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apoptotic pathway and its potentiation by protein tyrosine kinase p56lck in
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A B S T R A C T

Exposure of human Jurkat T cells to MG132 caused apoptosis along with upregulation of Grp78/BiP and

CHOP/GADD153, activation of JNK and p38MAPK, activation of Bak, mitochondrial membrane potential

(Dcm) loss, cytochrome c release, activation of caspase-12, -9, -3, -7, and -8, cleavage of Bid and PARP,

and DNA fragmentation. However, these MG132-induced apoptotic events, with the exceptions of

upregulation of Grp78/BiP and CHOP/GADD153 and activation of JNK and p38MAPK, were abrogated by

overexpression of Bcl-xL. Pretreatment with the pan-caspase inhibitor z-VAD-fmk prevented MG132-

induced apoptotic caspase cascade, but allowed upregulation of Grp78/BiP and CHOP/GADD153 levels,

activation of JNK and p38MAPK, Dcm loss, and cleavage of procaspase-9 (47 kDa) to active form (35 kDa).

Further analysis using selective caspase inhibitors revealed that caspase-12 activation was required for

activation of caspase-9 and -3 to the sufficient level for subsequent activation of caspase-7 and -8.

MG132-induced cytotoxicity, apoptotic sub-G1 peak, Bak activation, and Dcm loss were markedly

reduced by p38MAPK inhibitor, but not by JNK inhibitor. MG132-induced apoptotic changes, including

upregulation of Grp78/BiP and CHOP/GADD153 levels, activation of caspase-12, p38MAPK and Bak, and

mitochondria-dependent activation of caspase cascade were more significant in p56lck-stable

transfectant JCaM1.6/lck than in p56lck-deficient JCaM1.6/vector. The cytotoxicity of MG132 toward

p56lck-positive Jurkat T cell clone was not affected by the Src-like kinase inhibitor PP2. These results

demonstrated that MG132-induced apoptosis was caused by ER stress and subsequent activation of

mitochondria-dependent caspase cascade, and that the presence of p56lck enhances MG132-induced

apoptosis by augmenting ER stress-mediated apoptotic events in Jurkat T cells.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Proteasome is a large protease complex found in the cytoplasm
and nucleus of mammalian cells, and it plays a critical role in the
homeostatic control of a variety of cellular proteins by acting as the
main non-lysosomal proteolytic system in the cells. Proteasome is
known to catalyze a rapid degradation of structurally abnormal or
misfolded proteins, and many essential regulatory proteins
associated with external signal-induced cell activation and cell
cycle progression, such as IkB, cyclin D2, cyclin D3, cyclin B, p53,
and p27Kip1 [1]. The 26S proteasome recognizes ubiquitinated
protein molecules and intakes them into a 20S proteolytic chamber
for proteolytic degradation [2].

Since the proteasome inhibitor-induced suppression of the
function of the ubiquitin–proteasome system appeared to lower
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cell proliferation and selectively induced apoptosis in actively
proliferating cells [3], and since the proteasome inhibitor could
block angiogenesis [4], the proteasome inhibitors have been
examined as potential antineoplastic agents against various cancer
cells in vitro and in vivo, including breast cancer, melanoma, lung
cancer, lymphoma, and glioma cells [5–8]. As a mechanism
associated with proteasome inhibitor-induced apoptosis, alter-
ation in the level of cell cycle regulatory proteins including p27Kip1,
p21Cip1, p16Ink4, Mdm2, and p53, which led to growth-arrest at the
G1 phase and induction of apoptosis, has been implicated [9,10]. In
addition, the activation of multiple caspases and the release of
mitochondrial cytochrome c into cytoplasm have been observed
during proteasome inhibitor-induced apoptosis [8]. Recently, it has
been shown that proteasome inhibitor MG132-induced apoptosis
of osteosarcoma cells is associated with growth-arrest at the G2/M
and activation of caspase-8 in the absence of activation of caspase-
9 and -3 [11]. Since proteasome is part of the endoplasmic
reticulum (ER)-associated machinery for protein degradation
(ERAD) that removes unfolded and misfolded proteins from the
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ER [12,13], it is likely that proteasome inhibition may cause the
accumulation of unfolded and misfolded proteins in the ER and
thus results in ER stress, which activates the unfold protein
response (UPR). This UPR appears to induce apoptosis via the
mitochondria-dependent and mitochondria-independent path-
ways involving C/EBP homologous protein/growth arrest- and
DNA damage-inducible gene 153 (CHOP/GADD153), stress kinases
such as c-Jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (p38MAPK), and caspase-4 and -9 [14]. Although
these previous results have indicated that disturbance of the cell
cycle, ER stress, mitochondrial cytochrome c release, and activation
of multiple caspases are involved in the proteasome inhibitor-
induced apoptosis in tumors, their interrelations and the sequence
for caspase cascade for the induction of proteasome inhibitor-
induced apoptosis still remain obscure.

A protein tyrosine kinase (PTK) p56lck is a typical non-receptor
PTK of the Src-family and is expressed almost exclusively in T cells
[15]. The p56lck not only plays an important role in transducing
TCR-mediated activation signal via interaction with cytoplasmic
regions of CD4 and CD8 coreceptor molecules but it also relays the
G1/S-transition signal from the IL-2 receptor, indicating critical
roles of p56lck for T-cell activation and proliferation. The
importance of p56lck for T-cell propagation was initially indicated
by virtue of its overexpression, resulting from retroviral insertion
into the lck locus in two Moloney murine leukemia virus-induced
lymphoid tumors [16]. In addition to the typical role of p56lck in T-
cell propagation, p56lck is known to be involved in FasL expression
during activation-induced T cell apoptosis [17] and Fas-mediated
death signaling pathway leading to Bid cleavage and mitochondrial
cytochrome c release [18]. Although these previous studies suggest
that p56lck is associated with activation-induced T-cell apoptosis
mainly via its role in upregulating FasL expression and its
contribution to Fas-signaling pathway, several recent studies have
indicated a direct requirement of p56lck for certain types of
apoptosis induced by ionizing radiation, ceramide, rosmarinic acid,
doxorubicin-, paclitaxel-, or 5-fluorouracil, through modulating
the mitochondria-dependent apoptotic signaling pathway [19–
23]. On the other hand, a p56lck-deficient murine helper T cell clone
resulting from p56lck-specific antisense RNA expression was
hypersusceptible to apoptosis when activated through TCR [24].
The phenylalanine analog para-fluorophenylalanine-induced apo-
ptosis was more significant in p56lck-deficient Jurkat T cells than in
p56lck-positive Jurkat T cells by increasing mitochondrial cyto-
chrome c release and resultant activation of caspase cascade [25].
These previous data have suggested that p56lck plays a role in T-cell
apoptosis as a pro-apoptotic or anti-apoptotic modulator and
might be differential depending on initial triggers provoking
apoptosis, but the precise mechanism has not been completely
understood.

In the present study, to understand the mechanism underlying
the apoptosis induced by the proteasome inhibitor and its
modulation by protein tyrosine kinase p56lck, we investigated
the apoptotic signaling pathway provoked by MG132 in human
acute leukemia Jurkat T cells, with focusing on ER-stress-
mediated activation of JNK, p38MAPK, and caspase-12, and
mitochondria-dependent caspase pathway. In addition, we
investigated the effect of anti-apoptotic protein Bcl-xL on
MG132-induced apoptosis. The results demonstrated that
MG132-induced apoptosis was mediated by activation of
p38MAPK, Bak, and mitochondria-dependent caspase cascade
including caspase-9, -3, -7, and -8, in which ER stress-mediated
activation of caspase-12 was crucial for the reciprocal activation
of caspase-9 and -3. Our results also indicated that both ER stress-
mediated activation of p38MAPK and caspase-12 and subsequent
mitochondrial cytochrome c release were augmented in the
presence of p56lck in Jurkat T cells.
2. Materials and methods

2.1. Reagents, antibodies, and cells

The proteasome inhibitor MG132 was purchased from Sigma
Chemical (St. Louis, MO, USA). An ECL Western blotting kit was
obtained from Amersham (Arlington Heights, IL, USA). Anti-
cytochrome c, anti-Fas, and anti-FasL were purchased from
Pharmingen (San Diego, CA, USA). Anti-phospho-JNK, anti-JNK1,
anti-Grp78/BiP, anti-CHOP/GADD153, anti-caspase-3, anti-poly
(ADP-ribose) polymerase (PARP), anti-Bax, anti-p56lck, anti-Bcl-
xL, anti-Bcl-2, and anti-b-actin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-phospho-p38MAPK,
anti-p38MAPK, anti-caspase-8, anti-caspase-9, anti-caspase-7,
anti-Bad, anti-Bid, anti-phospho-p56lck (Tyr-505), and anti-phos-
pho-p56lck (Tyr-416) were purchased from Cell Signaling Technol-
ogy (Beverly, MA, USA). Anti-caspase-12 was obtained from BD
Sciences (Chicago, IL, USA), and anti-BAG3 was purchased from
Abcam (Cambridge, UK). The broad-range caspase inhibitor z-VAD-
fmk, caspase-8 inhibitor z-IETD-fmk, anti-Bak (Ab-1), anti-Bax
(6A7), JNK inhibitor SP600125, and the Src-like kinase inhibitor
PP2 were obtained from Calbiochem (San Diego, CA, USA). The
caspase-9 inhibitor z-LEHD-fmk and the caspase-3 inhibitor z-
DEVD-fmk were obtained from BD Sciences, and the caspase-12
inhibitor z-ATAD-fmk and the caspase-4 inhibitor z-LEVD-fmk
were obtained from Biovision (Mountain View, CA, USA). The
p38MAPK inhibitor SB202190 was purchased from Biomol (Ply-
mouth Meeting, PA, USA). Annexin V-FITC apoptosis kit was
purchased from Clontech (Takara Bio Inc., Shiga, Japan). Human
acute leukemia Jurkat T cell line E6.1, Jurkat T cell clone A3, and
FADD-deficient Jurkat T cell clone I2.1 were purchased from ATCC
(Manassas, VA, USA). Human acute leukemia Jurkat T cell clones J/
Neo and J/Bcl-xL were provided by Dr. Dennis Taub (Gerontology
Research Center, NIA/NIH, Baltimore, MD, USA). p56lck-Stable
transfectant JCaM1.6/lck and p56lck-deficient JCaM1.6/vector were
supplied from Dr. Arthur Weiss (University of California, San
Francisco, CA, USA). Jurkat T cells were maintained in RPMI 1640
(Life Technologies, Gaithersburg, MD, USA) containing 10% FBS,
20 mM HEPES (pH 7.0), 5 � 10�5 M b-mercaptoethanol, and
100 mg/ml gentamycin. For the culture of J/Neo cells, J/Bcl-xL
cells, JCaM1.6/lck, and JCaM1.6/vector, G418 (A.G. Scientific Inc.,
San Diego, CA, USA) was added to RPMI 1640 medium at a
concentration of 400 mg/ml.

2.2. Cytotoxicity assay

The cytotoxic effect of MG132 on Jurkat T cells was analyzed by
MTT assay. Briefly, cells (5 � 104) were added to the serial dilution
of MG132 in 96-well plates. At 20 h after incubation, 50 ml of MTT
solution (1.1 mg/ml) was added to each well and incubated for an
additional 4 h. After centrifugation, the supernatant was removed
from each well, and then 150 ml of DMSO was added to dissolve the
colored formazan crystal produced from MTT. OD values of the
solutions were measured at 540 nm by a plate reader.

2.3. DNA fragmentation analysis

Apoptotic DNA fragmentation induced in Jurkat T cells
following MG132 treatment was determined by Triton X-100
lysis methods using 1.2% agarose gel electrophoresis as previously
described [26].

2.4. Flow cytometric analysis

Flow cytometric analysis of the cell cycle of Jurkat T cells
exposure to MG132 was performed as described elsewhere [26].
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The extent of necrosis was detected with Annexin V-FITC apoptosis
kit (Clontech, Takara Bio Inc., Shiga, Japan) as previously described
[27]. Briefly, cells (5 � 105) were washed with 1� binding buffer
and then incubated with Annexin V-FITC and propidium iodide (PI)
for 15 min before being analyzed by flow cytometry.

Changes in the mitochondrial membrane potential (Dcm)
following treatment with MG132 were measured after staining
with 3,30-dihexyloxacarbocyanine iodide (DiOC6) [28]. After
treatment with MG132, the cells were harvested and incubated
with PBS containing 50 nM DiOC6 for 1 min at 37 8C prior to flow
cytometric analysis.

Activation of Bak and Bax following treatment with MG132 was
measured by flow cytometry as previously described [23]. Briefly,
cells (1 � 106) were washed with PBS and fixed in PBS/1.0%
paraformaldehyde on ice for 30 min. Cells were then washed three
times in PBS/1% FCS. Staining with conformation-specific anti-
bodies against Bak (Ab-1) and Bax (6A7) was performed with a
proper dilution of individual antibodies in 100 ml staining buffer
(PBS, 500 mg/ml digitonin). Then, cells were washed and resus-
pended in 100 ml staining buffer containing Alexafluor 488-labeled
goat anti-mouse IgG. The conformational changes of Bak and Bax
were measured by flow cytometry.

2.5. Preparation of cell lysate and Western blot analysis

Cellular lysates were prepared by suspending 5 � 106 Jurkat T
cells in 200 ml of lysis buffer (137 mM NaCl, 15 mM EGTA, 1 mM
sodium orthovanadate, 15 mM MgCl2, 0.1% Triton X-100, 25 mM
MOPS, 2.5 mg/ml proteinase inhibitor E-64, and pH 7.2). The cells
were disrupted by sonication and extracted at 4 8C for 30 min. An
equivalent amount of protein lysate (20 mg) was electrophoresed
on 4–12% SDS gradient polyacrylamide gel with MOPS buffer and
then electrotransferred to Immobilon-P membranes. Detection of
each protein was performed using an ECL Western blotting kit
according to the manufacturer’s instructions.

2.6. Detection of mitochondrial cytochrome c in cytosolic protein

extracts

To assess mitochondrial cytochrome c release in Jurkat T cells
following MG132 treatment, cytosolic protein extracts were
obtained as described elsewhere [27]. The cytosolic extracts free
of mitochondria were analyzed for cytochrome c by Western
blotting.

2.7. Determination of caspase activity

Caspase-12 activity was assayed by using the Caspase-12
Fluorometric Assay Kit (Biovision, Mountain View, CA, USA), and
caspase-3 activity was assayed by using the Caspase-3 Colori-
metric Activity Assay Kits (Chemicon International Inc., Temecula,
CA, USA) according to the manufacturer’s protocols, as described
elsewhere [29]. An equal number of cells (5 � 106) from each
sample were treated with Cell Lysis Buffer on ice for 10 min, and
centrifuged at 10,000 � g for 10 min. The supernatant (�150 mg of
protein) was incubated with each caspase substrate (ATAD-FMC
for caspase-12, and DEVD-pNA for caspase-3) at 37 8C for 1 h. For
an in vitro caspase-12 inhibition assay, the cell lysate (150 mg of
protein) prepared from Jurkat T cells treated with 2.5 mM MG132
for 12 h was added to various concentrations (0.1 mM, 0.5 mM,
1 mM, and 4 mM) of the caspase-12 inhibitor z-ATAD-fmk. After
these mixtures were incubated at room temperature for 30 min to
allow the z-ATAD-fmk to react with caspase-12, the substrate
ATAD-FMC for caspase-12 was added to determine residual
caspase-12 activity. Under the same conditions, to test for cross-
reactivity of the caspase-12 inhibitor z-ATAD-fmk toward
caspase-3 activity, the substrate DEVD-pNA for caspase-3 was
added. Following the addition of the substrates, the reaction
mixture was incubated at 37 8C for 1 h. The caspase-12 activity
was measured by a fluorometer equipped with a 400-nm
excitation filter and a 510-nm emission filter. The caspase-3
activity was measured by a microplate reader at 405 nm.

2.8. Statistical analysis

Unless otherwise indicated, each result in this work is
representative of at least three separate experiments. Values
represent the mean � standard deviation (SD) of these experiments.
The statistical significance was calculated with a Student’s t-test. P

values less than 0.05 were considered significant.

3. Results

3.1. Apoptogenic effect of MG132 on Jurkat T cell clone E6.1

To investigate the cytotoxic effect of MG132 on Jurkat T cells,
cell viability after treatment with MG132 at various concentrations
ranging from 0.63 mM to 2.5 mM for 12 h was determined by MTT
assay. As shown in Fig. 1A, the cell viability declined in a dose-
dependent manner. Although the cell viability in the presence of
0.63 mM MG132 remained at the level of 91%, the cell viability in
the presence of 1.25 mM and 2.5 mM MG132 appeared to be 73%
and 37%, respectively, indicating that the IC50 value of MG132 was
2.1 mM. The apoptotic DNA fragmentation began to be detected at
a concentration of 1.25 mM and appeared to increase in a dose-
dependent manner, in accordance with the decline in cell viability,
indicating that MG132 possesses apoptogenic activity and induces
apoptotic DNA fragmentation in a dose-dependent manner
(Fig. 1B). Under these conditions, flow cytometric analysis also
exhibited the accumulation of apoptotic sub-G1 cells following
treatment with MG132 (Fig. 1C). To examine the involvement of
the mitochondrial apoptotic pathway in the apoptotic effect of
MG132, the mitochondrial membrane potential (Dcm) loss of the
cells treated with MG132 was measured by DiOC6 staining. When
the Dcm loss was visualized as a reduction in the fluorescence
signal in the FL1 channel, the ratio of negative fluorescence in E6.1
cells treated with MG132 at concentrations of 0.63 mM, 1.25 mM,
and 2.5 mM were 4.3%, 19.3%, and 49.9%, respectively (Fig. 1D),
demonstrating that MG132 could reduce Dcm in a dose-
dependent manner. To examine whether necrosis accompanied
the apoptogenic activity of MG132, the cells treated with MG132
were analyzed by Annexin V-FITC and PI staining. The treatment of
cells with MG132 caused an enhancement in the levels of early
apoptotic cells stained only with Annexin V-FITC, and late
apoptotic cells stained with both Annexin V-FITC and PI, whereas
the necrotic cells stained only with PI were barely detected,
indicating that the cytotoxic effect exerted by MG132 on Jurkat T
cells was mainly attributable to induced apoptosis, but not to
necrosis (Fig. 1E). These results indicated that the cytotoxic effect
of MG132 on Jurkat T cells was attributable to mitochondrial
damage and subsequent induction of apoptosis without necrosis.

3.2. Involvement of mitochondrial cytochrome c-mediated activation

of caspase cascade, and ER stress-mediated activation of JNK,

p38MAPK, and caspase-12 in MG132-induced apoptosis in Jurkat T cell

clone E6.1

To examine that the pro-apoptotic action of cytochrome c

released from mitochondria was involved in the MG132-induced
apoptotic signaling pathway in Jurkat T cells, we investigated
mitochondrial cytochrome c release into cytoplasm and resultant
activation of caspase cascade including caspase-9 and -3, leading



Fig. 1. Effect of MG132 on cell viability (A), apoptotic DNA fragmentation (B), cell cycle distribution (C), mitochondrial membrane potential (Dcm) loss (D), and apoptotic cell

death (E) in Jurkat T cell clone E6.1. The cells (7.5 � 104) were incubated with indicated concentrations of MG132 in a 96-well plate for 12 h and the final 4 h were incubated

with MTT. The cells were sequentially processed to assess the colored formazan crystal produced from MTT as an index of cell viability. Each value is expressed as mean � SD

(n = 3 with three replicates per independent experiment). *P < 0.05 compared to control. Equivalent cultures were prepared and processed for apoptotic DNA fragmentation analysis

by Triton X-100 lysis methods using 1.2% agarose gel electrophoresis. The cell cycle distribution was determined on an equal number of cells (2 � 104) by flow cytometric analysis of

PI staining. The Dcm loss and the apoptotic cells were determined by flow cytometric analysis of DiOC6 staining, and Annexin V-FITC and PI staining, respectively.
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to degradation of PARP. Although there was no detectable
cytochrome c in the cytosolic fraction of continuously growing
Jurkat T cells, the level of cytosolic cytochrome c increased by
MG132 (1.25–2.5 mM) in a dose-dependent manner (Fig. 2A). At
the same time, the level of b-actin remained constant, indicating
the equivalent loading of the cell lysate in each lane for Western
blot analysis. Along with the mitochondrial cytochrome c release,
caspase-9 activation that proceeded via proteolytic cleavage of
procaspase-9 (47 kDa) into the active forms (37/35 kDa) was
detected (Fig. 2B). The activation of caspase-3 through proteolytic
cleavage of 32-kDa procaspase-3 into the 17-kDa active form as
well as the activation of procaspase-7 (35 kDa) into the active form
(20 kDa) was also detected. As a downstream target of active
caspase-3 and -7 during induction of apoptosis, PARP has been
reported to be cleaved into two fragments [30]. The cleavage of
PARP was detected along with activation of caspase-3 and -7 in the
presence of 1.25–2.5 mM MG132. To examine whether ER stress-
mediated apoptotic events were provoked as the upstream signals
in MG132-induced mitochondrial cytochrome c release and
activation of caspase cascade, the activation of c-Jun N-terminal
kinase (JNK) and p38 mitogen-activated protein kinase
(p38MAPK), caspase-12 and -8, and the upregulation of glucose-
regulated protein 78 (Grp78)/BiP and C/EBP homologous protein/
growth arrest- and DNA damage-inducible gene 153 (CHOP/
GADD153), all of which are known to be as the ER stress-mediated
events [14,27,31–34], were also investigated by Western blot
analysis. In the presence of MG132 (1.25–2.5 mM), the phosphor-
ylation of JNK increased significantly without a change in the level
of total JNK1 protein. Along with the JNK phosphorylation, the c-
Jun appeared to be phosphorylated at Ser-63 residue, which is
known to be catalyzed by JNK [35], suggesting that the
phosphorylated JNK was enzymatically active enough to phos-
phorylate c-Jun. The phosphorylation of p38MAPK was also
enhanced in a manner similar to the JNK phosphorylation,
reflecting concurrent activation of JNK and p38MAPK following
exposure to MG132. Under these conditions, the activation of Bak,



Fig. 2. Western blot analysis of mitochondrial cytochrome c release and b-actin (A), and Grp78/BiP, CHOP/GADD153, phospho-JNK, JNK1, phospho-c-Jun, phospho-p38MAPK,

p38MAPK, Bak, Bid, caspase-12, -9, -3, -8, and -7, cleavage of PARP, and b-actin (B), flow cytometric analysis of Bak activation (C), and in vitro activity assay for caspase-12 (D)

and caspase-3 (E) in Jurkat T cells (clone E6.1) after treatment with MG132 (0.63–2.5 mM). The cells (�5 � 106 cells) were incubated at a density of 5 � 105/ml with indicated

concentrations of MG132 for 12 h and prepared for mitochondria-free cytosolic extracts or cell lysates. Western blot analysis, flow cytometric analysis of Bak activation, and

the enzymic activity assay of caspase-12 or caspase-3 were performed as described in Section 2. Each value is expressed as mean � SD (n = 3 with three replicates per

independent experiment). *P < 0.05 compared to control. A representative study is shown and two additional experiments yielded similar results.
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as evidenced by its N-terminal conformational change, was
detected (Fig. 2C). Whereas the level of procaspase-12 (55 kDa)
appeared to remain constant, the activation of caspase-8 through
proteolytic cleavage of proenzyme (57 kDa) into active forms (43/
41 kDa) was significantly enhanced. In addition, the level of Bid
protein (22 kDa), which was previously degraded by active
caspase-8 to generate the truncated Bid (tBid, 15 kDa) causing
Dcm loss and cytochrome c release [36,37], appeared to decrease.
An enhancement in the levels of Grp78/BiP and CHOP/GADD153
was also detected in Jurkat T cells following exposure to MG132.
Since the anti-caspase-12 employed for Western blot analysis in
this study is known to recognize the procaspase-12 but not the
cleaved form of caspase-12, we further evaluated in vitro caspase-
12 activity to confirm MG132-induced caspase-12 activation in
Jurkat T cells. As shown in Fig. 2D, the caspase-12 activity appeared
to increase in a dose-dependent manner in Jurkat T cells. At the
same time, the caspase-3 activity was enhanced in accordance
with the results of Western blot analysis of MG132-induced
caspase-3 activation (Fig. 2E). These in vitro caspase activity assays
confirmed that MG132-induced apoptosis of Jurkat T cells was
accompanied by caspase-12 activation. Since procaspase-12 and
procaspase-8 are activated in response to ER stress [27,32,33], and
since JNK and p38MAPK activated by ER stress can be translocated
to mitochondria and contribute to Bak activation to provoke
cytochrome c release [14,31,34], these previous and current results
raised the possibility that the ER stress-mediated apoptotic
pathways such as the activations of JNK, p38MAPK, caspase-12
and -8 might be involved in MG132-induced apoptosis as the
upstream events for mitochondrial cytochrome c release and
subsequent activation of caspase-9 and -3.



Fig. 3. Western blot analysis of caspase-8, FADD, and b-actin (A), and the effect of

MG132 on cell viability (B) in wild-type Jurkat T cells (clone A3), FADD-deficient

Jurkat T cells (clone I2.1), or caspase-8-deficient Jurkat T cells (clone I9.2).

Equivalent amounts of individual cell lysates were electrophoresed on 4–12% SDS

gradient polyacrylamide gels and electrotransferred to Immobilon-P membranes.

Western analysis was performed as described in Section 2. A3 cells, I2.1 cells or I9.2

cells were incubated at a density of 7.5 � 104 cells per well with indicated

concentrations of MG132 in a 96-well plate. After 8 h, an MTT assay was performed

to assess cell viability. Each value is expressed as mean � SD (n = 3 with three

replicates per independent experiment). *P < 0.05 compared to control.
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To investigate an involvement of Fas/FasL system in MG132-
induced apoptosis in Jurkat T cells, we compared the cytotoxic
effect of MG132 on FADD-positive wild-type Jurkat T cells (clone
A3) with those on FADD-deficient Jurkat T cells (clone I2.1) and
caspase-8-deficient Jurkat T cells (clone I9.2), both of which were
previously refractory to Fas-mediated apoptosis [38]. Jurkat clones
exhibited a similar sensitivity to the cytotoxicity of MG132,
regardless of the FADD- or caspase-8-deficiency (Fig. 3A and B).
These results indicated that the MG132-induced apoptosis of
Jurkat T cells was not initiated by the interaction of Fas with FasL,
but by ER stress- and mitochondria-mediated activation of
multiple caspases including caspase-12, -9, -8, -7, and -3, leading
to PARP degradation. These results also suggested that the
activation of caspase-8 and resultant cleavage of Bid into tBid
might not be crucial for MG132-induced apoptosis.

3.3. Protective effect of anti-apoptotic protein Bcl-xL on MG132-

induced apoptosis in Jurkat T cells

To examine whether these MG132-induced apoptotic events
are crucial to apoptotic cell death, we decided to take advantage of
the anti-apoptotic protein Bcl-xL that could protect cells from
apoptosis by blocking both cytochrome c release from mitochon-
dria and ER stress-mediated activation of caspase-12 and -8,
resulting in the prevention of both mitochondria-dependent and -
independent apoptotic pathways [27,39,40]. When the effect of
the overexpression of Bcl-xL on the cytotoxicity of MG132 was
investigated by employing Jurkat T cells transfected with Bcl-xL

gene (J/Bcl-xL) and Jurkat T cells transfected with vector (J/Neo),
the viability of J/Neo cells in the presence of 0.63 mM, 1.25 mM,
and 2.5 mM MG132 was 87.2%, 59.0%, and 27.5%, whereas that of J/
Bcl-xL cells was 96.1%, 95.4%, and 87.6%, respectively, indicating
the protective effect of Bcl-xL on the cytotoxicity of MG132
(Fig. 4A). Under these conditions, MG132 (1.25–2.5 mM) could
induce apoptotic DNA fragmentation in J/Neo cells in a dose-
dependent manner, but it failed to induce the DNA fragmentation
in J/Bcl-xL cells (Fig. 4B). Similarly, the flow cytometric analysis
showed that the level of apoptotic sub-G1 cells increased in J/Neo
cells treated with MG132 (1.25–2.5 mM), whereas the apoptotic
sub-G1 cells were not detected in J/Bcl-xL cells treated with
MG132 (Fig. 4C). When the Dcm loss of J/Neo cells treated with
MG132 was measured by DiOC6 staining, the ratio of negative
fluorescence in the cells treated with MG132 at concentrations of
0.63 mM, 1.25 mM, and 2.5 mM were 4.0%, 33.7%, and 64.3%,
respectively (Fig. 4D). However, MG132 failed to induce Dcm loss
in J/Bcl-xL cells. These results demonstrated that MG132 caused
Dcm loss and apoptotic DNA fragmentation in a dose-dependent
manner by a conserved apoptogenic mechanism, which could be
targeted by the anti-apoptotic role of Bcl-xL, and suggested that
MG132-mediated cytotoxicity was mainly due to induced
apoptosis.

Western blot analysis further revealed that although mito-
chondrial cytochrome c release into cytosol was induced dose-
dependently in J/Neo cells treated with MG132 (1.25–2.5 mM), it
was prevented in J/Bcl-xL cells (Fig. 5A). Along with mitochondrial
cytochrome c release, the activation of caspase-9, -3, and -8, Bid
cleavage, and PARP degradation was induced in J/Neo cells, but
these apoptotic events were abrogated in J/Bcl-xL cells (Fig. 5B).
Under these conditions, while MG132-induced upregulation in the
levels of Grp78/BiP and CHOP/GADD153, and activation of JNK and
p38MAPK were sustained or slightly enhanced in J/Bcl-xL cells,
MG132-induced activation of caspase-12, which was evaluated by
the in vitro caspase-12 activity assay, as well as MG132-induced
activation of Bak appeared to be abrogated in J/Bcl-xL cells (Fig. 5C
and D). In accordance with the results of Western blot analysis, the
in vitro caspase-3 activity assay also showed that MG132-induced
activation of caspase-3 could be completely blocked in J/Bcl-xL
cells (Fig. 5E). These in vitro caspase activity assays demonstrated
that MG132-induced activation of caspase-12 and -3 was
negatively regulated by Bcl-xL. Consequently, these results
indicated that the mitochondria-dependent activation of caspase
cascade, which could be blocked by Bcl-xL, was crucial for MG132-
induced apoptosis. These results also demonstrated that among
the ER stress-associated apoptotic events, which occurred as
upstream events of mitochondria-dependent caspase cascade, only
the caspase-12 activation was susceptible to anti-apoptotic role of
Bcl-xL.

3.4. Effect of various caspase inhibitors, JNK inhibitor, and p38MAPK

inhibitor on MG132-induced apoptosis in Jurkat T cells

To elucidate further the MG132-induced death signaling
pathways, we investigated the effect of caspase-9 inhibitor (z-
LEHD-fmk) [41], caspase-3 inhibitor (z-DEVD-fmk) [42], pan-
caspase inhibitor (z-VAD-fmk) [43], caspase-4 inhibitor (z-LEVD-
fmk) [44], and caspase-12 inhibitor (z-ATAD-fmk) [45] on MG132-
induced apoptotic events in Jurkat T cells. After pretreatment with
each inhibitor for 2 h, the cells were exposed to 2.5 mM MG132 for
12 h. Although apoptotic sub-G1 peak was barely or not detectable
in continuously growing Jurkat T cells, it increased to the level of
40.0% in the presence of 2.5 mM MG132 for 12 h (Fig. 6A). The
MG132-induced sub-G1 peak was abrogated by z-LEHD-fmk, z-



Fig. 4. Effect of Bcl-xL on MG132-induced cytotoxicity (A), apoptotic DNA fragmentation (B), apoptotic change in the cell cycle distribution (C), and Dcm loss (D) in Jurkat T

cells. Jurkat T cells overexpressing Bcl-xL (J/Bcl-xL) and control (J/Neo) cells were incubated at a density of 7.5 � 104/well with various concentrations of MG132 in a 96-well

plate. After 8 h, an MTT assay was performed to determine cell viability. Each value is expressed as mean � SD (n = 3 with three replicates per independent experiment).

*P < 0.05 compared to control. Equivalent cultures were prepared and processed for apoptotic DNA fragmentation analysis by Triton X-100 lysis methods using 1.2% agarose gel

electrophoresis. The cell cycle distribution was determined on an equal number of cells (2 � 104) by flow cytometric analysis of PI staining. The Dcm was determined by flow

cytometric analysis of DiOC6 staining.

H.S. Park et al. / Biochemical Pharmacology 82 (2011) 1110–11251116
DEVD-fmk, z-VAD-fmk, or z-ATAD-fmk, whereas the sub-G1 peak
was not reduced by z-LEVD-fmk. Under these conditions, none of
these caspase inhibitors could prevent MG132-induced Dcm loss
of the cells, demonstrating that MG132-induced Dcm loss was
upstream of the caspase cascade (Fig. 6B). These results also
suggested that the individual activities of caspase-12, -9, and -3
were crucial for MG132-induced apoptosis in Jurkat T cells, but the
caspase-4 activity was required to a lesser extent.

As shown in Fig. 7A, Western blot analysis revealed that in the
presence of z-VAD-fmk, MG132-induced apoptotic events such as
activation of caspase-3, -7, and -8, cleavage of Bid, and degradation
of PARP were completely blocked. This allowed the cleavage of
47 kDa procaspase-9 into 35 kDa active caspase-9 at a comparable
level to that of the MG132-treated control cells. However, the
generation of 37 kDa active caspase-9 was barely detected. These
results exclude the possible involvement of caspase-8 activation as
an initial signal provoking the mitochondrial cytochrome c release
in MG132-induced apoptosis. In addition, MG132-induced phos-
phorylation of JNK and p38MAPK was induced at a slightly
enhanced level in the presence of z-VAD-fmk, indicating that the
activation of JNK and p38MAPK was upstream of the caspase
cascade required for the induced apoptosis. The presence of either



Fig. 5. Western blot analysis of mitochondrial cytochrome c release and b-actin (A), and Bcl-xL, Grp78/BiP, CHOP/GADD153, phospho-JNK, JNK1, phospho-c-Jun, phospho-

p38MAPK, p38MAPK, Bak, Bid, caspase-12, -9, -3, -8, and -7, and cleavage of PARP (B), flow cytometric analysis of Bak activation (C), in vitro activity assay for caspase-12 (D),

and caspase-3 (E) in Jurkat T cells transfected with empty vector (J/Neo) or Bcl-xL-expression vector (J/Bcl-xL) after treatment with MG132. The cells (�5 � 106 cells) were

incubated at a density of 5 � 105/ml with indicated concentrations of MG132 for 12 h and prepared for mitochondria-free cytosolic extracts or cell lysates. Western blot

analysis, flow cytometric analysis of Bak activation, and the enzymic activity assay of caspase-12 or caspase-3 were performed as described in Section 2. Each value is

expressed as mean � SD (n = 3 with three replicates per independent experiment). *P < 0.05 compared to control. A representative study is shown and two additional experiments

yielded similar results.
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z-LEHD-fmk or z-DEVD-fmk caused not only a complete preven-
tion of MG132-induced activation of caspase-7 and -8 and
degradation of PARP but also a significant reduction to a barely
detectable level of 37 kDa active caspase-9 with no generation of
17 kDa active caspase-3. At the same time, 35 kDa active caspase-9
was generated at a similar level to that of the MG132-treated
control cells, along with generation of 19 kDa active caspase-3.
Recently, it has been reported that the proteolytic cleavage of
procaspase-9 (47 kDa) within the apoptosome yields 35/12 kDa
active caspase-9 in order to cleave procaspase-3 (32 kDa) into
active caspase-3 (20 kDa), and the subsequent feedback cleavage
of procaspase-9 by 20 kDa active caspase-3 generates 37/10 kDa
active caspase-9, which can cleave not only 20 kDa active caspase-
3 into 17 kDa active caspase-3 but also 35 kDa procaspase-7 into
20 kDa active caspase-7 [46–49]. These previous and current
results indicated that the activation of caspase-9 and -3 was
upstream of the activation of caspase-7 and -8. The presence of z-
ATAD-fmk completely blocked MG132-induced activation of
caspase-7 and -8 with a significant reduction in the level of
37 kDa active caspase-9 and degradation of PARP. The presence of
z-LEVD-fmk partially suppressed MG132-induced activation of
caspase-7 and -8, but exerted no suppressive effect on activation of
caspase-9 and degradation of PARP. Only 20 kDa active caspase-3
was produced from 32 kDa procaspase-3 in the presence of z-
ATAD-fmk, whereas both the 20 kDa active form and the much
lower level of 17 kDa active form of caspase-3 were concurrently
generated in the presence of z-LEVD-fmk. Like z-VAD-fmk, none of
the individual caspase inhibitors tested could suppress MG132-
induced upregulation in the levels of Grp78/BiP and CHOP/
GADD153, and activation of JNK and p38MAPK. In order to



Fig. 6. Change in the cell cycle distribution (A) and Dcm (B) in Jurkat T cells (clone E6.1) after treatment with 2.5 mM MG132 in the presence of 30 mM z-LEHD-fmk, 30 mM z-

DEVD-fmk, 30 mM z-VAD-fmk, 4 mM z-LEVD-fmk, or 4 mM z-ATAD-fmk. The cells (5 � 105/ml) were preincubated with the individual caspase inhibitors for 2 h and then

treated with 2.5 mM MG132 for 12 h. The cell cycle distribution was determined on an equal number of cells (2 � 104) by flow cytometric analysis of PI staining. The Dcm was

measured by flow cytometric analysis of DiOC6 staining.
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examine the inhibitory activity and specificity of z-ATAD-fmk
toward the caspase-12, we investigated the inhibitory effect of
various concentrations (0.5, 1.0, and 4.0 mM) of z-ATAD-fmk on the
caspase-12 activity or the caspase-3 activity using the lysate of
Jurkat T cells treated with 2.5 mM MG132 for 12 h as the enzyme
solution. As shown in Fig. 7B, the caspase-12 activity was inhibited
by z-ATAD-fmk in a dose-dependent manner with an inhibition of
�48% at concentrations of 1–4 mM, whereas the caspase-3 activity
exhibited an inhibition of 10.5%, indicating the specificity of z-
ATAD-fmk (1–4 mM) toward the caspase-12 in Jurkat T cells
treated with MG132. These results indicated that the MG132-
induced apoptotic signaling pathway was mediated by the
mitochondria-dependent activation of caspase-9 and -3, where
ER stress-mediated caspase-12 activation was required for its
proper progression, leading to the activation of caspase-7 and -8.
These results also indicated that MG132-induced activation of JNK
and p38MAPK, which could be mediated by ER stress, was an
upstream event of the mitochondria-dependent activation of
caspase cascade.

To elucidate further the role of JNK and p38MAPK in MG132-
induced death signaling pathway, leading to apoptosis in Jurkat T
cells, we investigated the effect of JNK inhibitor (SP600125) or
p38MAPK inhibitor (SB202190) on MG132-induced apoptotic
events in Jurkat T cells. After pretreatment with either
SP600125 at concentrations of 10 mM, 20 mM and 40 mM or
SB202190 at concentrations of 25 mM, 50 mM, and 75 mM for 1 h,
the cells were exposed to 2.5 mM MG132 for 11 h and the final 4 h
was incubated with MTT. As shown in Fig. 8A, SP600125 failed to
suppress the cytotoxicity of MG132, whereas SB202190 at a
concentration of 50 mM could reduce the cytotoxicity by up to
�85%. Since it has been reported that ER stress-mediated
activation of IRE1a/ASK1/p38MAPK signaling pathway leads to
Bak activation and subsequent mitochondrial damage [14], we
decided to investigate the effect of p38MAPK inhibitor on MG132-
induced Dcm loss and Bak activation. Although apoptotic sub-G1

peak was barely or not detectable in continuously growing Jurkat T
cells, it increased to the level of 43.1% following treatment with
2.5 mM MG132 for 11 h (Fig. 8B). In the presence of 50 mM
SB202190, however, the MG132-induced apoptotic sub-G1 cells
appeared to be 17.6%, indicating that MG132-induced apoptotic
cell death was significantly reduced by the p38MAPK inhibitor
SB202190. Under the same conditions, both MG132-induced Dcm
loss and Bak activation were also prevented by SB202190 (Fig. 8C
and D). These results suggested that ER stress-mediated activation
of p38MAPK rather than JNK was involved in Bak activation
causing mitochondrial damage during MG132-induced apoptosis.

3.5. Effect of p56lck on MG132-induced cytotoxicity, and apoptotic

events in Jurkat T cells

Previously it has been shown that the pro-apoptotic role of
p56lck in apoptosis induced by various apoptotic conditions



Fig. 7. Western blot analysis of Grp78/BiP, CHOP/GADD153, phospho-JNK, JNK1,

phospho-p38MAPK, p38MAPK, Bid, caspase-12, -9, -3, -8, and -7, Bid, cleavage of

PARP, and b-actin in Jurkat T cells (clone E6.1) after treatment with 2.5 mM MG132 in

the presence of 30 mM z-LEHD-fmk, 30 mM z-DEVD-fmk, 30 mM z-VAD-fmk, 4 mM z-

LEVD-fmk, or 4 mM z-ATAD-fmk (A), and inhibitory effect of z-ATAD-fmk on in vitro

caspase-12 and -3 activities (B). The cells (5 � 105/ml) were preincubated with the

individual caspase inhibitors for 2 h and then treated with 2.5 mM MG132 for 12 h.

Western analysis was performed as described in Section 2. For the in vitro caspase-12

and -3 inhibition assay, the cell lysates (150 mg) prepared from Jurkat T cells treated

with 2.5 mM MG132 for 12 h were preincubated with indicated concentrations of z-

ATAD-fmk for 30 min, and then the residual caspase-12 activity or caspase-3 activity

was assayed as described in Section 2. Each value is expressed as mean � SD (n = 3

with three replicates per independent experiment). *P < 0.05 compared to control.
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appears to be associated with positively modulating mitochondrial
damage [19–23]. However, there has been no report on the effect of
p56lck on ER stress-mediated apoptosis. To examine whether
MG132-induced apoptosis via the ER stress-mediated apoptotic
signaling pathways can be modulated by a Src-family protein
tyrosine kinase p56lck, the MG132-induced cytotoxicity and various
apoptotic events including apoptotic DNA fragmentation, apoptotic
sub-G1 cells, and Dcm loss were compared between p56lck-stable
transfectant JCaM1.6/lck and p56lck-deficient JCaM1.6/vector. When
JCaM1.6/lck and JCaM1.6/vector were treated with 0.63 mM,
1.25 mM, and 2.5 mM MG132 for 12 h, the cell viability was
87.0%, 59.8%, and 36.0% in JCaM1.6/lck, and 95.5%, 82.2%, and 65.6%
in JCaM1.6/vector, respectively (Fig. 9A). Under the same conditions,
the apoptotic DNA fragmentation, the ratio of apoptotic sub-G1 cells,
Dcm loss, and the levels of early apoptotic cells stained only with
Annexin V-FITC and late apoptotic cells stained with both Annexin
V-FITC and PI were more apparent in JCaM1.6/lck than in JCaM1.6/
vector, demonstrating the positive-modulatory role of p56lck in
MG132-induced apoptosis in Jurkat T cells (Fig. 9B–E). To under-
stand further the mechanisms underlying the positive modulatory
role of p56lck in MG132-induced apoptosis, the MG132-induced
apoptotic signaling pathways were compared between p56lck-stable
transfectant JCaM1.6/lck and p56lck-deficient JCaM1.6/vector by
Western blot analysis. As shown in Fig. 10A, MG132-induced
mitochondrial cytochrome c release into cytosol was more
significant in JCaM1.6/lck than that in JCaM1.6/vector. Although
the level of p56lck in JCaM1.6/lck was essentially the same regardless
of treatment with MG132 (1.25–2.5 mM) as was its phosphorylation
status on either Tyr-394 or Tyr-505 residues, the presence of p56lck

was able to potentiate not only ER stress-mediated upregulation in
the levels of Grp78/BiP and CHOP/GADD153 and activation of
caspase-12, p38MAPK and Bak but also activation of caspase-9, -3, -
7, and -8, Bid cleavage, and degradation of PARP (Fig. 10B–D). In
relation to MG132-induced mitochondrial damage, the alteration in
the expression levels of Bcl-2 family proteins, including the pro-
apoptotic Bcl-2 proteins (Bad, Bak, Bax and Bim), the anti-apoptotic
Bcl-2 proteins (Bcl-2 and Bcl-xL), and the anti-apoptotic protein
BAG3, were compared between JCaM1.6/lck and JCaM1.6/vector by
Western blot analysis. The expression levels of Bad, Bak, and Bax
appeared to be higher in JCaM1.6/vector than in JCaM1.6/lck,
whereas the expression level of Bcl-xL was similar between
JCaM1.6/lck and JCaM1.6/vector, and the expression levels of Bcl-
2 and BAG3 were more dominant in JCaM1.6/lck, regardless of
MG132 treatment (Fig. 10E). This indicated that the pro-apoptotic
effect of p56lck on MG132-induced apoptosis in Jurkat T cells was not
due to alteration in the expression profiles of anti-apoptotic and pro-
apoptotic Bcl-2 family proteins, because p56lck-deficient JCaM1.6/
vector as compared to p56lck-positive JCaM1.6/lck was likely to
possess higher susceptibility to mitochondria-dependent apoptosis.
Since ER stress-mediated upregulation in the level of Grp78/BiP and
CHOP/GADD153, and activation of p38MAPK and caspase-12
occurred more dominantly in the presence of p56lck, these results
also indicated that the pro-apoptotic effect of 56lck on MG132-
induced apoptosis was attributable to the potentiation of the ER
stress-mediated apoptotic events, which could then enhance Dcm
loss and mitochondria-dependent activation of caspase cascade.
However, a direct blocking of p56lck kinase activity by the Src-like
kinase inhibitor PP2 was unable to suppress the MG132-induced
cytotoxicity, suggesting that the pro-apoptotic role of p56lck in
MG132-induced apoptosis was not mediated by its kinase activity
(Fig. 11). Consequently, current results indicated that although the
presence of p56lck was not a prerequisite for MG132-induced
apoptotic cell death in Jurkat T cells, it could positively modulate the
apoptotic cell death by augmenting ER stress-mediated apoptotic
events including activation of caspase-12 and p38MAPK, and
subsequent activation of Bak and mitochondria-dependent caspase
cascade.

4. Discussion

This is the first report to demonstrate that proteasome inhibitor
MG132-induced apoptosis can be augmented in the presence of



Fig. 8. Suppressive effect of p38MAPK inhibitor (SB202190) or JNK inhibitor (SP600125) on MG132-induced cytotoxicity (A), apoptotic sub-G1 peak (B), Dcm loss (C), and Bak

activation (D) in Jurkat T cells (clone J/Neo). After pretreatment of individual concentrations of SB202190 or SP600125 for 1 h, the treated and untreated cells were incubated

with 2.5 mM MG132 at a density of 7.5 � 104/well in a 96-well plate. After 7 h, an MTT assay was performed to determine cell viability. Each value is expressed as mean � SD

(n = 3 with three replicates per independent experiment). *P < 0.05 compared to control. Equivalent cultures were prepared, and the cell cycle distribution and the Dcm loss were

determined by flow cytometric analysis of PI staining and DiOC6 staining, respectively. Flow cytometric analysis of Bak activation was performed as described in Section 2.
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the protein tyrosine kinase p56lck through enhancing the ER stress-
mediated activation of caspase-12 and p38MAPK in human acute
leukemia Jurkat T cells. No involvement of necrosis in MG132-
induced apoptosis of Jurkat T cells as well as its augmentation by
p56lck was evidenced by flow cytometric analysis of the cells
stained with Annexin V-FITC and PI. In MG132-induced apoptosis
of Jurkat T cells, we could exclude an involvement of the extrinsic
apoptotic pathway triggered by the Fas/FasL system, because the
sensitivity of FADD- and caspase-8-positive wild-type Jurkat clone
A3 to the cytotoxicity of MG132 was similar to that of FADD-
deficient Jurkat clone I2.1 or caspase-8-deficient Jurkat clone I9.2.
Although several studies have reported that the pro-apoptotic
roles of p56lck in apoptosis induced either by a physicotherapeutic
agent such as ionizing radiation or by chemotherapeutic agents
including ceramide, rosmarinic acid, doxorubicin, paclitaxel, 5-
fluorouracil, etoposide, and staurosporine are associated with its
acting on the mitochondrial apoptotic pathway [19–23], it remains
unclear that whether p56lck modulates ER stress-mediated
apoptotic signaling. When the newly synthesized proteins are
not properly folded and modified before exiting from the ER in
cells, the ER lumen becomes accumulated with misfolded or
unfolded proteins, which leads to the induction of ER stress. The ER
stress activates the unfolded protein response (UPR) to restore a
favorable folding environment via not only upregulation of the
level of chaperone genes such as Grp78/BiP, calnexin, and
calreticulin, which are involved in protein folding in the ER but
also activation of the ER-associated degradation (ERAD) system
which degrades the misfolded or unfolded proteins in a protea-
some-dependent manner [12,13]. However, if the induction of
these UPRs fails to overcome the accumulation of misfolded or



Fig. 9. Effect of MG132 on cell viability (A), apoptotic DNA fragmentation (B), cell cycle distribution (C), Dcm loss (D), and apoptotic cell death (E) in p56lck-stable transfectant

JCaM1.6/lck and p56lck-deficient JCaM1.6/vector. Individual cells (7.5 � 104) were incubated with indicated concentrations of MG132 in a 96-well plate for 12 h and the final

4 h were incubated with MTT to determine cell viability. Each value is expressed as mean � SD (n = 3 with three replicates per independent experiment). *P < 0.05 compared to

control. Equivalent cultures were prepared and processed for apoptotic DNA fragmentation analysis by Triton X-100 lysis methods using 1.2% agarose gel electrophoresis. The cell

cycle distribution was determined on an equal number of cells (2 � 104) by flow cytometric analysis of PI staining. The Dcm loss and the apoptotic cells were determined by flow

cytometric analysis of DiOC6 staining, and Annexin V-FITC and PI staining, respectively.
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Fig. 10. Western blot analysis of cytochrome c release and b-actin (A), p56lck, phospho-p56lck (Tyr-394), phospho-p56lck (Tyr-505), Grp78/BiP, CHOP/GADD153, phospho-

p38MAPK, p38MAPK, Bid, caspase-12, -9, -8, -3, and -7 activation, PARP cleavage, and b-actin (B), pro-apoptotic Bcl-2 proteins (Bad, Bak, Bax, and Bim), anti-apoptotic Bcl-2

proteins (Bcl-xL and Bcl-2), anti-apoptotic protein BAG3, and b-actin (E), flow cytometric analysis of Bak activation (D), and in vitro activity assay for caspase-12 and -3 (C) in

p56lck-stable transfectant JCaM1.6/lck and p56lck-deficient JCaM1.6/vector after treatment with MG132. The cells (�5 � 106 cells) were incubated with the indicated

concentrations of MG132 for 12 h and prepared for the cell lysates. Western blot analysis, flow cytometric analysis of Bak activation, and the enzymic activity assay of

caspase-12 or caspase-3 were performed as described in Section 2. Each value is expressed as mean � SD (n = 3 with three replicates per independent experiment). *P < 0.05

compared to control.
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unfolded proteins in the ER, and thus imposes excessive and
prolonged stresses, the UPR activates cell destructive pathways,
leading to apoptotic cell death [14,30]. At least four death-
signaling pathways are known to be involved in this apoptotic
event; the first is transcriptional activation of the gene for CHOP/
GADD153, a transcription factor potentiating apoptosis [30], the
second is activation of JNK/p38MAPK pathway leading to Bak/Bax
activation [14,31,34], the third is activation of caspase-8 [32], and
the fourth is ER stress-associated activation of caspase-12
[33,50,51]. In these contexts, we investigated if MG132-induced
apoptosis in Jurkat T cells was accompanied by upregulation in the
levels of Grp78/BiP and CHOP/GADD153 and activation of JNK,
p38MAPK, caspase-12 and -8. In accordance with previous studies
demonstrating that ER stress-mediated activation of JNK/
p38MAPK was upstream of mitochondrial cytochrome c release
[14,31,34], the activation of JNK and p38MAPK was observed in
Jurkat T cells treated with 1.25–2.5 mM MG132. At the same time,
the N-terminal conformational change of Bak, representing its
activation, was detected by flow cytometric analysis using the
conformation-specific anti-Bak (Ab-1). Previously, it has been



Fig. 11. Effect of the Src-like kinase inhibitor PP2 on MG132-induced cytotoxicity in

Jurkat T cells (clone J/Neo). The cells were preincubated with the indicated

concentrations of PP2 for 1 h, and then treated with 2.5 mM MG132 at a density of

7.5 � 104/well in a 96-well plate. After 7 h, an MTT assay was performed to assess

cell viability. Each value is expressed as mean � SD (n = 3 with three replicates per

independent experiment). *P < 0.05 compared to control.

H.S. Park et al. / Biochemical Pharmacology 82 (2011) 1110–1125 1123
shown that in stress-induced cell death, p38MAPK causes Bak and
Bax activation, while JNK causes Bim activation, followed by their
translocation to mitochondria [52]. However, neither Bax activa-
tion nor Bim activation was detected during MG132-induced cell
death of Jurkat T cells (data not shown). In addition, a slight
decrease in the level of procaspase-12 (55 kDa) as well as an
enhancement in the level of in vitro caspase-12 activity was
detected, demonstrating MG132-induced activation of caspase-12.
Since the active caspase-12 could directly activate procaspase-9
independently of both the mitochondrial cytochrome c and Apaf-1
[33], and since the activation of caspase-9 within apoptosome and
subsequent activation of caspase-3 were reported to occur through
reciprocal activation of caspase-9 and -3 [46–49], these previous
and current results indicated that the caspase-12 activation
occurred in parallel with mitochondrial cytochrome c release in
order to synergize the caspase-3 activation targeted by the
apoptosome. In addition to activation of JNK, p38MAPK, and
caspase-12, caspase-8 activation was also detected in Jurkat T cells
following exposure to MG132 (1.25–2.5 mM). A proposed mecha-
nism underlying contribution of ER stress-mediated activation of
caspase-8 to mitochondria-dependent caspase cascade is that the
active caspase-8 cleaves the Bid protein (26 kDa) into a truncated
form, tBid (15 kDa) that is known to target mitochondria in order
to mediate cytochrome c release into cytosol [36,37]. Although the
generation of tBid was not observed by Western blot analysis in the
cells treated with MG132, presumably due to the short half-life of
tBid, a decrease in the level of Bid protein was detected in
accordance with caspase-8 activation and mitochondrial cyto-
chrome c release. Consequently, these results suggested that
MG132-induced cytochrome c release might be initiated through
Bak activation by p38MAPK and/or through Bid cleavage into tBid
by casapse-8. However, it cannot be excluded that the MG132-
induced activation of caspase-8 was not the initial signal
generating mitochondrial cytochrome c release, but was down-
stream of the caspase-3 activation, because caspase-8 was
previously activated downstream of caspase-3 to comprise a
positive feedback loop involving tBid-mediated mitochondrial
cytochrome c release in the chemical agent-induced apoptosis of
tumor cells [53]. While MG132-induced activation of caspase-12, -
8, and Bak, mitochondrial cytochrome c release and subsequent
activation of caspase cascade including caspase-9, -3, and -7, and
PARP degradation were completely abrogated in J/Bcl-xL cells
overexpressing Bcl-xL, the ER stress-mediated upregulation of
Grp78/BiP and CHOP/GADD153 levels, and activation of JNK and
p38MAPK appeared to be sustained or modestly enhanced. This
suggested that among the MG132-induced apoptotic events
mediated via ER stress, the activation of caspase-12 and -8 was
sensitive to anti-apoptotic role of Bcl-xL as was the activation of
mitochondria-dependent caspase cascade. In addition, these
results demonstrated that MG132-induced activation of mito-
chondria-dependent caspase cascade, which could be blocked by
Bcl-xL, was crucial for the induced apoptosis.

Although the presence of the pan-caspase inhibitor z-VAD-fmk
completely blocked MG132-induced sub-G1 peak and most
apoptotic events such as activation of caspase-3, -7, and -8, it
failed to completely block activation of caspase-9, in particular the
generation of 35 kDa active caspase-9. The presence of z-VAD-fmk
also failed to suppress MG132-induced JNK and p38MAPK
activation and Dcm loss. Since the active JNK and p38MAPK
can trigger mitochondrial cytochrome c release [14,31,34,52], and
since the proteolytic cleavage of 47 kDa procaspase-9 within the
apoptosome appears to yield mainly 35/12 kDa active forms unless
the feedback cleavage of 47 kDa procaspase-9 by 20 kDa active
caspase-3 occurs [46–49], it was likely that MG132-induced
mitochondrial cytochrome c release might be initiated by JNK and/
or p38MAPK rather than tBid generated from the caspase-8-
dependent cleavage of Bid. The notion that caspase-8 activation
driven by 17 kDa active caspase-3 was a feedback amplification
mechanism promoting mitochondrial cytochrome c release via the
action of tBid became more evident by our data showing that either
the inhibition of caspase-9 activity by z-LEHD-fmk or the
inhibition of caspase-3 activity by z-DEVD-fmk could completely
block MG132-induced activation of caspase-8 as well as generation
of active caspase-3 (17 kDa). While 37 kDa active caspase-9 was
barely detected at in the presence of z-LEHD-fmk or z-DEVD-fmk,
35 kDa active caspase-9 was detected at a comparable level to that
of the MG132-treated control cells. Under these conditions, only
20 kDa active caspase-3 was generated without inducing caspase-
7 activation and PARP degradation. These results also confirmed
that the reciprocal activation of caspase-9 and -3 downstream of
mitochondrial cytochrome c release, which could generate two
forms (37/35 kDa) of active caspase-9 and 17 kDa active caspase-3,
was critical for MG132-induced activation of caspase-8 and -7 and
degradation of PARP. It is noteworthy that human caspase-4, which
has a CARD pro-domain like human caspase-12 at the N-terminal
and shows a high similarity to mouse caspase-12, has been
proposed to play a role in the ER stress-mediated apoptosis of
human cells [54]. In this context, the effect of the caspase-12
inhibitor z-ATAD-fmk or the caspase-4 inhibitor z-LEVD-fmk on
MG132-induced apoptotic events was investigated. In the
presence of z-ATAD-fmk (4 mM), MG132-induced apoptotic sub-
G1 peak, activation of caspase-8 and -7, and degradation of PARP
were completely abrogated, whereas generation of 35 kDa active
caspase-9 and proteolytic cleavage of procaspase-3 into 19 kDa
active form without 17 kDa active form were detected. In contrast,
z-LEVD-fmk (4 mM) failed to suppress MG132-induced sub-G1

peak, activation of caspase-9, and degradation of PARP, although
there was a remarkable decrease in activation of caspase-3
generating 17 kDa active form and activation of caspase-8. Since
17 kDa active form was more efficient rather than the 20 kDa
active form of caspase-3 in exerting the pro-apoptotic effects
including activation of caspase-8 and degradation of PARP [55,56],
the current results indicated that when the caspase-12 activity was
inhibited by z-ATAD-fmk, the mitochondria-dependent activation
of caspase-9 and -3 was not provoked to a sufficient level required
for subsequent activation of caspase-8 and -7 and degradation of
PARP in Jurkat T cells treated with MG132. These results also
suggested that the inhibition of caspase-4 activity by z-LEVD-fmk
did not interfere with the mitochondria-dependent activation of
caspase-9, but did suppress in part the proteolytic cleavage of
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procaspase-3 into 17 kDa active form required for the activation of
caspase-8. Consequently, these results suggested that ER stress-
induced activation of caspase-12 rather than caspase-4 was critical
for the mitochondria-dependent activation of caspase-9 and -3,
leading to activation of caspase-8 and -7 and degradation of PARP
during MG132-induced apoptosis of Jurkat T cells. Recently, by in

vitro caspase activity assay using recombinant human caspases, it
has been reported that the inhibitory modes of six z-peptide-fmk
inhibitors (z-YVAD-fmk for caspase-1, z-VDVAD-fmk for caspase-
2, z-DEVD-fmk for caspase-3, z-VEID-fmk for caspase-6, z-IETD-
fmk for caspase-8, and z-LEHD-fmk for caspase-9) are not specific
for their designated caspases [57]. Although these caspase
inhibitors are widely used for cell-based assays at concentrations
of up to 20–120 mM, the in vitro caspase activity assay has shown
that the caspase inhibitors possess cross-reactivity toward non-
targeted caspases, and each of them cause complete inhibition of
caspase-3, -7, and -8 activities at a concentration of 10 mM. In our
hands, however, the minimal concentration of z-VAD-fmk, z-
LEHD-fmk, or z-DEVD-fmk to completely prevent MG132-induced
apoptosis of Jurkat T cells was �30 mM, whereas the minimal
concentration of the caspase-12 inhibitor z-ATAD-fmk to prevent
the MG132-induced apoptosis appeared to be �4 mM (data not
shown). Since the in vitro caspase-12 activity assay using the cell
lysate of Jurkat T cells exposed to MG132 (2.5 mM) for 12 h
revealed that z-ATAD-fmk (1–4 mM) could specifically inhibit the
caspase-12 activity by �50%, it was likely that the inhibitory effect
of z-ATAD-fmk (4 mM) on the MG132-induced apoptotic signaling
pathway was exerted by its specific inhibition of caspase-12
activity, confirming the critical role of caspase-12 activated via ER
stress in MG132-induced apoptosis in Jurkat T cells. These results
also indicated that MG132-induced activation of JNK and
p38MAPK, which could be mediated by ER stress, was an upstream
event of the mitochondria-dependent activation of caspase
cascade. On the other hand, the cytotoxic effect of MG132 was
partly inhibited by the p38MAPK inhibitor, but not affected by the
JNK inhibitor. Furthermore, the p38MAPK inhibitor could suppress
MG132-induced Bak activation and Dcm loss. These results
confirmed that the ER stress-mediated activation of p38MAPK was
crucial for Bak activation and resultant mitochondrial damage
during MG132-induced apoptosis in Jurkat T cells.

The MG132-induced apoptotic events such as cytotoxicity,
apoptotic DNA fragmentation, Bak activation, Dcm loss, and
mitochondrial cytochrome c release seemed to be more apparent
in p56lck-stable transfectant JCaM1.6/lck than in p56lck-deficient
JCaM1.6/vector, indicating pro-apoptotic contribution of p56lck to
MG132-induced apoptosis. The p56lck was previously required for
ionizing radiation-, ceramide-, rosmarinic acid, doxorubicin-,
paclitaxel-, or 5-fluorouracil-induced apoptosis in order to positive-
ly modulate mitochondria-dependent caspase cascade [19–23]. A
mechanism responsible for the positive regulatory role of p56lck was
proposed to be the transcriptional triggering of the Bak expression as
evidenced by that the Bak expression was completely absent in
p56lck-deficient cells, whereas introduction of p56lck by transfection
of the lck gene appeared to restore Bak expression and conferred
sensitivity to the induced apoptosis [23]. These previous results
raised a possibility that the pro-apoptotic effect of p56lck on MG132-
induced apoptosis might be exerted by potentiating the mitochon-
drial apoptosis pathway by controlling Bcl-2 family proteins.
However, the expression levels of pro-apoptotic Bcl-2 proteins
including Bad, Bax, and Bak in p56lck-deficient JCaM1.6/vector were
much higher than those in p56lck-positive JCaM1.6/lck, whereas the
expression levels of anti-apoptotic Bcl-2 proteins such as Bcl-xL and
Bcl-2, and the anti-apoptotic protein BAG3 were significantly higher
in p56lck-positive JCaM1.6/lck than p56lck-deficient JCaM1.6/vector.
Nonetheless, during MG132-induced apoptosis, not only mitochon-
dria-dependent caspase cascade, which leads to PARP degradation
but also ER stress-mediated apoptotic events such as upregulation in
the levels of Grp78/BiP and CHOP/GADD153, and activation of
p38MAPK and caspase-12 appeared to be more dominant in p56lck-
positive JCaM1.6/lck than p56lck-deficient JCaM1.6/vector. This
suggested that the p56lck-mediated potentiation of mitochondria-
dependent caspase cascade in MG132-induced apoptosis was not
due to apoptogenic alteration in the expression levels of Bcl-2 family
members, but due to potentiation of ER stress-mediated apoptotic
events. It is noteworthy that the pro-apoptotic function of p56lck,
which could enhance MG132-induced apoptosis, was not exerted by
its kinase activity, because the presence of the p56lck inhibitor PP2
failed to prevent MG132-induced cytotoxicity. This was consistent
with previous studies showing that the pro-apoptotic role of p56lck

required for the mitochondria-dependent apoptosis of Jurkat T cells,
which was induced by rosmarinic acid, doxorubicin, paclitaxel, or 5-
fluorouracil, was not reduced by the specific inhibitor PP2,
suggesting that the pro-apoptotic function of p56lck might not be
due to its kinase activity [20,21]. The typical Src-family kinase
structure of p56lck is known to be composed of a unique N-terminal
attachment site for saturated fatty acid addition, followed by a Src
homology 3 (SH3) domain, an SH2 domain, a tyrosine kinase domain
(SH1), and a C-terminal negative regulatory domain [58]. While the
SH2 and SH3 domains have conventional characteristics and
mediate binding to regulatory proteins and possible substrates,
the kinase activity is controlled by phosphorylation status of
tyrosine residues (Tyr-394 and Tyr-505) in the activation loop
[59,60]. Although the current results indicated a contribution of
p56lck, other than its function as a tyrosine kinase, to the ER stress-
mediated apoptotic pathway resulting from an inhibition of
proteasome activity by MG132, it remains to be elucidated that
whether and/or which SH domains are involved. The SH2 domain
might be the primary candidate for the pro-apoptotic function of
p56lck in MG132-mediated ER stress, because rosmarinic acid-
induced apoptosis, which was mediated via mitochondrial pathway,
was dependent on the SH2 domain of p56lck [21].

In summary, current results demonstrated that MG132-
induced apoptosis was mediated by activation of JNK and
caspase-12 via ER stress and subsequent activation of mitochon-
dria-dependent and -independent caspase cascade including
caspase-9, -3, -7, and -8, in which ER stress-mediated activation
of caspase-12 was crucial for the reciprocal activation of caspase-9
and -3, leading to PARP degradation. The presence of p56lck could
positively modulate the MG132-induced apoptotic cell death via
enhancing ER stress-mediated activation of JNK and caspase-12,
and subsequent mitochondria-dependent or mitochondria-inde-
pendent activation of caspase cascade.
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