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Abstract Theproteasome is amulti-subunit protease complex that is involved in intracellular proteindegradation in
eukaryotes. Previously, we have reported that selective, synthetic chymotryptic proteasome inhibitors inhibit A-NK cell-
mediated cytotoxicity by approximately 50%; however, the exact role of the proteasome inNK cell-mediated cytotoxicity
remains unknown. Herein, we report that proteasome inhibitors, MG115 and MG132, decreased the proteasome
chymotrypsin-like activity in the rat natural killer cell line RNK16 by 85% at a concentration of 5 mM. The viability of
RNK16 cells was also reduced in the presence of these inhibitors. Both inhibitors induced the apoptosis of RNK16 cells, as
shown by DNA fragmentation, caspase-3 activation and the appearance of sub-G cell populations. An increase in the
fraction of apoptotic cells was observed in a dose- and time-dependent manner in our studies. In addition, the activity of
caspase-1, -2, -6, -7, -8, and -9, was increased following the treatment of RNK16 cells with these inhibitors. Further
investigation revealed that the expression of Fas (CD95) protein on the RNK16 cell surface was increased after the
treatment by MG115 or MG132, indicating that apoptosis induced by proteasome inhibitors in RNK16 cells might be
mediated through the Fas (CD95)-mediateddeath pathwayaswell.Our studies indicate, for thefirst time, that proteasomal
chymotryptic inhibitors can reduce natural killer cell viability and therefore indirectly inhibit cell-mediated cytotoxicity
via the apoptosis-inducing properties of these agents. J. Cell. Biochem. 88: 482–492, 2003. � 2003 Wiley-Liss, Inc.
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The proteasome is amulticatalytic proteinase
complex that is involved in the major extra-
lysosomal pathway responsible for intracellular

protein degradation in mammalian cells. It is
characterized by the presence of multiple pro-
teolytic activities, defined as the chymotrypsin-
like, trypsin-like, and peptidylglutamyl peptide
hydrolyzing (PGPH) activity [Coux et al., 1996].
Cell cycle-regulatingproteinsdegradedthrough
ubiquitin-proteasome pathway include cyclins
and cyclin-dependent kinase (CDK) inhibitors
p21 and p27kip-1 [Pagano et al., 1995]. Some
transcription factors, such as p53, c-Fos, and
c-Jun, are also degraded by the proteasome
[Drexler, 1997]. Dysregulation of the degrada-
tion of such proteins has profound effects on cell
cycle control and can cause cells to undergo
apoptosis [An et al., 1998]. In recent years, a
number of proteasome inhibitors were reported
to induce apoptosis in actively proliferating
cell lines such as HL-60 cells [Drexler, 1997]
and Ewing’s sarcoma cells [Soldatenkov and
Dritschilo, 1997]. These compounds, by pre-
venting degradation of cyclins, CDK inhibitors,
tumor suppressor proteins and transcription
factors, ultimately lead to deregulation of cell
cycle progression and apoptotic cell death.
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Natural killer (NK) cells are large granular
lymphocytes that comprise 5–10%of peripheral
blood mononuclear cells. By producing cyto-
kines and exerting cytotoxicity, NK cells parti-
cipate in resistance againstmicrobial infections
and malignant disease. In adoptive immuno-
therapy for cancer patients, NK cells are acti-
vated by IL-2 in vitro and then transfused back
to the patients’ body to locatewithin tumors and
kill tumor cells [Basse et al., 1994]. Numerous
studies have implicated proteolytic enzymes
as crucial to the cytolytic mechanism of these
cells [Goldfarb, 1986; Berke, 1994; Darmon and
Bleackley, 1998]. The most studied proteolytic
enzymes in cytotoxic lymphocytes are the
granzymes, a series of serine proteases of vary-
ing specificities which are located within the
cytolytic granules of these cells [Jenne and
Tschopp, 1988; Heusel et al., 1994]. Our studies
have focused on proteolytic enzymes other than
those found only in cytolytic granules and have
indicated that the chymotryptic activity of
proteasomes in NK cells might play a role in
their cell-mediated cytotoxicity [Goldfarb et al.,
1992; Wasserman et al., 1994; Kitson et al.,
1995].
Due to their ability to inhibit cell proliferation

and induce apoptosis, togetherwith their ability
to inhibit angiogenesis, proteasome inhibitors
have recently become attractive candidates as
anti-cancer drugs. A boronate inhibitor MLN-
341, previously called PS-341 (developed by
MillenniumPharmaceuticals,Cambridge,MA),
after showing impressive anti-proliferative
effects in several animal model systems and
cell culture, is currently in NCI-sponsored
human clinical trials for the treatment of
several types of cancer [Kisselev and Goldberg,
2001]. As indicated in our previous studies,
proteasomal chymotryptic inhibitors substan-
tially inhibit A-NK cell-mediated cytotoxicity
against both NK-sensitive and -resistant tar-
gets [Kitson et al., 2000]. Therefore, with the
spreading usage of the proteasome inhibitors in
the clinical field, we considered it of importance
to determine their potential toxicities on NK
cells since unwanted inhibition of NK cells by
such inhibitors could adversely impact on the
overall potential benefit of such agents. In this
study, we found that two proteasome inhibitors,
MG115 and MG132, could induce the apoptosis
of the rat NK cell line RNK16. In this protea-
some inhibitor-induced apoptosis, activation of
multiple caspases and modification of cell sur-

face Fas (CD95) protein was observed. These
results suggest a mechanism by which protea-
somal chymotryptic inhibitors could reduce NK
cell-mediated cytotoxicity due to their apopto-
sis-inducing properties.

MATERIALS AND METHODS

Reagents and Chemicals

RPMI-1640 tissue culture medium, nones-
sential amino acids, 2-mercaptoethanol, L-glu-
tamine, and antibiotics were purchased from
Gibco (Grand Island, NY). Sucrose (Ultra-
pure) was purchased from Beckman (Fullerton,
CA). Ethylenedinitrilotetraacetic acid disodium
salt (EDTA) was purchased from Fisher Scien-
tific (Fair Lawn, NJ). Dithiothreitol (DTT),
2-mercaptoethanol, fluorogenic proteasome sub-
strates Z-GGR-AMC, Suc-LLVY-AMC, Z-LLE-
AMC, proteasome inhibitors MG115 and
MG132, protease K, propidium iodide, and buf-
fers HEPES and PIPES were purchased from
Sigma (St. Louis, MO). Fluorogenic caspase
substrates Ac-WEHD-AMC, Ac-VDVAD-AFC,
Ac-DEVD-AMC, Ac-LEVDGWK(Dnp)-NH2, Ac-
VEID-AMC, Ac-IETD-AMC, Ac-LEHD-AFC
were purchased from Bachem Bioscience (King
of Prussia, PA). Amicon1 nitrogen pressure-
based concentration apparatus was obtained
from Amicon (Beverly, MA). Sephacryl S-400
andheparin-SepharoseCL-6B chromatography
media were purchased from Pharmacia (Piscat-
away,NJ). PE-conjugated Jo2Fas antibodywas
purchased from Pharmingen (San Diego, CA).

Cell Culture and Treatment With
Proteasome Inhibitors

Rat RNK16 cells were grown in RPMI 1640
supplemented with 10% fetal calf serum, 1%
(v/v)MEMnonessential aminoacids, 5� 10�5M
2-mercaptoethanol, 2 mM L-glutamine, 100 U/
ml of penicillin, and 100 mg/ml of streptomycin
(growthmedium).Cellswere treatedwitheither
a proteasome inhibitor, or DMSO (vehicle).
During this process,morphological changes and
cellular detachment were monitored. At each
time point, cells were harvested, and used for
measurement of apoptosis and other biochem-
ical events.

Purification of Proteasome

20S proteasome was purified from RNK16
cells following methods described previously
[Wasserman et al., 1994]. Briefly, subsequent to
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harvesting RNK16 cells, postnuclear super-
natants were collected after nitrogen cavitation
at 325–350 psi for 30–40 min. Successively,
isopycnic sucrose gradient fractionation,
Sephacryl S-400 gel filtration chromatography,
andheparin-SepharoseCL-6B chromatography
were applied. In each step, the protein con-
centration and the specific activities for pro-
teasomal chymotrypsin-like and trypsin-like
activities were measured.

Cell Viability Assay

To quantitate cell death, cell viability was
determined by exclusion of Trypan blue. At the
indicated times after treatment with protea-
some inhibitors, cells were detached, pelleted,
and resuspended in RPMI 1640. After staining
with Trypan blue, viable cells in five random
fields of view were counted. The percentage of
treated viable cells was determined as a percen-
tage of control viability.

DNA Fragmentation Assays

At each indicated time point, RNK16 cells
were washed in PBS and resuspended in 0.7 ml
of a buffer containing 10 mM Tris-HCI, 10 mM
EDTA, 0.5% SDS, and 200 mg/ml protease K.
The cell mixtures were incubated at 558C for 2 h
and then treated with 25 mg/ml RNase at 378C
for 1 h. After incubation, DNA was precipitated
with 1.5 volume of ethanol and resuspended in
TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM
EDTA). The prepared DNA samples were
analyzed in a 1% agarose gel containing ethi-
dium bromide.

Detection of Apoptotic Cells by Flow Cytometry

Apoptosis can be detected by measuring the
sub-G1 population with flow cytometry. Cells
were fixed in 70% ethanol and treated with
10 mg/ml of RNase. They were stained with
25 mg/ml of propidium iodide and then subjected
to analysis on an EPICS XL-MCL flow cyt-
ometer with SYSTEMTM II software (Beckman-
Coulter Corporation, Miami, FL).

Whole Cell Extracts and Protein Determination

RNK16 cells were lysed in ice-cold homogeni-
zation buffer [20 mM Tris/HCl (pH 7.4)/0.1 mM
EDTA/1 mM 2-mercaptoethanol/5 mM ATP/
20% (v/v) glycerol, 0.04% (v/v) Nonidet P-40].
The buffer was supplemented with pepstatin
(0.5 mg/ml), leupeptin (1.25 mg/ml), and phenyl-
methylsulfonyl fluoride (0.5 mM) to minimize

activity of proteases other than the desired
ones. The resulting lysates were placed in
microfuge tubes and centrifuged at 13,000g
at 48C for 15 min to remove insoluble material.
The resulting high-speed supernatant fractions
were placed on ice and assayed for protein con-
centration by measuring the absorbance at
280nmwithbovine serumalbuminas standard.

Assay of Proteasome Proteolytic Activities

Three major proteasome proteolytic activ-
ities, i.e., trypsin-like, chymotrypsin-like, and
peptidylglutamyl-hydrolyzing activity, were
assayed by using substrates CBZ-Gly-Gly-Arg-
AMC, Suc-Leu-Leu-Val-Tyr-AMC, and Cbz-
Leu-Leu-Glu-AMC, respectively. For trypsin-
like activity, reaction buffer 1mMdithiothreitol
(DTT) and EDTA, 10 mg/ml BSA, 0.02% Triton
X-100 (v/v) in 50 mM Tris/HCl buffer, pH 8.7,
was used; for chymotrypsin-like activity, 1 mM
DTT and EDTA, 10 mg/ml BSA, 0.02% SDS in
10mMTris/HCl buffer, pH 7.5 was used and for
peptidylglutamyl-hydrolyzing activity, 1 mM
DTT and EDTA, 10 mg/ml BSA, 0.02% SDS in
10 mM Tris/HCl buffer, pH 8.0, was used. All
reaction mixtures contained peptide substrates
at 20mMconcentrationsunless otherwisenoted.
The rates of cleavage were determined by
taking fluorescent intensity measurements
using a Dynatech1 fluorescence plate reader.
Proteolytic activity was expressed as relative
fluorescence units per second and per gram of
protein.

Measurement of Caspase Activities

The following synthetic substrates were
used to measure caspase activity: Caspase-1,
Ac-WEHD-AMC; Caspase-2, Ac-VDVAD-
AFC; Caspase-3, Ac-DEVD-AMC; Caspase-4,
Ac-LEVDGWK(Dnp)-NH2; Caspase-6, Ac-
VEID-AMC; Caspase-8, Ac-IETD-AMC; and
Caspase-9, Ac-LEHD-AFC. All caspase sub-
strates were prepared as stock solutions of
10 mM in 100% DMSO. Before the assay, all
caspase substrates were diluted, yielding final
concentrations of 20 mM. To each well, 20 ml
RNK16 cell lysates, 80 ml reaction buffer,
and 100 ml of substrate solution were added
and fluorescence of the cleavage product mea-
sured over time at room temperature in a
microplate spectrofluorometer. For AMC sub-
strates, excitation wavelength was 360 nm,
emission 460 nm; for AFC substrates, excitation
was 400 nm and emission 505 nm. Activity was
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normally measured after incubating 2 h and
was expressed as percentage of activity com-
pared with the activity at t¼ 0 h. Mean�SDs
from triplicate wells are shown from experi-
ments performed on three separate occasions.

Analysis of Cell Surface Fas

After treatment with proteasome inhibitors,
cells were harvested and washed once by PBS.
Then cells were resuspended in staining med-
ium (1% FBS, 0.1% sodium azide in PBS) and
incubated with PE-conjugated Jo2 antibody
(PharMingen, San Diego, CA) for 30 min at
room temperature. After the second wash in
staining medium, cells were fixed by 1% para-
formaldehyde in PBS and analyzed on an
EPICS XL-MCL flow cytometer with SYSTEM
II software (Beckman-Coulter Corporation,
Miami, FL).

RESULTS

Effects of Protease Inhibitors on Proteasomal
Proteolytic Activities In Vitro

After purification of 20S proteasome from
RNK16 cells, we determined the specificity of
some protease inhibitors on the RNK16 cell
proteasome. Totally ten protease inhibitors
were tested and four of them were found to
achieve more than 80% inhibition on the
proteasomal chymotryptic activity at the con-
centration of 5 mM (Fig. 1). The proteasomal
inhibitors, MG115 and MG132, were among
these four inhibitors.

Next we investigated the inhibitory effects of
these two inhibitors on the major three proteo-
lytic activities of RNK16 cell proteasome, i.e.,
trypsin-like, chymotrypsin-like, and peptidyl-
glutamyl-hydrolyzing activities. It is known
that inhibition of all of multiple active sites
in proteasome is not required to significantly
reduce protein breakdown, and inhibition of the
chymotrypsin-like site or its inactivation by
mutation alone causes a large reduction in the
rates of protein breakdown [Rock et al., 1994;
Chen and Hochstrasser, 1996; Heinemeyer
et al., 1997]. In our studies, we incubated
MG115 or MG132 with the proteasome purified
from RNK16 cells to test their inhibitory effects
on the three major proteasomal proteolytic
activities. Three specific substrates, GGR-
AMC, LLVY-AMC, and LLE-AMC were
employed to determine proteasomal trypsin-
like, chymotrypsin-like, and peptidylglutamyl-
hydrolyzing activities, respectively. At a con-
centration of 10 mM, MG132 inhibited the
trypsin-like, chymotrypsin-like, and peptidyl-
glutamyl-hydrolyzing activity of proteasome by
95.6, 94.2, and 90.1%, respectively, while the
inhibition rates of MG115 were 90.8, 91.4, and
88.2% (Table I).

Effects of Proteasome Inhibitors on Proteasomal
Proteolytic Activities in Cultured Cells

The proteasome inhibitors, MG115 and
MG132, used in thepresent studywere reported
to efficiently block proteasomal activity in
eukaryotic cells [Palombella et al., 1994]. To
confirm the inhibitory effects of these protea-
some inhibitors on proteasome in cultured NK
cells, proteasomal proteolytic activities were
assayed after RNK16 cells were incubated with
inhibitors MG115 or MG132 in culture media.
After lysates of incubated cells at indicated time
points were collected, substrates GGR-AMC,

Fig. 1. Inhibitory effects of various protease inhibitors on the
chymotrypsin-like activity of proteasome from RNK16 cells
in vitro. Purified RNK16 cell proteasome (0.5 mg) was pre-
incubated with various protease inhibitors for 10 min: (1) TPCK;
(2) ZPCK; (3) H-Ala-Ala-Phe chloromethyl ketone; (4) L-Leucine
chloromethyl ketone; (5) lactacystin; (6) MG-115; (7) Z-Ile-Glu-
Ala-Leu-aldehyde; (8) Z-Leu-Leu-Phe-aldehyde; (9) Z-Leu-Leu-
Leu-aldehyde; (10) TLCK. Then reaction buffer was added to the
final concentration of inhibitors at 5 mM.

TABLE I. Effects of Proteasome Inhibitors
MG115 and MG132 on Proteasomal

Proteolytic Activities In Vitro

Inhibition rates MG115 (%) MG132 (%)

Trypsin-like activity 90.80 95.60
Chymotryptic activity 91.40 94.20
PGPH activity 88.20 90.10

Purified RNK16 cell proteasome (0.5 mg) was incubated with
10 mM MG115 or MG132 alone in the reaction buffer for 1 h at
378C. The proteasomal trypsin-like, chymotrypsin-like, and
PGPH activities were assessed by using 20 mM GGR-AMC,
LLVY-AMC, and LLE-AMC in reaction buffer as substrates,
respectively.
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LLVY-AMC, and LLE-AMC were employed to
determine any changes of the major three
proteasomal proteolytic activities occurring
during the incubation of RNK16 cells with these
proteasome inhibitors. For the chymotrypsin-
like activity, incubation of RNK16 cells with
either 20 mMMG115 or MG132 did not cause as
great a reduction in enzymatic activity as
incubation of purified proteasome with either
10 mM MG115 or MG132 in the in vitro assay.
After incubation for 12 h, MG115 caused 59%
reduction in the chymotryptic activity while
MG132 achieved 71% reduction of this activity
(Fig. 2). Both MG115 andMG132 also inhibited
the proteasomal trypsin-like andPGPHactivity
(data not shown). Indeed, we have also pre-
viously reported that certain selective inhibi-
tors of proteasomal chymotryptic activities
(e.g., CEP-1508) also substantially inhibit NK
cell-mediated cytotoxicity [Kitson et al., 2000].
These results indicate that these two protea-
some inhibitors are able to penetrate RNK16
cells and inhibit the proteasome.

Reduced Viability of RNK16 Cell in the
Presence of Proteasome Inhibitors

To investigate any effects of these proteaso-
mal inhibitors on RNK16 cells, the cells were
incubated with proteasome inhibitors and mor-
phological appearance of RNK16 cells were
examined next. Although RNK16 cells in cul-
ture exist in an equilibrium between attached
cells and cells in suspension, with the increas-

ing treatment time more cells detached and
were observed floating in the medium, indicat-
ing that these compounds upset this balance.
After 24 h treatment, cell shrinkage could be
found easily under microscope. To assess the
extent of cell death at indicated time points, cell
viability was measured by Trypan blue exclu-
sion test. The viability of RNK16 cells was
reduced to around 60% after 12 h with either
20 mM MG115 or MG132 alone, while 50 mM
MG115 or MG132 caused a similar decrease in
viability at 3–6 h (Fig. 3). These data demon-
strate that proteasome inhibitors reduce the
viability of RNK16 cells in a time- and dose-
dependent manner.

Apoptosis of RNK16 Cells Induced by
Proteasome Inhibitors

To determine the mechanism of reduced
viability of RNK16 cells in presence of protea-
some inhibitors, we investigated whether cell
death was due to apoptosis. Initially, we used a
DNA fragmentation assay to see any RNK16
cells undergoing apoptosis. Fragmentation of
the genomic DNA is an irreversible event that
commits the cell to die. These DNA fragments
reveal, upon agarose gel electrophoresis, a
distinctive ladder pattern consisting of multi-
ples of an approximately 180-bp subunit. An
agarose gel of RNK16 cell DNA indicated that

Fig. 2. Effects of proteasome inhibitors on proteasomal
proteolytic activities in cultured cells. The chymotryptic activity
of the proteasome was measured by Suc-LLVY-AMC hydrolysis.
RNK16 cells were incubated with 20 mM MG115 or MG132
for 3, 6, 12, and 24 h. Activity was expressed as the relative
fluorescencemeasured after 1 h of incubationwith the substrates
and reflected the mean of two independent experiments, each
performed in triplicate.

Fig. 3. Reduced viability of RNK16 cell in the presence of
proteasome inhibitors. RNK16 cells were incubated for 1, 3, 6,
12, and 24 h with MG115 or MG132 alone at 20 or 50 mM,
respectively. Viable cellswere countedafter stainingwith Trypan
blue. The viability of untreated control cells was counted as
100%. The viability of treated cells was expressed as a
percentage of control cells. Data represent average of three
experiments.
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DNA fragmentation occurred in these cells
after they were treated with proteasome inhi-
bitors, MG115 and MG132, at 20 mM for 10 h
(Fig. 4).
We also performed flow cytometry analysis of

propidium iodide stained cells to measure the
DNA content and integrity of proteasome in-
hibitor treated RNK16 cells. The lower DNA
content of apoptotic cells stained by a propidium
iodide could be measured by flow cytometry.
Our results showed that the percentage of
apoptotic cells, characterized by the sub-G1

peak, increased with longer incubation times
with the proteasome inhibitors MG115 or
MG132 (Fig. 5). When the concentration of
MG132 was increased from 20 to 50 mM, the
sub-G1 cell population increased significantly at
the indicated various time points. These results
indicate that RNK16 cells undergo apoptosis in
a time- and dose-dependent manner during
their incubation with proteasome inhibitors.
Caspase-3 or DEVD-cleaving activity is

an early marker of cells undergoing apoptosis.
Ac-DEVD-AMC is a synthetic tetrapeptide
fluorogenic substrate reported to be specific for
caspase-3.Byusing this substrate,we identified

that treatment of RNK16 cells with MG115 or
MG132 led to a 7.8- or 7.2-fold respective
increases in caspase-3 activity at 12 h (Fig. 6).
This increase was not due to a direct effect of
MG115 orMG132 on caspase-3, because in vitro
incubation withMG115 orMG132 had no effect
on Ac-DEVD-AMChydrolysis (data not shown).

Proteasome Inhibitors Induce the Processing of
Multiple Caspases in RNK16 Cells

Despite the diversity of signals, which can
induce apoptosis, these pathways can share
several features in their execution. One mech-
anism, which has been consistently implicated
in the apoptosis, is the activation of a series of
cytosolic proteases, the caspases. To examine
processing of caspases in cell apoptosis medi-
ated by proteasome inhibitors, we sought to
measure the proteolytic activity of caspases-1,
-2, -6, -7, -8, and -9 by fluorogenic assay. The
results indicate that all six of these caspases
were induced to active status by proteasome
inhibitors at different amplitudes. Most cas-
pases achieved their activity peaks around 12 h
after exposure of RNK16 cells to the proteasome
inhibitors (Fig. 7). Some caspases showed ear-
lier activation by MG132 than that by MG115.
caspase-9 showed greater amplification of activ-
ity than that of caspase-8, achieving a 23.4-fold
increase after 12 h of treatment by MG115 and
29.5-fold after treatment by MG132 compared
to 0 h, respectively.

Modification of Cell Surface Fas
by Proteasome Inhibitors

Since theactivity of caspase-8wasalso seen to
increase significantly by the treatment of
RNK16 cells with MG115 or MG132, we exami-
ned the possible upregulation of Fas (CD95) on
cell surface induced by proteasome inhibitors.
RNK16 cells were incubatedwith 20 mMMG115
(panel A) or MG132 (panel B) for 3 and 20 h and
then the level of cell surface Fas protein was
determined by flow cytometry after staining
with PE-conjugated monoclonal Jo2 which re-
cognizes mouse Fas (Fig. 8). Compared with
untreated cells, cells treated for 20 h with
MG115 or MG132 showed distinct shifts in
the distribution of fluorescence for Fas, while
the curves for cells treated for 3 h with same
concentration of inhibitors almost overlaid with
that of control cells (data not shown). The data

Fig. 4. DNA fragmentation of RNK16 cells during incubation
with proteasome inhibitors, MG115 and MG132. RNK16 cells
treatedwith 20 mMMG115 (Lane 1) or MG132 (Lane 2) alone for
10 h display DNA laddering analyzed by agarose gel electro-
phoresis. M: DNA size markers.
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indicate that proteasome inhibitors increased
cell surface Fas of rat NK cells and imply
that proteasome inhibitor-induced apoptosis of
RNK16 cells might be mediated by the Fas-
mediated pathway as well.

DISCUSSION

The proteasome is a 700-kDa protease multi-
component complex that is thought to be
responsible for turnover of defective proteins
inall cells including eukaryotic cells [Couxetal.,
1996; Rivett et al., 1997]. It consists of 28 sub-
units which are arranged in a set of four stacked
rings. To date the proteasome has been found to
cleave peptides following basic amino acids
(trypsin-like), hydrophobic amino acids (chymo-
trypsin-like), glutamic acid, branched chain
amino acids and small neutral amino acids
[Coux et al., 1996]. Unlike any other protease,
all the proteolytic sites in the proteasomeutilize
N-terminal threonines of the beta subunits
as active site nucleophiles. Most proteasome
inhibitors have been designed to attack this
N-terminal threonine by reactingwith the cata-
lytic hydroxyl or thiol groups in the active
sites of the proteasome to form a reversible
hemi(thio)acetal, which resembles a transition
state analogue of the enzymatic reaction
[Lowe et al., 1995; Groll et al., 1997; Kisselev

Fig. 5. Apoptosis of RNK16 cells induced by proteasome
inhibitors evidencedby sub-G1 cell population in flowcytometry
analysis. Exponentially grown RNK16 cells (0 h) were treated
with 20 mMMG115 (Column A) orMG132 (Column B), or 50 mM
MG132 (Column C) for indicated time duration, followed by
measurement of sub-G1, G1, S, and G2-M cell populations (see

Materials and Methods). The units of the Y-axis represent cell
numbers (in total 10,000 events) and those of the X-axis represent
cellular DNA content. The data indicate the percentage of sub-
G1 cells in the cell cycle. All experiments were performed twice
independently and gave similar results.

Fig. 6. Activation of caspase-3 of RNK16 cells during incuba-
tion with proteasome inhibitors, MG115 and MG132. RNK16
cells were incubated with the inhibitors for the times indicated,
lysed, and caspase-3 activity was determined using Ac-DEVD-
AMC, as described in Materials and Methods. The caspase-3
activity of cells at 0 h was counted as 100%. Data represent
average of three experiments.
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and Goldberg, 2001]. Among these activities,
the cleavage by the chymotrypsin-like sites
appears to be rate-limiting in protein break-
down. Studies have indicated that the inhibi-
tion of the chymotrypsin-like site or its
inactivation by mutation alone can cause a
large reduction in the rates of protein break-
down [Rock et al., 1994;Chen andHochstrasser,
1996; Heinemeyer et al., 1997], while inactiva-
tion of trypsin-like or PGPH activities has little
effect on overall proteolysis [Arendt and Hoch-
strasser, 1997; Heinemeyer et al., 1997; Kisse-
lev et al., 1999]. In this study, the potency of
MG115 and MG132 was also measured against
the trypsin-like and PGPH activities with
purified proteasomes, in addition to chymotryp-
sin-like activity. Our results indicate that these
two inhibitors act on these three major active
sites in the proteasome from RNK16 cells. In

addition, with the highly hydrophobic proper-
ties of most chymotrypsin-like inhibitors, these
two inhibitors were consequently confirmed to
be cell-permeable.

By preventing degradation of cyclins, CDK
inhibitors, tumor suppressor proteins and tran-
scription factors, proteasome inhibitors lead to
deregulation of cell cycle progression and apo-
ptotic cell death. However, some studies have
indicated that proteasome inhibition may be
protective against some apoptotic stimuli in
differentiated cells such as thymocytes [Grimm
et al., 1996; Drexler, 1997]. Even though there
have been an increasing numbers of reports
demonstrating pro- or anti-apoptotic effects of
proteasome inhibitors, their effects on NK cells
have not been fully investigated [Wasserman
et al., 1994; Kitson et al., 2000]. The present
study sought to examine the potential effects of

Fig. 7. Activation of multiple caspases in RNK16 cells during their incubation with 20 mM MG115
or MG132. Fluorogenic substrates used for these caspases were Ac-WEHD-AMC (A: Caspase-1), Ac-
VDVAD-AFC (B: Caspase-2), Ac-LEVDGWK(Dnp)-NH2 (C: Caspase-4), Ac-VEID-AMC (D: Caspase-6),
Ac-IETD-AMC (E: Caspase-8), and Ac-LEHD-AFC (F: Caspase-9). Activity is expressed as a fold increase in
activity at t¼0 h (control activity). Means� SD of three separate experiments are shown.
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proteasome inhibitors on NK cells. By investi-
gating effects of proteasome inhibitors MG115
and MG132 on proteasomal activities in vitro
and in vivo, their inhibition of the proteasome of
NK cells was confirmed. In addition, this inhi-
bition by the proteasome inhibitors MG115 and
MG132 was shown to cause apoptosis in cul-
tured RNK16 cells, as evidenced by appearance
of the apoptotic population with sub-G1 DNA
content, internucleosomal DNA fragmentation,
and activation of caspase-3.

In mammals, programmed cell death can be
initiated by three distinct pathways [Salvesen
and Dixit, 1997; Thornberry and Lazebnik,
1998]: (1) the extrinsic pathway, which can be
triggered by the ligation of death receptors,
such asFas (also termedCD95orAPO-1), tumor
necrosis factor receptor, or TRAIL receptor, and
subsequent mitochondria-independent cas-
pase-8 activation [Li et al., 1998; Luo et al.,
1998]; (2) the intrinsic pathway, which is
initiated by diverse apoptotic stimuli and
followed by activation of caspase-9; or (3) the
granzyme B pathway, where the cytotoxic cell
protease granzyme B is delivered to sensitive
target cells. Each of these pathways converges
to a common execution phase of apoptosis that
requires the activation of caspase-3 from its
inactive zymogen form to its processed, active
form. In this study, we have shown that the
induction of cell death by proteasome inhibitors
involves the activation of multiple caspases.
In this report, we show the processing of
caspases-1, -2, -3, -4, -6, -8, and -9 after the
treatment of RNK16 cells with MG115 or
MG132. Therefore, RNK16 cells seem to
undergo apoptosis through a caspase-depen-
dent pathway. However, some studies have
observed that there is also caspase-independent
apoptosis, led by the blocking of the ubiquitin-

dependent pathway, in which accumulation of
p53, p27, and cyclins D1 and B1 was seen
[Monney et al., 1998]. So, it is therefore im-
portant to also examine the changes of signaling
molecules in the apoptosis of NK cells induced
by proteasome inhibitors. The use of caspase
inhibitors allows us to clarify whether caspase-
independent pathways are involved in the pro-
teasome inhibitor-induced apoptosis of rat NK
cells. For instance, Z-DEVD-FMK is a potent
inhibitor of caspase-3, but it can inhibit other
caspases as well when used in cell-culture ex-
periments [Villa et al., 1997]. Such studies are
currently under investigation in our laboratory.

Besides the controversy of the role of caspases
in apoptosis, there is also contradictory evi-
dence for the role of each individual caspase
in proteasome inhibitor-induced apoptosis.
In some studies, caspase-8 activation is not
a critical step in the killing cascade and to
date the role of endogenous death ligand/
receptor interactions has not been reported
[Wagenknecht et al., 1999]. However, in other
studies, proteasome inhibitors did not influence
expression of procaspase-8, procaspase-3, but
did upregulate Fas and FADD [Kim, 2001], and
the interaction of Fas with the ubiquitin-
conjugating enzyme may be directly involved
in ubiquitin-dependent degradation of Fas by
proteasome [Wright et al., 1996; Becker et al.,
1997]. Our results appear to be consistent with
the latter studies.We suppose that the different
findings regarding caspase-8 activation might
possibly be caused by the different phenotypes
and genotypes of these cell lines.

We have previously determined that some
proteasomal inhibitors selective for chymotryp-
tic domains of NK cell proteasome can inhibit
NK cell viability (e.g., CEP-1612) [Kitson et al.,
2000]. The current study extends and classifies
this phenomenon. Indeed, this study reveals at
least one mechanism by which apoptosis-
inducing proteasomal chymotryptic inhibitors
can contribute to reduced NK cell-mediated
cytotoxicity.

A key prerequisite for optimal therapeutic
application of proteasome inhibitors for treat-
ment ofmalignant tumors should be the sparing
of NK cells, i.e., immune effector cells which
recognize and kill tumor cells. In this regard,
this study also provides a potential approach
towards clinical guidance for therapeutic appli-
cation of proteasome inhibitors in malignant
tumors, i.e., the negative effects on killer cells,

Fig. 8. Modification of cell surface Fas (CD95) of RNK16 cells
by proteasome inhibitors, MG115 and MG132. RNK16 cells
were incubated for 0 (line) and 20 h (solid line) with 20 mM
MG115 (Panel A) or MG132 (Panel B). Cells were harvested and
stained live for Fas on cell surface with PE-conjugated Jo2
antibody. The fluorescence was determined by flow cytometry.
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shouldalsobe considered tominimizeunwanted
adverse consequence that might arise through
untoward inhibition of NK cell function.
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