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ABSTRACT
Tumorigenesis is associated with several changes that alter the cellular
susceptibility to programmed cell death. Here, we show that immortalization and transformation sensitize cells in particular to the cysteine
cathepsin-mediated lysosomal death pathway. Spontaneous immortalization increased the susceptibility of wild-type murine embryonic fibroblasts
(MEFs) to tumor necrosis factor (TNF)-mediated cytotoxicity >1000-fold,
whereas immortalized MEFs deficient for lysosomal cysteine protease
cathepsin B (CathB) retained the resistant phenotype of primary cells.
This effect was specific for cysteine cathepsins, because also lack of
cathepsin L (a lysosomal cysteine protease), but not that of cathepsin D (a
lysosomal aspartyl protease) or caspase-3 (the major executioner protease
in classic apoptosis) inhibited the immortalization-associated sensitization
of MEFs to TNF. Oncogene-driven transformation of immortalized MEFs
was associated with a dramatic increase in cathepsin expression and
additional sensitization to the cysteine cathepsin-mediated death pathway.
Importantly, exogenous expression of CathB partially reversed the resistant phenotype of immortalized CathB-deficient MEFs, and the inhibition
of CathB activity by pharmacological inhibitors or RNA interference
attenuated TNF-induced cytotoxicity in immortalized and transformed
wild-type cells. Thus, tumorigenesis-associated changes in lysosomes may
counteract cancer progression and enhance therapeutic responses by
sensitizing cells to programmed cell death.

INTRODUCTION
Until recently, caspase activation has been considered as an indispensable hallmark of programmed cell death (PCD; Ref. 1). Accumulating data suggest, however, that caspase-dependent apoptosis is
only one of many ways a cell can commit suicide (reviewed in Refs.
2, 3). Alternative caspase-independent cell death pathways have been
especially well documented in response to the activation of death
receptors of the tumor necrosis factor receptor (TNF-R) family (reviewed in Refs. 4, 5). The inhibition of caspase activation by the
following means fails to rescue the cells from death receptor-induced
PCD: (a) pharmacological caspase inhibitors in immortalized and
transformed fibroblasts and several tumor cell lines (6, 7); (b) genetic
depletion of caspase-8 in leukemic Jurkat T cells (8); (c) expression of
a dominant-negative mutant of Fas-associated death domain protein in
immortalized fibroblasts and tumor cells (9); and (d) inhibition of
apoptosome formation by ATP depletion in Jurkat cells (10). Instead,
the interference with the caspase-mediated apoptosis pathway either
enhances the apoptosis-like death or changes the morphology of the
dying cells from apoptotic to necrotic in these model systems. The
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signaling pathways involved in the death receptor-induced caspaseindependent PCD are, as yet, poorly elucidated, but accumulating data
point to the lysosomal proteases, cathepsins, as major executioners
especially in tumor cells (7, 11, 12).
In addition to their role in general protein turn-over and tumor cell
invasion, lysosomes function as death signal integrators in various
forms of PCD (reviewed in Refs. 5, 13, 14). Lysosomal proteases,
cathepsins, translocate from the lysosomal lumen to the cytosol in
response to a wide variety of death stimuli such as death receptor
activation (7, 15, 16), p53 activation (17), microtubule-stabilizing
agents (18), oxidative stress and growth factor deprivation (19),
staurosporine (20), and so forth. Once released to the cytosol, cathepsins, especially cysteine cathepsins B and L and aspartyl cathepsin
D, can trigger the whole spectrum of death morphologies from necrosis to classic apoptosis. The outcome depends on the extent of the
lysosomal membrane permeabilization and the amount of cathepsins
released to the cytosol. In addition to the completely caspase-independent death pathways (7, 20, 21), cathepsins can also participate in
apoptosis-like PCD either upstream (15, 16, 22) or downstream (7) of
mitochondrial alterations and effector caspase activation. Furthermore, cathepsin B (CathB) can directly activate the inflammatory
caspases, caspase-1, and caspase-11, whereas the proapoptotic
caspases appear as poor substrates for most cysteine cathepsins (21).
A more likely link between cathepsins and the activation of proapoptotic caspases is the activating cleavage of Bid, a BH3-only member
of the Bcl-2-family, by cysteine cathepsins and the following permeabilization of the mitochondrial outer membrane that allows the
release of cytochrome c and caspase activation (23).
The activation of most transforming oncogenes as well as the loss
of function of several tumor suppressor genes results initially in
increased sensitivity to classic caspase-dependent apoptosis (24). The
aim of this study was to investigate whether tumorigenesis-associated
changes also sensitize cells to the lysosomal death pathway. For this
purpose, we established several murine embryonic fibroblast lines
from wild-type (WT) mice and mice deficient for various cathepsins
and caspases. All of the cell lines were allowed to spontaneously
immortalize, and they were tested for the sensitivity to TNF-induced
PCD before and after the immortalization. Prompted by the striking
results showing that CathB played a major role in the immortalizationassociated sensitization to TNF-induced death, we analyzed the ability
of individual immortalizing and/or transforming oncogenes to do the
same. The results obtained provide strong evidence supporting the
hypothesis that immortalization and transformation sensitize cells to
the CathB-dependent lysosomal death pathway.
MATERIALS AND METHODS

Cell Culture and Treatments. Primary murine embryonic fibroblasts
(MEFs) explanted from day 14 to day 16, CathB-, D- (kindly provided by Dr.
Peter Saftig, Christian-Albrechts-University, Kiel, Germany and Dr. Christoph
Peters, Albert-Ludwigs-University, Freiburg, Germany; Ref. 25), L- (Astra
Zeneca, Cheshire, United Kingdom), and caspase-3-deficient (kindly provided
Drs. Stephane Hunot and Richard Flavell, Yale University, New Haven, CT;
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Ref. 26), and corresponding WT embryos of C57BL/6 ⫻ 129 mixed background (Table 1) were split once a week (6 – 8000 cells/cm2) with a change of
medium on day 3 until they reached senescence. Senescent cells were maintained by medium change twice a week, and appropriate splitting was restarted
on reappearance of growth. The immortalized murine embryonic fibroblasts
(iMEFs) were used at passages 16 –28. The appropriate phenotypes of iMEFs
were confirmed by immunoblotting and/or reverse transcription-PCR. Spontaneously immortalized MEFs (passage 16) were not able to form tumors in
nude mice after s.c. injection. All of the animal work was carried out in
accordance with the NIH guidelines. NIH3T3 fibroblasts were kindly provided
by Christian Holmberg (University of Copenhagen, Copenhagen, Denmark).
DMEM with Glutamax (Life Technologies, Inc.) supplemented with 10%
heat-inactivated FCS, 0.1 mM nonessential amino-acids (Life Technologies,
Inc.), and antibiotics were used as growth medium for MEFs and is referred to
as complete medium. Cells were cultured at 37°C in a humidified air atmosphere with 5% CO2.
Recombinant human TNF (hTNF) was kindly provided by Anthony
Cerami (Kenneth Warren Laboratories, Tarrytown, NY), recombinant murine
tumor necrosis factor was from R&D Systems (United Kingdom), and staurosporine and cycloheximide (CHX) from Sigma-Aldrich (St. Louis, MO).
The z-Phe-Ala-fluoromethylketone (zFA-fmk; Enzyme Systems, Livermore,
CA), z-Val-Ala-DL-Asp-fmk (zVAD-fmk), and N-acetyl-Asp-Glu-Val-Aspchlorometylketone (DEVD-cmk; Bachem, Switzerland), PD 150606 (Calbiochem-Novabiochem Co., La Jolla, CA), CA-074-Me (Peptides International,
Louisville, KY), N-acetyl-Leu-Leu-Nle-aldehyde (ALLN; Calbiochem, San
Diego, CA), N-acetyl-Asp-Glu-Val-Asp-aldehyde (DEVD-CHO; Neosystems,
Strasbourg, France), N-acetyl-Ile-Glu-Thr-Asp-aldehyde [IETD-CHO; Sigma
(A-1216)], pepstatin A, N-a-tosyl-L-Lys-chloromethylketone, and N-tosyl-LPhe-chloromethylketone (TLCK and TPCK, Boehringer Mannheim, Germany)
were dissolved in DMSO and added 1.5 h or 24 h (pepstatin A) before the
experiment. The final DMSO-concentration was 0.2– 0.5%, and all of the
samples were adjusted accordingly.
Viability Assays. The viability and death of subconfluent cells were analyzed by the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide

Table 1 Characterization of iMEFsa (passages 18 –26) used in this study
Averages ⫾ SD from 5 (WT, CathB⫺/⫺, and CathL⫺/⫺), 3 (CathD⫺/⫺, Casp-3), or
2 (NIH3T3) independent triplicate experiments are shown.
Genotype
WT-1
WT-2
WT-3
WT-4
WT-6
WT combined
CathB⫺/⫺-1
CathB⫺/⫺-2
CathB⫺/⫺-3
CathB⫺/⫺-4
CathB⫺/⫺ combined
CathL⫺/⫺-1
CathL⫺/⫺-2
CathL⫺/⫺ combined
CathD⫺/⫺
Casp3⫺/⫺
NIH3T3

p53b p19c

Ploidyd

low
low
high
high
high

⫺
⫺
⫹
⫹
⫹

Diploid
Diploid
Aneuploid
Aneuploid
Aneuploid

low
low
low
low

⫺
⫺
⫺
⫺

Diploid
Diploid
Diploid
Diploid

high
low

⫹
⫺

Aneuploid
Diploid

n.d.
high
low

n.d. n.d.
⫹ Aneuploid
⫺ Diploid

Viabilitye after
TNF ⫹ CHX

Cytotoxicityf after
TNF ⫹ CHX

8.1 ⫾ 4.3
27.3 ⫾ 17.8
20.9 ⫾ 13.8
48.0 ⫾ 12.3
11.0 ⫾ 11.0
22.1 ⫾ 18.2
81.7 ⫾ 10.2
73.5 ⫾ 2.3
49.5 ⫾ 11.0
94.5 ⫾ 10.3
82.3 ⫾ 8.8g,h
76.2 ⫾ 5.8
45.4 ⫾ 6.6
60.8 ⫾ 21.8g
41.0 ⫾ 15.7
14.5 ⫾ 6.4
39.1 ⫾ 4.7

52.2 ⫾ 9.1
n.d.
67.6 ⫾ 9.2
32.8 ⫾ 9.1
42.0 ⫾ 12.7
48.7 ⫾ 14.9
9.1 ⫾ 10.2
13.3 ⫾ 3.9
18.7 ⫾ 3.8
15.9 ⫾ 9.7
14.2 ⫾ 4.1g
12.03 ⫾ 6.0
20.32 ⫾ 16.6
16.2 ⫾ 5.9g
n.d.
52.5 ⫾ 10.3
n.d.

a
iMEFs, immortalized murine embryonic fibroblasts; TNF, tumor necrosis factor;
CHX, cycloheximide; WT, wild-type low expression; n.d., not detected; mut, mutated
high expression; Cath, cathepsin; Casp, caspase; ⫹, detectable; ⫺, undetectable; MTT,
3-(4,5-dimethylthiazole-2-yl)2,5-diphenyltetrazolium bromide; MTNF, murine tumor necrosis factor.
b
The expression levels of p53 were detected by immunoblot analysis.
c
p19ARF were detected by immunoblot analysis.
d
The ploidy of iMEFs was analyzed by flow cytometry analysis of the cellular DNA
content.
e
The viability (MTT reduction assay) of cells were analyzed 17 h after treatment with
1 ng/ml mTNF plus 5 M CHX.
f
The cytotoxicity (lactate dehydrogenase release assay) of the cells were analyzed 17 h
after treatment with 1 ng/ml mTNF plus 5 M CHX.
g
p-value ⬍ 0.01.
h
Averages of the viability and cytotoxicity after TNF plus CHX treatment of 5 WT,
four CathB⫺/⫺ and 2 CathL⫺/⫺ iMEF lines were statistically analyzed by the one-way
ANOVA with WT cells as reference group.

(MTT) reduction and lactate dehydrogenase (LDH; cytotoxicity detection kit
from Roche) assays essentially, as described previously (7). The viability is
displayed as a percentage of CHX-treated cells and the cytotoxicity as a
percentage of LDH released to the supernatant of the total LDH (LDH in the
supernatant ⫹ LDH in the lysate). The assays were performed in complete
medium (RPMI 1640 instead of DMEM), and optical density changes were
measured with a Versamax microplate reader (Molecular Devices Ltd., Wokingham, United Kingdom). Apoptotic cells (condensed chromatin and intact
plasma membrane) were identified using an inverted Olympus IX70 fluorescent microscope (filter U-MWU, 330 –385 nm) after staining the cells with a
mixture of 2.5 g/ml Hoechst 33342 and 2.5 M SYTOX (Molecular Probes)
as described previously (10).
TNF Binding, Degradation, and Signaling. For the analysis of TNF
receptor binding and degradation subconfluent cells were trypsinized, washed
and incubated at a density of 1 ⫻ 106 cells/ml DMEM plus 3% FCS containing
2 nM [125I]-hTNF (188.8 Ci/g; ICN Biomedicals, Costa Mesa, CA). After
careful washing, cells were transferred to 37°C, and the receptor-bound and
degraded TNF were determined as described previously (27). For nuclear
factor B (NF-B) reporter assays, 30,000 cells were plated/24-well 20 h
before the cotransfection with pRL-null (Promega) renilla luciferase internal
standard plasmid and NF-B-responsive pBIIX-Luc firefly luciferase reporter
plasmid (28) and green fluorescent protein plasmid (pEGFP-C3; Clonetech)
with LipofectAMINE Plus reagent (Life Technologies, Inc.). Cells were
treated as indicated, and the cell lysates were prepared and luciferase activities
measured with a luminometer (Lumat LB 9501; Berthold, Wildbad, Germany)
according to the protocol from Promega.
For the c-Jun NH2-terminal kinase (JNK) assay, cells were plated at the
density of 35,000 cells/cm2 24 h before the indicated treatments, and the
in-gel-kinase assay was performed essentially as described previously (29).
Comparable JNK-expression levels were verified in WT and CathB⫺/⫺
iMEFs by immunoblotting (data not shown).
Protease Activity Measurements. NIH3T3 cells (40,000 cells/well in
24-well plates) and iMEFs (75,000 cells/well in 12-well plates) were plated
18 h before indicated treatments. After removing the medium, 300 l extraction buffer [250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1
mM EDTA, 1 mM EGTA, and 1 mM Pefabloc SC (pH 7.5)] containing 10 –15
g/ml (cytoplasmic fraction; the digitonin concentration optimized to result in
the total release of cytosolic proteins without disruption of lysosomes) or 200
g/ml (total cellular fraction) digitonin was added, and plates were kept on ice
with gentle shaking for 10 min. The enzyme activities of the samples were
determined as described previously using z-Phe-Arg- and DEVD-7-aminotrifluoromethylcoumarin (zFR-afc and DEVD-afc; Enzyme System Products)
as substrates for cysteine cathepsins and caspase-3-like caspases, respectively,
and Spectramax Gemini fluorometer (Molecular Devices, Sunnyvale, CA) for
the measurement of the Vmax of the liberation of the fluorochrome (16). All of
the protease activities were normalized to the LDH activity of the same sample.
Infections and Transfections. Retroviral vectors used included an empty
pBabe-puro vector (a gift from Christian Holmberg), pBabe-puro-v-Ha-ras (a
gift from Nikolaj Dietrich, University of Copenhagen, Copenhagen, Denmark),
pBabe-puro-SV40-LT (a gift from Jennifer Rohn, LEADD, Leiden, The Netherlands), pBabe-puro-c-srcY527F constructed by subcloning the Src coding
sequence from pSGT-c-srcY527F (a gift from Sarah Courtneidge, Van Andel
Research Institute, Grand Rapids, MI; Ref. 30) into the EcoRI site in the
pBabe-puro, and pBabe-puro-murine CathB (mCathB) constructed by a similar
subcloning of the PCR-amplified CathB (NM 007798) from murine WEHI-S
fibrosarcoma cells. Retrovira were produced in Phoenix helper-free ecotropic
retrovirus-producing 293T cells (a gift from Christian Holmberg) using a
standard calcium phosphate transfection protocol, and viral infections were
performed essentially as described previously (31). Experiments were performed after a 7-day selection with 2.5 g/ml puromycine or when the
transformed morphology was visible (Ras- and Src-transduced cells). Transient
transfections were performed with oligofectamine (Invitrogen) according to
the manufacturer’s instructions. A small interfering RNA oligo-targeting
mCathB (5⬘GACCUGCUUACUUGCUGUG-3⬘) and a control oligo (5⬘CUUCUGGACAAGAAAAGGC-3⬘) were synthesized at Dharmacon Research
(Lafayette, CO). A plasmid encoding for a fusion protein consisting of histone
2B and enhanced green fluorescence protein (H2B-eGFP-N1; a gift from
Christian Holmberg) was transfected with pBabe-puro or pBabe-puro-mCathB
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(1:8) to visualize the transfected cells and allow the counting of the condensed
nuclei at an inverted fluorescence microscope (Olympus, IX-70).
Immunoblot Analysis and Immunocytochemistry. Immunodetection of
proteins separated by SDS-PAGE and transferred to nitrocellulose was performed with enhanced chemiluminescence Western blotting reagents (Amersham International). The primary antibodies used included antirat CathB (32),
anti-CathL (S-20; Santa Cruz Biotechnology Inc., Santa Cruz, CA), antiglyceraldehyde-3-phosphate dehydrogenase (Biogenesis, Poole, United Kingdom),
anti-p53 (Ab-7; Oncogene Research Products, La Jolla, CA), anti-p19Arf
(ab80; Novus Biologicals, Littleton, CO), and anti-Hsp70 (2H9; a gift from
Boris Margulis, Russia). Peroxidase-conjugated secondary antibodies were
from Dako A/S.
For immunocytochemistry, cells plated on glass cover slips were washed
and fixed in ice-cold acetone-methanol (1:1) for 10 min at 25°C or in 4%
formaldehyde in PBS for 20 min at 25°C followed by 10 min in 0.2% Triton
X-100 in PBS (cytochrome c staining). Samples were blocked with 10% FCS
in PBS for 30 min. Antibodies used included mouse anticytochrome c
(6H3.B4) and rat antimouse lysosome-associated membrane protein-1 (1D4B)
from PharMingen, goat antirat CathB (32), and the appropriate Alexa-488- and
Alexa-594-coupled secondary antibodies (Molecular Probes). Glass cover slips
were mounted with antifade kit (Molecular Probes), and fluorescence images
were taken with Zeiss 510 laser-scanning microscope with Axiovert 100M.
Cells stained for cytochrome c were additionally treated with RNase and
stained with etidium bromide as described previously (16).
Analysis of Ploidy of iMEFs. Subconfluent cells were trypsinized,
washed, resuspended in 300 l PBS plus 3% FCS and fixed by adding 800 l
ice-cold methanol. After 30 min at 4°C, cells were washed in PBS plus 3%
FCS, suspended in 200 l staining solution (50 g/ml propidium iodide, 5 mM
MgCl2, and 10 g/ml DNase-free RNase), incubated for 30 min at 37°C, and
analyzed by flow cytometry (FACSCalibur; Becton Dickinson).

RESULTS
Immortalization Sensitizes MEFs to TNF-Induced CathBDependent and Caspase-3-Independent Cell Death. Contrary to
some primary cells, TNF-induced death of several human and murine
tumor cells depends on lysosomal proteases, cathepsins (7, 11, 12). To
study whether this difference could be because of cellular changes
associated with immortalization, an essential part of the tumorigenesis
process, primary cultures of WT MEFs as well as corresponding
MEFs deficient for various cathepsins (CathB, CathL, and CathD) and
caspase-3 were established and run through a spontaneous immortalization protocol. The sensitivity of the cells to TNF plus CHX before
and after the premature senescence crisis that occurred between passages 7 and 12 was measured by the MTT-viability assay. At passages
before the crisis, MEFs deficient for CathB, CathL, CathD, and
caspase-3 displayed a relatively TNF-resistant phenotype indistinguishable from that of WT MEFs (Figs. 1A; data not shown). The
phenotype of the WT MEFs changed dramatically on immortalization
from relatively TNF resistant to highly TNF sensitive (Figs. 1B).
Contrary to WT MEFs, CathB⫺/⫺ MEFs retained their TNF-resistant
phenotype on immortalization (Fig. 1B). The striking difference in the
sensitivity of WT and CathB⫺/⫺ iMEF lines presented in the Fig. 1B
was observed in independent iMEF lines originating from five WT
and four CathB⫺/⫺ embryos (Table 1). The TNF-resistant phenotype
of CathB⫺/⫺ iMEFs observed in the MTT viability assay was additionally confirmed by the counting of apoptotic cells displaying condensed and fragmented chromatin (Fig. 1C) and by determining the

Fig. 1. Immortalization sensitizes murine embryonic fibroblasts (MEFs) to tumor necrosis factor-induced cathepsin B (CathB)-dependent cell death. A, primary MEFs (p2–5)
originating from three wild-type (WT), two CathB⫺/⫺, and two CathL littermate embryos were treated for 17 h with 2.5 M cycloheximide (CHX) alone or with indicated concentrations
of murine tumor necrosis factor (mTNF). The viability of the cells was measured by the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide reduction assay and is expressed
as percentage of CHX-treated control cells. Averages of 1–3 independent triplicate experiments for each value point are shown; bars,⫾SD. B, WT-1 and CathB⫺/⫺-1 MEFs were treated
for 17 h with 5–10 M CHX alone or with 1 ng/ml mTNF at indicated passages before and after the spontaneous immortalization (Immort.) and analyzed as in A. Averages of one
triplicate experiment for each value point are shown; bars, ⫾SD. The experiment was repeated with essentially the same result using independent WT and CathB⫺/⫺ MEF lines. C,
immortalized WT and CathB⫺/⫺ MEFs (immortalized murine embryonic fibroblasts; p16 –26) treated with 5 M CHX alone or with 1 ng/ml mTNF for 14 h were stained with Hoechst
33342 and Sytox, and 100 –200 cells/well were counted to determine the percentage of apoptotic cells. Averages of five independent triplicate experiments are shown; bars,⫾SD.
ⴱⴱ, P ⬍ 0.01, ⴱ ⴱ ⴱ, P ⬍ 0.001 as determined by two-tailed t test. D, WT-1 (filled symbols) and CathB⫺/⫺-1 (open symbols) immortalized murine embryonic fibroblasts were treated
with 5 M CHX alone or with indicated concentrations of mTNF for indicated time periods. The cytotoxicity was determined by the lactate dehydrogenase (LDH) release assay and
is expressed as the percentage of the released LDH of total cellular LDH. Averages of a triplicate experiment are shown; bars,⫾SD. The experiment was repeated twice with essentially
similar results.
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extent of the plasma membrane integrity by analyzing the LDH
release from the cells (Fig. 1D; Table 1). Because of the growth
inhibiting effects of CHX, we were not able to test the clonogenic
survival of TNF plus CHX-treated CathB⫺/⫺ iMEFs. The highly
protected phenotype of CathB⫺/⫺ iMEFs treated with TNF concentrations up to 100 ng/ml remained, however, for 48 h (the maximal
time we could extend the assay to without unspecific toxicity induced
by CHX), whereas the WT cells had died after 24 h (Fig. 1D). Also,
iMEFs from CathL-deficient mice showed significantly increased
resistance to TNF plus CHX, whereas MEFs deficient for CathD and
caspase-3 became sensitized to TNF plus CHX on immortalization in
a manner indistinguishable from that seen in WT cells (Table 1).
The TNF-Sensitive Phenotype of iMEFs Depends on CathB.
Next, we investigated whether the failure of TNF to kill iMEFs
deficient for cysteine cathepsins was a direct consequence of cysteine
cathepsin deficiency or an indirect effect of this genotype on the
immortalization of MEFs. Genotype had no significant effect on the
growth rate or morphology of the iMEFs (data not shown). The spontaneous immortalization of MEFs requires the inactivation of the p53signaling pathway (33). This can be achieved either directly by a
mutation in the p53 gene or indirectly by the loss of the Ink4a-Arf
gene locus that encodes two tumor suppressor proteins, p16Ink4a and
p19Arf that are positive regulators of the retinoblastoma and p53 tumor
suppressor gene products, respectively. Thus, we compared the
changes in p53 and p19Arf expression in iMEFs used in this study
(Table 1). Immunoblot analysis revealed that three of five WT iMEF
lines had mutated p53 and two had lost p19Arf. All of the CathB⫺/⫺
iMEF lines had WT p53, but no detectable p19Arf, and one CathL⫺/⫺
line had mutated p53 and the other had lost p19Arf. On the basis of

flow cytometry analysis of propidium iodide-labeled cells, all of the
iMEFs with mutated p53 had aneuploid, whereas those lacking p19Arf
had diploid chromosomes (Table 1). The differences in the immortalization process could not explain the differences in the TNF sensitivity between WT iMEFs and iMEFs deficient for CathB or CathL,
because the TNF sensitivity of WT iMEF lines with loss of p19Arf was
similar to that of iMEF lines with mutated p53 (Table 1).
If the TNF-resistant phenotype of CathB⫺/⫺ iMEFs was a direct
effect of CathB deficiency, the ectopic expression of CathB should
sensitize the cells to TNF. To test whether this was the case, we
transduced CathB⫺/⫺ iMEFs with a retroviral vector containing
mCathB cDNA under the long terminal repeat-promoter or an empty
vector. After a 7-day selection with puromycin, the transduced cells
were treated with CHX or TNF plus CHX for 17 h, and their
sensitivity to TNF was determined by MTT viability and LDH release
assays. Immunocytochemistry of the transduced CathB⫺/⫺ iMEFs
showed that over half of the cells expressed the ectopic CathB in the
lysosomal compartment (colocalization with lysosome-associated
membrane protein-1; Fig. 2A). Accordingly, a significant resensitization of CathB⫺/⫺ iMEFs to TNF was observed both in the LDH
release assay and the MTT assay (Fig. 2, B and C). For unknown
reasons, the sensitization disappeared after two to three passages
although CathB expression remained high. We speculated that the
cells constitutively expressing high levels of ectopic CathB may be
selected for resistance to CathB-dependent death pathway, and, therefore, we repeated the experiment using a transient expression system
based on the coexpression of CathB and a fusion protein consisting of
histone 2B and enhanced green fluorescence protein (H2B-eGFP).
This method allows the testing of the cells already 2–3 days after the

Fig. 2. Cathepsin B (CathB)⫺/⫺ immortalized murine embryonic fibroblasts (iMEFs) are resensitized to tumor necrosis
factor by ectopic expression of CathB. A–C, CathB⫺/⫺-1 iMEFs
were transduced with a retroviral vector encoding for murine
CathB (mCathB; black) or an empty vector (white). Transduced
cells selected with puromycin were analyzed for the expression
and localization of mCathB by confocal microscopy with antiCathB (green) and antilysosome-associated membrane protein-1
(red; A) and for the sensitivity to 5 M cycloheximide (CHX)
alone or with indicated concentrations of murine tumor necrosis
factor (mTNF) by a 17-h lactate dehydrogenase release (B) or
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
reduction (C) assays. The staining and sensitivity of wild-type
(WT)-1 (gray) and or CathB⫺/⫺ iMEFs analyzed in parallel are
shown for the comparison. Averages for a triplicate experiment
are shown; bars,⫾SD. D, WT-1 and CathB⫺/⫺-3 iMEFs were
cotransfected with a H2B-eGFP fusion protein and a retroviral
vector encoding for mCathB or an empty vector 54 – 60 h before
the 12-h treatment with 5 M CHX alone or with 0.1 ng/ml
mTNF. The percentage of apoptotic cells was determined by
counting of the cells with condensed chromatin in eight independent fields. Averages of four (CathB⫺/⫺) and one (WT)
independent experiments are shown; bars, ⫾SD. ⴱ, P ⬍ 0.05
as analyzed by the two sample two-tailed t test.
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transfection. Transiently transfected cells were left untreated or
treated with CHX or TNF plus CHX for 12 h, and the percentage of
apoptotic green nuclei of all of the green nuclei was counted. No
significant difference in the number of apoptotic cells was observed
between vector- and CathB-transfected iMEFs under control- (medium alone) or CHX-treated conditions (Fig. 2D; data not shown).
TNF induced, however, significantly more apoptosis in CathB⫺/⫺
iMEFs transfected with CathB than in vector-transfected CathB⫺/⫺
iMEFs. The number of apoptotic cells in CathB-transfected iMEFs did
not fully reach that of vector-transfected WT iMEFs, but the sensitizing effect of transiently expressed CathB was significant in all of
the four independent experiments performed.
To additionally challenge the role of CathB in TNF-induced death
of iMEFs, we investigated the effect of the inhibition of CathB
activity and expression on the TNF sensitivity of WT iMEFs. The
inhibition of cysteine cathepsins by broad spectrum cysteine cathepsin
inhibitors, zFA-fmk and ALLN, as well as the inhibition of CathB by
a more specific inhibitor, CA-074-Me, protected WT iMEFs significantly against TNF-induced apoptosis-like cell death as measured by
counting of apoptotic cells with condensed and fragmented nuclei
(Fig. 3A) and LDH release assay (Fig. 3B). The inhibition of caspases
and CathD by zVAD-fmk and pepstatin A, respectively, had no
protective effect against TNF-induced death of iMEFs (Fig. 3B). On
the contrary, zVAD-fmk that inhibits all of the known caspases had a
dose-dependent and significant sensitizing effect (Fig. 3B). More
specific inhibition of activities of effector caspases and caspase-8 by
DEVD-CHO or DEVD-cmk and IETD-CHO, respectively, had no
significant effect on TNF-induced death of iMEFs (Fig. 3C). Also,

serine protease (TLCK and TPCK) and calpain (PD1566) inhibitors
were without an effect in similar assays (data not shown).
Because the specificity of pharmacological protease inhibitors cannot be fully guaranteed, we also used RNA interference technology to
deplete iMEFs of CathB. Despite numerous attempts to optimize the
RNA interference conditions, transfection of WT iMEFs with small
interfering RNA directed against mCathB resulted only in the partial
(20 –30%) and transient reduction in the total cysteine cathepsin
activity and CathB protein level (Fig. 3D). Thus, the total cysteine
cathepsin activity remaining in CathB small interfering RNA-transfected WT iMEFs was ⬎3 times higher than that in CathB⫺/⫺ iMEFs
(data not shown). Accordingly, transfection with CathB small interfering RNA protected iMEFs only partially, but significantly, against
TNF-induced cytotoxicity (Fig. 3E).
CathB Is Required Neither for TNF Processing nor TNF-Induced Activation of NF-B and JNK. TNF binds to two cell surface
receptors, TNF-R1 and TNF-R2. TNF-R1 is the major mediator of
cell death, whereas both receptors can activate NF-B and JNKs. To
study whether CathB deficiency affected TNF-R1-mediated responses
other than cell death, we took advantage of the fact that hTNF has
⬎100 times higher affinity to murine TNF-R1 than TNF-R2 (34).
Using a NF-B reporter assay, we compared the ability of hTNF to
activate NF-B in WT and CathB⫺/⫺ iMEFs. A 6-h treatment with 10
ng/ml hTNF induced an ⬃4-fold activation of NF-B in both cell
types (Fig. 4A). Also, the rapid TNF-induced activation of JNK
(15–30 min after TNF treatment) as monitored by the JNK-in-gelkinase assay was indistinguishable in WT and CathB⫺/⫺ iMEFs (Fig.
4B). Whereas the TNF-induced activation of NF-B and JNK occur

Fig. 3. Tumor necrosis factor (TNF) induces cathepsin B (CathB)-dependent death in immortalized murine embryonic fibroblasts (iMEFs). A, wildtype (WT)-1 iMEFs pretreated for 1.5 h with vehicle alone (no inh.), 100 M
z-Phe-Ala-fluoromethylketone (zFA-fmk), 20 M CA-074-Me, or 40 M
ALLN were treated with 5 M cycloheximide (CHX) alone or with 10 pg/ml
murine tumor necrosis factor (mTNF) for 15 h before the determination of the
percentage of apoptotic cells as described in the legend for Fig. 1C. The data
for CathB⫺/⫺-1 iMEFs is shown for comparison. Percentage of apoptotic
cells in CHX-treated WT and CathB⫺/⫺ iMEFs was 1.7 ⫾ 0.9 and
11.8 ⫾ 1.9, respectively. Averages are derived from counting four randomly
chosen fields of 60 –100 cells/treatment; bars, ⫾SD. B, WT-1 iMEFs
pretreated for 24 h or 1.5 h with indicated concentrations (M) of pepstatin
A (PepA) or other indicated inhibitors, respectively, were treated for 17 h
with 5 M CHX ⫹ 0.1 ng/ml mTNF. Cell death was evaluated by the lactate
dehydrogenase (LDH) release assay. The LDH release from cells treated with
CHX and the various inhibitors was always below 2% (data not shown).
Averages of a triplicate experiment are shown; bars, ⫾SD. C, WT-1 iMEFs
pretreated for 1.5 h with medium alone (no inh.), 200 M DEVD-CHO, 200
M IETD-CHO, or 10 M DEVD-cmk were treated and analyzed as described
in the legend for Fig. 1C. Percentage of apoptotic cells in CHX-treated WT
iMEFs was 2.9 ⫾ 1.5. D, WT-1 iMEFs transfected with 100 nM mismatch
control (mm) or murine CathB (mCathB) small interfering RNA oligos were
analyzed for the expression of CathB and Hsp70 (loading control) by immunoblot analysis and for the total cysteine cathepsin activity by determining
the cleavage of z-Phe-Arg-7-amino-trifluoromethylcoumarin 50 and 36 h
after the transfection, respectively. E, cells from the same transfection were
treated for 14 h with 5 M CHX alone or with mTNF 36 –50 h after the
transfection, and the cytotoxicity was analyzed by the LDH release assay. D
and E, averages from a triplicate experiment are shown; bars,⫾SD. The
experiments were repeated once (A), twice (C), or three times (B, D, and E)
with essentially similar results. ⴱ, P ⬍ 0.05, ⴱ ⴱ, P ⬍ 0.01, and ⴱ ⴱ ⴱ,
P ⬍ 0.001 as determined by two-tailed t test and compared with WT iMEFs
pretreated with vehicle alone (A–C) or cells transfected with mm small
interfering RNA (D and E).
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Fig. 4. Cathepsin B (CathB) is not required for tumor necrosis factor signaling. A,
wild-type (WT) and CathB⫺/⫺ immortalized murine embryonic fibroblasts (iMEFs) transfected with plasmids encoding for nuclear factor B (NF-B)-responsive firefly luciferase
and constitutively expressed renilla luciferase were left untreated or treated for 6 h with
10 ng/ml human tumor necrosis factor. The firefly luciferase activity was determined
relative to the renilla luciferase activity, and the NF-B activity is expressed as fold
induction on tumor necrosis factor-treatment. Averages from nine (WT; pooled from
WT-1 and -3) or six (CathB⫺/⫺; pooled from CathB⫺/⫺-1 and -2) quadruplicate experiments are shown; bars, ⫾SD. B, c-Jun NH2-terminal kinase (JNK) activity was measured
by the JNK-in-gel-kinase assay in WT-1 and CathB⫺/⫺-2 iMEFs left untreated (UT) or
treated with 1 ng/ml murine tumor necrosis factor (mTNF) for indicated times. The
experiment was repeated three times with essentially similar results. C, WT-1 (squares)
and CathB⫺/⫺-2 (triangles) iMEFs were prelabeled with [125I]human tumor necrosis
factor at 0°C. The amount of 125I-human tumor necrosis factor (counts/min) bound to the
plasma membrane receptor (open symbols) or degraded (closed symbols) after indicated
times after transfer to 37°C are shown. The experiment was repeated twice with essentially
similar results.

rapidly after the binding of TNF to its receptor at the plasma membrane, the signaling to death requires the internalization and reorganization of the receptor complex in the endosomal-lysosomal compartment (35). Therefore, we next investigated whether CathB was
required for the internalization and lysosomal processing of TNF. For
this purpose, cells prelabeled with [125I]hTNF at 0°C were transferred
to 37°C, and the amount of receptor-bound and degraded TNF were
analyzed at 15 min intervals until all of the TNF was processed at 60
min. Although the degradation of TNF in CathB⫺/⫺ iMEFs was
slightly slower than in WT cells, no significant differences in the
amounts of receptor-bound and degraded TNF were observed between
the two genotypes (Fig. 4C).
CathB Is Required for the TNF-Induced Lysosomal Membrane
Permeabilization, Cytochrome c Release, and Effector Caspase
Activation in iMEFs. To study at which level of the death signaling
cascade CathB functions, we compared the ability of TNF plus CHX
to trigger lysosomal membrane permeabilization, cytochrome c re-

lease, and effector caspase activation in WT and CathB⫺/⫺ iMEFs.
An 8-h treatment of WT iMEFs with TNF plus CHX resulted in an
⬎10-fold increase in the amount of active cysteine cathepsins in the
cytosol, the cytosolic cathepsin activity of treated cells corresponding
to ⬎20% of the total cellular activity (Fig. 5A). The total cysteine
cathepsin activity in CathB⫺/⫺ iMEFs was only ⬃15% of that in the
WT cells, indicating that CathB is responsible for ⬎80% of the total
cysteine cathepsin activity in iMEFs. No significant increase in the
cytosolic cysteine cathepsin activity was detected after TNF plus
CHX treatment in CathB⫺/⫺ iMEFs (Fig. 5A).
Next, we studied whether CathB is required for TNF plus CHXinduced cytochrome c release and effector caspase activation by immunocytochemistry and enzyme activity measurement, respectively. Treatment of WT iMEFs with TNF plus CHX for 8 h resulted in the strong
increase in caspase-3-like protease activity (DEVDase) in WT iMEFs,
whereas the activity in similarly treated CathB⫺/⫺ iMEFs resembled that
in the CHX-treated cells (Fig. 5B). Accordingly, TNF plus CHX induced
the release of cytochrome c from the mitochondrial network into the
cytoplasm in approximately half of the iMEFs analyzed, whereas ⬍5% of
the CathB⫺/⫺ iMEFs had cytochrome c localized in the cytosol (Fig. 5C).
The cytochrome c release in WT iMEFs is a conservative estimate,
possibly underestimating the real release, because dying WT iMEFs
detached from the dish during the TNF treatment, thereby decreasing the
amount of cells with released cytochrome c.
To determine whether CathB plays a role in other death-pathways
than that induced by TNF plus CHX, we stimulated WT and
CathB⫺/⫺ iMEFs with Fas ligand and staurosporine, two stimuli
reported to induce the lysosomal membrane permeabilization in target
cells (19, 20). CathB⫺/⫺ iMEFs were significantly protected against
cytotoxicity induced by Fas ligand, although the effect was not as
pronounced as in the case of TNF (Fig. 5D). In the case of staurosporine, no significant difference in the cell death was observed
between WT and CathB⫺/⫺ iMEFs (Fig. 5D). To test whether other
cathepsins could be involved in this death process, we compared the
sensitivity of WT, CathB⫺/⫺, CathL⫺/⫺, and CathD⫺/⫺ iMEFs to
staurosporine. CathD⫺/⫺ iMEFs displayed significant resistance to
staurosporine-induced cell death (Fig. 5E).
Transformation by v-Ha-ras or c-src Sensitizes NIH3T3 Cells
to TNF-Induced Cysteine Cathepsin-Dependent PCD. To test
whether oncogene-mediated transformation would affect the lysosomal death pathway, we transformed iMEFs (NIH3T3) with oncogenic
v-Ha-ras or c-srcY527F. As a control, we used NIH3T3 cells transduced with vector alone or with SV40 large T antigen. The successful
transformation of Ras- and Src-transduced cells was verified by the
evaluation of the morphology by phase contrast microscopy (Fig. 6A)
and foci formation assay (data not shown). SV40-LT-transduced cells
had a tendency to transform spontaneously after several passages, but
all of the experiments using these cells were done before any signs of
transformation. Ras- and Src-mediated transformation was associated
with massive increase in the expression levels of CathB and CathL
and approximately a doubling in the total cellular cysteine cathepsin
activity (Fig. 6B). Ras- and Src-transduced cells were also significantly sensitized to the death induced by TNF plus CHX as measured
by LDH or MTT assay, whereas SV40-LT-transduced cells displayed
a similar TNF sensitivity as vector-transduced control cells (Fig. 6C;
data not shown). Taken together with the fact that 3T3-immortalized
MEFs were ⬃100-fold more sensitive to TNF plus CHX than any of
the primary MEFs used in this study (Fig. 1A; Table 1), both immortalization and transformation appear to contribute to the sensitization
of fibroblasts to the CathB-dependent death-pathway.
Next, we tested whether the cysteine cathepsin-dependent death pathway contributes to the transformation-associated sensitization of NIH3T3
cells to TNF. Indeed, the treatment with TNF plus CHX resulted in
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Fig. 5. Cathepsin B (CathB) is an upstream effector in tumor necrosis
factor-induced death signaling and participates also in Fas ligand (FasL)induced death. A–C, wild-type (WT) and CathB⫺/⫺ immortalized murine
embryonic fibroblasts (iMEFs) were treated for 8 h with 5 M cycloheximide (CHX) alone or with 1 ng/ml murine tumor necrosis factor
(mTNF) and analyzed for the cytosolic cysteine cathepsin activity by the
zFRase assay (A), total caspase-3-like activity by the DEVDase assay
(B), and the localization of cytochrome c and the nuclear morphology by
immunostaining and ethidum-bromide, respectively (C). Averages of a
representative triplicate experiment (A and B) and representative images
with 50-m size bars (C) of a minimum of three similar experiments are
shown; bars, ⫾SD. D, WT-1/3 and CathB⫺/⫺-1/2 iMEFs were treated
with 1 ng/ml mTNF ⫹ 5 M CHX or 10% FasL-supernatant ⫹ 1 M
CHX for 17 h or with 100 nM staurosporine (STS) for 48 h. The
cytotoxicity was determined by the lactate dehydrogenase release assay.
Averages for two independent triplicate experiments are shown; bars,
⫾SD. Essentially similar results were obtained in several repetitions with
different WT and CathB⫺/⫺ iMEF lines. E, WT-2, CathB⫺/⫺-2,
CathL⫺/⫺, and CathD⫺/⫺ iMEFs were treated with 100 nM STS for 24 h.
The viability was determined by the 3-(4,5-dimethylthiazole-2-yl)-2,5diphenyltetrazolium bromide reduction assay as percent of vehicletreated control cells. Averages for three independent triplicate experiments are shown; bars, ⫾SD. ⴱ ⴱ ⴱ, P ⬍ 0.001 as determined by
two-tailed t test and compared with STS-treated WT iMEFs.

⬎3-fold higher cytosolic cysteine cathepsin activity in Ras-transformed
cells than in control cells (Fig. 6D), and the inhibitors of cysteine
cathepsins (CA-074-Me and ALLN) effectively rescued Ras-transformed
cells from the cytotoxicity induced by TNF plus CHX (Fig. 6E). Similar
to the iMEFs (Fig. 3A), caspase inhibition by zVAD-fmk did not rescue
the cells from TNF. On the contrary, zVAD-fmk additionally sensitized
the cells to TNF plus CHX (Fig. 6F).
DISCUSSION
Most cancer-associated growth promoting signals are directly coupled to increased cell death, and, therefore, they promote tumor

growth only when cooperating with antiapoptotic mechanisms (24).
For example, proliferative responses induced by c-Myc oncoprotein or
the loss of retinoblastoma tumor suppressor protein result in a deregulated cell cycle and sustained activation of E2F-1 that, in addition to
increased cell division, triggers caspase activation and apoptosis (36,
37). Although the promotion of growth, survival, and motility are the
prominent functions of oncoproteins of Ras and Src families, they also
carry the ability to sensitize cells to cell death induced by numerous
stimuli including TNF (38, 39) and various anticancer drugs (40 – 42).
In this report, we demonstrate that the sensitization of fibroblasts to
TNF-mediated death on spontaneous immortalization as well as Ras-
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Fig. 6. Transformation of NIH3T3s with oncogenic ras and src up-regulates cysteine cathepsins and sensitizes cells to tumor necrosis factor. A, phase contrast pictures of vector-,
SV40LT-, v-Ha-ras-, and c-srcY527F-transduced NIH3T3 cells were taken six passages after transduction. Pictures were taken at ⫻300 magnification with an Olympus IX70
microscope, Olympus CAMEDIA C-5050 ZOOM camera, and standard software. Bars indicate 50 m. B, the total cysteine cathepsin activity in the same cells two passages after
transduction was measured by the zFRase activity assay, and proteins were analyzed by immunoblotting using antibodies against CathB, CathL, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). C, the sensitivity of the cells to 2.5 M cycloheximide (CHX) ⫹ indicated concentrations of murine tumor necrosis factor (mTNF) was analyzed by a 17-h
lactate dehydrogenase release assay. D, the cysteine cathepsin activity of the digitonin-extracted cytosols from vector- and v-Ha-ras-transduced cells treated for 8 h with 2.5 M CHX
alone or CHX ⫹ 0.1 ng/ml mTNF were determined by the zFRase activity assay. E, the v-Ha-ras-transduced cells pretreated for 1–1.5 h with vehicle alone (no inh.), 75 M zVAD-fmk,
50 M CA-074-Me, or 60 M ALLN were treated with 2.5 M CHX alone or with 100 pg/ml mTNF for 14 –16 h before the determination of the cytotoxicity by the lactate dehydrogenase
release assay. A–E, averages for five (B and C), three (D), or two (E) independent triplicate (C–E) or quadruplicate (B) experiments are shown; bars, ⫾SD. ⴱ, P ⬍ 0.05, ⴱ ⴱ, P ⬍ 0.01,
ⴱ ⴱ ⴱ, P ⬍ 0.001 as determined by two-tailed t test using vector-transfected (B–D) or tumor necrosis factor ⫹ CHX-treated (E) cells as a reference value. Essentially similar results
were obtained with an independent set of transformed cells.

and Src-induced transformation depends on cysteine cathepsins, particularly CathB. This conclusion is based on the strong experimental
evidence showing that whereas spontaneous immortalization sensitizes WT MEFs to TNF-induced cell death ⬎1000-fold, it completely
fails to sensitize MEFs deficient for CathB. Several lines of argumentation support the idea that the resistant phenotype of CathB⫺/⫺
iMEFs is because of the direct role of this cysteine protease in the
TNF-induced death rather than variations in the immortalization process per se or other unspecific differences between WT and CathB⫺/⫺
iMEFs. First, the sequence specific depletion of CathB by RNA
interference as well as several pharmacological cysteine cathepsin
inhibitors prevented TNF-induced death of immortalized WT cells.
Second, ectopic CathB rapidly sensitized resistant CathB⫺/⫺ iMEFs
to TNF-induced cell death. Third, binding, internalization and degradation of TNF as well as TNF-induced activation of NF-B and JNK
were not altered in CathB⫺/⫺ iMEFs. Fourth, CathB⫺/⫺ iMEFs were

not generally unable to die, because they were killed as effectively as
WT cells by staurosporine. Fifth, the lack of immortalization-associated sensitization to TNF was evident in four independent CathB⫺/⫺
iMEF lines. And finally, differences concerning the growth rate and
morphology (data not shown), ploidy, p53 mutations, and p19Arf
status could not explain the TNF resistance of CathB⫺/⫺ iMEFs.
The cysteine cathepsin family consists of at least 11 closely related
members, some of which have been recently assigned specific functions, for example, in bone remodeling, hair follicle morphogenesis,
and antigen presentation (reviewed in Ref. 43). Thus, the CathB
dependence of TNF-induced death of iMEFs could reflect either a
unique role for this particular cysteine cathepsin in the death process
or a reduced total cysteine cathepsin activity in these cells. Also, our
data showing that iMEFs lacking another cysteine cathepsin, CathL,
failed to get fully sensitized to TNF-induced cell death on immortalization support the latter hypothesis. Accordingly, the dramatic effect
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of CathB deficiency and the significant but lesser effect of CathL
deficiency could be explained by the data showing that in iMEFs,
CathB and CathL contribute to up to 80% and 20% of the total
cysteine cathepsin activity, respectively (data not shown). Furthermore, the sensitization of iMEFs to TNF-induced cysteine cathepsindependent death by Src- and Ras-induced transformation was associated with dramatic increase in the expression levels of both CathB and
CathL. The expression of other cathepsins was not analyzed in this
study, but it should be noted that human tumors have been reported to
have increased levels and changed trafficking of several cysteine
cathepsins (44) as well as an aspartyl cathepsin, CathD (45). CathD
has also been implicated in the TNF-induced death of human cervix
carcinoma cells (11). Our experiments using CathD-deficient cells as
well as pharmacological inhibition of CathD activity by pepstatin A in
WT cells argue, however, against a prominent role for CathD in
TNF-induced death pathway in iMEFs. CathD was, however, required
for efficient killing of iMEFs by staurosporine. In agreement with
these data, TNF-induced death of transformed human skin fibroblasts
does not depend on CathD, whereas human fibroblasts from individuals with I cell disease (characterized by impaired lysosomal function
and very low levels of CathB and L) are highly TNF resistant (46).
Furthermore, staurosporine-induced cell death in T cells (20) as well
as in human fibroblasts (47) requires CathD rather than cysteine
cathepsin activity. Taken together these data suggest that even in same
cells, different death stimuli can trigger death pathways dependent on
either aspartyl or cysteine cathepsins.
Although the classic caspase-dependent apoptosis pathway appears
to be the major death signaling route activated by TNF in primary
cells (7, 48), cysteine cathepsin have been suggested to co-operate
with caspases in the execution process also in primary cells by
enhancing the release of cytochrome c from the mitochondrial intermembrane space into the cytosol (15, 16). TNF-treated CathB⫺/⫺
iMEFs showed significantly reduced release of cytochrome c, indicating that CathB functions upstream of mitochondria also in immortalized cells. The TNF-induced death of iMEFs differs, however,
essentially from that of primary cells in regard to the role of caspases.
The activation of effector caspases in immortalized cells did not
appear to contribute to the death signaling cascade, because the
deficiency of the major effector caspase, caspase-3, as well as the
inhibition of caspases by various pharmacological inhibitors rather
sensitized than protected iMEFs against TNF-induced death. These
data are in concordance with earlier observations demonstrating that
TNF-induced death of immortalized or transformed fibroblasts is
either unaffected or enhanced by genetic and pharmacological inhibition of caspases (6, 49).
Spontaneous immortalization of murine fibroblasts occurs via the
loss of p53 activity either through the mutation in the p53 gene or the
loss of the Ink4a-Arf gene locus (33). The Ink4a-Arf locus encodes
two proteins, p16Ink4a and p19Arf, that restrain cell growth by affecting the functions of the retinoblastoma protein and p53, respectively.
Thus, the loss of this locus results in the deregulated activation of
E2F-1, which in turn could result in the apoptosis-prone phenotype as
described previously. The sensitization of MEFs to the TNF-induced
CathB-mediated cell death on immortalization is, however, unlikely to
depend on the loss of the Ink4a-Arf gene locus, because WT iMEFs
with or without this locus (as analyzed by the expression of p19Arf)
displayed indistinguishable TNF-sensitive phenotypes. Whether the
loss of p53 activity is required for the sensitization remains to be
studied. The tumor suppressor proteins p16Ink4a, p14Arf (the human
homologue of murine p19Arf), and p53 are commonly mutated in
human cancers, and, therefore, the events of immortalization of MEFs
and transformation of human cells share major characteristics. Contrary to the transformed cells, iMEFs did not have increased levels of

cysteine cathepsins, and yet the immortalization significantly increased the TNF-induced permeabilization of lysosomes (Ref. 16;
data not shown). Thus, the sensitization is more likely to occur at the
level of the yet uncovered signaling pathway upstream of the lysosomal membrane permeabilization or via changes in the stability of
lysosomal membranes. A similar shift from caspase- to cathepsindependent cell death has been reported in TNF-treated vascular endothelial cells after inhibition of phosphoinositol-3⬘-kinase (50), an
enzyme that, among several other functions, is known to control the
maturation, size, and activity of lysosomes (51). Thus, it is interesting
to note that the volume of individual lysosomes as well as the total
lysosomal compartment grow during replicative aging of fibroblasts,
and larger lysosomes have been suggested to be more susceptibility to
rupture than small lysosomes (52). Alternatively, the probability of
lysosomal leakage can also be enhanced because of increased protein
turnover in rapidly growing cells. The turnover of iron-containing
proteins leads to lysosomal accumulation of iron that via Fenton
chemistry can lead to increased oxidative stress and destabilization of
lysosomal membranes (13). The role of increased lysosomal size and
iron as sensitizers of immortalized and/or transformed cells to the
lysosomal death pathway needs, however, to be carefully tested.
The data presented above shows for the first time that in addition to
sensitizing cells to classic apoptosis, tumorigenesis also lowers the
threshold to the lysosomal death pathway. Thus, it is tempting to
speculate that the activation of death pathways dependent on cysteine
cathepsins could prove useful in cancer therapy. Conversely, tumors
that manage to suppress the alternative death programs might have a
selective growth advantage. Indeed, tumor progression is associated
with several changes that confer resistance to the lysosomal cysteine
cathepsin-mediated death pathway, i.e., activation of NF-B that
induces the expression of potent cytosolic serine and cysteine protease
inhibitor SpiA2 (53), increased activity of phosphoinositol-3⬘-kinase
that protects cells from cathepsin-mediated death (50), increased
expression of endogenous cysteine cathepsin inhibitors (54), and
translocation of the heat shock protein 70 to the membranes of a
subpopulation of tumor cell lysosomes, where it stabilizes them and
thereby inhibits lysosomal membrane permeabilization (55). Taken
together, lysosomes and the control of their stability are affected in
multiple ways during tumorigenesis. The future research on the nature
of the signals that lead to cancer-specific permeabilization of lysosomes as well as mechanisms cancer cells use to inhibit lysosomal
permeabilization will hopefully open new possibilities to develop
anticancer drugs that target tumor cell lysosomes.
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