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Abstract
Purpose Alterations in ceramide metabolism have been
reported in prostate cancer (PCa), resulting in escape of
cancer cells from ceramide-induced apoptosis. SpeciWcally,
increased expression of lysosomal acid ceramidase (AC)
has been shown in some primary PCa tissues and in several
PCa cell lines. To determine if this represents a novel thera-
peutic target, we designed and synthesized LCL204, a lyso-
somotropic analog of B13, a previously reported inhibitor
of AC
Methods Prostate cancer cell lines were treated with
LCL204 for varying times and concentrations. EVects of
treatment on cytotoxicity, sphingolipid content, and apop-
totic markers were assessed.
Results Treatment of DU145 PCa cells resulted in
increased ceramide and decreased sphingosine levels. Inter-
estingly, LCL204 caused degradation of AC in a cathepsin-
dependent manner. We also observed rapid destabilization
of lysosomes and the release of lysosomal proteases into

the cytosol following treatment with LCL204. Combined,
these events resulted in mitochondria depolarization and
executioner caspase activation, ultimately ending in apop-
tosis
Conclusions These results provide evidence that treat-
ment with molecules such as LCL204, which restore cera-
mide levels in PCa cells may serve as a new viable
treatment option for PCa.
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Abbreviations
PCa Prostate cancer
HRPC Hormone-refractory prostate cancer
AC Acid ceramidase
ASMase Acid sphingomyelinase
LTR LysoTracker Red
LMP Lysosomal membrane permeabilization

Introduction

Prostate cancer (PCa) is the most common non-cutaneous
malignancy in men in the United States and the second
leading cause of death from cancer. While treatment of
localized PCa is frequently eVective, many men are unfor-
tunately diagnosed with more advanced disease which,
whether local or metastatic, is typically resistant to the cur-
rent available treatments. Androgen ablation is most often
the therapeutic choice, but becomes ineVective as advanced
PCa develops androgen independence, known as hormone-
refractory prostate cancer (HRPC). HRPC develops, on
average, 18 months after beginning androgen ablation ther-
apy and commonly displays resistance to a wide variety of

D. H. Holman · L. S. Turner · A. El-Zawahry · S. Elojeimy · 
X. Liu · J. S. Norris (&)
Department of Microbiology and Immunology, 
Medical University of South Carolina, 
Charleston, SC 29403, USA
e-mail: norrisjs@musc.edu

J. Bielawski · Z. M. Szulc · Y. H. Zeidan · Y. A. Hannun · 
A. Bielawska
Department of Biochemistry and Molecular Biology, 
Medical University of South Carolina, 
Charleston, SC 29403, USA

K. Norris
Biochemistry Section, Surgical Neurology Branch, 
National Institute of Neurological Disorders and Stroke, 
National Institutes of Health, Bethesda, MD 20892, USA
123



232 Cancer Chemother Pharmacol (2008) 61:231–242
chemotherapeutic agents [37]. As a result, HRPC is gener-
ally considered incurable, highlighting the need for new
treatment options.

Ceramide is the basic building block of the complex
sphingolipids and functions as a bioactive lipid in several
cellular processes including apoptosis, inXammation, and
cell cycle arrest. Cellular ceramide levels are regulated by
ceramide-synthesizing enzymes such as acid sphingomye-
linase (ASMase) and ceramide-metabolizing enzymes such
as acid ceramidase (AC). Ceramide is often produced in
response to cellular stress such as hypoxia, nutrient depri-
vation, genotoxic agents, or immune attack. As these
insults are commonly encountered by cells in a growing
tumor, successful tumor formation depends on the develop-
ment of escape mechanisms to surmount this homeostatic
control point. Thus, it is not surprising that defects in cera-
mide signaling and metabolism have been shown to be
involved in apoptosis resistance in cancer cells ([20, 21, 23,
36, 38, 40], reviewed in [25]).

One method for cells to escape ceramide-induced apop-
tosis is to ensure that ceramide produced by the stress
response is rapidly removed by ceramide-metabolizing
enzymes such as AC (reviewed in [25, 27]). Human AC is
synthesized as a 53 kDa polypeptide which is processed
into � and � subunits (13 and 40 kDa, respectively) in lyso-
somes, where it resides and functions to regulate lysosomal
ceramide levels [11]. Seelan et al. found the human AC
gene to be over-expressed in 42% of PCa specimens ana-
lyzed as well as three PCa cell lines [34]. These results sug-
gest that therapeutic strategies aimed at restoring the
balance of ceramide in PCa cells may oVer a new treatment
option for PCa.

Aromatic analogs of ceramide (N-acyl-phenyl-amino-
alcohols) have been shown to be potent anti-cancer agents
[2, 3]. The AC inhibitor (1R,2R) N-myristoylamino-(4�-
nitrophenyl)-propandiol-1,3 (also referred to as B13 or
LCL4), had strong anti-cancer activity in the myeloid
leukemic cell line HL-60, melanoma, prostate, and colon
cancer cells [2, 3, 28, 31, 35]. Here, we introduce a novel
analog of B13, LCL204 [(1R,2R) 2-(N-tetradecylamino)-1-
(4-NO2)-phenyl- 1,3-dihydroxy-propane HCl] (Z. M. Szulc
et al., Submitted for publication). An independently synthe-
sized compound called AD2646 [(2R,3R) 2-(N-tetradecyla-
mino)-1-(4-NO2)-phenyl- 1,3-dihydroxy-propane] has been
reported to exert cytotoxic eVects on the myeloid leukemic
cell line HL-60 [8], and to alter sphingolipid metabolism
and inhibit AC activity in the leukemic T cell line Jurkat,
resulting in cell death [12].

As altered ceramide metabolism associated with up-
regulated AC has been implicated in some prostate and
head and neck cancers [25], AC inhibitors such as LCL204
are of interest. We report here that LCL204 exerted a rapid
eVect on lysosomes in PCa cells via elevation of pH and

alteration of sphingolipid proWles, which was immediately
followed by degradation of both AC and ASMase. These
events were proximal to a loss of mitochondria membrane
potential (��m) and the activation of executioner caspases,
which ultimately culminated in apoptosis. These data illus-
trate that the use of lysosomal inhibitors of AC may serve
as a functional treatment for PCa exhibiting aberrant
ceramide metabolism.

Materials and methods

Cell lines

The human PCa cell lines DU145, LNCaP, DuPro, and
PC-3 were purchased from ATCC, Manassas, VA, USA,
and PPC-1 cells were from Dr. Yi Lu at the University of
Tennessee, Memphis, TN, USA. All cells were cultured in
RPMI 1640 (Mediatech Inc., Herndon, VA, USA) supple-
mented with 10% heat-inactivated BGS (Hyclone, Logan,
UT, USA). Cells were maintained in 5% CO2 at 37°C. All
experiments were performed in RPMI 1640 supplemented
with 2% heat-inactivated BGS.

Reagents

LCL204 [(1R,2R) 2-(N-tetradecylamino)-1-(4-NO2)-
phenyl- 1,3-dihydroxy-propane HCl] was synthesized in
the Medical University of SC Lipidomics Core Facility
(Charleston, SC, USA) as described [8]. Pepstatin A, leu-
peptin, aprotinin, phenylmethanesulfonyl Xuoride (PMSF),
and MG132 were all purchased from Sigma, St. Louis, MO,
USA. CA074Me was from Calbiochem, San Diego, CA,
USA, while zVAD-fmk was from Biomol, Plymouth Meet-
ing, PA, USA. JC-1 mitochondrial dye and LysoTracker
Red (LTR) lysosomal dye were from Molecular Probes,
Eugene, OR, USA. Antibodies used for immunoblotting
were: mouse monoclonal anti-cytochrome c and anti-AC
(Pharmingen, San Diego, CA, USA), rabbit polyclonal
anti-actin (Sigma), mouse monoclonal anti-cathepsin B
(Oncogene Research Products, San Diego, CA, USA), mouse
monoclonal anti-COX IV (Molecular Probes), rabbit poly-
clonal anti-Bak (Cell Signaling Technology Inc., Beverly,
MA, USA), goat anti-rabbit IgG-HRP conjugate (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA) and goat
anti-mouse IgG-HRP conjugate (Sigma).

MTS cytotoxicity assays for LCL204 treatments

Cell viability was determined using the CellTiter 96 AQueous

One Solution Cell Proliferation Assay (Promega, Madison,
WI, USA). About 1 £ 104 cells per well were seeded in
96-well plates overnight. The next day media was removed
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and replaced with either 100 �l media with vehicle control
or media containing LCL204 at desired concentrations.
Assays were carried out as previously described [15]. For
experiments using enzyme inhibitors and LCL204, media
was removed and replaced with 50 �l media containing
vehicle only or indicated inhibitor. Cells were pretreated
1 h at 37°C before adding 50 �l media containing vehicle,
inhibitor only, LCL204 only (2£ concentration), or a com-
bination. The remainder of the assay was carried out as
described above.

Sphingolipid measurement

About 2.1 £ 106 cells were seeded in 100 mm plates over-
night. The next day, media was removed and replaced with
media containing vehicle control or LCL204 (10 �M) for
indicated time points. Following treatment, cells were har-
vested by gentle scraping and immediate centrifugation at
4°C for 5 min at 400£g. Cell pellets were then resuspended
in ice cold PBS and stored at ¡80°C. For sphingolipid analy-
sis, mass spectrometry was used as previously described [4].

Caspase 3/7 activity assay

Cells were seeded overnight in clear bottom black 96 well
plates (Corning, Acton, MA, USA). The next day, medium
was removed and replaced with medium containing vehicle
or LCL204 at indicated concentrations. After 24 h treat-
ment, Caspases 3 and 7 activities were measured using
Apo-ONE Homogeneous Caspase 3/7 assay according to
the manufacturer’s instructions (Promega). Fluorescence
was measured using a Fluostar dual Xuorescence/absor-
bance plate reader (BMG Laboratories, Durham, NC, USA)
with 485 nm excitation and 520 nm emission Wlter set.

Mitochondria membrane potential measurement

Cells were seeded at a density of 7.49 £ 105 cells per plate
in 60 mm plates overnight. The next day, media was
replaced with media containing vehicle control or LCL204
(5 �M). Cells were lifted using Cell Stripper (Mediatech),
washed twice in PBS, and resuspended in 3 ml 1£ JC-1
reagent solution (dissolved in medium). Samples were
incubated at 37°C for 15 min, washed twice with PBS, and
resuspended in 0.5 ml growth medium before analysis by
Xow cytometry using a Becton-Dickinson FACSCalibur
(590/527 nm emission). A minimum of 10,000 events were
scored for each sample.

Immunoblot analysis

Cells were seeded in 60 mm plates as described above and
treated accordingly. Cells were lifted by gently scraping the

plates, washed once with ice cold PBS and then lysed in
lysis buVer (PBS, 1% Triton X-100, 10% glycerol) contain-
ing protease inhibitors pepstatin A (0.5 �g/ml), leupeptin
(0.5 �g/ml), aprotinin (5 �g/ml), and PMSF (100 �g/ml) for
10 min on ice. Insoluble material was removed by centrifu-
gation at 14,000 rpm for 15 min at 4°C. The supernatants
were then supplemented with SDS at a Wnal concentration
of 2% and stored at ¡80°C. Protein concentrations were
determined using the DC Protein Assay (Bio-Rad Laborato-
ries, Hercules, CA, USA) according to the manufacturer’s
instructions. Fifty �g of protein per sample (unless other-
wise indicated) were separated on NuPAGE 4-12% Bis–Tris
gels (Invitrogen, Carlsbad, CA, USA) and transferred to
nitrocellulose membranes (Bio-Rad). Following transfer,
membranes were blocked for 1 h at room temperature in
Tris-buVered saline (TBS) containing 0.1% Tween-20 and
5% non-fat dry milk and incubated overnight at 4°C with
primary antibody at a dilution of 1:2,000 (actin), 1:1,000
(cytochrome c, COX IV, Bak), or 1:400 (cathepsin B).
Overnight incubations were performed in 5% milk in TBS-
Tween. Following overnight incubation, membranes were
washed three times in TBS-Tween and incubated for 1 h at
room temperature with secondary antibody in 5% milk
TBS-Tween at dilutions of 1:5,000 (goat anti-mouse IgG)
or 1:50,000 (goat anti-rabbit). Membranes were then
washed again and proteins were visualized with Super Sig-
nal HRP substrate (Pierce Biotechnology Inc., Rockford,
IL, USA). Results from selected blots were quantitated by
densitometry using ImageQuant v1.2 software and normal-
izing each protein band to the corresponding actin levels.

Lysosomal stability assay

Lysosomal stability was measured using the Xuorescent dye
LTR. Cells were seeded overnight in 60 mm plates. The
next day, medium was removed and replaced with medium
containing 200 nM LTR for 30 min at 37°C. LTR was
removed and cells were washed once with PBS, then
medium containing the treatment was added for the indi-
cated time. After treatment, cells were lifted with trypsin,
washed once in PBS, and resuspended in 0.5 ml growth
medium. LTR Xuorescence was measured using FACS
analysis (564–606 nm) as above. A decrease in Xuores-
cence intensity corresponded to an increase in lysosomal
pH, and a minimum of 10,000 events were scored for each
sample.

Reverse transcriptase PCR

DU145 cells were treated with LCL204 (10 �M) or ethanol
control. Cells were collected at indicated time points and
total RNA was extracted using RNAqueous-4PCR kit
(Ambion Inc., Austin, TX, USA), including the DNase I
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treatment step to remove DNA contamination. The levels
of AC transcripts were assayed by two-step RT-PCR pro-
tocol (Ambion) and Rig/S15 was used as an internal control.
The sequences of the primers for ampliWcation of AC were:
F—tgtggatagggttcctcactaga, R—ttgtgtatacggtcagcttgttg.
All reactions were performed in a programmable thermal
cycler (reverse transcription at 55°C for 1 h; PCR at 95°C,
3 min; 95°C, 30 s; 52°C, 1 min and extension at 72°C for
1 min; Wnal extension at 72°C, 10 min). The PCR product
was separated on a 2% agarose gel.

Acid sphingomyelinase activity assay

DU145 cells were lysed in 50 mM Tris (pH 7.4) using a
probe sonicator. Cellular debris was removed after centri-
fugation at 3,000£g for 10 min. Proteins (50 �g) were
adjusted to a total volume of 100 �l and the reaction was
started by adding 100 �l of the reaction mixture contain-
ing 1 mM EDTA, 250 mM sodium acetate (pH 5.0),
100 �M [choline-methyl-14C] sphingomyelin and 0.1%
Triton X. After incubation at 37°C for 1 h, the reaction
was stopped by adding 1.5 ml of chloroform/methanol
(2:1) and then 400 �l of water. Phases were separated by
centrifugation at 2,000£g for 5 min. Quantitation of the
amount of released radioactive phosphocholine was deter-
mined by subjecting 400 �l of the upper phase to scintilla-
tion counting.

Subcellular fractionation

For cytochrome c immunoblot, cells were harvested at 4,
12, or 24 h after treatment as described previously [16] and
proteins (15 �g) were separated by gel electrophoresis and
immunoblotted for cytochrome c as above. The protocol for
separating cytosolic and heavy membrane fractions is a
modiWed version of that published previously [9]. BrieXy,
cells were harvested at 0, 0.5, 1, and 2 h after treatment,
washed once in PBS, and gently resuspended in isotonic
mitochondrial buVer (210 mM mannitol, 70 mM sucrose,
1 mM EDTA, 10 mM HEPES, pH 7.0) supplemented with
protease inhibitors. Cells were then transferred to micro-
centrifuge tubes and homogenized using 40 strokes with a
polished (Wne grain sandpaper) TeXon pestle. Fractions
were separated using diVerential centrifugation as
described in the reference. All fractions were stored at
¡80°C. Cytosolic and heavy membrane fractions (30 and
15 �g, respectively) were separated on NuPAGE gels and
immunoblotted as described above. For cathepsin B activity
assays, the same procedure was carried out as above with
the exception of protease inhibitors. Enzyme activity per
50 �g lysate was measured using the Xuorogenic cathepsin
B substrate III (Calbiochem) according to the manufac-
turer’s protocol.

Confocal microscopy

DU145 cells were grown in 4.3 cm2 chamber slides (Nalge
Nunc, Rochester, NY, USA) and transfected with YFPmito
using FuGENE6 (Roche, Indianapolis, IN, USA) according
to the manufacturer’s instructions using 1 �g of total DNA
per chamber. About 24 h after transfection cells were
treated with 15 �M LCL204. The slides were Wxed with 4%
paraformaldehyde for 20 min then permeabilized with
0.2% Triton X-100 for 15 min, followed by blocking with
4% bovine serum albumin for 45 min at RT. Cells were
probed with rabbit polyclonal 2-14 anti-Bak antibody
(1:5,000; BioChem) for 2 h then stained with goat anti-
rabbit Alexa Fluor 543 antibodies (1:250; Molecular
Probes) for 45 min. After washing, cells were imaged using
the 63£ objective of an LSM 510 Zeiss confocal microscope.

Results

LCL204 induces cell death and rapid changes 
in sphingolipid levels in PCa cells

Using an MTS cell viability assay, we found that LCL204
induced concentration-dependent cell death in the micromo-
lar range in Wve diVerent PCa cell lines cells after 24-h treat-
ment (Fig. 1a). Furthermore, LCL204 was much more toxic
at lower concentrations than B13, the parent compound to
LCL204, in four diVerent PCa cell lines (Fig. 1b). B13
induces apoptosis in PCa cells and inhibits experimental
prostate tumor growth [31]. These anti-tumor activities are
thought to result from B13-mediated ceramide elevation [28,
31, 35]. In order to investigate similar biochemical activities
of LCL204, sphingosine and ceramide levels were measured
following LCL204 treatment. Treatment of both DU145 and
PPC-1 cells with LCL204 induced a dose-dependent
decrease in sphingosine levels (Fig. 2a, b). Sphingosine
results from AC-mediated ceramide hydrolysis, therefore a
decline in sphingosine is consistent with inhibition of AC.
Additionally, treatment with LCL204 increased total cera-
mide levels in DU145 cells (Fig. 2c), which is also consistent
with AC inhibition. This was detected within the Wrst 2 h
after treatment with either 2 or 10 �M LCL204. In PPC-1
cells, however, little change in ceramide levels was seen in
response to LCL204 at the time points analyzed (Fig. 2d).

LCL204 induces proteolytic degradation of AC

Following treatment of DU145 cells with LCL204, we
detected a dose- and time-dependent decrease in AC expres-
sion levels. Increased LCL204 concentration corresponded
to decreased AC expression when cells were treated with
the compound for 12 h (Fig. 3a). Treatment of DU145 cells
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with 10 �M LCL204 caused decrease of AC expression in a
time-dependent manner beginning within the Wrst 2 h of
treatment (Fig. 3b). These eVects were comparable in all
PCa cell lines tested, including PC-3, LNCaP, DuPro, and
PPC-1 (data not shown). Using RT-PCR, we determined
that this down-regulation was not a transcriptional event as
there was no decrease in AC mRNA levels in DU145 cells
during treatment with 10 �M LCL204 within the same time
frame of protein level decline (Fig. 3c).

Cell death in response to LCL204 involves caspase activity

As caspase involvement has been reported in AD2646-
induced cell death in leukemia cell lines [8, 12], we ana-
lyzed caspase activity in PCa cell lines in response to
LCL204. Pre-treatment with the broad-spectrum caspase
inhibitor zVAD-fmk reduced LCL204-induced cytotoxicity
at LCL204 concentrations below 20 �M, indicating a role
for caspases in LCL204-mediated cell death in PCa cells
(Fig. 4a). Using a Xuorogenic caspase activity assay, we
found LCL204 induced dose-dependent executioner cas-
pase activity in DU145 cells after 24-h treatment (Fig. 4b).
Similar results were achieved in PC-3, PPC-1, and DuPro
cells (data not shown). Protein degradation is frequently
executed through the proteasomal [42] or lysosomal [19]
pathways. Alternatively, caspases also serve this function
in certain pathways particularly during apoptosis [39].
Therefore, we investigated the eVects of LCL204 in the
presence of a panel of protease inhibitors (Fig. 4c). Prior to
LCL204 treatment, DU145 cells were pretreated for 1 h
with vehicle only, zVAD-fmk (pan-caspase inhibitor),
MG132 (proteasome inhibitor), CA074Me (cathepsin B
inhibitor), or pepstatin A (cathepsin D inhibitor). Treatment
with inhibitors alone had no eVect on AC protein levels (not
shown). Interestingly, more than one protease inhibitor
blocked AC degradation. Pretreatment with pepstatin A had
no eVect on the LCL204-induced AC protein loss, while
pretreatment with zVAD-fmk, MG132, or CA074Me all
blocked AC degradation, suggesting the involvement of
multiple pathways. However, caspase inhibitors such as
zVAD-fmk are known to be rather promiscuous in their
selectivity [32]. Accordingly, we found both zVAD-fmk
and MG132 to have non-speciWc inhibitory activity against
cathepsin B (data not shown). Due to the speciWcity of
CA074Me [6], cathepsin B emerged as a primary candidate
for mediating AC degradation. These results led to evalua-
tion of lysosome integrity following LCL204 treatment.
AC and ASMase both reside within the lysosomal mem-
brane and are known to closely interact as they have been
shown to co-precipitate when secreted into culture medium
[13]. Therefore, ASMase activity following LCL204 treat-
ment was analyzed. LCL204 induced a rapid decrease in
ASMase activity in DU145 cells beginning as early as
30 min after treatment (Fig. 4d). Furthermore, the loss of
activity was almost fully restored in the presence of
CA074Me after a 2-h treatment (Fig. 4e), again implicating
proteolytic degradation mediated by cathepsin B.

LCL204 induces lysosomal destabilization 
and membrane permeabilization

The loss of AC and reduction of ASMase activity as well as
the suspected involvement of cathepsin B led us to investigate

Fig. 1 LCL204 induces cell death in PCa cells. a PCa cell lines were
treated for 24 h with LCL204. b PCa cell lines were treated for 24 h
with either LCL204 or B13. Cell death was quantiWed using MTS cell
viability assay. Results are representative of three independent experi-
ments. Bars, SD
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lysosomal stability following LCL204 treatment. Lyso-
somal destabilization can result in membrane permeabiliza-
tion and release of lysosomal proteins, including cathepsins
B and D, into the cytosol [5, 30]. Using a subcellular
fractionation technique, cytosolic proteins were separated
from heavy membrane bound proteins in DU145 cells and
protein location was analyzed by Western blot (Fig. 5a).
There was no contamination of mitochondrial (COX IV) or
lysosomal (cathepsin B) proteins from the membrane frac-
tion in the cytosolic fraction. However, after treating
DU145 cells with LCL204 the active form of cathepsin B
was detected in the cytosolic fraction within 30 min. To
conWrm these Wndings, enzymatic activity of cathepsin B in
the cytosol following LCL204 treatment was measured
(Fig. 5b). As expected, low activity was detected in the
cytosol of untreated cells. However, cathepsin B activity
increased within 30 min of 10 �M LCL204 treatment
before returning to basal levels.

LCL204 carries an N-myristoyl-amino group and repre-
sents the secondary lipophilic amines, while the parent com-
pound B13, which is otherwise similar in structure, contains
an N-myristoyl-group and represents the lipophilic amides,
which are neutral molecules. Lysosomotropic compounds
can obtain their properties via an amino group within the
polar head of the molecule [17], therefore we investigated
lysosomal stability after LCL204 treatment using the acido-
philic dye LTR and Xow cytometric analysis. The results
from these experiments are presented graphically to show

Fig. 2 Sphingolipid proWles are 
altered in response to LCL204. 
DU145 or PPC-1 cells were 
treated for indicated times with 
LCL204 (2 or 10 �M). After 
treatment cells were harvested 
and total sphingosine (a, b) or 
total ceramide (c, d) levels were 
measured using mass spectrome-
try and plotted according to per-
cent control. Results are 
representative of three indepen-
dent experiments. Bars, SD
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the mean percentage LTR Xuorescence intensity, which is
dependent on the acidic pH of lysosomes, therefore a
decrease in Xuorescence intensity indicates a rise in lyso-
somal pH [5]. Treatment with 10 mM NH4Cl served as a
positive control. The eVect on lysosomal pH was remarkably
rapid in DU145 cells, beginning as early as 5 min after treat-
ment with 10 �M LCL204 (Fig. 5c). LCL204 also destabi-
lized lysosomes in a concentration-dependent manner
(Fig. 5d). While treating DU145 cells for 1 h with 10 �M
LCL204 induced the shift in LTR Xuorescence, the same
treatment with B13 or C6-ceramide (30 �M) did not have
this eVect (Fig. 5e). These data were reproducible in the
other PCa cell lines PC-3, PPC-1, and DuPro (not shown).

Treatment with LCL204 induces loss of mitochondrial 
membrane potential and cytochrome c release

Apoptosis signaling that stems from within the cell typi-
cally traverses the intrinsic (type II) apoptotic pathway

characterized by loss of mitochondria membrane potential
(��m) and the release of cytochrome c from mitochondria
into the cytosol [29]. Therefore, we analyzed these parame-
ters in PCa cells in response to LCL204 treatment. We
observed a decrease in ��m, evident in the shift in Xuores-
cence spectra of the JC-1 dye from 527 to 590 nm, as early
as 2 h after treatment with 5 �M LCL204, which continued
to decrease over time (Fig. 6a). Cytochrome c was detected
in the cytosol 4 h after treatment with 5 or 10 �M LCL204
(Fig. 6b).

LCL204 induces Bak activation

Apoptosis signaling that begins with lysosomal membrane
permeabilization (LMP) often involves the mitochondria-
dependent intrinsic apoptotic pathway, a process regulated
by members of the Bcl-2 family [1, 5, 29]. This led us to
investigate the potential roles for the pro-apoptotic Bcl-2
family member Bak in LCL204-induced apoptosis. Bak

Fig. 4 LCL204-induced cell 
death involves caspase activity 
and loss of ASMase activity. a 
DU145 cells were pre-treated for 
1 h with vehicle control or 
zVAD-fmk followed by 24 h 
treatment with LCL204. Cyto-
toxicity was measured as in 
Fig. 1. b Caspase 3/7 activities 
in DU145 cells were measured 
using a Xuorometric activity as-
say after 24 h treatment with 
LCL204. c DU145 cells were 
pre-treated for 1 h with vehicle 
control, zVAD-fmk (50 �M), 
MG132 (100 nM), CA074Me 
(10 �M), or pepstatin A (1 �g/
ml) followed by LCL204 
(10 �M) for 5 h and lysates ana-
lyzed by Western Blot for AC 
expression. d ASMase activity 
was measured in DU145 cells 
following 10 �M LCL204 treat-
ment for indicated times. e 
ASMase activity was measured 
in DU145 cells after pre-treat-
ment for 1 h with inhibitors as in 
c followed by addition of 10 �M 
LCL204 for 2 h. a–c Results are 
representative of three indepen-
dent experiments; d–e Results 
are averages from two indepen-
dent experiments. Bars, SD
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was chosen for these studies instead of Bax, another multi-
domain anti-apoptotic protein of the Bcl-2 family, because
DU145 cells are null for Bax. Compared to vehicle control,
we detected a concentration-dependent up-regulation of
Bak protein levels in DU145 cells following a 12-h treat-
ment with increasing concentrations of LCL204 (Fig. 7a).
Increased Bak expression was also time-dependent follow-
ing 10 �M LCL204 treatment (Fig. 7b). Activation of Bak
was conWrmed using confocal microscopy to visualize for-
mation of Bak mitochondria-associated clusters (Fig. 7c).
Formation of Bak foci along the mitochondria is a hallmark
of apoptosis [24]. Control cells (left panel) showed even
Bak distribution (red) along the mitochondria membrane
(green), appearing as yellow in the overlay. However, after

20 h LCL204 treatment we detected formation of Bak foci
on the mitochondria membrane, demonstrated by the red
Bak clusters interspersed amongst the green-labeled mito-
chondria membrane marker, YFP-mito (right panel).

Discussion

Alterations in ceramide metabolism pathways are known to
contribute to cancer cell resistance to apoptosis and overall
malignancy [21, 23, 36, 38, 40]. Therefore, development of
strategies to target ceramide pathways may have signiWcant
therapeutic potential [18]. In the research presented here we
have evaluated the eVects of the B13 analog, LCL204, on

Fig. 5 LCL204 induces lyso-
somal instability and membrane 
permeabilization. DU145 cells 
were treated with 10 �M 
LCL204 for indicated times and 
cathepsin B translocation was 
analyzed by Western blot (a) or 
enzyme activity assay (b) using 
subcellular fractionation. c–e 
Lysosomal pH was quantiWed 
inversely using LysoTracker 
Red staining and Xow cytomet-
ric analysis. Data shown depict 
the percent change in Xuores-
cence intensity compared to con-
trols and are averages of the 
results from three independent 
experiments. c DU145 cells 
treated with 10 �M LCL204 for 
indicated time points. d DU145 
cells treated for 1 h with indi-
cated concentrations of LCL204. 
e DU145 cells were treated for 
1 h with vehicle control, 
LCL204 (10 �M), B13 (20 �M), 
C6-ceramide (30 �M), or 
NH4Cl (10 mM). Western blot 
(a) is representative of two inde-
pendent experiments, and 
Cathepsin activity assay results 
are averages of three indepen-
dent experiments. Bars, SD
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PCa, which has been previously shown to exhibit altered
ceramide metabolism [40]. LCL204 had a dose- and time-
dependent eVect on PCa cell lines with a signiWcant
increase in cytotoxicity compared to the parent compound
B13, which has been shown previously to elevate ceramide
levels in diVerent cancer cell lines [28, 31, 35] (Fig. 1). We
observed a decrease in sphingosine levels in PCa cells in
response to LCL204 treatment (Fig. 2), suggesting a loss of
AC function since AC hydrolyzes ceramide to produce
sphingosine. We also observed an increase in ceramide lev-
els in DU145 cells, which is consistent with a loss of AC
activity, as there is an accumulation of enzyme substrate
(ceramide) and a decrease in product (sphingosine). Similar
results were found in leukemia cell lines, although sphingo-
sine levels were not measured in those studies [8, 12].
Analysis of AC protein levels in response to LCL204 treat-
ment revealed that the loss of AC activity was due to loss of
the protein itself in a dose- and time-dependent manner,
with no eVect on mRNA level (Fig. 3). These results indi-
cated a post-transcriptional event, such as proteolytic deg-
radation. We did not detect signiWcant changes in ceramide
levels in PPC-1 cells, however the sphingosine levels
declined similarly to those in DU145 cells. Ceramide accu-
mulation in this cell line may be kept low by metabolism

via diVerent biochemical pathways, such as glucosylcera-
mide synthase. Cytotoxic eVects of LCL204 were observed
in PPC-1 cells regardless of the increase in measurable
ceramide, suggesting the involvement of alternate pathways
resulting in cell death in these cells. Additional studies will
need to be pursued in order to resolve these disparate
results.

In order to determine if cytotoxicity of PCa cells in
response to LCL204 treatment involved caspases we pre-
treated cells with the broad-spectrum caspase inhibitor
zVAD-fmk. Although we detected caspase activity and a
loss of cytotoxicity in response to LCL204 when cells were
pretreated with the caspase inhibitor, these results were
gradually reduced with increasing concentrations of
LCL204, and were abrogated at 20 �M LCL204 (Fig. 4a,
b). In addition, AC degradation in response to LCL204 was
at least partially blocked when cells were pretreated with
the caspase inhibitor, the protease inhibitor MG132, or the
cathepsin B inhibitor CA074Me (Fig. 4c). These results
suggest the involvement of caspase-independent apoptotic
pathways as well. This is consistent with what has been
reported previously for leukemic cell lines [8, 12]. ASMase
activity was also reduced in PCa cells in response to
LCL204, and was partially restored following pretreatment
with CA047Me (Fig. 4d, e). As AC and ASMase are known
to reside in the lysosome, we hypothesized the observed
eVects in response to LCL204 included lysosomal degrada-
tion.

These results led us to investigate the role of cathepsin B
in PCa cells in response to LCL204. We observed increased
cathepsin B activity and its translocation to the cytosol in
response to LCL204 treatment. Analysis of lysosomal pH
in response to LCL204 showed a dose- and time-dependent
increase in lysosomal pH, which was not observed with
B13 or a short-chain ceramide mimic (Fig. 5). Thus,
LCL204 not only rapidly elevates lysosomal pH but also
aVects the membrane integrity of the lysosomes as indi-
cated by translocation of cathepsin B to the cytosol. One
major structural diVerence between B13 and LCL204 is
that B13 does not have an amino group. The apoptotic con-
sequences of LCL204-induced lysosomal rupture could not
be reproduced with other agents that strictly alter lysosomal
pH such as baWlomycin A1 or NH4Cl (not shown), suggest-
ing that the hydrophobic lipid structure of LCL204 may be
necessary for exerting these eVects. Similar observations
were made for other aromatic N-alkyl-amino—analogs of
LCL204 (Z. M. Szulc et al., Submitted for publication).
Collectively, these experiments strongly suggest that the
amino group carried by LCL204 confers lysosomotropic
properties to the molecule, placing it under the umbrella of
amphiphilic drugs. As apoptosis signaling following LMP
often follows the intrinsic apoptotic pathway, we analyzed
parameters of this pathway as well as involvement of the

Fig. 6 Mitochondrial membrane potential is decreased and cyto-
chrome c released following LCL204 treatment. a Mitochondria mem-
brane potential in DU145 cells was measured after 5 �M LCL204
treatment using JC-1 dye and Xow cytometric analysis. A decrease in
potential corresponds to a shift in Xuorescence from 527 (gray) to
590 nm (black). b Cytochrome c released into the cytosol was mea-
sured by Western blot of cytosolic extracts. Results are averages (a) or
representative (b) of two independent experiments. Bars, SD
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pro-apoptotic Bcl-2 family member Bak. We observed a
loss of mitochondrial membrane potential and release of
cytochrome c into the cytosol in response to LCL204, con-
Wrming involvement of the intrinsic apoptotic pathway
(Fig. 6). In addition, we observed a dose- and time-depen-
dent increase in Bak concentration following LCL204 treat-
ment and the formation of Bak foci, an observation
consistent with cells undergoing apoptosis [24] (Fig. 7).
Bak can be activated by a number of diVerent mechanisms
ranging from elevated ER Ca2+ levels [26, 33] to kinase
fragments [22] to Bid cleavage [7, 41]. It has been reported
previously that Bak is sequestered by Mcl-1 and Bcl-xL,
and that following activation of the BH3-only pro-apoptotic
family members, Bak is displaced from Bcl-xL or Mcl-1
and self-associates, which leads to mitochondrial mem-
brane permeabilization [43]. Thus, treatment with LCL204
releases Bak from its associated BH3-only family mem-
ber(s), resulting in its activation and subsequent mitochon-
drial membrane permeabilization.

Targeting altered sphingolipid metabolism pathways in
order to reset intrinsic apoptotic mechanisms represents a
unique therapeutic strategy for treatment of PCa. Collec-
tively, the results presented here show that the AC inhibitor
LCL204 induces apoptosis in PCa cells via multiple path-
ways, and with more dramatic results than the parent com-
pound B13. The fact that LCL204 activates multiple
pathways makes it a potent cytotoxic agent for destroying

cancer cells. This is apparent in the PCa cell line PPC-1
where, although ceramide levels were not measurably
increased, LCL204 still had a toxic eVect. The overall tox-
icity levels of LCL204 against a normal prostate epithelial
cell line were lower (LD50 16–18 �M) than the averages of
all PCa cell lines tested (LD50 7–12 �M) (data not shown).
Additionally, preliminary in vivo studies found LCL204 to
have no ill side eVects in mice by intraperitoneal injections
at concentrations up to 75 mg/kg body weight [20]. This
may indicate LCL204 has a higher toxicity against malig-
nant cells than normal cells. Although the inhibition of AC
by LCL204 was anticipated, the complete degradation of
AC was surprising. The tricyclic antidepressant desipra-
mine is known to induce degradation of ASMase, which
can be blocked using the protease inhibitor leupeptin [10,
14]. It was proposed that desipramine potentially induces a
conformational change in ASMase, which is anchored
within the lysosomal membrane. This was thought to result
in exposure of proteolytic cleavage site(s) to the lysosomal
lumen, allowing for its degradation by lysosomal proteases.
A similar scenario could support LCL204-induced AC/
ASMase degradation in PCa cells, as both LCL204 and
desipramine are lipophilic aromatic N-alkylamines.

Based on the results reported here, we conclude that treat-
ment of PCa cells with LCL204 leads to increased ceramide
levels and activation of apoptotic pathways. Loss of lyso-
somal membrane integrity leads to release of cathepsin B

Fig. 7 LCL204 induces pro-
apoptotic Bcl-2 family members 
and formation of Bak foci. 
DU145 cells were treated for 
12 h with indicated concentra-
tions of LCL204 (a) or with 
10 �M LCL204 for indicated 
time (b) and cell lysates were 
analyzed by Western blot for 
Bak expression. c Visualization 
of LCL204-induced Bak foci us-
ing confocal microscopy. 
DU145 cells transfected with 
YFP-mito (left panel) were treat-
ed with 15 �M LCL205 (right 
panel). Bak was immunostained 
red, while mitochondria showed 
green Xuorescence. Overlay of 
the two is yellow. Large inset: 
zoom of Bak foci in smaller in-
set. V vehicle only. Results are 
representative of three indepen-
dent experiments
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into the cytosol and consequently mitochondrial membrane
permeabilization and cytochrome c release. These events
culminate in the enzymatic activation of caspase 9 and 3. In
addition, ampliWcation loops may be involved as well. Fur-
ther studies to elucidate the pathways and mediators acti-
vated in response to LCL204 in PCa cells and the potential
of LCL204 to treat PCa in vivo are ongoing.

Acknowledgements We thank Rick Peppler of the MUSC Flow
Cytometry Facility for acquisition of Xow cytometry data. We would
also like to thank the MUSC Lipidomics Core for the synthesis of
sphingolipid reagents and sphingolipid analysis. This work was
supported by NIH/NCI PO1 CA97132 and HCC/DOD
N6311601MD10004.

References

1. Adams JM, Cory S (1998) The bcl-2 protein family: arbiters of cell
survival. Science 281:1322–1326

2. Bielawska A, Linardic CM, Hannun YA (1992) Ceramide-medi-
ated biology. Determination of structural and stereospeciWc
requirements through the use of n-acyl-phenylaminoalcohol
analogs. J Biol Chem 267:18493–18497

3. Bielawska A, Greenberg MS, Perry D, Jayadev S, Shayman JA,
McKay C, Hannun YA (1996) (1s,2r)-d-erythro-2-(n-myristoyla-
mino)-1-phenyl-1-propanol as an inhibitor of ceramidase. J Biol
Chem 271:12646–12654

4. Bielawski J, Szulc ZM, Hannun YA, Bielawska A (2006) Simul-
taneous quantitative analysis of bioactive sphingolipids by high-
performance liquid chromatography-tandem mass spectrometry.
Methods 39:82–91

5. Boya P, Gonzalez-Polo RA, Poncet D, Andreau K, Vieira HL,
Roumier T, Perfettini JL, Kroemer G (2003) Mitochondrial
membrane permeabilization is a critical step of lysosome-initiated
apoptosis induced by hydroxychloroquine. Oncogene 22:3927–
3936

6. Buttle DJ, Murata M, Knight CG, Barrett AJ (1992) Ca074 methyl
ester: a proinhibitor for intracellular cathepsin b. Arch Biochem
Biophys 299:377–380

7. Cartron PF, Juin P, Oliver L, Martin S, MeXah K, Vallette FM
(2003) Nonredundant role of bax and bak in bid-mediated apopto-
sis. Mol Cell Biol 23:4701–4712

8. Dagan A, Wang C, Fibach E, Gatt S (2003) Synthetic, non-natural
sphingolipid analogs inhibit the biosynthesis of cellular sphingoli-
pids, elevate ceramide and induce apoptotic cell death. Biochim
Biophys Acta 1633:161–169

9. Desagher S, Osen-Sand A, Nichols A, Eskes R, Montessuit S,
Lauper S, Maundrell K, Antonsson B, Martinou JC (1999) Bid-
induced conformational change of bax is responsible for mitochon-
drial cytochrome c release during apoptosis. J Cell Biol 144:891–901

10. Elojeimy S, Holman DH, Liu X, El-Zawahry A, Villani M, Cheng
JC, Mahdy A, Zeidan Y, Bielwaska A, Hannun YA, Norris JS
(2006) New insights on the use of desipramine as an inhibitor for
acid ceramidase. FEBS Lett 580:4751–4756

11. Ferlinz K, Kopal G, Bernardo K, Linke T, Bar J, Breiden B,
Neumann U, Lang F, Schuchman EH, SandhoV K (2001) Human
acid ceramidase: processing, glycosylation, and lysosomal target-
ing. J Biol Chem 276:35352–35360

12. Granot T, Milhas D, Carpentier S, Dagan A, Segui B, Gatt S,
Levade T (2006) Caspase-dependent and -independent cell death
of jurkat human leukemia cells induced by novel synthetic cera-
mide analogs. Leukemia 20:392–399

13. He X, Okino N, Dhami R, Dagan A, Gatt S, Schulze H, SandhoV K,
Schuchman EH (2003) PuriWcation and characterization of recom-
binant, human acid ceramidase. Catalytic reactions and interactions
with acid sphingomyelinase. J Biol Chem 278:32978–32986

14. Hurwitz R, Ferlinz K, SandhoV K (1994) The tricyclic antidepres-
sant desipramine causes proteolytic degradation of lysosomal
sphingomyelinase in human Wbroblasts. Biol Chem Hoppe Seyler
375:447–450

15. Hyer ML, Voelkel-Johnson C, Rubinchik S, Dong J, Norris JS
(2000) Intracellular fas ligand expression causes fas-mediated
apoptosis in human prostate cancer cells resistant to monoclonal
antibody-induced apoptosis. Mol Ther 2:348–358

16. Hyer ML, Sudarshan S, Kim Y, Reed JC, Dong JY, Schwartz DA,
Norris JS (2002) Downregulation of c-Xip sensitizes du145 pros-
tate cancer cells to fas-mediated apoptosis. Cancer Biol Ther
1:401–406

17. Kagedal K, Zhao M, Svensson I, Brunk UT (2001) Sphingosine-
induced apoptosis is dependent on lysosomal proteases. Biochem
J 359:335–343

18. Kolesnick R (2002) The therapeutic potential of modulating the
ceramide/sphingomyelin pathway. J Clin Invest 110:3–8

19. Kornfeld S, Mellman I (1989) The biogenesis of lysosomes. Annu
Rev Cell Biol 5:483–525

20. Liu X, Elojeimy S, El-Zawahry AM, Holman DH, Bielawska A,
Bielawski J, Rubinchik S, Guo GW, Dong JY, Keane T, Hannun
YA, Tavassoli M, Norris JS (2006) Modulation of ceramide
metabolism enhances viral protein apoptin’s cytotoxicity in pros-
tate cancer. Mol Ther 14:637–646

21. Liu YY, Han TY, Giuliano AE, Hansen N, Cabot MC (2000)
Uncoupling ceramide glycosylation by transfection of glucosyl-
ceramide synthase antisense reverses adriamycin resistance. J Biol
Chem 275:7138–7143

22. Mandic A, Viktorsson K, Molin M, Akusjarvi G, Eguchi H,
Hayashi SI, Toi M, Hansson J, Linder S, Shoshan MC (2001)
Cisplatin induces the proapoptotic conformation of bak in a
deltamekk1-dependent manner. Mol Cell Biol 21:3684–3691

23. Michael JM, Lavin MF, Watters DJ (1997) Resistance to radia-
tion-induced apoptosis in burkitt’s lymphoma cells is associated
with defective ceramide signaling. Cancer Res 57:3600–3605

24. Nechushtan A, Smith CL, Lamensdorf I, Yoon SH, Youle RJ
(2001) Bax and bak coalesce into novel mitochondria-associated
clusters during apoptosis. J Cell Biol 153:1265–1276

25. Norris JS, Bielawska A, Day T, El-Zawahri A, Elojeimy S,
Hannun Y, Holman D, Hyer M, Landon C, Lowe S, Dong JY,
McKillop J, Norris K, Obeid L, Rubinchik S, Tavassoli M, Toml-
inson S, Voelkel-Johnson C, Liu X (2006) Combined therapeutic
use of adgfpfasl and small molecule inhibitors of ceramide metab-
olism in prostate and head and neck cancers: a status report.
Cancer Gene Ther 13:1045–1051

26. Oakes SA, Opferman JT, Pozzan T, Korsmeyer SJ, Scorrano L
(2003) Regulation of endoplasmic reticulum Ca2+ dynamics by
proapoptotic bcl-2 family members. Biochem Pharmacol
66:1335–1340

27. Ogretmen B, Hannun YA (2004) Biologically active sphingolipids
in cancer pathogenesis and treatment. Nat Rev Cancer 4:604–616

28. Raisova M, Goltz G, Bektas M, Bielawska A, Riebeling C, Hossini
AM, Eberle J, Hannun YA, Orfanos CE, Geilen CC (2002) Bcl-2
overexpression prevents apoptosis induced by ceramidase inhibi-
tors in malignant melanoma and hacat keratinocytes. FEBS Lett
516:47–52

29. Reed JC (2000) Mechanisms of apoptosis. Am J Pathol 157:1415–
1430

30. Roberg K, Johansson U, Ollinger K (1999) Lysosomal release of
cathepsin d precedes relocation of cytochrome c and loss of
mitochondrial transmembrane potential during apoptosis induced
by oxidative stress. Free Radic Biol Med 27:1228–1237
123



242 Cancer Chemother Pharmacol (2008) 61:231–242
31. Samsel L, Zaidel G, Drumgoole HM, Jelovac D, Drachenberg C,
Rhee JG, Brodie AM, Bielawska A, Smyth MJ (2004) The cera-
mide analog, b13, induces apoptosis in prostate cancer cell lines
and inhibits tumor growth in prostate cancer xenografts. Prostate
58:382–393

32. Schotte P, Declercq W, Van HuVel S, Vandenabeele P, Beyaert R
(1999) Non-speciWc eVects of methyl ketone peptide inhibitors of
caspases. FEBS Lett 442:117–121

33. Scorrano L, Oakes SA, Opferman JT, Cheng EH, Sorcinelli MD,
Pozzan T, Korsmeyer SJ (2003) Bax and bak regulation of endo-
plasmic reticulum Ca2+: a control point for apoptosis [see com-
ment]. Science 300:135–139

34. Seelan RS, Qian C, Yokomizo A, Bostwick DG, Smith DI, Liu W
(2000) Human acid ceramidase is overexpressed but not mutated
in prostate cancer. Genes Chromosomes Cancer 29:137–146

35. Selzner M, Bielawska A, Morse MA, Rudiger HA, Sindram D,
Hannun YA, Clavien PA (2001) Induction of apoptotic cell death
and prevention of tumor growth by ceramide analogues in meta-
static human colon cancer. Cancer Res 61:1233–1240

36. Senchenkov A, Litvak DA, Cabot MC (2001) Targeting ceramide
metabolism—a strategy for overcoming drug resistance. J Natl
Cancer Inst 93:347–357

37. Sternberg CN (2003) What’s new in the treatment of advanced
prostate cancer? Eur J Cancer 39:136–146

38. Strelow A, Bernardo K, Adam-Klages S, Linke T, SandhoV K,
Kronke M, Adam D (2000) Overexpression of acid ceramidase
protects from tumor necrosis factor-induced cell death. J Exp Med
192:601–612

39. Thornberry NA, Lazebnik Y (1998) Caspases: enemies within.
Science 281:1312–1316

40. Wang XZ, Beebe JR, Pwiti L, Bielawska A, Smyth MJ (1999)
Aberrant sphingolipid signaling is involved in the resistance of
prostate cancer cell lines to chemotherapy. Cancer Res 59:5842–
5848

41. Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M,
Thompson CB, Korsmeyer SJ (2000) Tbid, a membrane-targeted
death ligand, oligomerizes bak to release cytochrome c. Genes
Dev 14:2060–2071

42. Weissman AM (2001) Themes and variations on ubiquitylation.
Nat Rev Mol Cell Biol 2:169–178

43. Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, Adams
JM, Huang DC (2005) Proapoptotic bak is sequestered by mcl-1
and bcl-xl, but not bcl-2, until displaced by bh3-only proteins.
Genes Dev 19:1294–1305
123


	Lysosomotropic acid ceramidase inhibitor induces apoptosis in prostate cancer cells
	Introduction
	Materials and methods
	Cell lines
	Reagents
	MTS cytotoxicity assays for LCL204 treatments
	Sphingolipid measurement
	Caspase 3/7 activity assay
	Mitochondria membrane potential measurement
	Immunoblot analysis
	Lysosomal stability assay
	Reverse transcriptase PCR
	Acid sphingomyelinase activity assay
	Subcellular fractionation
	Confocal microscopy

	Results
	LCL204 induces cell death and rapid changes in sphingolipid levels in PCa cells
	LCL204 induces proteolytic degradation of AC
	Cell death in response to LCL204 involves caspase activity
	LCL204 induces lysosomal destabilization and membrane permeabilization
	Treatment with LCL204 induces loss of mitochondrial membrane potential and cytochrome c release
	LCL204 induces Bak activation

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


