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Abstract
MEK/ERK-mediated signals have recently been found to
inhibit Fas-mediated cell death through inhibition of caspase-
8 activity. It remains unknown whether MEK/ERK-mediated
signals affect ionizing radiation (IR)-induced cell death. Here
we demonstrate that MEK/ERK-mediated signals selectively
inhibit IR-induced loss of mitochondrial membrane potential
(DCm) and subsequent cell death. In Jurkat cells, TPA strongly
activated ERK and inhibited the IR-induced caspase-8/Bid
cleavage and the loss ofDCm. The inhibitory effect of TPA was
mostly abrogated by pretreatment of a specific MEK inhibitor
PD98059, indicating that the effect depends upon MEK/ERK-
mediated signals. Moreover, BAF-B03 transfectants expres-
sing IL-2 receptor (IL-2R) bc chain lacking the acidic region,
which is responsible for MEK/ERK-mediated signals, revealed
higher sensitivity to IR than the transfectants expressing wild-
type IL-2R. Interestingly, the signals could neither protect the
DCm loss nor cell death in UV-irradiated cells. These data
imply that the anti-apoptotic effect of MEK/ERK-mediated
signals appears to selectively inhibit the IR-induced cell death
through protection of theDCm loss. Our data enlighten an anti-
apoptotic function of MEK/ERK pathway against IR-induced
apoptosis, thereby implying its contribution to radioresis-
tance.
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Introduction

A variety of intracellular signalings are activated by ionizing
radiation (IR), which in turn leads to growth arrest and/or
apoptosis.1,2 IR-mediated DNA damage elevates p53 activity,
and induces pro-apoptotic Bcl-2 family members Bax, Noxa,
and PUMA, and a novel p53-inducible molecule AIP1.2 ± 6

Once these molecules are induced, they are targeted to the
mitochondria and disrupt the mitochondrial membrane
potential (DCm), which is mediated by opening of the
mitochondrial permeability transition (PT) pore.7 ± 9 Loss of
DCm subsequently activates executioner caspases-3/9, and
eventually leads to cell death.10

Human T leukemia Jurkat cells lack p53WT functions,
and it is thus unlikely that p53-inducible pro-apoptotic
molecules contribute in a major way to the IR-induced loss
of DCm. In this context, Bid appears to be a candidate as a
key molecule inducing the apoptosis, since the cleaved Bid
is translocated to the mitochondria and disrupts DCm.11,12

Considering the previous findings that Bid is a substrate of
caspase-8 and DNA damage strongly activates caspase-
8,11 ± 14 caspase-8 may be responsible for IR-mediated Bid
cleavage and loss of DCm. However, recent reports
suggest that caspase-8 activation is a marginal event for
IR-induced apoptosis, since caspase-8 (7/7) cells had
only slightly reduced sensitivity to IR15 and overexpression
of a caspase-8 inhibitor, FLIP, did not reduce radio-
sensitivity.16 Thus, it is likely that caspase-8 is marginal
for IR-induced apoptosis.

Recently, it has been found that Fas-L/Fas-mediated
death signal is abrogated by the mitogen-activated protein
kinase (MAPK/ERK)-mediated signals.17 In the Fas-
mediated apoptotic process, ERK activity inhibits the
caspase-8/Bid cleavage, whereas the assembly of a
functional death-inducing signaling complex (DISC) is not
affected.18 This strongly suggests that ERK-mediated
signals can suppress apoptosis independently of the Fas-
mediated signal and the source of this anti-apoptotic
activity may exist at the level of caspase-8/Bid activation.
This raises the possibility that ERK-mediated signals
cannot suppress IR-induced apoptosis, if caspase-8/Bid
activation is marginal for the IR-induced apoptotic process.
We thus investigated whether TPA-mediated ERK activa-
tion can protect Jurkat cells from IR-induced apoptosis. We
report here that MEK/ERK-mediated signals can unexpect-
edly protect Jurkat cells from IR-induced apoptosis, i.e., the

Cell Death and Differentiation (2002) 9, 963 ± 971
ã 2002 Nature Publishing Group All rights reserved 1350-9047/02 $25.00

www.nature.com/cdd



signals inhibited caspase-8, -3/Bid activation, the DCm loss,
and cell death. However, inhibition of caspase-8/Bid
activation alone could not protect Jurkat cells from either
cell death or the DCm loss, though caspase 3/8 activation
and DNA fragmentation were substantially inhibited by a
caspase inhibitor. In addition, BAF-B03 transfectants A15,
which cannot introduce MEK/ERK-mediated signals, re-
vealed higher sensitivity to IR than control F7 transfectants.
Thus, the anti-apoptotic effect of MEK/ERK-mediated
signals appears to be due to inhibition of the DCm loss in
IR-exposed cells, implying that MEK/ERK triggers an anti-
apoptotic signal discriminating from its inhibitory signal
against caspase-8/Bid activation. Furthermore, we show
that the MEK/ERK-mediated signals cannot inhibit the UV-
induced apoptosis. Taken together, our data imply an
unidentified anti-apoptotic action of MEK/ERK-mediated
signals which lies upstream of the DCm loss and selectively
contributes to IR-exposed cells.

Results

Apoptosis in Jurkat cells exposed to IR

Human T leukemia Jurkat cells are highly sensitive to IR. At
18 h after exposure to 10 ± 40 Gy-irradiation, Jurkat cells
substantially lost cell viability in a dose-dependent manner
(Figure 1A). At 12 h after exposure to IR, low-molecular
weight DNA revealed extensive DNA fragmentation by more
than 20 Gy-irradiation (Figure 1B). After exposure to 20 Gy-
irradiation, cell death began to be visible at 12 h and further
increased in a time-dependent manner (Figure 1C). At 6 h
after exposure to 20 Gy-irradiation, breakdown of DCm

appeared and reached near to its highest level at 12 h (Figure
1D). Phosphatidylserine externalization (PE) is known to
occur in apoptotic cells at an early stage and thus we
compared the time-course of the DCm breakdown with that of
PE. In Jurkat cells exposed to 20 Gy-irradiation, the time-
courses of breakdown of DCm and PE were quite similar
(Figure 1E). We next investigated caspase activation in IR-
induced apoptosis. Among a variety of pro-apoptotic signals,
Bcl-2 family member Bid, a substrate of caspase-8, can move
to mitochondrial membrane and contributes to the opening of
the PT pore when Bid is cleaved by caspase-8.12 Thus,
activation of caspase-8/Bid may be responsible for IR-
induced apoptosis upstream of DCm breakdown. At 6 h after
exposure to 20 Gy-irradiation, distinct cleavage of caspase-8
was observed in Jurkat cells and the cleaved form of caspase-
8 progressed in a time-dependent manner. Simultaneously,
cleavage of caspase-3 and Bid was visible at 6 h after
exposure (Figure 1F). These results indicate that IR induced
the DCm breakdown as an early event during the apoptotic
process in Jurkat cells, and that the breakdown began at 6 h
after irradiation together with a variety of other apoptotic
events.

Inhibition of caspase activation cannot block
IR-induced cell death

As shown in Figure 1, the time-courses of caspase activation
and cleavage of Bid suggest that the overall apoptotic

machinery began approximately at 6 h after exposure to 20
Gy-irradiation in Jurkat cells. We next explored whether
caspase-8/Bid activation is upstream of the DCm breakdown.
To inhibit caspase-8 activity, we used a cell permeable
caspase-8 inhibitor, z-IETD-FMK. Jurkat cells were pre-
incubated with the indicated doses of z-IETD-FMK for
30 min and then exposed to 20 Gy-irradiation. At 9 h after
irradiation, z-IETD-FMK strongly inhibited elevation of both
caspase-8 and -3 activity in a dose-dependent manner
(Figure 2A). The inhibitory effect of z-IETD-FMK was specific,
since a Granzyme B inhibitor z-AAD-CMK did not affect their

Figure 1 Induction of apoptosis in IR-exposed Jurkat cells. (A) A dose-
dependent cell death. Cell death was assessed by Trypan blue exclusion
assay at 18 h after exposure to the indicated dose of IR. The columns display
the mean standard deviation (S.D.) of data from three separate experiments.
(B) DNA fragmentation of low-molecular weight DNA prepared from the cells at
12 h after exposure to the indicated doses of IR. Molecular weight marker (kb)
is shown. (C) Time-course of cell death after 20 Gy-irradiation. Cell viability
was evaluated at the indicated hours. (D) The disruption of DCm at the
indicated hours after exposure to 20 Gy-irradiation. Using a DePsipher2 kit,
the DCm was measured and is shown in histogram plot of FL-1 fluorescence
intensity. The percentages express rates of the DCm loss. (E) PE at the
indicated hours after 20 Gy-irradiation. Annexin V-binding capability was
evaluated using an ApoAlert Annexin V-FITC kit and is shown in a histogram
plot of FL-1 fluorescence intensity. (F) Cleavage of caspases and Bid at the
indicated hours after 20 Gy-irradiation. Their cleavage was determined by
immunoblotting with the indicated antibodies. HSC70 protein levels show the
same amount of protein loaded in each lane
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activity. We also confirmed the inhibitory effect of z-IETD-FMK
on cleavage of caspase-8, Bid and caspase-3 (Figure 2B).
Thus, addition of z-IETD-FMK can suppress IR-induced
caspase3/8 and Bid activation.

We further investigated the effect of z-IETD-FMK on
DNA fragmentation. DNA fragmentation is known to depend
upon activation of a caspase-activated deoxyribonuclease,
CAD, which is activated by an active form of caspase-
3.19,20 Since z-IETD-FMK can strongly inhibit IR-induced
caspase activation, as shown in Figure 2, including
caspase-8 and -3, DNA fragmentation may be suppressed.
In fact, this inhibitor substantially suppressed DNA
fragmentation in 20 Gy-irradiated Jurkat cells (Figure 3A),
however it only slightly reduced cell death induced by 20
Gy-irradiation (Figure 3B). Thus, inhibition of both caspase
activation and subsequent DNA fragmentation seems not to
be sufficient for protection from IR-induced cell death. We
next investigated whether z-IETD-FMK can inhibit the DCm

breakdown. Interestingly, despite its strong inhibitory effect
on caspase activation, z-IETD-FMK could not inhibit the IR-
induced DCm breakdown (Figure 3C) or the destruction of
mitochondrial structure (Figure 3D). From these data, we
confirmed that although caspase-8 and Bid are clearly
activated by IR, their contribution to IR-induced apoptosis is
marginal. In addition, DCm appears to be disrupted
independently of caspase-8/Bid activation, and the DCm

loss may be crucial in IR-induced cell death.

TPA inhibits IR-induced apoptosis

The ERK pathway, a major cascade of TCR-mediated
signals,21 is known to protect T cells from Fas-mediated
apoptosis through inhibition of caspase-8/Bid activation.18 We
thus explored whether activation of ERK affects IR-induced
apoptosis. More than 20 nM TPA preincubation clearly
protected Jurkat cells from the apoptosis (Figure 4). When
Jurkat cells were incubated with 100 nM TPA 1 h before

exposure to 20 Gy-irradiation, TPA clearly inhibited activation
of caspase-8, Bid and caspase-3 (Figure 4B). The anti-
apoptotic activity of TPA became stronger as the pre-
incubation periods of TPA became more prolonged, and the
longest pre-incubation (12 h) reduced IR-induced cell death to
only 15.4% in irradiated cells without TPA treatment (Figure
4C). Similarly, DNA fragmentation was also inhibited to a
greater extent as addition of TPA became earlier (data not
shown). Incubation of Jurkat cells with 20 nM TPA at
increasingly earlier times before exposure to 40 Gy-irradiation
produced a correspondingly stronger inhibition of cleavage of
caspase-8, Bid and caspase-3 (Figure 4D). To explore the
possible mechanism for the anti-apoptotic effect of TPA
against IR-induced apoptosis, we investigated expression
levels of anti-apoptotic molecules. Since its anti-apoptotic
activity becomes stronger as pre-incubation becomes longer,
TPA is supposed to induce some anti-apoptotic molecules. In
this context, we investigated expression levels of several anti-
apoptotic molecules, FLIP, IAP-1 and Bcl-2 in the presence or
absence of TPA. However, the treatment did not increase
expression levels of these molecules in our experiments
(Figure 4E). Thus, TPA-mediated signals can inhibit IR-
induced apoptotic cell death independently of induction of
FLIP, IAP1 or Bcl-2. Importantly, 20 nM TPA treatment was
sufficient to inhibit the IR-induced mitochondrial damage
strongly (Figure 4F).

Anti-apoptotic effect of TPA depends upon
MEK/ERK pathway

We next examined whether anti-apoptotic effect of TPA is
mediated through MEK/ERK-mediated signals. When Jurkat
cells were incubated with 20 nM TPA, ERK was transiently
phosphorylated, and this phosphorylation was substantially
inhibited by pre-treatment with the specific MEK inhibitor,
PD98059. More than 2 mM PD98059 can strongly inhibit the
ERK phosphorylation (Figure 5A). Inhibition of MEK activity by

Figure 2 Effect of caspase inhibitor on caspase 3/8 and Bid activation. (A) Jurkat cells were incubated with the indicated concentrations of z-IETD-FMK (a
caspase-8 and Granzyme B inhibitor), z-AAD-CMK (a Granzyme B inhibitor) or 0.3% DMSO (solvent) 30 min before exposure to 20 Gy-irradiation. Caspase-8 and
-3 activities were measured at 9 h after IR-exposure using Caspase-8 and Caspase-3 colorimetric protease assay kits, respectively. Each column displays the
mean+S.D. of data, from which data of unirradiated control cells were subtracted, from three separate experiments. (B) Cells were incubated with 15 mM z-IETD-
FMK or 15 mM z-AAD-CMK 30 min before exposure to 20 Gy-irradiation. At 9 h after irradiation, cleavage of caspases and Bid was detected by Western blots.
HSC70 protein levels show the same amount of protein loaded in each lane
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PD98059 substantially suppressed the anti-apoptotic effect of
TPA on cleavage of caspase-8, Bid, and caspase-3 induced
by exposure to 20 Gy-irradiation (Figure 5B). PD98059 also
suppressed the anti-apoptotic effect of TPA on PE (Figure
5C). As described above, inhibition of caspase activation
alone cannot suppress the IR-induced DCm breakdown. We
thus investigated whether TPA is able to suppress the DCm

breakdown. Importantly, TPA treatment was able to strongly
suppress an IR-mediated DCm breakdown to the extent that it
was 2.8-fold lower than the control values, but the protective
effect was extensively suppressed by pretreatment with
PD98059 (Figure 5D). The representative data show the
dramatic effect of TPA on DCm to be dependent upon MEK
activation and the minimal effect of PD98059 alone (Figure
5E). These data show that MEK/ERK-mediated signals are
responsible for the anti-apoptotic effect of TPA on both the
caspase activation and the DCm breakdown in IR-induced
apoptosis.

Anti-apoptotic effect of TPA is not found in
UV-induced apoptosis

To examine whether TPA-mediated activation of MEK/ERK
pathway protects Jurkat cells from UV-induced apoptosis, we
first investigated sensitivity of Jurkat cells to UV irradiation. At
24 h after exposure to UV (30 ± 90 J/m2)-irradiation, Jurkat
cells substantially lost viability in a dose-dependent manner
(Figure 6A). UV-irradiation also produced distinct cleavage of
Bid and caspase-3 (Figure 6B), and disrupted the DCm

(Figure 6C). Thus, Jurkat cells underwent apoptosis by UV
irradiation as observed in IR-induced apoptosis. However, in
sharp contrast to the strong anti-apoptotic effect of TPA
against IR, pre-incubation of 100 nM TPA could not inhibit the
UV-induced cell death (Figure 6D), cleavage of Bid and
caspase-3 (Figure 6E) or breakdown of DCm (Figure 6F).

Thus, a MEK/ERK activation-mediated anti-apoptotic effect
was selectively observed in IR-induced apoptosis.

Inactivation of MEK/ERK pathway increases
radiosensitivity

We further investigated whether MEK/ERK-mediated signals
contribute to radioresistance. To explore this, we used BAF-
B03 transfectants expressing IL-2Rbc chain (F7) or its mutant
lacking the acidic region (A15). The acidic region is
responsible for IL-2-mediated MEK/ERK pathway, but is
segregated from anti-apoptotic or proliferation signal path-
ways, which are believed to require the serine-rich region
within the IL-2Rbc chain.22 ± 24 There is thus selective
impairment of the MEK/ERK pathway in A15 transfectants
when they grow depending upon IL-2. It is noted that there is
no distinct difference between F7 and A15 transfectants when
they grow in the presence of IL-3.22 ± 24 We first investigated
phosphorylation levels of ERK after IL-2 stimulation in both
transfectants. Prior to IL-2 stimulation, they were cultured in
the presence of IL-2 for 7 days and were then deprived of IL-2
for 12 h. The IL-2 stimulation clearly elevated phosphorylation
levels of ERK in F7, but not in A15 transfectants (Figure 7A).
At 12 h after exposure to 20 Gy-irradiation, a distinct increase
of caspase-3 was observed in A15, but not in F7 cells (Figure
7B). In addition, 20 Gy-irradiation also disrupted the DCm in
A15, but did not significantly in F7 cells (Figure 7C). Similarly,
the exposure clearly induced cell death in A15, but not in F7
cells at 24 h after 20 Gy-irradiation (Figure 7D). Importantly,
there was no significant difference in the IR-induced cell death
between F7 and A15 cells when they grew in the presence of
IL-3. Thus, reduced MEK/ERK pathway augmented IR-
induced DCm breakdown and subsequent cell death, thereby
strongly supporting our idea that MEK/ERK pathway intro-
duces anti-apoptotic signals against IR-induced apoptosis.

Figure 3 Inhibition of caspase activation was insufficient to suppress IR-induced apoptosis. (A) Effect of z-IETD-FMK or z-AAD-CMK on IR-induced DNA
fragmentation. Jurkat cells were incubated with each inhibitor (15 mM) for 30 min prior to 20 Gy-irradiation. DNA fragmentation of low-molecular weight DNA
prepared from the cells at 12 h after irradiation. Molecular weight marker (kb) is shown. (B) Effect of z-IETD-FMK or z-AAD-CMK on IR-induced cell death. Cells
were incubated with each inhibitor (15 mM) for 30 min prior to 20 Gy-irradiation. At 24 h after irradiation, cell death was evaluated by Trypan blue exclusion assay
and each column displays the mean+S.D. of data from three separate experiments. (C) Effect of z-IETD-FMK (15 mM) on disruption of DCm. At 12 h after 20 Gy-
irradiation, the DCm was measured by a DePsipher2 Kit and is shown in a histogram plot of FL-1 fluorescence intensity. The percentages express rates of DCm

loss. (D) Representative electron micrographs of Jurkat cells with or without incubation of z-IETD-FMK for 30 min prior to 20 Gy-irradiation. The irradiated cells were
fixed at 12 h after exposure. N refers to nucleus and original magnification is 10 0006
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Discussion

MEK/ERK-mediated signals have recently been found to
inhibit caspase-8/Bid activation in Fas-mediated death
signals, and protect against subsequent cell death.17,18 Here,
we demonstrated that MEK/ERK pathway inhibits the IR-
induced DCm breakdown and subsequent cell death in human
Jurkat cells, but their suppression occurred independently of
caspase-8/Bid cleavage, since inhibition of caspase-8/Bid
alone could not protect the DCm breakdown. In addition, we
demonstrated that lack of MEK/ERK activation augmented
the IR-induced DCm breakdown and subsequent apoptosis in
BAF-B03 transfectants. Thus, our data suggest a novel anti-
apoptotic function of MEK/ERK-mediated signal which lies

upstream of IR-induced breakdown of DCm. Our data also
revealed that DCm breakdown is tightly linked to IR-induced
cell death, but activation of caspase-8 and -3 is marginal for
the apoptotic process. Considering recent studies showing
that UV-mediated activation of JNK initiates cleavage of Bid,
and the tight correlation between the JNK activation and IR-
induced apoptosis,25 ± 30 JNK-mediated cleavage of Bid and
subsequent breakdown of DCm may be a central pathway for
IR-induced apoptosis as observed in UV-mediated apoptosis.
However, MEK/ERK-mediated signals could not protect either
the breakdown of DCm or subsequent cell death in UV-
mediated apoptosis. Thus, IR may induce apoptosis with
different machinery by which the DCm is disrupted indepen-
dently of caspase-8/Bid, and this process is discriminated by
sensitivity to MEK/ERK-mediated signals.

Diverse apoptotic stimuli are believed to transduce
signals converging at the mitochondria, which amplifies
the death signals by cytochrome c release, and the signals
eventually lead to activation of the executioner caspases.31

We demonstrated that the breakdown of DCm is a crucial
process in IR-induced apoptosis, but caspase activation
may not be. This highlights the importance of the PT pore
complex in IR-induced apoptosis. The PT pore complex is
mainly composed of voltage-dependent anion channel
(VDAC), adenine nucleotide translocator, cyclophilin D
and peripheral benzodiazepine receptor.32 ± 34 Considering
that anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-xL

associate with VDAC and close the channel to protect cells
from apoptosis, and Bcl-2 clearly suppresses IR-induced
apoptosis,34 VDAC is a possible candidate as the target of
IR. In this context, it is important to clarify the mechanism,
by which the DCm is disrupted during IR-induced apoptosis
in p53 (7/7) cells.

We clearly demonstrate that MEK/ERK pathway selec-
tively protects the IR-induced DCm breakdown. It is
obviously important to clarify how MEK/ERK pathway
inhibits the DCm breakdown. There are several possible
mechanisms. First, MEK/ERK activity could phosphorylate
anti-apoptotic or pro-apoptotic proteins directly or indirectly
to modulate their functions either positively or negatively,
respectively. Recently, TPA was found to stimulate
phosphorylation of a pro-apoptotic Bcl-2 family member,
BAD, at serine 112 through p90Rsk in a PKC-dependent
manner, and rescue T lymphocytes from Fas-mediated
apoptosis.35 Although the contribution of BAD to IR-induced
apoptosis remains uncertain, BAD is a good candidate for
the MEK/ERK-mediated signals inhibiting IR-induced apop-
tosis. Second, the signals could induce anti-apoptotic
molecules. Among a variety of candidates, the Bcl-2
molecule appears to be a possible likely target of MEK/
ERK-mediated pathway, since Bcl-2 expression level is
known to be up-regulated by ERK.36 However, in our
experiments, TPA did not increase Bcl-2 protein levels
significantly (Figure 4E). Furthermore, MEK/ERK activation
could not protect the UV-induced DCm breakdown. Since
Bcl-2 can also suppress UV-induced apoptosis,37 the
induction of anti-apoptotic Bcl-2 family proteins may be
unlikely for the anti-apoptotic effect of MEK/ERK-mediated
signals. Recently, a variety of proteins have been identified
to be targeted to mitochondrial membrane and disrupt DCm

Figure 4 Anti-apoptotic effect of TPA on IR-induced apoptosis. (A) A dose-
dependent antiapoptotic effect of TPA. Jurkat cells were incubated with the
indicated concentrations of TPA for 1 h prior to 20 Gy-irradiation. At 24 h after
exposure, cell death was evaluated by trypan blue exclusion assay. (B) TPA
inhibited cleavage of caspases and Bid during IR-induced apoptosis. Cells
were incubated with (+) or without (7) 100 nM TPA for 1 h prior to 20 Gy-
irradiation. At the indicated periods after exposure, cleavage of the indicated
molecules was evaluated by immunoblotting. (C) Augmentation of anti-
apoptotic effect of TPA by prolonged preincubation. Cells were cultured in the
presence of 100 nM TPA for the indicated hours prior to 20 Gy-irradiation. At
24 h after exposure, cell death was evaluated by trypan blue exclusion assay.
Each column displays the mean+S.D. of data from three separate
experiments (A and C). (D) Augmentation of TPA-mediated suppression of
caspases and Bid cleavage by prolonged preincubation. Total cell lysates
were prepared at 8 h after 40 Gy-irradiation. HSC70 protein levels indicate an
equal amount of protein loaded in each lane (B and D). (E) No distinct effect of
TPA on expression levels of FLIP, IAP-1 or Bcl-2. Total cell lysates (80 mg/
lane) were prepared at the indicated periods after incubation with 100 nM TPA
and expression levels of the indicated molecules were evaluated by Western
blots. (F) Representative electron micrographs of Jurkat cells with (+) or
without (7) incubation of 20 nM TPA for 1 h prior to 20 Gy-irradiation. The
irradiated cells were fixed at 12 h after exposure. N refers to nucleus and
original magnification is 10 0006
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in a wide range of apoptotic stimuli. Further studies will
reveal a molecule which selectively contributes to the IR-
induced DCm breakdown, and clarify the mechanism for the
anti-apoptotic function of MEK/ERK-mediated signals.

Considering the fact that mutations are frequently
detected in Ras/Raf signaling molecules upstream of
MEK/ERK pathway in primary lymphoid malignancies38

resulting in constitutive activation of MEK/ERK signals,
their aberrant activation is likely to contribute to radio-
resistance. In fact, previous studies have showed that
overexpression of the activated forms of c-Raf is
associated with increased radioresistance.39,40 However,
there are several reports conflicting those data,41,42 thereby
implying that MEK/ERK signals may contribute to radio-
sensitivity differently in a cell type specific manner. In this
regard, further clarification of the precise molecular
mechanism(s) is required to understand variable radio-
sensitivity of the malignant cells.

Materials and Methods

Cell culture

Human T-cell leukemia Jurkat cells, obtained from the Japanese
Cancer Research Resources Bank (Tokyo, Japan), were grown in
RPMI supplemented with 10% fetal calf serum (FCS). Murine IL-3-

dependent hematopoietic cell line BAF-B03 transfectants (F7 and
A15) were kindly gifted from Dr. T Taniguchi (Tokyo University), and
maintained in RPMI supplementaed with 10% FCS plus 10% WEHI-3B
conditioned medium (as a source of murine IL-3) or human IL-2
(400 IU/ml; kindly provided by Shionogi Chemical Pharmacy, Osaka,
Japan). Cells were exposed at room temperature to IR using a 150 kV
X-ray equipment (M-150WE, Softex, Tokyo) that can provide a dose
rate of approximately 110 cGy/min or to UV using a 254 nm UV
crosslinker (CL-1000, UV Products, Upland, CA, USA). To evaluate
cell viability, cells were mixed with the same volume of 0.4% Trypan
blue solution, and immediately examined to determine whether they
can exclude the dye under light microscopical observation.

Materials

z-IETD-FMK (caspase-8 and Granzyme B inhibitor), z-AAD-CMK
(Granzyme B inhibitor), Phorbol-12-myristate-13-accetate (TPA) and
PD98059 (a MEK inhibitor, 2'-Amino-3'-methoxyflavone) were
obtained from Calbiochem-Novabiochem Co. (Darmstadt, Germany).

Antibodies

The anti-caspase-3/CPP32 antibody was purchased from BD
PharMingen (SanDiego, CA, USA). The anti-caspase-8 and anti-Bid
antibodies were from MBL (Nagoya, Japan). The anti-phospho-p42/44
MAP kinase antibody was from NEB (Beverly, MA, USA). The anti-
ERK1 and anti-HSC70 antibodies were from Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA, USA).

Figure 5 MEK/ERK activation is required for anti-apoptotic effect of TPA against IR-induced apoptosis. (A) A dose-dependent inhibitory effect of a MEK inhibitor,
PD98059 on TPA-induced ERK phosphorylation. The indicated doses of PD98059 were added for 30 min prior to incubation with 20 nM TPA and its inhibitory effect
was evaluated by decrease of ERK phosphorylation. (B) Inhibitory effect of PD98059 on TPA-mediated protection of caspases and Bid cleavages. Twenty mM
PD98059 was added for 30 min prior to incubation with 20 nM TPA for 1 h. After incubation with (+) or without (7) the indicated reagents, Jurkat cells were
irradiated at 20 Gy and harvested at 9 h after exposure. The cleavage of caspases and Bid was determined by immunoblotting with the indicated antibodies.
HSC70 protein levels show the same amount of protein loaded in each lane. (C) PD98059 inhibits the anti-apoptotic effect of TPA on PE. Cells ware preincubated
with 20 nM TPA and/or 20 mM PD98059 as experiments in B. PE was evaluated by detection of binding capability to Annexin V at 12 h after 20 Gy-irradiation, and
data from three independent experiments are shown in a histogram plot of FL-1 fluorescence intensity. (D) PD98059 inhibits the TPA-mediated suppression of
DCm loss. Cells were harvested at 15 h after 20 Gy-irradiation with (+) or without (7) preincubation with 20 nM TPA and/or 20 mM PD98059 as experiments in B.
Each column displays the mean+S.D. of data from three separate experiments. (E) Representative results of DCm in D. The percentages express rates of the
DCm loss
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DNA fragmentation assay

As described previously,43 low-molecular weight genomic DNA
extracted with the lysis buffer (0.5% Triton X-100, 10 nM EDTA and
10 mM Tris-HCl, pH 7.4) was treated with 400 mg/ml of RNase A and
Proteinase K for 1 h at 378C, ethanol precipitated and subjected onto
1.0% agarose gels. The gels were stained with 1 mg/ml of ethidium
bromide.

Annexin V-FITC staining assay

Following the manufacturer's protocol (ApoAlert Annexin V Apoptosis
Kit, Clontech), 16106 cells were incubated with Annexin V at room
temperature for 15 min in the dark. The cells were then analyzed by
flow cytometry (FACSCalibur, Becton Dickinson Immnocytometry
Systems, San Jose, CA, USA) using a single laser emitting excitation
light at 488 nm. The data were converted to histogram (FL1) plots
using CellQuest software.

Western blotting

After washing with ice-cold PBS, cells were lyzed by adding 50 ml of
RIPA buffer (100 mM NaCl, 2 mM EDTA, 1 mM PMSF, 1% NP-40 and
50 mM Tris-HCl (pH 7.2)). Total cell lysates were collected and their
protein concentration was evaluated using a Protein Assay (BioRad,
Melville, NY, USA). The lysates (80 mg/lane) were separated by 10 ±
15% SDS ± PAGE gels and then electrophoretically transferred to
PVDF membranes (Millipore, Bedford, MA) at 18 V for 70 min.
Membranes were soaked into Block Ace (Dainippon Pharmacia Co.,
Tokyo) overnight at 48C and washed with the washing buffer (140 mM
NaCl, 25 mM Tris-HCl (pH 7.8) and 0.05% Tween 20). The
membranes were incubated with primary antibodies overnight at
48C, and thereafter incubated with the corresponding peroxidase-
linked secondary antibodies (Amersham or MBL) for 1 h at room
temperature. Signals were developed by a standard enhanced
chemiluminescence (ECL) method following the manufacturer's
protocol (Amersham).

Figure 6 Effect of TPA on apoptosis induced by UV-irradiation in Jurkat cells.
(A) A dose-dependent cell death by UV-irradiation. Cell death was assessed
by Trypan blue exclusion assay at 24 h after exposure to the indicated dose of
UV-irradiation. (B) Cleavage of Bid and caspase-3 at 9 h after exposure to the
indicated dose of UV-irradiation. (C) Disruption of DCm at 12 h after exposure
to the indicated dose of UV-irradiation. (D) Cell death assessed by Trypan blue
exclusion assay at 24 h after exposure. The columns display the mean+S.D.
of data from three separate experiments in A, D. (E) Cleavage of Bid and
caspase-3 at 9 h after exposure. ERK protein levels show the same amount of
protein loaded in each lane in B, E. (F) Disruption of DCm at 12 h after
exposure. The DCm is shown in a histogram plot of FL-1 fluorescence
intensity. The percentages express rates of the DCm loss from three
independent experiments in C, F. Cells were incubated with (+) or without
(7) 100 nM TPA for 1 h prior to exposure to UV (30 or 60 J/m2) in D, E, F

Figure 7 Induction of apoptosis in IR-exposed BAF-B03 transfectants. (A) A15 has no distinct ERK activation in response to IL-2. The proliferating F7 and A15
cells were deprived of IL-2 for 12 h and thereafter incubated with 400 IU/ml IL-2 for the indicated minutes. Phosphorylation levels of ERK were evaluated by
immunoblotting with anti-phosphorylated ERK specific antibody. ERK protein levels show the same amount of protein loaded in each lane. (B) IR-induced caspase-
3 activation in F7 and A15 transfectants. F7 and A15 cells were cultured in the presence of IL-2 for 7 days, and caspase-3 activity was measured at 12 h after 20 Gy-
irradiation using a Caspase-3 colorimetric protease assay kit. Each column displays the mean+S.D. of data, from which data of unirradiated control cells were
subtracted, from three separate experiments. (C) Disruption of DCm at 18 h after 20 Gy-irradiation. Prior to 20 Gy-irradiation, F7 and A15 cells were cultured in the
presence of IL-2 for 7 days, and the DCm is shown in a histogram plot of FL-1 fluorescence intensity. The percentages express rates of the DCm loss. (D) Cell death
assessed by Trypan blue exclusion assay at 24 h after exposure. F7 and A15 cells were cultured in the presence of IL-2 or IL-3 for 7 days prior to 20 Gy-irradiation.
Each column displays the mean+S.D. of data from three separate experiments in C, D
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Caspase-8 and caspase-3 colorimetric protease
assay

Following the manufacturer's protocol (FLICE/Caspase-8 and CPP32/
Caspase-3 Colorimetric Protease Assay Kit, MBL), 26106 cells were
lyzed in 250 ml of chilled Cell Lysis Buffer and incubated on ice for
10 min. Total cell lysates were collected and their protein concentra-
tion was evaluated using a Protein Assay (BioRad). Total cell lysates
(100 ± 200 mg) were mixed with the same volume of 26 Reaction
Buffer. The mixtures were incubated with the 4 mM IETD-pNA or
VETD-pNA Substrate (200 mM) at 378C for 1 h. The samples were
then analyzed at 400 nm in a spectrophotometer (Shimadzu, Kyoto,
Japan).

Detection of mitochondrial membrane potential
disruption

Following the manufacturer's protocol (DePsipherTM Kit, Trevigen,
Gaithersburg, MD, USA), 16106 cells were suspended in 1 ml of
prewarmed DePsipher solution (5 mg/ml), and incubated at 378C, in
5% CO2 for 20 min. After washing with PBS twice, the cells were
analyzed by flow cytometry (FACSCalibur, Becton Dickinson) using a
single laser emitting excitation light at 488 nm. The data were
converted to histogram (FL1) plots using CellQuest software.

Electron microscopy

Cells were fixed by the addition of the same volume of 2.5%
glutaraldehyde and post-fixed in 1% osmium tetroxide (TAAB,
Berkshire, UK). After fixation, samples were washed in 7.5% sucrose,
stepwise-dehydrated in 50 ± 100% ethanol, washed again in propylene
oxide twice and embedded in epoxy resin (TAAB). Samples were
mounted in mesh, stained with uranium acetate and lead citrate, and
thereafter mitochondrial structure was observed by Electron micro-
scope (JEM-1200EX, JEOL, Tokyo).
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