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The clinical challenge posed by p53 abnormalities in hematological malignancies requires therapeutic
strategies other than standard genotoxic chemotherapies. ONC201 is a first-in-class small molecule
that activates p53-independent apoptosis, has a benign safety profile, and is in early clinical trials. We
found that ONC201 caused p53-independent apoptosis and cell cycle arrest in cell lines and in mantle
cell lymphoma (MCL) and acute myeloid leukemia (AML) samples from patients; these included
samples from patients with genetic abnormalities associated with poor prognosis or cells that had
developed resistance to the nongenotoxic agents ibrutinib and bortezomib. Moreover, ONC201 caused
apoptosis in stem and progenitor AML cells and abrogated the engraftment of leukemic stem cells in
mice while sparing normal bone marrow cells. ONC201 caused changes in gene expression similar to
those caused by the unfolded protein response (UPR) and integrated stress responses (ISRs), which
increase the translation of the transcription factor ATF4 through an increase in the phosphorylation of
the translation initiation factor eIF2a. However, unlike the UPR and ISR, the increase in ATF4 abundance
in ONC201-treated hematopoietic cells promoted apoptosis and did not depend on increased phospho-
rylation of eIF2a. ONC201 also inhibited mammalian target of rapamycin complex 1 (mTORC1) signaling,
likely through ATF4-mediated induction of the mTORC1 inhibitor DDIT4. Overexpression of BCL-2
protected against ONC201-induced apoptosis, and the combination of ONC201 and the BCL-2 antago-
nist ABT-199 synergistically increased apoptosis. Thus, our results suggest that by inducing an atypical
ISR and p53-independent apoptosis, ONC201 has clinical potential in hematological malignancies.
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INTRODUCTION

p53 is a critical effector molecule for inducing apoptosis in tumors. Un-
fortunately, TP53 is mutated with consequent loss of function in about
50% of solid tumors, 14% of leukemias [5 to 10% of acute myeloid leuke-
mias (AMLs) (1–3), ~5%of acute lymphoblastic leukemias (2), and 10%of
chronic lymphocytic leukemias (CLLs) (4)], and 12.5% of non-Hodgkin’s
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lymphomas (5). Although the frequency of TP53 mutations in hematolog-
ical malignancies appears to be relatively low, it plays a major role in resist-
ant and poor prognosis cases. For example,AMLpatientswhose tumor cells
have a complex karyotype, and who have a much shorter survival than pa-
tients with noncomplex karyotypes (6), reportedly have a TP53 mutation
incidence of >70% (3). Indeed, AML cases with TP53 mutations or dele-
tions had the shortest survival among the entire AML spectrum in a large-
scale sequencing project (3, 7). Mantle cell lymphoma (MCL), a disease
incurable by standard chemotherapieswith amedian survival of 3 to 5 years,
is also characterized by a high incidence (>30%) of TP53mutations or dele-
tions (8) that are associatedwith the clinically aggressive blastoid variant (9)
and shorter overall survival (8, 10). Correlations between TP53 mutations
(or deletions) and poor prognosis have also been reported for diffuse large B
cell lymphomas and CLL (5). Hence, there is an urgent need to develop
agents that are active independently of TP53 status.

ONC201 (previously referred to as TIC10) is a first-in-class small mol-
ecule that was identified in a high-throughput small-molecule library screen
as potent inducer of p53-independent apoptosis in tumor cells, with a re-
markable safety profile (11, 12). In solid tumors, ONC201 caused late-stage
induction of tumor necrosis factor–related apoptosis-inducing ligand
(TRAIL) death receptor 5 (DR5) and promoted the transcription of the
TRAIL gene, the latter through activation of the transcription factor FOXO3a
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caused by late-stage inactivation of signaling by the kinases AKT and MAPK
(mitogen-activated protein kinase) (12). ONC201 has substantial antitumor ac-
tivity in preclinicalmodels invarious advanced solid tumorswith infrequent oral
dosing andwithout toxicity innormal cells in culture and invivo (12). Preclinical
studies demonstrated broad synergism of ONC201 with established anticancer
therapies, including the depletion of colorectal cancer stem cells (13, 14).

Here,we examined the efficacy and tumoricidalmechanismofONC201
in leukemias and lymphomas, in both cultured cell lines and primary cells
bearing either wild-type or mutant p53. ONC201 exerted antileukemia and
antilymphoma activity regardless of p53 status and selectively killed AML
stem cells [namely, cells that can engraft and reconstitute AML in nonobese
diabetic/severe combined immunodeficient g (NSG) mice] and progen-
itor cells (enriched in CD34+CD38− cells) while sparing normal bone
marrow cells. However, mechanisms previously identified in solid tu-
mors (induction of TRAIL and DR5) were not operational in leukemia
and lymphomas.
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RESULTS

ONC201 exerts p53-independent apoptotic and
antiproliferative effects in lymphoma and leukemia
Four MCL and AML cell lines were each treated with ONC201 in vitro.
Measures of apoptosis or viable cell number indicated that ONC201 exerted
both cytotoxic and antiproliferative effects (Fig. 1, A and B). TP53 mutant
AML lines were slower to undergo apoptosis, but the onset of viable cell
reductionwas similar for AML andMCL, regardless of TP53 status (Fig. 1,
A andB).AmongMCLcell lines, theTP53mutant lines JeKo-1 andMINO
were actuallymore prone toONC201-induced apoptosis thanwere theTP53
wild-type lines Z-138 and JVM-2 (Fig. 1A).Overall, except for JVM-2 cells,
the half-maximal inhibitory concentration doses on the basis of cell viability
www
were less than 2.5 mM. Stable TP53 knockdown in Z-138 and JVM-2 cells
(Fig. 1C) did not affect their sensitivity to ONC201, thus confirming that
ONC201-induced apoptosis was p53-independent (Fig. 1D).

ONC201 inhibits DNA synthesis but does not induce DNA
double-strand breaks
To test how ONC201 affects the cell cycle, we measured the incorporation
of 5-ethynyl-2′-deoxyuridine (EdU) and DNA content in MCL cell lines.
In Z-138 and JeKo-1 cells, ONC201 decreased the incorporation of EdU in
S phase and increased cell numbers in G1 phase while reducing cell num-
bers in S phase (fig. S1, A to C), specifically in early S phase (fig. S1D),
together indicating a slowing of S-phase progression. To assess whether
ONC201 induced DNA damage, we analyzed gH2A.X positivity in
ONC201-treated cells. Nutlin-3a (an inhibitor of the E3 ubiquitin ligase
MDM2 that can increase p53 abundance independently of DNA damage)
and doxorubicin (a topoisomerase II inhibitor that induces DNA strand
breaks) were used as negative and positive controls, respectively.
ONC201 minimally increased gH2A.X positivity, to an extent similar to
that induced by Nutlin-3a in both Z-138 and JeKo-1 cells (fig. S1E).

ONC201 is toxic to primary MCL and AML
stem/progenitor cells
To investigate the effects of ONC201 on primary tumor cells, we treated 18
primary AML and 8 MCL samples with ONC201 for 72 hours. Adverse
prognostic factors in the AML samples included five cases with complex
karyotype, seven cases with FLT3 mutations, and three cases with TP53
mutations detected by next-generation sequencing (table S1). All MCL
samples were sequenced for TP53 mutations from exon 5 to 8, in which
hotspot mutations occur, and mutations were found in two cases. To assess
the toxicity ofONC201 against normal hematopoietic cells, we treated bone
marrowmononuclear cells (BMMCs) from eight healthy donors. Cells from
 on February 16, 2016
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Fig. 1. ONC201 induces apoptosis
in MCL and AML cells independent
of TP53 mutation status. (A) Annex-
in V–positive cells were counted by
flow cytometry after a 72-hour treat-

ment with ONC201. HL-60 and THP-1 cells were treated with the same
concentrations for 72 and 120 hours (n = 3 experiments for each cell
line). (B) Annexin V/propidium iodide (PI) double-negative cells were
counted as live cells and normalized by the live cell count in untreated
control samples (n = 3 experiments for each cell line). (C) Immunoblot of
p53 in Z-138 and JVM-2 cells transduced with lentivirus expressing con-
trol (C) short hairpin RNA (shRNA) or shRNA specific to TP53. (D) Spe-
cific apoptosis (see Materials and Methods) induced by ONC201
treatment for 72 hours in TP53 knockdown or intact Z-138 and JVM-2
cells (n = 3 experiments for each isogenic line).
.SCIENCESIGNALING.org 16 Febru
ary 2016 Vol 9 Issue 415 ra17 2

http://stke.sciencemag.org/


R E S E A R C H A R T I C L E

http://stke.s
D

ow
nloaded from

 

both AML and MCL were significantly more sensitive to ONC201 than
normal BMMCs (Fig. 2A and fig. S2A).

Hematologic toxicity and anti-AML efficacy of ONC201 may be
mediated byeffects on normal andmalignant stemcells, respectively. There-
fore, we tested the in vitro toxicity of ONC201 to stem/progenitor cell–
containing subpopulations (CD45+CD34+CD38−) from AML and normal
bone marrow, and found that AML cells were significantly more sensitive
(Fig. 2B and fig. S2B). No significant difference in cell sensitivity was de-
tected inAML samples according tomutations inFLT3 or TP53, or to com-
plex karyotype (Fig. 2, C to E), suggesting that the effects of ONC201 were
independent of these resistance factors. Both TP53 mutant MCL samples
were sensitive to ONC201, whereas they were resistant to Nutlin-3a, as
expected (Fig. 2F).

To confirm that ONC201 was toxic to leukemic stem cells (LSCs),
defined as primary AML cells that can engraft in immunodeficient mice,
we recovered unfractionated LSC-containing populations of AML cells
[t(9;11)(p22; q23),CEBPA and ATMmutant] from secondarily engrafted
mice and cultured them in vitro for 48 hours, with or without ONC201.
For both groups, the same number of washed, trypan blue–negative (viable)
cells was then retransplanted. After 4 weeks, both the absolute number
(Fig. 2G) and the percentage (fig. S2C) of human CD45+ cells were sig-
nificantly lower in both the peripheral blood (Fig. 2G and fig. S2C) and
tibial bone marrow samples (Fig. 2H and fig. S2D) from the ONC201-
treated group. Spleens collected from untreated mice were significantly
larger because of infiltration by AML cells (fig. S2, E and F). Moreover,
mice injected with ONC201-treated cells survived significantly longer
(Fig. 2I). These results indicated that ONC201 was effective against
LSC, whether by direct toxicity or attenuation of self-renewal.
 on February 16, 2016
ciencem

ag.org/
m
A
g

www
Furthermore, because LSCs have increased expression of the gene en-
coding the drug transporter MDR1 [multidrug resistance protein 1; also
known as P-glycoprotein or permeability protein 1 (Pgp)] (15), which could
mediate resistance to ONC201, we tested the efficacy of ONC201 in
MDR1-overexpressing myeloma cells (RPMI8226/DOX6 cells) (16).
ONC201 was toxic to RPMI8226/DOX6 cells, which, in contrast, were re-
sistant to doxorubicin (fig. S2G). In addition, theMDR1 inhibitor PSC-833
had no effect onONC201 activity, whereas PSC-833 sensitizedRPMI8226/
DOX6 cells to doxorubicin (fig. S2G), demonstrating independence of
ONC201 from MDR1-mediated drug resistance.

ONC201 is active in cells resistant to other
targeted inhibitors
Proteasome inhibitors like bortezomib are a mainstay of therapy for
multiple myeloma (MM), in which they induce a terminal (apoptotic) un-
folded protein response (UPR) (17) but ultimately are limited by the fre-
quent development of resistance. The MM cell line ANBL-6, made
bortezomib-resistant by chronic exposure, was only slightly less sensi-
tive than drug-naïve ANBL-6 cells to ONC201 (fig. S3A), suggesting
that ONC201 may be an effective option for bortezomib-resistant MM
patients.

Likewise, the Bruton’s tyrosine kinase inhibitor ibrutinib, which acts in
part by interruptingB cell receptor signaling, shows high clinical efficacy in
CLL but is also limited by the frequent development of resistance, which is
associated with very short survival (18). A similar scenario is frequently
observed in MCL. We treated four primary samples of MCL with
ONC201, ibrutinib, or in combination. The combinationwasmore effective
than either drug alone in all samples (fig. S3B), two of which were resistant
Fig. 2. Effects of ONC201 on primary MCL and AML cells and normal bone marrow cells. (A and B)
Specific apoptosis induced by a 72-hour in vitro treatment with ONC201 (5 mM) in normal BMMCs
(n = 9 samples), primary MCL cells (n = 8 samples), and AML cells (n = 18 samples) (A) or in stem/

progenitor (CD45+CD34+CD38−) populations in normal bone marrow samples and primary AML cells (B). (C to E)
Comparison of effects of ONC201 treatment (5 mM for 72 hours) on live cell numbers of primary AML cells according
to FLT3 mutation (mut) status (C), TP53 mutation status (D), or complex/noncomplex karyotype (E). (F) Specific ap-
optosis by ONC201 or Nutlin-3a treatment (72 hours) in two primary MCL samples with TP53mutation. Representative
of two technical replicates. (G and H) Absolute number of human CD45-positive cells in peripheral blood (PB) (per
illiliter, n = 10 mice for each group) (G) and in bone marrow (per tibia, n = 3 for each group) (H) at 4 weeks after transplantation into NSG mice of viable
ML cells after treatment with (5 mM for 48 hours, then washed) or without ONC201 in vitro into NSG mice. (I) Survival curves of mice (n = 10 mice for each
roup) after transplantation of AML cells as in (G) and (H). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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to ibrutinib alone, suggesting that ONC201 could be effective in ibrutinib-
resistant patients.

ONC201-induced apoptosis in hematological
malignancies is independent of caspase-8 activation
and FOXO3a
In solid tumors, ONC201 induces the transcription of the genes encoding
TRAIL and its death receptor DR5, which induce an extrinsic pathway of
programmed cell death (12). However, ONC201 induced expression of
DR5 in only one of four hematologic cell lines, although ONC201 caused
apoptosis in all, and none exhibited transcriptional induction of TRAIL
(Fig. 3A).

As further evidence that ONC201-induced cell death did not depend on
the extrinsic pathway of apoptosis, treatment with the caspase-8 inhibitor
Z-IETD-FMK did not reduce apoptosis induction by ONC201 in three
(Z-138, JVM-2, andMINO)of fourMCL lines (Fig. 3B).Z-IETD-FMKpar-
tially reduced ONC201-induced apoptosis in JeKo-1 cells, but Z-IETD-
FMK can inhibit caspases other than caspase-8 at the concentration used
(19). Addition of soluble TRAIL induced apoptosis in JeKo-1 and Jurkat
cells, indicating that the extrinsic pathway is intact in JeKo-1 and Jurkat
cells andwas blocked almost completely by Z-IETD-FMK (Fig. 3B), sug-
gesting that the partial effects of Z-IETD-FMK on ONC201-induced
apoptosis was not through inhibition of the extrinsic pathway. Caspase-
8–deficient Jurkat I9.2 cells, which were resistant to TRAIL (fig. S4A),
were as sensitive as wild-type Jurkat cells to apoptosis induction by
ONC201 (Fig. 3C), and the pan-caspase inhibitor Z-VAD-FMK signifi-
cantly inhibited ONC201-induced apoptosis in both cell lines (Fig. 3D).
www
The proteins BAX (BCL-2–associatedX protein) andBAK (BCL-2 homol-
ogous antagonist/killer) promote the intrinsic pathway of apoptosis by per-
meabilizing mitochondria. We found that Bax and Bak double-knockout
mouse embryonic fibroblasts (MEFs) were resistant toONC201, in contrast
to wild-type MEFs (fig. S4, B and C), as assessed by flow cytometric de-
tection of sub-G1 populations. Together, these results indicate that ONC201
engages the intrinsic rather than extrinsic pathway of apoptosis in the
malignant hematopoietic cells tested.

A previous report on ONC201’s mechanism of action showed that de-
phosphorylation of the kinases ERK (extracellular signal–regulated kinase)
and AKTactivates FOXO3a by inducing its nuclear translocation, resulting
in the transcriptional induction of TRAIL (12). In cell lines derived from
hematologic malignancies, the absence of TRAIL induction by ONC201
was accompanied by an absence of upstream changes in the AKT/ERK/
FOXO3a axis (fig. S5, A and B). Stable FOXO3a knockdown in OCI-
AML3 and Z-138 cells (fig. S5C) did not change their sensitivity to
ONC201 (fig. S5D), further showing that FOXO3a did not participate in
the effects of ONC201. These results indicate that the mechanism of action
of ONC201 in hematological malignancies appears to be different from that
previously observed in solid tumors, although there may be a common
ONC201 target in all malignancies.

The gene expression profile of the response to ONC201
resembles the response to ER stress or amino acid
deprivation and mTOR inhibition
Weused gene expression profiling to investigate inmore detail the effects of
ONC201 in hematologicalmalignancies, using JeKo-1 (TP53−/−) andZ-138
 on February 16, 2016
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Fig. 3. ONC201-induced apoptosis is independent of the extrinsic
pathway of apoptosis. (A) Real-time quantitative polymerase chain reac-
tion (PCR) for DR5 and TRAIL mRNA after exposure to ONC201 (5 mM)
of Z-138, MINO, JeKo-1, and OCI-AML3 cells. Relative quantity (RQ)
values of mRNA expression are calculated as the fold change relative
to mRNA expression at time 0 (normalized to GAPDH) (n = 3 ex-
periments). (B) Specific apoptosis of MCL cell lines treated for 72 hours
with ONC201 (5 mM), with or without Z-IETD-FMK (25 mM). JeKo-1 cells
were also treated with TRAIL (10 nM), with or without Z-IETD-FMK, for
72 hours (n = 3 experiments). (C) Specific apoptosis and number of live
cells (PI and annexin V double-negative cells) in parental Jurkat and
caspase-8–deficient Jurkat I9.2 cells after treatment with ONC201
(5 mM for 72 hours) (n = 3 experiments). (D) Specific apoptosis induced
by ONC201 with or without the pan-caspase inhibitor Z-VAD-FMK
(50 mM) in JeKo-1 and Jurkat I9.2 cells (n = 3 experiments). ***P < 0.001,
****P < 0.0001.
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(TP53wild type)MCL lines. In a time course experiment using JeKo-1 cells
treated with ONC201, a mean-centered heat map of variant genes showed
two large areas of genes with similarly progressive time-dependent changes
(up or down) in expression (Fig. 4A). To identify genes and pathways
affected by ONC201, we used data from all four time points for Pearson’s
correlation of expression compared to time and chose genes at the extremes
of slope and r values (boxes in Fig. 4B and data files S1 and S2) for analysis
by the hypergeometric distribution test (20) of overlap with gene sets of
known associations. Highly significant results were obtained for genes up-
regulated by amino acid depletion in the AML cell line HL-60 or by treat-
ment with the aminopeptidase inhibitor tosedostat (CHR-2797), which
induces endoplasmic reticulum (ER) stress and inhibits phosphorylation of
www
mammalian target of rapamycin (mTOR) substrates (21). Gene Set Enrich-
mentAnalysis (GSEA) using gene ranks based on slope or r values indicated
that ONC201 up-regulated genes were enriched for those related to ER
stress, such as those encoding ER component proteins and targets of the
ER stress–induced transcription factor CHOP (DDIT3; Fig. 4C). GSEA also
suggested mTOR inhibition, by results such as enrichment of the Molecular
Signatures Database (MSigDB) gene set “mTOR_UP.N4.V1_UP” (Fig.
4D), which consists of genes up-regulated in a T cell line by the mTOR in-
hibitor everolimus. This gene set was also enriched by the hypergeometric
distribution test of up-regulated genes in Fig. 4B. Similar results resembling
an ER stress response were generated by ONC201 treatment of Z-138 cells,
and many genes up-regulated by ER stress were up-regulated by ONC201
Fig. 4. Gene expression profiling of JeKo-1 cells treated with
ONC201. (A) Mean-centered heat map of variant genes from a time
course treatment of JeKo-1 cells with ONC201 (5 mM for 12, 24, and
36 hours) (n = 3 for each time point). (B) Distribution of slope and
Pearson’s r values of correlation between gene expression and time.
Boxes indicate probes with extreme values of slope and r (data
files S1 and S2). (C) Enrichment plot of target genes of CHOP.
False discovery rate (FDR) q = 0.016. (D) Enrichment plot of genes
that positively correlatewithmTOR inhibition. FDRq=0.000. (E) Sub-
tracted heat map of expression changes (absolute log2 mean-
centeredvalue>1 in at least 1 of 12 replicates) in genesof JeKo-1cells
.SCIEN
treatedwith ONC201 (5 mM), rapamycin (10 nM), or tunicamycin (1 mM) for the times indicated (12, 24, or 36 hours) (n≥ 2 for each condition). (F) Real-time PCR
analysis ofDDIT3,GADD34,DR5, and ERO1LmRNA expression in JeKo-1 cells during treatment with ONC201 relative to that ofGAPDH (n = 3 experiments).
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exposure in both JeKo-1 and Z-138 cells, but not in a population of Z-138
cells made resistant to ONC201 by chronic exposure (data file S3).

We investigated these findings further by comparing the gene expres-
sion profile in JeKo-1 cells after exposure to ONC201 to that after expo-
sure to the ER stress inducer tunicamycin or the allosteric mTOR inhibitor
rapamycin. ONC201 and tunicamycin induced similar changes (both up
and down) in gene expression, and common up-regulated genes included
those associated with ER stress (Fig. 4E). In contrast, there was little
overlap between changes induced by ONC201 and those of rapamycin.
These results suggested that the principal effect of ONC201 resembled
an ER stress response and implied that inhibition of the mTOR pathway
by ONC201 might involve effects different from those induced by rapa-
mycin, such as those resulting from mTOR active-site inhibitors (22).

Toverify the ER stress–related gene expression profiling data, we used
real-time PCR to confirm that a 12- to 24-hour exposure to ONC201 in
JeKo-1 cells increased the expression of CHOP (DDIT3) and its target
genes GADD34, DR5, and TRIB3 (Fig. 4F), as well as the protein abun-
dance of CHOP and DR5 (fig. S6A). We also found that the abundance of
the mRNA splice variant ofXBP-1 (XBP-1s) and the protein abundance of
IRE1a, other keyplayers of theUPR,were increased as early as 6or 12hours,
respectively, after exposure to ONC201 (fig. S6, A and B). Together, these
data indicated that ER stress and the UPR, or similar stress pathways, were
induced by ONC201.

ONC201 induces ATF4 and inhibits mTORC1
In the classical UPR to ER stress pathway, accumulation of unfolded
proteins in the ER causes the chaperone protein BiP to detach from the
eIF2a kinase PERK, which is then activated by autophosphorylation
and in turn phosphorylates eIF2a, resulting in selective enhancement
of activating transcription factor 4 (ATF4) translation while general
protein translation slows down (23–25). Other stresses such as nutrient
deprivation and viral infections activate integrated stress responses (ISRs)
www
using different eIF2a kinases such as GCN2 and PKR (24, 26, 27), but
generally have similar effects on eIF2a, ATF4, and CHOP. Accumulating
evidence suggests that the UPR and ISR affect the mTOR complex
1 (mTORC1) kinase complex, but the mechanism is complex; whether
the UPR and ISR promote or inhibit mTORC1 seems to vary depending
on tissue context (27–32), and which of the eIF2a kinases (PERK, PKR,
or GCN2) is (or are) involved in affecting mTORC1 also varies (33–38).

To investigate howONC201 affects these proteins,we performed immu-
noblot analysis in OCI-AML3 and JeKo-1 cells treated with ONC201. In
OCI-AML3 cells treated with ONC201, eIF2a phosphorylation and ATF4
abundance were increased in parallel at 24 and 36 hours (Fig. 5A and fig.
S7A). The phosphorylation of GCN2, but not that of PERK and PKR, was
increased, suggesting that GCN2 may be the kinase involved in ONC201-
induced phosphorylation of eIF2a inOCI-AML3. In JeKo-1 cells, however,
the phosphorylation of eIF2a did not increase, even though ATF4 protein
abundance increased between 12 and 36 hours (Fig. 5A and fig. S7A),
suggesting that the ATF4 induction may be independent of eIF2a phos-
phorylation. Consistentwith this hypothesis, ONC201 did not increase the
phosphorylation of PERK, GCN2, or PKR in JeKo-1 cells (Fig. 5A and
fig. S7A).We confirmed these differences in the response to ONC201 be-
tween the AML and MCL cell type in additional cell lines: in the AML
linesHL-60 andMOLM-13,ONC201 similarly increased the phosphoryl-
ation of GCN2 and eIF2a, with ATF4 induction at 24 hours, whereas in
the MCL lines JVM-2 andMINO, no phosphorylation of GCN2 or eIF2a
was detected, but ATF4 was induced at 24 hours (Fig. 5B and fig. S7B).

Notably, treatment of JeKo-1 and OCI-AML3 cells with ONC201 re-
duced phosphorylation of mTORC1 targets p70 S6 kinase (p70S6K), S6,
and 4E-BP1, indicating inhibition of mTORC1 (Fig. 5C), as was also im-
plicated by our gene expression profiling results. mTOR inhibition also
results in the dephosphorylation and inactivation of heat shock factor
1 (HSF1) (39, 40); we found that HSF1 was indeed dephosphorylated after
24 hours (Fig. 5C).
 on February 16, 2016
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Fig. 5. Effects of ONC201 on eIF2a kinases, eIF2a, ATF4, and mTORC1.
(A) Representative immunoblot analysis (from three experiments) of the
abundance and phosphorylation (p) of eIF2a kinases, eIF2a, and ATF4 in
OCI-AML3 and JeKo-1 cells from a time course of treatment with

ONC201 (5 mM for 36 hours). (B) Representative immunoblot analysis (from three
experiments) of GCN2, eIF2a, and ATF4 in HL-60, MOLM-13, JVM-2, and MINO cells
treated with control or ONC201 (5 mM) for 24 hours. (C) Representative immunoblot
analysis (from three experiments) of mTORC1 target proteins in JeKo-1 cells from a
time course of treatment with ONC201 (5 mM for 36 hours).
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The effects of classical UPR and ISR inducers differ from
those of ONC201
Deprivation of amino acids or glucose activates the GCN2/eIF2a/ATF4
pathway. However, in some circumstances, GCN2 plays a role in a UPR
(41, 42), in collaborationwith PERK.Therefore,we performed immunoblot
analyses of OCI-AML3 and JeKo-1 cells after amino acid or glucose dep-
rivation or treatment with the ER stress inducers tunicamycin and thapsigar-
gin. As expected, but unlike ONC201, thapsigargin and tunicamycin
induced phosphorylation of eIF2a with coincident induction of ATF4 in
JeKo-1 cells by 24 hours (fig. S8, A and B), confirming that eIF2a was
not maximally phosphorylated in untreated JeKo-1 cells and that this anti-
body could detect the increase of eIF2a phosphorylation by ER stress. We
also found that tunicamycin and thapsigargin reduced the phosphorylation
of mTORC1 targets p70S6K, S6, and 4E-BP1 in JeKo-1 cells (fig. S8C).
When various AML and MCL cell lines were treated with tunicamycin for
24 hours, phosphorylation of eIF2a but not that of GCN2 was increased
(fig. S8, D and E). Because GCN2 phosphorylation is most often reported
in nutrient-related ISRs, we cultured OCI-AML3 and JeKo-1 cells in medi-
um lacking glucose or a few essential amino acids (L-arginine, L-glutamine,
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and L-lysine). Unexpectedly, amino acid
deprivation did not cause phosphorylation
of GCN2 or eIF2a in either OCI-AML3
or JeKo-1 cells, althoughATF4was signifi-
cantly induced by 24 hours (fig. S9, A and
B). Especially in JeKo-1 cells, the phospho-
rylation of eIF2a was even reduced in a
time-dependent manner, opposite to that
of ATF4 induction and in contrast to the re-
sponse to ONC201 treatment. However,
amino acid deprivation in these lines re-
duced the phosphorylation of p70S6K as
expected (fig. S9, A and B) (21, 43). In
OCI-AML3 cells, glucose deprivation
increased the phosphorylation of GCN2
and eIF2a within 8 hours, concurrent with
ATF4 induction (fig. S9, C andD) but tran-
siently, unlike the sustained effects of
ONC201. In contrast, in JeKo-1 cells, the
phosphorylation of GCN2 or eIF2a was
not increased by 24 hours after exposure,
whereas ATF4 was transiently induced
(fig. S9, C and D). Rather than a decrease
as observed in amino acid–deprived cells,
the phosphorylation of p70S6K was
increased in response to glucose starvation
in JeKo-1 cells (fig. S9, A and B). These
results indicated that the response to
ONC201 in AML or MCL cells was only
partially similar to changes induced by the
UPR to classical ER stress inducers or by
the ISRs to amino acid or glucose depriva-
tion (table S2).

ATF4 up-regulation by ONC201
is independent of an increase in
eIF2a phosphorylation but uses
the same posttranscriptional
mechanism as UPR
Phosphorylation of eIF2a is thought to
be an adaptive response helping cells to
www
survive during cellular stresses, by promoting inhibition of protein
translation in general. However, eIF2a phosphorylation during ER stress
(or other stresses) is typically short-lived; induction of the phosphatase
regulator GADD34 by CHOP promotes eIF2a dephosphorylation, and
the resulting recovery of protein translation leads to apoptosis through
increased abundance of proapoptotic proteins (24, 25, 44–46). eIF2a
phosphorylation remained increased inONC201-treatedOCI-AML3 cells
at 36 hours (Fig. 5A), and knockdown of eIF2a in OCI-AML3 cells in-
creased ONC201-induced apoptosis (Fig. 6A), indicating that increased
phosphorylation of eIF2a may mediate an adaptive mechanism reducing
ONC201-induced apoptosis, as in classical ER stress and ISRs. However,
eIF2a knockdown did not reduce the ONC201-induced increase in ATF4
abundance, whereas it did reduce tunicamycin-induced ATF4 up-regulation
(Fig. 6B and fig. S10).We interpreted these results as evidence that even in
OCI-AML3 cells, in which eIF2a phosphorylation (by GCN2) occurred
in response to ONC201, induction of ATF4 by ONC201 is independent of
an increase in eIF2a phosphorylation. Although ATF4 induction without
increased phosphorylation of eIF2a is atypical for the UPR or most ISRs
(table S2), there are other examples of ISRs that can induce ATF4 or
Fig. 6. ATF4 induction byONC201 and its role in apoptosis. (A) Immunoblot analysis of total and phosphoryl-
ated eIF2a in OCI-AML3 cells transfected with control shRNA and shRNAs against eIF2a (eIF2a_1 and
eIF2a_2) and effects of eIF2a knockdown on apoptosis of cells treated with ONC201 (5 mM) for 72 hours.
(B) Representative immunoblots (from three experiments) of ATF4 and eIF2a in OCI-AML3 cells trans-
fected with control or eIF2a-targeting shRNA and treated with ONC201 (5 mM for 24 hours) or tunicamycin
(Tm; 1 mM for 6 hours). (C) Green fluorescent protein (GFP) reporter assay of ATF4 translation. 4′,6-Diamidino-
2-phenylindole (DAPI)–negative and GFP-positive cells were counted by flow cytometry after treatment with
dimethyl sulfoxide (ctrl), ONC201 (5 mM for 27 hours), or thapsigargin (Tg; 1 mM for 1 or 6 hours) (n= 3 experi-
ments). (D) Immunoblot verification of ATF4 knockdown in JeKo-1 (shATF4_1) and OCI-AML3 (shATF4_2)
cells. (E) Specific apoptosis induced by ONC201 in control and ATF4 knockdown JeKo-1 (shATF_1) and
OCI-AML3 (shATF_2) cells (n = 3 experiments). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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CHOPwithout increased phosphorylation of eIF2a in hematopoietic cells
(macrophages), fibroblasts, and solid tumor cells (47–49).

Transcriptional up-regulationmight explain the eIF2a phosphorylation–
independent induction of ATF4 because ONC201 increased ATF4 mRNA
expression in JeKo-1 and OCI-AML3 cells in a time-dependent manner
(fig. S11). However, especially in JeKo-1 cells, the increase inATF4mRNA
was minimal after 12 hours, whereas protein abundance had begun to in-
crease by 6 hours (Fig. 5A), suggesting that increased transcription was not
the main mechanism of ATF4 induction by ONC201.

eIF2a phosphorylation–dependent induction of ATF4 in UPR or ISR
occurs through a translational mechanism that uses specific open reading
frames (ORFs) called “mORF” found upstream of the start codon of
ATF4 (50–52). In the absence of stress, one of the mORFs works as an in-
hibitorymotif that traps ribosomes frommoving forward to the start codon;
however, in stressed conditions that result in phosphorylation of eIF2a and
global translation inhibition, phosphorylation of eIF2a enables ribosomes
to bypass the inhibitorymORFand selectively accelerate translation ofATF4
(51, 52), which then induces transcription of its target genes, including
CHOP. To address whether translational up-regulation is involved in
ATF4 induction byONC201, despite the absence of eIF2a phosphorylation,
we used a reporter plasmid (5′ATF4-GFP) (52) in which the murine mORF-
containing upstreamATF4 sequence is fused in frame toGFP. Transcription
of this reporter is constitutively driven by a cytomegalovirus promoter, and
3′ mRNA processing is specified by SV40 viral signals, but translation is
induced only when the bypass to the second mORF occurs. After transfec-
tion of the reporter into MEFs, treatment with ONC201 (for 27 hours) or
thapsigargin (for 6 hours) both significantly increasedGFPexpression com-
pared to the untreated control (Fig. 6C), indicating that ATF4 induction by
ONC201 also depends on this posttranscriptional mechanism.

ONC201 causes apoptosis through ATF4
Because CHOP induction by ER stress leads toGADD34 transcription and
eIF2a dephosphorylation, enabling the translation of proapoptotic proteins
(25, 44–46), we speculated that CHOP knockdownwould inhibit ONC201-
induced apoptosis. However, the sensitivity of OCI-AML3 and JeKo-1 cells
to ONC201 (and to tunicamycin) was actually increased by CHOP
knockdown (fig. S12, A and B). In a similar paradoxical fashion, although
ATF4 typically promotes adaptation to cellular stress, both JeKo-1 andOCI-
AML3 cells were significantly less sensitive to ONC201-induced apoptosis
after stable knockdown of ATF4 (Fig. 6, D and E, and fig. S12, C and D).
ATF4 induction by ONC201 was higher in cells with CHOP knockdown
(fig. S12, E andF), perhaps explaining the greater sensitivity of these cells to
ONC201. We also examined the role of IRE1a, another ER stress–related
protein, which has both proapoptotic and prosurvival functions in UPR-
induced apoptosis, especially inB cells (24, 46, 53, 54). IRE1a abundance
was increased in response to ONC201 in JeKo-1 cells but not in OCI-
AML3 cells (figs. S6A and S13A). Stable IRE1a knockdown rendered
JeKo-1 cells significantly less sensitive to ONC201-induced apoptosis
(fig. S13, B and C).

mTORC1 inhibition by ONC201 in MCL and AML cells is
partially dependent on ATF4 induction
mTORC1 target proteins are dephosphorylated within an hour in cells ex-
posed to the direct mTORC1 inhibitor rapamycin (55). Because phospho-
rylation of these proteinswas decreased by thapsigargin exposure starting at
3 hours and by tunicamycin andONC201 at a later time point (fig. S8C and
Fig. 5C), these results suggested that ONC201 inhibited mTORC1 through
an indirect mechanism, likely by using a pathway shared with the UPR. ER
stress can transcriptionally induceDDIT4 (also known as REDD1) (56, 57),
an inhibitor of mTORC1, through ATF4 induction (58), and we found that
www
DDIT4mRNAwas induced in both JeKo-1 and OCI-AML3 cells after ex-
posure toONC201 in a time-dependentmanner (fig. S14A), suggesting that
DDIT4 induction may explain the mechanism of mTORC1 inhibition by
ONC201. We confirmed that the reduction in the phosphorylation of
p70S6K and S6 in response to ONC201 in OCI-AML3 and JeKo-1 cells
was substantially blocked byATF4 knockdown (fig. S14, B andC), indicat-
ing that ONC201 inhibitedmTORC1 at least partially throughATF4. How-
ever, ONC201 did not inhibit mTORC1 in ONC201-resistant JeKo-1 cells
(fig. S14D).

Dual targeting of MCL-1 and BCL-2, by ONC201 and ABT-
199, is synergistic
Because ONC201 triggered apoptosis, we assessed the protein abundance
of antiapoptotic BCL-2 familymembers (BCL-2, BCL-XL, andMCL-1) in
JeKo-1 cells after ONC201 treatment. MCL-1 was reduced most notably
after 12 hours (Fig. 7A and fig. S15). We then tested the effect of
ONC201on cellswith overexpression or knockdownof theseBCL-2 family
proteins. ONC201 efficacy was reduced in BCL-2–overexpressing HL-60
cells (Fig. 7, B and C), more so than in BCL-XL–overexpressing HL-60
cells, supporting the notion that BCL-2 is a protective factor for cells under
ONC201-induced stress.MCL-1 knockdown inOCI-AML3 cells increased
their sensitivity to ONC201 only slightly (Fig. 7, D and E). Therefore, we
investigatedwhether ONC201 sensitivity could be increased byABT-199, a
small-molecule BH3 mimetic that specifically inhibits BCL-2 and that is
ineffective in cell lines with MCL-1 overexpression (59). The combination
of ONC201 andABT-199 in AML lines OCI-AML3 and THP-1, and in the
MCL line JVM-2 [which has the highest MCL-1 abundance among the
MCL lines examined (Fig. 7F) and is resistant to ABT-199], was substan-
tially more toxic than was either drug alone (Fig. 7G). This synergy was
reflected in the low combination indices (table S3).

DISCUSSION

ONC201 was initially reported to transcriptionally induce the abundance of
TRAIL and its receptor DR5 in a FOXO3a-dependent manner in solid tu-
mors (12). However, in hematological malignancies, we found that
ONC201 did not induce TRAIL, that DR5 mRNAwas only modestly in-
duced, and that apoptosis induction did not depend on either caspase-8 (part
of the extrinsic pathway of apoptosis) or FOXO3a. Instead, our investiga-
tions implicated an atypical ISR and secondary mTOR pathway inhibition
as prominent mechanisms induced by ONC201. These mechanisms likely
explain our preclinical findings that ONC201 was effective against MCL
and AML cells despite several abnormalities that commonly confer
resistance and/or poor outcomes to standard chemotherapy in these cancers:
p53 mutation, complex karyotype, the small-molecule efflux protein Pgp,
and resistance to other agents including ibrutinib. Along with the ability of
ONC201 to deplete AML stem and progenitor cells while relatively sparing
normal hematopoietic precursors and the absence of genotoxicity, these
findings support the potential of ONC201 to serve as a robust antitumor
agent in hematologicalmalignancies, particularly in aggressive and resistant
disease that cannot be successfully treated with conventional therapy.

The term “integrated stress response” was introduced by Harding et al.
(26) to describe the response to nutrient deprivation and oxidative stress.
Because these stresses, like protein misfolding, which causes the UPR,
can produce cell death if prolonged, it is generally believed that the UPR
and ISR are adaptive, compensatory mechanisms that help cells to survive.
ATF4 up-regulation is a common aspect of theUPRand ISR and can protect
cells by promoting transcription of genes that encode proteins involved in
protein folding or amino acid metabolism (for example, glutamine trans-
porters, SLC7A5, SLC7A11, and asparaginyl-tRNA synthetase) and by
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inhibition of oxidative stress (through interaction with the oxidative stress–
activated transcription factor NRF-2, which activates glutathione metabo-
lism) (23, 24, 26, 60).

The response to ONC201 differs from the classical UPR and ISR in sev-
eral molecular features (table S2), the most important of which is that the
ATF4-dependent stress response induced byONC201 appeared to be causal
of its toxicity rather than a protective response. Knockdown of ATF4 re-
duced ONC201-induced toxicity and up-regulation of DDIT4, a transcrip-
tional target of ATF4 (58) that is induced in response to hypoxia, oxidative
stress, or ER stress. DDIT4 is likely the direct cause of mTORC1 inhibition
by ONC201, by inducing the expression of the gene encoding tuberous
sclerosis complex 2 (57). ONC201 cytotoxicity also appeared to be medi-
ated by ATF4 because CHOP knockdown increased both sensitivity to
ONC201 andATF4 induction byONC201 inOCI-AML3 and JeKo-1 cells.
ATF4 can cause cell death in certain conditions, especially when stress ex-
posure is prolonged, usually because of transcriptional induction of CHOP
(24, 60).
www
Another feature of the response to ONC201 that was discordant
with classical UPR or ISR was that ATF4 induction appeared to be
independent of an increase in eIF2a phosphorylation. ATF4 can be
regulated through transcriptional, posttranscriptional (translational), and
posttranslational means, and in our study, ONC201 induced a time-
dependent increase in ATF4 mRNA. However, increased ATF4 protein
abundance preceded increased expression of ATF4 mRNA in response
to ONC201, indicating a posttranscriptional mechanism. Similar to mech-
anisms triggered by the UPR and ISR, ONC201 enhanced ATF4
translation through a mechanism involving mORFs of the ATF4 gene
(50–52), but differs in that an increase in eIF2a phosphorylation appeared
to not be involved. Evidence for this conclusion comes largely from MCL
lines, in which ONC201 increased ATF4 abundance in the absence of
increased eIF2a phosphorylation, although both were increased by UPR
inducers. However, in AML lines in which eIF2a phosphorylation was
increased by ONC201, eIF2a knockdown increased ONC201-induced ap-
optosis without affecting ATF4 induction, which we interpret as further
Fig. 7. Effects of antiapoptotic BCL-2 family proteins on ONC201-induced
apoptosis. (A) Representative immunoblots (from three experiments) of
BCL-XL, BCL-2, and MCL-1 in JeKo-1 cells during treatment with ONC201
(5 mM). (B) Immunoblots of BCL-XL, BCL-2, andMCL-1 in BCL-XL– or BCL-2–
overexpressing HL-60 cells. HL-60 cells transfected with vector control were
used as control. (C) Specific apoptosis of BCL-2– or BCL-XL–overexpressing
HL-60 cells after a 72-hour ONC201 treatment (2.5 and 5 mM) (n = 3
experiments). (D) Immunoblots of BCL-XL, BCL-2, and MCL-1 after MCL-
1 knockdown in OCI-AML3 cells. (E) Specific apoptosis after MCL-
1 knockdown in OCI-AML3 cells after a 72-hour ONC201 treatment (2.5
and 5 mM) (n = 3 experiments). (F) Representative immunoblots (from three
experiments) of BCL-XL, BCL-2, andMCL-1 inMCLorAMLcell lines. (G) Syn-
ergistic effects on specific apoptosis of OCI-AML3, THP-1, and JVM-2 cells
by combination of ABT-199 and ONC201 (n = 3 experiments). *P < 0.05,
***P < 0.001, ****P < 0.0001.
.
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evidence that an increase in eIF2a phosphorylation was not involved in
ATF4 induction by ONC201. Knockdown (or knockout) of eIF2a with
reconstitution of wild-type and S51A eIF2a would clarify the role of
phosphorylation of eIF2a in ATF4 induction by ONC201.

How ONC201 induces ATF4 independently of eIF2a phosphorylation
is not clear, but itsmechanism ofATF4 inductionmight bemore compatible
with those of the UPR and ISR if eIF2a phosphorylation is not the direct
cause of ATF4 induction. Such a possibility is provided by a work suggest-
ing that ATF4 can also be induced without an increase in eIF2a phos-
phorylation through the inhibition of eIF2B, a guanine nucleotide exchange
factor (GEF) (Fig. 8) (47–49). In the UPR and typical ISR, phosphorylation
of eIF2a causes it to bind to eIF2B, inhibiting the GEF activity of eIF2B
and consequently protein translation in general while up-regulating ATF4
(42, 61). We speculate that ONC201 may cause eIF2a phosphorylation–
independent inhibition of eIF2B. In support of this possibility, the ISR to
amino acid deprivation does not always result in phosphorylation of eIF2a
but usually inhibits eIF2B (47). Another possibility is that translational
ATF4 induction after ONC201 may not be completely independent of
eIF2a phosphorylation, but simply does not require its increase. The phos-
phorylation of eIF2awas increased in AML cells after ONC201 and was
still present after eIF2a knockdown,which did not affect ATF4 induction;
www.S
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also, phosphorylated eIF2a was abundant in MCL cells before and after
ONC201 treatment. Therefore, we also speculate that ONC201 treatment
may result in inactivation of an unknown factor that “uncouples” eIF2a
phosphorylation and ATF4 induction, at least in MCL cells, allowing
ATF4 induction to proceed. In addition, because ATF4 can be posttrans-
lationally regulated by the F-box protein bTrCP, the receptor component
of the SCFE3 ubiquitin ligase (62), ONC201may act to inhibit ubiquitin-
proteasome pathway–mediated degradation of ATF4. Finally, ATF4 can
be posttranslationally stabilized by anoxia (63).

Because Kline et al. (64) also found that ATF4 activation andmTORC1
inhibitionwere involved inONC201 effects on solid tumors,ATF4maybe a
common driver of ONC201-induced apoptosis and might serve as a phar-
macodynamic marker of response to ONC201 in solid and hematopoietic
tumors. Themechanism ofATF4 induction byONC201 found byKline et al.
(64) differed from our results in that inhibition of eIF2a phosphorylation
reduced ATF4 induction by ONC201. We acknowledge that this difference
might be due to the different experimental strategies used (eIF2a
knockdown compared to eIF2a S51Aoverexpression). However, the effects
of ONC201 differed between solid tumors and hematopoietic malignancies
with respect to whether TRAIL and DR5 were induced: therefore, it is not
surprising that they differed in how eIF2a phosphorylation was involved in
ATF4 induction in response to ONC201.

Of clinical importance, we found that BCL-2 overexpression inhibited
ONC201-induced apoptosis, consistent with reports that BCL-2 is a major
resistance factor to ER stress–induced apoptosis (45, 65, 66). The combina-
tion of ONC201 with ABT-199 exerted synergistic effects; whereas ABT-
199 is a specific BCL-2 inhibitor, ONC201 reduces protein abundance of
MCL-1, against which ABT-199 is ineffective. ABT-199 is a clinically
promising drug especially in CLL (67) and AML (68), but resistance to
ABT-199 has been observed, in part related to MCL-1 in both preclinical
(59) and clinical studies (68). The combination of ABT-199 and ONC201
could potentially achievegreater initial tumor reduction and prevent or delay
the development of resistance.

Proteasome inhibitors cause ER stress, and the present study suggests
the potential clinical activity of ONC201 and other inducers of the UPR or
ISR in hematologicalmalignancies. The induction of an ISR reported here is
also operational in solid tumors [see Kline et al. (64)]. Ongoing phase 1/2
clinical trials of ONC201 (NCT02038699) are enrolling patients with ad-
vanced solid tumors, and phase 1/2 studies in AML and lymphomas have
opened atMDAndersonCancer Center (NCT02392572), providing the op-
portunity to corroborate themechanismof action and other effects identified
here in translational studies.
6

MATERIALS AND METHODS

Reagents
Pharmaceutical-grade ONC201 was manufactured and provided by Oncoceu-
tics Inc. The BCL-2 inhibitor ABT-199 was purchased from Selleckchem.
Nutlin-3awas fromCaymanChemical Company, PSC-833was from Santa
Cruz Biotechnology, Z-IETD-FMK was from EMD Millipore, Z-VAD-
FMKwas fromEnzoLife Science, recombinant humanTRAILwas fromLife
Technologies, and doxorubicin was purchased from Bedford Laboratories.

Cell culture and treatment
Cell lines were purchased from Leibniz-Institut Deutsche Sammlung von
Mikroorganismen und Zellkulturen or the American Type Culture Collec-
tion. The authenticity of the cell lineswas confirmedbyDNAfingerprinting
with the short tandem repeat method, using a PowerPlex 16 HS System
(Promega) within 6 months before the experiments. The cells were cultured
Fig. 8. Schematic of atypical ISR induced by ONC201 leading to ATF4-
mediated apoptosis, and comparison to other causes of ATF4 induction.
ONC201 appears to up-regulate ATF4 translation through a mechanism
involving mORFs of the ATF4 gene that partially resembles that used by
the classical ISR and UPR. However, ONC201-induced ATF4 up-regulation
does not require an increase in the phosphorylation of eIF2a, indicating a
mechanism of action of ONC201 that indirectly activates this pathway.
ONC201-induced ATF4 serves as an apoptosis-promoting factor that also
inhibits mTORC1 activity. ONC201 also reduces MCL-1 protein abundance,
causing synergistic effects with the BCL-2 inhibitor ABT-199. AA, amino
acids; dsRNA, double-stranded RNA.
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in RPMI 1640 medium containing 20% fetal bovine serum for MCL lines
(Z-138, JVM-2, MINO, and JeKo-1) and primary MCL samples, or 10%
fetal bovine serum for AML lines (OCI-AML3, MOLM-13, HL-60, and
THP-1), Jurkat cells (parental and I9.2), and primary AML samples.
Glucose-freeRPMI (11879-020, purchased fromThermoFisher Scientific)
or RPMI lacking three essential amino acids (L-arginine, L-glutamine,
L-lysine; purchased from Thermo Fisher Scientific) was used for glucose/
amino acid deprivation assay. Heparinized peripheral blood and pleural ef-
fusion samples were obtained fromMCL and AML patients after informed
consent, according to the University of Texas MD Anderson Cancer Center
guidelines in accordancewith the Declaration of Helsinki.Mononuclear cells
were purified by density gradient centrifugation. All of the experiments were
performed at least in triplicate. For 72-hour drug treatment experiments, cell
lines were harvested at log-phase growth, plated at a density of 1.5 × 105/ml
for Z-138, MINO, JeKo-1, OCI-AML3, andMOLM-13, 2.0 × 105/ml for
JVM-2, HL-60, and THP-1, or 1.0 × 106/ml for primary AML and MCL
cells, and treated with the indicated compounds. shRNA-mediated stable
knockdown of target genes was performed by lentiviral infection as previ-
ously reported (69). shRNAs specifically targeting TP53, FoxO3a, eIF2a,
DDIT3, IRE1a, ATF4, andMCL-1were obtained from The RNAi Consor-
tium (TRC) arrayed human genome-wide shRNA collection (purchased
from Sigma-Aldrich; see also table S4). Transformed cells were selected
by puromycin treatment, and knockdown was confirmed by immunoblot
analysis of target proteins. HL-60 cells with stable overexpression of either
BCL-XL or BCL-2, or with an empty vector, were provided byK.N. Bhalla
(The University of Texas MDAnderson Cancer Center). Bortezomib-naïve
and bortezomib-resistant ANBL-6 cells were provided by H. C. Lee and
R. Orlowski.

Reporter assay with an ATF4 mORF construct
The “ATF4 5: 5′ATF4.GFP” plasmid (#21852) was purchased from Add-
gene (52). MEFs were transfected with the ATF4-GFP–expressing plasmid
using jetPRIME transfection reagents (Polyplus-transfection) and, 24 hours
later, were pretreated with 5 mMONC201 for 24 hours and 1 mM thapsigar-
gin for 1 and 6 hours. DAPI-negative andGFP-positive cellsweremeasured
by flow cytometry.

Flow cytometric analysis
For apoptosis analysis, annexin Vand PI (purchased from Sigma-Aldrich)
binding assays were performed to assess apoptosis as described previously
(70). Annexin V– and PI-negative cells were counted as live cells. Apopto-
sis (A) in a samplewas quantified as the proportion of cells that were annex-
in V–positive cells, and specific apoptosis was calculated by the following
formula:% specific apoptosis = (Atest−Acontrol) × 100/(100−Acontrol). Thus,
by subtracting spontaneous apoptosis (= apoptosis observed in untreated
control samples), “specific apoptosis” in the present study indicates specifi-
cally induced apoptosis byONC201. For gating stem/progenitor population
(CD45+CD34+CD38− cells) in primary AML samples, phycoerythrin
(PE)–conjugated anti-human CD45, PE-Cyanine7 (PE-Cy7)–conjugated
anti-human CD34, and fluorescein isothiocyanate–conjugated CD38 anti-
bodieswere used. Allophycocyanin-conjugated annexinV (purchased from
BD Biosciences) and DAPI were used in this setting to measure apoptosis.
For cell cycle analysis, DNA content analysis by staining with PI was per-
formed as reported previously (71). EdU incorporation was measured by
usingClick-iT EdUAlexa Fluor 647 FlowCytometryAssayKit (Life Tech-
nologies). gH2A.X stainingwas performed by following themanufacturer’s
instruction. Briefly, cells were fixed with 2% paraformaldehyde at room
temperature for 5 min and permeabilized by adding ice-cold 90%methanol
while gently vortexing. After 30min of incubation on ice, cellswere stained
with the Alexa Fluor 488–conjugated rabbit monoclonal anti–phospho–
www.S
histone H2A.X (Ser139) (20E3) antibody (1:50 dilution; purchased from
Cell Signaling) for 30 min.

In vivo engraftment experiment
PrimaryAMLcellswere serially transplanted in femaleNSGmice (6weeks
old; Jackson Laboratory) to confirm self-renewal ability, and leukemia cells
were harvested from secondarily transplanted mice. Leukemic cells were
cultured for 48 hours, with or without 5 mM ONC201, then washed and
assessed for viability by trypan blue exclusion; 0.7 million trypan blue–
negative cells were then injected via tail vein into each of 13 6-week-old
female NSG mice per group. At 4 weeks after transplantation, human
CD45-positive and DAPI-negative cells in peripheral blood were counted
by flow cytometry. Threemice in each groupwere sacrificed to collect bone
marrow, spleens, and livers at 4 weeks after transplantation, and then human
CD45-positive and DAPI-negative cells in the bone marrow were counted
by flow cytometry. The in vivomouse study was performed following the
guidelines approved by the Institutional Animal Care and Use Commit-
tees at MD Anderson Cancer Center.

Immunoblot analysis
Immunoblot analysis was performed as reported previously (70) and quan-
titated using the Odyssey Imaging System (LI-COR Biotechnology). Den-
sitometry data with mean error were provided by quantifying blots from
three independent immunoblot experiments. The signals for phosphorylated
form of proteins were normalized to those for the total proteins; otherwise,
they were normalized to those of b-actin. Protease/phosphatase inhibitor
cocktailwas used (purchased fromCell Signaling Technology). The antibo-
dies used for the studies are described in table S5.

Gene sequencing and expression
Mutation analysis of TP53 was performed as described previously (69).
mRNA expression was quantified as reported previously (72), using TaqMan
gene expression assays (listed in table S6) as previously reported (73).

Gene expression profiling
Total RNAwas extracted fromMCL lines by TRIzol (Invitrogen) at various
times after ONC201 treatment. Subsequent RNA cleanup, quality assess-
ment, generation of biotinylated aRNA for hybridization on Illumina
HT-12 BeadArrays (Illumina Inc.), and data processing were as previously
described (74). Data frommicroarray studies are submitted to Gene Expres-
sion Omnibus as GSE68091. After log2 transformation, genes expressed
above background in at least 25% of samples were used for heat mapping
and correlation analysis. From the time course of JeKo-1 cells treated with
ONC201, all values for each gene probewere correlated with time of expo-
sure, yielding for each gene a slope of the regression line and a Pearson’s r
value. Up and down genes were identified with high absolute values from
the extremes of the plot of slope versus r. GSEA (75) was performed on the
ranked list of probe-averaged gene values for slope or r, using gene sets in
the C2, C3, C5, and C6 categories in the MSigDB web service release
version 3.84.

Statistical analyses
Statistical analyses were performed using the two-tailed Student’s t test or
Mann-Whitney test by the Prism (version 6.0; GraphPad Software) statisti-
cal software programs. TheKaplan-Meier methodwas used to generate sur-
vival curves, and log-rank test was used for comparison of the two groups.
P values less than 0.05were considered statistically significant (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001). Unless otherwise indicated,
values are expressed as the mean ± SD calculated by performing three
independent experiments.
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Fig. S1. Cell cycle changes and DNA damage induced by ONC201.
Fig. S2. Effect of ONC201 on primary MCL and AML cells and normal bone marrow cells.
Fig. S3. Efficacy of ONC201 in bortezomib-resistant MM cells and combination therapy
with ibrutinib in primary MCL cells.
Fig. S4. Apoptosis induced by ONC201 in caspase-8– or Bax/Bak-deficient cells.
Fig. S5. Changes in the AKT/ERK/FOXO3a pathway with ONC201 treatment.
Fig. S6. Immunoblot and PCR analysis of ER stress–related molecules.
Fig. S7. Quantification of the immunoblots in Fig. 5 (A and B).
Fig. S8. Effects of ER stress inducers on GCN2, eIF2a, ATF4, and mTORC1.
Fig. S9. Immunoblot analysis of ISR-related molecules after amino acid or glucose dep-
rivation in OCI-AML3 and JeKo-1 cells.
Fig. S10. ATF4 induction by ONC201 or tunicamycin in OCI-AML3 cells with eIF2a
knockdown.
Fig. S11. ATF4 expression over time in response to ONC201 in OCI-AML3 and JeKo-1 cells.
Fig. S12. Effects of CHOP knockdown on ONC201-induced apoptosis.
Fig. S13. Effects of ONC201 on IRE1a.
Fig. S14. The role of ATF4 in mTORC1 inhibition by ONC201.
Fig. S15. Quantification of the immunoblots in Fig. 7A.
Table S1. Clinical information for the primary AML samples.
Table S2. Summary of changes in the GCN2/eIF2a/ATF4 axis and mTORC1 targets by
tunicamycin, amino acid or glucose deprivation, and ONC201 in AML and MCL cells.
Table S3. Combination index of each cell line treated with ONC201 and ABT-199.
Table S4. shRNA sequences used.
Table S5. Antibodies for immunoblot analysis.
Table S6. Primers used for PCR.
Data file S1. Genes with most positive slope and r in Fig. 4B.
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