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Since a release of intracellular contents can induce local inflammatory responses, mechanisms that lead to
loss of plasma membrane integrity in cell death are important to know. We showed previously that deficiency
of the plasma membrane Ca2� ATPase 4 (PMCA4) in L929 cells impaired tumor necrosis factor alpha
(TNF-�)-induced enlargement of lysosomes and reduced cell death. The lysosomal changes can be determined
by measuring the total volume of intracellular acidic compartments per cell (VAC), and we show here that
inhibition of the increase in VAC due to PMCA4 deficiency not only reduced cell death but also converted
TNF-�-induced cell death from a process involving disruption of the plasma membrane to a cell demise with
a nearly intact plasma membrane. The importance of the size of lysosomes in determining plasma membrane
integrity during cell death was supported by the observations that chemical inhibitors that reduce VAC also
reduced the plasma membrane disruption induced by TNF-� in wild-type L929 cells, while increases in VAC
due to genetic mutation, senescence, cell culture conditions, and chemical inhibitors all changed the morphol-
ogy of cell death from one with an originally nearly intact plasma membrane to one with membrane disruption
in a number of different cells. Moreover, the ATP depletion-mediated change from apoptosis to necrosis is also
associated with the increases of VAC. The increase in lysosomal size may due to intracellular self-digestion of
dying cells. Big lysosomes are easy to rupture, and the release of hydrolytic enzymes from ruptured lysosomes
can cause plasma membrane disruption.

Cell death can take place in morphologically distinct apo-
ptotic and necrotic processes (29). Apoptotic cells are defined
by fragmented nuclei with condensed chromatin and shrunken
cytoplasm within a nearly intact plasma membrane. Because
the intracellular contents of dead cells are not released into
surrounding tissues, apoptosis is a safe way to eliminate un-
wanted individual cells in metazoans (29). Necrosis, in con-
trast, is not accompanied by organized DNA degradation and
is characterized by cytoplasmic swelling and plasma membrane
breakage. Disruption of the plasma membrane leads to a re-
lease of intracellular materials, which are toxic to other cells
and which can cause inflammation (29).

In vitro studies have shown that a trigger such as tumor
necrosis factor alpha (TNF-�) can induce apoptosis in one cell
type but necrosis in others (3, 15, 53). TNF-�-induced necrosis
and apoptosis share some common signaling events down-
stream of the TNF-� receptor such as the recruitment of
TRADD, FADD, and other cytosolic effector proteins to the
cytosolic domains of TNF-� receptors (15, 33, 54). Cellular
events such as mitochondrial permeability transition and free-
radical generation have been implicated in TNF-�-induced
apoptosis and necrosis (16, 20, 23). Death-modulating mole-
cules such as Bcl-2 family members and metaxin can influence
TNF-�-induced necrosis and apoptosis (26, 50, 57). Apoptosis
and necrosis also appear to be controlled by parallel pathways
(21). It is known that, in many apoptotic cell deaths where cell

clearance by phagocytosis is lacking, secondary necrosis ensues
(29). In some systems apoptosis can be effectively inhibited by
caspase inhibitors, but the cell still undergoes a necrosis-like
cell death (9, 10, 20, 21, 28, 37, 42). TNF-�-induced death of
L929 cells was even enhanced by inhibition of caspase (55).
Apoptosis and necrosis can be interconvertible under certain
conditions. ATP depletion can convert cell death from an
apoptotic morphology to a necrotic morphology (11, 31), sug-
gesting that intracellular ATP levels regulate the mode of cell
death. This notion was further supported by the fact that over-
activation of poly(ADP-ribose) polymerase, a well-known sub-
strate of caspases, leads to the depletion of the substrate
�-NAD, resulting in a reduction of ATP level and subsequent
necrotic cell death (18, 19, 36).

Because of the important role of necrosis in causing inflam-
mation, we are interested in finding cellular events that cause
necrotic cell death in response to physiological stimuli. TNF-
�-induced L929 cell death produced necrotic phenotypes such
as cytoplasmic swelling and plasma membrane disruption (3,
15, 53). We used genetic mutations to study TNF-�-induced
necrosis in L929 cells (41, 56, 57). Deficiency of plasma mem-
brane calcium ATPase 4 (PMCA4) was found to provide re-
sistance to TNF-�-induced necrosis in L929 cells (41). Lyso-
somal trafficking was altered in this mutant line (PMCAmut), as
lysosome exocytosis was increased after TNF-� treatment (41).
We have demonstrated that the resistance to death in PM-
CAmut cells was mediated by preventing the TNF-�-induced
increase of the total volume of acidic compartments (VAC;
constituted mostly by lysosomes) (41), consistent with a num-
ber of previous reports that lysosomes are involved in cell
death (5, 8, 25, 32, 39, 40). Here we show that, in addition to
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the reduction of TNF-�-induced cell death in PMCA4-defi-
cient cells, the dead PMCAmut cells shrank within a nearly
intact plasma membrane, which is an apoptotic characteristic.
The inhibition of plasma membrane disruption in these cells is
mediated by a reduction in VAC, which resulted from a re-
duction in lysosome size (41). The role of the VAC in control-
ling plasma membrane integrity was further supported by the
increase in the VAC caused by genetic mutation, senescence,
or cultural conditions, all of which lead to a loss of plasma
membrane integrity in normally apoptotic processes. More-
over, an increase of the VAC is also required for ATP deple-
tion-mediated switching from apoptosis to necrosis. Since dis-
integration of lysosomes occurred prior to plasma membrane
disruption in cell deaths (41, 59), VAC, which reflects the size
of lysosomes, may be linked to lysosomal disruption. Lysoso-
mal enlargement occurring in a death program should alter the
membrane tension of lysosomes and therefore increase their
susceptibility to rupture. Here, we showed that larger lyso-
somes were much easier to disrupt. The size of lysosomes is a
risk factor for the instability of lysosomes, which is a determi-
nant for plasma membrane integrity or disruption during cell
death.

MATERIALS AND METHODS

Materials. Murine TNF-� was provided by Vladimir Kravchenko of The
Scripps Research Institute. Human TNF-� was obtained from R&D Systems
(Minneapolis, Minn.). Fas monoclonal antibody (MAb) CH11 was obtained from
Medical and Biological Laboratories (Nagoya, Japan). LysoTracker green and
LysoTracker blue were obtained from Molecular Probes (Eugene, Oreg.). Acri-
dine orange and other chemicals were from Sigma (St. Louis, Mo.) unless
otherwise indicated below.

Cell culture. All cell lines were obtained from the American Type Culture
Collection (Manassas, Va.) and were cultured under the recommended condi-
tions. PMCA4-deficient L929 cells were described in our previous paper (41).
Primary fibroblasts were prepared as follows. Skin samples were washed with
phosphate-buffered saline (PBS) and then incubated with 0.05% trypsin-EDTA
for 60 min at 37°C. Dermal samples were then cut into small (2-mm) squares and
plated in six-well plates. Sterile 22-mm-diameter glass coverslips were placed
over the specimens, and Dulbecco’s modified Eagle medium was added. The
medium was changed every 3 to 4 days. L929 (murine fibrosarcoma) cells, MCF-7
(human adenocarcinoma) cells, and Jurkat (human T-cell leukemia) cells were
maintained in RPMI 1640 containing 10% fetal bovine serum, 2 mM glutamate,
100 U of penicillin/ml, and 100 �g of streptomycin/ml.

ATP depletion. ATP depletion was achieved by incubating cells in the presence
of 10 �M oligomycin (Sigma) in glucose-free RPMI 1640 (Gibco BRL, Rockville,
Md.) containing 2 mM pyruvate and 10% dialyzed fetal bovine serum. Under
these conditions, oligomycin inhibits mitochondrial F0F1-ATPases and the de-
pletion of glucose halts glycolysis so that no ATP-producing machinery operates.
Intracellular ATP levels were measured by using the ATP bioluminescence assay
kit HS II (Roche Molecular Biochemicals) in accordance with the manufactur-
er’s protocol.

Transient transfection of Jurkat cells. Electroporation was used to transfect
Jurkat cells. Cells (2 � 107/ml) were electroporated with 10 �g of DNA at 960
�F and 300 V. Approximately 50% of the cells were killed by electroporation. To
remove the dead cells, the cells were resuspended in RPMI 1640 after electro-
poration. Five milliliters of Ficoll-Paque solution was layered under the cell
suspension in 50-ml tubes. The tubes were centrifuged for 30 min in a Sorvall
H-1000B rotor at 2,000 rpm (800 � g) at room temperature. Live cells that
floated on the top of the high-density solution were collected and washed twice
with RPMI medium.

Measurement of VAC. Cells in various stages were harvested and then incu-
bated at 37°C for 15 min with 100 ng of LysoTracker (Molecular Probes, Inc.)/ml.
Cells were then washed, pelleted, and resuspended in 1 ml of PBS for measure-
ment of fluorescence derived from the aggregated LysoTracker in acidic com-
partments. The healthy cells (with intact lysosomes) were gated, and the mean
value of the fluorescence intensity was used as the relative value of VAC.

Cell viability assay using PI staining plus FSC. The integrity of the plasma
membrane was assessed by determining the ability of cells to exclude propidium
iodide (PI; Sigma). Cells were trypsinized, collected by centrifugation, washed
once with PBS, and resuspended in PBS containing 1 �g of PI/ml. The levels of
PI incorporation were quantified by flow cytometry on a FACScan flow cytom-
eter. Cell size was evaluated by forward-angle light scattering (FSC). PI-negative
cells with normal size were considered to be live cells.

Blue light irradiation. The cells were loaded with acridine orange (5 �g/ml)
for 15 min at 37°C and then kept for another 15 min in RPMI medium without
phenol red for another 15 min before being exposed to blue light for different
periods of times. The light was emitted from a 200-W mercury arc lamp (Osram,
Berlin, Germany). A BG 38 blue light-transmitting filter (allowing passage of
450- to 500-nm light) and a heat-absorbing filter were placed in the beam path.
The intensity of red fluorescence was measured by fluorescence-activated cell
sorter 2 h after blue light exposure. The cell viability was measured for 4 h after
blue light exposure.

DNA ladder assay. Cells were lysed in lysis buffer (10 mM Tris-HCl [pH 8.0],
100 mM NaCl, 0.5% sodium dodecyl sulfate, 25 mM EDTA, 0.1 mg of protease
K/ml) and incubated at 50°C overnight. DNA was extracted with phenol-chlo-
roform, precipitated by adding NaCl to 0.3 M and 2 volumes of ethanol, and
centrifuged for 15 min at 16,000 � g. The DNA pellets were resuspended in TE
(Tris-HCl [pH 7.8], 1 mM EDTA) buffer with 0.1 mg of RNase I/ml for 1 h at
room temperature and then treated with 0.1 mg of protease K/ml overnight at
37°C. DNA was further extracted with phenol-chloroform and precipitated as
described above and resuspended in 20 �l of TE buffer. Equal amounts of DNA
were separated on 2% agarose gel and stained with ethidium bromide for visu-
alization.

RESULTS

PMCA4 deficiency switches the mode of TNF-�-induced cell
death in L929 cells from plasma membrane disruption to a
nearly intact plasma membrane. TNF-�-induced L929 cell
death shows necrotic features: a disrupted plasma membrane
and cell swelling (Fig. 1A, parental L929) (55). Interestingly,
we found that there was less cell death in PMCA4-deficient
(PMCAmut) L929 cells after TNF-� treatment (41) and the
dead cells had shrunk (Fig. 1A, PMCAmut). Genomic DNA
analyzed before and after TNF-� treatment demonstrated that
TNF-� produced DNA fragmentation in PMCAmut cells al-
though a large amount of DNA was required to view the
fragmentation on an agarose gel (Fig. 1A, right). Since DNA
fragmentation in a certain subline of L929 cells can be ob-
served after TNF-� treatment (12, 22, 52) but did not precede
cell death (12), we speculated that the machinery for DNA
fragmentation is present in our L929 cell line. But this process
may be slow and unpronounced and may therefore be masked
by the predominant pathway that leads to cell death with ne-
crotic morphology. When the major death pathway in PM-
CAmut cells was impaired, DNA fragmentation became appar-
ent. Thus, unlike the death of parental L929 cells, the death of
PMCAmut cells induced by TNF-� had some characteristics
similar to apoptosis.

PI exclusion is a widely used method to determine the in-
tegrity of a plasma membrane. The dead cells produced by
TNF-� treatment of L929 cells showed high levels of PI stain,
indicating the disruption of the plasma membrane. We gated
these dead cells as group R1 and gated the healthy cells as
group R3 (Fig. 1B, parental L929). As we reported previously
(41), PMCA4 deficiency increased the survival rate of L929
cells that were treated with TNF-� (55 versus 7.6%; Fig. 1B).
Consistent with Fig. 1A, the majority of dead cells in the
PMCAmut line were smaller (R2 group) based on flow cytom-
etry analysis using FSC. Moreover, these dead cells had less PI
stains than wild-type cells, indicating that plasma membrane
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FIG. 1. PMCA4 deficiency changes the morphology of TNF-�-induced cell death in L929 cells. (A) Parental and PMCAmut L929 cells were
untreated (�) or treated with 100 ng of TNF-�/ml (�) for 10 h. Cells were analyzed by microscopy. The genomic DNA was isolated and
electrophoresed on a 2% agarose gel. Parental cells died with swelling (Sw), while PMCAmut cells were shrunken (Sh). DNA laddering was detected
in TNF-�-treated PMCAmut cells but not in parental cells. (B) Parental, PMCAmut, PMCA4-reconstituted, and empty vector-transfected PMCAmut

cells were untreated (�) or treated with TNF-� (�) for 10 h, and the cells were analyzed by PI exclusion plus FSC. The samples were analyzed
by flow cytometry (FACSan flow cytometer [Becton Dickinson]) with CellQuest acquisition and analysis software. Different populations of dead
and live cells were gated as R1, R2, and R3. R1 cells, necrotic cells that lost plasma membrane integrity, as indicated by PI-positive stains; R2 cells,
apoptotic cells that had reduced size and low level of PI stains; R3 cells, healthy cells of normal size with PI-negative stains. The percentages of
these three groups of cells are marked. (C) Parental and PMCAmut cells were treated with TNF-� for various times and analyzed as described for
panel B. The percentages of R1 and R2 cells are shown. (D) Parental and PMCAmut cells were treated with staurosporine (1 �M), etoposide (10
�M), or lonidamine (10 �M) for 24, 24, and 4 h, respectively, and analyzed as described for panel B. The percentages of R1 and R2 cells are shown.
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integrity was better maintained (Fig. 1B, PMCAmut). This phe-
notype change was caused by a PMCA4 mutation because the
reconstitution of PMCA4 expression in PMCAmut cells
switched the phenotype of dead cells to that of R1 (Fig. 1B,
reconstituted). In contrast, transfection of an empty vector into
PMCAmut cells had no effect on the phenotype associated with
cell death (Fig. 1B, vector). Overexpression of PMCA4 in
wild-type L929 cells did not affect TNF-�-induced cell death
(data not shown). We have shown previously that PMCA4
mutation-mediated TNF-� resistance is due to the inhibition of
the TNF-�-induced increase in VAC (41). Since the reduction
of the TNF-�-induced increase in the VAC in PMCAmut cells
correlated with the switch of the phenotype of cell death, it is
possible that acidic compartments (constituted mostly by lyso-
somes) play a role in controlling the mode of cell death.

The different intensities of PI stains in R1 and R2 cells
indicated a difference in plasma membrane integrity of the
dead cells. However, complete loss of plasma membrane in-
tegrity (R1) could just be a late status of R2 cells. To deter-
mine whether R2 group cells are an intermediate between
healthy cells (R3 group) and R1 group cells, we measured the
percentages of these different groups of cells in parental and
PMCAmut L929 cells treated with TNF-� for various times.
There were no R2 group cells throughout the course of TNF-�
treatment in parental cells (Fig. 1C, left). The presence of R1
and R2 group cells in TNF-�-treated PMCAmut cells was not
time dependent (Fig. 1C, right). These data suggest that the
generation of R2 cells is not due to a slower cell death process
in PMCAmut cells and that R2 cells are not the precursors of
R1 cells. Thus, R1 and R2 cells were generated by different
modes of cell death. The effect of PMCA4 mutation on the cell
death induced by staurosporine, etoposide, and lonidamine is
similar to its effect on the cell death induced by TNF-� (Fig.
1D).

R1 (disrupted plasma membrane) and R2 (nearly intact
plasma membrane) types of cell death in different cell death
systems. To ensure that the R1 and R2 types of dead cells can
be generally used to distinguish different modes of cell death,
we examined the R1 and R2 groups of cells in three different
cell death systems. Fas ligation-induced Jurkat cell death is a
prototypic model system used in apoptosis studies. Jurkat cells
treated with 0.1 �g of the agonistic anti-human Fas MAb
CH11/ml for various times showed shrunken cytoplasm and the
formation of apoptotic bodies under the microscope (Fig. 2A,
top). Most of the dead cells were small with low levels of PI
stain and therefore can be gated as R2 group cells (Fig. 2A,
bottom). TNF-�-induced cell death of MCF-7, which has also
frequently been used in studies of apoptosis, produces both
shrunken and swollen phenotypes (Fig. 2B, top). The dead
MCF-7 cells are composed of both R1 and R2 groups of cells
(Fig. 2B, bottom). TNF-�-induced cell death in L929 cells was
associated with cell swelling (Fig. 2C, top). Almost all of the
dead cells lost their plasma membrane integrity and belonged
to group R1 (Fig. 2C, bottom). R1 and R2 gating of dead cells
can distinguish different types of cell death in different systems
(Jurkat and L929 cells) and can also discriminate two types of
dead cells produced in the same system (MCF-7 cells). Thus,
R1 and R2 cells can be used to study the mode of cell death.

The VAC is linked to plasma membrane disruption. We
showed previously that TNF-�-treated PMCAmut cells had a

smaller VAC than wild-type L929 cells (41) and that TNF-�-
induced dead cells in PMCAmut cells were mainly the R2 type,
while parental wild-type cells were all of the R1 type (Fig. 1).
These data suggest that a large VAC could be linked to plasma
membrane disruption in wild-type L929 cells. A direct way to
test this possibility is to increase the VAC by other means in
PMCAmut or other cells whose death was associated with a
nearly intact plasma membrane. Indigestible solute sucrose can
cause lysosome fusion, which results in an increase of the VAC
(7, 24, 51). The large VAC in sucrose-treated cells can be used
to examine whether a large VAC can cause plasma membrane
disruption, i.e., switch the R2 type cell death to the R1 type cell
death. Culturing parental wild-type L929, PMCAmut L929,
MCF-7, and Jurkat cells in the presence of 30 mM sucrose
resulted in a significant increase in the VAC, as measured by
staining with LysoTracker, an acidotropic probe used to stain
lysosomes and other types of acidic compartments; in contrast,
30 mM glucose did not have such an effect (Fig. 3, left). The
cells were healthy and proliferated at the same rate in sucrose-
and glucose-containing media (data not shown). We precul-
tured cells in these two culture mediums for 12 h to permit an
increase of the VAC in sucrose-treated cells and then treated
L929 and MCF-7 cells with TNF-� and treated Jurkat cells
with the Fas antibody. The increase of the VAC due to sucrose
in PMCAmut cells reduced R2 type cell death and increased the
percentage of R1 group cells (Fig. 3A, right). Since all parental
L929 cells died as R1 group cells, sucrose treatment did not
have an effect on the phenotype associated with cell death (Fig.
3B). MCF-7 cells died with mixed R1 and R2 phenotypes (Fig.
2B and 3C). Culturing in a sucrose-containing medium signif-
icantly increased the percentage of R1 group cells (Fig. 3C,
right). Fas ligation-induced Jurkat cells died mostly with an R2
phenotype, and many cells died with an R1 phenotype when
the cells were pretreated with sucrose (Fig. 3D, right). Since
the PMCA4 mutation led to a reduction of the TNF-�-induced
increase of the VAC and reduced the plasma membrane dis-
ruption and since an increase of the VAC in PMCAmut,
MCF-7, and Jurkat cells led to plasma membrane disruption,
the VAC appears to be linked to plasma membrane disruption.

To further evaluate the notion that the VAC is linked to
plasma membrane disruption in necrotic cell death, we exam-
ined the mode of cell death in the cells that had a naturally
occurring large VAC. Murine beige, homologue of the gene of
the human autosomal recessive disorder Chediak-Higashi syn-
drome, is associated with the formation of giant lysosomes (2,
38, 43). It has been shown that the fibroblasts isolated from
beige (Lystbg) mice have bigger lysosomes than wild-type mice
with the same background (43). Primary fibroblasts from beige
and control (C57BL/6) mice were prepared and stained with
LysoTracker. VAC was approximately two- to threefold larger
in beige fibroblasts than in control fibroblasts, confirming that
beige fibroblasts have large lysosomes (Fig. 4A, left). As ex-
pected, death stimulus TNF-� plus cycloheximide (CHX) in-
creased VAC in both wild-type and mutant fibroblasts. Be-
cause of the high basal level of VAC in beige fibroblasts, the
absolute value of VAC in TNF-�–CHX-treated beige fibro-
blasts was much higher than that in control cells (Fig. 4A, left).
We also observed that almost all beige fibroblasts died as R1
group cells, whereas at least 50% of dead cells in control
fibroblasts fell into the R2 group (Fig. 4A, right).
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FIG. 2. R1 and R2 types of cell death in different cell death systems. (A) Jurkat cells were treated with the Fas MAb (Fas Ab; 0.5 �g/ml) for
various time periods. (B) MCF-7 cells were treated with TNF-� and CHX (5 �g/ml) for various time periods. (C) L929 cells were treated with
TNF-� for various time periods. The cells were analyzed by microscopy and by PI exclusion plus FSC as described for Fig. 1. Sh and Sw are as
defined for Fig. 1.
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It is known that the total volume of lysosomes increases
during replicative aging (30). We analyzed the VAC in primary
fibroblasts of C57 mice after different passages in culture. As
shown Fig. 4B, left, an increase in VAC with the number of
passages was detected by LysoTracker staining. Treatment
with TNF-� plus CHX produced more R1 group cells in aged
cells than in younger cells (Fig. 4B, right), which again supports
the idea that the VAC is linked to plasma membrane disrup-
tion.

BAX is a proapoptotic member of the Bcl-2 family protein.
Overexpression of BAX led to apoptosis. Caspase inhibitor
zVAD can prevent BAX-induced DNA degradation, but the
cells died with cytoplasmic vacuolation (58). We transiently
expressed BAX in Jurkat cells and treated these cells with or
without zVAD. Expression of BAX led to slight increases in
VAC, but the presence of zVAD greatly enhanced the VAC in
the cells (Fig. 4C, left). zVAD’s effect required BAX expres-
sion because zVAD treatment alone did not have an effect on
the VAC. The dead cells induced by BAX were predominantly
R2 type cells, and zVAD treatment of the BAX-expressed cells
caused a significant increase in the number of R1 cells (Fig. 4C,
right). These data again support the notion that the VAC is
linked to the mode of cell death.

ATP depletion-mediated conversion of apoptosis to necrosis
is associated with the increase of VAC. It is well known that
ATP depletion can switch the cell death mode from apoptosis
to necrosis (11, 31). ATP depletion was shown to block
caspase-3 activation and other downstream apoptosis signal-
ing, but how necrosis was turned on by ATP depletion was
unknown (11, 31). If the VAC is an essential determinant for
the breakdown of the plasma membrane in cells undergoing
the death process, then the VAC should be increased in the
ATP depletion-mediated switch of apoptosis to necrosis. To
determine whether the VAC plays a role in ATP depletion-
mediated conversion of apoptosis to necrosis, we examined

whether ATP depletion had an effect on the VAC. Jurkat cells
were maintained in a glucose-free medium supplemented with
pyruvate to allow only mitochondrial ATP production. The
cells were healthy and underwent apoptosis after Fas ligation
(data not shown) (11, 31). ATP depletion was achieved by
treating the cells with oligomycin, a blocker of mitochondrial
ATP synthesis. We stained acidic compartments with Lyso-
Tracker in cells with or without the predepletion of ATP. Fas
ligation led to an increase in the LysoTracker stain, and a much
stronger stain was observed in ATP-depleted cells than in the
cells without ATP depletion (Fig. 5A). As reported by others
(11, 31), Fas ligation induced shrinkage of Jurkat cells (apo-
ptosis) and ATP depletion changed the morphology of dying
cells to cytoplasmic swelling (necrosis) (Fig. 5A, phase). In
parallel experiments, we measured the VAC using flow cytom-
etry. Fas ligation led to a substantial increase of the VAC in
ATP-depleted cells, while only a small increase was observed
in the Jurkat cells that had not been preemptied with ATP
(Fig. 5B). The VAC was slightly increased in the first hour of
oligomycin treatment alone, and the VAC reduced to back-
ground at later time points (Fig. 5B), indicating that the ATP
depletion alone did not have much of an effect on VAC. As
reported by others (11, 31), ATP depletion dramatically in-
creased necrotic (R1 group) cells and eliminated apoptotic (R2
group) cells (Fig. 5C). Thus, ATP depletion-mediated in-
creases of the VAC in Fas-ligated cells are correlated with
ATP depletion-mediated conversion of the modes of cell
death.

TNF-�–CHX-treated MCF-7 cells were examined under
conditions with or without the depletion of ATP. Similar to
what was found for Jurkat cells, ATP depletion significantly
enhanced the TNF-�-induced increase of the VAC (Fig. 5D)
and switched TNF-�-induced cell death from the R2 group to
the R1 group (Fig. 5E). These data again suggest the notion
that the increase of the VAC causes a switch in the death

FIG. 3. Increases of the VAC due to sucrose can lead to the loss of plasma membrane integrity in cell death. PMCAmut L929 cells (A), parental
L929 cells (B), MCF-7 cells (C), and Jurkat cells (D) were untreated (�) or treated with 30 mM glucose (Glu) or 30 mM sucrose (Suc). The relative
value of the VAC was determined by LysoTracker staining. The L929 cells and MCF-7 cells were treated with TNF-� or TNF-� plus CHX,
respectively, for 10 h. The Jurkat cells were treated with the Fas MAb for 3 h. The results are means � standard errors (n � 3 to 6). The cells
were then analyzed by PI exclusion plus FSC as described for Fig. 1. The percentages of R1 and R2 cells are shown.
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mode. A direct way to demonstrate the role of the VAC in
switching the mode of cell death is to inhibit the switching
process by preventing the increase of the VAC. Although there
is no highly specific and effective method available at present,
forskolin, an adenylate cyclase activator, is capable, via stimu-
lating lysosomal exocytosis, of reducing the VAC in some cells,
including MCF-7 cells (41, 46). To inhibit the increase of the
VAC caused by ATP depletion in TNF-�-treated MCF-7 cells,
we included forskolin in the course of our experiments. Fors-
kolin did not have much influence on TNF-�–CHX-induced
cell death under normal cell culture conditions, indicating that
this molecule does not interfere with cell death pathways used
by TNF-� in MCF-7 cells (Fig. 5F, left). Forskolin did not

affect intracellular ATP levels (Fig. 5F, right). Forskolin inhib-
ited the increase in the VAC (41, 46) and prevented the switch
from the R2 phenotype to the R1 phenotype under ATP-
depleted conditions (Fig. 5F, left), suggesting that an increase
of the VAC is required for the conversion between the two
modes of cell death in ATP-depleted cells.

Reagents that influence lysosomal exocytosis modulate the
mode of cell death. We have previously shown that promoting
lysosomal exocytosis inhibits the increase of the VAC induced
by death stimuli and that blocking lysosomal exocytosis en-
hances the increase of the VAC (41). Due to the linkage
between the VAC and plasma membrane disruption in cell
death, we next examined whether the agents that had an in-
fluence on lysosomal exocytosis affect the mode of cell death.
An increase in intracellular calcium concentration was found
to be a trigger of lysosomal exocytosis in some cells including
L929 and MCF-7 cells (41, 47), and agents that elevate cyto-
solic cyclic AMP also potentiate exocytosis in these two cell
lines (41, 46). Actin microfilament-stabilizing agent jasplakino-
lide, tubulin-depolymerizing agent nocodazole, and adenylyl
cyclase inhibitor MDL 12,330A are structurally unrelated com-
pounds that are known to inhibit lysosomal exocytosis (1, 46).
These lysosomal exocytosis stimuli or inhibitors were known to
have effects other than those on lysosome exocytosis. Because
their cellular targets were different and because all had effects
on lysosome exocytosis, we think their effect on the VAC
warrants investigation. We have determined that the incuba-
tion of these reagents with L929 and MCF-7 did not cause
detectable cell death in 48 h (data not shown). We treated
L929 cells with calcium ionophore A-23187 or adenylate cy-
clase activator forskolin to reduce the VAC during TNF-�
treatment. As shown in Fig. 6A the TNF-�-induced increase of
the VAC was inhibited (left) and the mode of cell death was
switched from R1 to R2 (right), supporting the idea that re-
ducing the VAC helps in the maintenance of plasma mem-
brane integrity. As expected, treatment with nocodazole, jas-
plakinolide, or MDL-12330A, which inhibits lysosomal
exocytosis, did not have much effect on the VAC in TNF-�-
treated L929 cells and the cell death mode was still R1 (Fig.
6A). Promoting lysosomal exocytosis in MCF-7 cells reduced
the increase of VAC and decreased R1 cells in TNF-�-treated
cells (Fig. 6B). Blocking lysosomal exocytosis enhanced the
increase of VAC in MCF-7 cells and switched R2 cells to the
R1 group (Fig. 6B). These data are consistent with the notion
that a large VAC tends to cause plasma membrane disruption.

Large lysosomes are more susceptible to disruption. It is
known that the leakage of lysosomes, the major component of
acidic compartments, can cause plasma membrane disruption
(necrosis) depending on the level of lysosome leakage (4).
Since the surface tension is related to the size of the lysosome,
the larger lysosomes should be easier to break down. In addi-
tion, the larger lysosomes should be more difficult to repair
than smaller lysosomes when damage occurs. Disruption of
large lysosomes can cause more-severe damage to cells than
that of smaller lysosomes because more lysosomal contents are
released. Thus, the VAC could be a key risk factor for plasma
membrane disruption. Here we perform experiments to con-
firm that larger lysosomes are easier to disrupt.

Acridine orange is a lysosometrophic weak base, a meta-
chromatic fluorochrome, and a photosensitizer as well. Acri-

FIG. 4. The loss of plasma membrane integrity is associated with a
large VAC in cells. Fibroblasts of beige mice (Lystbg) or control mice
(C57BL/6) (A) and C57BL/6 fibroblasts of different passages (B) were
treated with or without TNF-� plus CHX for 10 h. Half of each sample
was analyzed by LysoTracker staining, and the other half was analyzed
by PI exclusion plus FSC. The relative value of the VAC was deter-
mined by the intensity of LysoTracker staining. The results represent
means � standard errors (n � 3). The percentages of R1 and R2 cells
are shown. (C) Jurkat cells were cotransfected with the BAX expres-
sion vector or an empty vector and a green fluorescent protein (GFP)
expression vector. The cells were left untreated or treated with zVAD
(50 �M) for 12 h after transfection. GFP expression was used to
identify transfected cells by using a fluorescence-activated cell sorter.
The relative value of the VAC in transfected cells was measured by
staining the cells with LysoTracker at 12, 18, 24, and 30 h after trans-
fection. The viability of cells was analyzed 30 h after transfection by PI
exclusion plus FSC. Percentages of R1 and R2 are shown.
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FIG. 5. ATP depletion-mediated conversion of apoptosis to necrosis is associated with an increase of VAC. (A) Jurkat cells with or without the
depletion of ATP were treated with the Fas MAb for different periods of time, stained with LysoTracker, and analyzed by microscopy. (B) Jurkat
cells with or without depletion of ATP were treated with or without the Fas MAb. Relative values of the VAC were determined at different time
points after Fas MAb addition. The percent increases of the VAC are shown. (C) Jurkat cells were treated as described for panel B and analyzed
by PI exclusion plus FSC. The percentages of R1 and R2 cells are shown. (D) MCF-7 cells with or without the depletion of ATP were treated with
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dine orange selectively accumulates in cellular acidic vacuolar
compartments. The leakage of acridine orange from the acidic
compartments to the cytosol shifts the fluorescence from red to
green (4). Because acridine orange is a photosensitizer, irra-
diation of acridine orange-loaded cells with intense blue light
leads to photo-oxidation of lysosomal membranes and may
subsequently disrupt the lysosomes (4). To evaluate whether
large lysosomes are more easily broken down than small lyso-
somes, we examined whether there were any differences be-
tween large and small lysosomes in their sensitivities to blue
light-induced lysosome disruption. MCF-7 cells were cultured
for 12 h in a medium containing either sucrose, which pro-
motes the formation of enlarged lysosomes (Fig. 3), or glucose,
which does not affect the formation of lysosomes. These cells
were loaded with acridine orange for 30 min and then treated
with blue light of 10 � 104 lx for 0, 0.5, 1, 2, or 5 min. There was
a higher percent reduction of red fluorescence in sucrose-
treated MCF-7 cells than in glucose-treated MCF-7 cells (Fig.
7A), thus indicating that more lysosome disruption occurs in
the cells with larger lysosomes. We also examined lysosome
leakage in primary fibroblasts that had large lysosomes (from
beige mice) and normal lysosomes (from C57BL/6 mice). As
shown in Fig. 7B, the red fluorescence was decreased more in
fibroblasts from beige mice than in the fibroblasts from
C57BL/6 mice. Thus, large lysosomes are more susceptible to
disruption.

It was reported that minor photo-oxidation of the lysosomal
membrane can be repaired and does not cause cell death, that
moderate damage of the lysosomal membrane (partial lysoso-
mal leakiness) leads to apoptosis, and that severe photo-oxi-
dation results in necrosis (4). Here we compared modes of cell
death resulting from the disruption of normal and large lyso-
somes. When the same level of photo-oxidation was applied,
the cells with large lysosomes had more cell deaths and pro-
duced more R1 cells (Fig. 7C and D). These data support the
idea that large lysosomes are more susceptible to rupture and
that their damage is more difficult to repair.

DISCUSSION

Alteration in the mode of cell death can affect the patho-
physiology of a disease. For instance, conversion of an apopto-
tic cell death to necrosis can contribute to pathological pro-
cesses because of uncontrolled release of cellular contents,
causing local inflammation as well as the elicitation of un-
wanted autoimmune responses. The data presented in this
study indicate that lysosomes play a key role in determining
whether the integrity of the plasma membrane can be main-
tained or lost during cell death. The VAC, determined mostly
by the size of lysosomes, is correlated with the degree of
plasma membrane disruption. An increase of the VAC due to
either intrinsic or extrinsic factors of a cell can change the cell
death modes from apoptotic to necrotic (disruption of plasma

membrane). Inhibition of death stimulus-induced increases of
the VAC can reduce plasma membrane disruption. The prop-
erties of big lysosomes such as being highly susceptible to
rupture and difficult to repair can be the cause of plasma
membrane disruption in many necrotic cell deaths. Alternation
of biogenesis or trafficking of lysosomes can change the mode
of cell death.

Increase of lysosomal volume is likely to be a downstream
event in the cell death process because treatment of MCF-7
and Jurkat cells with caspase inhibitor zVAD inhibited the
increase of VAC in these cells (data not shown), indicating that
the lysosomal response is at least downstream of initiator
caspase in these cells. However, caspase activation is not in-
dispensable for the lysosomal response because zVAD had no
effect on VAC in TNF-�-treated L929 cells (data not shown).
The size of lysosomes can be altered for many different rea-
sons. There are a number of genetic mutations that lead to the
enlargement of lysosomes (2, 13, 27, 38, 43). As shown in Fig.
4A, plasma membrane disruptions were found in almost all of
the TNF-�-treated beige fibroblasts, which had large lyso-
somes. It is very likely that the increased necrosis contributes
to the clinical symptoms seen in this mutant. Unlike its effect in
beige cells, deficiency of PMCA4 in L929 cells affected lyso-

FIG. 6. Inhibition of TNF-�-induced increases in the VAC in-
creases the percentage of R2 cells, and enhancement of TNF-�-in-
duced VAC increases the percentage of R1 cells. Parental L929 cells
(A) and MCF-7 cells (B) were untreated or treated with TNF-� or
TNF-� plus CHX in the presence or absence of A-23187 (1 �M),
forskolin (FSK), nocodazole (Noc; 10 �M), jasplakinolide (Jas; 0.3
�M), or MDL-12330A (MDL; 50 �M) for 10 h. The VAC (left) and
percentages of R1 and R2 cells (right) were measured.

or without TNF-� plus CHX. Relative values of the VAC were determined at different time points after TNF-�–CHX addition. The percent
increases of the VAC are shown. (E) MCF-7 cells were treated as described for panel D and analyzed by PI exclusion plus FSC. The percentages
of R1 and R2 cells are shown. (F) MCF-7 cells with or without the depletion of ATP were treated with TNF-� plus CHX in the presence or absence
of forskolin (FSK; 100 �M). The viability of cells was analyzed by PI exclusion plus FSC. The percentages of R1 and R2 cells are shown.
Intracellular ATP levels before and after ATP depletion were measured and are shown. Olig, oligomycin.
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some trafficking and resulted in the inhibition of the TNF-�-
induced increase of lysosome size (41). The plasma membrane
was better preserved in cells with mutated PMCA4 than in the
corresponding wild-type cells after TNF-� treatment (Fig. 1).
Changes in lysosome properties have been observed during
senescence (30). We have shown here that the change of lyso-
somes in senescence can be determined by measuring the VAC
(Fig. 4B). There was an increase of the VAC during senes-
cence that correlated with plasma membrane disruption during
cell death (Fig. 4). The increased susceptibility of senescent
cells to plasma membrane disruption during cell death could
contribute to the increased chronic inflammation in aged indi-
viduals. In addition to the intrinsic changes that can modify the
lysosomal status in cells, the extracellular environment also can
alter lysosome size. ATP depletion-mediated conversion from
apoptosis to necrosis is a prototypic example of the switching
between the two modes of cell death (11, 31). We found that
the ATP depletion-mediated change in death modes related to
lysosomal responses and that an increased lysosomal size is a
cause of plasma membrane disruption (Fig. 5). In addition,
culturing cells in indigestible sucrose-containing medium in-
creased the lysosome size and resulted in the loss of plasma
membrane integrity during cell death (Fig. 3). Collectively, our
data demonstrated that lysosome size could be altered by ei-
ther intrinsic cellular changes or extracellular environments
through modifying the biogenesis and/or trafficking of the ly-
sosomes. The condition of lysosomes in dying cells determines
whether the plasma membrane integrity is maintained or lost.

There is a large body of evidence suggesting that lysosomes
are involved in the cell death processes (5, 8, 25, 32, 39, 40).
We have previously shown that an increase in the total volume

of lysosomes is a common event in cell death induced by
diverse stimuli (41). We have also shown that the disintegra-
tion of lysosomes in TNF-�-treated L929 cells occurs prior to
plasma membrane disruption, suggesting that lysosome rup-
ture is responsible for the necrosis phenotype in L929 cell
death (41). A similar observation of the disintegration of lyso-
somes prior to membrane rupture in other cell death systems
was reported (59). An increase in the total volume of lyso-
somes was believed to represent an increase of lysosome ac-
tivity (34). This event may be required for the self-digestion of
cellular components during programmed cell death. Findings
concerning autophagic cell death, a type of death described
almost 40 years ago, also support the role of lysosomal biogen-
esis and trafficking in cell death (48). As reviewed by Bursch
and Lockshin et al., autophagic cell death is characterized by
visible autophagic vacuoles (6, 35). Unlike what is found in
apoptosis, degradation of cytoplasmic components precedes
nuclear collapse in autophagic cell death. There are some
similarities between the cell death that we studied and auto-
phagic cell death. The increase of acidic vacuoles in TNF-�-
treated cells is similar to that in cells in the later stages of
autophagic death, in which autophagic bodies fuse with lyso-
somes. However, TNF-�-induced acidic vacuoles are unlikely
to be derived from autophagic vacuoles because 3-methylad-
enine, an inhibitor of the sequestration step in the formation of
autophagic vacuoles, does not affect the TNF-�-induced in-
crease of acidic vacuoles and cell death (data not shown). Since
an autophagosome docks and fuses with a lysosome and breaks
down within the lysosome for degradation, the biogenesis and
trafficking of lysosomes should be induced in autophagic cell
death too. It is well established that most organelles of a dying
cell manifest subtle biochemical alterations, in particular pro-
teolysis (14). Lysosomes most likely participate in the self-
digestion of many intracellular components during cell death,
either through autophagy or other mechanisms. The increased
biogenesis and trafficking of lysosomes are a part of the cell
death program. An accidental rupture of lysosomes can occur
in this part of the death program and cause necrosis. This may
explain why necrosis can occur in the same cell death system
and why secondary necrosis is often associated with apoptosis.
The rupture of lysosomes is not an accident in cells such as
L929 but rather is a part of the necrosis process. It is probable
that the TNF-�-induced biogenesis or trafficking of lysosomes
in these cells is imbalanced, which would result in oversized
lysosomes and subsequent lysosomal disruption.

There are reports suggesting that the release of lysosomal
enzymes can initiate apoptosis (17, 44, 45). A prevalent as-
sumption is that reparable damage of lysosomes can initiate
apoptosis and that a sudden massive destruction of lysosomes
will then lead to cell lysis (necrosis) (14). Lysosomal enzymes
cathepsin B and D were reported to be required for cell death
induced by TNF-� and other death stimuli (8, 49). More re-
cently, lysosomal protease cathepsin B was found to be in-
volved in amplifying the death signaling in TNF-�-treated
hepatocytes, suggesting that release of the contents of lyso-
somes can be an active process rather than a solely passive
result of accidental rupture (17). It is unknown whether lyso-
somal rupture (transient or permanent) is a regulatory mech-
anism for cathepsin B and D release from lysosomes or if a
special transporting mechanism is involved in translocating

FIG. 7. Large lysosomes are easy to disrupt, and lysosomal leakage
can lead to plasma membrane disruption. (A) MCF-7 cells were cul-
tured in sucrose- or glucose-containing medium for 12 h. The cells
were loaded with acridine orange for 15 min and then exposed to blue
light (10 � 104 lx) for different periods of time. Lysosome leakage was
determined by the decrease of red fluorescence measured by flow
cytometry. (B) Fibroblasts isolated from beige or control (C57BL/6)
mice were used to perform the same experiments as described for
panel A. (C) Viability of MCF-7 cells was measured 4 h after exposure
to blue light. The percentages of R1 and R2 cells are shown. (D) Vi-
ability of fibroblasts was determined as described for panel C).
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cathepsin B and D into cytosol. Since there is no doubt that
lysosomal enzymes can cause cell lysis, the plasma membrane
can be disrupted if a sufficient amount of these enzymes is
released from lysosomes.

Plasma membrane disruption should be the key character-
istic that distinguishes necrosis from apoptosis in terms of
biological consequences. The level of lysosomal rupture deter-
mines whether the plasma membrane remains intact or rup-
tures in many, if not all, cell death processes. The lysosomal
disruption in necrotic cell death could be as important as
nuclear fragmentation in apoptosis. Intrinsic and extrinsic fac-
tors under physiological or pathological conditions can alter
the size and other properties of lysosomes and increase or
decrease their susceptibility to rupture. The cells that have big
lysosomes tend to lose their plasma membrane when death is
induced. The cells that have abnormal inductions of lysosomal
volume during death also have a greater chance for plasma
membrane disruption. Since the size of the lysosomal volume
in cells at rest or after exposure to death stimuli determines
whether the integrity of the plasma membrane can be main-
tained, attention should be given to lysosomal biogenesis
and/or trafficking in order to understand how necrosis occurs in
physiological or pathological conditions.
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