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Abstract

A lysosomal pathway, characterized by partial rupture or labilization of lysosomal membranes and 

cathepsin activation, is evoked during camptothecin-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. In this study, comparative and quantitative proteome analyses were performed to 

identify early changes in lysosomal protein expression/localization from U-937 cells undergoing 

apoptosis. In 2 independent experiments, among a total of more than 538 proteins putatively 

identified and quantitated by iTRAQ isobaric labeling and LC-ESI-MS/MS, 18 proteins were 

found to be upregulated and 9 downregulated in lysosomes purified from early apoptotic compared 

to control cells. Protein expression was validated by Western blotting on enriched lysosome 

fractions, and protein localization confirmed by fluorescence confocal microscopy of 

representative protein candidates, whose functions are associated with lysosomal membrane 

fluidity and dynamics. These include sterol-4-alpha-carboxylate 3-dehydrogenase (NSDHL), 

prosaposin (PSAP) and protein kinase C delta (PKC-δ). This comparative proteome analysis 

provides the basis for novel hypothesis and rationale functional experimentation, where the 3 

validated candidate proteins are associated with lysosomal membrane fluidity and dynamics, 

particularly cholesterol, sphingolipid and glycosphingolipid metabolism.
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1. Introduction

The lysosomal pathway of apoptosis involves moderate rupture of lysosomes, often referred 

to as small-scale lysosomal rupture or lysosomal labilization, and subsequent release of 

lysosomal cathepsins into the cytosol [1–4]. Lysosomal rupture and cathepsin activation 

have been linked to apoptosis after various insults, including oxidative stress [5], 

lysosomotropic photo sensitizer agents [6,7], serum withdrawal [5], Fas and tumor necrosis 

factor-alpha (TNF-α) ligation [5,8], increased sphingosine [9] and endogenous ceramide 

levels [10], DNA-damaging [11,12] and microtubule-stabilizing agents [13]. During 20-S-

camptothecin (CPT)-induced apoptosis in U-937 and Namalwa cancer cells, lysosomal 

labilization and cathepsin B activation occur rapidly and simultaneously with mitochondrial 

permeabilization and caspase activation, effects prevented by Bcl-xL, indicating that 

lysosomal rupture may be related, in part, to mitochondrial disruption [12].

Alterations of mitochondrial functions, such as mitochondrial permeability transition, 

transmembrane potential disruption, ATP/ADP exchange and cytochrome c release, are early 

events involved in the initiation step of apoptosis induced by most chemotherapeutic agents 

[14–20]. Members of the Bcl-2 family of proteins are critical regulators of the mitochondrial 

pathway of apoptosis that either promote cell survival (e.g. Bcl-2, Bcl-xL, Bcl-w, Mcl-1) or 

facilitate cell death. The pro-cell death members are subdivided into 2 classes: multidomain 

proteins that contain Bcl-2 homology (BH) domains 1–3 (e.g. Bax, Bak), and BH3-only 

proteins constituted of a unique BH3 motif (e.g. Bad, Bid, Bik, Bim, Puma, Noxa, Hkr) 

[21,22]. Relative amounts and localization of death agonists and antagonists greatly 

influence the cell’s ability to undergo apoptosis. Because it provides binding ability, the 

BH3 motif has become a potent mediator of cell death and is often uniquely required for 

cell-killing activity [23,24]. Two distinct models have been proposed to explain the killing 

activity of BH3-only proteins [22]. The direct activation model proposes that after a death 

stimulus, BH3-only proteins promote apoptosis by binding to and inhibiting pro-survival 

Bcl-2 family members, or by binding to other death agonists, like multidomain Bax and Bak 

proteins, which become activated and exert their pro-apoptotic activities at the mitochondrial 

level. BH3-only proteins that neutralize pro-survival proteins are referred to as BH3 “enabler 

or sensitizing” proteins, while those that bind pro-apoptotic Bax or Bak are called BH3 

“activator or activating” proteins [25–27]. The indirect activation model suggests that all 

BH3-only proteins solely engage pro-survival proteins and act by preventing them from 

inhibiting Bax or Bak activation [28–30].

In contrast, the exact mechanisms that influence lysosomal membrane stability during 

apoptosis induced by DNA-damaging agents are, yet, not resolved. The best-studied models 

have associated lysosomal membrane rupture with oxidative stress, accumulation of redox-

active iron and the occurrence of a lipid peroxidative chain reaction (for review see [4]). It 

has also been reported that sphingosine, a metabolite of the sphingomyelin and ceramide 

pathway, and lysophosphatidylcholine, a phospholipase A2-produced lipid metabolite, are 

capable of eliciting relatively selective damage to the lysosomal membrane, provoking 

lysosomal rupture [9,31]. Although the exact mechanisms behind the relative activity of 

sphingosine and lysophosphatidylcholine for lysosome destabilization have not been fully 

clarified, it has been proposed that sphingosine is a lysosomotropic detergent because its 

Parent et al. Page 2

J Proteomics. Author manuscript; available in PMC 2013 July 11.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



long hydrophobic tail and polar head contain a proton-trapping group that is attracted by the 

acidic lysosomal vacuolar compartment [9], while lysophosphatidylcholine changes 

lysosomal osmotic sensitivity provoking entry of potassium ions leading to losses of 

membrane and lysosomal integrity [31]. Only a few proteins have been associated with 

lysosome labilization during apoptosis. First, cytosolic phospholipase A2 was proposed to 

attack the lysosomal membrane, provoking its destabilization [32]. Other studies have 

suggested that phospholipase A2 and C could osmotically destabilize the lysosome 

membrane via a K(+)/H(+) exchange process [33–36], effects associated with 

lysophosphatidylcholine [31]. More recently, the accumulation of lysosome-associated 

apoptosis-inducing protein containing pleckstrin homology and FYVE domains (LAPF) on 

lysosomal membranes was also linked with lysosomal rupture and activation of a lysosomal-

mitochondrial pathway of apoptosis [37].

In this study, to identify proteins putatively associated with lysosome labilization in the early 

phase of apoptosis induced by DNA-damaging agents, comparative and quantitative 

proteomic analyses of enriched lysosomes were performed in CPT-induced apoptosis of 

human histiocytic lymphoma U-937 cells. A significant proportion of the proteins putatively 

quantitated and identified by iTRAQ reagent labeling and LC-ESI-MS/MS play a role in 

membrane dynamics and fluidity, vesicle trafficking, redox regulation, cellular stress 

response and signaling pathways. In 2 independent experiments, 2 proteins were 

reproducibly found to be upregulated (>1.5) and 2 downregulated (<0.75) in lysosomes 

purified from early apoptotic compared to control cells. Considering the dynamic nature of 

small membrane-bound organelles and the restrictive and limiting criteria of the study 

consisting of experiments performed at very early phase of apoptosis when approximately 

less than 10% of the lysosome population presents partial membrane disruption or 

labilization, 16 candidate proteins found to be upregulated, and 7 downregulated, in 1 

experiment only, were also considered. Finally, a rationale approach for validation of 

representative candidate protein was taken, based on the fundamental biological question 

addressed in this study, which is related to biomembrane fluidity and dynamics.

2. Materials and methods

2.1. Cell line, chemicals and drug treatment

Human histiocytic lymphoma U-937 cells obtained from the American Type Culture 

Collection (Manassas, VA), were grown in suspension at 37 °C under 5% CO2 in 

RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM 

glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco-BRL Life Technologies, 

Grand Island, NY). CPT, Histodenz™, Hoechst 33342 and propidium iodide (PI) were 

obtained from the Sigma-Aldrich Company (St. Louis, MO). Percoll™ was purchased from 

GE Healthcare Bio-Sciences AB (Uppsala, Sweden). Acridine orange (AO), 5,5′,6,6′-

tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanideiodide (JC-1), LysoTracker 

RED/DND-99, MitoTracker Green/FM and ER-Tracker Red dye were purchased from 

Molecular Probes (Eugene, OR). The fluorogenic peptide derivatives acetyl-Asp-Glu-Val-

Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC) and benzyloxycarbonyl-Arg-Arg-7-

amino-4-methylcoumarin (Z-RR-AMC) were acquired from Calbiochem–Novobiochem 
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Corporation (San Diego, CA). All other chemicals were of reagent grade and purchased 

either from the Sigma-Aldrich Company, ICN BioMedicals (Costa Mesa, CA) or other local 

sources. For drug treatment, U-937 cells were treated with CPT at a concentration of 1.0 μM 

for 30 min, and then grown in drug-free medium.

2.2. Loss of mitochondrial transmembrane potential (↓ΔΨm) and lysosomal rupture

↓ΔΨm was assessed by JC-1 staining [12,38]. At the indicated times (h) after CPT 

treatment, 1×106 cells were incubated with 10 μg/ml JC-1 in complete culture medium for 

15 min at room temperature, washed twice, resuspended in 500 μl of PBS and submitted to 

flow cytometry analysis. To assess lysosomal rupture, at various times after drug treatment, 

1×106 cells were incubated with 1 μM AO in complete culture medium for 15 min at 37 °C; 

then, the cells were washed twice and resuspended in 500 μl of fresh culture medium before 

analysis by flow cytometry (uptake method) [5,12]. Loss of JC-1 orange fluorescence was 

measured with the FL2 channel, loss of lysosomal AO red fluorescence with the FL3 

channel, and increased cytosolic AO green fluorescence with the FL1 channel of a Coulter 

EPICS XL-MLC Flow Cytometer. At least 10,000 cells per sample were acquired in 

histograms, and the results are expressed as the percentage of total cells presenting ↓ΔΨm or 

lysosomal rupture.

2.3. Analysis of DNA fragmentation

The kinetics of DNA fragmentation were monitored and quantitated by DNA filter elution 

assays, and the results expressed as percentages of DNA fragmentation [39]. DNA content 

was also measured by flow cytometry after PI staining with recording on the FL2 channel of 

the Coulter EPICS XL-MLC Flow Cytometer. The results are expressed as percentages of 

cells presenting hypoploid DNA content (sub-G1 peak).

2.4. Enzymatic assays

For the measurement of enzyme activities, cellular extracts were prepared in lysis buffer 

containing 100 mM Hepes (pH 7.5), 5 mM EDTA, 5 mM DTT, 20% (v/v) glycerol and 0.3% 

(v/v) Igepal. Protein aliquots (100 μg) were incubated with 200 μM of the caspase-3-like 

substrate Ac-DEVD-AMC or with 20 μM of the cathepsin B substrate Z-RR-AMC, in 

reaction assay mixtures (500 μl) containing 100 mM Hepes (pH 7.5), 100 mM NaCl, 10% 

glycerol, 0.1% (w/v) CHAPS, 10 mM DTT and 1 mM EDTA for caspase-3-like activity, and 

0.4 mM sodium acetate buffer (pH 5.5) and 4 mM EDTA for cathepsin B activity. Enzymatic 

activities were determined as initial velocities at 37 °C in a dual luminescence fluorometer at 

an excitation wavelength of 380 nm and an emission wavelength of 460 nm, and expressed 

as relative intensity/min/mg.

2.5. Subcellular fractionation

A 2-step sequential density gradient centrifugation protocol was modified from Storrie and 

Madden [40] and Paquet et al. [41] for lysosome isolation. A schematic representation of the 

procedure is illustrated in Supplemental Fig. 1. First, control and CPT-treated U-937 cells 

(5.0×108) were swelled in deionized water for 4 min on ice, and the samples adjusted to 220 

mM mannitol, 70 mM sucrose, 10 mM Hepes-KOH (pH 7.4) and 1.0 mM EDTA (isotonic 
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buffer). The cells were then disrupted by passing the samples 30-fold through a 26G3/8 

needle, and subsequently centrifuged at 1000 ×g for 15 min to pellet unbroken cells and 

nuclei. Supernatants containing mitochondria, lysosomes and other vesicles were adjusted to 

8 mM calcium chloride and centrifuged at 5000 g for 15 min to pellet the rough endoplasmic 

reticulum and mitochondria. Then, the supernatants were 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 ×g for 1 h at 4 °C, a set of 2 discrete bands appears 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 needed further 

separation by the second gradient to obtain pure organelle fractions. This interface was 

collected and adjusted to 35% Histodenz™ by mixing with a 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 

isotonic buffer, and centrifuged at 50,500 ×g for 1 h at 4 °C. Two distinct bands appeared: 

the upper one at the 5/17% Histodenz™ interface contains 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 ×g for 1 h at 4 °C.

2.6. Protein digestion and iTRAQ labeling

Relative quantification experiments were performed in duplicate in distinct lysosome 

preparations. Protein aliquots of lysosomes isolated from normal or apoptotic cells were 

acetone-precipitated. Each protein pellet was then solubilized in 0.5 M triethylammonium 

bicarbonate, pH 8.5, supplemented with 0.1% (w/v) SDS. Twenty-five and 80 μg of proteins 

were used for iTRAQ labeling in the first and second experiment, respectively. Protein 

cysteine residues were reduced with 5 mM Tris (2-Carboxyethyl) phosphine for 1 h at 60 °C 

and then blocked with 8 mM methyl methane-thiosulfonate (MMTS) for 10 min at room 

temperature. Protein samples were digested with 5 μg of modified porcine trypsin in the 

presence of 10 mM CaCl2 for 18 h at 37 °C. The final SDS concentration at this point was 

0.05% (w/v). The efficiency of protein digestion was assessed by SDS-polyacrylamide gel 

electrophoresis in undigested and digested aliquots of proteins. In both experiments, tryptic 

peptides from normal cell lysosomes and apoptotic cell lysosomes were labeled with iTRAQ 

114 and iTRAQ 117 reagents, respectively, according to the manufacturer’s protocol 

(Applied Biosystems, Foster City, CA). Labeled samples were then combined and dried in a 

vacuum concentrator.

2.7. Isoelectric focusing of iTRAQ-labeled peptides

Lyophilized iTRAQ-labeled peptides were resuspended in 325 μL of Milli-Q water 

containing 0.25% (v/v) ampholyte (Bio-Lyte 3/10 Ampholyte, Bio-Rad, Hercules, CA). The 

resulting solution served to rehydrate an 18-cm IPG gel strip (pH 5–8) from Bio-Rad, for 10 

h. Conditions for isoelectric focusing of peptides were as follows: 250 V for 15 min, 10,000 

V for 3 h, 10,000 V for 60,000 V h and then at 50 V until the peptides were extracted. 

Excess overlaying oil was gently blotted away from the IPG strip, which was cut into 36 

pieces of 5 mm each. The IPG strip pieces were transferred to a 96-well plate, and peptides 
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were eluted from the gel pieces by 2 successive extractions (15 min each with shaking) that 

were subsequently pooled. The first extraction was in 100 μL of a 1% formic acid, 2% 

acetonitrile solution, and the second extraction was in 100 μL of a 1% formic acid, 50% 

acetonitrile solution. The extracted peptides were then dried in a vacuum concentrator and 

resuspended in 25 μL of a 0.1% formic acid solution.

2.8. MS of iTRAQ-labeled peptides

For each analysis, 5 μL of the peptide solution was injected into the nano LC-ESI-MS/MS 

system. MS analyses were performed in a QStar XL Hybrid ESI quadrupole time of flight 

tandem mass spectrometer (Applied Biosystems/MDS Sciex) interfaced with an integrated 

online capillary LC system consisting of an autosampler, switching pump, and micro-pump 

(LC Packings, Sunnyvale CA). Peptides were first trapped and concentrated on a 300-μm 

i.d.×5-mm C18 reverse-phase pre-column (LC Packings) at a flow rate of 15 μL/min. The 

peptide mixture was then separated on a 75-μm i.d.×10-cm BioBasic (New Objective Inc., 

Woburn, MA) C18 reverse-phase capillary column at a flow rate of 200 nL/min. The 

gradient started at 98% buffer A (0.1% formic acid in water) and 2% buffer B (0.1% formic 

acid in acetonitrile) for 5 min, followed by an increase from 2% to 25% in buffer B over 85 

min, then from 25% to 40% buffer B over 10 min, and 40% to 80% buffer B over 5 min. The 

column was washed with 80% buffer B for 5 min and equilibrated at 2% buffer B for 20 

min. Eluted peptides were electrosprayed through a distal-coated silica tip (15 μm i.d.) (New 

Objective Inc.) with an ion spray voltage of 2800 V. Data acquisition on the mass 

spectrometer was in the positive ion mode within a mass range of 400–1600 m/z for 

precursor ions for a 1-s period. Information-dependent acquisition of the MS/MS data was 

performed on the 3 most abundant peptides exceeding 15 counts with +2 to +4 charge states 

within a 100 to 2000 m/z value window. Time summation of the MS/MS events was set to 3 

s. Fragmented target ions were dynamically excluded for 60 s with 100 ppm mass tolerance.

2.9. Data analysis

For iTRAQ, raw data file (.wiff) processing, protein identification, protein quantification, 

and statistical analyses were undertaken with ProteinPilot v.2.0 software (Applied 

Biosystems, MDS-Sciex) running the Paragon algorithm [42]. Searches were conducted 

against a subset of the UniRef100 protein database (version 12.7) containing only entries 

from Homo sapiens (83 425 protein sequences). The search parameters allowed a peptide 

and fragment mass deviation of up to 0.2 Da and 1 missed trypsin cleavage. Cysteine 

modification by MMTS, oxidation of methionine as well as iTRAQ labeling of N-termini of 

the peptides and side chains of lysine and tyrosine residues were allowed. Peak areas for 

each of the 2 reporter ions (m/z: 114 and 117) were corrected to account for isotopic overlap 

according to the manufacturer’s instructions. Protein identification and quantification results 

were calculated and viewed with Protein-Pilot v.2.0. Protein iTRAQ ratios were corrected 

for experimental bias by the median average protein ratio as correction factor. Only peptides 

above 80% confidence were used for identification and quantification, and only proteins, 

including at least 2 peptides above 80% confidence, were considered. The quantification 

results were reviewed manually for all proteins found to be differentially expressed (iTRAQ 

ratio >1.5 or <0.75) and for those included in Table 1 and in Supplemental Tables 1 and 2. 

Briefly, this validation step included the examination of the MS/MS spectrum assigned to 

Parent et al. Page 6

J Proteomics. Author manuscript; available in PMC 2013 July 11.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



each identified peptide looking specifically for: 1) the presence of the iTRAQ reporter peaks, 

2) a good representation of both x and y ions with preferences toward the presence of more 

than 3 consecutive assigned ions, 3) the assignment of all major peaks of the spectrum, and 

4) the signal-to-noise ratio of peaks assigned to peptide fragment ions. Assigned spectra that 

failed to pass these requirements were not included in the calculation of the protein iTRAQ 

ratio and not considered for protein identification. Quantification data from very low 

intensity spectra were removed from the protein ratio calculation. Doubtful identifications 

were rejected. iTRAQ ratios presented in Table 1 and Supplementary Table 1 represent 

protein ratios calculated by ProteinPilot v.2.0 based on the weighted average Log ratios of 

peptides. The significance of the changes in protein expression is reported in Table 1 and 

Supplementary Table 1 as a p-value calculated by the ProteinPi-lot software v 2.0 and 

reporting the probability that the observed ratio is different from 1 by chance. The accuracy 

of iTRAQ protein ratios can be assessed from the error factors (EF) values calculated by the 

ProteinPilot software v.2.0 and reported in Table 1 and Supplementary Table 1. The true 

value for the average protein ratio is expected to be found between [(reported ratio)* (EF)] 

and [(reported ratio)÷(EF)], 95% of the time. Standard deviation (S.D.) was calculated by 

MicrosoftExcel software v.11.2.3. Functional classification of proteins identified in this 

study was based on information from UniPro Knowledgebase and from published literature 

in Medline.

2.10. Immunoblotting

For immunoblot experiments, pellets of purified lysosomes were lysed in buffer containing 

50 mM Tris (pH 7.4), 120 mM NaCl, 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 analyzed by immunoblotting. The primary antibodies 

in this study were: anti-LAMP-1 mouse mAb LY1C6, EMD BioSciences, Inc (La Jolla, 

CA); anti-LAMP-1 rabbit pAb H-228, Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), 

anti-porin 31HL (VDAC-1) mouse mAb 89-173/025, EMD BioSciences, Inc.; anti-Calnexin 

rabbit pAb sc-11397, Santa Cruz Biotechnology, Inc.; anti-NSDHL (sterol-4-alpha-

carboxylate 3-dehydrogenase) rabbit pAb HPA000248, Atlas Antibodies AB (Stockholm, 

Sweden); anti-protein kinase C-delta (PKC-δ) pAb 658-676, EMD BioSciences, Inc.; anti-

prosaposin (PSAP) mouse mAb 1D1-C12, Abnova Corp.; and anti-ERp19 rabbit pAb 

10291, Abcam Inc. The secondary antibodies were horseradish peroxidase-conjugated sheep 

anti-mouse immunoglobulin (Ig) and horseradish peroxidase-conjugated donkey anti-rabbit 

Ig secondary antibodies (GE Healthcare Bio-Sciences AB). ECL reagents also were from 

GE Healthcare Bio-Sciences AB. Relative densitometry analysis of Westerns blots are based 

on integrated Volume value (intensity x mm2) normalized to corresponding loading control 

(LAMP-1) Volume value, performed with Quantity One software (BioRad, Hercules, CA.). 

The data are expressed as relative ratios (control:CPT-treated) and represent the means of n 
independent experiments in distinct lysosome preparations.

2.11. Immunofluorescence microscopy

For enriched lysosome staining in vitro, aliquots of the preparations were labeled for 20 min 

in the presence of LysoTracker RED/DND-99 (10 μg/ml), MitoTracker Green/FM (10 μg/

Parent et al. Page 7

J Proteomics. Author manuscript; available in PMC 2013 July 11.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



ml), ER-Tracker Red dye (10 μg/ml) or Hoechst 33342 (10 μg/ml) in isotonic buffer, washed 

twice and spread on glass slides. Images were generated with a Nikon Optiphot-2 

microscope equipped with Omega Optical Emission/Excitation Filter Sets XF-21, XF102-2 

and XF05-2 and mounted with a thermoelectrically-cooled CCD camera (Model DC330E, 

DageMTI Inc., Michigan City, IN) hooked up to a PC computer. For co-localization 

experiments, control and CPT-treated U-937 cells were spread by cytocentrifugation on glass 

slides and fixed in ice-cold methanol:acetone for 2–3 min. Nonspecific binding sites were 

blocked with 5% BSA in the presence of irrelevant antibodies (anti-sheep IgG, 10 μg/ml; 

Sigma-Aldrich) then, the slides were incubated sequentially with the first antibody 

(candidate proteins) at 10 μg/ml, followed by a fluorescein-conjugated secondary Ab 

(InVitrogen Molecular Probe; 1:25 v/v), then LysoTracker Red DND-99 or ER-Tracker Red 

dye or anti-LAMP1 staining at 10 μg/ml and a Texas-red linked secondary Ab (GE 

Healthcare Bio-Sciences AB; 1:25 v/v). Each antibody incubation for 60 min was followed 

by several washes in phosphate-buffered solution. Total cells were stained with hematoxylin, 

and nuclei, with the DNA intercalator Hoechst 33342. The slides were mounted with 

polyvinyl alcohol 4-88 mounting medium (Sigma-Aldrich). Images were generated and 

analyzed with a Leica TC S SP5 Confocal Microscope mounted with 3 lasers, Argon, SS561 

and HeNe, and equipped for spectral imaging and analysis. Relative colocalization area 
(RCA) values were calculated according to the formula: [(μm2)-YELLOW/(μm2)RED+

(μm2)GREEN+(μm2)YELLOW]×100, where each color was assigned to a defined color 

spectrum by Clemex Vision software (Version 3.0.036, Clemex, Longueuil, QC, Canada).

3. Results

3.1. Lysosomes are disrupted 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 short, 30-min treatment with the DNA-damaging drug CPT, a DNA 

topoisomerase I inhibitor [12,43,44]. The apoptotic death of these cells is associated with 

quick involvement of a mitochondrial and lysosomal pathway, within 2–3 h after drug 

treatment. ↓ΔΨm (Fig. 1a), lysosome membrane labilization (Fig. 1b), activation of 

caspase-3-like and cathepsin B enzymes (Fig. 1c), DNA fragmentation and sub-G1 cell 

populations (Fig. 1d) rapidly appear in CPT-treated U-937 cells [12]. Alterations of 

mitochondrial functions and mitochondrial membrane permeabilization have been studied 

extensively in the past. For a better understanding of the molecular mechanisms provoking 

lysosomal rupture, highly-enriched lysosomes were obtained from control and CPT-treated 

U-937 cells by 2-step sequential density gradient centrifugation, 3 h after treatment. A 

schematic view of the purification procedure appears in Supplemental Fig. 1. The purity of 

these lysosome preparations was established first by in vitro staining with the fluorescent 

biomarkers LysoTracker RED/DND-99 (lysosome), MitoTracker Green/FM (mitochondria), 

ER-Tracker Red dye (endoplasmic reticulum, ER) and Hoechst 33342 (nucleus), observed 

under a fluorescent microscope (Fig. 2a). In parallel, the purified preparations were 

incubated and labeled with specific antibodies directed against the protein biomarker 

LAMP-1 (lysosome), VDAC-1 (mitochondria), Calnexin (ER) and Nucleolin (nucleus) and 

monitored by fluorescence microscopy (Fig. 2b). The micrographs show much stronger 

staining with LysoTracker RED/DND-99 (Fig. 2a) and LAMP-1 (Fig. 2b), revealing high 
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enrichment of the preparations. Similarly, detection of the protein biomarkers by Western 

blotting (Fig. 2c) indicates similar high enrichment of the lysosome preparations, with high 

LAMP-1 expression. Finally, fluorescence confocal microscopy experiments were 

performed to validate LAMP-1 colocalization with the fluorescent biomarker LysoTracker 

RED/DND-99 (Fig. 2d). The micrographs reveal strong colocalization between LAMP-1 

and LysoTracker RED/DND 99 with a RCA value of 39.0%±2.7 (n=3), while 

VDAC-1:LAMP-1 (RCA: 11.3%±1.2; n=3), Calnexin:LAMP-1 (RCA: 2.3%±0.2; n=3) and 

Nucleolin:LAMP-1 (RCA: 1.9%±0.9; n=3) do not significantly colocalize together (Fig. 2d).

3.2. Differentially expressed proteins identified by MS of iTRAQ-labeled peptides

Proteins of enriched lysosomes obtained from control and at early phase of CPT-treated 

U-937 cells (3 h post-treatment) were trypsin-digested, labeled with iTRAQ114 and 

iTRAQ117 reagents, respectively, combined and fractionated by 1-D/IEF. The isoelectric 

focusing strips were cut into 36 pieces and the peptides eluted. Nano-LC separation, 

ionization, quantitation and identification of the peptides were performed by the nano-LC-

ESI-MS/MS system. A functional classification of proteins identified in this study (reference 

experiment) is presented in Fig. 3, with data in Supplementary Table 1. Only proteins 

including at least 2 peptides above 80% confidence, were considered. A significant 

proportion of all proteins identified in this study has been identified by others, including 55 

of the 103 proteins (53.3%) analysed by Hu Z.-Z. et al. [45] and 94 of the 222 proteins 

(42.3%) reported by Casey T.M. et al. [46], although the lysosome purification in these 

studies were carried on different tissues or cell types. In the 2 independent experiments on 

distinct lysosome preparations, 2 proteins were reproducibly found to be upregulated with a 

mean fold change (FC) >1.50 and 2 were downregulated with mean FC<0.75 in lysosomes 

purified from apoptotic compared to control cells (Table 1; Level 1). To gain more valuable 

information of the analysis, and considering the dynamic nature of membrane-bound small 

vesicules, particularly in a biological context of early phase apoptosis where less than 10% 

of the lysosome population presents partial membrane disruption or labilization, candidate 

proteins identified as differentially expressed in 1 experiment only were also considered, and 

included an additional 16 proteins upregulated and 7 downregulated (Table 1; Level 2 and 

3). Peptide listing with identification and quantitation data of the candidate proteins are 

presented in Supplemental Table 2 with the annotated-spectra for unique-peptide-based 

protein identification provided in Supplemental Table 3.

3.3. Expression and localization validation by Western blotting and fluorescence confocal 
microscopy

Considering the fundamental biological question behind this study, which is to understand 

lysosomal membrane disruption at early phase of apoptosis, a rationale approach for 

validation of representative candidate protein was taken, based on their function associated 

with biomembrane fluidity and dynamics. Western blotting analysis was first performed on 

candidate proteins, including sterol-4-alpha-carboxylate3-dehydrogenase (NSDHL) (Fig. 4a, 

upper panel), prosaposin (PSAP) (Fig. 4b, upper panel) and protein kinase C delta (PKC-δ) 

(Fig. 4c, upper panel). Expression levels of NSDHL, PSAP and PKC-δ appeared to be 

higher at very early phase of apoptosis activation in lysosome preparations obtained from 

CPT-treated cells (3 h post-treatment) compared to control cells, with relative ratios 
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(control:CPT-treated; 50 μg protein per lane) of 1:1.30±0.12 (NSDHL; n=3), 1:1.56 (PSAP; 

n=2) and 1:1.32 (PKC-δ; n=2). Values are based on relative integrated Volume value 

(intensity × mm2) normalized to LAMP-1 Volume value, and represent the means of 

independent experiments (n) on distinct lysosome preparations.

To confirm the localization of candidate proteins, colocalization experiments were visualized 

by fluorescent confocal microscopy with LAMP-1 as lysosome biomarker. As shown in Fig. 

4 (lower panels), all candidate proteins colocalize to lysosomes with RCA values of 15.5%

±3.0 (n=6) and 26.2%±5.8 (n=6) for NSDHL: LAMP-1, 19.3%±0.9 (n=4) and 30.8%±2.6 

(n=4) for PSAP:LAMP-1, and 23.2%±2.8 (n=6) and 33.7%±2.7 (n=6) for PKC-δ:LAMP-1, 

in control and CPT-treated cells, respectively. The annotated-spectra and iTRAQ reporter 

peaks for peptides of validated proteins presented in Fig. 4 are provided in Supplemental 

Table 4.

4. Discussion

Proteomics methods have been recently deployed to identify lysosome proteins (reviewed in 

[47]). The major aim of our study was to identify candidate proteins that accumulate at 

lysosomes, with a restrictive and limiting criteria consisting of very early phase of apoptosis 

when approximately less than 10% of the lysosome population presents partial membrane 

disruption or labilization in cells induced to undergo apoptosis by CPT, a DNA 

topoisomerase I inhibitor. By utilizing subcellular fractionation, iTRAQ reagent labeling, 1-

D/IEF and LC-ESI-MS/MS-based technology for protein quantitation and identification, we 

were able to identify candidate proteins which are differentially expressed in lysosomes 

obtained from human cells triggered to undergo apoptosis. Recently, Yu et al. have reported 

subcellular proteome analysis of camptothecin analogue-treated NB4 cells, focusing on 

nuclear, ER, mitochondria and cytosolic proteins [48]. To the best of our knowledge, this is 

the first study describing the lysosome proteome at very early phase of CPT-induced 

apoptosis.

Only a few proteins have been shown to accumulate in lysosomes where they contribute to 

lysosome rupture or labilization during apoptosis, including phospholipase A2 and C, and 

LAPF [33–37]. These proteins were not detected in our study. This discrepancy could be due 

to the subcellular fractionation protocol used in these experiments, and to variations in 

biological responses, depending on the stimuli that provoke lysosomal labilization. Indeed, 

organelle purification and fractionation are challenging, particularly for membrane-bound 

small organelles like lysosome-related organelles, where communication with each other and 

remodeling occur frequently by complex membrane dynamics and transmembrane protein 

trafficking [45,49]. In addition to the dynamic nature of the organelles themselves, 

membrane-bound cellular organelles could often share comparable densities, which render 

purification to complete homogeneity by density gradient centrifugation untenable, if not 

impossible. Nevertheless, sequential density gradient centrifugation represents the best 

current technology and leads to high enrichment of organelles [45,49]. Because of these 

intrinsic limitations in membrane-bound organelle purification, in addition to validating 

protein candidate expression by Western blotting, protein candidate localization was also 

visualized by high-resolution fluorescence confocal microscopy. Keeping in mind the 
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dynamic nature of these organelles, and the restrictive and limiting criteria of the study 

consisting of experiments performed at very early phase of apoptosis when approximately 

less than 10% of the lysosome population presents partial membrane disruption or 

labilization, the expression and localization of representative protein candidates, initially 

identified in 1 experiment only, were also considered.

With these various approaches, 3 representative candidate proteins were validated, including 

NSDHL, PSAP and PKC-δ. NSDHL is a catalytic enzyme involved in cholesterol 

biosynthesis, removing 2 C-4 methyl groups in post-squalene cholesterol biosynthesis [50]. 

In turn, cholesterol, an essential component of biomembranes, is a major determinant of 

membrane fluidity. Membranes enriched in cholesterol with glycosphingolipids, 

sphingolipids and phospholipids can lead to the formation of lipid rafts and non-raft shell 

lipids with protein microdomain formation [51]. Interestingly, cholesterol content is know to 

be key determinant during endocytosis where lysosomal membranes are formed and 

prepared for digestion by a controlled lipid-sorting process [52]. Cholesterol accumulation 

to lysosomes has been associated with lysosomal dysfunctions in Niemann–Pick type C 

disease provoking autophagic stress and increased cell death [53–56], and cholesterol 

oxidation products have been reported to cause lysosomal destabilization and apoptosis [57]. 

Similarly, treatment of cells with inhibitors that block cholesterol transport out of the 

lysosome, including the amphiphile 3-beta-(2-(diethylamino)ethoxy)androst-5-en-17-one 

(U18666A), has been reported to provoke apoptosis [58,59], although cholesterol 

accumulation in mitochondrial membranes leads to inefficient Bax oligomerization [60]. 

Thus, molecular interplay between cholesterol segregation and partitioning, and cholesterol-

dependent protein microdomain formation appear to contribute to many cellular functions, 

including lysosome-endocytosis, lysosome-autophagy and lysosome-apoptosis regulation. 

Further investigations to understand the role of NSDHL in cholesterol-mediated effect 

during early phase of lysosomal disruption during apoptosis will be challenging for the near 

future.

PKC-δ has been demonstrated to regulate apoptosis in response to various stimuli, including 

DNA-damaging agents [61–63]. The apoptotic function of PKC-δ has been associated with 

its localization and with the activation of multiple signaling proteins, including JNK, p38, 

ATM, AKT, cAbl, p73, DNA-PK, lamin, scramblase and, more recently, acid 

sphingomyelinase [64–66]. Interestingly, upon phorbol 12-myristate 13-acetate treament, 

PKC-δ has been shown to rapidly translocate to lysosomes where it phosphorylates and 

activates lysosomal acid sphingomyelinase, a key enzyme that catalyzes the degradation of 

membrane-bound sphingomyelin into phosphorylcholine and ceramide [66,67]. Formed of a 

single peptidic chain, PKC-δ contains an inhibitory pseudosubstrate domain that occludes 

the substrate-binding pocket, two membrane-binding domains (termed C1 and C2) and a 

conserved catalytic domain. The C1 domain forms a hydrophobic globular structure and 

coordinates with two Zn2+ ions to allow diaglycerol and phorbol ester binding and insertion 

inside apolar milieu of membranes [68,69]. The C2 domain comprise a characteristic 8-

stranded antiparallel β-sandwich that also binds phospholipids but unlike other PKC 

isoforms, the C2 domain of PKC-δ does not required presence of Ca2+ ions. Upon its 

activation, PKC-δ autoinhibitory domain moves to open the phorbol ester-binding pocket 

and allows interaction of C1 and C2 domains with membrane lipids, resulting in its 
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translocation from the cytosol to sub-cellular membranes, including lysosomal membrane 

[66,67,70]. In this study, the observed increase in PKC-δ relocalization at lysosomes after 

CPT treatment strongly suggests that activation of acid sphingomyelinase, in turn, could 

raise ceramide levels, an event often associated with apoptosis induction [71]. DNA 

damaging agents including etoposide and NSC606985, a CPT analog, have been reported to 

induce a caspase-dependent proteolytic activation of PKC-δ into a 41 kDa catalytic fragment 

that activates the kinase [72–74]. In this study, with analysis performed at very early phase 

of apoptosis, the translocation of PKC-δ to lysosomes was not associated with its proteolytic 

cleavage, consistent with a previous study that has reported that PKC-δ cleavage occurred 24 

h after NSC606985 treatment in U-937 cells [74].

Similarly, PSAP, the other candidate protein validated in this study, is the precursor of 4 

lysosomal sphingolipid activator proteins (saposin A–D), that also play key roles in acid 

sphingomyelinase activation [75,76], and lysosomal membrane digestion during endocytosis 

[52]. PSAP and the saposins are membrane-pertubating and lipid-binding proteins that are 

essential for glycosphingolipid degradation of lysosomal membranes [52]. Recruited 

together at lysosomes after CPT treatment, NSDHL, PKC-δ and PSAP could possibly have 

drastic effects, leading to membrane fluidity, rapid ceramide accumulation, major changes in 

sphingolipid content, with glycosphingolipid degradation and lysosomal membrane 

disruption.

Several proteins associated with ER stress have also been identified by the proteomic 

approach. In U937 cells, we also noticed that CPT triggered typical morphological 

rearrangements of cells undergoing ER stress, with cells showing ER undergoing clumping 

and forming aggregates and/or small vesicles, 3 h post-CPT treatment [77,78] (data not 

shown). However, the connection between ER stress, appearance of aggregates and/or small 

vesicles and lysosome impairment has not been well documented. Given the importance of 

autophagy during organelle damage and stress, and the relation between autophagy and 

apoptosis, it will be of interest to pursue future studies in that direction.

In conclusion, iTRAQ reagent labeling with 1-D/IEF and LC-ESI-MS/MS approaches 

combined with the validation of expression/localization of candidate proteins, have 

permitted the identification of novel proteins that accumulate in lysosomes in the early phase 

of CPT-induced lysosome labilization and apoptosis. The exact consequences of 

accumulating these proteins in lysosomes for lysosome labilization and apoptosis are, yet, 

unknown. All of our 3 validated candidate proteins are related to biomembrane fluidity and 

dynamics, particularly cholesterol, sphingolipid and glycosphingolipid metabolism. Further 

functional studies are underway to investigate their importance for lysosome dysfunction 

and labilization during CPT-induced apoptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ac-DEVD-AMC acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin

AO acridine orange

BH Bcl-2 homology

CPT 20-S-camptothecin lactone

EF error factor

ER endoplasmic reticulum

FC fold change

iTRAQ isobaric tag for relative and absolute quantitation

Ig immunoglobulin

JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-

carbocyanide iodide

MMTS methyl-methane-thiosulfonate

NSDHL sterol-4-alpha-carboxylate 3-dehydrogenase

PI propidium iodide

PKC-δ protein kinase C delta

PSAP prosaposin

RCA relative colocalization area

SD standard deviation

SE standard error

Z-RR-AMC benzyloxycarbonyl-Arg-Arg-7-amino-4-methylcoumarin

1-D/IEF one-dimensional isoelectric focusing

↓ΔΨm loss of mitochondrial transmembrane potential
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Fig. 1. 
Parameters of CPT-induced apoptosis in U-937 cells. U-937 cells were treated with 1.0 μM 

CPT for 30 min. At the indicated times (h) after CPT treatment, a) the percentage of total 

cells with ↓ΔΨm, b) the percentage of total cells with lysosome rupture or labilization, c) the 

kinetics of caspase-3-like (open circles) and cathepsin B (closed circles) activities, and d) the 

percentage of DNA fragmentation (open circles) and sub-G1 death cells (closed circles) were 

quantified as described in Experimental Procedures. Symbols represent the means±SE of at 

least 4 independent experiments.
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Fig. 2. 
Purity of enriched lysosome preparations obtained by 2-step sequential density gradients. 

Lysosomes from U-937 cells were purified by 2-step sequential density gradients and a) 

U-937 cells and enriched lysosome preparations were stained in situ with the fluorescent 

biomarkers LysoTracker RED/DND-99 (lysosome), MitoTracker Green/FM (mitochondria), 

ER-Tracker Red dye (endoplasmic reticulum, ER) and Hoechst 33342 (nucleus), and 

observed under a fluorescent microscope. Hematoxylin staining is also shown; b) Cells and 

enriched lysosome preparations were labeled with specific antibodies directed against the 

protein biomarkers LAMP-1 (lysosome), VDAC-1 (mitochondria), Calnexin (ER) and 

Nucleolin (nucleus) and monitored by fluorescence microscopy; c) Protein aliquots of 

enriched lysosome preparations were run on SDS-PAGE for Western blotting using anti-

LAMP-1 (lysosome biomarker), anti-VDAC-1 (mitochondria biomarker), anti-Calnexin (ER 

biomarker) and anti-Nucleolin (nuclear biomarker) to monitor the purity of the lysosome 

preparations; d) Colocalization of LAMP-1 with the fluorescent biomarker LysoTracker 

RED/DND-99. Note that VDAC-1:LAMP-1, Calnexin:LAMP-1 and Nucleolin:LAMP-1 do 

not significantly colocalized together. All representative of 3 or 4 independent experiments.
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Fig. 3. 
Functional classification of the proteins identified in 1 reference experiment. All data 

associated with this graph are presented in Supplemental Table 1. Only proteins including at 

least 2 peptides above 80% confidence were considered.
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Fig. 4. 
Validation of differentially-expressed representative protein candidates. To validate the 

expression/localization of representative candidate proteins, in the upper panels, protein 

aliquots (10 and 50 μg) of enriched lysosome preparations obtained from control (C) and 

CPT-treated cells (3 h post-treatment; CPT) were run on SDS-PAGE for Western blotting 

using specific antibodies against NSDHL (a), PSAP (b) and PKC-δ (c). LAMP-1 serves as a 

loading control; protein extracts obtained from whole cells are antibody controls. Relative 

ratios after CPT treatment were determined by relative densitometry analysis of light 

radiographs normalized to LAMP-1 intensity levels. Data in the Results section represent the 

means of (n) independent experiments. Lower panels: colocalization of NSDHL (a), PSAP 

(b) and PKC-δ (c) (fluorescein-labeled) and LAMP-1 (Red Texas-labeled), in control (C) 

and CPT-treated cells (3 h post-treatment; CPT). Data in the Results section are expressed as 

Relative Colocalization Area (RCA) values, and represent the means±SD of (n) independent 

experiments.
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