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Abstract

Ceramide is a sphingolipid that activates stress kinases such as p38 and c-JUN N-Terminal Kinase
(JNK). Though Chronic Myelogenous Leukemia (CML) derived K562 cells resist killing by short
chain C2-ceramide, we report here that longer chain C6-ceramide promotes apoptosis in these
cells. C6-ceramide induces cleavage of Caspase-8 and Caspase-9, but only Caspase-8 is required
for apoptosis. The sphingolipid killed CML derived KBMS5 cells and, to a lesser extent, imatinib-
resistant KBM5-ST] cells suggesting that BCR-ABL can not completely block C6-ceramide-
induced apoptosis but the kinase may regulate the process. BCR-ABL is known to suppress
Protein Phosphatase 2A (PP2A) in CML cells. While C6-ceramide can activate PP2A in acute
leukemia cells, the sphingolipid did not activate the phosphatase in K562 cells. C6-ceramide did
not activate p38 kinase but did promote JNK activation and phosphorylation of JUN. Inhibition of
JNK by pharmacological agent protected K562 cells from C6-ceramide suggesting that JINK plays
an essential role in C6-ceramide mediated apoptosis. Furthermore, the sphingolipid promoted
MCL-1 phosphorylation by a mechanism that, at least in part, involves JNK. The findings
presented here suggest that Caspase-8, JNK, and perhaps MCL-1 may play important roles in
regulating cell death and may represent new targets for therapeutic strategies for CML.

Keywords
Ceramide; Apoptosis; Casapse-8; JNK; Stress signal pathway; Chronic Myelogenous Leukemia

Correspondence: Peter Ruvolo, University of Minnesota Hormel Institute, 801 16th Ave NE, Austin, MN 55912; Phone:
507-437-9645; Fax: 507-437-9606; pruvolo@hi.umn.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 2

Introduction

Chronic myelogenous leukemia (CML) is a hematologic malignancy associated with the
t(9,22) translocation (i.e the Philadelphia chromosome) that results in the creation of the
BCRABL tyrosine kinasel-”. One mechanism to account for malignant transformation in
CML involves the constitutive activation of mitogenic signaling by the BCR-ABL
kinase8-11, The BCR-ABL oncogene is unique among oncogenes as it is sufficient alone to
transform cells. Considering that the BCR-ABL kinase is an aberrantly formed chimera
protein that is not found in normal cells, BCR-ABL proved to be a perfect candidate to
directly target in the treatment of CML# 10. 12, 13 The clinically use of imatinib myselate
(aka STI571, Gleevec), a potent BCRABL inhibitor, has met with much success!3 14,
However, the emergence of imatinib-resistant blasts in some patients and the failure of the
drug to achieve long-term responses in patients with advanced stage disease suggest that
other targets besides BCR-ABL will be necessary to effectively treat CML% 13.15 One
study has shown that primitive CML cells are especially resistant to imatinib1®.

Ceramide, a pro-apoptotic lipid, regulates diverse signaling pathways. A wide variety of cell
types undergo programmed cell death or become growth arrested when treated with
ceramide!®-19, Ceramide-mediated programmed cell death can involve the intrinsic and/or
extrinsic apoptotic pathways2%: 21, Caspase activation during apoptosis can involve receptor-
mediated death pathways where the TNF family of death receptors activate initiator
Caspase-8 (i.e. extrinsic pathway) or can involve the mitochondrial-mediated apoptosis
pathway where Cytochrome C is released from the mitochondria and activates initiator
Caspase-920-22, Both pathways culminate in the activation of the major downstream effector
protease, Caspase-3.

The diversity of biological responses of cells to ceramide reflects the complexity of the role
of this sphingolipid as a second signal molecule. Recent studies suggest that stress-activated
protein kinases such as JINK, ERK or p38 play important roles in triggering apoptosis in
response to various cellular stressors including ceramide. The members of BCL-2 family of
proteins play pivotal roles in cellular decision to undergo apoptosis23 24, BCL-2 has been
reported to be phosphorylated by JNK in response to different stimuli2> 26, Although the
significance of phosphorylation of BCL-2 is controversial, it was suggested that multi-site
phosphorylation by JNK within the unstructured loop region of BCL-2 decreases its anti-
apoptotic activity2> 27, Anti-apoptotic BCL-2 family proteins thus may be potential
mediators of INK-induced apoptosis. However, little is known about the relation between
JNK and the other anti-apoptotic members of the BCL-2 family in the context of ceramide
stress-induced apoptosis signaling. MCL-1 is an anti-apoptotic BCL-2 family member that
plays an important role in the development of various carcinomas?® 28. 29, |_jke BCL2,
phosphorylation has been implicated in both positively and negatively regulating MCL-1
anti-apoptotic function30-33, While ceramide is known to promote dephosphorylation of
BCL234 at present it is not how the sphingolipid affects MCL-1 phosphorylation status
and/or function.

A recent study has found that Glucosylceramide synthase (GCS), an enzyme that
glucosylates the sphingolipid and abrogates its toxicity, can promote chemoresistance in
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K562 cells and in CML cells3®. In the present study, we investigated the mechanism of C6-
ceramide mediated apoptosis in CML-derived K562 cells. We have found that the
sphingolipid promoted cell death by a mechanism involving the extrinsic apoptotic pathways
since suppression of Caspase-8 protected K562 cells. We have also found that C6-ceramide
was more effective at killing CML derived KBMS5 cells compared to an imatinib variant of
the cell line (i.e. KBM5-STI). While BCR-ABL does not appear to fully protect cells from
ceramide, the kinase may serve a protective function. Perrotti’s group has demonstrated that
BCR-ABL suppresses PP2A in Philadelphia chromosome positive leukemias such as
CML36-38, BCR-ABL supports activation of the SET protein which is a potent inhibitor of
PP2A36. While ceramide can potently activate PP2A in ALL and AML cell lines16: 34,39,
C6-ceramide did not activate PP2A in the K562 cells suggesting that the sphingolipid cannot
overcome the activation of SET by BCR-ABL in these cells. C6-ceramide did promote
activation of the JNK kinase with concomitant phosphorylation of the JNK substrate c-JUN.
Inhibition of INK using SP600125 protected K562 cells from the sphingolipid’s toxic
effects. Ceramide was found to promote phosphorylation of the anti-apoptotic BCL2 family
member, MCL-1 by a mechanism involving JNK. The results indicate that C6-ceramide
induced apoptosis in K562 cells involves Caspase-8 and JNK.

Materials and Methods

Materials

All reagents used were purchased from commercial sources unless otherwise stated. Cell
Lines— K562 cells were obtained from the American Type Culture Collection (Rockvile,
MD) and maintained in RPMI medium 1640 supplemented with 5% fetal bovine serum and
5% calf serum at 37° C in 5% CO,. KBM5 and KBM5-STI cells were kindly provided by
Dr. Miloslav Beran (MD Anderson Cancer Center, Houston, TX). KBM5 is a cell line
derived from a CML patient and contains multiple copies of the Philadelphia chromosome
and lacks the normal ABL gene. KBMS5 cells resistant to imatinib (KBM5-STI) were
derived by Ricci et al. by chronic exposure of KBM5 cells to imatinib and have been
previously described0. Cells were grown in RPMI 1640 with 10% fetal bovine serum, 1%
glutamine, and 100 units/ml penicillin at 37° C in 5% CO,. KBM5-STI cells were
maintained in the presence of 2 uM imatinib and were maintained at this concentration.

Analysis of Cell Viability and Apoptosis

Cells were treated with various doses of C6-ceramide (BioMol, Plymouth Meeting, PA) for
up to 72 hours. Where appropriate, cells were pretreated for 1 hour prior to C6-ceramide
addition with 40 uM Caspase inhibitor or 20 uM SP600125 (Calbiochem, La Jolla, CA). The
Caspase inhibitors used were all from Calbiochem and included Caspase-3 Inhibitor 11 (Z-
DEVD-FMK), Caspase-8 Inhibitor Il (Z-IETD-FMK), and Caspase-9 Inhibitor | (Z-LEHD-
FMK). Cell viability was measured by trypan blue dye exclusion assay. Apoptosis was
analyzed by cell morphology using light microscopy and flow cytometry analysis to
measure DNA fragmentation and Annexin V staining. To observe cell morphology changes,
cells were transferred to slides using a cytocentrifuge, fixed, and stained robotically with
20% May-Grunwald-Wright-Giemsa composite stain using an Aerospray Slide Stainer as
per the manufacturer’s recommendations (Wescor, Logan, UT). Cells were observed by
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light microscopy using 40X magnification. To analyze apoptosis by measuring DNA
fragmentation using flow cytometry, cells were fixed with 100% methanol at -20° C for at
least 24 hours, washed with PBS, incubated in RNase A (100ug/ml) for 2 hour, and then
labeled with propidium iodide (0.1 mg/ml). DNA fragmentation was analyzed by measuring
cell populations containing sub-GO DNA content using a Beckman Coulter Cytomics
500(Beckman Coulter, Miami, FL). To confirm apoptosis cells were stained with Annexin
V / TMRM (tetramethyl rhodamine methyl ester) and the percentages of apoptotic cells were
assessed by flow cytometry. Cells were washed in PBS, resuspended in binding buffer
containing Annexin V (Roche Diagnostics, Indianapolis, IN) or TMRM. Apoptotic cells
were identified as positive for Annexin V or by loss of TMRM staining using a Becton
Dickinson LSR Il FACScan (Becton Dickinson, San Jose, CA).

Protein Phosphatase Assay

Protein phosphatase activity of nuclear and mitochondrial fractions was determined as
previously described3?. Generation of free PO, from the phosphopeptide RRA(pT)VA was
measured using the molybdate:malachite green:phosphate complex assay as described by the
manufacturer (Promega, Madison, WI1). Nuclei and mitochondrial membranes were prepared
as previously described3®. The phosphatase assay was performed in a PP2A-specific
reaction buffer ( final 50 mM imidazole (pH 7.2)/ 0.2 mM EGTA/ 0.02 % 2-
mercaptoethanol/ 0.1 mg/ml BSA) using 100 uM phosphopeptide substrate and 2 pg of
protein isolated from the nuclei or mitochondria. After incubation at 30° C for 30 minutes,
molybdate dye was added and free phosphate was measured by absorbance at 590 nM. A
standard curve with free phosphate was used to determine the amount of free phosphate
generated. Phosphatase activity was defined as pmole free PO, generated/ug protein/ min.

Metabolic Labeling, Immunoprecipitation, and Immunoblotting Analysis

K562 cells were pretreated with 20 uM SP600125 for 1 hr followed by treatment with 25
UM C6-ceramide for 3 hours during metabolic labeling with 32P-orthophosphate and BCL-
XL and MCL-1 were analyzed by immunoprecipitation by a method similar to that described
for studies with BCL234. Anti-sera from Cell Signaling (Beverly, MA) was used to
immunoprecipitate BCL-X| and antisera from Chemicon (Temacula, CA) was used to
immunoprecipitate MCL-1. Immunoprecipitated protein was electrophoresed in a 12%
acrylamide/0.1% SDS gel, transferred to nitrocellulose, and exposed to Kodak X-Omat film
at -80°C. To confirm the identity of phosphorylated bands as either BCL-X| or MCL-1, the
same blot was used for Western blotting with antibodies that were different than the one
used for immunoprecipitation. Anti-BCL-X|_ anti-sera (Santa Cruz Biotechnology, Santa
Cruz, CA) or anti-MCL-1 anti-sera (Santa Cruz Biotechnology) was used in Western
analysis.

Western Blot Analysis

K562 cells were sonicated in 200 ul lysis buffer (62.5 mM Tris (pH 8.0), 2% SDS, 10%
glycerol, 100 uM AEBSF, 80nM Aprotinin, 5uM Bestatin, 1.5 pM E-64, 2 uM leupeptin, 1
UM Pepstatin, 500 uM sodium orthovanadate, 500 uM glycerol phosphate, 500 UM sodium
pyrophosphate and 50 uM DTT) and protein (5 x 10° cell equivalents) was subjected to
electrophoresis using 10-14% acrylamide/ 0.1% SDS gels. Proteins were transferred to a
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nitrocellulose membrane and Western blotting analysis was performed with antibodies
against PARP (Santa Cruz Biotechnology), Caspase-8 (Santa Cruz Biotechnology),
Caspase-9 (Santa Cruz Biotechnology), phospho-JNK (Cell Signaling), INK (Cell
Signaling), phospho-p38 (Cell Signaling), p38 (Cell Signaling), phospho-ERK (Cell
Signaling), ERK (Cell Signaling), GAPDH (Chemicon) and Actin (Sigma, St. Louis, MO).
Western blots were developed using an ECL kit (Amersham, Piscataway, NJ).

Statistical analysis was performed using standard t test analysis with Sigma Stat computer
software (SSPS, Chicago, IL).

Ceramide Promotes Apoptosis in K562 Cells by a Caspase-dependent Mechanism

Previous studies on the effect of ceramide on K562 cells have indicated that the cells are
resistant to the sphingolipid*L. Furthermore, irradiation of K562 cells fails to induce
production of ceramide species associated with apoptosis which may explain the resistance
of these cells to irradiation-induced apoptosis*2. However, the study of ceramide-induced
apoptosis in K562 cells was performed using C2-ceramide rather than C6-ceramide®?.
Recent studies have indicated that short chain ceramides are converted to more
physiologically relevant long chain ceramides by a mechanism that involves recycling the
sphingosine backbone of short chain ceramides for use in generating long chain
molecules*3. While C2-ceramide is more soluble in aqueous solution than C6-ceramide, the
longer fatty acid chain promotes greater cell permeability. Thus, C6-ceramide could prove
more effective than C2-ceramide to treat cells. To support this notion, C6-ceramide has been
shown to be at least 6X more effective at suppressing cell growth in mouse leukemia cells
compared to C2-ceramide®*. Studies were performed to determine if C6-ceramide could
promote apoptosis in K562 cells. In a time course experiment using trypan blue dye
exclusion assay, both 25 uM (Figure 1A) and 50 uM C6-ceramide (Figure 1B) were
effective at promoting cell death in K562 cells. The mechanism of cell killing was
determined to be apoptosis since K562 cell treated with C6-ceramide display DNA
fragmentation. As shown in Figure 2A, flow cytometry analysis after cell staining with
propidium iodide indicates that chromosomal DNA is intact in untreated cells (i.e. sub-G1 <
5%) whereas significant DNA fragmentation occurs in ceramide-treated cells (i.e. > 25%
sub-G1 after 48 hours with 25 UM C6-ceramide). In addition, an apoptotic mechanism is
indicated since C6-ceramide promoted inversion of the plasma membrane as shown by
Annexin V staining of the K562 cells. Flow cytometry analysis of untreated K562 cells and
cells treated with 50 uM C6-Ceramide for 72 hours indicate that nearly all the cells are
Annexin V positive after staining (Figure 2B). As shown in Figure 2B, 72 hour treatment of
K562 cells with 50 uM C6-Ceramide also promoted loss of mitochondrial membrane
permeability as indicated by loss of TMRM (tetramethyl rhodamine methyl ester) staining.
These data clearly indicate that C6-Ceramide promotes apoptosis in K562 cells.

Another feature of apoptosis is the activation of the Caspase family of proteases20-22, As
shown in Figure 3A, Western blot analysis of protein isolated from untreated K562 cells or
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cells treated with 25 UM C6-ceramide demonstrates Caspase-3 activation as observed by
cleavage of PARP (poly-ADP-ribose polymerase; a caspase-3 substrate). Next we
investigated the effect of caspase-3 inhibitor on the C6-ceramide-induced apoptosis.
Supporting a role for Caspase-3 in ceramide-induced apoptosis in K562 cells, Caspase-3
inhibitor protected K562 cells from 25 pM C6-Ceramide when the cells were pretreated with
the Caspase inhibitor compared to C6-ceramide treatment alone (Figure 3C). It is not known
if C6-Ceramide induced apoptosis in K562 cells involves the intrinsic (i.e. mitochondria
mediated) apoptotic pathway or the extrinsic (i.e. death receptor mediated) apoptotic
pathway. Ceramide has been implicated in the activation of both pathways*>-47.
Mitochondrial release of Cytochrome C and other molecules activates Caspase-9 and is an
integral part of intrinsic apoptotic pathways29-22, On the other hand, extrinsic apoptotic
pathways involve activation of Caspase-8 by death receptors such as FADD and TRADD.
The detection of PARP cleavage and suppression of apoptosis by the Caspase-3 inhibitor
during ceramide treatment in K562 cells demonstrates that Caspases are activated; however,
it is not known which apoptotic pathway is involved. As shown in Figure 3C, after 25 uM
C6-Ceramide treatment for 24 hours both Caspase-8 and Caspase-9 were activated as
demonstrated by the cleavage of the procaspase forms of these enzymes. Next we
investigated the effect of Caspase-8 and Caspase-9 inhibitors on the death determined by
ceramide. Apoptosis assay measuring Annexin V positive cells revealed that pretreatment of
K562 cells with 40 uM Caspase-8 inhibitor but not 40 uM Caspase-9 inhibitor protected
cells from treatment with 25 uM C6-Ceramide for 48 hours (Figure 3D). These data taken
together suggest that C6-ceramide induced cells death in K562 cells involves a mechanism
of apoptosis that is dependent on Caspase-3 and Caspase-8 (i.e. the extrinsic pathway).

Ceramide kills myeloid leukemia cells independent of BCR-ABL status

The presence of active BCR-ABL kinase in CML derived cells potentially can suppress
death pathways in response to apoptotic agents due to the effect of the kinase on pro-
survival signaling®11. To determine if BCR-ABL affects C6-ceramide induced cell death in
malignant myeloid cell lines, C6-ceramide was used to treat the BCR-ABL positive K562
cells and two BCR-ABL negative cell lines (i.e. OCI-AML3 and U937). It has previously
been documented that short chain ceramide (i.e. C2-ceramide) can effectively kill AML
derived HL60 cells*8, so it would be not be unusual if AML derived cell lines such as OCI-
AML3 and U937 would be sensitive to C6-ceramide. K562 cells, OCI-AMLS cells, and
U937 cells were treated with 25 UM or 50 pM C6-ceramide for 24 hours and cell death was
assessed by trypan blue staining. At either concentration of the sphingolipid, K562 cells
were more sensitive to C6-ceramide compared to both of the two AML derived cell lines
(Figure 4). This result suggests that C6-ceramide induced cell death involves a mechanism
that is independent of BCR-ABL.

Ceramide promotes apoptosis in KBM5 cells and in imatinib-resistant KBM5-STI cells

KBMS5 cells are a BCR-ABL positive CML cell line. An imatinib-resistant variant of the cell
line (KBM5-STI) was developed by Ricci and colleagues®®. KBM5-STI have developed
drug resistance to imatinib due to mutation of the BCR-ABL kinase (i.e. a threonine-to-
isoleucine point mutation at position 315 of ABL). KBM5 and KBM5-ST] cells were treated
with 50 pM C6-ceramide, 0.5 pM imatinib, or with a combination of both compounds for 48
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hours and apoptosis was measured by Annexin V staining using FACSCAN. The induction
of apoptosis was measured as an increase in Annexin V positive cells relative to cells treated
with DMSO. As shown in Figure 5, the KBM5 cells are sensitive to imatinib (i.e. > 2 fold
induction of apoptosis; p < 0.001) while there is no significant Annexin V staining of
KBMb5-STI cells with the compound. Apoptosis was potently induced in both KBM5 and
KBM5-STI cells after treatment with 50 uM C6-ceramide for 48 hours. C6-ceramide
promoted a > 12 fold increase in apoptotic cells compared to vehicle in the KBM5 cells and
a > 5 fold increase in apoptotic cells compared to vehicle in the KBM5-STI cells (Figure 5).
This finding suggests that the KBMS5 cells are more sensitive to the sphingolipid compared
to the KBM5-STI cells. As shown in Figure 5, the co-treatment of KBMS5 cells with C6-
ceramide and imatinib resulted in an increase in apoptosis compared to C6-ceramide
treatment alone (i.e. on average 15.9 fold versus an average of 12.9 fold increase in
apoptosis, respectively) though this difference in apoptotic induction was not statistically
significant (p = 0.34). There was no difference in apoptotic induction in KBM5-STI cells
treated with C6-ceramide compared to cells treated with the combination of the sphingolipid
and imatinib (Figure 5). These results suggest that BCR-ABL may regulate ceramide-
induced apoptosis; however more work will be necessary to determine the mechanism
involved.

Ceramide does not activate PP2A in K562 cells

Protein phosphatase 2A (PP2A) is a phosphatase that regulates cell proliferation, survival,
and differentiation?®: 59, Loss of PP2A function has been associated with cell
transformation4®. Studies have shown that in BCR-ABL + cell lines and in patient-derived
CML CD34+ cells, the phosphoprotein SET expression is enhanced by BCR-ABL and
increases during CML disease progression3®. This results in progressive loss of PP2A
tumor-suppressive activity. Restoring PP2A activity in these cells induces inactivation and
downregulation of the BCR-ABL oncogene itself.

It is well known that phosphatases play an important role in ceramide-mediated processes.
Ceramide has been found to be a potent activator of protein phosphatases like PP2A and
PP116, Ceramide activation of PP2A results in inactivation of BCL2 and apoptosis3#: 39.
Ceramide potently kills acute myeloid leukemia and acute lymphoblastic leukemia cell lines
such as REH and HL60 by a mechanism that involves activation of a mitochondrial
PP2A34 39, Protein phosphatase assay was performed using protein lysates from
mitochondria and nuclei from untreated K562 cells or cells treated with C6-ceramide to
determine if ceramide promotes mitochondrial PP2A activity. As shown in Figure 6,
ceramide did not significantly promote PP2A activity in either the nucleus or mitochondria.
These findings suggest that PP2A is not likely to be involved in ceramide-induced apoptosis.
Since BCR-ABL in K562 cells should suppress PP2A activity in these cells3®, these results
suggest that C6-ceramide cannot overcome suppression of the protein phosphatase by BCR-
ABL.

Ceramide Activates JNK and ERK but not p38

While JNK is known to be regulated by ceramide, the exact role for this enzyme in
ceramide-induced cell death in CML-derived K562 cells is unknown. The goal of the
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present study was to determine what role MAP kinases play in ceramide-induced apoptosis
in K562 cells. K562 cells were treated with 25 uM C6-ceramide for varying times and
expression and activation (i.e. phosphorylation) of INK, p38, and ERK were determined by
Western blot analysis of protein lysates (Figure 7). C6-ceramide was found to have different
effects on each kinase. The sphingolipid promotes activation of the JNK MAP kinase as
indicated by phosphorylation after 3 hours treatment (Figure 7A). It is widely reported that
JNK phosphorylates the transcription factor c-JUN resulting in its increased transcriptional
activity. Consistent with ceramide activation of JINK in K562 cells, results from Western
blotting using phosphospecific antibodies demonstrate that 25 pM C6-ceramide induces c-
JUN phosphorylation and this phosphorylation can be blocked with the JNK inhibitor
SP600125 (Figure 7B). Taken together these results demonstrate that ceramide-induced
activation of JNK and its downstream substrate c-JUN in K562 cells may be important in the
mechanism in which this compound induces apoptosis.

Analysis of p38 and phosphorylated p38 showed that this kinase is not activated during
ceramide-induced cell death in K562 cells (Figure 7C). Analysis of ERK demonstrated that
the MAP kinase is rapidly phosphorylated and activated after 30 minutes of ceramide
treatment, however, phospho-ERK levels come back to the basal level after 1 hour (Figure
7D). It is not clear what role this transient activation of ERK may play in ceramide-induced
apoptosis in K562 cells. While p38 does not appear to be a ceramide target in K562 cells, it
is clear that the agent potently activates JNK in these cells.

C6-Ceramide induces rapid activation of JNK (Figure 7A) and promotes JINK mediated
phosphorylation of c-JUN (Figure 2B). However, it is not known if JNK is required for
ceramide-induced apoptosis. The JINK pharmacological inhibitor SP600125 was used to
determine if suppression of JNK could protect cells from C6-Ceramide induced apoptosis in
K562 cells. Cells were pre-treated for 1 hour with 10 pM SP600125 prior to treatment with
25 UM C6-ceramide for 24 hours. Cell viability was assessed by trypan blue exclusion dye
assay. As shown in Figure 8 the INK inhibitor did indeed protect K562 cells from ceramide-
induced death. This result suggests that JNK kinase is necessary for ceramide-induced
apoptosis in K562 cells.

Ceramide promotes phosphorylation of MCL-1

A number of non-c-JUN JNK targets including BCL2, BIM, and MCL-1 have been
identified?® 26.30. 31 While BCL2 is a JNK target, BCL2 was not examined since little if
any of the protein is detected in K562 cells (data not shown). Considering that MCL-1 plays
a key role in survival of malignant hematopoietic cells?8-2% and the molecule is regulated by
INK30:31 it js plausible that ceramide-induced apoptosis in CML cells may involve
inactivation the anti-apoptotic molecule by the kinase. A metabolic radio-labeling
experiment was performed to determine if MCL-1 was phosphorylated in K562 cells in
response to ceramide (Figure 9A). K562 cells were treated with 25 pM C6-ceramide for 3
hours during metabolic labeling with 32P-orthophosphate, and the phosphorylation status of
MCL-1 was examined following immunoprecipitation. As shown in Figure 9A, ceramide
treatment induces MCL-1 phosphorylation and the Western analysis demonstrates that
roughly equivalent levels of MCL-1 protein were immunoprecipitated from control
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(untreated) and C6-ceramide-treated samples. To determine if ceramide-induced
phosphorylation of MCL-1 involves JNK, SP600125 was used in the metabolic radio-
labeling experiment to determine if the inhibition of JNK could block ceramide-induced
MCL-1 phosphorylation. As shown in Figure 9A, the JNK inhibitor suppresses ceramide-
induced phosphorylation of MCL-1 suggesting that JNK kinase phosphorylates the anti-
apoptotic molecule in response to ceramide. Considering that the JNK specific inhibitor does
protect the cells from ceramide-induced cell death (Figure 8), these findings suggest that
MCL-1 may be an important JNK target in the apoptotic process induced by ceramide in
K562 cells.

Since JNK has been implicated in the inactivation of BCL-X|_ by multi-site
phosphorylation®?, the effect of C6-ceramide on BCL-X;_ phosphorylation status was
observed in K562 cells using metabolic radio-labeling (Figure 9B). K562 cells were treated
with 25 pM C6-ceramide for 3 hours during metabolic labeling with 32P-orthophosphate,
and the phosphorylation status of BCL-X, was examined following immunoprecipitation.
Cells treated with C6-ceramide did appear to display greater levels of phosphorylated BCL-
X\, however, Western analysis demonstrates that a greater amount of BCL-X|_ protein was
immunoprecipitated from the C6-ceramide-treated sample. Densitometric analysis revealed
that there was only a slight increase (~ 17 %) in phosphorylated BCL-X| compared to
untreated cells when normalized to the amount of protein immunoprecipitated. This finding
suggests that ceramide inaction of BCL-X|_is likely not involved in C6-ceramide induced
apoptosis in the K562 cells.

Discussion

Previous studies have demonstrated that ceramide generation induces apoptosis in other cell
types but not in CML-derived K562 cells1?-19. 41, Ceramide is a component of the lipid
signaling pathway that is synthesized de novo or through the catabolism of sphingomyelin in
response to cell stresses, including ionizing radiation, chemotherapeutical drugs, and
cytokinesl’-19, Studies were performed to determine if short chain ceramide analogs like
C6-ceramide could promote apoptosis in CML-derived K562 cells. C6-ceramide potently
induces cell death in these cells and the mechanism of cell death is apoptosis. Moreover, the
apoptotic process is mediated by activation of Caspases. Ceramide promotes PARP cleavage
and activation of Caspase-3 (which is an effector Caspase for both intrinsic and extrinsic
pathways). Ceramide-mediated apoptosis is Caspase dependent in K5632 cells as the
specific Caspase-3 inhibitor Z-DEVDFMK protects K562 cells from apoptosis in response
to treatment with C6-ceramide. Both initiator Caspase-8 (extrinsic, receptor mediated
pathway) and Caspase-9 (intrinsic, mitochondrial pathway) were activated by C6-ceramide
in K562 cells. However, only Caspase-8 proved to be essential for C6-ceramide induced
apoptosis. These findings suggest that while C6-ceramide induced apoptosis, the mechanism
of cell death relies on the extrinsic apoptotic pathway.

C6-ceramide was effective at killing another CML derived cell line, KBM5. KBM5-STI is
an imatinib-resistant variant of KBMS5 (resulting from mutation of the BCR-ABL kinase)0.
C6-ceramide was able to promote apoptosis in KBM5-STI cells despite the presence of the
imatinib-resistant BCR-ABL mutant; however, the sphingolipid was only half as effective at
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killing these cells compared to the imatinib-sensitive KBM5 cells. These findings suggest
that BCR-ABL cannot fully block ceramide-induced apoptosis but may accord some
protection to cells. Recent studies have demonstrated that BCR-ABL suppresses PP2A in
CML cells36-39, A therapeutic strategy for the therapy of CML involves the activation of
PP2A to promote proapoptotic signaling using the compound FTY72038. In the present
study, ceramide was able to promote apoptosis in the absence of activation of PP2A. This
finding suggests that activation of PP2A is not required for apoptosis (at least in K562 cells)
and that activation of ceramide-mediated death pathways may provide alternative means to
kill CML cells or other BCR-ABL positive cells such as Philadelphia positive ALL cells.
This notion suggests that a potential therapeutic anti-CML strategy could involve the use of
drugs that may promote ceramide production.

Previous studies have shown that direct elevation of intracellular ceramide levels by
treatment of cells with ceramide analogs markedly activated INK/SAPK cascade but not the
ERK kinase cascade in acute myeloid leukemia cells®2. In this study treatment of CML
derived K562 cells with C6-ceramide did indeed induce JNK activation but also activated
ERK over a short period of time. In K562 cells, C6-ceramide did not activate the p38 kinase.
Perhaps the brief activation of ERK represents an attempt of the cell to protect itself during
ceramide stress challenge. The role of ERK in ceramide-induced apoptosis in the K562 cells
remains to be determined. Still, evidence is strong that C6-ceramide-induced cell death of
K562 cells requires INK.

A number of JNK targets have been recently identified including many members of the
BCL2 family (e.g. BCL-2, BCL-XL, Bim, MCL-1). Recent studies have suggested that
multi-site phosphorylation of BCL-X|_results in the functional inactivation of the anti-
apoptotic protein®l. K562 cells exhibited basal levels of phosphorylated BCL-X, and C6-
ceramide did not augment this phosphorylation suggesting that inactivation of BCL-X|_ anti-
apoptotic function by phosphorylation is not involved in ceramide-mediated apoptosis in the
K562 cells. INK is a MCL-1 kinase3C. JINK-mediated phosphorylation of MCL-1 at Thr-163
promotes Glycogen Synthase Kinase 3 (GSK3) phosphorylation of the protein at Ser 159
which results in proteasome-mediated degradation of the anti-apoptotic protein3l 32 |t
should be noted that INK may support cell survival function of MCL-1 by phosphorylating
the protein at Ser 64 though Cyclin Dependent Kinase 2 and Cyclin Dependent Kinase 3
appear to be responsible for this function33. In the present study, C6-ceramide appears to
promote cell death in conjunction with MCL-1 phosphorylation by a mechanism that
involves JNK. This finding suggests that in K562 cells, INK phosphorylation of MCL-1
would inactivate the anti-apoptotic protein. A better understanding of this mechanism will
occur when the MCL-1 sites that are phosphorylated in response to ceramide are identified.
Still, that ceramide promotes JNK-mediated phosphorylation of MCL-1 is consistent with a
mechanism whereby the anti-apoptotic agent is inactivated by the stress kinase during
programmed cell death. Further studies will be necessary to unravel the role of MCL-1
phosphorylation in ceramide-induced apoptosis in CML cells.

In conclusion, in the present study we showed that C6 ceramide induces apoptosis mediated
by the extrinsic apoptotic pathway (through Caspase-8), in the absence of PP2A activation,
and in the presence of INK/SAPK cascade activation. JNK participates in MCL-1
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phosphorylation which may inactivate the anti-apoptotic function of this BCL2 family
protein. A better understanding of how JNK regulates apoptosis in CML cells may lead to
improved strategies for the treatment of CML.
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Figure 1. C6-ceramide promotes cell death in K562 cells
K562 cells were untreated or treated with 25 pM C6-ceramide (A) or 50 pM C6-ceramide

(B) for 24, 48 and 72 hours. Cell death was assessed by trypan blue exclusion assay. Error
bars represent the mean +/- SD from three independent experiments. Student t test reveals
that *p < 0.05 for all ceramide treated cells compared to relevant untreated samples.
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Figure 2. C6-ceramide promotes apoptosisin K562 cells
A) K562 cells were untreated or treated with 25 uM C6-ceramide for 24, 48 and 72 hours.

Cell apoptosis (sub-G1 phase) was assessed by flow cytometry after propidium iodide
staining. Error bars represent the mean +/- SD from three independent experiments. Student
t test reveals that *p < 0.05 for all ceramide treated cells compared to relevant untreated
samples. B) K562 cells were untreated or treated with 50 pM C6-ceramide for 72 hours,
harvested and double-stained with Annexin V and TMRM (tetramethyl rhodamine methyl
ester) and flow cytometry was performed.
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Figure 3. Ceramide-induced cell death in K562 cellsis Caspase dependent and requires
Caspase-8

A) K562 cells were untreated or treated with 25 pM C6-ceramide for 24h and PARP
cleavage was assessed by Western blot analysis using anti-PARP antibody. As a loading
control the same blot was probed with antibody against GAPDH. B) K562 cells were
untreated or treated with 25 pM C6-ceramide for 24 hours. Where appropriate, cells were
pre-treated with Caspase-3 inhibitor (Z-DEVD-FMK) for one hour before adding ceramide.
Cell apoptosis was assessed by flow cytometry after propidium iodide staining. Error bars
represent the mean +/- SD from three independent experiments. Student t test reveals that
there was a statistical difference in untreated cells and cells treated with C6-ceramide (*p =
0.009). There was no statistical difference between untreated cells and ceramide treated cells
that were pretreated with Caspase-3 inhibitor (p > 0.05). C) K562 cells were untreated or
treated with 25 uM C6-ceramide for 24 hours. Pro-Caspase-8 and Pro-Caspase-9 cleavage
were assessed by Western blot analysis. As a loading control the same blot was probed with
antibody against GAPDH. D) K562 cells were untreated or treated with 25 uM C6-ceramide
for 48 hours. Where appropriate, cells were pre-treated with Caspase-8 Inhibitor 1l (Z-IETD-
FMK) or Caspase-9 Inhibitor | (Z-LEHD-FMK) for one hour before adding ceramide. Cell
apoptosis was assessed by flow cytometry after Annexin V staining. Error bars represent the
mean +/— SD from three independent experiments. Student t test reveals that there was a
statistical difference in cells treated with C6-ceramide and cells treated with Caspase-8
inhibitor (*p = 0.013). There was no statistical difference between cells treated with C6-
ceramide and cells treated with Caspase-9 inhibitor (p > 0.05).
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Figure 4. C6-ceramide promotes apoptosisin BCR-ABL positive and BCR-ABL negative
malignant myeloid cells
BCR-ABL positive K562 cells and BCR-ABL negative OCI-AML3 and U937 cells were

untreated or treated with 25 pM, or 50 uM C6-ceramide for 48 hours. Cell death was
assessed by trypan blue exclusion assay. Error bars represent the mean +/— SD from three
independent experiments. Student t test reveals that *p < 0.05 for all ceramide treated cells
compared to relevant untreated samples.
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Figure 5. C6-ceramide promotes apoptosisin KBM5 and imatinib-resistant KBM5-ST| cells
KBM5 and KBM5-STI cells were treated with 0.1% DMSO, with 0.5 uM imatinib (IM),

with 50 uM C6-ceramide (C6), or with a combination of both compounds (C6 + IM) for 48
hours. Cell apoptosis was assessed by flow cytometry after Annexin V staining. Apoptotic
induction was determined by the ratio of apoptotic cells after treatment relative to DMSO
treated cells. Error bars represent the mean +/— SD from three independent experiments.
Student t test reveals that there was a statistical difference in KBM5 cells treated with
imatinib compared to cells treated with DMSO (*p < 0.001) and with the combination of
imatinib and C6-ceramide compared to cells treated with DMSO (*p < 0.001). Student t test
also reveals that there was a statistical difference in KBM5-STI cells treated with C6-
ceramide compared to cells treated with DMSO (*p < 0.001) and with the combination of
imatinib and C6-ceramide compared to cells treated with DMSO (*p < 0.001).
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Figure 6. PP2A activity isnot significantly increased in K562 cells after ceramide treatment
PP2A protein was immunoprecipitated from nuclear and mitochondrial fractions and a

protein phosphatase assay was performed using a PP2A specific substrate peptide. Error bars
represent the mean +/- SD from three independent experiments. Student t test reveals that
there was no statistical difference in PP2A activity untreated cells and ceramide treated cells
(p > 0.05) for either nuclear or mitochondrial lysates.

Cell Cycle. Author manuscript; available in PMC 2014 June 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nica et al.

A 15 60 180 C6-Ceramide (minutes)

| e
i JNK
- oL CActh
B - - + + o SPeONI2S
| = L C6-Ceramide
- s = p-¢-JUN
— ——— — ACtiD
© 15 60 IS0 6h %h 25 1M Co-Coramide
______ p3s
—————— p-p38
______ Actin
D 0 157 30" 60° 180" 24hrs 25 uM C6-Ceramide
s o — = = = ERK

e o~ pERK

— - Actin

Figure 7. INK isactivated in K562 cells after C6-ceramide treatment
A) K562 cells were untreated or treated for various times with 25 pM C6-ceramide. Western

blot analysis was performed using antibodies against JNK and phospho-JNK. Actin was
used as a loading control. B) K562 cells were treated for 24h with 25 pM C6-ceramide.
Where appropriate, cells were pre-treated with 10 pM SP600125. Western blot analysis was
performed using phospho-c-Jun anti-sera. Actin was used as a loading control. C) K562 cells
were untreated or treated for various times with 25 uM C6-ceramide. Western blot analysis
was performed using antibodies against p38 and phospho-p38. Actin was used as a loading
control. D) K562 cells were untreated or treated for various times with 25 uM C6-ceramide.
Western blot analysis was performed using antibodies against ERK and phospho-ERK.

Actin was used as a loading control.
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Figure 8. Inhibition of INK protects K562 cells from C6-ceramide induced apoptosis
K562 cells were untreated or treated with 25 pM C6-ceramide for 24hours. Where

appropriate, cells were pre-treated with 10 uM JNK inhibitor SP600125 for 1 hour prior to
ceramide addition. Cell death was assessed by trypan blue exclusion assay. Error bars
represent the mean +/- SD from three independent experiments. Student t test reveals that
there was a statistical difference in untreated cells and cells treated with C6-ceramide (*p =
0.001) and cells treated with C6-ceramide and cells treated with C6-ceramide and
SP6006125 (*p=0.001). There was no statistical difference between untreated cells and cells
treated with SP600125 alone (p > 0.05).
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Figure 9. Ceramide promotes phosphorylation of MCL-1 but not BCL-X|_ by a mechanism
involving INK
A) K562 cells were untreated or treated with 25 pM C6-ceramide for 3 hours during

metabolic labeling with 32P-orthophosphate. Where appropriate, cells were pre-treated with
10 uM SP600125 for 1 hour prior to ceramide addition. The phosphorylation status of
MCL-1 was detected by autoradiography and the identity of MCL-1 was confirmed by
Western analysis as described in “Materials and Methods”. B) K562 cells were untreated or
treated with 25 pM C6-ceramide for 3 hours during metabolic labeling with 32P-
orthophosphate. Where appropriate, cells were pre-treated with 10 uM SP600125 for 1 hour
prior to ceramide addition. Phosphorylation of BCL-X; was detected by autoradiography
and the identity of BCL-X| was confirmed by Western analysis as described in “Materials
and Methods”.
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