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MYELOID NEOPLASIA

Targeting FLT3-ITD signaling mediates ceramide-dependent mitophagy
and attenuates drug resistance in AML
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Signaling pathways regulated by mutant Fms-like tyrosine kinase 3 (FLT3)-internal
tandem duplication (ITD), which mediate resistance to acute myeloid leukemia (AML)
e FLT3-ITD mutations suppress | cell death, are poorly understood. Here, we reveal that pro-cell death lipid ceramide
ceramide generation, and generation is suppressed by FLT3-ITD signaling. Molecular or pharmacologic inhibition
FLT3-ITD inhibition mediates | of FLT3-ITDreactivated ceramide synthesis, selectively inducing mitophagy and AML cell
ceramide-dependent death. Mechanistically, FLT3-ITD targeting induced ceramide accumulation on the outer
mitophagy, Ieading to AML mitochondrial membrane, which then directly bound autophagy-inducing light chain 3
cell death. (LC3), involving its 135 and F52 residues, to recruit autophagosomes for execution of
o e 6f ritesnaneliE lethal mitophagy. Short hairpin RNA (shRNA)-mediated knockdown of LC3 prevented
X AML cell death in response to FLT3-ITD inhibition by crenolanib, which was restored by
Cetramlde prevent.s . wild-type (WT)-LC3, but not mutants of LC3 with altered ceramide binding (I35A-LC3
mitophagy, resulting in or F52A-LC3). Mitochondrial ceramide accumulation and lethal mitophagy induction
resistance to FLT3-ITD in response to FLT3-ITD targeting was mediated by dynamin-related protein 1 (Drp1)
inhibition which is attenuated | activation via inhibition of protein kinase A—regulated S637 phosphorylation, resulting in
by LCL-461. mitochondrial fission. Inhibition of Drp1 prevented ceramide-dependent lethal mitoph-
agy, and reconstitution of WT-Drp1 or phospho-null S637A-Drp1 but not its inactive
phospho-mimic mutant (S637D-Drp1), restored mitochondrial fission and mitophagy in response to crenolanib in FLT3-ITD* AML
cells expressing stable shRNA against endogenous Drp1. Moreover, activating FLT3-ITD signaling in crenolanib-resistant AML cells
suppressed ceramide-dependent mitophagy and prevented cell death. FLT3-ITD* AML drug resistance is attenuated by LCL-461, a
mitochondria-targeted ceramide analog drug, in vivo, which also induced lethal mitophagy in human AML blasts with clinically
relevant FLT3 mutations. Thus, these data reveal a novel mechanism which regulates AML cell death by ceramide-dependent
mitophagy in response to FLT3-ITD targeting. (Blood. 2016;128(15):1944-1958)

Introduction

Acute myeloid leukemia (AML) has poor prognosis’ with a 5-year
survival rate of only 20%. Activating mutations in Fms-like tyrosine
kinase 3 (FLT3) are present in one-third of adult AML patients.>
FLT3 is a membrane-bound receptor tyrosine kinase,® which activates
mitogenic downstream signaling pathways such as Ras/MAPK,
JAK/phosphorylated Stat 5 (p-Stat5), and phosphatidylinositol
3-kinase—Akt.*> The most common activating FLT3 mutation is an
internal tandem duplication (ITD) in the juxtamembrane domain
(FLT3-ITD).%” FLT3-ITD inhibitors, such as sorafenib, AC220, and
crenolanib, showed efficacy for therapy in preclinical models of
AML.*'® However, clinical trials using FLT3-ITD inhibitors have
shown limited success because of the development of drug resistance. !
Thus, determining novel mechanisms that control cell death in response
to FLT3-ITD inhibitors in AML for the development of mechanism-
based therapeutic strategies to overcome drug resistance is important.

Mitophagy is a cellular process for the degradation of mitochondria by
the autophagic machinery.'>'* The conjugation of light-chain 3 (LC3) to
phosphatidylethanolamine (LC3-PE or LC3-II) promotes the formation
of double-membrane autophagosomes, which engulf/digest mitochon-
dria using lysosomal enzymes. One of the key regulators of mitophagy is
dynamin-related protein 1 (Drpl), which induces mitochondrial
fission.">!'® Upon its activation, Drp1, a cytosolic GTPase, translocates
to mitochondria where it forms dimers/oligomers,'®!” inducing mito-
chondrial fission. Drpl is activated by calcineurin-dependent dephos-
phorylation or inactivated by protein kinase A (PKA)-dependent
phosphorylation at $637.''® Drp1 can also be activated by cyclin
B1-CDK-dependent phosphorylation at S616.'® Even though recent
studies suggest that targeting cancer cell mitochondria is a promising
therapeutic strategy, the role of mitophagy-mediated cell death in the
response of AML to FLT3-targeted therapy is still unknown.
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Ceramide is a bioactive sphingolipid that is generated in response to
various chemotherapeutic agents including tyrosine kinase inhibitors."
Ceramide is synthesized de novo by the action of ceramide synthases 1-6
(CerS1-6), which selectively generate ceramides with various fatty acid
chain lengths.”® For example, CerS1 generates C,g-ceramide, whereas
CerS6 generates mainly C,¢-ceramide.?"?2 CerS1-generated Cg-
ceramide induces cancer cell death and is emerging as a tumor suppressor
lipid.?**** Ceramide plays a key role in the regulation of autophagy.>®%°
However, any mechanistic link between FLT3 signaling and
ceramide metabolism for the regulation of mitophagy-dependent cell
death (lethal mitophagy) has not been described previously. Thus, we
set out studies to determine the roles and mechanisms by which
FLT3-ITD signaling regulates ceramide metabolism and cell death
via modulating ceramide-dependent mitophagy in AML.

Methods and materials

Cell lines and culture conditions

MV4-11 (ATCC), Molm-14 (P.B.), TF-1 (ATCC), and Ba/f3 (M.A.) AML cell
lines were cultured in RPMI-1640 medium (ATCC) with 10% fetal bovine
serum (Atlanta Biologics), 1% penicillin and streptomycin, and prophylactic
antimycoplasma reagent. The media for TF-1 was supplemented with interleukin-
3. Primary patient CD34 " AML blasts or normal human bone marrow cells were
cultured in RPMI-1640 with 20% fetal bovine serum, 1% penicillin and
streptomycin, and 1% gentamycin. All cells were cultured at 37°C with 5% CO,.

Ultrastructure analysis using transmission electron microscopy

AML cells were fixed in 2% glutaraldehyde (wt/vol) in 0.1 M cacodylate
following removal of culture medium. After postfixation in 2% (vol/vol) osmium
tetroxide, specimens were embedded in Epon 812, and sections were cut
orthogonally to the cell monolayer with a diamond knife. Thin sections were
visualized in a JEOL 1010 transmission electron microscope.

Cell fractionation

Cells were sheared using a 25-G needle. After centrifuging to obtain the nuclear
fraction, samples were centrifuged at 10 000g to pellet down the mitochondrial
fraction. Western blotting was used to detect the purity of the fractions with
Tom?20 as a mitochondrial marker and actin as a cytosolic marker.

Synthesis of LCL-461

(2S, 3R, 4E)-2-N-octadecanoyl-14-(1’-pyridinium)-sphingosine bromide,
(D-e-C18-Ceramide-14'-pyridinium bromide), was synthesized by Lip-
idomics Shared Resource, Synthetic Unit, Medical University of South
Carolina (MUSC), as described.>%3!

High-performance liquid chromatography—-mass
spectrometry/mass spectrometry analysis of sphingolipids

Lipid extractions and analyses were performed by Lipidomics Shared Resource,
Analytical Unit, MUSC. Briefly, cells were lysed with radioimmunoprecipitation
assay buffer. Further preparation of samples and advanced analyses of en-
dogenous bioactive sphingolipids were performed on the ThermoFisher TSQ
Quantum liquid chromatography/triple-stage quadrupole mass spectrometer
system, operating in a multiple reaction monitoring positive ionization mode, as
previously described.* Lipid levels were normalized to the level of protein
present in samples (picomoles per milligram of protein).

Purification of autophagosomes

The plasma membrane was disrupted mechanically using a 20-G syringe in a
detergent-free buffer. After pelleting down the nucleus and nonlysed cells, the
remaining organelles were incubated with agarose beads and LC3B antibody
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recognizing the N terminus of LC3B. Agar beads were washed several times and
then resuspended in sodium dodecyl sulfate loading buffer for western blot analysis.

NSG AML mouse model

Animal experiments were approved by the Institutional Animal Care and Use
Committee at MUSC. Male NSG mice (NOD.Cg-PrkdcScidl12rgtm1Wj1/Sz]),
at the age of 8 to 12 weeks, weighing 18 to 22 g, were purchased from The
Jackson Laboratory. The mice were injected with 5 X 10° MV4-11 cells via the
lateral tail vein. Mice harboring AML xenografts received intraperitoneal
injections of either vehicle (5% dimethyl sulfoxide), 15 mg/kg crenolanib, or
15 mg/kg LCL-461. At the end of the experiments, liver, spleen, and bone
marrow were harvested.

Fluorescence-activated cell sorting

Harvested bone marrow was incubated with ACK buffer to lyse red blood cells.
This was followed by incubation of the cells with phycoerythrin-human CD45
(hCD45) antibody for 30 minutes. The cells were resuspended in flow buffer with
DNase and EDTA and transferred to flow tubes. A FACSAria ITu cell sorter was
used to sort hCD45™ cells from the rest of the bone marrow cells.

Statistical analysis

Data were reported as mean = standard deviation or standard error as indicated.
The mean values were compared using the 2-sided Student 7 test or analysis of
variance (ANOVA) and P values of <.05 were considered significant.

Results
FLT3 activation suppresses CerS1/C,s-ceramide metabolism

To determine whether FLT3-ITD signaling regulates ceramide metab-
olism, we measured the levels of ceramides by mass spectrometry (MS)
in FLT3-ITD* vs FLT3~ AML samples obtained from patients. Data
revealed that FLT3" AML cells contain lower levels of Cis- Cig.1-,
Cs0:.1-, and Cjpy-ceramide compared with FLT3~ AML cells
(Figure 1A). In addition, CerS1 was lower in FLT3" AML cells
compared with FLT™ AML cells (P = .024), whereas CerS2, CerS4,
CerS5, or CerS6 messenger RNAs (mRNAs) were comparable
between the 2 groups of AML patients (Figure 1B). Thus, these data
suggest that a FLT3™ mutation status in human AML blasts is as-
sociated with a decreased level of CerS1-generated C,g-ceramide.

We then measured CerS1 and ceramide in FLT3-ITD™ MV4-11
and Molm-14 human AML cells. CerS1 mRNA, protein, and Cg-
ceramide were significantly decreased in MV4-11 and Molm-14 cells
compared with CD34" nonleukemic human hematopoietic cells and
FLT3™ TF-1 AML cells (supplemental Figure 1A-C, available on the
Blood Web site). Ectopic expression of FLT3-ITD in TF-1 cells
decreased CerS1 mRNA, protein, and C;g-ceramide compared with
vector-transfected controls (Figure 1C-E). However, overexpression
of FLT3-ITD had no detectable effect on CerS2-6 in TF-1 cells
(supplemental Figure 1D-E). Thus, these data suggest that activation of
FLT3-ITD signaling selectively downregulates the pro-cell death
CerS1/C,g-ceramide axis.

Inhibition of FLT3 reactivates pro-cell death
CerS1/C,g-ceramide generation

Next, we determined whether inhibition of FLT3 signaling results in
reactivating CerS1 and ceramide generation in MV4-11 and Molm-14
cells. Knocking down of FLT3-ITD using pooled siRNAs increased
CerS1 mRNA, protein, and Cg-ceramide, compared with scrambled
siRNA transfected control (Figure 1F-H). Similarly, pharmacological
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Figure 1. Reactivation of CerS1-C,s-ceramide axis is required for the response of AML cells to FLT3-targeted therapy. (A) MS high-performance liquid
chromatography (HPLC)-MS-MS analysis for the different ceramide species in FLT3" vs FLT3~ CD34% AML blasts obtained from bone marrow of AML patients.
(B) Quantitative polymerase chain reaction (QPCR) measurement of CerSs mRNA expression in FLT3" vs FLT3~ CD34" AML blasts obtained from bone marrow of
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inhibition of FLT3 using sorafenib, AC220, or crenolanib increased the
levels of CerS1 mRNA, protein, and C,g-ceramide levels compared
with vehicle-treated controls (Figure 11-K). Molecular or pharmaco-
logical inhibition of FLT3-ITD signaling had no effect on CerS2-6
(supplemental Figure 2A-F). Thus, these data suggest that targeting
FLT3-ITD selectively reactivates CerS1/Cg-ceramide synthesis.

We then assessed whether the reactivation of the CerS1/Cig-
ceramide axis is involved in the induction of cell death in response to
FLT3-ITD targeting in AML cells. Inhibition of CerS activity by
fumonisin B1 (FB-1) prevented the generation of Cg-ceramide and cell
death by FLT3 inhibitors (supplemental Figure 3A-B). Moreover,
siRNA-mediated knockdown of CerS1, but not CerS4 or CerS6,
resulted in resistance to cell death in response to FLT3-ITD inhibition
by sorafenib or crenolanib (supplemental Figure 3C-G). Similarly,
MV4-11 cells stably transfected with sh-CerS1 were protected from cell
death in response to FLT3 knockdown or FLT3-ITD inhibitors
crenolanib, sorafenib, or AC220 (supplemental Figures 1F and 3H-K).
Reconstitution of CerS1-wild type (WT), but not catalytically inactive
CerS1-H138A, resensitized sh-CerSl-expressing MV4-11 cells to
crenolanib (Figure 1L-N). Thus, these data suggest that reactivation of
CerS1/C g-ceramide generation plays a key role in the induction of cell
death in response to FLT3-ITD inhibition in AML cells.

Targeting FLT3-ITD mediates AML cell death by inducing
CerS1/C,g-ceramide—dependent mitophagy

To determine the mechanism of cell death in response to FLT3-ITD
inhibition, we measured the effects of FLT3-ITD inhibitors on
apoptosis, necroptosis, and autophagy in MV4-11 cells. Treatment with
FLT3-ITD inhibitors failed to induce poly(ADP-ribose) polymerase 1
cleavage or lactate dehydrogenase release, events that typically occur
during apoptosis and necrosis, respectively (supplemental Figure 4A-B).
In addition, pretreatment with zVAD, pan-caspase inhibitor, or
necrostatin-1, necroptosis inhibitor, had no effect on AML cell
viability in response to FLT3-ITD inhibitors (supplemental
Figure 4C-D). However, pretreatment with bafilomycin, inhibitor of
lysosomal flux and autophagy, protected AML cells from death by
FLT3-ITD inhibitors (Figure 2A).

We then examined whether inhibition of FLT3-ITD induces
ceramide-dependent autophagy. Targeting FLT3-ITD increased the
formation of Cyto-ID" autophagosomes, LC3 lipidation/activation,
and the formation of double-membrane autophagosomes positive
for LC3 as visualized by transmission electron microscopy (TEM)
using gold-labeled anti-LC3B antibody (Figure 2B-E; supplemental
Figure 4E-H). TEM showed that autophagosomes were interacting/
engulfing mitochondria, suggestive of mitophagy (Figure 2D). Indeed,
we detected an increase in the colocalization of LC3B (autophagosomal
marker) with Tom20 (mitochondrial marker) in response to FLT3-ITD
inhibition using immunofluorescence (Figure 2G). In addition, we de-
tected a decrease in mitochondrial matrix protein aconitase hydratase
2 (ACO?2), whereas no change was detected in the endoplasmic
reticulum luminal protein disulfide isomerase (PDI) in crenolanib-treated
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cells compared with controls (Figure 2H), supporting mitophagy
induction. We then purified LC3B " autophagosomes from cells treated
with vehicle or crenolanib using immunoprecipitation with anti-LC3B
antibody. Purification of autophagosomes was confirmed by detection
of LC3B and Atg5 proteins in fractions obtained from crenolanib-
treated cells compared with vehicle-treated controls. Autophagosome-
enriched fractions contained mitochondrial protein Tom20, but
not PDI (Figure 2F). We also detected increased immunogold
staining for mitochondrial markers Tom20 or COX-17 in autophago-
somal membranes by TEM in response to FLT3-ITD inhibition
(Figure 2I). These data support that targeting FLT3-ITD induces
mitophagy.

siRNA knockdown of autophagy proteins LC3B, Beclin-1, or
Atg5 protected AML cell death in response to crenolanib (supple-
mental Figure 41-K). In addition, overexpressing WT-LC3B, but
not inactive mutant LC3B-G120A, resensitized sh-LC3B cells to
crenolanib-induced cell death compared with vector-transfected con-
trols (Figure 2J-L). Moreover, short hairpin RNA (shRNA)-dependent
CerS1 knockdown or its inhibition by FB-1 prevented LC3 lipidation/
activation and protected the degradation of mitochondrial matrix
protein ACO2 in response to crenolanib (Figure 2M-N; supplemental
Figure 40). Thus, these data suggest that targeting FLT3-ITD induces
AML cell death via CerS1/Cg-ceramide—mediated mitophagy.

CerS1 and C,g-ceramide localize to mitochondria upon
inhibition of FLT3-ITD

Enrichment of cytosolic vs mitochondrial fractions obtained from
MV4-11 cells revealed that inhibition of FLT3-ITD by crenolanib
induced mitochondrial localization of the CerS1 enzyme
(Figure 3A). This was consistent with increased generation/
accumulation of C;g-ceramide in mitochondria-enriched subcellular
fractions in response to FLT3-ITD inhibition as measured using MS
(Figure 3B). We also detected increased colocalization between
ceramide and Tom?20 following crenolanib treatment, which was
prevented in sh-CerS1—transfected MV4-11 cells (Figure 3E). In
addition, TEM gold-immunolabeling images showed enriched local-
ization of CerS1 or ceramide in mitochondria interacting with
autophagosomes upon FLT3-ITD inhibition compared with vehicle-
treated controls (Figure 3C-D). Thus, these data suggest that inhibi-
tion of FLT3-ITD induces CerSl/ceramide localization in AML
mitochondria.

Mitochondrial ceramide binds LC3B to recruit autophagosomes
for the execution of lethal mitophagy

To address the mechanism by which mitochondrial ceramide
mediates lethal mitophagy in response to FLT3-ITD targeting,
we examined whether direct binding between C,g-ceramide and
LC3B is involved in this process. Ceramide binding to LC3B
involves 135 and F52 residues of LC3B.?° Indeed, confocal
microscopy revealed increased colocalization between ceramide
and LC3B in response to FLT3 inhibition (Figure 3F).

Figure 1 (continued) AML patients. (C) CerS1 mRNA in TF-1 cells transfected with FLT3-ITD overexpression vector. (D) Western blot for CerS1 protein in TF-1 cells
transfected with FLT3-ITD overexpression vector. (E) HPLC-MS-MS measurement of C4g-ceramide in TF-1 cells transfected with FLT3-ITD overexpression vector. (F) gPCR
measuring CerS1 mRNA in cells transfected with FLT3 small interfering RNA (siRNA). (G) gPCR measuring CerS1 mRNA in cells treated with FLT3 pharmacological
inhibitors. (H) Western blotting measuring CerS1 protein in cells transfected with FLT3 siRNA. (I) Western blotting measuring CerS1 protein in cells treated with FLT3
pharmacological inhibitors. (J) HPLC-MS-MS measuring C4g-ceramide in cells transfected with FLT3 siRNA. (K) HPLC-MS-MS measuring C;g-ceramide in cells treated with
FLT3 pharmacological inhibitors. (L) Western blot to detect CerS1 protein in sh-CerS1 cells reconstituted with CerS1 WT or CerS1-H138A catalytically inactive mutant. (M)
HPLC-MS-MS measurement of Cyg-cermide in crenolanib-treated cells transfected with CerS1 WT or CerS1-H138A catalytically inactive mutant. (N) Percentage of viability
measured using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide) assay for sh-scr, sh-CerS1, sh-CerS1+CerS1 WT, and sh-CerS1+CerS1 H1338A mutant,
treated with crenolanib. Values indicate mean + standard deviation (SD) of n = 3 independent experiments. *P value of <.05 using the 2-sided Student ¢ test.

20z aunr 80 uo 3sanb Aq Jpd v161/228S6€EL/T Y6 LIS L/8Z L/Pd-ajoe/po0|qAeU-sUOleDlgNdyse//:djly WOl papeojumog



1948  DANY et al BLOOD, 13 OCTOBER 2016 « VOLUME 128, NUMBER 15

120 { ® Drug Drug+Bafilomycin FLT3
Scr__siRNA

80 1 FLT3
60 LC3B-II

100 - : * I ; Vehicle  Crenolanib
20 Acti

Vehicle  Sorafenib  AC220 Crenolanib

% vaibility

FLT3 siRNA

Vehicle LC3B gold label Crenolanib IP: 19G LC3

frad

Crenolanib

Atg5 |
cleaved Atg5 |

LC3B-I>
LC3B-II-> ——

MV4-11

Molm-14

Figure 2. Inhibition of FLT3 induces mitophagy. (A) MV4-11 cells are pretreated with bafilomycin, inhibitor of autophagy, followed by treatment with 10 .M sorafenib,
10 pM AC220, or 5 uM crenolanib for 24 hours. Cell viability is measured using the MTT assay. (B) Western blot to detect LC3B-I (top band) and LC3B-II (bottom band) in
MV4-11 cells transfected with FLT3 siRNA. (C) Western blot measuring LC3B in cells treated with crenolanib FLT3 inhibitor. (D) MV4-11 cells were transfected with FLT3
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Figure 2. (Continued).

Reconstitution with LC3B-WT, but not LC3B mutants with reduced
ceramide binding (I35A or F52A), restored mitophagosome
formation and cell death in sh-LC3B cells in response to FLT3
inhibition compared with vector-transfected controls (Figure 3G-I).

Thus, these data suggest that the association between mitochondrial
C,s-ceramide and LC3B-Il is required for mitophagosome formation
for the execution of lethal mitophagy in response to FLT3-ITD
inhibition.

Figure 2 (continued) siRNA and visualized for morphology. White arrows indicate aut

ophagosomes. (E) MV4-11 or Molm-14 cells were treated with crenolanib and gold

labeled with LC3B. White arrows indicate LC3B immune-gold label in autophagosomal structures. (F) Disrupted cells were incubated with agarose beads and LC3B antibody

to pull down autophagosomes followed by western blotting for Atg5, LC3B, and Tom20

in purified autophagosomes. (G) Confocal microscopy for treated cells dual labeled

with LC3B antibody and Tom20 mitochondrial marker. (H) Western blotting measuring ACO2, Tom20, and PDI in crenolanib-treated cells. (I) Electron microscopy visualization

of autophagosomes in crenolanib-treated cells gold labeled with Tom20 or COX-

17. Squares or small black arrows indicate gold label. White arrow indicates

autophagosomes. (J) Western blot analysis for LC3B in sh-scr and sh-LC3B stable-transfected cells. (K) Percentage of viability measured using the MTT assay in sh-LC3B
cells treated with different doses of crenolanib for 24 hours. (L) Percentage of nonviable cells measured using MTT assay in sh-scr, sh-LC3B, sh-LC3B+WTLC3B, and
sh-LC3B+LC3BG120A. (M-N) Western blot to measure ACO2 and LC3B-II in crenolanib-treated sh-scr vs sh-CerS1 cells. *P value of <.05 using the 2-sided Student ¢ test.

All images are representative of at least 2 independent experiments.
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Figure 3. C,g-ceramide accumulates in mitochondria and binds to LC3B to recruit autophagosomes to mitochondria. (A) MV4-11 or Molm-14 cells are fractionated to
purify mitochondrial and cytosolic fractions followed by western blot to detect CerS1 in the purified fractions. Tom20 was used as a marker for mitochondrial fraction (M) and
actin was used as a marker for cytosolic fraction (C); (B) HPLC-MS-MS measurement of Cg-ceramide in mitochondrial and cytosolic fractions. (C) Electron microscopy (EM)
visualization of MV4-11 cells treated with crenolanib and gold labeled with CerS1 antibody. Black arrows indicate gold label in mitochondria and white arrows indicate
autophagosome. (D) EM visualization of MV4-11 or Molm-14 cells treated with crenolanib and gold labeled with ceramide antibody. Black arrows indicate gold label in
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Drp1-mediated fission is required for CerS1/C,g-ceramide
mitochondrial localization and lethal mitophagy in response
to FLT3-ITD inhibition

Drpl is a key regulator of mitochondrial fission and mitophagy.*
Inhibiting FLT3-ITD using siRNA or crenolanib increased Drpl
protein dimers and the number of mitochondria undergoing fission
compared with controls (Figure 4A; supplemental Figure 5A). This
was concomitant with dephosphorylation/activation of Drpl-S637
without affecting its phosphorylation at S616 in response to
crenolanib (Figure 4A). Similarly, targeting FLT3-ITD increased
Drpl accumulation in mitochondria detected by subcellular fraction-
ation and TEM compared with vehicle-treated control MV4-11 cells
(Figure 4B-C). Thus, these data suggest that FLT3 targeting results in
dephosphorylation/activation of Drp1-S637 and increased mitochon-
drial fission.

We then determined the role of Drp1 in ceramide-dependent lethal
mitophagy induced by FLT3-ITD inhibition. The data revealed that
inhibition of Drp1 using pooled siRNAs or mdivi-1, a pharmacologic
inhibitor of Drp1, protected MV4-11 cells from crenolanib-induced cell
death (supplemental Figure 5B-G). In addition, shRNA-mediated Drp1
knockdown in MV4-11 cells prevented mitochondrial fission, LC3B
lipidation, ACO2 degradation, and CerS1/C g-ceramide mitochondrial
localization compared with controls (Figure 4D-F; supplemental
Figure SH-I). Reconstitution of WT-Drpl in sh-Drpl—expressing
MV4-11 cells increased mitochondrial fission, restored mitochondrial
CerSl1 localization or LC3B lipidation, and resensitized cells to
crenolanib-induced cell death compared with vector-transfected con-
trols (Figure 4G-I; supplemental Figure 5I). Ectopic expression of
phospho-null Drp1-S637A, but not phospho-mimetic Drp1-S637D,
mutant also restored mitochondrial fission and mitophagy in MV4-11
cells, which stably express sh-Drp1 in response to crenolanib compared
with vector-transfected controls (Figure 4G-I). Thus, these data suggest
that decreased phosphorylation and/or dephosphorylation-dependent
activation of Drpl at S637 plays a key role in inducing mitochondrial
fission and mitochondrial localization of CerS1/C,g-ceramide for the
induction of lethal mitophagy in response to FLT3-ITD targeting.

Activation of Drpl by S637 dephosphorylation can be due to
increased calcineurin phosphatase activity or decreased PKA activity.
Recent studies showed that targeting FLT3-ITD results in inhibition of
both PKA and calcineurin.*** Thus, we hypothesized that Drp1-S637
dephosphorylation should be due to inhibition of PKA, as calcineurin
inhibition should have increased S637 phosphorylation in response to
FLT3-ITD targeting. In fact, inhibition of PKA using HA-89 decreased
p-Drp1-S637 levels (supplemental Figure 5J). Activation of PKA by
bromo-cAMP restored p-Drp1-S637 levels in crenolanib-treated cells
compared with vehicle-treated controls. Moreover, activation of PKA
prevented CerS1 mitochondrial localization and induction of mitoph-
agy in response to crenolanib (supplemental Figure 5SK-M). However,
activation of PKA did not prevent mitophagy induction in crenolanib-
treated cells expressing phospho-null Drp1-S637A mutant (supple-
mental Figure S5L). Activation of PKA by bromo-cAMP inhibited
mitochondrial localization of CerS1 in response to crenolanib
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(supplemental Figure SM). Thus, these data suggest that inhibition of
PKA in response to FLT3-ITD targeting results in activation of Drp1 by
reduced Drp1-S637 phosphorylation, resulting in induced mitochon-
drial fission and ceramide-mediated lethal mitophagy.

Targeting mitochondria by LCL-461 overcomes resistance to
FLT3-ITD inhibitor crenolanib

We next hypothesized that direct activation of lethal mitophagy by
exogenous ceramide, which is targeted to mitochondria, should provide
anovel AML therapeutic strategy that can bypass FLT3-ITD signaling
and help overcome resistance to FLT3-ITD inhibitor crenolanib. To
test this hypothesis, we used LCL-461, (S2,3R)-2-N-octadecanoyl-14-
(1’-pyridinium)-sphingosine-bromide, also referred to as D-e-Cig-
pyridinium-ceramide (Figure SA). LCL-461 contains a pyridinium ring
attached to the sphingoid base, which increases the solubility and
targets ceramide to selectively accumulate in negatively charged can-
cer cell mitochondria.*®** We detected LCL-461 accumulation in
mitochondria-enriched fractions of MV4-11 cells and minimally in
nuclear fractions using mass spectrometry (Figure 5B). However,
LCL-461 was undetectable in mitochondrial fractions isolated from
nonleukemic hematopoietic LCL-461-treated cells (Figure 5B).

Interestingly, LCL-461 induced cell death in a dose-dependent
manner against a variety of Ba/f3 cells stably expressing clinically
relevant FLT3 mutants (Figure 5C-D). Next, we generated drug-
resistant cells (MV4-11-R) by chronic crenolanib exposure using
increasing concentrations. MV4-11-R cells treated with crenolanib
failed to increase C;g-ceramide generation and exhibited twofold
resistance to cell death compared with parental MV4-11 cells
(supplemental Figure 6A-C). However, both MV4-11 and MV4-11-
R responded similarly to LCL-461-mediated cell death (Figure 5C).
Both crenolanib and LCLA61 exhibited similar cytotoxicity in Ba/f3
cells expressing various clinically relevant FLT3 mutants, including
ITD, ITD + D651G, D835G, D835Y, ITD + Y842C, ITD + F691L,
ITD + 676/842,ITD + N676D (Figure 5D; supplemental Figure 6D).
Moreover, LCL-461, but not exogenous C;s-ceramide without pyri-
dinium conjugation, induced mitophagy in MV4-11, MV4-11R, and
Molm-14 cells compared with vehicle-treated controls (Figure SE-F;
supplemental Figure 6E-F). Importantly, LCL-461 exhibited minimal
cytotoxicity in nonleukemic human hematopoietic bone marrow
cells (supplemental Figure 6G). In addition, shRNA knockdown of
LC3B in MV4-11-R cells protected cell death in response to
LCL-461 compared with sh-scr—transfected controls (Figure 5C).
These data suggest that targeting mitochondria by LCL461
bypasses upstream FLT3-ITD resistance signaling and induces
lethal mitophagy.

CerS1/C,g-ceramide induces lethal mitophagy in response to
FLT3 targeting in mice and human AML blasts

To test whether CerS1 activation is required for FLT3-targeted therapy
in vivo, we injected MV4-11-sh-Scr or MV4-11-sh-CerS1 cells via tail
vein in NSG mice. Mice were injected intraperitoneally with vehicle or

Figure 3 (continued) mitochondria and white arrows indicate autophagosomes. (E) Treated sh-scr and sh-CerS1 cells are dual labeled with ceramide antibody and Tom20
mitochondrial marker and visualized using confocal microscopy. White arrows indicate colocalization. The quantification of ceramide-Tom20 colocalization from confocal
microscopy was performed using the ImageJ Fiji software (right panel). (F) Crenolanib-treated MV4-11 cells are dual labeled with ceramide antibody and LC3B
autophagosomal marker and visualized using confocal microscopy. White arrows indicate colocalization. (G) Western blot to detect LC3B protein in sh-LC3B cells
reconstituted with LC3B WT or LC3B mutants (I35A and F52A) that cannot bind ceramide. (H) Percentage of viability measured using MTT assay for sh-scr, sh-LC3B, sh-
LC3B+LC3B WT, sh-LC3B+LC3B I35A, and sh-LC3B+LC3BF52A, treated with crenolanib for 24 hours. (I) Autophagosomes were purified from vehicle or crenolanib treated
in sh-LC3B cells reconstituted with LC3B WT or LC3B mutants (I35A and F52A) that cannot bind ceramide. This was followed by a western blot to detect autophagosome
markers (Atg5 or LC3B) and Tom20 mitochondria marker. Values indicate mean + SD of n = 3 independent experiments. *P value of <.05 using the 2-sided Student ¢ test.

C, cytosolic fraction; M, mitochondrial fraction; W, whole cell.
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Figure 4. FLT3 inhibition-induced ceramide-mediated lethal mitophagy requires Drp1 S637 dephosphorylation and activation. (A) Western blot measuring p-Drp1
S616 and p-Drp1 S637 in cells treated with FLT3 inhibitor for 6 hours. (B) Western blot detecting Drp1 in mitochondrial and cytosolic fraction after 6 hours of crenolanib
treatment. Tom20 was used as a marker for mitochondria and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a marker for cytosolic fraction. (C) EM
visualization of crenolanib-treated cells gold labeled with Drp1. (D) ACO2 and LC3B in crenolanib-treated sh-scr vs sh-Drp1 cells. (E) Western blot to measure CerS1 in
mitochondrial and cytosolic fractions obtained from crenolanib-treated sh-scr and sh-Drp1 cells. (F) Cqg-ceramide measured by MS HPLC-MS-MS in mitochondrial and
cytosolic fraction purified from crenolanib-treated sh-scr and sh-Drp1 cells. (G) Percentage of viability measured using the MTT assay in sh-scr, sh-Drp1, sh-Drp1+Drp1WT,
sh-Drp1+Drp1S637A, and sh-Drp1+Drp1S637D cells in response to 24-hour treatment with 5 wM crenolanib. (H) Western blot to detect LC3B in sh-Drp1 cells reconstituted
with Drp1S637A (A) or Drp1S637D (D) mutants. () Western blot to detect CerS1 in purified mitochondrial fractions from sh-Drp1 cells reconstituted with Drp1 S637A (A)
or Drp1 S637D (D) mutants. Tom20 and actin levels were used as positive and negative controls, respectively. Values indicate mean *+ SD of n = 3 independent experiments.

*P value of <.05 using the 2-sided Student  test.

15 mg/kg crenolanib for 3 weeks (supplemental Figure 7A).
Crenolanib-treated mice harboring sh-scr AML xenografts, but not
sh-CerS1 xenografts, showed a reduction in liver and spleen weights,
and elimination of CD45" human AML cells from the mouse bone
marrow indicative of reduced tumor burden (Figure 6A-B; supple-
mental Figure 7B-E). These data suggest that CerS1/C,g-ceramide
activation plays a key role in reducing AML burden in response to
FLT3-ITD inhibition.

To study the induction of mitophagy in vivo by CerS1/Cg-
ceramide in response to FLT3 inhibition, we injected NSG mice
harboring sh-scr or sh-CerS1 xenografts with vehicle or 15 mg/kg
crenolanib for only 5 days to obtain a sufficient number of hCD45™*

AML cells for biochemical analyses (supplemental Figure 7B).
hCD45" AML cells sorted from crenolanib-treated mice harboring
sh-Scr xenografts showed increased CerS1/ceramide generation and
mitophagy induction, which were abrogated in hCD45% AML cells
sorted from crenolanib-treated mice harboring sh-CerS1 xenografts
(Figure 6C-F). These data suggest that targeting FLT3-ITD by
crenolanib induces CerS1/C,g-ceramide—mediated mitophagy in vivo.

Importantly, bone marrow blasts obtained from FLT3-ITD*
AML patients exhibited increased CerS1 and mitophagy (induction
of LC3B lipidation, ACO2 degradation, and mitophagosome forma-
tion), consistent with decreased p-Drp1-S637, in response to crenolanib
(Figure 6G-H). Moreover, pretreatment with FB-1 (CerS inhibitor),
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Figure 5. LCL-461 accumulates in mitochondria to induce LC3B-dependent lethal mitophagy regardless of FLT3 mutation status. (A) Chemical structure of LCL-461
or Cyg-pyridinium ceramide. (B) MS detection of LCL-461 in mitochondrial, cytosolic, and nuclear fractions in vehicle and LCL-461-treated MV4-11 or normal human bone
marrow cells. (C) Percentage of viability measured using MTT assay in MV4-11, MV4-11—resistant, sh-LC3B, and sh-Drp1 cells in response to LCL-461. (D) Percentage of
viability measured using the MTT assay of AML cell lines with different FLT3 mutations in response to LCL-461. (E) Western blot showing LC3B in LCL-461-treated cells
transfected with scr or Drp1 siRNA. (F) EM visualization of mitophagosomes induced by LCL-461 treatment in MV4-11 cells treated with 5 wM LCL-461. White arrows indicate
autophagosomes and black arrows indicate mitochondria. Values indicate mean = SD of n = 3. *P value of <.05 using the 2-sided Student ¢ test.

mdivi-1 (Drpl inhibitor), or bafilomycin (autophagy inhibitor)
protected AML patient blasts from crenolanib-induced cell death
(Figure 6I). Thus, these data suggest that targeting FLT3-ITD induces
CerS1/C g-ceramide—mediated mitophagy in human AML blasts.

LCL-461 induces lethal mitophagy in drug-resistant AML
xenografts in vivo

To investigate the therapeutic efficacy of LCL-461 for AML therapy in
vivo, NSG mice harboring MV4-11-R xenografts were treated with
vehicle, crenolanib (15 mg/kg), or LCL-461 (15 mg/kg) for 3 weeks.
Crenolanib treatment was not effective in reducing tumor burden;
however, LCL-461 treatment effectively reduced liver and spleen
weights, and eliminated CD45 * human AML cells from the mouse
bone marrow compared with vehicle-treated controls (Figure 7A-E;
supplemental Figure 7F). Mechanistically, data showed that LCL-461
treatment induced mitophagy in hCD45" AML cells sorted from mice
harboring MV4-11-R xenografts, as detected by increased ACO2
degradation, increased LC3B lipidation, and formation of mitophago-
somes by TEM (Figure 7F-G). Remarkably, LCL-461 levels were

detected in CD45" AML blasts but not in nonleukemic CD45~ bone
marrow cells in these mice (Figure 7E). Furthermore, we found that
LCL-461 treatment induced lethal mitophagy in bone marrow blasts
obtained from FLT3-ITD* AML patients, as indicated by increased
cell death, LC3B lipidation, and ACO2 degradation (Figure 7H-I).
Furthermore, we obtained AML blasts from patients that are
clinically sensitive or resistant to FLT3-targeted therapy. LCL-461
induced mitophagy events in vitro and antileukemic effects in vivo in
AML blasts obtained from clinically sensitive or clinically resistant
patients (supplemental Figures 7G and 8A-D). Thus, these data suggest
that targeting mitochondria using LCL-461 to induce mitophagy is a
novel alternative therapeutic strategy for drug-resistant FLT3-ITD™
AML in vivo and in blasts obtained from FLT3-ITD" AML patients.

Discussion

FLT3-ITD-activating mutations present a major obstacle in the
treatment of AML, and clinical trials using FLT3 inhibitors showed
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Figure 6. CerS1-C,g-ceramide—mediated lethal mitophagy is required for FLT3-targeted therapy in the AML mouse model and human AML blasts. (A-B) FACS
analysis to measure the percentage of injected AML cells (nCD45™" cells) in the bone marrow. Values indicate mean = SD of n = 6 mice. P values were generated using
ANOVA. (C) gPCR to measure CerS1 mRNA in sorted hCD45" cells. (D) Western blot to measure CerS1, ACO2, and LC3B in sorted hCD45™" cells. (E) HPLC-MS-MS
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Figure 6. (Continued).

limited success.' > Therefore, it is important to define the mechanisms
by which activation of FL'T3 signaling modulates cell death, and to use
these mechanistic data for the development of alternative strategies. The
role of biologically active lipids, such as ceramide, in the response of
AML to FLT3-ITD-targeted therapy has not been described pre-
viously. Our data suggest that FLT-ITD signaling in AML cells re-
duces pro-cell death C;g-ceramide synthesis by suppression of CerS1.
Molecular or pharmacological targeting of FLT3-ITD signaling
induced CerS1/C g-ceramide generation, mediating mitophagy-

dependent cell death in AML cell lines, AML xenografts in vivo, and
AML blasts obtained from FLT3-ITD" patients. Mechanistically,
FLT3-ITD targeting resulted in Drp1 activation via decreased p-Drp1-
S637 by PKA inhibition, leading to mitochondrial translocation of
CerS1 and increased mitochondrial C,g-ceramide generation. Mito-
chondrial C;g-ceramide interacted with LC3B-II to recruit autophago-
somes to mitochondria for degradation via the ceramide-binding
domain, including I35/F52 residues. Importantly, we show here that
activation of mitophagy can be achieved by targeting mitochondria

Figure 6 (continued) measuring Cg-ceramide in sorted hCD45™ cells. Values indicate mean = SD of n = 3 mice. P values were generated using the Student t test. (F) EM
visualization of sorted hCD45™" cells from bone marrow of NSG mice with AML xenografts. (G) CD34" bone marrow blasts obtained from FLT3-ITD* patients were treated
with 5 .M crenolanib for 24 hours, followed by western blot to detect p-Drp1 S637, CerS1, ACO2, and LC3B. (H) EM visualization of crenolanib-treated FLT3" AML patient
blasts labeled with ceramide antibody. White arrows indicate ceramide gold label in mitochondria and black arrows indicate autophagosomes. (I) Percentage of viability of
AML patient blasts pretreated with either FB-1, bafilomycin, or mdivi1, followed by 5 pwM crenolanib treatment of 24 hours. *P value of <.05 using the 2-sided Student t test.
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using a highly soluble Cig-ceramide analog drug LCL-461, which
selectively accumulated in AML mitochondria to induce lethal
mitophagy in AML cells resistant to crenolanib in situ and in vivo.
LCL-461 also induced lethal mitophagy AML cells expressing various
clinically relevant FLT3 mutations, and in AML blasts obtained from
FLT3-ITD" patients (Figure 7J).

Our data are consistent with previous studies demonstrating
that other anti-AML drugs also mediate cell death by inducing
autophagy.*®*? It has been suggested previously that loss of
various autophagy genes or a decrease in autophagy flux can
promote AML oncogenesis.*'***** In addition, a recent study
provided biochemical and biological evidence that PKA activa-
tion is one of the downstream effectors of FLT3-ITD—-dependent
oncogenesis. It was shown that inhibition of PKA using H-89
enhanced the efficacy of the FLT3-ITD inhibitor.>> In addition,
the possible crosstalk between FLT3-ITD signaling and Drpl
regulation was indicated in a previous study, which showed that
suppressor of cytokine signaling 6 (SOCS6) inhibited FLT3
signaling through direct binding to p-FLT3 at Y591 and Y919,
and promoted Drpl translocation to mitochondria to induce
mitochondrial fission.*>*#° However, the involvement of mito-
chondrial degradation by ceramide-dependent mitophagy in
response to FLT3-ITD targeting to induce AML cell death has
not been described previously.

Interestingly, when we analyzed CerS1 mRNA and its impact on
survival in the TCGA AML database (Cancer Genome Atlas Research
Network 2013), we found that out of 166 AML patients, 10 exhibited
amplified CerS1 (>1.5-fold), who showed significantly longer overall
and disease-free survival compared with patients with basal CerS1
mRNA abundance (P = .0118; supplemental Figure 8E). These data
indicate that CerS1/Cg-ceramide amplification/activation might be
beneficial for AML patient survival and are thus consistent with our
data. The Kaplan-Meier curves were generated using cBioPortal web-
based software (http://www.cbioportal.org). However, FLT3-ITD
status of the AML patient cohort is unknown, and thus clinical
significance of CerS1/ceramide axis in the overall survival of AML
patients with regard to FLT3-ITD activation needs to be further
examined in a larger cohort.

Our studies also suggest that LCL-461 has an antileukemic effect in
AML cells with activating FLT3 mutations in culture, in NSG mice
harboring crenolanib-resistant AML xenografts, and in human FLT3-
ITD" AML blasts in situ. Modifying ceramide by adding a pyridinium
ring in the sphingoid backbone allows the cationic ceramide to
accumulate selectively in negatively charged mitochondria,®!~747-5
Accumulation of LCL-461 was detected in mitochondria of FLT3-
ITD* AML blasts and not in that of normal bone marrow cells, possibly
due to increased negatively charged mitochondria in AML cells
resulting from the Warburg effect.’’ Importantly, LCL-461 was
efficacious in attenuating crenolanib resistance by inducing lethal
mitophagy in FLT3-ITD AML blasts in vitro and in vivo. This
highlights the ability of LCL-461 to bypass oncogenic FLT3-ITD
signaling and attenuate cell-death resistance to FLT3-ITD inhibitor
crenolanib.

Opverall, studies presented here describe a novel mechanism of cell
death in FLT3-ITD* AML in which mitochondria are selectively
targeted by CerS1/C;g-ceramide or exogenous ceramide analog drug

FLT3-ITD AND CERAMIDE-DEPENDENT MITOPHAGY IN AML 1957

LCL-461 in response to FLT3-ITD inhibition. Moreover, these data
might have broader clinical implications as targeting mitochondria by
ceramide-dependent mitophagy™> provides a novel anticancer treat-
ment strategy as mitochondrial bioenergetics and function might be
required for production of ATP and intermediates used for macromol-
ecule biosynthesis to induce cancer growth/proliferation and/or drug
resistance.
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