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Abstract: Persistent cell shrinkage, called apoptotic volume decrease (AVD), is a pivotal
event of apoptosis. Activation of the volume-sensitive outwardly rectifying Cl− channel
(VSOR) is involved in the AVD induction. On the other hand, activation of the MAP
kinase (MAPK) cascade is also known to play a critical role in apoptosis. In the present
study, we investigated the relationship between the AVD induction and the
stress-responsive MAPK cascade activation during the apoptosis process induced by
staurosporine (STS) in HeLa cells. STS was found to induce AVD within 2–5 min and
phosphorylation of c-Jun N-terminal kinase (JNK) and p38 MAPK after over 20–30 min.
VSOR blockers suppressed not only STS-induced AVD but also phosphorylation of JNK
and p38 as well as activation of caspase-3/7. Moreover, a p38 inhibitor, SB203580, and a
JNK inhibitor, SP600125, failed to affect STS-induced AVD, whereas these compounds
reduced STS-induced activation of caspase-3/7. Also, treatment with ASK1-specific
siRNA suppressed STS-induced caspase-3/7 activation without affecting the AVD
induction. Furthermore, sustained osmotic cell shrinkage per se was found to trigger
phosphorylation of JNK and p38, caspase activation, and cell death. Thus, it is suggested
that activation of p38 and JNK is a downstream event of AVD for the STS-induced
apoptosis of HeLa cells.
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1. Introduction
The apoptosis process includes whole-cell shrinkage, activation of cysteine proteases called
caspases, chromatin condensation, genome DNA fragmentation, and apoptotic body formation. It has
been shown that the apoptotic volume decrease (AVD), an early essential component of apoptotic cell
death, is driven by osmolyte efflux resulting mainly from activation of K+ and Cl− conductance [1,2].
Thus, cell volume changes have been used as one of the key discriminators between apoptosis and
necrosis, which are associated with persistent whole-cell shrinkage and swelling, respectively.
Cell volume regulation is an essential function for animal cells, because volume changes are
coupled to a variety of physiological processes, such as cell proliferation, differentiation, migration
and cell death [3–5]. The regulatory volume decrease (RVD) observed soon after cell swelling is
accomplished by parallel activation of multiple types of K+ channels [3,5] and a specific type of
swelling-activated Cl− channel called volume-sensitive outwardly rectifying anion channel (VSOR) in
numerous cell types [6,7]. On the other hand, non-swelling-coupled activation of VSOR has been
reported to cause AVD under apoptotic conditions [8,9]. In HeLa cells, a bacterial alkaloid
staurosporine (STS), which is an activator of the mitochondrion-mediated apoptotic pathway, was
found to induce VSOR activation through the generation of reactive oxygen species (ROS), thereby
leading to AVD [10]. However, the detailed signaling pathway for VSOR activation and AVD
induction has not been clarified as yet [11].
Mitogen-activated protein (MAP) kinases (MAPKs), which are the family of kinases transducing
signals from the cell membrane to the nucleus in response to a wide range of stimuli including stress,
are known to be involved in apoptotic cell death [12]. Especially, apoptosis signal-regulating kinase 1
(ASK1), a member of MAP kinase kinase kinase (MAPKKK) family, as well as stress-responsive
MAPKs including c-Jun N-terminal kinase (JNK) and p38 MAPK are activated in response to a variety
of apoptotic stimuli [13–15]. Phosphorylation of ASK1 is involved in apoptosis [13–17] by inducing
activation of JNK and p38 MAPK [14,18]. Also, it has been reported that inhibition of p38 and/or JNK
suppresses the apoptotic events in various types of cells [19–21] including HeLa cells [22]. However,
how MAPKs are involved in induction of AVD has not been elucidated.
In the present study, we first attempted in identifying the MAPK signaling pathway of the
STS-induced apoptosis in HeLa cells. We then focused to determine whether AVD is a downstream or
upstream event of STS-induced MAPK activation. Our results show that VSOR blockers reduced not
only AVD induction but also phosphorylation of stress-responsive MAPKs induced by STS, but the
suppression of these MAPKs did not impede AVD. In addition, we found that persistent cell shrinkage
per se induced phosphorylation of stress-responsive MAPKs. Thus, it is concluded that AVD or
persistent cell shrinkage precedes activation of stress-responsive MAPK activation in HeLa cells
undergoing STS-induced apoptosis.
2. Results
2.1. VSOR Blocker Sensitivity of STS-Induced AVD and Phosphorylation of p38 and JNK
Our previous study showed that VSOR blockers, 5-nitro-2-(3-phenylpropylamino)-benzoic acid
(NPPB) and phloretin, suppress STS-induced AVD observed after ≥30 min and subsequent apoptotic
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biochemical events in HeLa cells [1,23]. As shown in Figure 1, not only STS-induced activation of
caspase-3/7 observed after 4 h but also the AVD process observed as early as 2 to 5 min after STS
stimulation were found to be significantly suppressed by NPPB (200 μM) and phloretin (100 μM)
which are known to inhibit VSOR currents by 80~90% at these concentrations [24,25]. In the absence
of STS, cell volume remained constant for over 30 min (data not shown), as observed previously [1].
Figure 1. Sensitivity of staurosporine (STS)-induced apoptotic volume decrease (AVD)
and caspase activation to volume-sensitive outwardly rectifying Cl− channel (VSOR)
blockers. The experiments with a VSOR blocker (200 µM 5-nitro-2-(3phenylpropylamino)-benzoic acid (NPPB) or 100 µM phloretin) were performed in HeLa
cells by adding either blocker to the bathing solution after pretreating the cells with either
blocker for 1 h. (A, B) Time course of changes in the mean cell volume after stimulation
with 4 µM STS in the absence (filled squares) or presence (open circles) of NPPB (A) or
phloretin (B). Each symbol represents the relative mean cell volume at a given time
(normalized by the mean cell volume at time zero), and each vertical bar represents the
SEM value (n = 3–5). The mean cell volume (of around 3.3 pL) at time zero was not
significantly different among experiments. * p < 0.05 versus the data in the absence of a
VSOR blocker at a given time. † p < 0.05 between the data in the absence of a VSOR
blocker at time zero and at a given time. (C) Caspase-3/7 activity before (Control: open
column) or after 4-h stimulation with 4 µM STS in the absence (filled column) or presence
of NPPB or phloretin (shadowed columns). Each column represents the relative mean
value (normalized by the control value) with SEM (vertical bar) (n = 18). * p < 0.05
between two data designated.
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The STS treatment significantly increased phosphorylation of p38 at ≥20 min (Figure 2). However,
in the presence of a VSOR blocker, NPPB or phloretin, phosphorylation of p38 became less marked in
comparison with that in the absence of the VSOR blocker (Figure 2). An increase in the JNK
phosphorylation was also observed at ≥20–30 min after stimulation with STS (Figure 3). The
STS-induced phosphorylation of JNK was suppressed by these VSOR blockers (Figure 3). In the
absence of STS, both NPPB and phloretin affected neither the levels of phosphorylated p38 and JNK
nor those of non-phosphorylated ones up to 180 min after application (data not shown).
Figure 2. Sensitivity of STS-induced phosphorylation of p38 to a VSOR blocker, NPPB or
phloretin, in HeLa cells. Top panels: Western blot analysis for time-dependent changes in
the levels of phosphorylated p38 (P-p38) and non-phosphorylated p38 (p38) in the absence (−)
or presence (+) of 200 µM NPPB (A) or 100 µM phloretin (B) without or with STS (4 µM)
stimulation. Bottom panels: Time course of the ratio of P-p38 to p38 after STS stimulation
in the absence (filled squares) or presence (open circles) of 200 µM NPPB (A) or 100 µM
phloretin (B). Each symbol represents the relative mean value (normalized by the mean
value at time zero) with SEM (vertical bar) (n = 3–6). * p < 0.05 versus the data in the
absence of a VSOR blocker at a given time. † p < 0.05 between the data in the absence of a
VSOR blocker at time zero and at a given time.
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Figure 3. Sensitivity of STS-induced phosphorylation of JNK to a VSOR blocker, NPPB
or phloretin, in HeLa cells. Top panels: Western blot analysis for time-dependent changes
in the levels of phosphorylated JNK (P-JNK) and non-phosphorylated JNK (JNK) in the
absence (−) or presence (+) of 200 µM NPPB (A) or 100 µM phloretin (B) without or with
STS (4 µM) stimulation. Bottom panels: Time course of the ratio of P-JNK to JNK after
STS stimulation in the absence (filled squares) or presence (open circles) of 200 µM
NPPB (A) or 100 µM phloretin (B). Each symbol represents the relative mean value
(normalized by the mean value at time zero) with SEM (vertical bar) (n = 4–5). * p < 0.05
versus the data in the absence of a VSOR blocker at a given time. † p < 0.05 between the
data in the absence of a VSOR blocker at time zero and at a given time.
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Since the AVD induction preceded activation of p38 and JNK, it is inferred that AVD is an
upstream event of the MAPK activation. To testify this inference, the effects of MAPK inhibitors were
examined. As shown in Figure 4A, a p38 MAPK inhibitor SB203580 [26] and a JNK MAPK inhibitor
SP600125 [27] suppressed phosphorylation of p38 and JNK, respectively. These results are in accord
with recent reports that not only catalytic activities of p38 and JNK but also phosphorylation of these
MAPKs by upstream MAPK kinases are inhibited by SB203580 [28–30] and SP600125 [31–33],
respectively, under certain conditions. These MAPK inhibitors also suppressed activation of caspase-3/7
induced by the STS treatment (Figure 4B). However, these MAPK inhibitors failed to suppress AVD
induced by the STS treatment (Figure 4C,D). These results are in agreement with previous
observations in salmonid hepatoma and gill cells stimulated with STS [34].
Taken together, it is suggested that the VSOR blockers reduce phosphorylation of stress-responsive
MAPKs induced by apoptotic stimulation with STS and that the MAPK activation is a downstream
event of VSOR-dependent AVD induction.
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Figure 4. Effects of a MAPK inhibitor on STS-induced MAPK phosphorylation, caspase
activity and AVD in HeLa cells. (A) Western blot analysis for the levels of P-p38, p38,
P-JNK and JNK in the absence (−) or presence (+) of 10 µM SB203580 or 15 µM
SP600125 30 min or 120 min after STS (4 µM) stimulation. (B) Caspase-3/7 activity
before (Control: open column) or after 4-h stimulation with 4 µM STS in the absence
(filled column) or presence of 10 µM SB203580 or 15 µM SP600125 (shadowed columns).
Each column represents the relative mean value (normalized by the control value) with
SEM (vertical bar) (n = 12). * p < 0.05 between two data designated. (C, D) Time course
of changes in the mean cell volume after stimulation with 4 µM STS in the absence (filled
squares) or presence (open circles) of 10 µM SB203580 (C) or 15 µM SP600125 (D). Each
symbol represents the relative mean cell volume at a given time (normalized by the mean
cell volume at time zero), and each vertical bar represents the SEM value (n = 3–5). † p < 0.05
between the data in the absence of a MAPK inhibitor at time zero and at a given time.
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2.2. ASK1 Dependence of STS-Induced Caspase Activation but not of AVD
ASK1 is an upstream component of the stress-responsive MAP kinases that serve as pivotal
regulators of the stress-induced apoptotic cell death [14,18]. Thus, there is a possibility that ASK1
activation is involved in STS-induced AVD as an upstream event. To examine this possibility, RNAi
experiments were performed to knockdown ASK1 expression in HeLa cells. The cells transfected with
ASK1-specific siRNA, but not negative control siRNA, showed a decrease in the mRNA level to 16%
(Figure 5A). The transfection of ASK1-specific siRNA also partially suppressed the STS-induced
caspase-3/7 activation (Figure 5B).
Figure 5. Effects of siRNA-mediated knockdown of ASK1 on the ASK1 mRNA level,
STS-induced caspase activation and AVD in HeLa cells. (A) Down-regulation of ASK1
mRNA expression by 2-day treatment with ASK1 siRNA but not by that with negative
control siRNA. Each column represents the relative mean ratio of ASK1 mRNA to β-actin
mRNA (normalized by the non-treated control value) with SEM (vertical bar) (n = 3).
(B) Caspase-3/7 activity after 6-h stimulation with 4 µM STS in the cells transfected with
ASK1 siRNA and negative control siRNA. Each column represents the relative mean value
(normalized by the mean value in the absence of STS) with SEM (vertical bar) (n = 4).
* p < 0.05 between two data designated. (C) Time course of changes in the mean cell
volume after stimulation with 4 µM STS in the cells transfected with ASK1 siRNA (open
circles) or negative control siRNA (filled squares). Each symbol represents the relative
mean value (normalized by the mean cell volume at time zero) with SEM (vertical bar)
(n = 6–7). The data treated with ASK1 siRNA were not significantly different from those
treated with negative control siRNA at any time points tested. † p < 0.05 between the
negative control data at time zero and at a given time.
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In contrast, as shown in Figure 5C, the STS-induced AVD in the cells transfected with
ASK1-specific siRNA was not different from that in the negative control cells. These data suggest that
ASK1 activity is involved in the STS-induced caspase-3/7 activation but not for the STS-induced AVD
process in HeLa cells.
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Figure 6. Effects of sustained osmotic shrinkage on caspase activity, cell death and MAPK
phosphorylation in HeLa cells. (A, B) Caspase-3/7 activity and cell viability before
(Control: open column) or after treatment with 100 μM FFA alone (shadowed column),
600 mOsmol/kg-H2O (mOsm) hypertonic solution (hatched column) or the hypertonic
solution supplemented with 100 μM FFA (filled column) for 4 h (A) or 2 days (B). Each
column represents the relative mean value (normalized by the control value) with
SEM (vertical bar) (n = 10). * p < 0.05 versus Control. (C) Western blot analysis for
osmolarity-dependent changes in the levels of P-p38 and P-JNK after incubation in isotonic
(300 mOsm) or hypertonic (400, 500 or 600 mOsm) solution containing 100 μM FFA.
(D) Ratios of P-p38 to p38 (top panel) and P-JNK to JNK (bottom panel) after incubation
in 300, 400, 500 or 600 mOsm solution containing 100 μM FFA for 30 min. Each symbol
represents the relative mean value (normalized by the control value at 300 mOsm in
the absence of FFA) with SEM (vertical bar) (n = 3). * p < 0.05 versus the data for
300 mOsm + FFA.

2.3. Induction of Phosphorylation of p38 and JNK by Sustained Cell Shrinkage
Since the above data suggest that AVD per se is a causal factor for activation of the
stress-responsive MAPK cascade in HeLa cells, the effect of sustained cell shrinkage was next
examined. The sustained cell shrinkage was induced by applying hypertonic stimulation
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(600 mOsmol/kg-H2O) in the presence of flufenamic acid (FFA), which blocks volume-regulatory
hypertonicity-induced cation channel (HICC) thereby preventing the regulatory volume increase
(RVI) [35,36]. Under hypertonic stress, addition of FFA resulted in more marked activation
of caspase-3/7 after 4 h (Figure 6A) and a more prominent decrease in cell viability after
2 days (Figure 6B). Application of hypertonic stress together with FFA increased phosphorylation of
p38 and JNK (Figure 6C,D), although FFA alone did not induce phosphorylation of p38 and JNK in
the absence of hypertonic stimulation up to 180 min after application (data not shown).
Phosphorylation of p38 and JNK was positively correlated with increases in osmolarity (Figure 6C,D).
These results are in agreement with previous observations of these stress-responsive MAPK activation
in association with osmotic shrinkage in a variety of cell types [37]. Moreover, hypertonicity-induced
p38 phosphorylation was not significantly affected by a VSOR blocker (200 μM NPPB), as shown in
Figure 7, consistently with a known fact that hypertonicity-induced cell shrinkage is a physical event
without involving any volume-sensitive ion channels such as VSOR. These data indicate that the
sustained cell shrinkage per se induces activation of the stress-responsive MAPKs.
Figure 7. NPPB insensitivity of p38 phosphorylation induced by sustained osmotic cell
shrinkage in HeLa cells. (A) Western blot analysis for changes in the levels of P-38 and
p38 after incubation in hypertonic (600 mOsmol/kg-H2O) solution containing 100 μM FFA
in the absence (−) or presence (+) of 200 μM NPPB for 30 min. (B) Ratio of P-p38 to p38
after incubation in 600 mOsmol/kg-H2O (mOsm) solution containing 100 μM FFA in the
absence or presence of 200 μM NPPB. Each symbol represents the relative mean value
(normalized by the control value at 300 mOsm in the absence of FFA) with SEM (vertical
bar) (n = 5). * p < 0.05 versus the data without NPPB.
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3. Discussion
Apoptotic cell death is induced by the consequence of programmed chain reactions under
physiological and pathophysiological conditions. Normotonic cell shrinkage, called AVD, is a major
hallmark of apoptosis [1,2] and starts before caspase activation (at ≥30 min after apoptotic stimulation)
in a variety of cell types [1,23]. In the present study, STS was found to induce AVD as early as 2 min
after stimulation (Figure 1). The AVD induction is known to be triggered by activation of K+ and Cl−
conductances following stimulation with a mitochondrion-mediated or death receptor-mediated
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apoptosis inducer [1,2]. The VSOR activity, which is usually activated by cell swelling under
non-apoptotic conditions [6,7], is known to be the major contributor to the AVD-inducing Cl−
conductance in a large variety of cell types [1,2,9–11]. In the present study, a VSOR blocker
(phloretin or NPPB) actually suppressed the AVD event within 2–20 min after STS stimulation and
then caspase-3/7 activation after 4 h (Figure 1).
Stress-responsive MAPKs (JNK and p38) are known to mediate apoptotic cell death [12]. In fact,
simultaneous activation of p38 and JNK was observed in the apoptosis process under stimulation with
a number of apoptotic stimuli [16,20,38]. In the present study, in HeLa cells, STS was found to induce
phosphorylation of p38 (Figure 2) and JNK (Figure 3) as well as caspase-3/7 activation in a manner
dependent of p38 and JNK activities (Figure 4). Also, a MAPKKK member, ASK1, which is involved
in activation of p38 and JNK via phosphorylation of MAPK kinases (MKKs), was reported to be
involved in apoptosis induced by various apoptotic stimuli [13–15,39]. The present study showed that
it is also the case of STS-induced apoptosis in HeLa cells (Figure 5).
Activation of p38 MAPK was reported to mediate activation of K+ channels involved in apoptosis
in several cell types [40–42]. In contrast, it has been suggested that 4-aminopyridine-sensitive K+
channel activity is required for activation of p38 and JNK in myelocytic leukemic cells exposed to
ultraviolet (UV) radiation [43]. Also, Cl− efflux sensitive to a stilbene-derivative Cl− channel blocker
(SITS) was reported to play a role in activation of the MKK4-JNK cascade in UV-irradiated apoptotic
Jurkat-T cells [44]. Therefore, there arises a question: Which is an upstream event, the AVD induction
dependent on K+ and Cl− conductances or activation of stress-responsive MAPKs, p38 and JNK? First,
in the present study using HeLa cells, the STS-induced AVD induction was found to start much earlier
than phosphorylation of p38 and JNK in a manner sensitive to VSOR blockers (Figure 1 versus Figures 2
and 3). Second, both a p38 inhibitor SB203580 and a JNK inhibitor SP600125 failed to affect the AVD
process induced by STS (Figure 4). Third, siRNA-mediated knockdown of ASK1 also failed to
suppress STS-induced AVD (Figure 5). Fourth, sustained osmotic cell shrinkage per se was found to
induce phosphorylation of p38 and JNK in a manner dependent of hypertonicity (Figure 6) but in a
manner insensitive to a VSOR blocker (Figure 7). On balance, it is inferred that AVD or sustained cell
shrinkage is an upstream events of activation of stress-responsive MAPK cascade, as schematically
depicted in Figure 8.
As suggested by Heimlich and Cidlowski [44], it is possible that Cl− efflux may be a requisite for
activation of stress-responsive MAPKs, because net Cl− efflux was found to be coupled not only to
STS-induced AVD but also to hypertonicity-induced cell shrinkage in HeLa cells [45]. Reactive
oxygen species (ROS) are known to mediate STS-induced VSOR activation in HeLa cells [10]. ROS
were also shown to mediate activation of VSOR without coupling to swelling in mouse astrocytes
upon stimulation with exogenous application of bradykinin [46,47] or ATP [48]. This
receptor-mediated ROS generation induced by bradykinin or ATP was demonstrated to involve protein
kinase C, Ca2+ nanodomains and NADPH oxidases (NOX) [47,48]. However, the mechanisms by
which ROS activate the VSOR activity leading to AVD remain to be elucidated.
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Figure 8. Proposed scheme of the cascade of apoptotic events including AVD and the
stress-responsive MAP kinase cascade during the process of STS-induced apoptosis in
HeLa cells.
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4. Experimental Section
4.1. Chemicals and Antibodies
NPPB, phloretin, STS, and FFA were obtained from Sigma (St. Louis, MO, USA), and SB203580
and SP600125 were obtained from Calbiochem (San Diego, CA, USA). These chemicals were
dissolved in DMSO to prepare stock solutions and applied by 1000 times dilution of these stock
solutions.
Anti-phospho-p38 (Thr180/Tyr182), anti-phospho-JNK (Thr183/Tyr185), anti-p38 and anti-JNK
primary antibodies, and anti-rabbit IgG HRP-linked secondary antibody were obtained from Cell
Signaling Technology (Danvers, MA, USA).
4.2. Cell Culture and Apoptosis Induction
Human cervix HeLa cells were grown as a monolayer in Eagle’s minimum essential medium
(MEM) supplemented with 10% fetal bovine serum, 40 IU/mL penicillin G, and 100 μg/mL
streptomycin under humidified conditions with 95% air/5% CO2 at 37 °C. To induce apoptosis, HeLa
cells in the log-growing phase were treated with 4 μM STS, as described previously [1] or
hyperosmotic MEM (400 to 600 mOsmol/kg-H2O) supplemented with 100 μM FFA, as reported
previously [30]. FFA was added to sustain hypertonicity-induced cell shrinkage, because FFA blocks
HICC, which plays an essential role in the cell volume recovery process after osmotic cell shrinkage
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called RVI [29]. The osmolarity was adjusted by adding mannitol using a freezing-point depression
osmometer (OM802; Vogel, Giessen, Germany).
4.3. Cell Viability Measurements
Cell viability of HeLa cells was assessed by measuring mitochondrial succinate dehydrogenase
activity using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s
instructions. Briefly, cells are placed in 96-well plates and cultured under humidified conditions with
95% air/5% CO2 at 37 °C with isotonic or hypertonic MEM (300 or 600 mOsmol/kg-H2O) in the
absence or presence of 100 μM FFA for 2 days. Next, the Cell Counting Kit-8 solution was added to
each well, and the sample was then incubated in humidified conditions with 95% air/5% CO2 at 37 °C
for 2 h. Then, absorbance of each well was measured at 450 nm.
4.4. Caspase-3/7 Activity Measurements
Caspase-3/7 activity in HeLa cells was measured using the Apo-ONE Homogeneous Caspase-3/7
Assay (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, HeLa cells were
treated for 4 or 6 h with 4 μM STS or hypertonic MEM (600 mOsmol/kg-H2O) in the absence or
presence of 100 μM FFA in 96-well plates in humidified conditions with 95% air/5% CO2 at 37 °C.
After discarding the treatment solution, Apo-ONE Caspase-3/7 reagent was added to the wells and
then gently mixed. The cells in the wells were incubated at room temperature (23–26 °C) for 3 h.
Finally, fluorescence (Excitation, 485 nm; Emission, 538 nm) of each well was measured.
4.5. Cell Volume Measurements
Cell volume was measured at room temperature (23–26 °C) by an electronic cell sizing technique
with a Coulter-type cell size analyzer (CDA-500; Sysmex, Kobe, Japan), as described previously [49].
The mean volume of the cell population was calculated from the cell volume distribution measured.
Suspensions of spherical cells were prepared by mechanical detachment from the plastic substrate. The
suspensions were cultured with agitation for 15–300 min in a CO2 incubator. The standard isotonic
solution (310 mOsmol/kg-H2O) was made of 95 mM NaCl, 4.5 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
5 mM HEPES, and 105 mM mannitol (pH 7.4).
4.6. Western Blotting
Proteins from homogenized HeLa cells were separated by 4%–20% gradient SDS-PAGE gels, and
then transferred to PVDF membranes. The membranes were blocked with ECL Advance Blocking
Agent (GE Healthcare, Buckinghamshire, UK) and incubated with 1:2000 dilution of primary antibody
in the CanGetSignal solution 1 (TOYOBO, Osaka, Japan) at 4 °C overnight followed be incubation
with HRP linked secondary antibody diluents (1:3000) in the CanGetSignal solution 2 (TOYOBO) at
room temperature for 1 h. After incubating the membranes with ECL Advance Western Blotting
Detection Kit, the protein bands were detected with Typhoon 9400 scanner (GE Healthcare).
Densitometry values of more than three independent experiments were estimated using Image-J
software (NIH, Bethesda, MD).
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4.7. RNA Interference
RNA interference experiments were performed using human ASK1-specific siRNAs and a negative
control siRNA (BlockIT: FITC-labeled short RNA with random sequence; Invitrogen, Carlsbad, CA),
as previously described [17]. Briefly, transfection of each siRNA was performed using HiPerFect
Transfection Reagent (Quiagen, Hilden, Germany) according to the manufacture’s protocol.
Transfected cells were rested for 2 days before subjecting to further analysis. Over 80% of cells were
found to exhibit FITC fluorescent. Knockdown efficiencies of RNA interference were examined by
quantitative RT-PCR.
4.8. Quantitative RT-PCR
Total RNA was extracted from HeLa cells using Sepasol-RNA (Nacalai Tesque, Kyoto, Japan).
First-strand cDNA was synthesized from the total RNA with Transcriptor Reverse Transcriptase
(Roche, Mannheim, Germany). The resultant first-strand cDNA was used for quantitative RT-PCR
procedure. Quantitative RT-PCR was performed using 7300 Real-Time PCR System (Applied
Biosystems, Carlsbad, CA). The threshold cycle (CT) was determined as the fractional PCR cycle
number at which the fluorescence emission passed the threshold level within the exponential region of
the amplification curve by the Fast System Software (Applied Biosystems).
4.9. Statistical Analysis
The data, presented as means ± SEM, were statistically analyzed using the ANOVA with
Bonferroni’s post hoc test and Student’s t test. Differences were considered significant when p was < 0.05.
5. Conclusions
In the present study, we investigated the link between two prerequisite events for apoptosis
induction, sustained cell shrinkage called AVD and phosphorylation of stress-responsive MAP kinases,
p38 and JNK, due to activation of ASK1. It is suggested that sustained cell shrinkage or AVD is an
independent and upstream event of the stress-responsible MAP kinase cascade in the STS-induced
apoptosis process in HeLa cells.
Acknowledgments
The authors gratefully thank M. Ohara, O. Ichikawa, K. Shigemoto and N. Yasui for technical
assistance and T. Okayasu for secretarial assistance. This study was supported by Grants-in-Aid for
Scientific Research from The Ministry of Education, Culture, Sports, Science and Technology of Japan
(MEXT) and from The Japan Society for The Promotion of Science (JSPS).
References
1.

Maeno, E.; Ishizaki, Y.; Kanaseki, T.; Hazama, A.; Okada,Y. Normotonic cell shrinkage because
of disordered volume regulation is an early prerequisite to apoptosis. Proc. Natl. Acad. Sci. USA
2000, 97, 9487–9492.

Int. J. Mol. Sci. 2012, 13
2.

3.
4.
5.
6.
7.
8.

9.

10.
11.
12.
13.

14.

15.

16.

17.

9376

Okada, Y.; Maeno, E.; Shimizu, T.; Dezaki, K.; Wang, J.; Morishima, S. Receptor-mediated
control of regulatory volume decrease (RVD) and apoptotic volume decrease (AVD). J. Physiol.
2001, 532, 3–16.
Lang, F.; Busch, G.L.; Ritter, M.; Völkl, H.; Waldegger, S.; Gulbins, E.; Häussinger, D.
Functional significance of cell volume regulatory mechanisms. Physiol. Rev. 1998, 78, 247–306.
Okada, Y. Cell Volume Regulation. In The Molecular Mechanism and Volume Sensing
Machinery; Elsevier, Amsterdam, The Netherlands, 1998; p. 214.
Hoffmann, E.K.; Lambert, I.H.; Pedersen, S.F. Physiology of cell volume regulation in
vertebrates. Physiol. Rev. 2009, 89, 193–277.
Okada, Y. Volume expansion-sensing outward-rectifier Cl− channel: Fresh start to the molecular
identity and volume sensor. Am. J. Physiol. Cell Physiol. 1997, 273, C755–C789.
Okada, Y. Cell volume-sensitive chloride channel: Phenotypic properties and molecular identity.
Contrib. Nephrol. 2006, 152, 9–24.
Okada, Y.; Maeno, E.; Shimizu, T.; Manabe, K.; Mori, S.; Nabekura, T. Dual roles of
plasmalemmal chloride channels in induction of cell death. Pflügers Archiv: Eur. J. Physiol. 2004,
448, 287–295.
Okada, Y.; Shimizu, T.; Maeno, E.; Tanabe, S.; Wang, X.; Takahashi, N. Volume-sensitive
chloride channels involved in apoptotic volume decrease and cell death. J. Membrane Biol. 2006,
209, 21–29.
Shimizu, T.; Numata, T.; Okada, Y. A role of reactive oxygen species in apoptotic activation of
volume-sensitive Cl− channel. Proc. Natl. Acad. Sci. USA 2004, 101, 6770–6773.
Okada, Y.; Sato, K.; Numata, T. Pathophysiology and puzzles of the volume-sensitive outwardly
rectifying anion channel. J. Physiol. 2009, 587, 2141–2149.
Wada, T.; Penninger, J.M. Mitogen-activated protein kinases in apoptosis regulation. Oncogene
2004, 23, 2838–2849.
Wang, X.S.; Diener, K.; Jannuzzi, D.; Trollinger, D.; Tan, T.H.; Lichenstein, H.; Zukowski, M.;
Yao, Z. Molecular cloning and characterization of a novel protein kinase with a catalytic domain
homologous to mitogen-activated protein kinase kinase kinase. J. Biol. Chem. 1996, 271,
31607–31611.
Ichijo, H.; Nishida, E.; Irie, K.; Dijke, P.; Saitoh, M.; Moriguchi, T.; Takagi, M.; Matsumoto, K.;
Miyazono, K.; Gotoh, Y. Induction of apoptosis by ASK1, a mammalian MAPKKK that activates
SAPK/JNK and p38 signaling pathways. Science 1997, 275, 90–94.
Chen, Z.; Seimiya, H.; Naito, M.; Mashima, T.; Kizaki, A.; Dan, S.; Imaizumi, M.; Ichijo, H.;
Miyazono, K.; Tsuruo, T. ASK1 mediates apoptotic cell death induced by genotoxic stress.
Oncogene 1999, 18, 173–180.
Kim, J.Y.; Yu, S.J.; Oh, H.J.; Lee, J.Y.; Kim, Y.; Sohn, J. Panaxydol induces apoptosis through an
increased intracellular calcium level, activation of JNK and p38 MAPK and NADPH
oxidase-dependent generation of reactive oxygen species. Apoptosis 2011, 16, 347–358.
Subramanyam, M.; Takahashi, N.; Hasegawa, Y.; Mohri, T.; Okada, Y. Inhibition of a protein
kinase Akt1 by ASK1 is involved in apoptotic inhibition of regulatory volume increase.
J. Biol. Chem. 2010, 285, 6109–6117.

Int. J. Mol. Sci. 2012, 13

9377

18. Matsuzawa, A.; Ichijo, H. Molecular mechanisms of the decision between life and death,
regulation of apoptosis by apoptosis signal-regulating kinase 1. J. Biochem. 2001, 130, 1–8.
19. Kawasaki, H.; Morooka, T.; Shimohama, S.; Kimura, J.; Hirano, T.; Gotoh, Y.; Nishida, E.
Activation and involvement of p38 mitogen-activated protein kinase in glutamate-induced
apoptosis in rat cerebellar granule cells. J. Biol. Chem. 1997, 272, 18518–18521.
20. Yue, T.L.; Wang, C.; Gu, J.L.; Ma, X.L.; Kumar, S.; Lee, J.C.; Feuerstein, G.Z.; Thomas, H.;
Maleeff, B.; Ohlstein, E.H. Inhibition of extracellular signal-regulated kinase enhances
ischemia/reoxygenation-induced apoptosis in cultured cardiac myocytes and exaggerates
reperfusion injury in isolated perfused heart. Circ. Res. 2000, 86, 692–699.
21. Krumschnabel, G.; Maehr, T.; Nawaz, M.; Schwarzbaum, P.J.; Manzl, C. Staurosporine-induced
cell death in salmonid cells: The role of apoptotic volume decrease, ion fluxes and MAP kinase
signaling. Apoptosis 2007, 12, 1755–1768.
22. Wang, X.; Martindale, J.L.; Liu, Y.; Holbrook, N.J. The cellular response to oxidative stress:
influences of mitogen-activated protein kinase signalling pathways on cell survival. Biochem. J.
1998, 333, 291–300.
23. Okada, Y.; Maeno, E. Apoptosis, cell volume regulation and volume-regulatory chloride
channels. Comp. Biochem. Physiol. Part A 2001, 130, 377–383.
24. Kubo, M.; Okada, Y. Volume-regulatory Cl− channel currents in cultured human epithelial cells.
J. Physiol. 1992, 456, 351–371.
25. Fan, H.-T.; Morishima, S.; Kida, H.; Okada, Y. Phloretin differentially inhibits volume-sensitive
and cAMP-activated, but not Ca-activated, Cl− channels. Br. J. Pharmacol. 2001, 133, 1096–1106.
26. Cuenda, A.; Rouse, J.; Doza, Y.N.; Meier, R.; Cohen, P.; Gallagher T.F.; Young, P.R.; Lee, J.C.
SB 203580 is a specific inhibitor of a MAP kinase homologue which is stimulated by cellular
stresses and interleukin-1. FEBS Lett. 1995, 364, 229–233.
27. Bennett, B.L.; Sasaki, D.T.; Murray, B.W.; O’Leary, E.C.; Sakata, S.T.; Xu, W.; Leisten, J.C.;
Motiwala, A.; Pierce, S.; Satoh, Y.; et al. SP600125, an anthrapyrazolone inhibitor of Jun
N-terminal kinase. Proc. Natl. Acad. Sci. USA 2001, 98, 13681–13686.
28. Cui, H.; Shao, C.; Liu, Q.; Yu, W.; Fang, J.; Yu, W.; Ali, A.; Ding, K. Heparanase enhances
nerve-growth-factor-induced PC12 cell neuritogenesis via the p38 MAPK pathway. Biochem. J.
2011, 440, 273–282.
29. Zhang, D.; Guo, M.; Zhang, W.; Lu, X.Y. Adiponectin stimulates proliferation of adult
hippocampal neural stem/progenitor cells through activation of p38 mitogen-activated protein
kinase (p38MAPK)/glycogen synthase kinase 3β (GSK-3β)/β-catenin signaling cascade.
J. Biol. Chem. 2011, 286, 44913–44920.
30. Polimeni, M.; Valente, E.; Aldieri, E.; Khadjavi, A.; Giribaldi, G.; Prato, M. Haemozoin induces
early cytokine-mediated lysozyme release from human monocytes through p38 MAPK- and
NF-kappaB- dependent mechanisms. PLoS One. 2012, 7, e39497.
31. Kang, S.; Chemaly, E.R.; Hajjar, R.J.; Lebeche, D. Resistin promotes cardiac hypertrophy via the
AMP-activated protein kinase/mammalian target of rapamycin (AMPK/mTOR) and c-Jun
N-terminal kinase/insulin receptor substrate 1 (JNK/IRS1) pathways. J. Biol. Chem. 2011, 286,
18465–18473.

Int. J. Mol. Sci. 2012, 13

9378

32. Alrashdan, Y.A.; Alkhouri, H.; Chen, E.; Lalor, D.J.; Poniris, M.; Henness, S.; Brightling, C.E.;
Burgess, J.K.; Armour, C.L.; Ammit, A.J.; et al. Asthmatic airway smooth muscle CXCL10
production: mitogen-activated protein kinase JNK involvement. Am. J. Physiol. Lung. Cell. Mol.
Physiol. 2012, 302, L1118–L1127.
33. Joetham, A.; Ohnishi, H.; Okamoto, M.; Takeda, K.; Schedel, M.; Domenico, J.; Dakhama, A.;
Gelfand, E.W. Loss of T regulatory cell suppression following signaling through
glucocorticoid-induced tumor necrosis receptor (GITR) is dependent on c-Jun N-terminal kinase
activation. J. Biol. Chem. 2012, 287, 17100–17108.
34. Krumschnabel, G.; Maehr, T.; Nawaz, M.; Schwarzbaum, P.; Manzl, C. Staurosporine-induced
cell death in salmonid cells: the role of apoptotic volume decrease, ion fluxes and MAP kinase
signaling. Apoptosis 2007, 12, 1755–1768.
35. Wehner, F.; Shimizu, T.; Sabirov, R.; Okada, Y. Hypertonic activation of a non-selective cation
conductance in HeLa cells and its contribution to cell volume regulation. FEBS Lett. 2003, 551,
20–24.
36. Shimizu, T.; Wehner, F.; Okada, Y. Inhibition of hypertonicity-induced cation channels sensitizes
HeLa cells to shrinkage-induced apoptosis. Cell Physiol. Biochem. 2006, 18, 295–302.
37. Nielsen, M.B.; Christensen, S.T.; Hoffmann, E.K. Effects of osmotic stress on the activity
of MAPKs and PDGFR-β-mediated signal transduction in NIH-3T3 fibroblasts.
Am. J. Physiol. Cell Physiol. 2008, 294, C1046–C1055.
38. Juo, P.; Kuo, C.J.; Reynolds, S.E.; Konz, R.F.; Raingeaud, J.; Davis, R.J.; Biemann, H.P.;
Blenis, J. Fas activation of the p38 mitogen-activated protein kinase signalling pathway requires
ICE/CED-3 family proteases. Mol. Cell. Biol. 1997, 17, 24–35.
39. Kim, H.W.; Cho, K.J.; Lee, S.K.; Kim, G.W. Apoptosis signal-regulating kinase 1 (Ask1) targeted
small interfering RNA on ischemic neuronal cell death. Brain Res. 2011, 1412, 73–78.
40. Friis, M.B.; Friborg, C.R.; Schneider, L.; Nielsen, M.B.; Lambert, I.H.; Christensen, S.T.;
Hoffmann, E.K. Cell shrinkage as a signal to apoptosis in NIH 3T3 fibroblasts. J. Physiol. 2005,
567, 427–443.
41. Redman, P.T.; He, K.; Hartnett, K.A.; Jefferson, B.S.; Hu, L.; Rosenberg, P.A.; Levitan, E.S.;
Aizenman, E. Apoptotic surge of potassium currents is mediated by p38 phosphorylation of
Kv2.1. Proc. Natl. Acad. Sci. USA 2007, 104, 3568–3573.
42. Bossy-Wetzel, E.; Talantova, M.V.; Lee, W.D.; Schölzke, M.N.; Harrop, A.; Mathews, E.;
Götz, T.; Han, J.; Ellisman, M.H.; Perkins, G.A.; et al. Crosstalk between nitric oxide and zinc
pathways to neuronal cell death involving mitochondrial dysfunction and p38-activated K+
channels. Neuron 2004, 41, 351–365.
43. Gao, J.; Wu, D.; Guo, T.B.; Ruan, Q.; Li, T.; Lu, Z.; Xu, M.; Dai, W.; Lu, L. K+ channel activity
and redox status are differentially required for JNK activation by UV and reactive oxygen species.
Exp. Cell Res. 2004, 297, 461–471.
44. Heimlich, G.; Cidlowski, J.A. Selective role of intracellular chloride in the regulation of the
intrinsic but not extrinsic pathway of apoptosis in Jurkat T-cells. J. Biol. Chem. 2006, 281,
2232–2241.

Int. J. Mol. Sci. 2012, 13

9379

45. Dezaki, K.; Maeno, E.; Sato, K.; Akita, T.; Okada, Y. Early-phase occurrence of K+ and Cl−
efflux in addition to Ca2+ mobilization is a prerequisite to apoptosis in HeLa cells. Apoptosis 2012,
17, 821–831.
46. Liu, H.-T; Akita, T; Shimizu, T.; Sabirov, R.Z.; Okada, Y. Bradykinin-induced astrocyte-neuron
signaling: glutamate release is mediated by ROS-activated volume-sensitive outwardly rectifying
anion channels. J. Physiol. 2009, 587, 2197–2209.
47. Akita, T.; Okada, Y. Regulation of bradykinin-induced activation of volume-sensitive outwardly
rectifying anion channels by Ca2+ nanodomains in mouse astrocytes. J. Physiol. 2011, 589,
3909–3927.
48. Akita, T.; Fedorovich, S.V.; Okada, Y. Ca2+ nanodomain-mediated component of
swelling-induced volume-sensitive outwardly rectifying anion current triggered by autocrine
action of ATP in mouse astrocytes. Cell Physiol. Biochem. 2011, 28, 1181–1190.
49. Hazama, A.; Okada, Y. Ca2+ sensitivity of volume-regulatory K+ and Cl− channels in cultured
human epithelial cells. J. Physiol. 1988, 402, 687–702.
© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

