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Abstract
In Jurkat cells, the decreased cell growth rate associated with
a long-lasting deactivation of the mammalian target of
rapamycin (mTOR)/p70 ribosomal S6 kinase (S6K)-signaling
pathway generates a cell population of progressively reduced
cellular mass and size. When promoted by rapamycin as
prototype inhibitor, the mTOR deactivation-dependent cell
size reduction was associated with slowed, but not
suppressed, proliferation. Small-size cells were significantly
protected from apoptosis induced by Fas/Apo-1 death-
receptor activation (as shown by reduced procaspase
cleavage and decreased catalytic activity of relevant
caspases) or by stress signals-dependent mitochondrial
perturbation (as shown by reduced cleavage of caspase-2,
lower dissipation of mitochondrial membrane potential and
decreased release of cytochorome c and apoptosis-inducing
factor from mitochondria). Protection faded when reactivation
of the mTOR/S6K pathway promoted the cell recovery to
normal size. These results suggest that cells induced to
reduce their mass by the mTOR deactivation-dependent
inhibition of cell growth become more resilient to lethal
assaults by curbing the cell’s suicidal response.
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Introduction

An emerging model of cell growth, proliferation and death
posits the evolutionarily conserved Ser/Thr protein kinase
mammalian target of rapamycin (mTOR) as a central sensor
of multiple environmental and metabolic information.1–3 In this
model, signals arising from the extracellular milieu as growth
factors4,5 and nutrient availability,6,7 from changes of trans-
porter activity at the cell membrane8,9 or directly from
intracellular metabolic changes affecting internal amino-acid
levels9–13 and ATP availability14–16 all feed into mTOR which,
by integrating this information, couples the cellular metabolic
state to downstream targets that modulates rates of transla-
tion and thereby cell mass and number.17 mTOR, also known
as FKBP12-rapamycin-associated protein (FRAP)18/rapamy-
cin and FKBP12 target (RAFT-1)19 with its putative raptor,20,21

G protein b-subunit-like protein (GbL)22 and tuberous sclero-
sis complex (Tsc)/Ras-related protein (Rheb)3,12 regulators,
modulate the phosphorylation state of p70 ribosomal S6
kinase 1 (S6K1) and other downstream effectors.3,23,24 In
Drosophila, the loss of function of dS6K, the orthologue of
mammalian S6K, is associated with slow overall growth rate
and decreased cell size.25–27 Similarly in mammals,
the deactivation of S6K1 that follows the inhibition of the
mTOR kinase by rapamycin treatment,20,28–30 by leucine
deprivation20 or by 2-(4-morpholinyl)-8-phenyl-4H-1-benzo-
pyran-4-one (LY294002)-dependent inhibition of the phos-
phatidylinositol 3-kinase (PI3K)/Akt/protein kinase B(Akt)/
mTOR-signaling pathway29 is associated with decreased cell
growth rate and progressive reduction in cell size, showing
that the function of the mTOR-dependent target S6K1 in cell
size control is evolutionarily conserved.3 The activation of
S6K1 is regulated by multisite phosphorylation.4,31,32 Four
sites have been identified in the autoinhibitory domain of the
C-terminus of the S6K1 protein (Ser411, Ser418, Thr421 and
Ser424) whose early phosphorylation releases the catalytic
domain from the pseudosubstrate and permits subsequent
phosphorylation of critical sites, as Thr389, in the linker
region.31 The mTOR kinase activity is liable to phosphorylate
S6K1 at residues Thr421 and Ser42433 (an event that
precedes the phosphorylation of Thr389) and phosphorylates
directly the Thr389 site31 associated with optimal activation of
the S6 kinase activity. In vitro, Thr389 is the major rapamycin-
sensitive site.34 However, the phosphorylation state of S6K is
also controlled by a subordinate protein phosphatase35–38

whose activation is indirectly restrained by mTOR and
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promoted by amino-acid deprivation.38 The phosphatase
activity affecting the phosphorylation state of downstream
targets of mTOR appears to be dependent on its association
with the a4 protein,36,37,39 an integral component of the
rapamycin-sensitive-signaling pathway.1 The complex a4/
phosphatase and its dephosphorylating activity on S6K is
disrupted in the presence of phosphatase inhibitors,40,41

whereas the effects of rapamycin are controversial.35,36,39,41

The decreased cell growth rate and the progressive reduction
of cell size accompanying or promoted by S6K1 deactivation
that follows the inhibition of the mTOR kinase depress cell
proliferation20,29,30,42,43 (with wide variations among cell
types) by a complex mechanism still poorly understood.
Whether these changes in cell growth (and size) affect cell
survival by inhibition or promotion of cell death is still
controversial and no specific experiments have been ad-
dressed to evaluate their proapoptotic or antiapoptotic effects
on the different death pathways. We therefore decided to
investigate whether conditions that lead to long-lasting
mTOR/S6K1 deactivation-dependent decrease of cell size
affect proliferation and cell death by caspase-dependent
pathways. In our study, we took advantage of the leukemic
T-cell line Jurkat (CD95 (Fas/Apo-1) type II cells44), a valuable
model in signal transduction and biochemical investigations45

that, being PTEN-deficient, experiences an increased depen-
dency on mTOR-signaling function.30 The inhibition of the
mTOR kinase/S6K1 pathway was effected by rapamycin as
prototype treatment, by LY294002 as inhibitor of the PI3K/Akt/
mTOR pathway or by leucine deprivation. Apoptotic cell death
was induced by ligation of cell-surface death receptors or by
ligand-independent receptor oligomerization (extrinsic path-
way46) and through perturbation of the mitochondrial mem-
brane by stress agents (intrinsic pathway47,48).

Here, we report that the reduced cell growth rate induced by
persistent deactivation of the mTOR/S6K1-signaling pathway
generates a cell population of progressively decreased
cellular mass and size, whose proliferation slows down, but
is not suppressed. Upon S6K1 rephosphorylation, cells
gradually recover their normal size and regain normal
proliferation rate. The decreased cell mass and size induced
by inhibition of the mTOR/S6K1 pathway is associated with
protection from cell death receptor- and mitochondrially-
mediated apoptosis. The protection fades when reactivation
of the pathway promotes cell recovery to normal size. Several
steps of the death-signaling pathways, with involvement of
initiator and effector caspases, appear to be restrained in
small-size cells, perhaps as a result of a perturbation of their
plasmatic and mitochondrial membrane properties due to
changes in the physical state of the intracellular compartment
controlled by a putative sizer network.

Results

Characterization of the Jurkat cell model: changes
in cell mass and energy status associated with
deactivation of the mTOR/S6K1 pathway

In the experiments described in this paper, deactivation of the
mTOR/S6K1 pathway and associated changes in cell size
(with the succeeding effects on cell proliferation and apopto-
sis) were induced by the following treatments: (a) rapamycin
at 20 nM concentration (but comparable results were obtained
with a 10 nM concentration of the drug), (b) LY294002 at a
marginally toxic concentration (30 mM)49 and (c) leucine
deprivation as a signal that couples amino-acid shortage to
the S6 kinase dephosphorylation. To study the changes in the
mass relevant components of cell size and in the energy
status of Jurkat cells, we have determined the values of
intracellular water volume, cell protein content, cell dry mass
and ATP content of the cells incubated under the conditions
adopted. In these cells, the size reduction induced by
inhibition of the mTOR/S6K1 pathway with rapamycin (used
as prototypical inactivator in experiments reported in Table 1)
was dependent on the contribution of both water release and
decreased cell protein content, with corresponding loss of dry
cell mass (20% loss, mean of three experiments). Conversely,
the size recovery that followed the inhibitor removal relayed
on cell growth-dependent accumulation of intracellular water
and proteins. In our untreated Jurkat cell clone, the water
content was approximately 80% of the total cell mass and
therefore the measurement of the intracellular water volume
provides an acceptable estimate of the change in cell size.
Cytoplasmic ATP concentration in mammalian cells lies in the
low millimolar range50,51 with similar resting intracellular ATP
concentration ([ATP]i) in the cytosol, in the mitochondrial
matrix and in the submembrane domain.50,52 The apparent
Km of mTOR for ATP is slightly greater than 1 mM with
saturating activity at 2 or 3 mM ATP.14 [ATP]i assessment in
cells that undergo changes in size and water content requires
a rigorous measurement of these parameters. As shown in
Table 1, incubation of Jurkat cells for 24 h in the presence of
the mTOR kinase inhibitor rapamycin was not associated with
a significant change in the average ATP cell content, but its
intracellular concentration ([ATP]i) increased by about 25%.

The mTOR inhibition-dependent S6K1
dephosphorylation is associated with a
progressive decrease in cell size

In typical experiments, Jurkat cells, seeded at a density of
0.5� 106 cells/ml, were incubated up to 96 h in dialyzed fetal

Table 1 Mass relevant components and energy status of Jurkat cells untreated or subjected to long-lasting mTOR inhibition by rapamycin

Control Rapamycin 24h P

Cell protein content (mg/106 cells) 0.13970.022 0.10770.017 o0.05
Cell water volume (ml/106 cells) 1.09770.107 0.79370.032 o0.01
ATP cell content (nmol/106 cells) 2.38470.485 2.16970.104
[ATP] (mM) 2.17370.442 2.74070.132 o0.05

Values are means7S.D. of three to five experiments.
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bovine serum (FBS)-supplemented RPMI 1640 (always
renewed every 24 h, with cell density restored at the same
initial value by a splitting procedure) in the absence (control)
or the presence of 20 nM rapamycin (newly added at every
medium renewal along the entire incubation period). Figure 1a
shows that the phosphorylation state of S6K1 detected in
control cells changed to S6K1 dephosphorylation in cells
treated with rapamycin for 24 h. In control cells, phosphoryla-
tion of S6K1 remained constant along the following incubation
period, whereas rapamycin treatment was associated with
persistent dephosphorylation of S6K1. The water volume
remained constant along the entire incubation period in
control cells, while it diminished by about 30% of its initial
value after 24 h of incubation in rapamycin-treated cells and
decreased progressively thereafter (with a 45% decrease at

72–96 h, Figure 1b). Incubations of short duration (4 h), in the
presence of 20 nM rapamycin, were sufficient to induce
dephosphorylation of S6K1 (Figure 1c), but did not change
significantly the water volume of Jurkat cells (Figure 1d). To
understand whether the effects of the drug on dephosphory-
lation of S6K1 and on decrease of cell size were reversible,
Jurkat cells, seeded at a density of 0.5� 106 cells/ml, were
incubated for 24 h in a 20 nM rapamycin-containing medium,
transferred into basal medium (always renewed every 24 h,
with cell density restored at the same initial value by a splitting
procedure) and incubated for an additional 72 h (with a further
final assay at 144 h of incubation). After rapamycin removal,
S6K1 remained dephosphorylated for 24 h and became
progressively rephosphorylated thereafter (Figure 1a, re-
covery). After rapamycin removal, the cell water volume

Figure 1 Long-lasting deactivation of the mTOR/S6K1 pathway by rapamycin, LY294002 and leucine deprivation is associated with cell size decrease. (a) Jurkat cells,
seeded at a density of 0.5� 106 cells/ml, were incubated for 96 h in dialyzed FBS-supplemented RPMI 1640 (always renewed every 24 h, with cell density restored at the
same initial value by a splitting procedure) in the absence (basal medium, control), and the presence of 20 nM rapamycin (newly added at every medium renewal along
the entire incubation period) or for 24 h in the presence of 20 nM rapamycin and then transferred into basal medium (recovery). The recovery was continued up to 144 h.
Cell lysates were analyzed by Western blotting using a phosphospecific Thr421/Ser424 anti-p70S6K antibody and an antiactin antibody. The levels of S6K1
phosphoprotein (p-p70S6K), quantitated by densitometric analysis, were normalized to the levels of actin; (b) cells were incubated as in (a) or for 24 h in the presence of
30 mM LY294002 and cell water volumes were assessed at the indicated time intervals by measurements of the steady-state distribution of 3H-OMG; data, expressed as
percent of the control values, are means of three to five experiments. (c and d) Cells were incubated for 4 h in the absence (control) or the presence of 20 nM rapamycin:
S6K phosphorylation was analyzed by Western blotting in cell lysates and quantitated as described in (a) and cell water volumes were assessed by measurements of the
steady-state distribution of 3H-OMG; data of cell volume, expressed as microliter of cell water/106 cells, are means7S.D. of four separate experiments. (e and f) Cells
were incubated for 16 h in the basal medium (control), in a leucine-free medium (�leu) or in leucine-free medium and then transferred into basal medium up to 24 h
(recovery). S6K phosphorylation was analyzed by Western blotting in cell lysates and quantitated as described in (a) and cell water volumes were assessed at the
indicated time intervals by measurements of the steady-state distribution of 3H-OMG; data of cell volume, expressed as percent of the control values, are means of three
experiments. Western blotting and cell volume measurements were performed on cell populations set free of dead cells by specific column filtration (see Materials and
Methods) at the end of the initial 16 h incubation. Data in a, c and e are from a representative experiment. Each experiment, repeated three times, yielded similar results
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decreased further for 24 h and then increased progressively
up to 72 h (when the average cell water volume was still
80% of its initial value, Figure 1b). A complete recovery of
S6K1 rephosphorylation was observed at 144 h (Figure 1a, re-
covery), when total growth-dependent cell mass (intracellular
water volume and protein content) attained the same value of
control cells. The treatment of Jurkat cells for 24 h with 30 mM
LY294002, an inhibitor of the PI3K/mTOR pathway, induced a
decrease in cell size even more pronounced than that
promoted by 20 nM rapamycin (Figure 1b). Incubations of
Jurkat cells in a leucine-free medium, a condition that causes
S6K1 dephosphorylation (cf. Fumarola et al.9) was also
associated with a progressive volume decrease of viable cells
(cell population set free of dead cells by specific column

filtration, see Materials and Methods). After 16 h, the dephos-
phorylation of S6K1 (Figure 1e) was associated with a
reduction of cell volume that approximated 30% of its initial
value (Figure 1f). The population of small-size viable cells was
then transferred into a complete medium. Under these
conditions, Jurkat cells reactivated the mTOR/S6K pathway
within 3 h (Figure 1e) and recovered their normal size within
24 h (Figure 1f).

Proliferation rate is slowed, but not suppressed in
small-size cells

Since conditions that promote the decrease in cell size by
deactivating the mTOR/S6K pathway (rapamycin treatments,

Figure 2 Rapamycin-dependent reduction in cell size slows down but does not suppress cell proliferation. (a) Jurkat cells, seeded at a density of 0.5� 106 cells/ml,
were incubated for 96 h in dialyzed FBS-supplemented RPMI 1640 (always renewed every 24 h, with cell density restored at the same initial value by a splitting
procedure) in the absence (basal medium, control), in the presence of 20 nM rapamycin (newly added at every medium renewal along the entire incubation period), or for
24 h in the presence of 20 nM rapamycin and then transferred into basal medium (recovery). In some experiments, the recovery was continued up to 144 h. Cell
proliferation was evaluated by counting the cells in a Bürker hemocytometer and cell viability was assessed by trypan blue exclusion; data are means7S.D. of three
separate experiments; (b) cells were incubated as described in (a) and, at the indicated time intervals, were stained with propidium iodide and analyzed by flow cytometry
for cell-cycle-phase distribution. Cytofluorimetric profiles and percentages of cells residing in each cycle phase (reported below) are from a representative experiment;
the experiment, repeated three times, yielded similar results. (c) Cells, seeded at a density of 0.5� 106 cells/ml, were incubated for 48 h in the absence (control) or the
presence of 10, 30 and 100 nM rapamycin; cell proliferation was evaluated by counting the cells in a Bürker hemocytometer and cell viability was assessed by trypan blue
exclusion. Data are means7S.D. of three separate experiments
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leucine deprivation) may affect the cell death rate, conditions
were selected to assess proliferation on viable cells. The
effect of rapamycin on proliferation of Jurkat cells was
evaluated by incubating them in FBS-supplemented RPMI
1640 in the absence (control) and the presence of 20 nM
rapamycin. When seeded at a density of 0.5� 106 cells/ml
and restored at the same initial density by a splitting procedure
every 24 h, control cells doubled continually within the
intersplit periods for at least 96 h (Figure 2a). With rapamycin
present in the medium, cells gradually decreased their volume
(Figure 1b) but proliferation, although progressively reduced
(with an increasing number of cells residing in G1 phase,
Figure 2b), was not suppressed at a smaller size (Figure 2a).
Both control and rapamycin-treated cells did not show

significant apoptotic response along the entire experimental
period. A dose–response with increasing rapamycin concen-
trations (range: 10–100 nM) showed that proliferation in cells
of reduced size was maintained (although at a decreasing
rate) even at the highest concentration of the macrolide
(Figure 2c) in the absence of significant apoptotic cell death
(cf. Strauss et al.53). To verify whether the effects of the drug
on cell proliferation were reversible, Jurkat cells, seeded at a
density of 0.5� 106 cells/ml, were incubated for 24 h in a
20 nM rapamycin-containing medium, transferred into basal
medium (always renewed every 24 h, with cell density
restored at the same initial value by a splitting procedure)
and incubated for an additional 72 h (with a further final assay
at 144 h of incubation). Cells transferred in rapamycin-free
basal medium maintained a slow proliferation rate compar-
able to that allowed by the rapamycin treatment up to 24 h and
then started to increase their proliferation, reaching an
approximate 80% of the rate of control cells at 72 h
(Figure 2a, recovery). A complete recovery of cell proliferation
was observed at 144 h after rapamycin removal. The
cytofluorimetric analysis of cell cycle (Figure 2b) showed that
the relative number of cells residing in G1 phase diminished
after 24 h of recovery and reverted to normal values (with an
increased number of cells present in S and G2/M) after 72 h of
incubation, that is earlier than the complete recovery of cell
water volume and rate of proliferation. Jurkat cells, seeded at
a density of 0.5� 106 cells/ml and incubated in leucine-free
medium ceased to divide within 8–10 h. Under these condi-
tions, the size of viable cells decreased gradually and the
process was accompanied by an increasing fraction of dead
cells that, after 16 h of leucine deprivation, reached about 30%
of the cell population (Figure 3a). At this time, the cell
population was set free of dead cells by specific column
filtration (see Materials and Methods). Viable cells (that had
attained a size reduction comparable to that induced by
rapamycin treatment, cf. Figure 1b and f), when transferred
into basal medium (renewed at 24 h, with cell density restored
at the same initial value by a splitting procedure) resumed
proliferation at an increasing rate, reaching values compar-
able to those of controls after 48 h (Figure 3b, recovery). Along
the period required to attain a normal proliferation rate, only a
few apoptotic events were detected in the cell population.

Small-size cells are protected from apoptosis

Persistent deactivation of the mTOR/S6K pathway by long-
lasting rapamycin treatment resulted in small-size cells that
resisted apoptosis. As shown in Figure 4a, Jurkat cells whose
size was reduced by a 24 h treatment with 20 nM rapamycin
were significantly protected from apoptotic cell death pro-
moted by CD95 receptor-ligation with agonistic anti-CD95
antibodies (extrinsic pathway) or by mitochondrial perturba-
tion (intrinsic pathway) induced through etoposide (a DNA-
damaging topoisomerase II inhibitor) or staurosporine (Sts)
(a broad spectrum protein kinase inhibitor) treatments.
Reduction of cell size promoted by rapamycin treatment also
diminished significantly the apoptotic response to the fast
cell shrinkage associated with the bulky water release after
glutamine deprivation or amino-acid withdrawal (extrinsic
pathway, ligand-independent CD95 receptor-mediated apo-

Figure 3 Leucine deprivation arrests proliferation and induces apoptosis, but
leucine reinstatement allows viable cells to recover the initial proliferation rate. (a)
Jurkat cells were seeded at a density of 0.5� 106 cells/ml in leucine-containing
(basal medium, control) or in leucine-free (�leu) RPMI 1640 supplemented with
10% dialyzed FBS and incubated for 24 h. Apoptosis was quantitated at the
indicated time intervals by fluorescence microscopy analysis on Hoechst 33342
and propidium iodide-stained cells. Data, expressed as percent values, are
means7S.D. of three separate experiments. (b) Cells were incubated for 16 h in
leucine-containing (basal medium, control) or leucine-free medium; at this time,
the two cell populations were set free of dead cells by specific column filtration
(see Materials and Methods). Viable cells from both populations (control or
leucine deprived, from now indicated as recovery) were then transferred into
basal medium at a density of 0.5� 106 cells/ml and incubated for an additional
48 h (with medium renewed at 24 h and cell density restored at the same initial
value by a splitting procedure). Cell proliferation was evaluated by counting the
cells in a Bürker hemocytometer and cell viability was assessed by trypan blue
exclusion. Data are means7S.D. of three separate experiments
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tosis54). As shown in Figure 4b, Jurkat cells, induced to
decrease their size by long-lasting pretreatment with rapa-
mycin, when incubated in a glutamine-free medium under-
went a further fast reduction of their volume, but this shrinkage
was significantly less effective in promoting apoptosis than the
shrinkage induced by glutamine deprivation in normal-size
untreated cells (Figure 4c). A comparable protection from
apoptosis in cells pretreated with rapamycin for 24 h was
observed when the shrinkage was induced by amino-acid
withdrawal (Figure 4c). Rapamycin-induced small-size Jurkat
cells were also protected from ligand-independent CD95-
launched apoptosis induced by the ether lipid 1-O-octadecyl-
2-O-methyl-rac-glycero-3-phosphocholine (ET-18-OCH3)55,56

(Figure 4d). As reported above, a 24-h treatment of Jurkat
cells with LY294002 at a marginally toxic concentration

(30 mM)49 induced a decrease in cell size (cf. Figure 1b)
accompanied by about 10% apoptosis in the cell population
and these small-size cells were protected from cell death
promoted by CD95 receptor-ligation with agonistic anti-CD95
antibodies (Figure 4e). A deactivation of the mTOR/S6K1
pathway by leucine deprivation was also associated with a
progressive cell size decrease (Figure 1f). However, the cell
population included a large fraction of dead cells (Figure 3a),
presumably due to a cycle arrest-dependent proapoptotic
effect of leucine depletion in constitutive c-myc expressing
cells.57,58 This preparation, as such or after a preliminary
procedure to set the preparation free of dead cells, was ill-
suited to study whether leucine deprivation-induced small-
size cells were protected from apoptosis. In a large number
of experiments (19) a significant protection from apoptosis

Figure 4 Small-size cells resulting from rapamycin- or LY294002-dependent deactivation of the mTOR/S6K pathway are protected from receptor-mediated and stress-
induced cell death. (a) Jurkat cells, seeded at a density of 0.5� 106 cells/ml, were incubated in dialyzed FBS-supplemented RPMI 1640 in the absence (�rapamycin,
basal medium) or the presence of 20 nM rapamycin. After 24 h, the cells were transferred into basal medium at a density of 1� 106 cells/ml and incubated for 6 h in the
presence of CH11 anti-CD95 antibody (0.1 mg/ml), etoposide (10 mM) or staurosporine (sts, 0.3 mM). Apoptosis was quantitated by fluorescence microscopy analysis on
Hoechst 33342 and propidium iodide-stained cells. Data, expressed as percent values, are means7S.D. of three to six separate experiments. (b) Cells, seeded at a
density of 0.5� 106 cells/ml, were incubated: (1) in basal medium for 24 h (control); (2) in dialyzed FBS-supplemented glutamine-free RPMI 1640 in the absence of
rapamycin for 6 h (�gln); (3) in the presence of 20 nM rapamycin for 24 h (rapamycin) and then transferred into dialyzed FBS-supplemented glutamine-free RPMI 1640
in the absence of rapamycin (rapamycin//�gln), and incubated for an additional 6 h. Cell water volumes were estimated at the indicated time intervals by transmembrane
3H-OMG distribution. Data, expressed as percent of the control values, are from a representative experiment. The experiment, repeated three times, yielded similar
results. (c) Cells, incubated for 24 h with or without 20 nM rapamycin as described in (a), were then transferred into glutamine-free medium (�gln) or into amino-acid-free
medium (�aa) and incubated for 6 h (d) Cells were incubated for 24 h with or without 20 nM rapamycin as described in (a) and then transferred into basal medium
containing ET-18-OCH3 (5 mg/ml), and incubated for 6 h. In (c) and (d), apoptosis was quantitated as described in (a); data, expressed as percent values, are
means7S.D. of three to six experiments. (e) Cells, seeded at a density of 0.5� 106 cells/ml, were incubated for 24 h in dialyzed FBS-supplemented RPMI 1640 in the
absence (�LY294002) or the presence of 30 mM LY294002. The cells were then reseeded into basal medium at a density of 1� 106 cells/ml and incubated for 6 h in the
presence of CH11 anti-CD95 antibody (0.1mg/ml). Apoptosis was quantitated as described in (a). Data, expressed as percent values, are means7S.D. of three
experiments
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induced by CD95 ligation with agonistic anti-CD95 antibodies
occurred in more than half of them, but not in the remaining.
The explanation is entirely unclear and more studies are
needed to understand the basis for these apparently contra-
dictory observations. We then asked whether a significant
decrease in cell size caused by a rapamycin-dependent
deactivation of the mTOR/S6K1 pathway was an unavoidable
requirement for cell protection against apoptosis or whether

the rapamycin treatment inhibited the apoptotic death
independently of its effect on cell growth rate and cell size
reduction. In Jurkat cells, rapamycin treatment deactivates
the mTOR/S6K1 pathway in less than 2 h.9 In 4 h lasting
experiments, rapamycin treatment did not significantly affect
Jurkat cell size (Figure 1d and cf. Fumarola et al.9) and, under
these conditions, the treatment was completely ineffective
in preventing cell death induced by CD95 receptor-ligation
with agonistic anti-CD95 antibodies or by etoposide- or Sts-
promoted mitochondrial perturbation (Figure 5a). Moreover,
we asked whether the protective effect against apoptosis in
rapamycin-pretreated small-size cells persisted indepen-
dently of a continuous presence of rapamycin in the
incubation medium. In these experiments, Jurkat cells,
incubated for 24 h in 20 nM rapamycin-containing medium,
were transferred into the basal medium (always renewed
every 24 h, with cell density restored at the same initial value
by a splitting procedure) and incubated for additional 72 h
(with a further final assay at 144 h of incubation). After
rapamycin removal, the protection against apoptosis induced
by CD95 receptor-ligation with agonistic anti-CD95 antibodies
was effective for at least 72 h (Figure 5b) and vanished at
144 h (35% in control versus 37% apoptosis in recovered
cells, means of three experiments) when, after complete
S6K1 rephosphorylation (Figure 1a), the cells recovered their
initial mass. A comparable trend of persistent protection after
rapamycin removal was also observed in rapamycin-pre-
treated cells induced to apoptose by Sts-promoted mitochon-
drial perturbation.

Protection from apoptotic cell death at molecular
level

The decreased susceptibility to apoptosis associated to the
cell size-reduction promoted by long-lasting deactivation of
the mTOR/S6K pathway, as assessed by morphological
observations, has been confirmed at the molecular level.
The CD95 receptor-mediated apoptosis (extrinsic pathway)
was monitored by Annexin V-FITC surface exposure, DNA
fragmentation, procaspase-8, -9 and -3 cleavage and
caspase-8, -9 and -3 activity. When normal-size (control)
and small-size Jurkat cells (with rapamycin treatment used as
prototypical cell mass-reduction procedure) were induced to
apoptose by CD95 receptor-ligand interaction using the
agonistic CH11 anti-CD95 antibody, the number of Annexin
V-positive cells (indicating phosphatidylserine exposure on
the plasma membrane) at 3 h was about 50% of that detected
in normal-size cells (means of three experiments). As
assessed after additional 3 h, DNA fragmentation was
markedly reduced and cleavage of procaspase-8, -9 and -3
decreased significantly (without a change in their total protein
expression) as did the catalytic activity of the proteolitically
processed caspases (Figure 6). Similar results were obtained
when the apoptotic pathway was launched by ligand-
independent CD95 multimerization induced by glutamine
deprivation. The apoptotic death pathway induced by Sts-
promoted mitochondrial perturbation (intrinsic pathway) was
monitored by assessment of caspase-2 processing, mito-
chondrial transmembrane potential and permeabilization with

Figure 5 Cell size reduction, but not mTOR-deactivating rapamycin treatment
per se, protects the cells against apoptosis. (a) Jurkat cells, seeded at a density
of 0.5� 106 cells/ml, were incubated for 4 h in dialyzed FBS-supplemented RPMI
1640 in the absence (�rapamycin) or the presence of 20 nM rapamycin. The
cells were then transferred into basal medium at a density of 1� 106 cells/ml and
incubated for 6 h in the presence of CH11 anti-CD95 antibody (0.1 mg/ml),
etoposide (10 mM) or staurosporine (sts, 0.3 mM). Apoptosis was quantitated by
fluorescence microscopy analysis on Hoechst 33342 and propidium iodide-
stained cells. Data, expressed as percent values, are means7S.D. of three to
six experiments. (b) Jurkat cells, seeded at a density of 0.5� 106 cells/ml, were
incubated: (1) for 96 h in dialyzed FBS-supplemented RPMI 1640 (always
renewed every 24 h, with cell density restored at the same initial value by a
splitting procedure) in the absence (�rapamycin, control) and the presence of
20 nM rapamycin, newly added at every medium renewal along the entire
incubation period or (2) in the presence of 20 nM rapamycin for 24 h and then
transferred into basal medium for an additional 72 h (recovery). At the indicated
time intervals cells from each condition were reseeded into basal medium at a
density of 1� 106 cells/ml and incubated in the presence of CH11 anti-CD95
antibody (0.1 mg/ml) for 6 h. Apoptosis was then quantitated as described in (a).
Data, expressed as percent values, are means7S.D. of three experiments
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release of cytochrome c and apoptosis-inducing factor (AIF).
Small-size Jurkat cells induced to apoptose by Sts, as
compared to normal-size (control) cells, showed a greatly
diminished cleavage of caspase-2 (without a change in total
protein expression), a decreased permeabilization of the

mitochondrial membrane, indirectly assessed by a lower
dissipation in transmembrane potential [DCm], and a reduced
release of cytochrome c and AIF into the cytosol (Figure 7).
Similar results on dissipation in transmembrane potential and
release of cytochrome c were obtained when the intrinsic
apoptotic pathway was induced by etoposide. Jurkat cells
incubated in the presence of rapamycin in short-term
experiments (4 h) did not change their volume appreciably
(Figure 1d) and, when the apoptotic pathway was triggered by
a CD95 receptor–ligand interaction, were responsive as
untreated control cells without attenuation of DNA fragmenta-
tion, cleavage of procaspase -8, -9 and -3 or activity of
caspase-8, -9 and -3. Comparable short-term experiments
showed that mitochondrial permeabilization or cytochrome c
release were not prevented in Jurkat cells when the
mitochondrial apoptotic pathway was induced by Sts or
etoposide.

Cell-size reduction does not affect the expression
of a number of apoptosis-involved gene products

As assessed by Western blot analysis and specific antibodies,
long-lasting rapamycin treatments inducing inactivation of the
mTOR/S6K pathway in Jurkat cells did not appreciably affect
the expression level of the following protein products: c-Myc,
FADD, Bid, Bax, Bcl-2 and Bcl-xL (Figure 8); moreover, in
rapamycin-treated cells, protection from a 6 h CD95 receptor-
induced apoptosis was not associated with changes in the
expression of all these proteins (Figure 8). Cytofluorimetric
analysis showed that the expression of CD95 receptors at the
cell membrane did not change significantly (not shown).

Discussion

Long-lasting rapamycin treatments and leucine deprivation
(representative of nutrient-poor conditions9) that deactivate
the mTOR/S6K1 pathway promote a gradual, progressive,
reduction of size in Jurkat cells. A cell size decrease occurs
also when cells are treated with LY294002, an inhibitor of the
PI3K/Akt/mTOR pathway that suppresses the activity of PI3K
and mTOR at similar concentrations.59 Viable small-size cells
generated by rapamycin treatment retain proliferation,
although at a slow rate. Jurkat cells used in these experiments
are distributed among the cycle phases. As shown in

Figure 6 The lower susceptibility of mTOR deactivation-dependent small-size
cells to receptor-mediated apoptosis is indicated by a reduction in DNA
fragmentation, a diminished procaspase cleavage, and a decreased catalytic
activity of relevant caspases. Jurkat cells, seeded at a density of 0.5� 106 cells/
ml, were incubated in dialyzed FBS-supplemented RPMI 1640 in the absence
(control) or in the presence of 20 nM rapamycin. After 24 h, the cells were
transferred into basal medium at a density of 1� 106 cells/ml and incubated for
6 h in the presence of CH11 anti-CD95 antibody (0.1mg/ml). (a) DNA
fragmentation was determined by photometric enzyme immunoassay; data are
means7S.D. of three separate experiments; (b) cleavage of procaspase-8, -9
and -3 was assessed on lysate proteins by Western blotting. The migration
position of each full length procaspase and of their processing products is
indicated; (c) activity of caspase-8, -9 and -3 was measured on cell lysates by a
colorimetric assay and data for anti-CD95 antibody-treated cells are shown as
fold increase relative to the corresponding control. Data in b and c are from a
representative experiment. The experiments, repeated at least three times,
yielded similar results
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Figure 2b, a rapamycin treatment increases the relative
number of cells residing in G1 phase but, upon rapamycin
removal, the distribution of cells among the cycle phases
reverts to normal earlier than resumption of a full proliferation
rate (Figure 2a). Therefore, the decreased proliferation rate of
rapamycin-treated small-size cells is not entirely dependent
on their accumulation in G1 phase and possibly reflects a
complex slowing down of the entire cell cycle. It has been
proposed that an active mTOR/S6K1 pathway, and possibly
S6 phosphorylation, by selectively promoting the translation of
50-TOP mRNAs encoding ribosomal proteins, may contribute
to prevent the increase of cell-cycle regulators until the cell
has reached an appropriate size for division.43 In this view, the
inhibition of the pathway by rapamycin with ribosomal protein
mRNA no longer preferentially translated, could allow a
cell-cycle regulator to accumulate relatively rapidly, resulting
in cell division even at a small size.42,43 Some recent
studies,60,61 however, have questioned the link between
S6K1, S6 phosphorylation and 50-TOP mRNA translation.
Whatever the explanation, our results show that, under
nutrient (leucine)-rich conditions, proliferation of rapamycin-
treated cells lasts for several days and decreases as a
function of the length of the incubation period. This behavior

may reflect a rapamycin-dependent perturbation of the mTOR
function20,22 at a site downstream of the amino-acid-TOR
pathway.12 Indeed, it has been suggested that rapamycin
perturbs the GbL-mediated raptor-mTOR interaction neces-
sary for mTOR to form a nutrient-sensitive complex.20 In
contrast, viable small-size cells resulting from leucine
deprivation cease to divide. These cells, when transferred
into a nutrient (leucine)-rich environment, resume proliferation
at an increasing rate along the growth-dependent recovery of
their size promoted by the amino-acid-dependent reactivation
of the mTOR/S6K1 pathway.

In small-size cells resulting from a persistent deactivation of
the mTOR/S6K pathway promoted by rapamycin (as proto-
typical cell mass-reduction procedure), we found that: (a)
protection from CD95-receptor-mediated apoptosis involves
diminished proteolytic cleavage of relevant procaspases-8, -9
and -3 and decreased activity of the resulting caspases; under
these conditions the expression level of CD95 receptor at the
cell surface, of FADD adaptor and of regulators such as Bid,
Bax, Bcl-2, and Bcl-xL does not change significantly and (b)
protection from stressor-induced cell death is associated with
impaired processing of caspase-2 and enhanced resistance
to permeabilization of the mitochondrial membrane with

Figure 7 The lower susceptibility of mTOR deactivation-dependent small-size cells to mitochondrially-mediated cell death is indicated by a reduced cleavage of
caspase-2, a lower dissipation of mitochondrial membrane potential and a decreased release of cytochorome c and AIF from mitochondria. Jurkat cells, seeded at a
density of 0.5� 106 cells/ml, were incubated for 24 h in dialyzed FBS-supplemented RPMI 1640 in the absence (control) or the presence of 20 nM rapamycin. The cells
were then transferred into basal medium at a density of 1� 106 cells/ml and incubated up to 6 h in the presence of staurosporine (sts, 0.3 mM). (a) Cleavage of caspase-
2 was determined after 3 h of incubation on lysate proteins by Western blotting. The migration position of full length caspase and of its processing products is indicated;
(b) mitochondrial transmembrane potential was assessed after 3 h of incubation by flow cytometric analysis of cells stained with MitoCapture fluorochrome. Signals of
fluorochrome monomers (green fluorescence) and aggregates (red fluorescence) were detected through the FL1 and FL2 channels, and bivariate plots of red versus
green fluorescence signals are shown. A shift from red to green fluorescence denotes dissipation of mitochondrial membrane potential. The percentage of mitochondria-
depolarized cells is indicated; (c) cytochrome c and AIF release from mitochondria was assessed after 6 h of incubation by Western blotting analysis of cell cytosolic and
mitochondrial fractions. Results presented in a, b and c are from a representative experiment. Each experiment, repeated three times, yielded similar results
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reduced release of cytochrome c and AIF (the reduced
release of AIF suggests also a protection from caspase-
independent cell death62). In contrast, rapamycin treatments
of short duration (4 h) that inhibit the mTOR/S6K1-signaling
pathway for a period of time insufficient to reduce growth and
mass of cells significantly do not protect them against the
receptor/ligand interaction- or the stressor-induced apoptotic
death, indicating that the drug is unable to restrain these
deadly processes directly. Whether the decreased rate of cell
division induced by long-lasting rapamycin treatments is at
play during the generation or selection of small-size cells
resistant to apoptosis remains an open question. We have
shown that, in rapamycin-pretreated small-size cells, the
protective effect against apoptosis persists along the period of
recovery after rapamycin removal. In this period, the initial
altered distribution of cells in the cycle phases (accumulation
of cells in G1) reverts to normal (Figure 2b), while cell volume
and rate of cell proliferation are still below the control values
(cf Figure 1b and 2a). Therefore, rapamycin treatments that
reduce cell size are likely to promote protection from
apoptosis through mechanisms that alter the small-size cell
response in a skewed way, with delayed return to the
unprotected condition. Perhaps, a hypothetical sensor could
measure directly or indirectly some correlate to the decreased
cellular mass so that, for some time, cells may become more
resilient to lethal assaults by curbing the cell’s suicidal
response to this condition. Moreover, the decreased cell
mass resulting from the defective growth may contribute to
protect the cell from the inevitable cell death that would result
from a reduced growth rate unable to keep up with a rapid rate
of cell division. In our biological model, these protection
mechanisms could be intended as an approach to survival. At

the molecular level, we found that in small-size Jurkat cells
several steps of death-signaling pathways (death receptor-
and mitochondrially-mediated63) are somehow hindered. In
particular, cell size reduction is associated with a significant
impairment of cleavage of the apical caspases involved in
death receptor-induced apoptosis (caspase-8, Figure 6b) and
in cellular stressor-promoted apoptosis (caspase-2,
Figure 7a). In cells induced to apoptose by CD95 receptor
ligation, the initial activation of caspase-8 is followed by its
cleavage, with a significant part of the detectable processed
caspase resulting from an amplification loop (caspase-8-
dependent proteolytic cleavage of the BH3-only protein Bid
to tBid, mitochondrial permeabilization with cytochrome c
release by tBid/Bax and activation of effector cas-
pases).47,64,65 A decreased contribution of this loop to
caspase-8-processing in small-size Jurkat cells (Figure 6b)
cannot be excluded. In type II cells, the cleavage of caspase-2
may occur upstream of the mitochondrion,66 while a sig-
nificant contribution to this processing by a mitochondrial
feedback loop, largely attributed to the proteolytic activity of
the effector caspase-3, has been reported.64,67 In our
experiments, the lower dissipation in transmembrane poten-
tial [DCm] and the reduced release of cytochrome c observed
in small-size Jurkat cells (Figure 7b and c) do not discriminate
between inhibition on caspase-2 processing (Figure 7a)
upstream of the mitochondrion (affecting the initial caspase
activation), or at the mitochondrial membrane (with hindrance
at some level of the mitochondrial amplification loop). Recent
data indicate that, in Jurkat cells, fully processed caspase-2
can directly permeabilize the outer mitochondrial membrane
with release of cytochrome c and smac/DIABLO (but not of
AIF), an effect that appears to require processing of the
zymogen, but not the associated catalytic activity.68,69

However, as shown in Figure 7c, Sts treatment, beside
cytochrome c, promotes the release of AIF from Jurkat cell
mitochondria. This finding suggests that either caspase-2
activation/processing can act in conjunction with Bax/Bak to
release this death-inducing factor,69 or that other agents are
involved in this effect. All these data lead us to speculate that
the substantial reduction in cell size and mass might decrease
membrane fluidity that, in turn, would restrain lateral diffusion
of receptors at the plasma membrane and perhaps hamper
permeabilization of mitochondrial membranes. Should a
lateral diffusion of proteins in the plasma membrane be
lowered in rapamycin treatment-dependent small-size Jurkat
cells, it would restrict the CD95 receptors from forming
functional multimers necessary to activate caspase-8 in
ligand-dependent and ligand-independent activation of the
apoptotic extrinsic pathway. Consistent with this view, the
inhibition of lateral diffusion of CD95 in the plasma membrane
of Th2 lymphocytes restrains the receptor multimerization and
the subsequent caspase-8 cleavage to its catalytically active
forms, with protection against apoptosis.70 Moreover, in
Jurkat cells, the ligand-independent apoptosis induced by
the ether lipid ET-18-OCH3

55 (translocation of CD95 into
membrane lipid rafts, rafts clustering, CD95 multimerization,
activation of initiator caspase-8 and recruitment of Bid linking
CD95 receptor to mitochondrial-signaling routes56) is largely
prevented in rapamycin treatment-dependent small-size
Jurkat cells (Figure 4d), suggesting hampered diffusion of

Figure 8 The expression of several gene products involved in apoptosis is not
affected by the mTOR deactivation-dependent reduction of cell size. Jurkat cells,
seeded at a density of 0.5� 106 cells/ml, were incubated in dialyzed FBS-
supplemented RPMI 1640 in the absence (control) or the presence of 20 nM
rapamycin. After 24 h, the cells were transferred into basal medium at a density of
1� 106 cells/ml and incubated for 6 h in the presence of CH11 anti-CD95
antibody (0.1 mg/ml). Protein expression was assessed by Western blot analysis
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signaling molecules and/or delayed raft clustering in cell
membranes.

Based on several preclinical research lines, the interest in
mTOR as a potential target of inhibition in cancer therapy, and
particularly in the hematologic malignancies, is deep and
increasing. Inhibitors such as rapamycin and its derivatives
sirolimus (CCL-779) and everolimus (designated rapamycins)
restrain cell growth and proliferation of many tumor cell lines in
culture.71 High sensitivity to rapamycins has been observed in
PTEN-deficient brain, prostate, breast and multiple myeloma
cells, with induction of G1 cell-cycle accumulation or arrest,72

sometimes followed by apoptosis (as in primary multiple
myeloma cells73). However, a rapamycin-dependent induc-
tion of apoptosis have not been seen in other tumor cell lines
including Jurkat,53 and we have shown that long-lasting
rapamycin treatment protects Jurkat cells against apoptosis.
Therefore the use of rapamycin, alone or as a sensitizer of
other chemotherapeutic agents74 is only likely to work in
malignancies that suppress apoptosis through the mTOR-
dependent pathway. Tumors that rely on mTOR-independent
antiapoptotic signals or that react to the rapamycin treatments
with a cell size reduction-promoted antiapoptotic effect are
expected to be unresponsive. In the latter tumors, the impact
of rapamycins treatment may be reminiscent of p53 suppres-
sor gene loss, which accelerates Myc-induced tumorigenesis
by disabling apoptosis.75

Materials and Methods

Cells and culture conditions

Human T-lymphoblastoid Jurkat cells, purchased from American Type
Culture Collection (Rockville, MD, USA), were maintained in RPMI 1640
supplement with 10% FBS, penicillin (100 U/ml), streptomycin (100 mg/ml)
at 371C in an atmosphere of 5% CO2 in air. Cells were grown and used in
suspension cultures, always split 24 h before the experiments. All
experiments were made on subcultures (0.5–1� 106 cells/ml) incubated
in RPMI 1640 (or modified/reconstituted RPMI) supplemented with 10%
dialyzed FBS. Leucine- and glutamine-free RPMI were purchased and
amino-acid-free RPMI was reconstituted from components (salts, glucose,
vitamins, etc.) of RPMI, except amino acids.

Dead cell removal

Dead cells were positively separated by high-gradient magnetic sorting
using the magnetic cell separator MiniMACSt (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the protocol provided by the
manufacturer. Briefly, 107 cells were resuspended in 100ml of Dead Cell
Removal MicroBeads and incubated for 15 min at room temperature. The
MSþ Separation Column was placed in the MiniMACSt magnet and
rinsed with the binding buffer. The cell suspension was applied onto the
column that retained the positive cells and let the negative viable cells pass
through. Effluent was collect as live cell fraction.

Cell mass measurements

Cell water volume was estimated by measurements of steady-state
transmembrane distribution of 3-o-methyl-D-[1-3H]glucose (OMG), as
described previously.54 Briefly, labeled OMG was added during the last
40 min of incubation. The cells were then quickly washed twice in ice-cold

Earle’s balanced salt solution and extracted in ice-cold 10% trichloroacetic
acid. Radioactivity was measured by liquid-scintillation counting with a
Packard 460C spectrometer (Packard Bioscience BV, The Netherlands) in
three to five independent experiments. Cell protein content was measured
by Bradford assay76 and dry cell mass was estimated from the ratio of dry/
fresh weight measurements with a Chan electrobalance, as previously
described.77

ATP detection

Cell content of ATP was determined by a luminescence assay system
(ATPLitet-M, Packard) as described previously.9 Fifty microliters of cell
lysis solution was added to 100 ml of cell suspension (4� 104 cells) per
well of a 96-well microplate. After shaking, 50 ml of substrate solution
(luciferin/luciferase) was added to each well. The plate was shaken and
adapted in the dark. Luminescence was measured by the Packard
TopCount Microplate Scintillation and Luminescence Counter. The
unknown ATP concentrations were calculated on the basis of the ATP-
standard curve. Each measurement value represents the mean of four
single readings.

Western blot analysis

Jurkat cells were rinsed twice and solubilized in lysis buffer as described.9

60–100 mg protein of cell lysate was resolved by sodium, dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
nitrocellulose membranes. The membranes were then incubated with
(a) a 1 : 1000 dilution of the rabbit phosphospecific anti-p70S6k (Thr421/
Ser424) antibody;23,33 (b) a 1 : 1000 mouse anticaspase-8 antibody; (c) a
1 : 1000 rabbit anticaspase-9 antibody; (d) a 1 : 1000 rabbit anticaspase-3
antibody; (e) a 1 : 100 mouse anticaspase-2 antibody; (f) a 1 : 600 mouse
anti-c-Myc antibody; (g) a 1 : 250 mouse anti-FADD antibody; (h) a
1 : 1000 rabbit anti-Bid antibody; (i) a 1 : 100 rabbit anti-Bax antibody; (j) a
1 : 100 mouse anti-Bcl-2 antibody; (k) a 1 : 100 mouse anti-Bcl-xL antibody
and (l) a 1 : 3000 mouse antiactin antibody. Cytosolic and mitochondrial
fractions were generated from Jurkat cells using a digitonin-based
subcellular fractionation technique.78 Equal volumes of cytosolic and
mitochondrial fractions (corresponding to 80 mg protein of the cytosolic
fraction) were resolved by SDS-PAGE and transferred to nitrocellulose
membranes. The membranes were then incubated with (a) a 1 : 300
mouse anticytochrome c antibody and (b) a 1 : 400 mouse anti-AIF
antibody. Blots were then washed and incubated with horseradish
peroxidase (HRP)-anti-mouse or HRP-anti-rabbit antibodies at 1 : 20000
dilution. Immunoreactive bands were visualized by using an enhanced
chemiluminescence system. The intensity of the bands corresponding to
phosphospecific p70S6k protein was quantified by densitometric analysis
(UN-SCAN-ITt gel).

Determination of proliferation rate and cell-cycle
analysis

Cell proliferation was evaluated by counting the cells in a Bürker
hemocytometer and cell viability was assessed by trypan blue exclusion.
Distribution of the cells in the cell cycle was determined by propidium
iodide staining and flow cytometry analysis. Briefly, 5� 105 cells were
incubated overnight at 41C in 1 ml of hypotonic fluorochrome solution.
Analysis was performed with Coulter EPICS XL-MCL cytometer (Coulter
Co., Miami, FL, USA). Cell-cycle-phase distributions were analyzed by
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MultiCycle DNA Content and Cell Cycle Analysis Software (Phoenix Flow
Systems, Inc., San Diego, CA, USA).

Detection of apoptosis

Apoptosis was assessed by (a) morphology on stained (Hoechst 33342,
propidium iodide) or unstained cells using light-, phasecontrast- and
fluorescence-microscopy; (b) FITC-conjugated Annexin V assay (Bender
MedSystems, Vienna, Austria); (c) DNA fragmentation by a photometric
enzyme immunoassay (Cell Death Detection ElisaPLUS Roche Diagnostic,
Mannheim, Germany); (d) caspase-8, -9 and -3 activity by a colorimetric
assay (MBL, Watertown, MA, USA); (e) caspase-8, -2, -9 and -3 cleavage
and release of cytochrome c and AIF by Western blotting procedure; (f)
dissipation of mitochondrial membrane potential by the MitoCapturet
Assay Kit (MBL) and flow cytometric analysis, as previously described.9

Antibodies and reagents

RPMI 1640 and FBS were purchased from Gibco-BRL (Grand Island, NY,
USA). Leucine- and glutamine-free RPMI 1640 were from ICN
Biomedicals, Inc. (Irvine, CA, USA). Polyclonal anti-p70S6k (Thr421/
Ser424), polyclonal anti-Bax (P-19), monoclonal anti-Bcl-2 (C-2), mono-
clonal anti-Bcl-xL (H-5), monoclonal anticytochrome c (7H8) and
monoclonal anti-AIF (E-1) antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Monoclonal anticaspase-8 (1C12),
polyclonal anticaspase-9, polyclonal anticaspase-3 and polyclonal anti-Bid
antibodies were from Cell Signaling Technology (Beverly, MA, USA).
Polyclonal anticaspase-2 antibody was from Chemicon International
(Temecula, CA, USA). Monoclonal anti-c-Myc antibody was from
Cambridge Research Biochemicals (Wilmington, DE, USA). Monoclonal
anti-FADD antibody was from BD Biosciences (San Jose, CA, USA).
Monoclonal antiactin (AC-40) antibody was from Sigma-Aldrich (St. Louis,
MO, USA). HRP-conjugated secondary antibodies and the enhanced
chemiluminescence system (ECL) were from Pierce (Rockford, IL, USA).
Reagents for electrophoresis and blotting analysis were obtained from
BIO-RAD Laboratories. Monoclonal anti-CD95 IgM (CH-11) antibody was
from MBL. 3-o-methyl-D-[1-3H]glucose was purchased from Amersham
Pharmacia Biotech (Buckinghamshire, UK). Rapamycin, LY294002, Sts,
etoposide, ET-18-OCH3 and other reagents were from Sigma-Aldrich.
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