described (21). The top 5% GFP-positive cells were sorted using a
FACSAria II cell sorter (BD Biosciences, Franklin Lakes, NJ, USA).
All AML cell lines were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) along with penicillin
(100 mg/ml) and streptomycin (100 U/ml) at 37°C in 5% CO2 in
a humidified atmosphere. All primary AML samples from patients
and normal BM mononuclear cells from healthy donors were
freshly obtained and isolated by density-gradient centrifugation
using Lymphocyte Separation Medium (Corning, Manassas, VA,
USA). Isolated cells were subjected to red blood cell lysis using
BD Pharm Lyse lysing solution (BD Biosciences) and maintained
in RPMI 1640 medium supplemented with 10% FBS, thrombopoie-
tin (20 ng/ml), interleukin-3 (20 ng/ml), FLT3-ligand (100 ng/ml),
and stem cell factor (100 ng/ml) for indicated treatment durations.
All cytokines were purchased from PeproTech (Rocky Hill, NJ,
USA). AML samples that demonstrated spontaneous apoptosis of
less than 30% determined by annexin V/40,6-diamidino-2-phenyl-
indole (DAPI) positivity were subjected to further analyses. BM
mesenchymal stromal cells (MSCs) were isolated from BM aspirates
of healthy donors and expanded as described previously (67).

Reagents
Mil (RAIN-32, formerly known as DS-3032b) and Sel (KPT-330)
were obtained from Daiichi Sankyo (Tokyo, Japan) and Karyo-
pharm Therapeutics (Newton, MA, USA), respectively, under the
three-party material transfer agreement. Ven (ABT-199) was pur-
chased from Chemgood (Henrico, VA, USA). Methyl Cellulose
and polyethylene glycol, molecular weight 400 were purchased
from Merck Millipore (Burlington, MA, USA). Phosal 50 PG was
purchased from Lipoid LLC (Newark, NJ, USA). PVP K29/32 and
Pluronic F-68 were provided from Karyopharm Therapeutics.

c-MYC overexpression in OCI-AML3 cells
To establish c-MYC–overexpressing OCI-AML3 cells, c-MYC
protein expression cassettes were delivered into OCI-AML3 cells
by lentiviral transduction. Briefly, a DNA sequence encoding
humanMYC was inserted into the multiple cloning site of the com-
mercially available lentiviral transfer vector pCD550A-1 (Systems
Biosciences, Palo Alto, CA, USA). After verification of the construc-
tion by Sanger sequencing, the lentivirus was prepared and used to
transduce OCI-AML3 cells as described previously (21). In parallel,
control OCI-AML3 cells were transduced with the lentivirus con-
taining the empty vector. Infected cells were selected using puromy-
cin at up to 1 μg/ml. Increased expression of c-MYC was verified by
immunoblot analysis.

Apoptosis analysis
Annexin V and DAPI binding assays were performed to assess ap-
optosis as described previously (16). Cells were plated and treated
with DMSO, Mil, Sel, and/or Ven for 72 hours unless otherwise
specified. Counting beads (AccuCount, Spherotech, Lake Forest,
IL, USA, #ACFP-70-10) were used to calculate absolute cell
numbers. Live cell numbers were calculated from annexin V– and
DAPI-negative cells using counting beads. For primary AML
samples, simultaneous staining of anti-human CD45 (PE, BD Bio-
sciences, #560975), CD34 (PE-Cy7, BioLegend, #343516), and
CD38 (APC Fire 750, BioLegend, #356626) antibodies were also
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performed. FlowJo software (version 10, Ashland, OR, USA) was
used for the analyses. CompuSyn software (version 1.0, ComboSyn)
was used to calculate IC50 and ED50 values and combination indices.

RNA sequencing
OCI-AML3, TP53 wild-type, and p.R248Q-MOLM-13 cells were
treated with DMSO, Mil, Sel, or Mil + Sel for 12 hours. Cells were
then harvested, and total RNA was extracted from each sample
using QIAGEN RNeasy extraction kit (Venlo, Netherlands; N = 3
per treatment) according to the manufacturer’s protocol. RNA-
seq was performed as reported previously described (68).

Differential gene expression profiling and pathway
analyses
Gene expression was quantified using the Kallisto/sleuth pipeline.
Read quantification was performed using Kallisto (v. 0.44.0), a
pseudo-alignment–based method to quantify RNA abundance at
the transcript level in transcripts per million (TPM) counts (69).
Kallisto quantification was used with the number of bootstraps set
to 100 using Ensembl cDNA transcripts (Human assembly hg19,
release GRC38.14) for indexing. Hierarchical clustering and princi-
pal components analysis of the samples were performed. Sleuth
v0.30.0 was used to measure the abundance in TPM with covariates
for treatment conditions and downstream differential gene expres-
sion (70) to leverage the bootstrap estimates of Kallisto and to
output model-based, gene-level normalized TPM matrix. The
abundance of the genes was calculated as the sum of the TPMs
mapped to a given gene. When using the sleuth preparation, gene
isoforms were aggregated with a target map file derived from the
Refseq hg19 transcriptome. For each gene, both the likelihood
ratio test andWald test were performed on the condition parameter
to obtain their respective false discovery rate (FDR)–corrected P
values. Significantly altered genes were those passing the two tests
at a FDR cutoff less than 0.1. The plot_transcript_heatmap function
in Sleuth package was used to visualize the cluster analysis. Enhan-
cedVolcano R package (https://github.com/kevinblighe/
EnhancedVolcano) was used to generate the volcano plots. This
package is a visual tool for displaying differentially expressed
genes among overall gene expression levels. Beta scores (log2) of
−1 and 1 (0.5-fold and 2-fold, respectively) and a q value of 0.05
were used as threshold lines for the magnitude of change in gene
expression and significance, respectively. HALLMARK gene sets
were used for pathway enrichment and functional classification of
differentially expressed genes.

Immunoblot analysis and subcellular fractionation
Lysis at a density of 1 × 106 cells/50 μl for AML cell lines and that of
2 × 106/50 μl for primary AML samples were performed in protein
lysis buffer [0.25 M tris-HCl, 2% SDS, 4% β-mercaptoethanol, 10%
glycerol, and 0.02% bromophenol blue, supplemented with 2-mer-
captoethanol and 100× Protease/Phosphatase Inhibitor Cocktail
(Cell Signaling Technology, Danvers, MA, USA, #5872)]. Protein
lysates were incubated at 95°C for 5 min for denaturing. Immuno-
blot analysis was performed as reported previously (71). Briefly, an
equal amount of protein lysate was loaded onto a 10 to 12% SDS-
PAGE gel (Bio-Rad Laboratories, Hercules, CA, USA) and quanti-
tated using an Odyssey imaging system (LI-COR Biosciences,
Lincoln, NE, USA). Antibodies used for Western blotting in this
study include against p53 (DO-1; Santa Cruz Biotechnology,

Dallas, TX, USA, #sc-126), MDM2 (D-12; Santa Cruz Biotechnol-
ogy, #sc-5304), PARP-1 (F-2; Santa Cruz Biotechnology, #sc-8007),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 14C10; Cell
Signaling Technology, #2118), β-actin (13E5; Cell Signaling Tech-
nology, #4970), c-MYC (D84C12; Cell Signaling Technology,
#5605), histone H3 (Cell Signaling Technology, #9715), MCL1
(D35A5; Cell Signaling Technology, #5453), α-tubulin (11H10;
Cell Signaling Technology, #2125), p21 (12D1; Cell Signaling Tech-
nology, #2947).

Nuclear and cytoplasmic proteins were extracted using a subcel-
lular fractionation kit (ProteoExtract; EMD Millipore, Billerica,
MA, USA) according to the manufacturer ’s protocol. Protein
lysates were subjected to Western blot using anti-p53, anti-PARP,
and GAPDH antibodies.

Cell cycle analysis with concomitant staining of multiple
intracellular proteins
OCI-AML3 Cells treated with DMSO, Mil, Sel, or Mil + Sel were
harvested for cell cycle analysis using Click-iT Plus EdU incorpora-
tion kit (Thermo Fisher Scientific, #C10634) according to the man-
ufacturer ’s protocol. Briefly, after EdU incorporation, harvested
cells were first labeled with fixable live and dead stain Ghost
BV540 (Tonbo Biosciences, San Diego, CA, USA) at room temper-
ature (RT) for 15 min. Cells were then fixed using the fixative
reagent and washed with 1% bovine serum albumin (BSA) in PBS
(1% BSA), followed by permeabilization using the saponin-based
buffer. After Click-iT reactions, cells were stained with other intra-
cellular antibodies for subsequent flow cytometry analysis. Anti-
bodies used were those against Ki-67 (PE-Cy7; BD Biosciences,
#561283), cleaved caspase-3 [fluorescein isothiocyanate (FITC);
BD Biosciences, #559341], and p21 (AF700, R&D Systems, Minne-
apolis, MN, USA, #IC1047N). FxCycle Violet stain (Thermo Fisher
Scientific, #F10347) was used to stain DNA contents.

Multiparameter flow cytometry for multiple stress
responses and uniform manifold approximation and
projection analysis
A previously described protocol for multiple modes of cell death
(72) was modified and a multiparameter flow cytometry assay for
multiple stress responses and cell death modes was established
(73). Harvested OCI-AML3 cells treated with DMSO, Mil, Sel, or
Mil + Sel were labeled with LIVE/DEAD Fixable Aqua Dead Cell
Stain Kit (ThermoFisher Scientific, L34957) at RT for 20 min.
Washed cells were then fixed in freshly prepared 1.6% paraformal-
dehyde during vortexing and incubated for 10 min at RT. Washed
cells were then permeabilized in 90% ice-cold methanol (100 μl of
cell suspension +900 μl of methanol) during vortexing and incubat-
ed for 30 min at −20°C. Cells were washed using cell staining buffer
(1% BSA in PBS) and subsequently stained with an unconjugated
ATF4 antibody (Proteintech, Rosemont, IL, USA, 10835-1-AP) at
4°C for 30 min. Cells were washed twice with cell staining buffer
and stained with a secondary antibody (goat–anti-rabbit AF647,
Thermo Fisher Scientific) at 4°C for 30 min. Washed cells were in-
cubated with other fluorophore-conjugated antibodies against
LC3B (PE, clone D11; Cell Signaling Technology, #8899), γ-H2A.
X (PE-Cy7, clone 2F3; BioLegend, #613420), Ki-67 (BV421; BD
Biosciences, #562899), cleaved caspase-3 (FITC; BD Biosciences,
#559341), and cleaved PARP (AF594; BD Biosciences, #564130)
at 4°C for 30 min for subsequent flow cytometry analysis.
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For cluster analysis, we used t-distributed stochastic neighbor
embedding (t-SNE) (74) and uniform manifold approximation
and projection (75) for dimension reduction, implemented using
the Cytofkit package in R (version 3.6.3). The analyses were per-
formed using all the markers except for the parameters used in
manual gating to identify and export downstream subpopulations.

Single-cell mass cytometry (CyTOF)
Frozen PDXAML cells engrafted and propagated in NSGmice were
thawed and incubated in MEMα medium supplemented with 20%
FBS, 5% heparin, MgSO4, and DNase I (10 U/ml) for 15 min.
Washed cells were cocultured with MSCs and treated with
DMSO, Mil, Sel, Ven, doublet combinations, or triple combination
for 24 hours. A concentration of 100 nM was used as the drug con-
centration. After drug exposure, cells were harvested and stained
with metal-tagged antibodies against cell surface proteins listed
below, barcoded using Cell-IDTM 20-Plex Pd Barcoding Kit (Stan-
dard BioTools, South San Francisco, CA, USA), pooled, stained
with metal-tagged antibodies against intracellular proteins, and
subjected to CyTOF analysis as described previously (76, 77).
Briefly, viable single cells determined by 191/193Ir and cisplatin
were gated with FlowJo software and exported as flow cytometry
standard data for subsequent analyses using Cytofkit software
(78) after debarcoding using Debarcoder software (Standard Bio-
Tools). Cell populations in each sample were identified and embed-
ded by RPhenograph and visualized using t-SNE dimension
reduction. We used the following antibodies: BCL-XL (141 Pr,
clone 54H6; CST, 2764BF), cleaved caspase-3 (142 Nd, clone
D3E9;Standard BioTools, 3142004A), BCL2 (144 Nd, clone 100; Bi-
oLegend, 658702), CD123 (145 Nd, clone 7G3; BD Biosciences,
554527), CD34 (148 Nd, clone 581; BD Biosciences, 555820);
LC3B (150 Nd, clone D11; CST 3868 custom), p21 (153 Eu,
12D1; CST 2947BF), CD45 (154 Sm, clone HI30; Standard BioTools
3154001B), CD33 (158 Gd, clone WM53; Standard BioTools,
3158001B), ATF4 (160 Gd, polyclonal; ProteinTech 10835-1-AP),
p53 (165 Ho, clone 184721; R&D, MAB1355), CD44 (166 Er,
clone BJ18; Standard BioTools, 3166001B), CD38 (168 Er, HIT2;
BioLegend, 303502), CXCR4 (172 Yb, clone 12G5; BioLegend,
306502), BAX (173 Yb, clone 2D2; BioLegend, 633602), Ki-67
(175 Lu, clone Ki-67; BioLegend, 350502), and MCL1 (176 Yb,
clone D2W9E; CST, 94296BF).

Quantitative real-time PCR
The mRNA expression levels in AML cell lines were quantified
using the TaqMan gene expression assays listed below, including
CDKN1A (Hs00355782_m1), MDM2 (Hs01066930_m1), PMAIP1
(Hs00560402_m1), CMBL (Hs00540853_m1), BAX
(Hs00180269_m1), BBC3 (Hs00248075_m1), FAS
(Hs00236330_m1), MYC (Hs00153408_m1), MCM2
(Hs01091564_m1), MCM4 (Hs00907398_m1), PLK1
(Hs00983227_m1), 18S ribosomal RNA (rRNA; Hs03928985_g1),
and B2M (Hs00187842_m1; Thermo Fisher Scientific). 18S rRNA
or B2M was used as internal controls.

Transfection of siRNAs
MV4;11 VR cells were transfected with a pool of either control
siRNAs or MYC siRNAs (Horizon Discovery, Cambridge, UK) by
electroporation using a Nucleofector 2b Device with Cell Line Nu-
cleofector Kit L (Lonza, Basel, Switzerland) according to the

manufacturer’s recommended protocol. Transfected cells were in-
cubated for 24 hours and subjected to Ven treatments or Western
blotting.

Single-cell DNA + protein sequencing
PDX AML cells obtained from BM in moribund mice receiving
vehicle and the triple combination of Mil + Sel + Ven were collected
and subjected to scDNA + protein seq. The cells were labeled with
oligo-tagged 45 surface antibodies (TotalSeq-D Human Heme On-
cology Cocktail, V1.0; BioLegend, #399906). Each antibody in the
panel is conjugated to an oligonucleotide that contains a capture
sequence, clone-specific barcode sequence, and a PCR handle com-
patible with Mission Bio primers (South San Francisco, CA, USA)
for cell barcoding and library preparation. An average of 4455
labeled cells per sample were loaded onto a Mission Bio Tapestri
instrument on which emulsions were created that isolate single
cells in individual subnanoliter droplets. The emulsions were then
incubated to lyse the cells and release nuclear DNA. PCR reagents
and biotinylated oligo primers were introduced into each droplet.
Multiplex PCR was performed to amplify the DNA regions targeted
by the primers with 279 amplicons covering 37 genes and the cap-
tured antibodies in the protein panel. During this PCR step, each
cell’s amplified DNA and protein product were barcoded with a se-
quence unique to that single cell. After PCR, emulsions were
broken, and protein libraries were separated from DNA libraries
by biotinylated oligo selection. Sequencing was performed on the
Illumina NovaSeq 6000 platform using 150-nt paired end sequenc-
ing for each cell and for the protein panel. Data analyses were per-
formed using Mission Bio’s Tapestri Insight software and our
platform developed in house.

Quantification and statistical analysis
Statistical analyses were performed using the two-tailed Student’s t
test, one-way analysis of variance (ANOVA), or Mann-Whitney U
test with the Prism statistical software program (version 9.0; Graph-
Pad Software, Boston, MA, USA). Multivariate analyses were per-
formed using STATA SE software (version 13.0; StataCorp,
College Station, TX, USA). The Kaplan-Meier method was used
to generate survival curves, and the log-rank test was used for the
comparison of the two groups. A P value less than 0.05 was consid-
ered statistically significant. In the figure legends, *, **, ***, and ****
indicate P values less than 0.05, 0.01, 0.001, and 0.0001, respectively,
unless otherwise specified. All experiments were performed with
three replicates, and the error bars in the figure legends represent
means ± SD values unless otherwise specified.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S14
Tables S1 to S4
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