M) Check for updates
© blood

Ceramide-induced integrated stress response overcomes Bcl-2 inhibitor resistance
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Abstract:

Inducing cell death by the sphingolipid ceramide is a potential anti-cancer strategy, but the
underlying mechanisms remain poorly defined. Here, we show that triggering accumulation of ceramide
in acute myeloid leukaemia (AML) cells by inhibition of sphingosine kinase induces an apoptotic
integrated stress response (ISR) through protein kinase R-mediated activation of the master
transcription factor ATF4. This leads to transcription of the BH3-only protein, Noxa, and
degradation of the pro-survival Mcl-1 protein on which AML cells are highly dependent on for
survival. Targeting this novel ISR pathway in combination 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 anti-cancer
effects of ceramide and pre-clinical evidence for new approaches to augment Bcl-2 inhibition in the
therapy of AML and other cancers with high Mcl-1 dependency.
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Key points

e Enhancing cellular ceramide levels in AML activates protein kinase R to induce the integrated
stress response (ISR).
e  This ISR induces the BH3-only protein Noxa, resulting in degradation of Mcl-1 and sensitization

of AML to Bcl-2 inhibition.
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Abstract

Inducing cell death by the sphingolipid ceramide is a potential anti-cancer strategy, but the underlying
mechanisms remain poorly defined. Here, we show that triggering accumulation of ceramide in acute
myeloid leukaemia (AML) cells by inhibition of sphingosine kinase induces an apoptotic integrated
stress response (ISR) through protein kinase R-mediated activation of the master transcription factor
ATF4. This leads to transcription of the BH3-only protein, Noxa, and degradation of the pro-survival
Mcl-1 protein on which AML cells are highly dependent on for survival. Targeting this novel ISR
pathway in combination 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 anti-cancer effects of ceramide and pre-clinical evidence
for new approaches to augment Bcl-2 inhibition in the therapy of AML and other cancers with high

Mcl-1 dependency.
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Introduction

The discovery of novel signaling mechanisms that enable induction of pro-apoptotic BH3-only
proteins independent of TP53 has immense therapeutic potential for both TP53 mutant cancer and
tumors resistant to Bcl-2 inhibitors. Pro-apoptotic Noxa is a Bcl-2 family protein that belongs to a
subclass of BH3-only proteins and can induce apoptosis via both TP53-dependent and TP53-
independent processes, depending on cellular context. Certain cytotoxic drugs have been shown to
upregulate Noxa protein, principally through upregulating mRNA transcription,’ but the upstream
signals and physiological stimuli are not well defined nor are they optimised for therapy. Through its
ability to bind and neutralise both A1 and Mcl-1 pro-survival 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 pro-survival protein
Bcl-2 approved for treatment of 17p(del) chronic lymphocytic leukemia.’ Venetoclax shows modest
activity as a single agent in AML (overall response rate 19%)* but promising results when combined
with chemotherapy (complete response CR, 62%) or hypomethylating agents (CR 67%),> and has
been recently approved by the FDA in adults 75 years or older, or who have comorbidities precluding
intensive induction chemotherapy (NCT02993523 and NCT03069352). Unlike lymphoid leukemias,
AML cells rely on the pro-survival protein Mcl-1 for disease maintenance,” suggesting that its
inhibition may prove beneficial in achieving deep molecular remission. Pre-clinical studies revealed
Mcl-1 as a biomarker for venetoclax resistance due to the inability of this drug to sequester Mcl-1,
highlighting the importance of concurrent inhibition of multiple proteins in the Bcl-2 family.**

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 anti-cancer 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 membranes, but accumulate following blockade of
downstream conversion of sphingosine to S1P, that occurs principally through the activity of
sphingosine kinase 1 (SPHK1). SPHKI1 can promote tumorigenic pathways such as survival and

4
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proliferation in multiple solid and blood cancers, and is a key player of the sphingolipid rheostat in
maintaining the balance between pro-apoptotic ceramide and sphingosine and pro-survival S1P."" But,
how sphingolipid signaling is integrated with intrinsic BAX/BAK-dependent apoptosis is not well
understood.

We previously demonstrated that targeting SPHK1 in AML depletes the pro-survival protein,
Mcl-1 and can synergise with Bcl-2/Bcl-X, inhibitor, navitoclax.'> However, the mechanistic basis of
synergy between SPHKI1 inhibition and navitoclax remained poorly defined. Here, we show that
triggering accumulation of ceramide in AML cells by inhibition of SPHK1 induces 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 transcription factor ATF4.
Targeting this novel pathway synergizes with the clinically relevant Bcl-2 inhibitor, venetoclax to
exert anti-leukemic activity against AML patient blasts, including those harboring mutations
associated with venetoclax resistance and immunophenotypic CD34'CD38CD123" leukemic stem
cells (iLSCs), both in vitro and in vivo. Collectively this advocates 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

Study approval

Animal studies were approved by the SA Pathology/CALHN and UniSA Animal Ethics Committees.
Human samples were obtained from the South Australian Cancer Research Biobank from AML
patients after informed consent, and studies 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 using either whole exome sequencing or targeted

. . . 12
gene sequencing as described previously.

Cdl lines & primary AML samples
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AML cell lines MV411, THP-1, MOLM13 and UT7 were cultured as previously described.’> OCI-
AML3 were cultured in RPMI with 10% fetal calf serum (FCS; HyClone Thermo Scientific), HL-60
in IMDM with 20% FCS, and HEK293T cells in DMEM with 10% FCS. Cell line authentication was
confirmed by STR profiling. Mononuclear cells (MNC) from diagnostic bone marrow or apheresis
product samples were isolated by Ficoll-Hypaque density-gradient centrifugation and resuspended in
IMDM containing 10% FCS. Factor dependent myeloid (FDM) wild type and Bax"/Bak™ cells were
cultured in DMEM (Low glucose) supplemented with 10% FCS and 0.25ng/ml mIL-3. Parental and

PERK™ HAPI cells (Horizon Discovery) were cultured in IMDM containing 10% FCS.

In vivo primary AML xenograft model

6 week old female NOD/SCID/IL-2Ry”" (NSG) mice were IV injected with 5x10° human primary
AML cells. Mice were tail bled weekly to confirm human cell engraftment by flow cytometry (>1%
hCD45+). MP-A08 (100mg/kg i.p {PEG 400}) and venetoclax (75mg/kg p.o. {60% Phosal 50PG,
30% PEG 400 and 10% ethanol}) were administered daily for two weeks. Mice were sacrificed
following treatment cessation to collect bone marrow to measure hCD45+ cells by flow cytometry.
Immunohistochemistry on mouse sternum was performed as previously described using the human

specific mitochondrial antibody (Thermo Fisher Scientific Cat# MA1-21891)."

Data Sharing Statement: For original data please contact stuart.pitson@unisa.edu.au

Additional details are provided in supplemental methods

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 also showed this occurs in an Mcl-1-dependent manner,'> however, the exact mechanism
remained unclear. The BH3-only protein Noxa is a selective binding partner of Mcl-1, with this
interaction known to promote Mcl-1 degradation and induction of apoptosis.'” Treatment of MV411
AML cells with the SPHK1 inhibitor MP-A08 increased Noxa expression and augmented the

association of Noxa with Mcl-1 (Figure 1a). This increase in Noxa protein expression coincided with
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increased Noxa mRNA levels following MP-A08 treatment (Figure 1b; Supp Figure 1) and could be
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 also observed in both MV411 cells and primary AML patient samples (Supp. Table
1) in response to another structurally different SPHK1 inhibitor, SK1-I (Supp. Figure 2). A broader
analysis of Bcl-2 and BH3-only proteins in response to MP-AOS8 prior to apoptosis induction (6 h) 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 family proteins nor TP53 (Figure 1d,e; Supp
Figure 3a,b). Doxycycline-inducible shRNA knockdown of Noxa partially reversed the degradation of
Mcl-1 and rescued the effects of MP-AO08 on cell viability (Figure 1f; Supp 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 implicates Noxa as an important

determinant of the apoptotic effects of SPHK1 inhibition in AML cells.

SPHKZ1 inhibition induces ATF4-dependent Noxa transcription

Tumour suppressor TP53 has been previously shown to directly induce Noxa transcription in response
to chemotherapeutics.'® Unlike daunorubicin and cytarabine, MP-A08 treatment of multiple AML cell
lines was associated with a lack of increased TP53 expression, suggesting that the increase in Noxa is
independent of TP53 (Figure 2a; Supp Figure 4). Previous work investigating the mechanism of MP-
A08-induced AML cell death using Ingenuity Pathways Analysis (IPA) of RNA-Seq data revealed
enrichment of genes associated with the unfolded protein response (UPR)."> In response to cellular
stresses that cause misfolded proteins to accumulate within the endoplasmic reticulum (ER), cells
activate the three UPR transmembrane proteins, ATF6 (activating transcription factor-6), IREI
(inositol-requiring kinase 1) and protein kinase R-like ER kinase (PERK) to re-establish proteostasis
(Figure 2b). Further examination of this RNA-Seq data revealed that MP-A08 treatment of MV411
cells induced almost exclusively activation of the PERK arm of the UPR, typified by upregulation of
ATF4 and downstream effectors, including CHOP (Supp. Figure 5a).'> Direct protein analysis of this
pathway demonstrated that MP-AO8 induced clear activation/phosphorylation of elF2a, a central

7
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component of the pathway, and induction of ATF4 in AML cell lines (Figure 2c; Supp Figure 5b).
Similar effects were also observed with CRISPR/Cas9-mediated knockout of SPHK1 (Figure 2d;
Supp. Figure 5c). Intriguingly, consistent with the RNA-Seq data, no changes in XBP1 splicing were
observed in response to MP-A08 treatment (Supp. Figure 5d), further demonstrating that the effects
induced by SPHK1 inhibition are limited to the PERK arm of the UPR. Notably, prolonged activation
of the PERK pathway can culminate in upregulation of BH3-only proteins, Noxa and Bim through the
transcription factors ATF4 and CHOP, respectively.'™”® To confirm that ATF4 was necessary to
mediate Noxa transcription in response to MP-A08, we utilised the elF2b agonist, ISRIB to render
cells insensitive to elF2a phosphorylation and block ATF4 production®’ which nullified Noxa
transcription observed with MP-AO08 treatment (Figure 2e; Supp Figure 1). An ATF4 shRNA
recapitulated the effects of ISRIB (Figure 2f; Supp Figure 6). Chromatin immuno-precipitation (ChIP)
analysis of the Noxa promoter confirmed the involvement of ATF4 in Noxa transcription with
significant enrichment of ATF4 following MP-AO0S treatment (Figure 2g). Like observed in AML cell
lines, MP-AO08 treatment resulted in dose-dependent increases in elF2a phosphorylation, Noxa

expression and ATF4 expression in a series of primary AML patient blasts (Figure 2h).

Ceramide accumulation activates an apoptotic integrated stress response

Ceramides have been shown to evoke UPR activation and contribute 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.”?® 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-AO08. Indeed, mass spectrometric lipidomic analysis of MV411 cells treated with MP-A08 for 6
h revealed a broad increase in the cellular levels of various ceramides and dihydroceramides, as well
as sphingosine and dihydrosphingosine (Figure 3a-c). Similar MP-A0S8-induced increases in
ceramides, but not dihydroceramides, were also observed in MOLM13 and OCI-AML3 cells, with an

apparent bias towards increases in long chain ceramides over very long chain ceramides (Supp Figure

8
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7). In MV411 cells increases in ceramides and dihydroceramides were observed as early as 2 h (Supp.
Figure 8), in alignment with the upregulation of ATF4 and Noxa observed at this time point after
SPHKT inhibition by MP-A08 (Figure 2c). Consistent with a role for ceramides/dihydroceramides in
these effects, use of PF-543, a potent SPHK1 inhibitor that blocks S1P generation but inexplicably
does not increase ceramide levels,”’ did not induce elF2a phosphorylation, nor increase ATF4 and
Noxa levels, nor 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
effective cell death of AML cell lines (Figure 3e; Supp Figure 9). Together, this data suggests 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-
AO08 (Supp. Figure 10). To more directly examine the effects of ceramide we added exogenous C2- or
C6-ceramide to MV411 cells which, unlike the respective dihydroceramides, 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).

Since 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/Cas9 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-A08-induced ATF4 and Noxa accumulation (Figure 3g,h,i) suggesting this may

be driven by an alternative mechanism leading to activation/phosphorylation of elF2a.

Ceramides drive an integrated stress response via direct activation of PKR

In addition to PERK, elF2a can be phosphorylated by three other protein kinases that are activated
under varying stress conditions as part of the ISR. These kinases, PKR, GCN2 (general control non-
derepressible 2) and HRI (heme-regulated inhibitor) can all phosphorylate elF2a to increase
translation of the master ISR transcription factor, ATF4* (Figure 4a). Pharmacological interrogation
of the role of these kinases in ATF4 and Noxa induction revealed a clear role for PKR with two
different PKR inhibitors C16°° and 2-aminopurine (2-AP),”' both blocking the effects of MP-A08

9
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(Figure 4b,c). In contrast, inhibition of GCN2 (with A-92) or PERK (with AMG-44) had little to no
effect (Figure 4b). Similar effects were observed in all five 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; Supp Figure 11), or CRISPR/Cas9 knockout
of PKR in MV411 cells (Figure 4e). Collectively, this indicates a critical role for PKR in sensing
SPHK 1-inhibitor-induced ceramide accumulation, culminating 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 function of various proteins,’*>’
suggested the potential for PKR to be directly activated by ceramide. To examine this we assessed the
effect of ceramide on the activity of isolated PKR in vitro. Strikingly, 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
employed ceramide conjugated agarose beads to probe cell lysates for PKR. The data (Figure 4g)

demonstrates a clear pull-down of PKR with ceramide beads compared to control beads, indicative of

an interaction of PKR with ceramide.

SPHK1 inhibition synergises 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.'>**** Thus,
we next investigated the therapeutic potential for modulating sphingolipid signaling to impact Bcl-2
antagonism. Anti-AML synergy of MP-A08 and venetoclax could be observed as early as two hours
(Figure 5a) and coupled with enhanced association of Noxa with Mcl-1 (Supp. 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-A08 and
venetoclax, but Bax’/Bak™ cells were completely resistant (Figure 5b), verifying mitochondrial
mediated apoptosis via the necessity of executioner proteins, Bax and Bak.
Combining MP-A08 with sub-cytotoxic doses of venetoclax strongly enhanced cell death in
venetoclax-sensitive MV411, HL-60 and MOLMI13 cell lines (Figure S5c-f), as well as in the

10
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venetoclax-resistant OCI-AML3 cell line (Figure 5g). Statistical analysis using the Chou-Talalay
method* confirmed combinational treatment induced synergistic cell death (synergy = combination
index (CI) <1). Treatment of MV411 cells with another SPHK1 inhibitor, SK1-I, recapitulated the
effects observed with MP-AQS8, causing synergistic loss of cell viability with venetoclax treatment
(Supp. Figure 12c). Synergy between SPHKI1 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-A08 and venetoclax treatment exhibited little
effect in UT7 cells (Figure 51). This lack of response to either drug, however, may be explained either
by the strong expression of Bcl-X; (Supp. Figure 12d)* or by the lack of Mcl-1 degradation in
response to MP-A08 (Figure 5j). Combined treatment was associated with synergistic activation of

caspase 3 and loss of Mcl-1 across several AML cell lines (Figure 5k,1, Supp. Figure 12¢).

MP-A08 and venetoclax treatment exhibits anti-leukemic activity in primary AML cellsin vitro and
in vivo

MP-AO08 treatment of primary AML samples induced changes in levels of Mcl-1, Noxa and Bid
(Figure 6a). Combining both MP-A08 and venetoclax also resulted in synergistically enhanced cell
death of primary AML blasts (Figure 6b-c) and chemo-refractory and relapse driving iLSCs (Figure
6d) even when co-cultured with human bone marrow derived mesenchymal stem cells (MSC) (Figure
6e; Supp. Figure 13a). This suggests this dual targeting approach is sufficient to induce cell death
across different AML subtypes even in the presence of extrinsic factor support from MSCs. Further
analysis also showed that combining MP-A08 and venetoclax reduced colony forming units in
primary AML patient cells (Supp Figure 13b). Notably, however, even high concentrations of MP-
A08 and venetoclax had minimal effects on CD34+ hematopoietic stem/progenitor cells isolated from
healthy volunteers (Figure 6f; Supp Figure 13c).

We next assessed the efficacy of MP-A08 and venetoclax in vivo using primary AML patient
xenografts in NSG mice. Immunohistochemical staining for human leukemic cells in the sternum
confirmed systemic orthotopic engraftment in two separate sets of primary AML patient xenografts
(Figure 6g). Mice with established disease were treated daily with MP-A08 (100mg/kg), venetoclax
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(75mg/kg) or the combination for two 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-A08 and venetoclax daily for two weeks in control C57Bl/6 mice showed no
obvious toxicity, with no deleterious effects on body weight, major bone marrow lineages or blood
cell counts (Supp Figure 14).

Since 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 resensitised to venetoclax*®. In addition to the TP53™" cohort identified in the phase II studies of
venetoclax with cytarabine or hypomethylating agents®*’ we identified patients with KRAS, PTPN11
and SF3B1 mutations as resistant to venetoclax treatment (Figure 6j), consistent with previous
findings*’. Combined MP-A08 and venetoclax treatment exhibited synergistic anti-AML activity in
diagnostic patient samples containing either PTPN11 or TP53 mutations (Supp. Table 1, Figure 6k-1)
with little effect in patient cells containing a KRAS mutation (Figure 6m). Although only from single
patients with each mutation, collectively, this data begins to provide pre-clinical evidence for
combination therapy with SPHKI1 inhibitors to augment the efficacy of venetoclax in a variety of

AML subtypes.

Discussion

The success of the Bcl-2 inhibitor venetoclax in CLL has revolutionised the therapeutic landscape.
Yet, in AML which relies on Mcl-1 for survival,’ the modest single agent activity of venetoclax has
fuelled the search for new therapies that can be combined with this drug.* In this study, we found that
enhancing ceramide accumulation, through targeting SPHK 1, may be such an approach with ceramide
directly activating PKR, inducing ATF4-mediated transcriptional upregulation of Noxa, a known
inducer of Mcl-1 degradation, and acts synergistically 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
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also reduced disease engraftment in orthotopic AML patient xenograft models, providing pre-clinical
evidence of the targeting of SPHK 1 and Bcl-2 as a valid combinational therapy approach in AML.
The Beat AML master trial is a multi-centre clinical trial integrating genomics data with in
vitro responses to both clinical and pre-clinical agents.** Using this data, we identified patients with a
number of mutations including those in KRAS PTPN11 and SF3B1 to confer venetoclax resistance in
addition to the TP53™" cohort observed in a phase II study examining cytarabine and venetoclax.’®
Excitingly, SPHK1 inhibition combined with venetoclax was effective in patient samples containing
PTPN11 or TP53 mutations (Figure 5j,k). The absence of any effect observed in a KRAS mutant 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 KRAS mutant AML patients is
clearly required to confirm if 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/SPHKI
inhibition, as demonstrated by data from HL-60 and OCI-AML3 cell lines (Figure 5e,g) and patient
sample AMLI11 (Figure 6i). Collectively this suggests that SPHK1 inhibition may be an effective
combination therapy approach with venetoclax in cases that are venetoclax insensitive. Since SPHK 1
inhibition increases Noxa in a manner independent of TP53, its combination with drugs like

cytarabine that are ineffective in cohorts such as TP53™"!

patients, may also be warranted.
Approaches to enhance cellular ceramide as a potential anti-AML therapy have been
investigated over the last two decades,'’ including with inhibitors of SPHKI1'*"** and acid

1,52 . . . . ) .
2 and more recently with direct nanoliposomal ceramide formulations.”>* The

ceramidase,
mechanisms whereby ceramide elicits its anti-AML effects, however, have not been clear. In this
study we showed that accumulation of ceramides through SPHK1 inhibition 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 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

13

220z ludy 9z uo 3sanb Aq ypd°2/2€101 202 POOIa/FE0EB8L/LLZE 01202 POOIA/Z8L L 0L/10P/Pd-8ole/poo|q/Bi0°suonealigndyse//:dyy woy papeojumod



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

dictating cell survival. This builds on previous studies suggesting ceramide may act both prior to
apoptosis through Bcl-2 dephosphorylation®® and Bad activation,”’ as well as during apoptosis through
the formation of ceramide-induced channels in the mitochondrial outer membrane to facilitate release
of cytochrome ¢ and other pro-apoptotic mediators.™

Notably, an oncogenic role for PKR in AML has been previously reported, with high PKR
expression in AML associated with poor patient prognosis. This appears to be due to the suppressive
effects of PKR on the DNA damage response (DDR), an important feature of efficacy to
chemotherapeutics such as cytarabine and daunorubicin.”® Thus, these observations, combined with
the findings of the current study that show that the anti-AML effects of SPHK 1 inhibition appear to be
independent of TP53 and DDR activation and dependent on PKR activation, make it tempting to
speculate that high PKR expressing patients may respond better to SPHKI1 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), supporting 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 could potentially be
involved, including oxidative stress and autophagy, as well as other target genes downstream of ATF4
and one of its effectors, CHOP (Supp Table 2). This warrants further investigation.

Recent work has revealed an importance for ATF4, the master regulator of the ISR, in
leukemic survival.®*®" In particular, ATF4 has been shown to promote cell survival in FLT3-ITD"
AML by enhancing autophagy.®® Others have shown that primitive leukemic stem cells (LSCs) exhibit
higher basal ISR activity and ATF4 levels than leukemic progenitors/blasts and this 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.**** How LSCs control the dichotomous signaling
of ATF4 to favour survival signaling and how ceramide disrupts this requires further investigation. As
ATF4 is regulated by phosphorylation,** we cannot discount the premise that ceramide, a known

activator of protein phosphatases, including PP2A,°° may also modulate ATF4 at the post-translational
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level. Indeed, a recent study demonstrated that PP2A activation caused upregulation of ATF4 and
Noxa, strengthening the potential link between ceramide and the ISR.®® Furthermore, ceramides
induce loss of oxidative phosphorylation, a metabolic vulnerability of quiescent LSPCs.%”%
Collectively this suggests that ceramide inducing agents together with venetoclax may represent a

LSC specific therapy by activating the ISR, reducing the likelihood of relapse and chemotherapy

resistant disease (Figure 7).
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Figure Legends
Figure 1: BH3 only proteins Noxa and Bim are essential for MP-AQ08 induced cell death

A) Mcl-1 immunoprecipitation of MV411 cells treated with MP-AO8 for 6 h and subjected to
immunoblot analysis with the indicated antibodies. B) Quantitative PCR analysis of MV411 cells
treated with MP-A08 (20uM) over 6 h. C) Immunoblot analysis of MV411 cells treated with MP-A08
in the presence of cycloheximide for 6 h. D) MV411 or E) OCI-AML3 were treated with increasing
concentrations of MP-AO0S8 for 6 h and subject to immunoblot analysis with the indicated antibodies.
MV411 cells were lentivirally transduced with shRNAs targeting F) Noxa, G) Bim or H) Bid, treated
with doxycycline for 48 h and MP-A08 (15uM) for either 6 h for immunoblot analysis or 24 h for cell
viability using Annexin V staining. All qualitative data is representative of at least three independent
experiments, and all quantitative data shown represents mean +=SEM from three independent
experiments Statistical significance was assessed by Student’s t test.*** p<0.0001, ** p<0.005, *

p<0.05.

Figure 2: MP-A08 induces ATF4 dependent Noxa transcription

A) MV411 cells were treated with MP-A08 (20puM), daunorubicin (DNR) (1uM) or cytarabine (Ara-
C) (1uM) for 6 h, lysed and subject to immunoblot analysis with indicated antibodies. B) Schematic
of the unfolded protein response. C) MV411 cells were treated with MP-A08 (20uM) over a 6 h
period, lysed and subject to immunoblot analysis with the indicated antibodies. D) MV411 cells were
stably transduced with a two different CRISPR guide sequences targeting SPHK1 (gl and g2) and
lysed and subject to immunoblot analysis with indicated antibodies. SPHK1 knockout efficiency was
confirmed via SPHK1 activity assays of lysates from these cells using assay conditions largely
selective for SPHK1 over SPHK2 (Supp. Figure 5¢). E) MV411 cells were treated with MP-A08
(20uM) alone or in combination with elF2b agonist, ISRIB (200nM) over 6 h for quantitative PCR
analysis of Noxa mRNA levels and immunoblot analysis with the indicated antibodies. Statistical

significance was assessed by Student’s t test. * p< 0.05 (n=3). F) MV411 cells were stably transduced
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with a doxycycline inducible shRNA targeting ATF4. Cells were treated with 1pug/ml doxycycline for
48 h and MP-A08 (20uM) for 6 h prior to cell lysis for immunoblot analysis. ns denotes non-specific
band. G) Chromatin immunoprecipitation analysis of the Noxa promoter in response to MP-A08
treatment (20uM) of MV411 cells for 6 h. Statistical significance was assessed by Student’s t test. *
p<0.05 (n=4). H) Primary AML samples were treated with increasing concentrations of MP-A08 and
subject to immunoblot analysis with the indicated antibodies. All qualitative data is representative of
at least three independent experiments, and all quantitative data shown represents mean £SEM from at

least three independent experiments.

Figure 3: Ceramides drive a PERK-independent | SR

A-C) MV411 cells were treated with vehicle control (0.1% DMSO; black bars) or 20uM MP-A08
(red bars) for 6 h and analysed by LC-MS. A) Quantitation of individual ceramide (Cer) and
dihydroceramide (dhCer) species. B) Quantitation of sphingosine (Sph) and dihydrosphingosine
(dhSph) species. C) Quantitation of sphingosine 1-phosphate (S1P) and dihydrosphingosine 1-
phosphate (dhS1P). All data are presented as pmol per million cells, mean =SD from four independent
experiments. Statistical significance was assessed by Student’s t test. (* p<0.05, ** p<0.01, *** p<
0.001). D) MV411 cells were treated with MP-A08 (20uM), PF-543 (1uM) and SK1-I (10uM) for 6
h, lysed and subject to immunoblot analysis. E) MV411 cells were treated with Ceranib-2 for 16 h and
assessed for cell viability by Annexin V/propidium iodide staining. Data represents mean =SD from
two independent experiments. MV411 cells were treated with Ceranib-2 (10uM) for 6 h and subject to
immunoblot analysis with the indicated antibodies. F) MV411 cells were treated with MP-A08
(20uM) C2-Ceramide (10uM), C6-Ceramide (10uM), C2-dhCeramide (10uM), C6-dhCeramide
(10uM) (all introduced from 2.5mM stock solutions in DMSQO), Bortezomib (10nM) for 6 h, lysed
and subject to immunoblot analysis with the indicated antibodies. G) HAP1 wild type and PERK™
cells were treated with MP-A08 (20uM) for 6 h, lysed and subject to immunoblot analysis with the
indicated antibodies. H,I) MV411 cells were stably transduced with a doxycycline inducible shRNA

targeting PERK . Cells were treated with 1pg/ml doxycycline for 48 h and MP-A08 (20uM) for 6 h
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prior to (H) quantitative PCR analysis of PERK mRNA levels and (I) immunoblot analysis with the
indicated antibodies. Data shown represents mean +SEM from three independent experiments.

Statistical significance was assessed by Student’s t test. ** p<0.01.

Figure 4: Ceramides drive a PKR-dependent integrated stress response

A) Schematic of the integrated stress response (ISR). B,C) MV411 cells, OCI-AML3 cells, MOLM13
cells, HL-60 cells and THP-1 cells were treated with MP-A08 alone (20 uM) or in combination with
GCN?2 inhibitor A-92 (5uM), PKR inhibitors C16 (5uM) or 2-AP (0.1-10mM) or PERK inhibitor
AMG-44 (5uM) for 6 h prior to immunoblot analysis with indicated antibodies. D) MV411 cells were
treated with MP-A08 (10uM), and 2-AP (5mM) for 16 h and assessed for cell viability by Annexin
V/propidium iodide staining. Data shown represents mean = SEM from three independent
experiments. Statistical significance was assessed by Student’s t test. E) WT or PKR knockout
MVA411 cells were treated with MP-A08 (15uM) for 16 h and assessed for cell viability by Annexin
V/ propidium iodide staining. Data shown represents mean + SEM from four independent
experiments. Statistical significance was assessed by Student’s t test. Immunoblot analysis of WT or
PKR knockout MV411 cells with the indicated antibodies. F) PKR-HA was immunoprecipitated from
transiently transfected HEK 293T cells, incubated with exogenous C6-ceramide (10uM) for 30 mins
and subjected to a PKR activity assay, using auto-phosphorylation as the read-out. Data shown
represents mean £ SEM from four 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 SDS-PAGE and the associated PKR detected

by immunoblotting with anti-HA antibodies using an Odyssey imaging system.

Figure 5: MP-A08 and venetoclax induces potent synergistic activity in AML cell lines

A) MV411 cells were treated with 20uM MP-AO08 (black bars), 10nM venetoclax (red bars) alone or
in combination (white bars) for up to 6 h. Cell viability was analysed every 2 h by Annexin

V/propidium iodide staining. Data is representative of mean £SEM (n=4). Statistical significance was
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assessed by Student’s t test. (**** p < 0.0001). Drug synergy was assessed using the Chou-Talay
combination Index (CI) method whereby CI values less than 1 are classified as synergy. B) FDM wild
type and Bax/Bak” cells treated with MP-A08 (20uM) and/or venetoclax (10nM). Data is
representative of mean £SEM (n=4). Statistical significance was assessed by Student’s t test. (**** p
< 0.0001). C,D) MV411, E) HL-60 F) MOLM13 G) OCI-AML3. H) MV411 cells were stably
transduced with a doxycycline inducible shRNA targeting Bcl-2 and treated with doxycycline
(1pg/ml) for 48 h and MP-A08 (10uM) for 24 h. Cell viability was assessed by Annexin V staining.
All data represents mean +SEM from three independent experiments. Statistical significance was
assessed by Student’s t test. *** p<0.0001. I) UT-7 cells were treated with MP-A08 and venetoclax
for 24 h and assessed for cell viability by Annexin V/propidium iodide staining. Drug synergy was
assessed using the Chou-Talay combination Index (CI) method whereby CI values less than 1 are
classified as synergy. J) UT-7 were treated with increasing concentrations of MP-A08 for 6 h and
subject to immunoblot analysis. K) MV411 and L) OCI-AML3 cells were treated with MP-AOS,
venetoclax or in combination for 6 h and subject to immunoblot analysis with the indicated
antibodies. All qualitative data is representative of at least three independent experiments, and all

quantitative data shown represents mean +SEM from at least three independent experiments.

Figure 6: MP-A08 and venetoclax treatment exhibits anti-leukemic activity in primary AML

samples

A) Primary AML cells were treated with increasing concentrations of MP-AO8 for 6 h, lysed and
subject to immunoblot analysis with indicated antibodies. B,C) Primary AML samples were treated
with MP-A08 and venetoclax for 6 h and assessed for cell viability by Annexin V staining. Data is
displayed as duplicate technical replicates mean + range Statistical significance was assessed by
Student’s t test. (* p < 0.05, *** p < 0.0005). Synergy was determined by the CI method. D) FACS
purified iLSCs were seeded alone or E) on a MSC co-culture layer, treated with MP-A08 and

venetoclax for 24 h and assessed for cell viability by Annexin V staining. Data is displayed as
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duplicate technical replicates mean + range. Statistical significance was assessed by Student’s t test.
(* p < 0.05). Synergy was determined by the Webb fractional product (FP) method. F) Normal bone
marrow derived CD34" cells were treated with MP-A08 and venetoclax for 6 h and assessed for cell
viability by Annexin V staining. Data is displayed as duplicate technical replicates mean =+ range. G)
Representative immunohistochemistry staining using human specific mitochondrial antibody
(MTCO02) of a NSG mouse sternum engrafted with primary AML cells. Scale bar equals 100uM. H,I)
NSG mice were engrafted with primary AML blasts, and bled weekly to confirm disease engraftment
(>1% hCD45" in peripheral blood). Mice were administered with either vehicle, MP-A08 (i.p. 100
mg/kg), venetoclax (p.o. 75mg/kg) or both daily for two 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’s t test. J) Mutational analysis of AML patient samples treated with venetoclax from the Beat
AML Project.*® Average area-under-the curve (AUC) is a measure of drug sensitivity (higher the
AUC = more resistant) derived from an ex vivo drug sensitivity assays. Statistical significance was
assessed by Student’s t test with Welch’s correction . (** p<0.01, *** p <0.0001). K) Primary AML
samples identified by whole exome sequencing containing PTPN11, L) TP53 or M) K-Ras mutations
were treated with MP-A08 and venetoclax for 6 h and assessed for cell viability by Annexin V
staining. Data is displayed as duplicate technical replicates, mean + range. Statistical significance was

assessed by Student’s t test. (** p<0.01).

Figure 7: Ceramidesinduce | SR activation and sensitises cellsto Bcl-2 inhibition

The accumulation of pro-apoptotic sphingolipids such as ceramide in response to SPHK inhibition is
sensed by 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.
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Figure 1: BH3 only proteins Bim and Noxa are essential for MP-A08 induced cell death.
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Figure 2: MP-A08 induces ATF4 dependent Noxa transcription
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Figure 3: Ceramides drive a PERK-independent ISR
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Figure 4: Ceramides drive a PKR-dependant integrated stress response (ISR)
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Figure 5: MP-A08 and venetoclax induces potent synergistic activity in AML cell lines
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Figure 6: MP-A08 & Venetoclax treatment exhibits anti-leukemic activity in primary AML samples
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Figure 7: Ceramides induce ISR activation and sensitises cells to Bcl-2 inhibitio
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