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MYELOID NEOPLASIA

Ceramide-induced integrated stress response overcomes
Bcl-2 inhibitor resistance in acute myeloid leukemia
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Inducing cell death by the sphingolipid ceramide is a potential anticancer strategy, but the
underlying mechanisms remain poorly defined. In this study, triggering an accumulation of
ceramide in acute myeloid leukemia (AML) cells by inhibition of sphingosine kinase
induced an apoptotic integrated stress response (ISR) through protein kinase R-mediated
activation of the master transcription factor ATF4. This effect led to transcription of the
BH3-only protein Noxa and degradation of the prosurvival Mcl-1 protein on which AML
cells are highly dependent for survival. Targeting this novel ISR pathway, in combination

® Enhancing cellular
ceramide levels in AML
activates protein kinase
R to induce the
integrated stress
response.

® The ISR induces the
BH3-only protein Noxa,
causing degradation of
Mcl-1 and sensitization
of AML to Bcl-2

with the Bcl-2 inhibitor venetoclax, synergistically killed primary AML blasts, including
those with venetoclax-resistant mutations, as well as immunophenotypic leukemic stem
cells, and reduced leukemic engraftment in patient-derived AML xenografts. Collectively,
these findings provide mechanistic insight into the anticancer effects of ceramide and

inhibition.

) preclinical evidence for new approaches to augment Bcl-2 inhibition in the therapy of AML
and other cancers with high Mcl-1 dependency.

Introduction

The discovery of novel signaling mechanisms that enable
induction of proapoptotic BH3-only proteins independent of
TP53 has immense therapeutic potential for both TP53
mutant cancer and tumors resistant to Bcl-2 inhibitors. Proa-
poptotic Noxa is a Bcl-2 family protein that belongs to a sub-
class of BH3-only proteins and can induce apoptosis via both
TP53-dependent and -independent processes, depending on
the cellular context. Certain cytotoxic drugs have been shown
to upregulate Noxa protein, principally through upregulating
messenger RNA transcription,” but the upstream signals and
physiological stimuli are not well defined, nor are they opti-
mized for therapy. Through its ability to bind and neutralize
both A1 and Mcl-1 prosurvival proteins, upregulation of
Noxa? has therapeutic potential in multiple cancers that show
intrinsic or acquired resistance to Bcl-2 inhibitor therapies,
such as venetoclax.

The BH3 mimetic, venetoclax is a highly selective oral inhibitor
of the prosurvival protein Bcl-2 approved for treatment of
17p(del) chronic lymphocytic leukemia.® Venetoclax shows mod-
est activity as a single agent in acute myeloid leukemia (AML;
overall response rate, 19%)* but promising results when com-
bined with chemotherapy (complete response, 62%) or hypome-
thylating agents (complete response, 67%),>° and has been
recently approved by the FDA in adults who are =75 years of
age or who have comorbidities precluding intensive induction
chemotherapy (registered on clinicaltrials.gov as NCT02993523
and NCT03069352). Unlike lymphoid leukemias, AML cells rely
on the prosurvival protein Mcl-1 for disease maintenance,’” sug-
gesting that its inhibition may prove beneficial in achieving
deep molecular remission. Preclinical studies revealed Mcl-1 as
a biomarker for venetoclax resistance caused by the inability of
the drug to sequester Mcl-1, highlighting the importance of con-
current inhibition of multiple proteins in the Bcl-2 family.*®
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An alternative mechanism for induction of programmed cell
death can occur through the ceramide/sphingosine-1-phosphate
(S1P) rheostat.? Ceramide accumulation is thought to contribute
to the effects of many anticancer therapies, including ionizing
radiation, daunorubicin, etoposide, and gemcitabine, as well as
some targeted therapies, such as tyrosine kinase inhibitors."®
Ceramides are lipids present in high concentrations in cell mem-
branes, but they accumulate after blockade of downstream con-
version of sphingosine to S1P, which occurs principally through
the activity of sphingosine kinase 1 (SPHK1). SPHK1 can pro-
mote tumorigenic pathways, such as survival and proliferation in
multiple solid and blood cancers, and is a key player of the
sphingolipid rheostat in maintaining the balance between proa-
poptotic ceramide and sphingosine and prosurvival,’ but, how
sphingolipid signaling integrates with intrinsic BAX/BAK-depen-
dent apoptosis is not well understood.

We have demonstrated that targeting SPHK1 in AML depletes
the prosurvival protein Mcl-1 and can synergize with the Bcl-2/
Bcl-X, inhibitor navitoclax.'> However, the mechanistic basis of
synergy between SPHK1 inhibition and navitoclax remained
poorly defined. In this study, triggering accumulation of cer-
amide in AML cells by inhibition of SPHK1 induced upregulation
of the BH3-only protein Noxa via ceramide-mediated activation
of protein kinase R (PKR), as part of the integrated stress
response (ISR) pathway, and subsequent activation of the tran-
scription factor ATF4. Targeting this novel pathway induced syn-
ergy with the clinically relevant Bcl-2 inhibitor venetoclax to
exert antileukemic activity against blasts from AML patients,
including those harboring mutations associated with venetoclax
resistance and immunophenotypic CD34*CD38~CD123" leuke-
mic stem cells (iLSCs), both in vitro and in vivo. This finding
advocates for the use of ceramide-modulating agents as ISR
activators to augment Bcl-2 inhibiting strategies for the
treatment of AML and other cancers with high dependency
on Mcl-1.

Methods

Additional details are provided in supplemental Methods (avail-
able on the Blood Web site).

Study approval

Animal studies were approved by the SA Pathology/CALHN
(Central Adelaide Local Health Network) and UniSA (University
of South Adelaide) animal ethics committees. Human samples
were obtained from the South Australian Cancer Research Bio-
bank from patients with AML after informed consent was
received, and the experiments were approved by the Royal
Adelaide Hospital Human Ethics Committee (Protocol 041009).

Mutational analysis of primary AML biopsies
Mutations in primary AML biopsies were identified by either
whole-exome sequencing or targeted gene sequencing, as
described previously.'?

Cell lines and primary AML samples

The AML cell lines MV411, THP-1, MOLM13, and UT7 were cul-
tured as previously described.’ OCI-AML3 cells were cultured
in RPMI with 10% fetal calf serum (FCS; HyClone Thermo Scien-
tific), HL-60 cells in Iscove's modified Dulbecco’s medium
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(IMDM) with 20% FCS, and HEK293T cells in Dulbecco’'s modi-
fied Eagle's medium (DMEM) with 10% FCS. Cell line authenti-
cation was confirmed by short tandem repeat profiling.
Mononuclear cells from diagnostic bone marrow or apheresis
product samples were isolated by Ficoll-Hypaque density-gradi-
ent centrifugation and resuspended in IMDM containing 10%
FCS. Factor-dependent myeloid wild-type and Bax '~ /Bak '~
cells were cultured in DMEM (low glucose) supplemented with
10% FCS and 0.25 ng/mL murine interleukin-3. Parental and
PERK™"~ HAP1 cells (Horizon Discovery) were cultured in IMDM
containing 10% FCS.

In vivo primary AML xenograft model

Six-week-old female NOD/SCID/IL—ZR'yfF (NSG) mice were
injected IV with 5 X 10° human primary AML cells. The mice
were tail bled weekly to confirm human cell engraftment by flow
cytometry (>1% hCD45™). MP-A08 (100 mg/kg intraperitoneally
[PEG 400]) and venetoclax (75 mg/kg orally [60% Phosal 50PG,
30% PEG 400, and 10% ethanol]) were administered daily for
2 weeks. Mice were euthanized after cessation of treatment, and
bone marrow was collected to measure hCD45" cells by flow
cytometry. Immunohistochemistry on the mouse sternum was
performed as previously described, by using the human-specific
mitochondrial antibody (Thermo Fisher Scientific cat. no.
MA1-21891).'?

Results

BH3-only protein Noxa is essential for AML cell
death induced by SPHK1 inhibition

Previous studies have shown that SPHK1 inhibitors, including
MP-A08, induce AML cell death.’>"® We have also shown that
this occurs in an Mcl-1-dependent manner'?; however, the exact
mechanism has remained unclear. The BH3-only protein Noxa is
a selective binding partner of Mcl-1, and this interaction is
known to promote Mcl-1 degradation and induction of apopto-
sis.”” Treatment of MV411 AML cells with the SPHK1 inhibitor
MP-AQ8 increased Noxa expression and augmented the associa-
tion of Noxa with Mcl-1 (Figure 1A). The increase in Noxa pro-
tein expression coincided with increased Noxa messenger RNA
levels after MP-AQ08 treatment (Figure 1B; supplemental Figure 1)
and was blocked through inhibition of protein synthesis by
cycloheximide (Figure 1C), suggesting that increased Noxa
expression occurs via transcriptional upregulation. Similar
increases in Noxa expression were observed in both MV411
cells and primary samples from patients with AML (supplemental
Table 1) in response to another structurally different SPHK1
inhibitor, SK1-I (supplemental Figure 2). A broader analysis of
Bcl-2 and BH3-only proteins in response to MP-AQ8 before apo-
ptosis induction (6 hours) in multiple AML cell lines revealed
dose-dependent increases in Noxa and, to a lesser extent, other
BH3-only proteins Bim and cleaved Bid, but not other Bcl-2 fam-
ily proteins or TP53 (Figure 1D-E; supplemental Figure 3A-B).
Doxycycline-inducible short hairpin RNA (shRNA) knockdown of
Noxa partially reversed the degradation of Mcl-1 and rescued
the effects of MP-A08 on cell viability (Figure 1F; supplemental
Figure 3C). In contrast, Bim knockdown had only a minor effect
on cell viability (Figure 1G), but could not reverse loss of Mcl-1,
whereas Bid knockdown had no effect (Figure 1H). This finding
implicates Noxa as an important determinant of the apoptotic
effects of SPHK1 inhibition in AML cells.
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Figure 1. The BH3-only proteins Noxa and Bim are essential for MP-A08-induced cell death. (A) Mcl-1 immunoprecipitation of MV411 cells treated with MP-A08 for
6 hours and subjected to immunoblot analysis with the indicated antibodies. (B) Quantitative polymerase chain reaction analysis of MV411 cells treated with MP-A08 (20
M) over 6 hours. (C) Immunoblot analysis of MV411 cells treated with MP-A08 in the presence of cycloheximide for 6 hours. MV411 (D) or OCI-AML3 (E) were treated
with increasing concentrations of MP-A08 for 6 hours and subjected to immunoblot analysis with the indicated antibodies. MV411 cells were lentivirally transduced with
shRNAs targeting Noxa (F), Bim (G), or Bid (H) and treated with doxycycline for 48 hours and MP-A08 (15 uM) for either 6 hours for immunoblot analysis or 24 hours for
cell viability using Annexin V staining. All qualitative data are representative of at least 3 independent experiments, and all quantitative data are the mean =+ standard
error of the mean from 3 independent experiments. Statistical significance was assessed by Student t test. *P < .05; **P < .005; ***P < .0001. N.S., not significant.
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Figure 2. MP-A08 induces ATF4 dependent Noxa transcription. (A) MV411 cells were treated with MP-A08 (20 wM), daunorubicin (DNR) (1 wM), or cytarabine (Ara-C;
1 M) for 6 hours; lysed; and subjected to immunoblot analysis with the indicated antibodies. (B) The UPR. (C) MV411 cells were treated with MP-A08 (20 pM) over a
6-hour period, lysed, and subjected to immunoblot analysis with the indicated antibodies. (D) MV411 cells were stably transduced with 2 different CRISPR guide
sequences targeting SPHK1 (g1 and g2), lysed, and subjected to immunoblot analysis with the indicated antibodies. The efficiency of the SPHK1 knockout was con-
firmed via SPHK1 activity assays of lysates from those cells in assay conditions largely selective for SPHK1 over SPHK2 (supplemental Figure 5C). (E) MV411 cells were
treated with MP-A08 (20 wM), alone or in combination with the elF2b agonist, ISRIB (200 nM) over 6 hours for quantitative polymerase chain reaction analysis of Noxa
messenger RNA levels and immunoblot analysis with the indicated antibodies. Statistical significance was assessed by Student t test. *P < .05 (n = 3). (F) MV411 cells
were stably transduced with a doxycycline-inducible shRNA targeting ATF4. Cells were treated with 1 pg/mL doxycycline for 48 hours and MP-A08 (20 uM) for 6 hours
before cell lysis for immunoblot analysis. ns, a nonspecific band. (G) Chromatin immunoprecipitation analysis of the Noxa promoter in response to MP-A08 treatment
(20 wM) of MV411 cells for 6 hours. Statistical significance was assessed by Student t test. *P < .05 (n = 4). (H) Primary AML samples were treated with increasing con-
centrations of MP-A08 and subjected to immunoblot analysis with the indicated antibodies. All qualitative data are representative of at least 3 independent experi-
ments, and all quantitative data represent the mean * standard error of the mean of at least 3 independent experiments.

SPHK1 inhibition induces ATF4-dependent Noxa stresses that cause misfolded proteins to accumulate within the
transcription endoplasmic reticulum (ER), cells activate the 3 UPR transmem-
Tumor suppressor TP53 has been shown to directly induce brane proteins ATFé (activating transcription factor-6), IRE1
Noxa transcription in response to chemotherapeutics.'® Unlike (inositol-requiring kinase 1), and protein kinase R-like ER kinase

daunorubicin and cytarabine, MP-AO8 treatment of muiltiple (PERK) to reestablish proteostasis (Figure 2B). Further examina-
AML cell lines was associated with a lack of increased TP53 tion of this RNA-seq data revealed that MP-AQ8 treatment of
expression, suggesting that the increase in Noxa is independent MV411 cells induced almost exclusively activation of the PERK
of TP53 (Figure 2A; supplemental Figure 4). Previous work inves- arm of the UPR, typified by upregulation of ATF4 and down-
tigating the mechanism of MP-A08-induced AML cell death, stream effectors, including CHOP (supplemental Figure 5A).'?
using Ingenuity Pathways Analysis of RNA-sequencing (RNA- Direct protein analysis of this pathway demonstrated that
seq) data, revealed enrichment of genes associated with the MP-AQ08 induced clear activation/phosphorylation of elF2a, a
unfolded protein response (UPR).'? In response to cellular central component of the pathway, and induction of ATF4 in
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Figure 3. Ceramides drive a PERK-independent ISR. (A-C) MV411 cells were treated with vehicle control (0.1% dimethyl sulfoxide [DMSQJ; blue bars) or 20 uM
MP-A08 (red bars) for 6 hours and analyzed by liquid chromatography-mass spectrometry. (A) Quantitation of individual ceramide (Cer) and dihydroceramide (dhCer)
species. (B) Quantitation of sphingosine (Sph) and dihydrosphingosine (dhSph) species. (C) Quantitation of S1P and dihydrosphingosine 1-phosphate (dhS1P). All data
are presented as picomoles per million cells; mean = standard deviation of 4 independent experiments. Statistical significance was assessed by Student t test.
*P < .05; **P < .01; ***P < .001. (D) MV411 cells were treated with MP-A08 (20 uM), PF-543 (1 uM), and SK1-I (10 wM) for 6 hours; lysed; and subjected to immunoblot
analysis. (E) MV411 cells were treated with ceranib-2 for 16 hours and assessed for cell viability by Annexin V/propidium iodide staining. Data are the mean * standard
deviation of 2 independent experiments. MV411 cells were treated with ceranib-2 (10 wM) for 6 hours and subjected to immunoblot analysis with the indicated antibod-
ies. (F) MV411 cells were treated with MP-A08 (20 wM), C2-ceramide (10 wM), Cé-ceramide (10 pM), C2-dhCeramide (10 uM), and Cé-dhCeramide (10 pM) (all intro-
duced from 2.5 mM stock solutions in dimethyl sulfoxide) for 6 hours; lysed; and subjected to immunoblot analysis with the indicated antibodies. (G) HAP1 wild-type
and PERK™’~ cells were treated with MP-A08 (20 uM) for 6 hours, lysed, and subjected to immunoblot analysis with the indicated antibodies. (H-I) MV411 cells were sta-
bly transduced with a doxycycline-inducible shRNA targeting PERK. Cells were treated with 1 pg/mL doxycycline for 48 hours and MP-A08 (20 puM) for 6 hours before
(H) quantitative PCR analysis of PERK messenger RNA levels and (I) immunoblot analysis with the indicated antibodies. Data are the mean *+ standard error of the
mean of 3 independent experiments. Statistical significance was assessed by Student t test. **P < .01.
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Figure 4. Ceramides drive a PKR-dependent integrated stress response. (A) The ISR. (B-C) MV411, OCI-AML3, MOLM13, HL-60, and THP-1 cells were treated with
MP-A08 alone (20 wM) or in combination with the GCN2 inhibitor A-92 (5 uM), PKR inhibitors C16 (5 pM) or 2-AP (0.1-10 mM) or PERK inhibitor AMG-44 (5 pM) for 6
hours before immunoblot analysis with the indicated antibodies. (D) MV411 cells were treated with MP-A08 (10 wM) and 2-AP (5 mM) for 16 hours and assessed for cell
viability by Annexin V/propidium iodide staining. Data are the mean * standard error of the mean (SEM) of 3 independent experiments. Statistical significance was
assessed by Student t test. (E) Wild-type (WT) or PKR knockout MV411 cells were treated with MP-A08 (15 wM) for 16 hours and assessed for cell viability by Annexin
V/propidium iodide staining. Data are the mean = SEM of 4 independent experiments. Statistical significance was assessed by Student t test. Immunoblot analysis of
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AML cell lines (Figure 2C; supplemental Figure 5B). Similar
effects were also observed with CRISPR/Cas9-mediated knock-
out of SPHK1 (Figure 2D; supplemental Figure 5C). Intriguingly,
consistent with the RNA-seq data, no changes in XBP1 splicing
were observed in response to MP-A08 treatment (supplemental
Figure 5D), further demonstrating that the effects induced by
SPHK?1 inhibition are limited to the PERK arm of the UPR. Nota-
bly, prolonged activation of the PERK pathway can culminate in
upregulation of the BH3-only proteins Noxa and Bim through
the transcription factors ATF4 and CHOP, respectively.'”?° To
confirm that ATF4 is necessary to mediate Noxa transcription in
response to MP-A08, we used the elF2b agonist ISRIB to render
cells insensitive to elF2a phosphorylation and block ATF4 pro-
duction,?" which nullified the Noxa transcription observed with
MP-AQ8 treatment (Figure 2E; supplemental Figure 1). An ATF4
shRNA recapitulated the effects of ISRIB (Figure 2F; supplemen-
tal Figure 6). Chromatin immunoprecipitation analysis of the
Noxa promoter confirmed the involvement of ATF4 in Noxa
transcription with significant enrichment of ATF4 after MP-A08
treatment (Figure 2G). As observed in the AML cell lines,
MP-AQ8 treatment resulted in dose-dependent increases in
elF2a phosphorylation, Noxa expression, and ATF4 expression
in a series of primary AML blasts from patients (Figure 2H).

Ceramide accumulation activates an apoptotic ISR
Ceramides have been shown to evoke UPR activation and con-
tribute to disease pathogenesis.”? Furthermore, saturated lipids,
of which the ceramides and other sphingolipids are a major
class, have been shown to induce IRE1 and PERK activation
independent of unfolded proteins via direct sensing of the lipid
composition within the ER membrane.?32¢ As the ER is the main
location of de novo sphingolipid biosynthesis, we hypothesized
that the accumulation of sphingolipids, such as ceramides, at
this site in response to SPHK1 inhibition may facilitate the PERK
activation observed in response to MP-AQ8. Indeed, mass spec-
trometric lipidomic analysis of MV411 cells treated with MP-A08
for 6 hours revealed a broad increase in the cellular levels of var-
ious ceramides and dihydroceramides, as well as sphingosine
and dihydrosphingosine (Figure 3A-C). Similar MP-AO8-induced
increases in ceramides, but not in dihydroceramides, were
observed in MOLM13 and OCI-AML3 cells, with an apparent
bias toward increases in long-chain ceramides over very-long-
chain ceramides (supplemental Figure 7). In MV411 cells,
increases in ceramides and dihydroceramides were observed as
early as 2 hours (supplemental Figure 8), in alignment with the
upregulation of ATF4 and Noxa observed at this time point after
SPHK1 inhibition by MP-AQ08 (Figure 2C). Consistent with a role
for ceramides/dihydroceramides in these effects, use of PF-543,
a potent SPHK1 inhibitor that blocks STP generation, but inexpli-
cably does not increase ceramide levels,?” did not induce elF2a
phosphorylation, increase ATF4 and Noxa levels, or reduce
Mcl-1 levels (Figure 3D). In contrast, the ceramidase inhibitor
ceranib-2, known to elevate cellular ceramide levels,?® caused
induction of Noxa and loss of Mcl-1, as well as the effective cell
death of AML cell lines (Figure 3E; supplemental Figure 9).
Together, the data suggest that accumulation of ceramides

mediates the anti-AML effects of SPHK1 inhibition, rather than
loss of S1P signaling. Indeed, addition of exogenous S1P failed
to rescue AML cell death induced by MP-AO8 (supplemental
Figure 10). To more directly examine the effects of ceramide,
we added exogenous C2- or Cé-ceramide to MV411 cells, and,
unlike the respective dihydroceramides, it induced ATF4 and
Noxa expression and loss of Mcl-1, consistent with a role for
ceramides in evoking activation of the ATF4 pathway
(Figure 3F).

Because our data demonstrated a clear involvement of elF2a
and ATF4 in mediating the effects of SPHK1 inhibition on Noxa
accumulation, we next examined the dependency on PERK
through the use of both CRISPR/Cas? knockout of PERK in
HAP1 chronic myeloid leukemia cells and doxycycline-inducible
shRNA knockdown of PERK in MV411 cells. Unexpectedly, loss
of PERK had no effect on MP-AO08-induced ATF4 and Noxa
accumulation (Figure 3G-l), suggesting that this effect may be
driven by an alternative mechanism leading to activation/phos-
phorylation of elF2a.

Ceramides drive an ISR via direct activation
of PKR

In addition to PERK, elF2a can be phosphorylated by 3 other
protein kinases that are activated under various stress conditions
as part of the ISR. These kinases, PKR, GCN2 (general control
nonderepressible 2), and HRI (heme-regulated inhibitor), can all
phosphorylate elF2a to increase translation of the master ISR
transcription factor ATF4?? (Figure 4A). Pharmacological interro-
gation of the role of these kinases in ATF4 and Noxa induction
revealed a clear role for PKR with the 2 PKR inhibitors C16%°
and 2-aminopurine (2-AP)*" both blocking the effects of MP-A08
(Figure 4B-C). In contrast, inhibition of GCN2 (with A-92) or
PERK (with AMG-44) had little or no effect (Figure 4B). Similar
effects were observed in all 5 AML cell lines examined
(Figure 4B-C). Furthermore, the anti-AML effects of MP-A08 on
THP-1 and HL-60 cells were mitigated by either pharmacological
targeting of PKR with 2-AP (Figure 4D; supplemental Figure 11)
or CRISPR/Cas9 knockout of PKR in MV411 cells (Figure 4E).
Collectively, these results indicate a critical role for PKR in sens-
ing SPHK1-inhibitor-induced ceramide accumulation, culminat-
ing in activation of elF2a, leading to activation of ATF4 and
Noxa, loss of Mcl-1, and consequent AML cell death.

Previous findings that ceramide can directly modulate the func-
tion of various proteins,®’ suggest the potential for PKR to be
directly activated by ceramide. To investigate, we assessed the
effect of ceramide on the activity of isolated PKR in vitro. Strik-
ingly, our results demonstrated enhanced PKR activity in the
presence of ceramide, suggesting that ceramide directly binds
and enhances PKR kinase activity (Figure 4F). To further assess
the interaction of ceramide with PKR, we used ceramide-
conjugated agarose beads to probe cell lysates for PKR. The
data (Figure 4G) demonstrate a clear pull-down of PKR with cer-
amide beads, compared with control beads, indicative of an
interaction of PKR with ceramide.

Figure 4 (continued) WT or PKR knockout MV411 cells with the indicated antibodies. (F) PKR-HA was immunoprecipitated from transiently transfected HEK 293T cells,
incubated with exogenous Cé-ceramide (10 uM) for 30 minutes and subjected to a PKR activity assay, using autophosphorylation as the readout. Data are the mean *
SEM of 4 independent experiments. (G) Lysates from HEK293T cells transfected with pcDNA3/PKR-HA was incubated with ceramide conjugated to agarose beads or
control beads overnight at 4°C, washed, and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the associated PKR was detected by immuno-

blot analysis with anti-HA antibodies on an Odyssey imaging system.
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Figure 5. MP-A08 and venetoclax induces potent synergistic activity in AML cell lines. (A) MV411 cells were treated for up to 6 hours with 20 uM MP-A08 (blue bars),
10 nM venetoclax (red bars), alone or in combination (green bars). Cell viability was analyzed every 2 hours by Annexin V/propidium iodide staining. Data are means *
standard error of the mean (SEM; n = 4). Statistical significance was assessed by Student t test. ****P < .0001. Drug synergy was assessed with the Chou-Talay combination
index (Cl) method whereby Cl values <1 are classified as synergy. (B) Factor-dependent myeloid wild-type and Bax/Bak ™/~ cells treated with MP-A08 (20 wM) and/or veneto-
clax (10 nM). Data are the mean * SEM (n = 4). Statistical significance was assessed by Student t test. ****P < .0001. MV411 (C-D), HL-60 (E), MOLM13 (F), and OCI-AML3
(G). (H) MV411 cells were stably transduced with a doxycycline-inducible shRNA targeting Bcl-2 and treated with doxycycline (1 wg/mL) for 48 hours and MP-A08 (10 wM) for
24 hours. Cell viability was assessed by Annexin V staining. All data are the mean * SEM of 3 independent experiments. Statistical significance was assessed by Student t
test. ***P < .0001. (I) UT-7 cells were treated with MP-A08 and venetoclax for 24 hours and assessed for cell viability by Annexin V/propidium iodide staining. Drug synergy
was assessed using the Chou-Talay Cl method. (J) UT-7 cells were treated with increasing concentrations of MP-A08 for 6 hours and subjected to immunoblot analysis.
MV411 (K) and OCI-AML3 (L) cells were treated with MP-AQ8, venetoclax, or in combination for 6 hours and subjected to immunoblot analysis with the indicated antibodies.
All qualitative data are representative of at least 3 independent experiments, and all quantitative data are the mean = SEM of at least 3 independent experiments.
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Figure 6. MP-A08 and venetoclax treatment exhibits antileukemic activity in primary AML samples. (A) Primary AML cells were treated with increasing concentra-
tions of MP-AQ8 for 6 hours, lysed, and subjected to immunoblot analysis with indicated antibodies. (B-C) Primary AML samples were treated with MP-A08 and veneto-
clax for 6 hours and assessed for cell viability by Annexin V staining. Data are displayed as the mean * range of duplicate technical replicates. Statistical significance
was assessed by Student t test. *P < .05; ***P < .0005. Synergy was determined by the Cl method. Fluorescence-activated cell sorting-purified iLSCs were seeded
alone (D) or on an MSC coculture layer (E), treated with MP-A08 and venetoclax for 24 hours, and assessed for cell viability by Annexin V staining. Data are displayed
as the mean * range of duplicate technical replicates. Statistical significance was assessed by Student t test. *P < .05. Synergy was determined by the Webb fractional
product method. (F) Normal bone marrow-derived CD34" cells were treated with MP-A08 and venetoclax for 24 hours and assessed for cell viability by Annexin V stain-
ing. Data are displayed as the mean =+ range of duplicate technical replicates. (G) Representative immunohistochemistry staining using human specific mitochondrial
antibody (MTCO02) of an NSG mouse sternum engrafted with primary AML cells. Bar represents 100 pm. (H-I) NSG mice were engrafted with primary AML blasts and
bled weekly to confirm disease engraftment (>1% hCD45" in peripheral blood). Mice received vehicle, MP-A08 (100 mg/kg intraperitoneally), venetoclax (75 mg/kg
orally), or both daily for 2 weeks. Engraftment was quantified by assessing the percentage of human CD45" cells in the bone marrow of recipient mice. Each symbol
represents the percentage of CD45" cells observed in a separate mouse. Significance was assessed by Student t test. (J) Mutational analysis of AML patient samples
treated with venetoclax from the Beat AML Project.*® The average area under the curve (AUC) is a measure of drug sensitivity (the higher the AUC, the more resistant)
derived from ex vivo drug sensitivity assays. Statistical significance was assessed by Student t test with Welch's correction. **P < .01; ***P < .0001. (K) Primary AML
samples identified by whole-exome sequencing containing PTPN11, TP53 (L), or K-Ras (M) mutations were treated with MP-A08 and venetoclax for 6 hours and assessed
for cell viability by Annexin V staining. Data are displayed as the mean =+ range of duplicate technical replicates. Statistical significance was assessed by Student t test.
*>*p < 01.
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Figure 6. (continued)

SPHK1 inhibition synergizes with venetoclax in
AML cell lines

Mcl-1 is known to mediate resistance to Bcl-2 inhibition in AML,®
and approaches to target Mcl-1 have been shown to enhance
the efficacy of Bcl-2 inhibition in inducing AML cell death.'?3%42
Thus, we next investigated the therapeutic potential for modulat-
ing sphingolipid signaling to affect Bcl-2 antagonism. Anti-AML
synergy of MP-A08 and venetoclax was observed as early as 2
hours (Figure 5A) and coupled with enhanced association of
Noxa with Mcl-1 (supplemental Figure 12A-B).

Viability studies on factor-dependent myeloid cell lines from wild-
type and Bax’"/Bak™’~ mice®® demonstrated that wild-type
cells underwent synergistic cell death in response to MP-AQ8 and
venetoclax, but Bax™/~/Bak™~ cells were completely resistant
(Figure 5B), verifying mitochondria-mediated apoptosis via the
executioner proteins Bax and Bak.
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Combining MP-A08 with subcytotoxic doses of venetoclax
strongly enhanced cell death in venetoclax-sensitive MV411,
HL-60, and MOLM13 cell lines (Figure 5C-F), as well as in the
venetoclax-resistant OCI-AML3 cell line (Figure 5G). Statistical
analysis using the Chou-Talalay method** confirmed that combi-
national treatment induced synergistic cell death (synergy =
combination index <1). Treatment of MV411 cells with another
SPHK1 inhibitor, SK1-I, recapitulated the effects observed with
MP-AQ8, causing synergistic loss of cell viability with venetoclax
treatment (supplemental Figure 12C). Synergy between SPHK1
and Bcl-2 inhibition was further confirmed by doxycycline-
inducible shRNA targeting of Bcl-2 in MV411 cells (Figure 5H).
Interestingly, at doses capable of achieving drug synergy in
other cells, MP-AO8 and venetoclax treatment exhibited little
effect in UT7 cells (Figure 5I). This lack of response to either
drug, however, may be explained either by the strong expres-
sion of Bcl-X_ (supplemental Figure 12D)* or by the lack of
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Figure 7. Ceramides induce ISR activation and sensitize cells to Bcl-2 inhibition. The accumulation of proapoptotic sphingolipids, such as ceramide, in response to
SPHK inhibition is sensed by the elF2a kinase PKR. PKR activation culminates in an apoptotic ISR mediated by master transcription factor ATF4. ATF4 promotes Bcl-2
dependency by the transcriptional upregulation of Noxa and the subsequent binding to and inactivation of Mcl-1.

Mcl-1 degradation in response to MP-A08 (Figure 5J). Com-
bined treatment was associated with synergistic activation of
caspase 3 and loss of Mcl-1 across several AML cell lines (Figure
5K-L; supplemental Figure 12E).

MP-A08 and venetoclax treatment exhibits
antileukemic activity in primary AML cells in vitro
and in vivo

MP-A08 treatment of primary AML samples induced changes in
levels of Mcl-1, Noxa, and Bid (Figure 6A). Combining MP-A08
and venetoclax also resulted in synergistically enhanced cell
death of primary AML blasts from patients (Figure 6B-C) and
chemorefractory and relapse-driving iLSCs (Figure 6D) even
when cocultured with human bone marrow—derived mesenchy-
mal stem cells (Figure 6E; supplemental Figure 13A). This result
suggests that a dual-targeting approach is sufficient to induce
cell death across different AML subtypes, even in the presence
of extrinsic factor support from mesenchymal stem cells. Further
analysis also showed that combining MP-A08 and venetoclax
reduced colony-forming units in human primary AML cells (sup-
plemental Figure 13B). Notably, however, even high concentra-
tions of MP-A08 and venetoclax had minimal effects on CD34*
hematopoietic stem/progenitor cells isolated from healthy volun-
teers (Figure 6F; supplemental Figure 13C).

CERAMIDE AND THE INTEGRATED STRESS RESPONSE IN AML

We next assessed the efficacy of MP-A08 and venetoclax in vivo
using human primary AML xenografts in NSG mice. Immunohis-
tochemical staining for human leukemic cells in the sternum con-
firmed systemic orthotopic engraftment in 2 separate sets of
primary AML xenografts from patients (Figure 6G). Mice with
established disease were treated daily with MP-A08 (100
mg/kg), venetoclax (75 mg/kg), or the combination for 2 weeks.
This combinational approach significantly reduced the leukemic
engraftment compared with the respective monotherapies, as
assessed by flow cytometric analysis of hCD45" cells in the
bone marrow of these mice (Figure 6H-I). Notably, similar dual
therapy with MP-AQ8 and venetoclax daily for 2 weeks in control
C57BI/6 mice showed no obvious toxicity, with no deleterious
effects on body weight, major bone marrow lineages, or blood
cell counts (supplemental Figure 14).

Because MP-A08 enhanced venetoclax-induced killing of AML
cells, we sought to expand this finding by identifying
venetoclax-resistant patients using the Beat AML Master Trial
data (ex vivo drug sensitivity analysis with 122 drugs on 409
patient samples) to assess whether these patients could be
resensitized to venetoclax.*® In addition to the TP53™" cohort
identified in the phase 2 studies of venetoclax with cytarabine or
hypomethylating agents,®*” we identified patients with KRAS,
PTPN11, and SF3B71 mutations as resistant to venetoclax
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treatment (Figure 6J), consistent with previous ﬂndings.40 Com-
bined MP-A08 and venetoclax treatment exhibited synergistic
anti-AML activity in diagnostic patient samples containing either
PTPN11 or TP53 mutations (supplemental Table 1; Figure 6K-L)
with little effect in patient cells containing a KRAS mutation
(Figure 6M). Although only from single patients with each muta-
tion, collectively, the data begin to provide preclinical evidence
for combination therapy with SPHK1 inhibitors to augment the
efficacy of venetoclax in a variety of AML subtypes.

Discussion

The success of the Bcl-2 inhibitor venetoclax in chronic lympho-
cytic leukemia has revolutionized the therapeutic landscape. Yet,
in AML, which relies on Mcl-1 for survival,” the modest single-
agent activity of venetoclax has fueled the search for new thera-
pies that can be combined with this drug.* In this study, we
found that enhancing ceramide accumulation through targeting
SPHK1 may be such an approach, with ceramide directly activat-
ing PKR; inducing ATF4-mediated transcriptional upregulation
of Noxa, a known inducer of Mcl-1 degradation; and acting syn-
ergistically with venetoclax to induce apoptosis in AML cells.
This synergy extended to both primary AML blasts and iLSCs,
suggesting this combinational approach may reduce relapse
rates by depleting leukemia-initiating cells. Importantly, this
approach also reduced disease engraftment in orthotopic mod-
els involving xenografts from patients with AML, providing pre-
clinical evidence of the targeting of SPHK1 and Bcl-2 as a valid
combinational approach in treating AML.

The Beat AML Master Trial is a multicenter clinical trial integrat-
ing genomics data with in vitro responses to both clinical and
preclinical agents.*® Using these data, we identified patients
with several mutations, including those in KRAS, PTPN11, and
SF3B1, to confer venetoclax resistance in addition to the
TP53M* cohort observed in a phase 2 study examining cytara-
bine and venetoclax.® In an exciting finding, SPHK1 inhibition
combined with venetoclax was effective in patient samples con-
taining PTPN11 or TP53 mutations (Figure 5J-K). The absence of
any effect observed in a KRAS-mutated case may be related to
the protective effects of KRAS in activating the IRE1 pathway to
promote survival, as observed in HSCs.*® Follow-up analysis with
cells from further patients with KRAS-mutated AML is clearly
necessary to confirm whether these apparent protective effects
of mutant KRAS against venetoclax/SPHK1 inhibition holds true.
Notably, our analysis suggests AML with NRAS mutations, which
are more common,*’ remain sensitive to combination therapy
with venetoclax/SPHK1 inhibition, as demonstrated by data from
HL-60 and OCI-AML3 cell lines (Figure 5E,G) and patient sample
AML11 (Figure 6l). Collectively, this result suggests that SPHK1
inhibition may be an effective therapy in combination with vene-
toclax in patients who are venetoclax insensitive. Because
SPHK1 inhibition increases Noxa in a manner independent of
TP53, its combination with drugs such as cytarabine that are
ineffective in cohorts such as patients with a TP53 mutation,
may also be warranted.

Approaches to enhance cellular ceramide as a potential anti-
AML therapy have been investigated over the past 2 decades,®
including those with inhibitors of SPHK1'%"350 and acid cerami-
dase®*? and more recently with direct nanoliposomal ceramide
formulations.>*** The mechanisms whereby ceramide elicits its
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anti-AML effects, however, have not been clear. In this study,
we showed that accumulation of ceramides through SPHK1 inhi-
bition activates an apoptotic ISR that is dependent on PKR.
Although ISR activation has been reported previously in
response to addition of exogenous ceramides,> this is the first
time to our knowledge that endogenous ceramides have been
associated with ISR activation, and it is the first report of direct
activation of PKR by ceramides. Furthermore, we have provided
evidence that Noxa is a significant effector of the apoptotic
effects of ceramide accumulation through the ISR, expanding
the role of sphingolipids in dictating cell survival, thus buil-
ding on previous studies suggesting that ceramide acts both
before apoptosis, through Bcl-2 dephosphorylation® and Bad
activation,” and during apoptosis through the formation of
ceramide-induced channels in the mitochondrial outer mem-
brane, to facilitate release of cytochrome ¢ and other proapop-
totic mediators.>®

Notably, an oncogenic role for PKR in AML has been reported,
with high PKR expression in AML associated with poor patient
prognosis, apparently because of the suppressive effects of PKR
on the DNA damage response, an important feature of efficacy
to chemotherapeutics, such as cytarabine and daunorubicin.
Thus, these observations, combined with the findings of the cur-
rent study that show that the anti-AML effects of SPHK1 inhibi-
tion appear to be independent of TP53 and DNA damage
response activation and dependent on PKR activation, make it
tempting to speculate that high PKR-expressing patients may
respond better to SPHK1 inhibition than to chemotherapy.

Our findings support a prominent role for the PKR/ATF4/Noxa/
Mcl-1 axis identified in this study in mediating ceramide-induced
AML cell death. However, efficient Noxa knockdown does not
completely rescue AML cell killing by MP-A08 (Figure 1F), sup-
porting the notion that other pathways may play minor roles in
the anti-AML effects of MP-A08. Our analysis of gene expression
changes in AML cells in response to MP-A08'? suggest a range
of altered pathways that may be involved, including oxidative
stress and autophagy, as well as other target genes downstream
of ATF4 and one of its effectors, CHOP (supplemental Table 2).
This possibility warrants further investigation.

Recent work has revealed the important role of ATF4, the mas-
ter regulator of the ISR, in survival of leukemia.®®¢" In particular,
ATF4 has been shown to promote cell survival in FLT3-ITD"
AML by enhancing autophagy.®? Others have shown that primi-
tive LSCs exhibit higher basal ISR activity and ATF4 levels than
leukemic progenitors/blasts, which may protect LSCs against
amino acid deprivation.® Yet, we and others have found that
ATF4 can prime cancer cells for apoptosis via transcriptional
upregulation of Noxa.?®®® Determining how LSCs control the
dichotomous signaling of ATF4 to favor survival signaling and
how ceramide disrupts this process requires further investiga-
tion. As ATF4 is regulated by phosphorylation,®* we cannot dis-
count the premise that ceramide, a known activator of protein
phosphatases, including PP2A,%> may also modulate ATF4 at
the posttranslational level. Indeed, a recent study demonstrated
that PP2A activation causes upregulation of ATF4 and Noxa,
strengthening the potential link between ceramide and the
ISR.®® Furthermore, ceramides induces loss of oxidative phos-
phorylation, a metabolic vulnerability of quiescent LSPCs.®”"®
Collectively, these findings suggests that ceramide-inducing
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agents, together with venetoclax, may represent an LSC-specific
therapy by activating the ISR, reducing the likelihood of relapse
and chemotherapy-resistant disease (Figure 7).
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