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Abstract

A lysosomal pathway, characterized by the partial rupture or labilization of lysosomal membranes
(LLM) and cathepsin release into the cytosol, is evoked during the early events of 20-S-
camptothecin lactone (CPT)-induced apoptosis in human cancer cells, including human histiocytic
lymphoma U-937 cells. These lysosomal events begin rapidly and simultaneously with
mitochondrial permeabilization and caspase activation within 3 h after drug treatment. Recently, in
a comparative proteomics analysis performed on highly-enriched lysosomal extracts, we identified
proteins whose translocation to lysosomes correlated with LLM induction after CPT treatment,
including protein kinase C-& (PKC-8). In this study, we show that the PKC-6 translocation to
lysosomes is required for LLM, as silencing its expression with RNA interference or suppressing
its activity with the inhibitor, rottlerin, prevents CPT-induced LLM. PKC-§ translocation to
lysosomes is associated with lysosomal acidic sphingomyelinase (ASM) phosphorylation and
activation, which in turn leads to an increase in ceramide (CER) content in lysosomes. The
accumulation of endogenous CER in lysosomes is a critical event for CPT-induced LLM as
suppressing PKC-6 or ASM activity reduces both the CPT-mediated CER generation in lysosomes
and CPT-induced LLM. These findings reveal a novel mechanism by which PKC-8 mediates ASM
phosphorylation/activation and CER accumulation in lysosomes in CPT-induced LLM, rapidly
activating the lysosomal pathway of apoptosis after CPT treatment.
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Introduction

Apoptosis is a controlled process involving many components of the cell, including
organelles, such as the mitochondrion, nucleus, endoplasmic reticulum (ER) and lysosome
(1). The lysosomal compartment is associated with apoptotic signaling in a wide diversity of
cells and with stimuli, such as oxidative stress (2-4), lysomotropic (5-8) and
photosensitizing agents (9-11), photodamage (12), serum withdrawal (13), Fas and tumor
necrosis factor-a (TNF-a) ligation (13-15), phospholipid and sphingolipid analogues (16—
18), DNA-damaging (19,20) and microtubule-stabilizing agents (21,22), the quinolone class
of antibiotics (23), artificial retinoids (24), zinc chloride (25) and silica (26). Although
participation of the lysosomal compartment in apoptosis is cell type- and stimuli-specific, a
shared feature among all models is the apparition of moderate lysosomal membrane
ruptures, referred to here as labilization of lysosomal membranes (LLM), and the subsequent
release from the lysosomal lumen to the cytosol of lysosomal peptidases, the cathepsins,
which contribute to cell death through various targets (27-30).

A number of mechanisms underlying LLM have been proposed, including lipid alterations
of lysosomal membrane composition. Indeed, oxidative stress, lysosomal accumulation of
redox-active iron and lipid peroxidation chain reaction can destabilize the lysosomal
membrane (31). The accumulation of sphingosine (SPH) and lysophosphatidylcholine (LPC)
in membranes has been reported to provoke LLM (16,32,33). SPH is a sphingolipid with a
long hydrophobic tail and a polar head that acts as a lysomotropic agent with detergent
properties (16). In addition, the SPH accumulation can form channels in the membranes
(32). In turn, LPC, a phospholipase A, (PLAy)-produced lipid metabolite, is capable of
eliciting relatively selective damage to lysosomal membranes by changing lysosomal
osmatic sensitivity, provoking the entry of potassium ions and leading to the loss of
lysosomal membrane integrity (33).

Certain proteins have been reported to induce or protect cells from LLM. It has been
suggested that Bax, a pro-apoptotic member of the Bcl-2 family, can translocate to both the
mitochondria and lysosomal membranes in human fibro-blasts exposed to the apoptosis-
inducing drug, staurosporine. The Bax insertion into lysosomal membranes is believed to
provoke LLM (34). Certain studies have suggested a role for PLA, (35), in destabilizing
lysosomes, possibly through the hydrolysis of phospholipids embedded within lysosomal
membranes (36) and LPC generation (33). Other studies have proposed that PLA, and
phospholipase C (PLC) can osmotically destabilize lysosomal membranes via a K(+)/H(+)
exchange process (37-40). Another potential mechanism is that the lysosome-associated
apoptosis-inducing protein containing PH and FYVE domains (LAPF) mediates LLM
through the phosphorylation and re-localization of p53 to lysosomes in TNF-a.-treated
murine fibrosarcoma cells (41). Finally, the heat shock protein 70 has been described as a
stabilizing agent of lysosomal membranes, effectively blocking LLM during diverse
apoptotic treatments (42), Bcl-2 has been associated with the inhibition of PLA, activation
and oxidative stress-induced LLM (43), while Bcl-xL over-expression prevents both the 20-
S-camptothecin lactone (CPT)-induced loss of mitochondrial membrane potential (A¥'m)
and LLM (19).
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Human histiocytic lymphoma U-937 cells are highly sensitive to DNA damage and rapidly
die by apoptosis after short treatment with the DNA-damaging drug, CPT, a DNA
topoisomerase | inhibitor, that traps transient intermediates of DNA topoisomerase |
reactions where enzymes are linked to the 3" terminus of a DNA duplex (44,45). The
apoptotic death of these cells is associated with the rapid involvement of a mitochondrial and
lysosomal pathway, within 2 to 3 h after drug treatment (19). Recently, using a comparative
and quantitative proteomics approach on highly-enriched purified lysosomes obtained from
control and CPT-treated human histiocytic lymphoma U-937 cells, we reported that 27
proteins re-localize or de-localize to lysosomes during the very early stages of CPT-induced
LLM and apoptosis. Among the validated candidate proteins, protein kinase C-§ (PKC-8)
was identified as a protein that rapidly translocates to lysosomes after CPT treatment (46).
PKC-§ is a ubiquitously-expressed isoform of the multigenic family of PKC proteins related
to serine/threonine kinase that acts in diverse cellular processes, including cellular
proliferation (47,48) and apoptosis (49-51) in a stimulus- and tissue-specific manner. So far,
the apoptotic function of PKC-8 has been associated with its localization and activation of
multiple signaling proteins, including Jun amino-terminal kinase (JNK), p38 mitogen-
activated protein kinase (p38MAPK), ataxia telangiectasia mutated kinase (ATM), protein
kinase B (PKB/AKT), cytosolic Abelson oncogene homolog 1 kinase (cAbl), tumor protein
73 (p73), DNA-protein kinase (DNA-PK), lamin, and scramblase (52,53). PKC-8, upon
phorbol 12-myristate 13-acetate treatment, has been found to rapidly translocate to
lysosomes where it phosphorylates and activates acidic sphingomyelinase (ASM), a key
enzyme that catalyzes the degradation of membrane-bound sphingomyelin (SM) into
phosphorylcholine (PCH) and ceramide (CER) (54). PKC-8 has also been reported to
mediate cytosolic CER accumulation through ASM activation in ultraviolet (UV)-treated
cells (55).

In this study, we investigated the role of PKC-6 translocation to lysosomes in LLM during
the early stages of CPT-induced apoptosis. We show that PKC-56 is required for CPT-induced
LLM, as silencing its expression by RNA interference (RNAI) or suppressing its activity
with the pharmacological inhibitor, rottlerin (ROTT), prevents CPT-induced LLM in U-937
cells. The PKC-6 translocation to lysosomes governs lysosomal ASM phosphorylation and
activation, and the depression of ASM activity by the pharmacological inhibitor,
desipramine (DESP), also prevents CPT-induced LLM. PKC-8-mediated ASM activation
leads to an increase of CER in lysosomes. This accumulation of endogenous CER in
lysosomes is a critical event for LLM, given that the suppression of PKC-8 or ASM activity
reduces CPT-mediated CER generation in lysosomal membranes and CPT-induced LLM.
These results reveal a novel pathway where PKC-§ translocation to lysosomes mediates
ASM phosphorylation/activation, CER generation and LLM during the early stages of CPT-
induced apoptosis in U-937 cells.

Materials and methods

Cell line, chemicals, drug treatments and RNAI transfection experiments

The human histiocytic lymphoma U-937 cell line from the American Type Culture
Collection (Manassas, VA, USA) was grown in suspension at 37°C under 5% CO» in
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RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml
penicillin and 100 g/ml streptomycin (Gibco-BRL Life Technologies, Grand Island, NY,
USA). CPT, ROTT, DESP, fumonisin B1 (FB1) and Histodenz™ were obtained from the
Sigma-Aldrich Co. (St. Louis, MO, USA). Percoll™ was purchased from GE Healthcare
Bio-Sciences AB (Uppsala, Sweden). Acridine orange (AO) and tetramethylrhodamine
ethylester (TMRE) were procured from Molecular Probes (Eugene, OR, USA). PKC-&
peptide substrate was from Biomol International (Plymouth Meeting, PA, USA). All other
chemicals were of reagent grade and were purchased from either the Sigma-Aldrich Co.,
ICN BioMedicals (Costa Mesa, CA, USA) or other local sources. For drug treatments,
U-937 cells were exposed to CPT at a concentration of 1.0 4M for the indicated time. In the
reported experiments, pre-incubation with DESP (10 M), FB1 (10 ¢M) or ROTT (3.5 M)
was undertaken 1 h prior to CPT addition. Gene silencing of human PKC-& was performed
with the following duplex siRNA, sense, 5'-GGCUACAAAUGCAGGCAAUITAT-3"; and
antisense, 5"-AUUGCCUGCAUUUGUAGCCATAT-3" as reported previously (56). SiRNAs
and negative control siRNAs were purchased from Thermo Scientific Dharmacon Products
(Lafayette, CO, USA). For siRNA transfection, the cells were seeded without antibiotics,
grown for 24 h, and transfected with Lipofectamine 2000 (Invitrogen Corp., Carlsbhad, CA,
USA) according to the instructions of the manufacturer. After 6 h of transfection, the
medium was changed to complete growth medium containing serum and antibiotics, and the
cells were grown for 48 h prior to CPT treatment.

Assessment of VAYm and LLM

VAYm was assessed by TMRE uptake (57). At the indicated times (h) after CPT treatment,
1x108 cells were incubated with 100 nM TMRE in complete culture medium for 25 min at
room temperature, washed 5 times and re-suspended in 500 4 of ice-cold PBS. They were
then subjected to flow cytometry analysis. For LLM assessment, at various times after drug
treatment, 1x108 cells were incubated with 1.5 zM AQ in complete culture medium for 25
min at 37°C, washed 5 times and re-suspended in 500 ¢4 of ice-cold PBS prior to analysis by
flow cytometry (uptake method) (2,19). The loss of TMRE orange fluorescence was
measured with the FL2 channel, the loss of lysosomal AO red fluorescence with the FL3
channel and the increase in cytosolic AO green fluorescence was measured with the FL1
channel of a Coulter EPICS XL-MLC flow cytometer. At least 10,000 cells per sample were
acquired in the histograms, at least 3 independent experiments were conducted, and the
results are expressed as the percentage of cells presenting VA¥Y'm or LLM.

Immunofluorescence microscopy

Control and CPT-treated U-937 cells were allowed to adhere on glass slides previously
treated with BD Cell-Tak™ (BD Biosciences, Bedford, MA, USA) according to the
manufacturer’s specifications. Slides were then prepared as described previously (46). The
first antibodies used were anti-cathepsin D of mouse origin (C47620, BD Biosciences; 10
tg/ml in 5% fetal bovine serum in PBS). The second antibodies used were Texas-red linked
anti-mouse of goat origin (GE Healthcare BioSciences AB; 1:25 v/v in 5% fetal bovine
serum in PBS). Images were generated with a Nikon Optiphot-2 microscope equipped with a
thermoelectrically-cooled CCD camera (Model DC330E, Dage-MT] Inc., Michigan City,
IN, USA) and Clemex Vision software (version 3.0.036, Clemex, Longueuil, QC, Canada).
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Electron microscopy

Cells were processed as described previously (44,45). Briefly, the cells were fixed in 0.1 M
Millonig’s phosphate buffer (pH 7.4, 292 mOsm) containing 2.5% gluteraldehyde, stained
with 2% uranyl acetate, and dehydrated with several ethanol treatments. The sections (500—
700 A) were mounted on copper grids and stained in lead citrate. Samples were examined
(JFE Enterprises, Brookville, MD, USA) by transmission electron microscopy with a Zeiss
Em 10 CA microscope.

Analysis of DNA fragmentation

The kinetics of DNA fragmentation were monitored and quantified by DNA filter elution
assays, and the results are expressed as percentages of DNA fragmentation (44,45,58).

Subcellular fractionation

The 2-step sequential density gradient centrifugation procedure was modified from the one
described by Storrie and Madden (59) and Paquet ef a/ (19) for lysosome isolation. Briefly,
control and CPT-treated U-937 cells (5x108) were swelled in deionized water for 4 min on
ice, and the samples were adjusted by the addition of 220 mM mannitol, 70 mM sucrose, 10
mM Hepes-KOH (pH 7.4) and 1.0 mM EDTA (isotonic buffer). The cells were disrupted by
passing the samples 30-fold through a 26G3/8 needle, and they were subsequently
centrifuged at 1,000 x g for 15 min to pellet unbroken cells and nuclei. Supernatants
containing mitochondria, lysosomes and other vesicles were adjusted by the addition of 8
mM calcium chloride and were then centrifuged at 5,000 x g for 15 min to pellet the rough
ER and mitochondria. The supernatants were then layered on top of the first gradient
consisting, from bottom to top, of 2 ml of 35% (w/v) Histodenz, 2 ml of 17% (w/v)
Histodenz, and 5 ml of 6% (v/v) Percoll in isotonic buffer. After centrifugation at 50,500 x g
for 1 h at 4°C, a set of 2 discrete bands appeared at the interfaces of 17/35% Histodenz and
6% Percoll/17% Histodenz. The upper band, at the 6% Percoll/17% Histodenz interface,
contained small mitochondria and lysosomes that required separation by the second gradient
to obtain pure organelle fractions. This interface was collected and adjusted to 35%
Histodenz by mixing with 80% (w/v) Histodenz solution. The sample was then placed at the
bottom of the second gradient and overlaid with 2 ml of 17% Histodenz and 5 ml of 5%
Histodenz. The tube was filled to the top with the isotonic buffer, and centrifuged at 50,500
x g for 1 h at 4°C. Two distinct bands appeared: The upper one at the 5/17% Histodenz
interface contained lysosomes, while the lower one, at the 17/35% Histodenz interface,
contained small mitochondria. To pellet the lysosomes, the interface was diluted with the
largest possible volume of isotonic buffer and centrifuged at 53,000 x g for 1 h at 4°C. The
purity of lysosomal preparations was monitored by fluorescence microscopy following /in
vitro staining with the fluorescent biomarkers, LysoTracker RED/DND-99 (lysosomes),
MitoTracker Green/FM (mitochondria), ER-Tracker Red dye (ER) and Hoechst 33342
(nucleus). In parallel, the purified preparations were also validated by fluorescence
microscopy and Western blotting using specific antibodies directed against the protein
biomarker, lysosomal-associated membrane protein 1 (LAMP-1) (lysosome), VDAC-1
(mitochondria), calnexin (ER) and nucleolin (nucleus). The purity of the lysosomal extracts
has been recently documented in detail (46).
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Immunoprecipitation (IP) experiments and Western blotting

To prepare total protein extracts, cells were washed twice in PBS, homogenized and lysed in
buffer containing 50 mM Tris (pH 7.4), 120 mM NacCl, 1% Triton X-100, 1 mM sodium
orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 5 mM sodium pyrophosphate and a
cocktail of protease inhibitors (Complete™, Roche Molecular Biochemicals, Laval, QC,
Canada) at 4°C for 30 min, centrifuged, and the supernatants collected. The same procedure
was applied to prepare proteins from purified lysosome pellets. For co-IP experiments, 150
Lg of purified lysosome proteins were used and 5% BSA (w/v) was added to the lysis buffer.
The supernatants were incubated overnight with primary antibodies (10 pg/ml) at 4°C.
Immunocomplexes were captured with a protein A- and G-sepharose mixture followed by
several washes with lysis buffer prior to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The primary antibodies in the Western blot and co-1P experiments included
anti-ASM rabbit polyclonal (sc-11352; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
anti-CT10 regulator of tyrosine kinase isoform L (CRK-L) rabbit polyclonal (sc-319; Santa
Cruz Biotechnology), anti-caspase-3 rabbit polyclonal (556425; BD Biosciences), anti-
LAMP-1 mouse monoclonal (611042; BD Biosciences), anti-PKC-§& rabbit polyclonal
(SA-148; Biomol International), anti-phospho-(Ser) PKC substrate rabbit polyclonal (2261;
Cell Signaling Technology, Danvers, MA, USA) and non-specific normal rabbit and mouse
IgG (Santa Cruz Biotechnology) as the controls. The secondary antibodies were horseradish
peroxidase-conjugated sheep anti-mouse 1gG and donkey anti-rabbit 1gG detected by
enhanced chemiluminescence with reagents from GE Healthcare Bio-Sciences AB.

Enzymatic activity assays

PKC-8 activity was monitored according to a modified procedure described previously (60).
Briefly, the reaction mixture (100 z4) consisted of 100 M ATP with [y-32P]JATP (5 4Ci), 1
mM DTT, 5 mM MgCly, 25 mM Tris-HCI (pH 7.5), 0.5 mM EGTA and 500 M of the
PKC-&-specific peptide substrate, Ala-Arg-Arg-Lys-Arg-Lys-Gly-Ser-Phe-Phe-Gly-Gly.
Reactions were initiated by the addition of lysosome-enriched extracts incubated at 30°C for
10 min and then stopped on ice. Reaction mixtures were spotted on PVDF membranes and
washed 4-fold in 0.5 ml of 1% phosphoric acid. 32P incorporation was measured by liquid
scintillation counting. In each experimental assay, negative control reactions lacking the
substrate peptide were included. The results are expressed as CPM min~1 mg™1.

ASM activity was assayed according to the Hojjati and Jiang protocol (61) with
colorimetric-based kits purchased from the Cayman Chemical Company (Ann Arbor, Ml,
USA). Briefly, in this assay, SM was hydrolyzed by ASM to PCH and CER. Alkaline
phosphatase then generates choline from PCH and the newly-formed choline serves to
generate hydrogen peroxide in a reaction catalyzed by choline oxidase. Finally, with
peroxidase, hydrogen peroxide reacts with diamine oxidases and 4-aminoantipyrine to
generate a blue color with an optimal absorption at 595 nm. ASM activity was evaluated
from highly-enriched lysosomal extracts in a reaction mixture containing excess SM (150
UM). Enzymatic reactions were carried out at room temperature under constant agitation,
and enzyme activity measured at 10-min intervals for 60 min at the optimal absorption of
595 nm with a microplate reader (Model 3550, Bio-Rad Laboratories, Hercules, CA, USA).
Control reactions consisted of lysosomal extracts incubated in the reaction buffer without
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SM or without protein extracts. The results are expressed as the optical density (OD; 595
nm) min~t mg~1.

Lipid species analysis by electrospray ionization tandem mass spectrometry (ESI-MS/MS)

Lipid analysis was performed by ESI-MS/MS as described previously (62,63). Briefly,
samples were quantified by direct flow injection analysis using a precursor ion scan of m/z
184 specific for phosphocholine-containing lipids, including phosphatidylcholine (PC), SM
and LPC. Neutral loss scans of m/z 141 and m/z 185 were used for
phosphatidylethanolamine (PE) and phosphatidylserine (PS), respectively. PE-based
plasmalogens (PLASMs) were analyzed by fragment ions of m/z 364, 380 and 382.
Ammonium adduct ions of phosphatidylglycerol (PG) and phoshatidylinositol (PI) were
analyzed by neutral loss scans of m/z 189 and 277, respectively (64). CER was analyzed
similar to a previously described method (65) using N-heptadecanoyl-sphingosine as the
internal standard. Free cholesterol (FC) and cholesterol ester (CE) were quantified using a
fragment ion of m/z 369 after selective derivatization of FC using acetyl chloride. The
correction of isotopic overlap of lipid species as well as data analysis by self programmed
Excel Macros, was performed for all lipid classes. Sphingoid bases, hexosyl- and
lactosylceramides (LacCER) were quantified by hydrophilic interaction chromatography
(HILIC) coupled with ESI-MS/MS in a similar way as described previously (66).

Statistical analysis

Results

Mann-Whitney or Student’s t-tests were performed between data points as indicated in the
figure legends with GraphPad InStat software (v3.0b). P-values of <0.05 were considered to
be statistically significant.

Lysosomal and mitochondrial pathways of apoptosis are quickly activated after CPT
treatment in U-937 cells

Human histiocytic lymphoma U-937 cells are highly sensitive to DNA damage and rapidly
die by apoptosis after treatment with the DNA topoisomerase | inhibitor CPT (1 xM)
(19,44-46). Manifestations of the onset of apoptosis in these cells are illustrated by the
simultaneous activation of the mitochondrial and lysosomal pathways within 2 to 3 h after
drug treatment, with VA¥'m (67) (Fig. 1A) and LLM (Fig. 1B) accompanied by lysosomal
cathepsin D release into the cytosol (Fig. 1C). The cleavage of the executioner procaspase-3
into catalytic fragments of the active caspase (Fig. 1D) also indicates that apoptosis has been
initiated. These events correspond to the activation phase of apoptosis, followed by the
execution phase where the morphological features of apoptotic cells become clearly evident
4 h after CPT treatment (Fig. 1E).

PKC-8 is required for LLM in CPT-treated U-937 cells

Recently, taking a comparative proteomics approach on highly-enriched lysosomal extracts,
we identified PKC-8 as a protein that rapidly translocates to lysosomes after CPT treatment
in U-937 cells (46). The PKC-56 translocation to lysosomes after CPT treatment (Fig. 2A)
correlated with the increase in PKC-8 activity in highly-enriched lysosomal extracts (Fig.
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2B). The inhibition of PKC-§& activity with the pharmacological inhibitor, ROTT (68) (Fig.
2B), or the knock-down of PKC-8 expression with siRNA (56) (Fig. 2C) had a significant
effect on CPT-induced LLM (Fig. 2D), revealing that PKC-6 plays a key role in LLM
induction by CPT. The inhibition of PKC-§ activity and the subsequent reduction of LLM
also had an effect on the kinetics of DNA fragmentation, a validated measure of apoptosis in
CPT-treated U-937 cells (Fig. 2E). The purity of the lysosomal extracts has recenlty been
documented in detail (46).

PKC-8 mediates ASM phosphorylation and activation in lysosomes after CPT treatment

It has been reported that PKC-8 in lysosomes phosphorylates and activates ASM, a key
enzyme that catalyzes the degradation of membrane-bound SM into PCH and CER (54,55).
In order to evaluate the effect of PKC-6 translocation and activity in lysosomes after CPT
treatment, we first evaluated ASM expression in enriched lysosomal extracts after CPT
treatment. CPT treatment did not alter the lysosomal ASM expression level (Fig. 3A).
However, reciprocal IP experiments performed on these highly-enriched lysosomal extracts
followed by Western blotting revealed that ASM phosphorylation increased significantly in
lysosomes after CPT treatment (Fig. 3B). These experiments were conducted with specific
antibodies recognizing specific PKC-6 Ser-phosphorylation consensus sequences and ASM
(Fig. 3B). Co-treatment with ROTT reduced ASM phosphorylation (Fig. 3B). The increment
of ASM phosphorylation in lysosomes after CPT treatment also correlated with the
heightened ASM enzymatic activity (Fig. 3C). The inhibition of ASM activity by DESP (69)
or the suppression of PKC-8 by ROTT reduced ASM enzymatic activity in lysosomes during
CPT treatment (Fig. 3C). Finally, the inhibition of ASM activity by DESP also interfered
with LLM (Fig. 3D). On the contrary, the inhibition of ceramide synthase (CS) by FB1 (70),
a key enzyme involved in de novo CER generation, had no effect on LLM after CPT
treatment (Fig. 3D), confirming the importance of ASM activity for LLM.

PKC-8-mediated activation of lysosomal ASM leads to CER generation and accumulation
in lysosomes

ASM activation results in the hydrolysis of SM into CER. In order to investigate whether the
ASM activation mediated by PKC-6 after CPT treatment is associated with changes in lipid
and sphingolipid distribution in lysosomes, highly-enriched lysosomal extracts were
analyzed for their lipid composition by ESI-MS/MS (62,63). Lipid profiling analysis
revealed that CER and LacCER significantly increased in lysosomes after CPT treatment
(Fig. 4A). LPC increment was also observed, although it was not stastistically significant
due to variation among samples (Fig. 4A). All of the other lipid species analyzed, including
total SM, dihydro-sphingomyelin (dihSM), PE, PC, PLASM, PS, PG, PI, hexosylceramide
(HexCER), SPH, sphinganine (SPA), CE and FC, did not change (Fig. 4A). The inhibition of
PKC-8 by ROTT during CPT treatment impeded CER and LacCER accumulation in
lysosomes but had no effect on LPC accumulation (Fig. 4B). Similarly, the inhibition of
ASM by DESP reduced CER and LacCER accumulation induced by CPT treatment but had
no effect on LPC increment (Fig. 4C). Finally, the inhibition of CS by FB1 did not alter CER
accumulation in lysosomes after CPT treatment (Fig. 4D). The detailed quantitative
distribution of CER (Fig. 5A) and SM (Fig. 5B) species generated in lysosomes after CPT
treatment revealed a significant elevation in CER 16:0 (Fig. 5A). After an initial increment
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of SM 16:0 2 h after CPT treatment (Fig. 5B), a reduction of SM 16:0 paralleled the increase
in CER 16:0.
On the whole, these results indicate that after CPT treatment, PKC-§ rapidly translocates to
lysosomes, where it phosphorylates and activates ASM, which leads to the CER
accumulation and LLM.
Discussion

Great efforts have been invested in the past several years to understand the signaling
pathways of caspase activation, a crucial step for apoptosis induction. The most studied
molecular mechanisms of caspase activation and apoptosis, the mitochondrial and cell death
receptor pathways, are well characterized. However, alternative and amplification pathways
of caspase activation are much less known, including the lysosomal pathway of apoptosis.
The aim of this study was to investigate the role of PKC-8 in the induction of LLM during
the early stages of CPT-induced apoptosis. Previously, we reported that PKC-8 rapidly
translocates to lysosomes after CPT treatment in human histiocytic lymphoma U-937 cells
(46). In this study, we show that PKC-§& regulates LLM via the phosphorylation and
activation of lysosomal ASM, which leads to CER generation and accumulation in
lysosomes after CPT.

PKC-8 has been reported to participate in the apoptotic process in diverse cell types with a
plethora of stimuli (49-51). The observations reported in this study correspond to the
induction phase of apoptosis, in contrast to the execution phase where active caspases fire
numerous substrates, including PKC-8. PKC-8 activity and re-localization during apoptosis
are regulated via threonine residue phosphorylation, or after cleavage of its regulatory
domain mediated by caspase-3 (71). The latter mode of activation is unlikely to play a role
in our model as PKC-& cleavage is not apparent during the early stages of CPT-induced
apoptosis (46). In agreement with our observations, other studies have reported that PKC-8
cleavage occurs only 24 h after NSC606985 treatment, a CPT analog, in U-937 cells (72).

PKC-8 pro-apoptotic functions are mediated through various targeted proteins. So far, the
apoptotic functions of PKC-& have been associated with its cytosolic and nuclear
localization and activation of multiple signaling proteins, including JNK, p38MAPK, ATM,
PKB/AKT, cAbl, p73, DNA-PK, lamin and scramblase (49-53). PKC-6, upon phorbol 12-
myristate 13-acetate treatment, has been shown to rapidly translocate to lysosomes where it
phosphorylates and activates ASM, a key enzyme that catalyzes the degradation of
membrane-bound SM into PCH and CER (54). After UV treatment, ASM has also been
reported to be phosphorylated on Ser508 by PKC-6 in MCF-7 breast cancer cells, triggering
cytosolic CER accumulation and provoking mitochondrial fragmentation and cytochrome ¢
release (55).

CER generation has often been associated with apoptosis following a variety of insults in
many studies (73). CER accumulates in cells quickly but transiently (55), or progressively
and continuously (74) after apoptosis-inducing treatment. While most of the attention has
generally been focused on total cellular CER content, and the mediated effects on plasma
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membranes or mitochondria (55,74), lipid and sphingolipid analyses in this study were
performed on highly-enriched lysosomal extracts after CPT treatment and the consequences
of lysosomal CER accumulation were associated with LLM. Our experiments revealed that
in addition to the PKC-8/ASM/CER pathway that regulates mitochondrial responses (55), a
specific lysosomal PKC-8/ASM/CER pathway also regulates early lysosomal responses
after CPT treament. It is unlikely that the increased lysosomal CER content observed in this
study could also act on the mitochondria, as it has been previously shown that lysosomal
CER cannot exit into the cytosol unless it is deacylated to SPH (75).

In the present study, we also observed an increase in LPC content in lysosomes after CPT
treatment, although this variation was statistically not significant. The lysosomal
accumulation of LPC, a PLA,-produced lipid metabolite, has been reported to provoke
lysosomal rupture. It is believed that LPC, in concert with cytosolic PLA and cytosolic
PLC, osmotically destabilizes lysosomal membranes via a K(+)/H(+) exchange process
(33,37-40). Our study suggests that the apparent LPC accumulation is independent of PKC-
& after CPT, and that CER accumulation is required for the destabilization of the lysosomal
membranes, even in the presence of high LPC levels. It is conceivable that CER and LPC
cooperate for dynamic modifications of lysosomal membranes to activate the K(+)/H(+)
exchange process associated with LLM, or to form novel channels inside lysosomal
membranes. Indeed, it has been reported that CER can form channels inside lipid
membranes, allowing the passage of molecules with a size of up to 60 kDa (76). Considering
that most lysosomal cathepsins are <60 kDa, such CER-formed channels could be
implicated not only in LLM after CER accumulation at lysosome membranes but also in
cathepsin release into the cytosol. Of interest, it has been reported that CER could interact
with cathepsin D leading to its auto-activation (17). Finally, CER is generally generated in
cells from SM hydrolysis mediated by ASM or from the de novo synthesis of CER mediated
by CS (77). As both enzymes are found in lysosomes (78,79), we also used pharmacological
inhibitors targeting both ASM and CS in this study, to confirm that ASM is the major source
of CER generation in lysosomes after CPT treatment. The detailed analysis of CER and SM
species generated in lysosomes after CPT treatment indicating that the SM 16:0 reduction
paralleled the CER 16:0 elevation, also confirmed the key role of ASM for CER generation
after CPT treatment.

Accumulating evidence suggests that different intra-cellular organelles contribute together to
amplify apoptosis initiation. After CPT treatment, both the mitochondrial and lysosomal
pathways are engaged concomitantly, indicating the cooperation between the two pathways
to activate a variety of killer proteases, mainly caspases and cathepsins. PKC-& inhibition
reduced LLM (but also VA¥'m; data not shown) and delayed apoptosis, suggesting that the
lysosomal PKC-8/ASM/CER pathway revealed in our study contributes, at least in part, to
the activation of CPT-induced apoptosis. Due to all the pleotropic effects of PKC-8§ in
signaling apoptosis, it is difficult to accurately quantitate or assess the importance of the
lysosomal pathway. Indeed, we have reported previously that blocking caspase activity in
these cells after CPT treatment prevents the typical manifestation of apoptosis, with cells
dying by necrosis (80). Blocking cathepsin B activity after CPT treatment will only slightly
interfere with the kinetics and amplitude of apoptosis, while blocking the mitochondrial
pathway of apoptosis either with mitochondrial permeabilization inhibitors or Bcl-xL over-
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expression has a more pronounced effect on the kinetics of apoptosis (19). Therefore, the
mitochondrial pathway of apoptosis is predominant in these cells after CPT treatment, while
the lysosomal pathway acts to amplify cell death signals.

A few compounds that induce significant cell death by triggering LLM and cathepsin-
mediated Killing of tumor cells have been identified. Boya et a/reported that widely-
administered quinolone antibiotics, including ciprofloxacin and norfloxacin, mediate LLM,
cathepsin release and apoptosis, either alone or in combination with UV irradiation (23).
Similarly, cytotoxin 3-aminopropanal (81) and siramesine (82) specifically target the
lysosomal compartment to induce LLM and apoptosis. The screening of a small molecule
library identified new compounds that induce significant LLM and cathepsin-mediated cell
death in tumor cell lines (83). Combination of DNA-damaging agents with the quinolone
class of antibiotics enables lower doses of DNA-damaging agents to be used with the same
apoptotic capacity when combined together (84). Thus, the potential of activating the
lysosomal death pathway is promising and under development for novel cancer therapeutic
approaches (85).

Abbreviations
VAYm

AO
ASM
ATM
cADbl
CE
CER
CNT
CPT
CRK-L
CS
DESP
dihSM
DNA-PK
FB1
FC

HexCER

loss of mitochondrial inner membrane potential
acridine orange

acidic sphingomyelinase

ataxia telangiectasia mutated kinase

cytosolic Abelson oncogene homolog 1 kinase
cholesterol ester

ceramide

control

20-S-camptothecin lactone

CT10 regulator of tyrosine kinase isoform L
ceramide synthase

desipramine

dihydro-sphingomyelin

DNA-protein kinase

fumonisin B1

free cholesterol

hexosylceramide
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IP immunoprecipitation

JNK Jun amino-terminal kinase

LacCER lactosylceramide

LAMP-1  lysosomal-associated membrane protein 1
ESI-MS/MS electrospray ionization/tandem mass spectrometry
LLM labilization of lysosomal membranes

LPC lysophosphatidylcholine

p38MAPK p38 mitogen-activated protein kinase, p73, tumor protein 73

PC phosphatidylcholine

PCH phosphorylcholine

PE phosphatidyl-ethanolamine
PG phosphatidyldiglycerol

Pl phosphatidylinositol

PKB/AKT protein kinase B
PKC-8 protein kinase C-8&
PLA, phospholipase A,
PLC phospholipase C
PLASM PE-based plasmalogen
PS phosphatidylserine

ROTT rottlerin

SEM standard error of the mean
SPA sphinganine

SPH sphingosine

SM sphingomyelin

TMRE tetramethylrhodamine ethylester
TNF-a tumor necrosis factor-a

uv ultraviolet
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Figure 1.
CPT-induced apoptosis in U-937 cells. (A) VA¥'m and (B) LLM were monitored in U-937

cells after CPT (1 1M) treatment. Bars represent the means of 4 independent determinations
and error bars represent SEM. (C) Control and CPT-treated U-937 cells were stained with a
specific antibody against cathepsin D to monitor the de-localization of lysosomal cathepsin
D, 3 h after CPT treatment (1 4M). (D) Western blotting of caspase-3. The active cleaved 17
and 12 kDa fragments of procaspase-3 (32 kDa) are clearly visible 4 h after CPT treatment
(1 ¢M). (E) Electron microscopy representative of the control and CPT-treated U-937 cells
(4 h).
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Figure 2.
PKC-§ is required for LLM in CPT-treated U-937 cells. (A) Expression of PKC-& (80 kDa)

in highly-enriched lysosomal extracts from the control (CNT) and CPT-treated U-937 cells
(1 zM; 3 h). Whole cell extract from the CNT cells is shown as the PKC-§& antibody control.
LAMP-1 expression is the loading control. (B) PKC-6 activity monitored in highly-enriched
lysosomal extracts from CNT and CPT-treated U-937 cells (1 4M; 3 h) in the absence and
presence of the PKC-6 inhibitor, ROTT (3.5 xM). Bars represent the means of 4 independent
determinations and error bars represent SEM. (C) The knockdown of the expression of PKC-
& by siRNA experiment. CRK-L expression is the loading control. The average of PKC-&
silencing efficiency in 3 independent experiments was 47+16%, based on densitometry
analysis (data not shown). (D) LLM was monitored after CPT treatment (1 #M) in U-937
cells where PKC-8 was silenced by siRNA or PKC-§ activity inhibited by ROTT (3.5 ¢M).
Bars represent the means of 3 independent determinations and error bars represent SEM. (E)
The percentage of DNA fragmentation was monitored after CPT treatment (1 4M) in the
absence or presence of the PKC-6 inhibitor, ROTT (3.5 ¢M). Data points represent the
means of 3 duplicated independent determinations and error bars represent SEM.
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Figure 3.
PKC-6 mediates ASM phosphorylation and activation in lysosomes after CPT treatment. (A)

ASM expression in highly-enriched lysosomal extracts from the control (CNT) and CPT-
treated U-937 cells (1 tM; 3 h). Whole-cell extract (CNT) is shown as the ASM antibody
control. LAMP-1 expression is the loading control. (B) Western blotting revealed the ASM
phosphorylation level after CPT-treatment (1 4M; 3 h). IP was performed from highly-
enriched lysosomal preparations. Upper panel, IP was undertaken with anti-ASM antibodies
and Western blotting was carried out with anti-phospho-(Ser) PKC substrate antibodies. The
doublet represents some protein degradation. Lower panel, reciprocal experiment where IP
was performed with anti-phospho-(Ser) PKC substrate antibodies and Western blotting was
performed with anti-ASM. (C) ASM activity monitored in highly-enriched lysosomal
extracts from CNT and CPT-treated U-937 cells (1 1M; 3 h) in the absence and presence of
the PKC-$6 inhibitor, ROTT (3.5 xM), and the ASM inhibitor, DESP (10 @M). Bars represent
the means of 3 independent determinations and error bars represent SEM. (D) LLM was
monitored after CPT treament in U-937 cells where ASM activity was inhibited by DESP
(10 M), and CS activity was inhibited by FB1 (10 zM). Bars represent the means of 3
independent determinations and error bars represent SEM.
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Figure 4.

PKC-8-mediated activation of ASM leads to CER generation and accumulation in
lysosomes. ESI-MS/MS lipid profiling of highly-enriched lysosomal extracts obtained from
U-937 cells treated with (A) CPT (1 tM), (B) CPT (1 tM) in the presence of the PKC-§
inhibitor, ROTT (3.5 4M), (C) CPT (1 ¢M) in the presence of the ASM inhibitor, DESP (10
4M), and (D) CPT (1 ¢M) in the presence of the CS inhibitor, FB1 (10 xM). Bars represent
the means of 4 independent determinations and error bars represent SEM. The data are
presented as relative to the untreated control cells. *Significant differences between treated
cells in comparision to the control cells.
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Figure 5.

Quantitative distribution of CER and SM species generated in lysosomes after CPT
treatment. (A) CER and (B) SM species were analyzed by ESI-MS/MS. Data points
represent the means of 4 independent determinations and error bars represent SEM.

0.79

0.64

=
w
e

0.0
0 2 3
—
— k:
P — %
*
1004
0T
604
401
-+ B b 4 T+
204 ) 4 b 4 X

TIME (h)

—e-CER 16:0
== CER 18:0
=CER 20:0
=+-CER 22:0
—+(CER 23:0
-©-CER 24:0
-8-CER 24:1

===SM 14:0
=*=SM 16:0
-4-SM 16:1
=B-dihSM 16:0
=v=SM 18:0
=+SM 20:0
-¥-SM 22:1
==SM 24:0
-e-SM 24:1

Page 22

*Significant differences between treated cells versus the control cells or between data points

as indicated.
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