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ABSTRACT Activation of proteolytic enzymes, including
cysteine proteases of the ced-3yICE family, is a characteristic
feature of the apoptotic program. In contrast, the role of the
proteasome as the major nonlysosomal machinery to degrade
or process proteins by ATPyubiquitin-dependent proteolysis
in this process is less clear. In human leukemic HL60 cells,
inhibition of proteasome-mediated proteolysis by specific
proteasomal inhibitors leads to the rapid induction of apo-
ptosis as judged by morphological changes as well as by
nuclear condensation and DNA fragmentation. HL60 apopto-
sis is due to activation of CPP32, a member of the ced-3yICE
family of cysteine proteases, and appears to occur indepen-
dently from ICE activity. HL60 apoptosis is accompanied by
an increase in the concentration of the cyclin-dependent
kinase inhibitor p27Kip1. Labeling of the cells by the TUNEL
technique demonstrates that HL60 cells undergoing apoptosis
are primarily in the G1 phase of the cell cycle. Proteasomal
activity therefore appears to be required in proliferating, but
not in quiescent, HL60 cells for cell survival as well as normal
progression through the cell cycle.

Apoptosis has been recognized as a distinct form of cell death
that has an essential function in the regulation of cell turnover
during development, tissue homeostasis, and cancer (1, 2). For
a long time the characteristic cleavage of DNA into oligonu-
cleosomal fragments has been regarded as a hallmark of
apoptosis and was the only biochemical marker available.
Recently the focus of interest has shifted toward proteolytic
events during apoptotic cell death, and it has become apparent
that activation of proteolytic enzymes, culminating in the
disintegration of the cell, is a characteristic feature of apopto-
sis. In particular, cysteine proteases of the ced-3yICE family
have been implicated as central components of this proteolytic
machinery (3). However, in contrast to the intense research
efforts spent on the ced-3yICE family of proteases, much less
attention has been paid so far to the multicatalytic protease
complex (MCP) or proteasome, which represents the cell’s
major nonlysosomal tool to rapidly degrade or process proteins
by ATPyubiquitin-dependent proteolysis and its potential role
in apoptotic cell death. In higher eukaryotic cells the MCP is
involved in the degradation of most of the cytosolic proteins
and in particular of short-lived proteins critical for cell pro-
liferation and cell cycle regulation. Examples include the
tumor suppressor protein p53 (4) and various cyclins (5), as
well as the cyclin-dependent kinase inhibitor p27Kip1 (6). The
proteasome in addition has a direct impact on transcriptional
regulation by processing and degradation of NFkB and IkB
respectively, as well as by proteolysis of transcription factors

such as c-Fos (7, 8) and c-Jun (9). Finally, studies performed
in two developmental systems, regression of the intersegmen-
tal muscles in the hawkmoth Manduca sexta and thyroxin-
induced apoptosis in the tadpole tail, suggest a link between
proteasome function and programmed cell death (10–12). In
three recent in vitro studies the question of a potential involve-
ment of proteasomes in apoptotic cell death was addressed,
with a rather controversial outcome (13–15). On the basis of
the known properties of the proteasome in combination with
the fact that activation of a proteolytic cascade or of a
proteolytic network occurs during apoptosis, it was therefore
intriguing to study the potential involvement of the protea-
some in the regulation of programmed cell death in more
detail. Here it is reported that proteasomal inhibitors are
capable of inducing apoptosis in proliferating HL60 cells, but
not in quiescent, differentiated cells. Thus it appears that
proteasome-mediated proteolysis is essential for cell survival
and cell cycle progression of actively dividing cells and that the
two events may be tightly coupled to each other by the
proteasome.

MATERIALS AND METHODS

Materials. N-Carbobenzoxy-L-leucyl-L-leucyl-L-norvalinal
(LLnV), N-carbobenzoxy-L-isoleucyl-L-g-t-butyl-L-glutamyl-
L-alanyl-L-leucinal (PSI), and N-acetyl-L-aspartyl-L-glutamyl-
L-valyl-L-aspartal (Ac-DEVD-cho) were obtained from the
Peptide Institute, Osaka, Japan; the calpain inhibitors N-
acetylleucylleucylnorleucinal (LLnL) and N-acetylleucyl-
leucylnormethioninal (LLnM) were purchased from Calbio-
chem; N-acetyl-L-tyrosyl-L-valyl-L-alanyl-L-aspartyl chlorom-
ethyl ketone (Ac-YVAD-cmk) was a gift from R. Heumann
(University of Bochum), and all other protease inhibitors were
from Sigma. Compounds were dissolved in the amount of
dimethyl sulfoxide (DMSO) required to etablish stock solu-
tions of 50 mM. No more than 0.1% solvent was present in the
assays unless otherwise stated. Antibodies used in Western
blot analysis were obtained from Transduction Laboratories
(p27Kip1; CPP32), Santa Cruz Biotechnology (ICE p10), En-
zyme System Products [poly(ADP-ribose) polymerase
(PARP)], and ICN (b-actin). The monoclonal anti-c-Myc
antibody (clone 9E10) was kindly provided by S. Rose-John
(University of Mainz).
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leucylleucylnormethioninal; Ac-YVAD-cmk, N-acetyl-L-tyrosyl-L-
valyl-L-alanyl-L-aspartyl chloromethyl ketone; Ac-DEVD-cho, N-
acetyl-L-aspartyl-L-glutamyl-L-valyl-L-aspartal; PARP, poly(ADP-
ribose) polymerase; TPCK, N-tosylphenylalanyl chloromethyl ketone;
TLCK, N-tosyllysyl chloromethyl ketone; DCI, 3,4-dichloroisocouma-
rin; PMSF, phenylmethylsulfonyl f luoride; E64, trans-epoxysuccinyl-
L-leucylamido-(4-guanidino)butane; leupeptin, N-acetylleucylleucy-
largininal; DMSO, dimethyl sulfoxide; PMA, 4a-phorbol 12-myristate
13-acetate.
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Cell Culture. Human leukemic HL60 cells (ATCC no.
CCL-240) were cultured in RPMI medium 1640 containing
10% fetal bovine serum (FBS). The cell density of the cultures
was routinely maintained between 23 105 and 13 106 cells per
ml. For experiments involving quantitation of apoptotic cell
death approximately 2 3 107 cells were centrifuged through a
Histopaque 1119 cushion, to separate viable cells from dead
cells and debris. Viable cells were collected from the inter-
phase, washed in an excess volume of fresh medium, and plated
in 12-well plates at 1 3 106 cells in a final volume of 1 ml.
Protease and proteasome inhibitors dissolved in DMSO were
added to the cells from stock solutions at the final concentra-
tions given in Table 1, and incubation was continued for 6 h.
Differentiation of HL60 cells into adherent macrophage-like
cells was achieved by addition of 4a-phorbol 12-myristate
13-acetate (PMA; 10 ngyml) to the culture medium for 2–5
days.
Determination of DNA Fragmentation. For qualitative anal-

ysis of DNA fragmentation, cells were harvested at the indi-
cated times by centrifugation and lysed by the addition of 250
ml of lysis buffer consisting of 10mMTriszHCl (pH 7.5), 10mM
EDTA, and 0.1% Triton X-100. After centrifugation the
soluble DNA fragments released into the supernatant were
precipitated by addition of 0.5 vol of 7.5 M ammonium acetate
and 2.5 vol of ethanol. DNA pellets were incubated in TE
containing 20 mgyml RNase A (30 min, 378C), then loaded
onto a 1.7% agarose gel and separated at 100 V for 3 h. DNA
fragments were visualized after staining with ethidium bro-
mide by translumination with UV light. DNA fragmentation
was quantified as described in ref. 16. For flow cytometry, cells
were subjected to terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end-labeling (TUNEL) as previ-
ously reported (17) and counterstained with propidium iodide.
Contour plots were obtained by using a Becton Dickinson
FACScan flow cytometer and CellQuest software.
Loading of Cells with ICEyCPP32 Inhibitor Peptides. The

osmotic lysis of pinosome method as described by Moore et al.
(18) was used to enhance introduction of the inhibitor peptides
into the cells. Briefly, for each sample 1 3 106 cells were
pelleted in a conical tube and incubated for 8–10 min at 378C
with 500 ml of a prewarmed hypertonic solution of 0.5 M
sucrose, 10% (volyvol) polyethyleneglycol 1000 (Baker), and
10 mMHepes (pH 7.0) in RPMI medium containing N-acetyl-
L-tyrosyl-L-valyl-L-alanyl-L-aspartyl chloromethyl ketone (Ac-
YVAD-cmk; 250 mM), N-acetyl-L-aspartyl-L-glutamyl-L-valyl-
L-aspartal (Ac-DEVD-cho; 250 mM), or DMSO (0.5%). Hy-
potonic medium (60% RPMI 1640y40% distilled water) was
added to a final volume of 15 ml, and incubation at 378C was
continued for 3 min. Cells were harvested by centrifugation at
room temperature for 5 min at 200 3 g and resuspended in
RPMI 1640y10%FBS at 13 106 cells in a final volume of 1 ml.
LLnV (50 mM) or DMSO (0.1%) was added to the cells, and
the mixture was incubated for 6 h, followed by the diphe-
nylamine assay to determine the extent of DNA fragmenta-
tion.
SDSyPAGE and Western Blotting. After incubation with 50

mM LLnV for the indicated times (see Fig. 3), cells were lysed
in 1% SDSy10 mM TriszHCl, pH 7.5, proteins were denatured
at 958C for 10 min, and protein concentrations were deter-
mined by using the BCA assay (Pierce). Aliquots of each
protein lysate (30 mg) were subjected to SDSyPAGE (19).
After electrophoresis proteins were transferred to nitrocellu-
lose membranes and blocked overnight at 48C with TBST
buffer (50 mM TriszHCl, pH 7.4y150 mM NaCly0.05%Tween-
20) containing 5% nonfat dry milk powder. Primary antibodies
were added in TBSTy5% nonfat dry milk powder and incu-
bated for 45 min at 378C. Incubation with secondary peroxi-
dase-coupled goat anti-mouse antibody was performed under
the same conditions. Blots were developed by using the ECL
system (Amersham) or the SuperSignal reagent (Pierce).

RESULTS

Proteasomal Inhibitors Induce Apoptosis in HL60 Cells. In
unsynchronized HL60 cells, treated with N-tosylphenylalanyl
chloromethyl ketone (TPCK), 3,4-dichloroisocoumarin
(DCI), LLnL, or the specific proteasome inhibitors LLnV or
PSI a fraction of the cells began to undergo apoptosis as early
as 3–4 h after addition of the compounds. Membrane blebbing
and cytoplasmic shrinkage were observed and the cells formed
large protrusions. From 4 to 6 h after addition of proteasomal
inhibitors cell nuclei became progressively pyknotic and were
extensively fragmented (Fig. 1 C and D). The extent of DNA
fragmentation, a hallmark of apoptotic cell death, was deter-
mined quantitatively using the diphenylamine assay, as de-
scribed in Materials and Methods. The proportion of soluble
DNA fragments which were extractable from apoptotic cells
reached values of up to 45% for LLnV, 44% for DCI, and
34.9% for PSI of the total chromatin content after 6 h (Table
1). In contrast, cells treated with phenylmethylsulfonyl f luo-
ride (PMSF), N-tosyllysyl chloromethyl ketone (TLCK), trans-
epoxysuccinyl-L-leucylamido-(4-guanidino)butane (E64), N-
acetylleucylleucylargininal (leupeptin), or the type II calpain
inhibitor LLnM did not show any signs of apoptosis as assessed
by morphological changes or by the extent of DNA fragmen-
tation (Fig. 1 E and F; Table 1). DNA extracted from PSI-
treated cells (Fig. 1G), as well as from TPCK-, DCI-, LLnL-,
and LLnV-treated cells (not shown) displayed the oligonu-
cleosomal laddering typically associated with apoptotic cells,
when analyzed by agarose gel electrophoresis. The induction of
DNA fragmentation by blocking proteasomal activity occurred
in a dose-dependent fashion, as is shown for LLnV (Fig. 2) and
was not detectable in cells treated with DMSO, PMSF, TLCK,
E64, or LLnM (Fig. 2; data not shown).
Inhibition of Proteasomal Function Activates CPP32, a

Member of the ced-3yICE Family of Proteases. CPP32 pre-
cursor protein was detected in the lysate from untreated HL60
cells, but it gradually declined between 3 and 4 h after addition
of LLnV and was barely detectable after 12 h (Fig. 3A). When
the cleavage of PARP was used as an indicator of CPP32-like

FIG. 1. (A–F) Phase-contrast photomicrographs (A, C, and E) of
HL60 cells and photomicrographs of the same cells after nuclear
staining with Hoechst 33324 (B, D, and F) viewed 6 h after the
following treatments: 0.1% DMSO (A and B), 50 mM PSI (C and D),
or 50 mM E64 (E and F). (G) Oligonucleosomal DNA fragmentation
from PSI-treated cells: 0.1% DMSO (lane 1), 10 mM PSI (lane 2), or
50 mMPSI (lane 3). Soluble DNA fragments were extracted, separated
on a 1.7% agarose gel, and stained with ethidium bromide. The DNA
fragmentation patterns were similar in cells treated with TPCK, DCI,
LLnL, or LLnV (not shown).
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activity (20–22), it was observed that the decrease in the levels
of the CPP32 precursor molecule was accompanied by the
generation of a C-terminal 89-kDa PARP fragment (Fig. 3A).
The cleavage of PARP also correlated with the appearance of
cells in tissue culture showing characteristic apoptotic features
such as cytoplasmic bleb formation and nuclear condensation
or fragmentation (not shown). An inverse relationship was
observed between levels of p27Kip1 and CPP32 precursor
protein (Fig. 3A). In addition, the increase in p27Kip1 protein
appears to precede the decrease in CPP32 precursor protein by
roughly 1 h (Fig. 3A), suggesting that p27Kip1 may act upstream
of CPP32 activation. In contrast, the amounts of ICE precursor
remain unchanged even during the later stages of apoptosis (12
h, 24 h; Fig. 3A), when the extent of apoptosis approached
nearly 90% as assessed by DNA fragmentation (Fig. 2). This
also holds true for b-actin, which was used as an internal
control to monitor either induction of general proteolysis or
protein accumulation upon inhibition of proteasomal function
(Fig. 3A).
Two tetrapeptide derivatives, Ac-YVAD-cmk and Ac-

DEVD-cho, which are selective inhibitors of ICE-like and
CPP32-like proteases, respectively (23, 24), were used to

preferentially block one or the other group of cysteine pro-
teases. Since penetration of Ac-YVAD-cmk and Ac-DEVD-
cho into HL60 cells was very poor when the inhibitors were
added directly to the culture medium without further manip-
ulation of the cells, peptides were loaded into the cells by using

FIG. 2. Dose–response relationship of LLnV-induced apoptosis.
HL60 cells were maintained in medium containing 10% FBS, and
treatments were as follows: 0.2% DMSO (empty bars); 10 mM LLnV
(shaded bars); 20 mMLLnV (stippled bars); 50 mMLLnV (black bars);
and 100 mM LLnV (hatched bars).

FIG. 3. (A) Relative changes in protein levels after treatment with
the proteasomal inhibitor LLnV. (B) Relative changes of c-Myc and
p27Kip1 during PMA-induced differentiation. Lysates of cells incu-
bated with 50 mM LLnV (A) or 10 ngyml PMA (B) for the indicated
times were subjected to SDSyPAGE followed by Western blotting.

FIG. 4. Effect of Ac-DEVD-cho or Ac-YVAD-cmk on LLnV-
induced apoptosis in HL60 cells. The tetrapeptide protease inhibitors
Ac-DEVD-cho and Ac-YVAD-cmk were loaded into HL60 cells by
osmotic lysis of pinosomes as described. Cell death was then induced
by incubation with LLnV for 6 h, and the extent of DNA fragmentation
was determined. Data shown are a representative sample of four
independent experiments with similar results.

Table 1. Extent of DNA fragmentation induced by exposure of
HL60 cells to protease inhibitors

Treatment DNA fragmentation, %

DMSO (0.1%) 4.3 6 1.4
PMSF (1 mM) 6.2 6 2.0
TLCK (25 mM) 6.3 6 2.7
E64 (50 mM) 5.6 6 1.6
Leupeptin (25 mgyml) 6.0 6 1.7
LLnM (50 mM) 6.0 6 2.5
TPCK (25 mM) 19.5 6 4.0*
DCI (50 mM) 44.0 6 8.7*
LLnL (50 mM) 27.4 6 6.1*
LLnV (50 mM) 45.1 6 8.3*
PSI (50 mM) 34.9 6 4.9*

Cells were plated in 12-well plates in medium containing 10% fetal
bovine serum, and protease inhibitors were added to the cells at the
final concentrations given above. After 6 h of incubation the cells were
lysed and the percentage of DNA fragmentation was assessed by the
diphenylamine assay. Data are means 6 SD from three independent
experiments; p, P , 0.01 relative to 0.1% DMSO-treated control
HL60 cells (by Student’s t test).
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the technique of Moore et al. (18). The subsequent induction
of cell death with LLnV could thus be completely blocked by
the Ac-DEVD-cho peptide but not by the Ac-YVAD-cmk
peptide (Fig. 4), confirming the involvement of CPP32 or
CPP32-like proteases. It also suggests that LLnV-induced cell
death proceeds independently from ICE or closely related
family members, a suggestion that is supported by the lack of
ICE precursor processing (Fig. 3A).
Inhibition of Proteasomal Activity Is Accompanied by Ac-

cumulation of the Cdk Inhibitor p27Kip1 and Apoptosis in G1.
Examination by Western blot analysis of the p27Kip1 levels in
lysates of HL60 cells after incubation with LLnV demonstrated
a clear accumulation of the p27Kip1 protein starting at 2–3 h
after addition of inhibitor (Fig. 3A), indicating that proteaso-
mal function is in fact blocked by LLnV (6). In lysates from
cells incubated for more than 6 h with LLnV, an additional
immunoreactive band at a lower molecular mass was detected
which may represent a specific cleavage product of p27Kip1 due
to an as-yet-unidentified proteolytic activity present in HL60
cells. Proteasomal degradation, however, is unlikely to account
for the appearance of this band, as p27Kip1 is conjugated to
ubiquitin prior to proteasome-mediated hydrolysis and hence
migrates at higher relative molecular mass during SDSyPAGE,
before it is finally degraded by the proteasome (6).
To examine whether the accumulation of p27Kip1 is also

reflected in the distribution of the cells during cell cycle, cells
were processed for flow cytometry by propidium iodide stain-
ing. To simultaneously assess, whether inhibition of proteaso-
mal activity would render the cells of a particular cell cycle
compartment more sensitive to execution of the cell death
program, cells were additionally labeled by the TUNEL tech-
nique. FACS analysis of LLnV- or PSI-treated cells revealed
that the majority of the apoptotic cells are in the G1 phase of
the cell cycle (Fig. 5) which is consistent with the postulated
function of p27Kip1 to control transit through the restriction
point between G1 and S phase.
Noncycling Differentiated HL60 Cells Are Unresponsive to

Treatment with PSI.The c-Myc protein can be readily detected
in the lysate of DMSO-treated control HL60 cells (Fig. 3), and
its relative contents remained unchanged even after incubation
for 24 h with LLnV or PSI, which resulted in massive apoptosis
of virtually all cells in culture (Figs. 2 and 3A). This indicated
that the HL60 cells are not arrrested in G0 and are actively
proliferating. To examine whether inhibition of proteasome
activity could also affect the viability of nonproliferating,
differentiated cells, HL60 cells were first induced to differen-
tiate into adherent and quiescent macrophage-like cells by
treatment with PMA and then treated with PSI. Differentia-
tion was apparent by the expected morphological changes, the

absence of bromodeoxyuridine incorporation, and cell prolif-
eration (not shown), and, most significantly, by concomitant
up-regulation of p27Kip1 and complete down-regulation of
c-Myc (Fig. 3B). Differentiated cells treated with 50 mM PSI
for 5 h showed an increase of 2.9% 6 1.1% in DNA fragmen-
tation in comparison to an 13.7% 6 2.8% increase for undif-
ferentiated cells, compared with DMSO-treated control cells.
Thus, differentiated HL60 cells, which have withdrawn from
the cell cycle, display a greatly reduced sensitivity toward
proteasomal inhibition.

DISCUSSION

To determine whether compounds capable of interfering with
proteasomal activity affect cell viability, human leukemic
HL60 cells were incubated with various protease inhibitors
that are known to have the capability to block proteasomal
activity as well as with unrelated protease inhibitors. To this
end all of the inhibitors that were capable of inducing apoptosis
in HL60 have been described as inhibitors of proteasome
function. LLnV and PSI are cell-permeant compounds capable
of specifically inhibiting proteasomal activity, and this property
has been exploited to study ligand-induced degradation of
platelet-derived growth factor receptor (25), to block antigen
processing in major histocompatibility complex class I antigen-
presenting cells (26), or to study NFkB activationyIkB degra-
dation (27). More specifically, PSI inhibits the chymotrypsin-
like activities of the proteasome (IC50acid 5 0.25 mM;
IC50neutral5 6.5 mM), leaving the trypsin-like activity and the
peptidyl-glutamyl peptide hydrolyzing (PGPH) activity mostly
unaffected (28, 29).
DCI is another potent proteasomal inhibitor, and it blocks

at least four of the five known peptide-hydrolyzing activities of
the proteasome, including the chymotrypsin-like activity (30–
32). Nevertheless, as blocking the chymotrypsin-like activity of
the proteasome by PSI induced a level of DNA fragmentation
similar to that obtained by incubation with DCI (Fig. 1G), it
is suggested that the cytotoxic effect of DCI is primarily due
to inhibition of the chymotrypsin-like activities of the protea-
some. Preferential inhibition of the chymotrypsin-like activi-
ties of the proteasome may also account for the observed
differences in the ability of TPCK and TLCK, two structurally
closely related chloromethyl ketones, to induce apoptosis in
HL60 cells. TPCK is an irreversible inhibitor of chymotrypsin
and is widely used to inactivate chymotrypsin in trypsin
preparations, whereas TLCK irreversibly inhibits trypsin-like
serine proteases.
LLnL and LLnV have been shown to block proteasome

activity as well, in contrast to LLnM, which exerts only a weak

FIG. 5. LLnV-treated HL60 cells become apoptotic primarily in the G1 phase of the cell cycle. The cells were incubated for 5 h in RPMI 1640
medium containing 10% FBS supplemented with 0.1% DMSO (A), 50 mM LLnV (B), or 50 mM E64 (C). Apoptotic cells were labeled with
fluorescein isothiocyanate (FITC) by the TUNEL technique, DNA was stained with propidium iodide, and the distribution of apoptotic cells within
the cell cycle was analyzed by using a Becton Dickinson FACScan. Data shown are a representative example of three independent experiments
with similar results.
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inhibitory activity toward proteasomal activity (26). All three
aldehyde peptides, on the other hand, inhibit calpain I and II
as well as cathepsin B with rather similar Ki values between 5
and 12 nM (26). If the cytotoxic effect of these inhibitors on
HL60 cells were mediated by inhibition of calpains or cathep-
sin B, then LLnM should have elicited a cytotoxic response
with similar potency, assuming that LLnM, LLnL, and LLnV
are able to enter HL60 cells under identical conditions equally
well. It is therefore concluded that the observed cytotoxic
effect is due to blocking proteasomal activity and not to
inhibition of calpains or lysosomal cathepsin B. This conclu-
sion is also supported by the finding that treatment of HL60
cells with LLnV leads to increased concentrations of the Cdk
inhibitor p27Kip1, a protein that has not been described as a
substrate of calpain or cathepsin B. Instead, the decline in
levels of p27Kip1 has been shown to be due to proteasomal
degradation, when cells traverse the restriction point between
G1 and S phase, following stimulation with specific mitogens
(6, 33).
The members of the ICE family of cysteine proteases are

present as inactive zymogens within the cell and are processed
at the onset of apoptosis into enzymatically active heterodimer
complexes (3, 34–39). In particular, activation of CPP32, one
of the ICE family members, is markedly increased in cells
undergoing apoptosis, and the cleavage of PARP has been
widely used as an indicator for the activation of CPP32 or of
a closely related enzyme with similar substrate specificity
(20–22). CPP32 most likely is also involved in LLnV-induced
apoptosis, as the disappearance of the CPP32 precursor pro-
tein starting at 3–4 h after addition of LLnV was directly
correlated with the cleavage of PARP, suggesting that CPP32
is processed to its active form. Further evidence for this
conclusion comes from the observation that Ac-DEVD-cho, a
selective inhibitor of CPP32-like enzymes, could nearly en-
tirely block LLnV-induced cell death. The changes induced in
the relative levels of CPP32 precursor protein as well as of
p27Kip1 appear to be rather selective and are apparently not
due to random dysregulation of proteolysis, because several
other proteins remain unaffected until late stages of apoptosis
(ICE, b-actin, c-Myc).
ICE has been reported to act upstream of CPP32 in Fas-

mediated cell death and to be directly involved in the process-
ing and activation of CPP32 (40). However, during HL60
apoptosis no processing of ICE precusor could be detected in
Western blot analysis using an antibody directed against the
p10 subunit of mature ICE, either by the reduction in the
relative levels of the precusor protein or by the detection of the
cleavage product p10. In addition, Ac-YVAD-cmk, which
selectively inhibits ICE-like family members, could not block
the LLnV-induced cell death (Fig. 4), demonstrating that in
HL60 cells ICE itself or closely related proteases probably do
not play a central role in LLnV-induced CPP32 activation or
the apoptotic cell death which ensues. This is in agreement
with the finding that mice generated to be deficient in ICE are
morphologically normal and show only minor defects regard-
ing apoptosis induction (41). However, these results do not
exclude the possibility that ICE or ICE-like proteases may be
important for HL60 cell death induced by other stimuli, nor do
they completely rule out the possibility that the observed
cleavage of PARP could be due to the activition of other
members of the ced-3yICE family with substrate specificities
similar to CPP32, for instance Mch-2, Mch-3, or Mch-4.
In contrast to CPP32 and p27Kip1, the levels of c-Myc protein

remained constant over the course of the experiment. Given
that at the same time levels of p27Kip1 are increased, the
conclusion is supported that apoptotic cell death in HL60 cells
may result from conflicting signaling events, as has been
described for Myc-induced apoptosis in serum-deprived fibro-
blasts (42) or Myc-accelerated apoptosis in interleukin-3-
deprived myeloid cells (43). In normally proliferating cells

c-Myc is expressed continuously in a cell cycle-independent
manner and is rapidly down-regulated upon mitogen with-
drawal or by the action of cytostatic cytokines. Aberrant c-Myc
expression however, in particular under unfavorable growth
conditions, is associated with an increase in apoptotic cell
death (42–44). Therefore, an increase in the levels of p27Kip1
protein induced by blocking proteasomal function along with
persistent expression of c-Myc represents an analogous situa-
tion for the cell, and the apparent conflict promotes entry of
the cell into the apoptosis pathway. This view is also supported
by the observations made with PMA-differentiatedHL60 cells,
which are in a quiescent state. Their exit from the cell cycle is
again accompanied by an increase in the levels of p27Kip1
protein, but at the same time, c-Myc protein declines to levels
below the detection limit. Therefore the assumed signaling
conflict is avoided and obviously renders the cells unrespon-
sive to the otherwise apoptosis-inducing effect of proteasomal
inhibition.
In the light of these results it is not surprising that in

nonproliferating tissues like thymus, or in terminally differen-
tiated cell populations like neuronal cells, inhibition of pro-
teasomal function does not produce the same rapid effect of
apoptosis induction and instead protects the cells from under-
going programmed cell death induced by various means (13,
15). Similar effects have been described earlier (45–48),
although the protective effects of TPCK, DCI, or LLnL on cell
survival noted in these studies were attributed to inhibition of
an unidentified serine protease or of calpain. These observa-
tions seem at first glance to be contradictory to previous results
(14) and to the findings reported here, but they can be
explained on the basis of cell-specific differences in cell cycle
regulation and the proliferative status of the cell, as mani-
fested, for instance, by the expression of c-Myc.
On the basis of the results presented here, I propose that the

combination of a cell cycle block mediated by proteasomal
inhibitors with the simultaneous deregulation of c-Myc ex-
pression as observed in various tumor cells will drive the cells
into apoptosis. Apparently, it is one of functions of the
proteasome to ensure the orderly progression of the cell
through the cell cycle. At the same time, activation of CPP32
or of a closely related protease is prevented. It is tempting to
speculate that this inhibition of CPP32 activation may also be
accomplished by the proteasome through constant degrada-
tion or processing of a protein located upstream of CPP32 that
is critical for CPP32 activation. Blocking cell cycle progression
in such an actively dividing cell population may then lead to a
net increase in activator protein, by reduction of proteasome
activity (as mediated by the action of LLnV or PSI), by
increased de novo synthesis of the activator, or by both (Fig. 6).
Quiescent or terminally differentiated cells consequently
would not be affected to the same extent by such a treatment.
Thus a close relationship exists between the mechanisms
controlling cell cycle progression and the mechanisms activat-

FIG. 6. Suggested model of proteasome function in the control of
apoptotic cell death. See Discussion for further explanations.
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ing the cell death program, and it appears that the proteasome
is in a prime position in which it functions as a switchboard to
execute the decision of a cell either to proceed with prolifer-
ation or to undergo apoptosis.

I thank Stefanie Pebler for performing the FACS analysis, M. Eilers
andM. Clauss for helpful suggestions, C. Mitchell for critically reading
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