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Cell Cycle and Apoptotic Pathways in
Human YT and Jurkat Cells

Min Lu,1 Q. Ping Dou,2 Richard P. Kitson,1 David M. Smith,2 and Ronald H. Goldfarb1*
1Department of Molecular Biology and Immunology, Institute for Cancer Research,
University of North Texas Health Science Center, 3500 Camp Bowie Blvd., Fort Worth, Texas 76107-2699
2Drug Discovery Program, H. Lee Moffitt Cancer Center and Research Institute,
University of South Florida College of Medicine, 12902 Magnolia Dr., Tampa, Florida 33612-9497

Abstract Herein, we report differential effects of various proteasome inhibitors including clasto-lactacystin-b-
lactone, (�)-epigallocatechin gallate (EGCG) andN-Acetyl-Leu-Leu-Norleu-al (LLnL) on proteasomal activities of YT and
Jurkat cells, human natural killer (NK) and T cell lines, respectively. The inhibitory rates of these inhibitors on the purified
20S proteasomal and 26S proteasomal chymotrypsin-like activity in whole cell extracts and intact cells did not show
significant differences between the two cell lines. The viability of both cell lines was reduced in the presence of LLnL.
Subsequent studies revealed a reduction of the mitochondrial membrane potential and caspase-3 activation in these two
cell lines upon treatment with proteasome inhibitors; however, caspase-3 activation occurredmuch earlier in Jurkat cells.
Cell cycle analysis indicated a sub-G1 apoptotic cell population in Jurkat cells and G2/M arrest in YT cells after they were
treated by proteasome inhibitors. Moreover, pretreatment of YT cells by a caspase inhibitor followed by a proteasome
inhibitor did not increase the percentage of G2/M phase cells. In addition, accumulation of p27 and IkB-a was detected
only in Jurkat cells, but not YT cells. In summary, proteasome inhibitors may act differentially in cell cycle arrest and
apoptosis of tumors of NK and T cell origin, and may have similar effects on normal NK and T cells. J. Cell. Biochem. 97:
122–134, 2006. � 2005 Wiley-Liss, Inc.
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The 20S proteasome is the key component of
the 26S multicatalytic proteasome complex
[Baumeister et al., 1998]. The 20S particle is
composed of four stacked rings surrounding a
central chamber in which proteins are digested
[Voges et al., 1999]. There are three major
proteasomal activities: one active site cleaves
preferentially after hydrophobic residues (chy-
motrypsin-like activity), one after basic resi-
dues (trypsin-like activity), and one after acidic
residues (peptidyl-glutamyl peptide hydrolyz-
ing activity, PGPH) [Loidl et al., 1999]. The
ubiquitin-proteasome system plays a critical
role in the specific degradation of cellular pro-
teins including p53 [Maki et al., 1996], pRB
[Boyer et al., 1996], p21 [Blagosklonny et al.,
1996], p27Kip1 [Pagano et al., 1995], IkB-a
[Vermaet al., 1995], andBax [Li andDou, 2000].

In the investigation of the unique proteolytic
mechanism by proteasome, many proteasome
inhibitors provide a very valuable and useful
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tool. These proteasome inhibitors are usually
short peptides linked to a pharmacophore,
generally located at its C-terminus. The phar-
macophore interacts with a catalytic residue to
formreversible or irreversible covalent adducts,
while the peptide portion specifically associates
with the proteasome’s substrate binding pocket.
Based on the pharmacophore, proteasome in-
hibitors can be divided into several groups:
(1) peptide aldehydes; (2) peptide boronates;
(3) natural proteasome inhibitors; (4) peptide
vinyl sulfones; and (5) peptide epoxyketones
[Kisselev and Goldberg, 2001]. Among them,
peptide aldehydes are the best characterized
and most widely used, such as MG132, MG115,
and LLnL. These agents are reversible with
high potency, inhibiting the chymotrypsin-like
activity of the proteasome [Lee and Goldberg,
1998], and restoring protein degradation after
their removal. Contrary to most proteasome
inhibitors synthesized artificially, lactacystin is
a natural product isolated originally from
actinomycetes. It canbe converted into its active
form, a b-lactone derivative, when placed in
aqueous solution [Dick et al., 1996]. It irrever-
sibly binds to subunit X of the proteasome and
acylates the active site N-terminal threonine
[Grisham et al., 1999]. Recently, other natural
proteasome inhibitors have been identified
including epigallocatechin gallate (EGCG) from
green tea [Nam et al., 2001]. The ester bonds in
EGCG attack the active site threonine in the
proteasome and lead to its acylation.
Our laboratory has investigated unique

aspects of the proteasome in natural killer
(NK) cells. NK cells are large granular lympho-
cytes, which 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 therapy
for cancer patients, NK cells are activated by
IL-2 in vitro and then transfused back to the
patient’s body to kill tumor cells [Goldfarb et al.,
1994]. Numerous studies have implicated pro-
teolytic enzymes as crucial to the cytolytic
mechanism of these cells [Goldfarb, 1986;
Darmon andBleackley, 1998]. Themost studied
proteolytic enzymes in cytotoxic lymphocytes
are the granzymes, a series of serine proteases
of varying specificities, which are locatedwithin
the cytolytic granules of these cells [Heusel
et al., 1994].Our studies have focused onproteo-
lytic enzymes other than those found only in

lymphocyte cytolytic granules and indicated
that chymotryptic activity of proteasome in
NK cells might play a role in their cell-mediated
cytotoxicity [Goldfarb et al., 1992; Wasserman
et al., 1994; Kitson et al., 1995].

During the course of our investigations on
proteasome in rat NK cells, we have identified
that the proteasome from the NK cell has
different biochemical and biophysical proper-
ties than that isolated from the rat liver cell
[Wasserman et al., 1994]. In addition, we have
found proteasome inhibitor-induced apoptosis
in rat NK RNK16 cells [Lu et al., 2003]. These
findings allow us to hypothesize that there may
be differential responses of proteasomes to their
inhibitors between NK cells and other cells. In
this study,YT cells andJurkat cellswere chosen
as models of human NK cells and T lympho-
cytes, respectively. The proteasome activities in
both cell lines were compared after proteasome
inhibitor treatment at three different cellular or
subcellular levels, that is, purified 20S protea-
some activity, 26S proteasome activity in cell
extracts and in intact cells. Additional effects of
proteasome inhibitors on these two cell lines
were also investigated, including effect on cell
cycle progression and induction of apoptosis.
The results indicated that YT cells and Jurkat
cells respond differentially to proteasome inhi-
bitors in cell cycle progression and induction of
apoptosis. Our results have an impact in under-
standing the potential role of proteasome
inhibitors in cancer therapy since clinical trials
examining proteasome inhibitors have already
been conducted in phase I, II, and III [Dou and
Goldfarb, 2002; Rajkumar et al., 2005]. Hope-
fully, ideal proteasome inhibitors can be scree-
ned and developed to specifically induce cancer
cells to undergo programmed cell death, while
they have little or no apoptosis-inducing abil-
ities for the normal living cells, particularly
anti-cancer effector cells of the immune res-
ponse, that is, NK cells.

MATERIALS AND METHODS

Materials

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).
Proteasomal inhibitors lactacystin, clasto-lac-
tacystin-b-lactone, N-Acetyl-Leu-Leu-Norleu-
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al (LLnL), MG132, and highly purified tea
polyphenols EGCG (>95%) were purchased
from Sigma. Fluorogenic peptide substrate
Suc-Leu-Leu-Val-Tyr-AMC (for the proteaso-
mal chymotrypsin-like activity), Ac-Asp-Glu-
Val-Asp-AMC (for the caspase-3 activity), the
specific caspase-3 inhibitor Ac-DEVD-CHO,
and nuclear stain Hoechst 33258 were also
obtained from Sigma. Monoclonal antibodies to
p27Kip, p53, Bcl-2, Bax, and PCNA were pur-
chased from PharMingen (San Diego, CA),
polyclonal antibodies to IkB-a and actin were
from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA).

Cell Culture and Cell Extract Preparation

YT cells (a human NK cell line) and Jurkat
cells (a human T cell leukeamic cell line)
[Chuang et al., 2000] were kindly donated by
Dr. P.A. Mathew, UNT Health Science Center,
Fort Worth, TX. These cells were grown in
RPMI 1640 supplemented with 10% fetal calf
serum, 1% (v/v)MEMnonessential amino acids,
5� 10�5M 2-mercaptoethanol, 2 mM L-gluta-
mine, 100units/ml of penicillin, and100mg/ml of
streptomycin (growth medium). Cells were
treated with either a proteasome inhibitor, or
DMSO (solvent). During this process, morpho-
logical changes and cellular detachment were
monitored. At each time point, cells were
harvested, and used for measurement of apop-
tosis and other biochemical events. A whole cell
extract was prepared as described previously
[An et al., 1998]. Briefly, cells were harvested,
washed with PBS twice, and homogenized in a
lysis buffer (50 mM Tris-HCl, pH 8.0, 5 mM
EDTA,150mMNaCl, 0.5%NonidetP-40, 0.5mM
phenylmethylsulfonyl fluoride, and 0.5 mM di-
thiothreitol) for 30 min at 48C. Afterward, the
lysates were centrifuged at 14,000g for 30 min,
and the supernatants were collected as whole
cell extracts.

Purification of Proteasome

20S proteasome was purified from YT and
Jurkat cells following methods that we have
described previously [Wasserman et al., 1994].
Briefly, subsequent to harvesting cells, post-
nuclear supernatants were collected by centri-
fugation after nitrogen cavitationat 325–350 psi
for 30–40 min. Successively, isopycnic sucrose
gradient fractionation, Sephacryl S-400 gel
filtration chromatography, and heparin-Sepharose
CL-6B chromatography were performed. In

each step, the protein concentration and the
specific activities for proteasomal chymo-
trypsin-like and trypsin-like activities were
measured.

Cell Viability Assay

Cell viability presented as mean�SE was
determined by exclusion of trypan blue. At
the indicated time points after treatment with
proteasome inhibitors, cells were detached, pel-
leted, and resuspended in RPMI 1640 solution.
After staining with trypan blue, viable cells
were counted infive different 200�powerfields,
and the percentage of treated viable cells to
untreated viable cells was determined as a per-
centage of viability.

Inhibition of Purified 20S Proteasome
Activity by Proteasome Inhibitors

The chymotrypsin-like activity of purified
20S proteasome was measured as follows.
Purified 20S proteasome (0.3 mg) from YT or
Jurkat cells was incubated with 20 mM fluoro-
genic peptide substrate, Suc-Leu-Leu-Val-Tyr-
AMC (for the proteasomal chymotrypsin-like
activity), for 90 min at 378C in 100 ml of assay
buffer (20mMTris-HCl, pH8.0)with orwithout
a proteasomal inhibitor. After incubation, the
reaction mixture was diluted to 200 ml with the
assay buffer followed by a measurement of
the hydrolyzed free AMC groups using a Versa-
FluorTM Fluorometer (Bio-Rad) with an excita-
tion filter of 380 nm and an emission filter of
460 nm. The relative activity is defined as a
percentage of fluorescence generated from
inhibitor-treated reaction to that of control
reaction.

Inhibition of 26S Proteasome Activity in Whole
Cell Extracts by Proteasome Inhibitors

A whole cell extract (3.5 mg ) of YT or Jurkat
cells was incubated for 90 min at 378C with
20 mM Suc-LLVY-AMC, a fluorogenic peptide
substrate for chymotrypsin-like activity of the
proteasomes, in100ml of theassaybufferwith or
without proteasomal inhibitor clasto-lactacys-
tin-b-lactone, LLnL or EGCG at various con-
centrations. The hydrolyzed AMC groups were
quantified as described above.

Assessment of Mitochondrial
Membrane Potential (Dwm)

This was conducted following the description
[Wang et al., 1998]. Briefly, at each indicated
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time point, cells were harvested and 2� 105

cells were incubated with 50 nM 3,30-dihexylox-
acarbocyanine (DiOC6; Molecular Probes, Inc.,
Eugene,OR) for 15minat 378C inPBS.Analysis
was then carried out on anEPICSXL-MCL flow
cytometer with SYSTEMTM II software (Beck-
man-Coulter Corporation, Miami, FL) with
excitation and emission settings of 488 and
500 nm, respectively. The percentage of cells
exhibiting low levels of DiOC6, reflecting reduc-
tion of mitochondrial membrane potential, was
then determined by WinMDI software.

Assay for Caspase-3 Activities

For caspase-3 activity assay, a YT or Jurkat
cell extract (3.5 mg) was incubated for 30 min at
378C with 20 mM fluorogenic peptide substrate,
Ac-DEVD-AMC. After incubation, the reaction
mixture was diluted to 200 ml with the assay
buffer, and the hydrolyzed AMC groups were
quantified as described above.

Western Blot Analysis

The methods for protein extraction and
Western blot analysis have been described
previously [An et al., 1998]. Briefly, cells were
treated with proteasome inhibitors at the
indicated concentrations. After treatment by
inhibitors for various times, cells were har-
vested and cell lysates were prepared. Then
50 mg of protein were loaded in each lane and
separated by SDS–PAGE on a 15% gel. After
transfer to nitrocellulose membrane (Millipore,
Bedford, MA), blots were blocked with 5% milk
protein, incubated for the indicated time with
primary antibody, and then incubated for 2 to
4 hwith corresponding horseradish peroxidase-
conjugated secondary antibody. Protein–anti-
body complexes were detected by the Enhanced
Chemiluminescence System (Amersham, Pis-
cataway, NJ). Immunoblotting for actin was
performed to verify equivalent amounts of
loaded protein.

Cell Cycle Analysis

Following proteasome inhibitor treatment,
cellswere pelleted at 500gandfixed in cold (48C)
70% ethanol for 30 min. The cells were then
washed twice in cold PBS and resuspended in
1 ml cell cycle buffer (0.38 mM sodium citrate,
0.5 mg/ml RNase A, and 0.01 mg/ml propidium
iodide) at a concentration of 1� 106 cells/ml.
Samples were stored at 48C in the dark until
flow cytometry analysis by using EPICS XL-

MCL flow cytometer with SYSTEMTM II soft-
ware (Beckman-Coulter Corporation).

Nuclear Staining Assay

To assay nuclear morphology, YT and Jurkat
cells harvested at each time point were washed
with PBS once, then fixed with 70% ethanol for
1 h and stained with Hoechst 33528 (1 mM ) for
30 min. The nuclear morphology of cells was
visualized by fluorescence microscope (Olym-
pus BH2, Tokyo, Japan). Numbers of cells with
apoptotic nuclei were counted under three ran-
dommicroscope fields and ratio of the apoptotic
cell numbers to total cell numbers was calcu-
lated.

RESULTS

Effects of Proteasome Inhibitors on Purified 20S
Proteasome Activity From YT and Jurkat Cells

Though proteasomes possess three major
proteolytic activities, that is, trypsin-like, chy-
motrypsin-like and peptidylglutamyl-hydrolyz-
ing activities, it is known that inhibition of all
multiple active sites in the proteasome is not
required to significantly reduce protein break-
down, and inhibition of the chymotrypsin-like
site or its inactivation bymutation alone causes
a large reduction in the rate of protein break-
down [Chen and Hochstrasser, 1996; Heine-
meyer et al., 1997]. In addition, others and we
have reported that inhibition of the chymotryp-
sin-like activity of the proteasome is associated
with induction of tumor cell apoptosis [Lopes
et al., 1997; An et al., 1998]. Therefore, in this
study only the chymotrypsin-like activity was
monitored. To determine whether proteasome
inhibitors act on proteasomes of YT and Jurkat
cells differentially, we performed a cell-free
proteasome activity assay by using three pro-
teasome inhibitors, clasto-lactacystin-b-lactone,
EGCG, LLnL. Clasto-lactacystin-b-lactone is
the active form of lactacystin, a highly specific
and irreversible inhibitor of the proteasome
[Fenteany et al., 1995; Dick et al., 1996]. EGCG,
a component of green tea, has been shown
to inhibit potently and specifically the chymo-
trypsin-like activity of the proteasome in vitro
and in vivo [Nam et al., 2001]. LLnL is a peptide
aldehyde, one of the best characterized and
most widely used inhibitors of the proteasome.
LLnL is a potent and reversible inhibitor of
the proteolytic activity of the 26S protea-
some, which does not influence the ATPase or
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isopeptidase activities of the proteasome [Lee
and Goldberg, 1998]. After purification of 20S
proteasome from YT and Jurkat cells, 0.3 mg of
proteasome was incubated in each reaction
for 90 min with Suc-LLVY-AMC, a fluorogenic
peptide substrate for the proteasomal chymo-
trypsin-like activity, in the absence or presence
of various concentrations of proteasome inhi-
bitors, clasto-lactacystin-b-lactone (Fig. 1A),
LLnL (Fig. 1B), and EGCG (Fig. 1C). The
released-free AMC groups were measured and
the relative activity was determined as a per-
centage of proteasome activity of the control
(reaction without any inhibitors). All of these
three inhibitors significantly inhibited the
chymotrypsin-like activity of purified 20S pro-
teasome of YT and Jurkat cells in a dose-
dependent fashion (Fig. 1A–C). The inhibition
curves for the proteasome chymotrypsin-like

activity of YT and Jurkat cells were almost
congruent in each case, indicating that each of
the inhibitors has a similar inhibitory effect on
purified 20S proteasome activity of YT and
Jurkat cells. Comparison of these inhibition
curves also leads us to conclude that clasto-
lactacystin-b-lactone is the most potent protea-
some inhibitor among three of them since it has
the lowest IC50 under the used experimental
conditions (Fig. 1A–C).

Inhibitory Effects of Proteasome Inhibitors on 26S
Proteasome Activity in Whole Cell Extracts and

Intact YT and Jurkat Cells

Wethen testedwhether these three inhibitors
could inhibit the 26S proteasome chymotryptic
activity inYTand Jurkat cell extracts similarly.
We found that 10 mM EGCG inhibited �60% of
the proteasomal chymotrypsin-like activity in
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Fig. 1. Inhibitory effects of proteasome inhibitors on the
chymotrypsin-like activity of purified proteasome or cell extracts
from Jurkat and YT cells. Purified 20S proteasome (0.3 mg/
reaction) (A–C) or cell extract (3.5 mg/reaction) of YT and Jurkat
cells (D–F) was incubated for 90 min with LLVY-AMC, a
fluorogenic peptide substrate for the proteasomal chymotrypsin-

like activity, in the absenceor presenceof various concentrations
of proteasome inhibitors, clasto-lactacystin-b-lactone (A and D),
LLnL (B and E), and EGCG (C and F). The released free AMC
groups were measured and the relative activity was determined
as a percentage of proteasome activity of the control (reaction
without any inhibitors).
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Jurkat cell extract, which is consistent with a
previous report [Nam et al., 2001], whereas the
proteasomal chymotrypsin-like activity in YT
cell extractswas reducedbyabout40% (Fig. 1F).
However, for the other two inhibitors, LLnLand
clasto-lactacystin-b-lactone achieved very simi-
lar inhibitory effects on the chymotryptic activ-
ity in the cell extracts from both YT and Jurkat
cells (Fig. 1D,E).
To determine whether proteasome inhibitors

get access into the living cells to attack on the
proteasome similarly in these two cell lines,
both YT and Jurkat cells were first incubated
with various concentrations of LLnL or MG132
followed by an additional incubation with Suc-
LLVY-AMC. Afterward, the cell medium was
collected for the measurement of hydrolyzed
free AMCs. By performing this assay, we found
that LLnL orMG132 significantly inhibited the
proteasomal chymotrypsin-like activity in both
intact humanJurkat andYTcells similarly. The
IC50 of LLnL and MG132 for the proteasome
chymotrypsin-like activity in these cell lines
are about 30 and 20 mM, respectively (Fig. 2A,B).
So far, we confirmed that the proteasomal inhi-
bitors have similar inhibitory effects on the
proteasome chymotrypsin-like activities of YT
and Jurkat cells at three different levels, that is,
purified 20S proteasome, 26S proteasome in cell
extracts and intact cells.

Reduced Viability of YT and Jurkat Cells in the
Presence of Proteasome Inhibitors

Since these proteasome inhibitors were con-
firmed to inhibit the proteasome chymotrypsin-
like activities of YT and Jurkat cells similarly,
we continued to investigate the effects of the
proteasome inhibitors on these two cell lines by
incubating cells with 25 mM LLnL for various
time and examining the morphological appear-
ance of the cells. After 24 h of treatment, cell
shrinkage could be found easily under micro-
scope in both cell lines, especially Jurkat cells.
To assess the extent of cell death at indicated
time points, cell viability was measured by
trypan blue exclusion. We observed that the
viability curves for these two cell lines in the
presence of LLnLwere similar and that the pro-
teasome inhibitor LLnL significantly decreased
cell viability in a time-dependent manner
(Fig. 3). The viability of both cell lines dropped
sharply during their first 3 h with the LLnL
treatment; however, during the treatment time
from 6 to 20 h, YT cells appearedmore resistant
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Fig. 2. Inhibition of the proteasome activity by LLnL and
MG132 in intact YT and Jurkat cells. YT and Jurkat cells were
preincubated for 10 h with either the solvent (indicated by 0) or
LLnL (A), MG132 (B) at the indicated concentrations followed by
an additional 2-h incubation with the fluorogenic substrate
LLVY-AMC (for the chymotrypsin-like activity of the protea-
some). The released free AMC groups were measured and
relative activity was determined as described under ‘‘Materials
and Methods.’’ Most of the data were derived from triplicates in
two independent experiments.

0

0.2

0.4

0.6

0.8

1

1.2

0 15 30 45 60 75

Time (hrs)

R
el

at
iv

e 
V

ia
b

ili
ty

Jurkat

YT

Fig. 3. Viability curve of Jurkat and YT cells during 72 h of
treatment with 25 mM LLnL. YT and Jurkat cells were incubated
with 25 mM LLnL and harvested at the indicated time points.
Viable cells were counted after staining with 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 independent experiments.
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to LLnL since its viability remained 15%–20%
higher than that of Jurkat cells. After 48 h
treatment, the viability of both cell lines was
below 20% (Fig. 3). These data demonstrated
that the viability of both YT and Jurkat cells
could be reduced in the presence of the protea-
some inhibitor LLnL at 25 mM. Although we
have found proteasome inhibitor-induced apop-
tosis in ratNKRNK16 cells previously [Luet al.,
2003], we continued to investigate whether
apoptosis is involved in this process of reduced
viability of YT cells.

Involvement of Apoptosis in YT and Jurkat Cells
Treated With Proteasome Inhibitors

The first method we used to assess whether
apoptosis was involved in the reduction in
viability of YT and Jurkat cells in the presence
of proteasome inhibitors was the measurement
of mitochondrial membrane potential. The
induction of apoptosis has recently been attrib-
uted to early mitochondrial perturbations,
including the loss of mitochondrial membrane
potential (Djm) [Zamzami et al., 1995] and/or
the release of cytochrome c into the cytoplasm,
where cytochrome c acts as a cofactor permit-
ting activation of apoptotic proteases such as
caspase-3 [Yang et al., 1997]. Both YT and
Jurkat cells were treatedwith 20 mMMG132 for
various times, and mitochondrial membrane
potentials measured by detecting the flores-
cence of DiOC6. Cells with low levels of DiOC6

accumulation represent reduction of the mito-
chondrial membrane potential. As indicated in
Figure 4, compared to the untreated controls, a
6-h exposure of both cell lines to MG132 led to a
significant left shift of cell population peaks,
indicating a reduction of mitochondrial mem-
brane potential (Djm) during the treatment by
MG132. However, at earlier time points (e.g.,
2 h), small changes (relative to controls) were
observedwhich did not achieve statistical signi-
ficance (data not shown). This result indicates
that there is involvement of early apoptosis
events in both YT and Jurkat cells when they
were treated with the tripeptidyl proteasome
inhibitor MG132 at 20 mM.

Since reduction of mitochondrial membrane
potential is an early event in apoptosis, it may
cause release of cytochrome c into cytoplasm
later and then activate caspases to initiate
the execution of apoptosis. Next, we measured
caspase-3 activity of both cell lines after they
were treated with 25 mM LLnL. After a 4-h

treatment, a substantial increase in caspase-3
activity was observed in both cell lines (Fig. 5);
however, at each time point, LLnL caused
significantly higher increases of caspase-3
activity in Jurkat cells than in YT cells. Among
the tested time points, the highest caspase-3
activity in Jurkat cells appeared at 10 h while
that in YT cells was at 24 h. Thus, maximal
activities of caspase-3 occurred earlier and with
a greater magnitude in the Jurkat cells as
compared to YT cells.

A nuclear staining assay was then used to
examine changes in the nuclear morphology of
these cells in the presence of proteasome inhi-
bitors. In contrast to living cells, the nuclei of
apoptotic cells have highly condensed chroma-
tin that can be easily stained by Hoechst dyes,
which may be visualized by fluorescence micro-
scopy. After treatment with 25 mM LLnL for
6 h, Jurkat cells demonstrated characteristic

Fig. 4. Reduction of mitochondrial membrane potential in YT
and Jurkat cells after treatment with proteasome inhibitor.
Following exposure to 20 mM MG132 for 6 h, YT (panel A) and
Jurkat (panel B) cells were pelleted, resuspended, and incubated
with DiOC6 as described in the ‘‘Materials and Methods.’’ Cells
were then subjected to flow cytometry analysis to determine the
population of cells expressing ‘‘low’’ levels of DiOC6, reflecting
reduction of mitochondrial membrane potential (Djm). The
maximal value for the X-axis (linear scale) is 1,024, while that for
the Y-axis is 256. The curves labeled 0 are the untreated controls,
while the curves labeled 1 are cells after a 6-h exposure to
MG132.
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condensed apoptotic nuclear morphology under
the microscope. About 32% and 58% of Jurkat
cells have apoptotic nuclei at the time points of
10 and 24 h, respectively (Fig. 6A). However, no
YT cells exhibited apoptosis-specific nuclear
morphology even after they were treated with
same concentration of LLnL for 10 h. At 24 h,
only 2% YT cells demonstrated the apoptotic
nuclear morphology changes (Fig. 6B). The
differences in nuclear morphology changes

between YT and Jurkat cells could be due to
the temporal difference in the occurrence of
caspase-3 activation (Fig. 5).

Effects of Proteasome Inhibitors
on Cell Cycle Progression

We were also interested in examining the
effects of proteasome inhibitors on cell cycle
progression in YT cells and Jurkat cells. Flow
cytometric analysis of propidium iodide (PI)-
stained cells was performed to monitor the
effects of proteasome inhibitors on cell cycle
progression since the lower DNA content of
apoptotic cells stained with PI can be measured
by flow cytometry. When Jurkat cells were
treated with 25 mM LLnL for 10 h, there was a
significant increase in the apoptotic population
with sub-G1 DNA content (Fig. 7A). By compar-
ison,whenYTcellswere treatedunder the same
condition, no obvious increase in sub-G1 popula-
tion was detected (Fig. 7A). Interestingly, YT
cells showed an arrest in G2/M phase after the
treatment of LLnL, and the percentage of G2/M
phase cells increased from 25% at time 0 to 46%
in YT cells after treatment for 10 h. This cell
cycle arrest in YT cells could cause their later
cell death via apoptosis, since apoptotic popu-
lation of YT cells with sub-G1 DNA content
increased substantially after 24 h treatment
(data not shownhere). To exclude the possibility
that the differential induction of apoptosis inYT
and Jurkat cells is proteasome inhibitor speci-
fic, the two cell lines were treated with 20 mM
MG132. Similarly, the results indicated that an
11% increase of sub-G1 cell population in Jurkat
cellswhen theywere treatedwithMG132 for 8h
(Fig. 7B). However, in the treated YT cells,
much less sub-G1 cells and higher percentage of
G2/M phase cells (Fig. 7B) further indicated the
cell cycle arrest was induced by proteasome
inhibitors. These results indicate that protea-
some inhibitors differentially regulate the cell
cycle progression in YT and Jurkat cells.

It has been reported that caspase-3 is a key
protease that becomes activated during apopto-
sis and we had already determined that cas-
pase-3 activation in YT cells is induced by
proteasome inhibitors. We further investigated
the role of caspase-3 activation in the G2/M
arrest of YT cells induced by proteasome
inhibitors, by using the caspase-3 specific
inhibitor DEVD-CHO to block the caspase-3
activation. YT cells were pretreated with
DEVD-CHO for 2 h at various concentrations,
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Fig. 5. Caspase-3 activation induced by proteasome inhibitor
in YT and Jurkat cells. YT and Jurkat cells were incubated with
25 mM LLnL for the indicated hours and then lysed. Caspase-3
activity was determined by using fluorogenic substrates Ac-
DEVD-AMC. The caspase-3 activity of these two cells at 0 h was
counted as 100%. Data represent average of three independent
experiments.

Fig. 6. Nuclear morphological changes of YT and Jurkat cells
induced by proteasome inhibitor. Jurkat cells (A) and YT cells
(B) were treated with 25 mM LLnL for the indicated hours,
followed by collecting both detached and attached cell popula-
tions. Both cell populations were used for nuclear staining assay
as described in the Materials and Methods. Original magnifica-
tion: 200�. Similar results were obtained in two to four
independent experiments.
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and then the percentage of cells in each stage of
the cell cycle measured after incubation of cells
with 20 mM MG132 for various times. As a
result, treatmentwith increasing concentration
of DEVD-CHO in YT cells did not change the
percentage of YT cells in G2/M phase cells signi-
ficantly after treatment with LLnL (Fig. 8),
implying that caspase-3 activation does not
contribute to the G2/M arrest of YT cells.

Differential Molecular Modulation of YT and
Jurkat Cells to Proteasome Inhibitors

Lastly, we attempted to demonstrate the
reduced viability, apoptosis induction, cell cycle

arrest correlated with changes in biomarker
(e.g., p27) expression. Previously, it has been
reported that p27 was involved in the process
of proteasome inhibitor-induced apoptosis [An
et al., 1998] and that therewas an accumulation
of p27Kip1 and IkB-a in tumor cells treated with
EGCG [Nam et al., 2001]. Since there were
differences in nuclearmorphology and cell cycle
progression during the treatment with protea-
some inhibitors between YT and Jurkat cells in
our current study, we continued the investiga-
tion to explore whether there are differences in
the expression of cell cycle regulatory proteins
between these two cell lines when they are
treated with proteasome inhibitors. Cells were
treated either with 10 mM lactacystin or 50 mM
EGCG and harvested at each indicated time
point. Cell extracts were made and Western
blotting conducted for a number of cell cycle
regulatory proteins including p27Kip1 and IkB-
a. For Jurkat cells, a 6-h treatment with 10 mM
lactacystin increased IkB-a and p27 signifi-
cantly (Fig. 9A), and the same treatment with
50 mM EGCG caused a dramatic accumulation
of IkB-a and p27 in cells (Fig. 9B). In contrast to
the accumulation of p27Kip1 and I.B-a in Jurkat
cells, there was no significant accumulation of
these two proteins in YT cells after they were
treated with either 10 mM lactacystin or 50 mM
EGCG (Fig. 9A,B).

Our results also indicated that p53 level
remains at the same level during the treatment

Fig. 7. Effects of proteasome inhibitors on cell cycle progres-
sion of YT and Jurkat cells. After treatment of YT and Jurkat cells
by 25 mM LLnL (A) or 20 mMMG132 (B) for the indicated hours,
cells were collected and labeled with PI and analyzed by DNA
flow cytometry. The data and bars in Jurkat cells indicate the
percentage and margin of sub-G1 cells, respectively, while
those in YT cells indicate the percentage and margin of G2/M
phase cells. Themaximal value for the X-axis on all graphs (linear
scale) is 1,024, while that for the Y-axis is 128. All experiments
were performed in duplicate and gave similar results.

Fig. 8. Caspase-3 independent pathways may contribute to the
G2/M arrest in YT cells induced by proteasome inhibitor. YT cells
were pretreated with 1 mM (A) and 10 mM (B) caspase-3 inhibitor
DEVD-CHO for 2 h, then 20 mM MG132 was added and cells
were harvested at the indicated time points. The harvested cells
were labeled with PI and analyzed by DNA flow cytometry. The
maximal value for the X-axis on all graphs (linear scale) is 1,024,
while that for the Y-axis is 128. All experiments were performed
in duplicate and yielded similar results.
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of cells with proteasome inhibitors lactacystin
or EGCG (Fig. 9) in these two cell lines. This
implies that apoptosis induced inhumanJurkat
cells and cell cycle arrest caused in YT cells
during their first 24 h treatment by proteasome
inhibitors is p53-independent. PCNA, an impor-
tant indexmarker for cell proliferation,was also
tested and showed no significant changes dur-
ing the treatment by proteasome inhibitors in
either cell line (Fig. 9). This result excluded the
possibility that differential molecular modula-
tions and cell cycle progression were related to
the cell proliferation.
In the process of apoptosis, release of cyto-

chrome c can be induced by proapoptotic
members of Bcl-2 family (such as Bax, Bad,
and Bid), but inhibited by anti-apoptotic Bcl-2
family members (such as Bcl-2 and Bcl-XL)
[Green and Reed, 1998; Gross et al., 1999]. The
ratio of proapoptotic to anti-apoptotic proteins,
therefore, is involved in determination of cel-
lular fate [Li and Dou, 2000]. With the investi-
gation of Bax and Bcl-2 in these two cell lines
after they were treated with lactacystin or
EGCG, we found the ratio of Bax to Bcl-2 was
increased in human Jurkat cell with the
increasing treatment time (Fig. 9). This is
consistent with the apoptosis induced by pro-
teasome inhibitors in human Jurkat cells.

Interestingly, in YT cells there was no Bcl-2
protein expressed and no significant accumula-
tion of Bax after the treatment of lactacystin or
EGCG (Fig. 9). The role of Bcl-2 family in theG2/
M arrest of YT cells induced by proteasome
inhibitors needs to be studied further.

DISCUSSION

Although a number of studies have impli-
cated the proteasome in apoptosis, its exact role
and the form of the complex which is involved in
this process in various cell types is not yet
understood [Brophy et al., 2002]. Proteasome
activities have been reported to decrease
[Beyette et al., 1998], stay the same or even
increase markedly [Dallaporta et al., 2000]
during apoptosis. Furthermore, proteasome
inhibitors can have pro- or anti-apoptotic effects
depending on the cell type and death stimulus
[Grimmetal., 1996;An et al., 1998;Awasthi and
Wagner, 2004]. Recently, we have found that
proteasome inhibitors induced apoptosis of rat
NK RNK16 cells [Lu et al., 2003]. Combined
with our previous findings that there are some
distinct properties of proteasome in NK cells
[Wasserman et al., 1994; Kitson et al., 2000], we
carried out the present studies to provide
further evidence for the apoptosis induced by

Fig. 9. Differential molecular effects by lactacystin and EGCG in YT and Jurkat cells. Time course
experiments in which YT and Jurkat cells were treated with 10 mM lactacystin (panel A) or 50 mM EGCG
(panel B), were performed. After 6, 12, 24 h of treatment, cell lysates were evaluated for levels of I.B-a, p27,
p53, PCNA, Bcl-2, and BAX expression by Western blotting as described in Materials and Methods. Actin
was measured as a standard.
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proteasome inhibitors in human NK cells and
determine if the effects of proteasomal inhibi-
tion in NK cells could be differentiated from
those in other cell types.

The 20S proteasome is a cylindrical particle
consisting of 28 subunits in four stacked rings,
of which two outer rings comprise a-subunits
while inner two rings composed by b-subunits
form a central cavity containing proteolytic
activities [Groll et al., 1997; Baumeister et al.,
1998]. Theoretically, substrates enter the chan-
nel leading to the interior chamber through a
narrow constriction in the central portion of the
a-ring. In cells, the 26S proteasome is a complex
of the 20S core and either one or two regulatory
particles [Coux et al., 1996]. The regulatory
particles confer ATP dependence and recogni-
tion of polyubiquitinated protein substrates,
leading to substrate unfolding, deubiquitina-
tion, and translocation of the substrate into the
20S core. While the participation of protea-
somes in protein turnover is well established,
the relative contribution of 20S and 26S sub-
types is not so clear. This may raise a question
whether 20Sand26Sproteasomesdiffer in their
cleavage site selection for substrates, thereby
affecting the degradation rate of protein sub-
strates in cells. In addition, a recent study
comparing in vitro enzymatic specificities of 26S
and 20S proteasomes from human erythrocytes
suggested that the actions of 20S and 26S
proteasomes are carried out independently
[Emmerich et al., 2000].

This studymainly sought to find the differen-
tial effects of proteasome inhibitors on human
NK cells versus T lymphocytes. Differences
inmorphological change in the nucleus between
YT and Jurkat cells were identified during
their incubations with proteasome inhibitors.
In contrast to Jurkat cells, no YT cells exhibited
apoptosis-specific nuclear morphology after
treatment for 10 h and only a small fraction of
YT cells demonstrated the apoptotic nuclear
morphology changes after 24 h treatment. We
alsodetermined the caspase-3 activities in these
two cell lines following the treatment with
proteasome inhibitors and found that a tem-
poral difference in the occurrence of caspase-3
activation by proteasome inhibitors existed
between these two cell lines. A recent study
reported a precaspase-activated step in the
apoptotic cascade, resulting in specific morpho-
logical features showing the presence of a step
prior to caspase activation in the cells [Tomioka

et al., 2002]. Furthermore, pro-caspase-3 had
been shown to sensitize cancer cells to protea-
some inhibitor-induced apoptosis [Tenev et al.,
2001]. Therefore, the differences in nuclear
morphology changes between YT and Jurkat
cells could be due to the temporal difference in
the occurrence of caspase-3 activation.

We also measured the differential effects of
proteasome inhibitors on these two cell lines at
molecular levels. Some cell cycle regulatory
proteins did display differences including p27
and I.B-a. p27Kip1 is a powerful cyclin-depen-
dent kinase inhibitor (of CDK4 and CDK2)
whose overexpression arrests cells in G1

[Toyoshima and Hunter, 1994]. Reduced
expression has been shown in various carcino-
mas to be the result of increased proteasome
degradation rather than altered gene expres-
sion [Catzavelos et al., 1997; Loda et al., 1997].
Accumulation of p27Kip1 and I.B-a due to
treatment with proteasome inhibitors may
happen in many cell types [Nam et al., 2001;
Yin et al., 2005]. In our study, the accumulation
of these two proteins and combined effects of
other factors induced by proteasome inhibitors,
resulted in the rapid induction of apoptosis in
Jurkat cells. However, neither p27Kip1 nor I.B-a
was accumulated in YT cells after they were
treated with proteasome inhibitors. Therefore,
proteasomes in YT cells might process other
target proteins favorably other thanp27Kip1 and
I.B-a. The p53 protein was one of the first cell
cycle regulators found to be degraded by the
proteasome [Maki et al., 1996; Chen et al.,
2000]. Studies of the role of p53 in cell cycle with
proteasome inhibitors have shown varying
results. Increases in protein levels of p53 were
seen during the apoptosis following proteasome
inhibition in human T-cell lymphoma cells
[Shinohara et al., 1996] and bladder tumor cells
[Kamat et al., 2004]. Others, though, have
shown cell cycle arrest and apoptosis from
proteasome inhibition to be independent of p53
accumulation [An et al., 1998; Kim et al., 2004].
In this study, p53 protein did not show any
changes in these cell lines after they were
treated by proteasome inhibitors.

In summary, our studies have indicated that
proteasome inhibitors act differentially in cell
cycle progression, apoptosis induction and
molecular effects between YT cells and Jurkat
cells, tumors of NK and T cell origin, and these
inhibitors may have similar effects on normal
NKandT cells. This has indicated that different
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cell types may respond differentially to the
proteasome inhibitors. This is of great physio-
logical significance since proteasome inhibitors
have been tested in phase I, II, and III clinical
trials to treat cancers [Dou and Goldfarb, 2002;
Rajkumar et al., 2005]. It is therefore possible
and a worthwhile goal to screen for ideal
proteasome inhibitors, which meet a key pre-
requisite for optimal therapeutic application for
treatment of malignant tumors, that is, selec-
tivity and specificity for malignant cells and the
sparing of normal cells.
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