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Abstract

Natural killer cell leukemia is characterized by clonal expansion of CD3™ NK cells and comprises
both chronic and aggressive forms. Currently, no effective treatment exists, thus providing a need
for identification of novel therapeutics. Lipidomic studies revealed dysregulated sphingolipid
metabolism as evidenced by decreased levels of overall ceramide species and increased levels of
cerebrosides in leukemic NK cells, concomitant with increased glucosylceramide synthase (GCS)
expression. GCS, a key enzyme of this pathway, neutralizes pro-apoptotic ceramide by transfer of
a UDP-glucose. Thus, we treated both rat and human leukemic NK cells in combination with: 1)
exogenous Cg-ceramide nanoliposomes in order to target mitochondria and increase physiological
pro-apoptotic levels of long chain ceramide, and 2) 1-phenyl-2-palmitoylamino-3-morpholino-1-
propanol (PPMP), an inhibitor of GCS. Co-administration of Cg-ceramide nanoliposomes and
PPMP elicited an increase in endogenous long-chain ceramide species, which led to cellular
apoptosis in a synergistic manner via the mitochondrial intrinsic cell death pathway in leukemic
NK cells.
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INTRODUCTION

Large granular lymphocytes (LGL) consist of a lymphoid subset representing 10-15% of
peripheral blood mononuclear cells (PBMC).12 LGL leukemia is a rare disorder
characterized by the clonal expansion of these cytotoxic lymphocytes. In 1986, it was
proposed that LGL leukemia could be subclassified into two major lineages, CD3™ NK cells
and CD3* T cells.3 In addition, the WHO recently characterized the NK-LGL leukemia
subtype into two distinctive groups of aggressive NK-cell LGL leukemia and as a
provisional entity: chronic lymphoproliferative disorder of NK cells (also known as NK-cell
lymphocytosis/chronic NK-cell leukemia).? There is a great need to identify targeted
therapeutics as there is no curative treatment for aggressive NK-cell leukemia and treatment
of chronic NK-cell leukemia remains undefined.

The sphingolipid pathway, a diverse network of pro-survival and pro-apoptotic signaling
lipids has been identified as dysregulated in LGL leukemia.®> Ceramide is the central
molecule in sphingolipid metabolism,® and has been implicated in activating several death-
signaling pathways which include INK/SAPK, TNFa, Fas, radiation, and certain
chemotherapeutic agents.”10 One possible therapeutic target in this pathway,
glucosylceramide synthase (GCS), is an enzyme that catalyzes the conversion of ceramide to
glucosylceramide by transferring a glucose residue from UDP-glucose to ceramide.
Glucosylceramide is the precursor to more than 300 other lipids such as lactosylceramides
and gangliosides, and signifies the first step in committed synthesis of these complex
glycosphingolipids.11-14 GCS has been found to be upregulated in cancer cells and its
overexpression has been associated with multidrug resistance in leukemia.15-18 A
pharmacological inhibitor for GCS, 1-phenyl-2-palmitoylamino-3-morpholino-1-propanol
(PPMP), has been shown to sensitize chemotherapy refractive cells to such treatment.12.16
Previously, our lab has shown that systemic i.v. delivery of nanoliposomal Cg-ceramide led
to complete remission in 5/14 animals in the syngeneic Fischer F344 rat model of NK-LGL
leukemia.1® Therefore, we were interested in investigating whether the combination
treatment of PPMP with Cg-ceramide nanoliposomes would enhance the ability of
exogenous short chain ceramide to cause death of leukemic NK cells.

We hypothesized that inhibiting GCS in combination with exogenous Cg-ceramide
nanoliposomes would cause physiological long-chain ceramide (C14—C»g) levels to rise and
increase apoptosis in NK cells. Our data showed that combinatorial treatment of PPMP and
Cg-ceramide nanoliposomes did increase apoptosis of leukemic NK LGL cells by
synergistically increasing short- and long-chain ceramide species. We found that such
combination treatment targeted the mitochondrial cell death pathway, resulting in decreased
mitochondrial membrane potential, increased reactive oxygen species (ROS) production and
decreased levels of pro-survival proteins Mcl-1 and survivin.

MATERIALS AND METHODS

Cell lines and culture conditions

Human NKL cells were obtained from American Type Culture Collection (ATCC) and
grown in RPMI-1640 (Invitrogen) supplemented with 15% fetal bovine serum (Hyclone)
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plus 100 IU IL-2/ml. RNK-16 cells (kindly provided by Dr. Craig Reynolds at National
Cancer Institute) were cultured in RPMI-1640 (Invitrogen), supplemented with 10% FBS
from Hyclone (Fisher Thermo Scientific), 1% non-essential amino acids (Sigma), 1%
sodium pyruvate (Sigma) and 25 pM 2-ME (Sigma). All cells were maintained in a 37°C
humidified 5% CO, atmosphere incubator.

Patient characteristics and preparation of peripheral blood mononuclear cells (PBMC)

All patients met the criteria of chronic NK leukemia with increased numbers (>80%) of
CD3~ CD56™ or CD3"CD16™ NK cells in the peripheral blood. Peripheral blood specimens
from LGL leukemia patients were obtained and informed consents signed for sample
collection according to a protocol approved by the Institutional Review Board of Penn State
Hershey Cancer Institute. Normal blood samples were obtained from the Blood Bank of
Milton S. Hershey Medical Center at College of Medicine, Penn State University. PBMCs
were isolated from whole blood by Ficoll-Hypaque gradient separation from (Pharmacia
Biotech). Cell viability was determined by trypan blue exclusion assay with more than 95%
viability in all the samples.

GCS gene expression: Real-time quantitative PCR (QRT- PCR)

gRT-PCR was performed using primer sets specific for human GCS, and an internal
standard, GAPDH, in an ABI PRISM 7900 sequence detector. PBMCs (5x10%) from eight
chronic NK leukemia patients (CD37/CD56* or CD37/CD16* NK cells >80%) and freshly
purified PBMCs from the same number of age matched normal healthy male and female
controls were subjected to RNA extraction using TRIzoL Reagent (Invitrogen) following the
manufacturer’s instructions. In this study, 4 ug of total RNA per sample was used to
synthesize the first strand cDNA using random hexamers and MMLYV reverse transcription
reagent (Invitrogen) in a total volume of 10 pl. A total of 1 ug cDNA was applied in a 10 pl
PCR mix using a QuantiTect SYBR Green PCR kit (Qiagen). Amplification of triplicate
cDNA template samples was performed with denaturation for 15 min at 95°C, followed by
45 cycles of denaturation at 94°C for 15 sec, annealing at 55°C for 30 sec, and extension at
72°C for 30 sec. A standard curve of cycle thresholds using serial dilutions of cDNA
samples was established and used to calculate the relative abundance of the target gene
between samples from patients and normal healthy controls. Values were normalized to
GAPDH mRNA, which was obtained from a similar curve. The changes in fluorescence of
SYBR green dye in every cycle was monitored and calculated by the ABI 7900 system
software and the threshold cycle (Ct) for each reaction. The relative amount of PCR
products generated from each primer set was determined based on the threshold cycle or Ct
value. PCR analysis was performed on each cDNA in triplicate. The following specific
primers for human GCS were used: sense 5’-CAA GCT CCC AGG TGT CTC TC-3,
antisense 5°-GAT TAA TGC CAACTT TTT TAC CAC CTA-3’ and for human GAPDH:
sense 5’-GAC CCC TTC ATT GAC CTC AAC TAC ATG-3’, antisense 5’-GTC CAC CAC
CCT GTT GCT GTA GCC-3’. All primers were supplied by IDTDNA.
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PPMP and Cg-ceramide nanoliposome drug studies

Cg-ceramide nanoliposomes were manufactured in our laboratory with the following lipids
purchased from Avanti Polar Lipids: 1,2-distearoyl-sn-glycero-3-phosphocholine, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine, N-hexanoyl-D-erythro-sphingosine (Cg), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy polyethylene glycol-2000], and
N-octanoyl-sphingosine-1-[succinyl (methoxy polyethylene glycol-750] (PEG(750)-C8),
which were combined at a molar ratio of 3.75:1.75:3:0.75:0.75, respectively. The resultant
Cg-ceramide nanoliposomes contained 12% PEG to enable increased circulation time. Lipids
were dried under nitrogen gas and resuspended in 0.9% sterile NaCl and incubated at 60°C
for 3 hr.1° Following incubation, the lipid solution was sonicated for 5 min at 60°C in a
heated water bath sonicator (Avanti Polar Lipids). This sonicated mixture was immediately
extruded through a 100-nm polycarbonate membrane in the Avanti Mini Extruder (Avanti
Polar Lipids). The control ghost nanoliposomes were manufactured as previously described
but without the N-hexanoyl-D-erythro-sphingosine (Cg) and N-octanoyl-sphingosine-1-
[succinyl (methoxy polyethylene glycol-750] (PEG (750)-C8). Characteristics such as
particle size and zeta potential (ZP) were determined through a Malvern Zetasizer Nano ZS
(Malvern). Our nanoliposomes were formed at 80+15 nm in size and contained ~30 mol%
cell-permeable ceramide.1®-22 Our average ZP value of ghost nanoliposomes was —10.7 +
0.6 mV, while Cg-ceramide nanoliposomes had an average ZP of =13.9 £ 0.8 mV. The Cg-
ceramide nanoliposomes and PPMP (Matreya) were used singly and in combination at 6.25,
and 12.5 pM concentrations and 5, 10, and 15 pM respectively, on RNK-16, NKL, and
patient samples to establish an ICsg and determine therapeutic efficacy. DMSO was used as
a vehicle control for PPMP. Calcusyn software (Biosoft) was used to determine amount of
synergistic or additive effect with combination of PPMP and Cg-ceramide nanoliposomes.
Nanoliposomes were stored at room temperature at a concentration of 25 mg/ml before use.

Determination of in vitro cell apoptosis

Flow cytometry (2-color) with Annexin-V (5 pul per sample; BD Pharmingen) and 7-amino-
actinomycin D (7-AAD; 10 pl per sample; BD Pharmingen) was used in order to assess the
degree of cellular apoptosis in RNK-16, NKL, and human NK-LGL samples. Cells were
immediately analyzed by flow cytometry on BD FacsCalibur. For each sample, 5x10° cells
were plated in triplicate, and the percentage specific apoptosis was calculated using the
following formula: apoptosis (%) = (% Annexin-V-allophycocyanin conjugate [APC]
positive in assay well - % Annexin-V-APC positive in the control well) x 100/ (100-
%Annexin-V-APC positive in the control well).

Quantification of sphingolipids by mass spectroscopy

RNK-16 cells (4x108) were treated in triplicate with 6.25 uM Cg-ceramide nanoliposomes
singly and in combination at 5, 10, and 15 uM PPMP (Matreya) for 24 hrs. Cells were
homogenized with sonication at 60°C in a 10mM Tris buffer (pH 7.2) and protein
concentration measured using DC protein assay kit (BIORAD). Lipids were then extracted
from samples by chloroform/methanol/water as originally described?? after internal
standards had been added (C17-sphingosine-1-phosphate, C;7-sphingosine, C17-sphinganing,
Cy7-sphinganine-1-phosphate, C1o-ceramide, C12-glucosylceramide). Sphingoid bases and
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1-phosphates were separated as described previously.24 Sphingolipids from these cells were
then chromatographically separated on an Agilent 1100 HPLC system and analyzed by
electrospray ionization-tandem mass spectrometry (ESI-MS/MS) on a 4000 QTRAP (AB
Sciex) based on the method described previously.2> The peak areas for different
sphingolipid subspecies were quantified according to internal standards and then normalized
to protein concentrations.

Measurement of Mitochondrial Membrane Potential

JC-1, a mitochondrial matrix potential (A¥m) indicator, was used to show the changes in
A¥m in RNK-16 and human NK leukemia cells. JC-1 (Invitrogen), a cationic and lipophilic
dye specifically permeates mitochondrial membranes and fluoresces red when it aggregates
in the matrix of healthy, high potential mitochondria, whereas it fluoresces green in cells
with low A¥m. Briefly, cells were collected after 24 hrs combination treatment with Cg-
ceramide nanoliposomes and PPMP, and then incubated with 2 pg/ml JC-1 dye at a density
of 5x10° cells/0.5 ml. After incubation for 20 minutes at 37°C in the dark, all samples were
washed twice with 1x PBS and then incubated for 15 minutes at 37°C in the dark with
Annexin-V-APC. Cells were immediately analyzed by flow cytometry on BD FacsCalibur at
488-nm excitation. Data were collected at 529-nm emission for green fluorescence and 590-
nm for red fluorescence. Results are expressed in arbitrary units as % of JC-1 expression.

Measurement of Reactive Oxygen Species (ROS)

The amount of cytoplasmic ROS was used to determine the level of cellular oxidative stress.
RNK-16 cells were treated for 24 hr with the combination treatment of Cg-ceramide
nanoliposomes and PPMP, then were collected and resuspended in PBS containing freshly
prepared H,-DCF-DA at 37°C in the dark. This reagent penetrates cells and emits green
fluorescence on oxidation with H,O,. Cells were then incubated for 30 minutes with 2 uM
H,-DCF-DA, washed twice in PBS, and analyzed immediately by cell flow cytometry at
488 nm excitation and 530 nm emission. 10,000 events were collected on a BD
FACScalibur, and data are expressed as the median fluorescence in arbitrary units of three
independent replicates. 1 uM H,0, (Sigma) was used as a positive control.

Western blot analysis

Cell lysates were harvested by addition of RIPA lysis buffer containing phosphatase
inhibitor cocktail and protease inhibitor (Sigma). Whole cell lysates were centrifuged
(=10,000 x g) for 10 min. at 4°C to remove cell debris. Protein concentrations were
quantified using a Nanodrop Spectrophotometer 2000C (Thermo Fisher Scientific). 30 pg of
protein were loaded per lane onto 10% precasted Nupage electrophoresis gels (Invitrogen).
Following electrophoresis, samples were transferred to a polyvinylidene difluoride
membrane (Pall Corporation). The blots were probed with antibodies according to each
supplier’s recommendations: antibodies specific for caspase 3, Mcl-1, survivin, and p-actin
were purchased (Cell Signalling Technology Inc.). Secondary antibodies conjugated to
horseradish peroxidase were obtained (GE Healthcare UK Limited) Buckinghamshire, UK.
Immunoblots were developed using the enhanced chemiluminescence reagent (Amersham
Biosciences Inc.).
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Statistical analysis

Analysis for lipidomics data were performed with one-way ANOVA using Tukey’s
adjustment for multiple comparisons by SAS software. All other statistical analysis between
two treatment groups were performed with Student’s t-test for statistical comparison among
groups, and differences were considered significant when *, P<0.05, **, PP<0.005, ***,
PP<0.0005.

RESULTS

Identification of role of GCS in dysregulated ceramide metabolism in leukemic NK cells

First, we investigated whether levels of pro-apoptotic ceramide were intrinsically lower in
leukemic NK cells compared to normal NK cells, which might account for their persistent
survival. Lipidomics studies revealed that overall ceramide species levels were significantly
decreased (P<0.05) whereas cerebrosides (ceramides with a sugar added at the 1-hydroxI
group) were significantly increased (P<0.05) in patient leukemic NK cells compared to
normal NK cells (Figure 1A). Such a shift in ceramide metabolism could be explained by
overexpression of GCS. We next examined the mRNA expression levels of GCS in
leukemic NK cells. Indeed, we found that GCS transcripts were significantly overexpressed
(P<0.001) in leukemic NK cells from patients with NK leukemia compared to normal
PBMCs (Figure 1B).

Combination therapy leads to apoptosis of NK leukemia cells

We next sought to establish the mechanism of how cell death is induced with Cg-ceramide
nanoliposomes and PPMP combination treatment. As previously reported by our lab,
ceramide induces apoptosis in leukemic NK cells.1® Utilizing 7ZAAD/Annexin V staining of
leukemic NK cells, we observed significant apoptosis in patient leukemic NK cells with 12.5
UM C6-ceramide nanoliposomes in combination with both 5 UM and 10 uM PPMP
(P<0.05), and with 15 uM PPMP (P<0.005), when compared to DMSO and ghost
combination (Figure 2A). Comparing Cg-ceramide nanoliposome treatment alone to 12.5
UM C6-ceramide nanoliposomes in combination with both 5 pM (P<0.05), 10 uM PPMP
(P<0.005), and with 15 pM PPMP (P<0.0005) also yielded significant results (Figure 2A).
In RNK-16 cells (Figure 2B), combination treatment with 10 uM PPMP and 6.25 pM Cg-
ceramide nanoliposomes produced an additive effect (C1=1.062), with a significant 46%
increase in apoptosis (P<0.05) compared to the DMSO and ghost combination. A synergistic
effect was observed with the 15 uM PPMP dose in combination with 6.25 UM Cg-ceramide
(RNK-16, CI1=0.591) and in combination with 12.5 uM Cg-ceramide (NKL, CI=0.779) in
inducing apoptosis at 76% and 40%, respectively (Figure 2B & 2C). We found minimal
apoptotic induction when we utilized this combination treatment on normal human PBMCs
(Figure 2D). Overall, apoptosis was selectively increased in both leukemic NK cell lines and
patient cells in a dose-response manner.
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Lipidomics reveal that combinatorial treatment of Cg-ceramide nanoliposomes and GCS
inhibition decreases leukemic NK cell viability through increase of short-and long-chain
ceramide species

We wanted to confirm the specificity of PPMP, the GCS inhibitor utilized in these
experiments. Similar to the natural endogenously occurring form of ceramide, these short-
chain Cg formulations are also metabolized by various enzymes in the sphingolipid pathway
such as GCS4 and ceramidases.?6:27 Most commonly, metabolism of short-chain ceramide
results in formation of short-chain cerebrosides and short-chain sphingomyelin, which
neutralizes the pro-apoptotic aspect of ceramide.2” The combination treatment showed a
significant increase in Cg-ceramide levels (P<0.05) (Figure 3A) and a significant decrease of
Cg-cerebrosides levels when compared to Cg-ceramide nanoliposome treatment alone
(P<0.05) (Figure 3B), indicating that the addition of PPMP to Cg-ceramide nanoliposomes
induced an increase in levels of ceramide species while selectively inhibiting cerebroside
levels. In addition to Cg-ceramide, total long-chain natural ceramide species (C14_2g), Were
also increased with the combination treatment when compared to Cg-ceramide
nanoliposome treatment alone (P<0.05) (Figure 3C). Levels of sphingosine, associated with
induction of apoptosis in leukemic NK cells,28 were also significantly increased by the
combination treatment when compared to Cg-ceramide nanoliposome treatment alone
(P<0.05) (Figure 3D). These results showing that Cg-ceramide levels are increased while
Cg-cerebrosides are decreased, demonstrate the specificity of PPMP to target GCS, thus
preventing the neutralization of ceramide. Moreover, the increase of total natural ceramides
with the combinatorial treatment suggests that these long-chain ceramide species contribute
to cell death mechanisms.

Mitochondrial membrane depolarization in leukemic NK cells after combination treatment

A significant hallmark of mitochondrial dependent cellular apoptosis is the increase of
mitochondrial depolarization. We used a cationic and lipophilic dye, JC-1, which exhibits a
potential dependent accumulation in healthy mitochondria, indicated by a fluorescence shift
from green (529 nm) to red (590 nm). Depolarization occurs as cells are dying and the shift
can be detected in the fluorescence by a decrease in the red/green ratio as the dye is no
longer able to accumulate and form aggregates in the mitochondria. We saw significant
depolarization occurring in both patient leukemic NK cells (Figure 4A) by 84% (P<0.005)
and RNK-16 cells (Figure 4B) by 62% (P<0.0005) that were treated with the combination of
PPMP and Cg-ceramide nanoliposomes when compared to DMSO and ghost combination
control treatment.

ROS production is increased while mitochondrial membrane depolarization is decreased
in leukemic NK cells after combination treatment

We further investigated if ROS contributes to mitochondrial dysfunction in leukemic NK
cells, before and after treatment, in order to determine if the mitochondrial intrinsic cell
death pathway was a mechanism responsible for cell death. Increased levels of ceramide
have been linked to generation of ROS due to its ability to uncouple the electron transport
chain and cause oxidative cell damage.%2%:30 We observed statistically significant increased
ROS production at 6 hr for RNK-16 cells that were treated with 5 and 10 uM PPMP and
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6.25 UM Cg-ceramide nanoliposomes compared to the vehicle control combination (P<0.05)
(Figure 5A). H,0, was used as a positive control. ROS has also been shown to dysregulate
expression of anti-apoptotic Bcl-2 and it has been hypothesized that Bcl-2 may interact
indirectly to increase antioxidant levels.31:32 Therefore, it is believed that ROS acts to down-
regulate endogenous Bcl-2 levels in order to sensitize cells to apoptosis. One study has
demonstrated that Bcl-2 levels were restored and apoptosis prevented when activated T-cells
were grown in the presence of antioxidants.3! We showed that Bcl-2 levels were decreased
in RNK-16 cells treated with the two drug combination (Figure 5B). In addition, we also
saw a decrease in ROS expression with both single treatments of 10 uM PPMP and Cg-
ceramide nanoliposomes (data not shown).

Overall, our findings of increased ROS production and increased depolarization of the
mitochondrial membranes in the leukemic NK cells provide evidence for cell death through
the mitochondrial intrinsic cell death pathway.

Mcl-1 and survivin signaling are decreased in leukemic NK cells in a dose-dependent
manner after combination treatment

In our previous work, we demonstrated that survivin, a member of the inhibitor of apoptosis
protein (IAP) family, was highly upregulated and plays an important role in regulating
leukemic NK cell survival.1® We found that Cg-ceramide nanoliposomes would abolish
survivin expression in a time- and dose- dependent manner in RNK-16 and NKL cells, due
to its ability to localize in the mitochondria and target ERK, an upstream activator of
survivin.1® In that same study we found that cationic nanoliposomes complexed with SiRNA
targeted toward survivin, resulted in greater than 80% cell death in NKL cells. Therefore, in
the present work we sought to examine how survivin expression was affected with our
combination treatment. We treated a set of patient cells (Figure 6) for 24 hr, both singly and
in combination with PPMP and Cg-ceramide nanoliposomes. We saw a significant decrease
in survivin with 10 or 15 uM PPMP in combination with 12.5 uM Cg-ceramide
nanoliposomes in leukemic NK cells in a dose-dependent fashion. 10 uM and 15 yM PPMP
alone also had a significant effect on survivin expression (Figure 6).

In addition, we also probed for Mcl-1 protein expression, an important member of the Bcl-2
family.33 Mcl-1 functions by localizing to the mitochondria and interacting with and
antagonizing apoptotic members of the Bcl-2 family.3435 Mcl-1 has been documented to be
upregulated in both TLGL3% and NK leukemia.1® Previously we showed that ShRNA-
mediated knockdown of Mcl-1 resulted in a 5.5-fold increase of apoptosis in our human
NKL cells.24 These data together with the knowledge that Mcl-1 is associated with the
mitochondria provided the rationale to examine Mcl-1 protein expression after combination
treatment with Cg-ceramide nanoliposomes and PPMP. We found that Mcl-1 protein
expression levels were significantly downregulated in patient leukemic NK cells with all
three combination treatments (Figure 6). Single treatment with Cg-ceramide nanoliposomes,
10 uM PPMP, and 15 pM PPMP also had a significant effect on Mcl-1 expression. These
data show that combination treatment targets the pro-survival molecules survivin and Mcl-1.
Since both survivin and Mcl-1 are localized to the mitochondria, these data provide further
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support that cell death may be occurring through the mitochondrial intrinsic cell death
pathway.

DISCUSSION

Our results show that leukemic NK cells can be characterized by dysregulated ceramide
metabolism and that targeting this pathway may be an attractive therapeutic approach. We
clearly demonstrate that endogenous ceramide species are low in leukemic NK cells
suggesting a role for exogenous short-chain ceramide treatment to raise physiological
ceramide levels and therefore induce cell death in leukemic NK cells. However, there are
several physicochemical properties of ceramide, such as poor bioavailability and lack of an
appropriate solvent, that inhibit effective delivery of ceramide as a drug.21:22 As a result of
these issues, ceramide has been incorporated into nanoliposomal formulations by us and
several other groups to enhance its solubility through the incorporation into the lipid
bilayer.22:37-39 Previously, we showed that nanoliposomal Cg-ceramide produced remission
in some but not all rats in an aggressive rat NK-LGL leukemia model.19 The full therapeutic
affect for the addition of exogenous short chain Cg-ceramide may be hindered as there are
many enzymes that target ceramide for degradation into other metabolites. Indeed, our
lipidomic analyses showing elevated levels of cerebrosides and decreased levels of ceramide
in leukemic NK cells suggest increased GCS activity in this disease. In particular, we
demonstrated that GCS mRNA levels were increased in leukemic NK cells. GCS presents an
excellent therapeutic target, due to its role in glycosylating ceramide and thereby
neutralizing its apoptotic capacity. We found that utilization of PPMP to inhibit GCS
allowed a 4-fold decrease in effective dose of Cg-ceramide nanoliposomes to treat NK-LGL
leukemia then previously administered (Figure 2A).19 Modulation of GCS activity has been
shown to significantly affect the ability of ceramide to induce apoptosis.}! Altered levels of
GCS have been linked with cancer, in particular its upregulation allows for cellular
protection and proliferation.1 GCS overexpression has also been linked to multidrug
resistance.14 In addition, it has been demonstrated that P-gp inhibitors, such as Tamoxifen
are able to inhibit the production of glucosylceramide.*0 Likewise, treatment of MCF-7-
Adriamycin-resistant breast cancer cells with PPMP sensitized them to Adriamycin.*? Thus,
targeting GCS may increase effectiveness of Cg-ceramide nanoliposomes either by
inhibiting neutralization or by increasing the re-acylation of this shortchain therapeutic into
longer chain physiological ceramides. We hypothesize that Cg-ceramide can be metabolized
by the cooperative actions of GCS and ceramidases and sphingomyelin synthase. Thus,
inhibiting GCS with PPMP will increase the deacylation of Cg-ceramide and/or increase Cg-
sphingomyelin by mass action. We have no evidence that PPMP increases specific ceramide
synthases through off-target effects. GCS is the preferential pathway available to Cg-
ceramide. If GCS is blocked, then the accumulating Cg-ceramide could then be
preferentially metabolized by other enzymes, including ceramidases. In particular
ceramidases cleave the hexanoyl (Cg) moiety and ceramide synthase produces a longer fatty
acid.28 This is consistent with the upregulation of sphingosine (Figure 3D), a substrate for
long-chain ceramides. Alternately, PPMP may increase expression of specific ceramide
synthases that would also form long-chain ceramide species.
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We specifically targeted GCS using the well studied inhibitor, PPMP.4! Indeed, we
observed synergistic effects on apoptotic leukemic NK cell death using the combination
therapy of Cg-ceramide liposomes and PPMP. We demonstrated selective targeting of GCS
by PPMP in our lipidomics analysis by showing decreased Cg-cerebroside levels and
increased levels of Cg-ceramide, endogenous long chain (C14—Cyg) ceramides, and
sphingosine. The synergistic pro-apoptotic effects of these lipids may occur through a
mitochondrial-dependent pathway. It has been previously demonstrated that nanoliposomal
Cg-ceramide is able to deliver Cg-ceramide to the mitochondria, thus initiating
antiproliferative and proapoptotic effects,® resulting in mitochondrial dysfunction and
ultimate cell death.20 Studies have shown that physiological levels of long-chain ceramides
and sphingosine may also result in mitochondrial intrinsic cell death pathway.*2 Through
inhibition of GCS, we show that increased ceramide levels led to apoptosis and produced
depolarization of the mitochondrial membrane in both the RNK-16 cell line and leukemic
NK cells from patients.

It is also well documented that ceramide disrupts the electron transport chain in
mitochondria, which leads to generation of ROS, thus resulting in direct oxidative damage
of cells.8:29.30 Targeting GCS with PPMP and treating with exogenous Cg-ceramide resulted
in decreased expression of the antiapoptotic molecules survivin and Mcl-1, therefore
triggering apoptosis. We have previously shown that both survivin and Mcl-1 are important
survival factors in NK leukemia and that targeting them will induce apoptosis.19-28 Survivin,
a member of the IAP family, works to inhibit caspases and therefore apoptosis.#3 There is a
mitochondrial pool of survivin that is necessary for tumorigenesis by inhibition of
mitochondria-mediated apoptosis.1® Mcl-1 has been identified as a mitochondrial anti-
apoptosis gene that is overexpressed in cancer.** Ceramide has been shown to activate JNK,
which then goes on to phosphorylate and inactivate Mcl-1.4> Therefore, the combination of
Ce-ceramide nanoliposomes and GCS inhibition aid in restoring long-chain ceramide levels
in NK cells, thus contributing to Mcl-1 and survivin dependent mediated cell death.

Our findings support targeted therapeutics centered on ceramide metabolism. Delivery of
exogenous short-chain ceramide in nanoliposomal formulation in combination with PPMP
leads to increased total ceramide levels resulting in apoptosis of leukemic NK cells through
the activation of the mitochondrial intrinsic cell death pathway.
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(A) Lipids from normal NK cells from donors or leukemic NK cells from patients were
extracted and processed via mass spectrophotometry for ceramide and cerebroside lipid

levels. (B) RNA was extracted and processed into cDNA to run for gRT-PCR from PBMCs

that were collected from 8 normal donors and 7 NK-LGL leukemia patients. GCS

expression is significantly higher in NK-LGL leukemia patients compared to normal

PBM(Cs, (P<0.005).
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Figure 2. Céllular apoptosisisinduced after combination treatment
(A) Patient leukemic NK cells from 6 patients were treated with 12.5 uM Cg-Ceramide and

5, 10, or 15 uM PPMP for 24 hrs then stained for 7AAD//7-AAD then assayed for apoptosis
by flow cytometry. (B) RNK-16 cells were treated with 6.25 UM Cg-Ceramide
nanoliposomes and 5, 10, or 15 uM of PPMP (n=3 independent experiments), then apoptosis
assay was performed. (C) NKL were treated with 12.5 uM Cg-Ceramide and 5, 10, or 15 uM
PPMP (n=3 independent experiments), then apoptosis assay was performed. (D) Normal
PBMCs were treated with 12.5 uM Cg-Ceramide nanoliposomes and 5, 10, or 15 yM PPMP
(n=8), then apoptosis assay was performed. *, P<0.05, **, P<0.005, ***, P<0.0005 indicate
significant differences of Cg-Ceramide nanoliposomes+PPMP versus control treated cells
(Student’s t-test).
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Figure 3. Sphingolipid levels are altered after combination treatment
RNK-16 (4x106) cells were treated for 24 hours with 6.25 uM Cg-ceramide and 5, 10, and

15 uM PPMP. Cells were harvested and lipids were extracted and analyzed with LC-
MS/MS. Lipid levels relative to total cell protein levels were determined for: (A) Ceg-
ceramide, (B) Cg-cerebroside, (C) total natural ceramide, (D) sphingosine. *, P<0.05,
indicates differences of Cg-Ceramide nanoliposomes alone vs. Cg-Ceramide nanoliposomes
+PPMP combinations (one-way ANOVA)..
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Figure4. Mitochondrial disruption occursin leukemic NK cells after combination treatment
(A) Patient NK cells (12.5 pM Cg-Ceramide nanoliposomes+PPMP), and RNK-16 cells

(6.25 puM Cg-Ceramide nanoliposomes+PPMP) were treated for 24 hrs then stained with
JC-1 and assayed for mitochondrial depolarization via cell flow cytometry. *, P<0.05, **,
P<0.005, ***, P<0.0005 indicate significant differences of Cg-Ceramide nanoliposomes
+PPMP versus control treated cells (Student’s t-test).
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Figure5. Increasein ROS level and decr ease of Bcl-2 after combination treatment
(A) RNK-16 cells were treated for 24 hours with 6.25 pM Cg-ceramide nanoliposomes and 5

or 10 uM PPMP and then assayed for ROS levels via cell flow cytometry. *, P<0.05,
indicates significant differences of Cg-Ceramide nanoliposomes+PPMP versus control
treated cells Cg-Ceramide nanoliposomes alone (Student’s t-test). (B) Bcl-2 production
decreases with increasing ROS levels (n=3 independent experiments).
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Figure 6. Mcl-1 and Survivin expression isdecreased in a dose-dependent manner
Western blot analysis was performed for Mcl-1 and Survivin, after 24 hrs treatment of

PBMC from a chronic NK leukemia patient with 12.5 pM Cg-Ceramide nanoliposome and
5, 10 and 15 pM PPMP (n=3 independent experiments). 3-actin served as a loading control.
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