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Abstract

High concentration of taxol was found to induce programmed cell death (PCD) and cytoplasm vacuolization in human
lung adenocarcinoma (ASTC-a-1) cells. To elucidate the relationship between the PCD and cytoplasm vacuolization, con-
focal fluorescence microscopy was performed on the cytoplasm vacuolization, endoplasmic reticulum (ER) and mitochon-
dria swelling after taxol treatment in living cells. erRFP plasmid was used to probe the ER distribution, and SCAT3
plasmid was used to monitor the caspase-3 activation in living cells. Our results showed that taxol induced concentra-
tion-dependent and caspases-independent cytoplasm vacuolization and cell death through ER and mitochondria swelling.
Live confocal imaging of ASTC-a-1 cells stably expressing SCAT3 further verified that taxol-induced cytoplasm vacuoli-
zation and cell death was caspase-3-independent. In conclusion, we found for the first time that taxol induces a paraptosis-
like PCD in the ASTC-a-1 cells by cytoplasm vacuolization due to the swelling of both ER and mitochondria without acti-
vating the caspase enzymes.
� 2008 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Taxol (paclitaxel), a chemotherapeutic agents, is
effective against several kinds of tumors including
ovarian, breast, non-small-cell lung tumors, and
some head and neck carcinomas [1,2]. The exact
mechanism of the cytotoxicity of taxol against tumor
cells is still under extensive study [3–5]. Although it
has been recognized that taxol-induced mitotic arrest
results in apoptotic cell death, the biochemical events
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linking microtubule binding to cell apoptosis are not
well understood. Previous reports suggest that cell
death may result from a novel action of taxol, which
is independent of the microtubules [6,7], and taxol-
induced apoptosis can be triggered through different
mechanisms depending on cell cycle stage [8]. Huang
et al. [9] also showed that taxol-induced mitotic arrest
was independent of apoptotic cell death, and that
taxol-induced mitotic arrest may not always be fol-
lowed by apoptotic cell death. Different concentra-
tions of taxol can trigger distinct effects on both the
cellular microtubule network and biochemical path-
ways [10]. It is known that low concentrations of
taxol (5–30 nM) alter microtubule dynamics and/or
induce G2/M cell cycle arrest, whereas high concen-
trations of this drug (0.2–30 lM) cause significant
microtubule damage [11]. However, recent studies
showed that taxol may trigger cell death mainly via
a currently unidentified caspases-independent and
cell type-dependent mechanism in which the basic
apoptotic machinery is merely co-activated [12–14],
and that taxol induces necrosis in human endothelial
cells as well as apoptosis and oncosis [8,15]. Recent
studies also showed that calpain, JNK, P38 and c-
FLIP play an important role in taxol-induced pro-
grammed cell death (PCD) [4,5,16].

Cell death has been divided into two main types:
PCD, in which the cell plays an active role in its own
demise, and passive (necrotic) cell death [17,18]. The
PCD observed during development and tissue
homeostasis has been classified morphologically
into three main types [18]: type 1, also known as
nuclear or apoptotic; type 2 or autophagic; and type
3, a non-lysosomal vacuolated degeneration. Apop-
tosis is the best characterized type of PCD with cells
displaying membrane bleb, loss of the asymmetry of
phosphatidyl-serine (PS) in the plasma membrane,
nuclear fragmentation, and activation of caspases
[19]. Type 3 cell death, also being called paraptosis
[20], has been characterized by cytoplasmic vacuoli-
zation that begins with progressive swelling of mito-
chondria and endoplasmic reticulum (ER).
Paraptosis typically does not respond to caspase
inhibitors nor does it involve activation of caspases,
formation of apoptotic bodies, or other characteris-
tics of apoptotic morphology [17,18,20]. In contrast
to apoptosis, Bcl-XL is also not involved in the PCD
in paraptosis [17,18,20].

Confocal fluorescence imaging and fluorescence
resonance energy transfer (FRET) technology have
been widely used to study protein-protein interac-
tions in living cells [21–23]. SCAT3 is a FRET indi-

cator of caspase-3 activation [21], which is
composed of enhanced cyan fluorescence protein
(ECFP) as the FRET donor and Venus, a variant
of enhanced yellow fluorescence protein (EYFP),
as the FRET acceptor, linked by peptides contain-
ing the caspase-3 cleavage sequence, DEVD [21].
This sequence is found in many cytosolic and
nuclear caspase substrates and is cleaved by several
effector caspases including caspase-3 and caspase-7
[21]. Caspase-3 is believed to play a central role in
the execution of apoptosis, because this enzyme is
required for oligonucleosomal DNA fragmentation
and it promotes the activation of other effector casp-
ases [21]. Our previous study used the human lung
cancer (ASTC-a-1) cell line stably expressing
SCAT3 to study caspase-3 activation by alkaline
condition [23] in living cells. Klee et al. [22] con-
structed an erRFP plasmid, which specifically tar-
gets the endoplasmic reticulum (ER) lumen, to
study the role of Bcl-xL and Bak in single living cell.

The present study used confocal fluorescence
imaging and FRET technology to study the mecha-
nism of taxol-induced cytoplasm vacuolization, ER
and mitochondria swelling in living ASTC-a-1 cells.
As far as we know this would be the first reported
study of this kind.

2. Materials and methods

2.1. Cell lines

ASTC-a-1 cells were grown in DMEM supplemented
with 10% fetal calf serum (FCS), and the cells were main-
tained at 37 �C in a humidified atmosphere (95% air and
5% CO2) at pH 7.4.

2.2. Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from GIBCO (Grand Island, NY). Lipofect-
amine 2000 was purchased from Invitrogen (Carlsbad,
CA). DNA Extraction kit was purchased from Qiagen
(Valencia, CA). SCAT3 was provided by Professor Mas-
ayuki Miura [21], and erRFP was provided by Professor
Pimentel-Muiños [22]. z-VAD-fmk, caspase-family broad
spectra inhibitor, was purchased from BioVision (USA).
Taxol was purchased from Haikou Pharmaceutical Co.
Ltd. (Haikou, China).

2.3. Cell proliferation assay

Cell viability assays were performed using Cell Count-
ing Kit-8 (CCK-8) (WST-8, Dojindo, Japan), according
to the supplier recommendations [23]. Absorbance was
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measured at 450 nm using auto microplate reader (infinite
M200, Tecan, Austria). Cell viability was expressed as the
percentage of viable cells relative to untreated cells using
the absorbance at 450 nm. All experiments were per-
formed in quintuplicate from three separate occasions.

2.4. Cell transfection and screening

ASTC-a-1 cells were cultured in DMEM supplemented
with 10% serum at a density of 4 � 103 cells/well in 35 mm
glass dish. After 24 h, when the cells reached 30–50% con-
fluence in DMEM containing 10% FBS at 37 �C in 5%
CO2, plasmid DNA of GFP and erRFP were transfected
into the cells by using Lipofectamine 2000. Serum-free
medium of 0.8 ml was added to the tube containing the
Lipofectamine 2000. After 5–24 h, the medium containing
DNA was replaced with 2 ml of DMEM containing FBS.
After 24–48 h, the cells can be used for experiments. The
cells stably expressing SCAT3 reporter were screened with
0.8 mg/ml G418, and positive clones were picked up with
micropipettes [23].

2.5. Confocal fluorescence live monitoring

Fluorescence confocal imaging and FRET were done
on a confocal microscope system with C-Apochromat
40� NA 1.3 and 100� 1.4 NA oil objective (Carl Zeiss
Inc., Germany). The excitation wavelengths were 458 nm
for SCAT3 and CFP-Bid, 514 nm for Venus, 543 nm for
erRFP (Red GFP), 488 nm for GFP. The emission fluores-
cence channels were 470–500 nm for CFP, 500–550 nm for
GFP, 530 nm long pass for Venus, 600 nm long pass for
erRFP. To quantify the results, the images of CFP and
Venus emission intensities were processed with Zeiss Rel
3.2 image processing software (Zeiss Inc., Germany).

2.6. Hoechst 33258 and rhodamine123 staining

Cells were grown on the coverslip of a 35 mm chamber.
After being washed with PBS three times, cells were stained
with 1 lM Hoechst 33258 for 15 min at room temperature.
The cells were then washed three times with PBS and the
images were recorded using a digital camera (Nikon,
Tokyo, Japan) with 1280 � 1280 pixels resolution. Cells
were washed with PBS three times, and stained with rhoda-
mine 123 at 5 lM for 20 min in the dark at room tempera-
ture. The fluorescence images of cells stained with
rhodamine 123 were measured by confocal microscope
(Zeiss, Germany) after being washed with PBS three times.

2.7. Measurement of mitochondrial membrane potential

(Dwm)

Rhodamine 123 was used to evaluate changes in mito-
chondrial membrane potential. Cell suspensions (1 � 106)
were incubated for 15 min at 37 �C in 1 ml PBS containing

1 lM rhodamine 123 and subsequently analyzed with a
flow cytometer (FCM) (FACS, Arla BD, USA). Results
were expressed as the proportion of cells exhibiting high
mitochondrial membrane potential which was estimated
by reduced fluorescence intensity from rhodamine 123.

2.8. FRET and acceptor photobleaching

Acceptor photobleaching experiments were carried out
to assess the correct expression and the cleavage of the
SCAT3 plasmid in single living cell as reported in our pre-
vious report [23]. The acceptor (Venus) in the region of
chosen cell was selectively bleached with the maximum
of 514 nm laser line. Upon photobleaching there was a
marked decrease of the acceptor fluorescence (Venus),
which coincided with an increase of the donor fluores-
cence (CFP).

2.9. Monitoring of emission spectra of SCAT3 inside living

cells

Each well of 96-well plate contained 1 � 106 cells sta-
bly expressing SCAT3. The emission spectra of SCAT3
inside living cells were scanned using auto microplate
reader (infinite M200, Tecan, Austria). The excitation
wavelengths were 406–446 nm, and the emission spectra
were 454–600 nm. The scanning step was 2 nm.

2.10. Statistics

Experiments are the means of five-plicates, and each
experiment was done five times. Data are expressed as
means ± SD. Statistical analyses were performed with
SPSS12 (SPSS, Chicago) by using the two-sample t-test.
Differences were considered statistically significant when
P 6 0.05.

3. Results

3.1. Taxol inhibits cell viability independent of caspase

Cell viability was performed by CCK-8 assay after the
cells were exposed to various concentration of taxol for
24 h. Our results demonstrated that taxol at greater than
30 lM induced significantly cell death (Fig. 1A). We also
assessed the effect of z-VAD-fmk, a caspase-family broad
spectra inhibitor, on the taxol-induced cell death. The
cells were treated with 2 lM z-VAD-fmk 1 h before
70 lM taxol treatment according to the manufacturer.
Our results showed that incubation of the cells with z-
VAD-fmk in addition to taxol did not significantly
decrease the inhibition effect of taxol compared with taxol
alone at both 12 and 24 h after taxol treatment (Fig. 1B),
implying that caspases were not involved in the taxol-

166 T. Chen et al. / Cancer Letters 270 (2008) 164–172



Author's personal copy

induced cell death. Hoechst333258 staining results showed
that taxol induced slight nuclear condensation (Fig. 1C) at
24 h after 70 lM taxol treatment.

3.2. Taxol induces cytoplasm vacuolization through ER

vacuolization

To assess the effect of taxol on the cytoplasm vacuoliza-
tion, the cells expressing GFP were imaged using confocal
fluorescence microscope at 24 h after treatment with vari-
ous concentrations of taxol. We found that significant cyto-

plasm vacuolization was induced by taxol (Fig. 2A), and the
vacuolization proportion of cells with GFP fluorescence
increased in a concentration-dependent fashion (Fig. 2B).
We next performed the effect of z-VAD-fmk on the taxol-
induced cytoplasm vacuolization. Our results showed that
z-VAD-fmk treatment did not increase the proportion of
vacuolated cells (Fig. 2C), implying that caspases are not
necessary for taxol-induced cytoplasm vacuolization.

To assess if the taxol-induced cytoplasm vacuolization
were topologically related to ER, cells were co-expressed
with both GFP and erRFP plasmids. The erRFP plasmid
can specifically probe ER [22]. Our results verified that
ER distribution was in net fashion in healthy cells (Fig.
2D). However, 24 h after 70 lM taxol treatment, confocal
imaging showed that taxol-induced cytoplasm vacuoliza-
tion were filled with the co-expressed erRFP (Fig. 2E),
and the taxol-induced dead cells were filled completely
with erRFP (indicated by arrow in Fig. 2E). These results
showed that taxol-induced cytoplasm vacuolization was
mainly due to the ER swelling.

3.3. Loss of mitochondrial membrane potential (Dwm) and

mitochondria swelling induced by taxol

Mitochondria play central roles in the regulation of
both apoptotic and non-apoptotic cell death [5,20]. We
used FCM to examine the involvement of mitochondria
in taxol-induced cell death by monitoring Dwm at 0, 12
and 24 h after 70 lM taxol treatment (Fig. 3A). The per-
cent of cells with rhodamine123 fluorescence were 88.2%,
54.1% and 29.5% at 0, 12 and 24 h after taxol treatment,
respectively, implying that taxol induced the loss of mito-
chondrial membrane potential (Dwm).

In order to determine whether taxol induces mitochon-
dria swelling, we used confocal fluorescence microscope to
image the mitochondria by rhodamine123 staining. Fig.
3B shows a typical fluorescence image of mitochondria
inside living cells. Taxol deceased significantly the number
of mitochondria, and induced mitochondria swelling (Fig.
3B). Dynamics of increasing mitochondria size induced by
taxol were recorded using confocal microscope, and the
statistical results of mitochondria size after taxol treat-
ment are shown in Fig. 3C. Taxol induced significant
mitochondria swelling 6 h after treatment (Fig. 3C). The
mitochondria size was 0.76 ± 0.14 lm, 1.11 ± 0.15 lm,
1.09 ± 0.19 lm and 1.40 ± 0.50 lm at 0, 6, 10 and 18 h
after taxol treatment, respectively. These results suggested
that some of the cytoplasm vacuolization induced by taxol
might be derived from the mitochondria swelling.

3.4. Taxol-induced caspase-3-independent cytoplasm

vacuolization

In our previous studies, we demonstrated that the
SCAT3 distributed evenly in both the nuclei and the
cytoplasm [23]. The live FRET imaging of the cells

Fig. 1. Effects of taxol on cell viability. (A) Taxol-induced
concentration-dependent cell death 24 h after taxol treatment,
*P < 0.05, and **P < 0.01, and (B) effects of z-VAD-fmk, a broad
spectra caspases inhibitor, on the cell viability at 12 and 24 h after
70 lM taxol treatment, *P < 0.1, and **P < 0.01. Results are an
average of quintuplicate experiments and the standard deviation
(SD) is shown in a bar. (C) Hoechst 333258 fluorescence images
of cells at time 0 and 24 h after 70 lM taxol treatment
(magnification 1000�).
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stably expressing SCAT3 was done in single living
cells after taxol treatment by time-lapse confocal fluo-
rescence microscope. Fig. 4A shows typical fluorescence
series images of a cell stably expressing SCAT3 for

the CFP (BP470 500 nm) and Venus (LP 530 nm)
channels after 70 lM taxol treatment. Cytoplasm vacu-
olization also occurred (Fig. 4A), which is consistent
with the aforementioned results (Fig. 2). Fig. 4B shows

Fig. 2. Taxol-induced cytoplasm vacuolization. (A) Fluorescence images of cells expressing GFP at time 0 h and 24 h after 70 lM taxol
treatment. Scale bar: 10 lM. (B) Vacuolization proportion of cells showing GFP fluorescence 24 h after taxol with different
concentrations. The number of cells is 200, 210, 160, 120, 110, 130 and 100 from three-independent groups for the 0, 30, 70, 140, 210, 280
and 350 lM, respectively. (C) Effects of z-VAD-fmk on the vacuolization proportion at 24 h after 70 and 350 lM of taxol treatment,
respectively. (D) A typical fluorescence image of cell expressing erRFP without any treatment. Scale bar: 5 lM. (E) Fluorescence images of
cells coexpressing both GFP and erRFP 24 h after 70 lM taxol treatment. GFP (green) shows the morphological changes, and erRFP
(red) shows the ER localization. The two cells indicated by white arrows are dead. Scale bar: 10 lM. (For interpretation of color
mentioned in this figure the reader is referred to the web version of the article.)
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the corresponding dynamics of the ratio of Venus/CFP
for eight-independent cells. For direct comparisons, the
initial intensities of all channels were modified to 1.
Despite taxol-induced cytoplasm vacuolization (Fig.
4A), the ratio of Venus/CFP was almost constant
within 21 h (Fig. 4B), implying that caspase-3 was not
activated.

To further confirm whether caspase-3 was involved in
the taxol-induced cytoplasm vacuolization and cell death
in ASTC-a-1 cells, acceptor photobleaching was done in
the cells shown in Fig. 4A at 21 h after 70 lM taxol treat-
ment, same as our previous study [23]. Photobleaching
Venus induced decrease of fluorescence intensity in Venus
channel, while the fluorescence intensity in the CFP chan-
nel increased markedly (Fig. 4C), implying that the taxol
did not induce caspase-3 activation.

We next detected the emission spectra of SCAT3 inside
living cells at 24 h after 70 lM taxol treatment with and
without z-VAD-fmk using auto microplate reader (infinite
M200, Tecan, Austria) (Fig. 4D). Comparing control with
24 h after taxol treatment, the emission spectra of SCAT3
were independent of taxol and z-VAD-fmk (Fig. 4D), fur-
ther indicating that caspases were not activated by taxol.

4. Discussion

There is increasing evidence of the chemothera-
peutic potential of taxol in the treatment of a variety
of cancers. However, the molecular mechanism of
taxol-induced cell death is still controversial. Taxol
can induce caspases-dependent and caspase-inde-

Fig. 3. Taxol-induced mitochondria swelling. (A) Seventy micromolar taxol treated cells were subjected to mitochondrial transmembrane
potential assessment 24 h after treatment. (B) Typical fluorescence images of mitochondria at 0 and 18 h after 70 lM taxol treatment.
Scaled bar: 2 lm. (C) Quantitative results of mitochondria size at 0, 6, 10 and 18 h after taxol treatment. The number of mitochondria is at
least 70 from three-independent groups.
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pendent cell apoptosis [12–14], and can also induce
necrosis [8,14]. In this report we for the first time
demonstrated that taxol at high concentration
(>30 lM) induced concentration-dependent and
caspases-independent cell death and cytoplasm vac-

uolization though ER and mitochondria swelling
without apoptotic bodies and membrane disruption
within 24 h.

In the present study, we monitored the dynamics
of cell morphological change after 70 lM taxol

Fig. 4. Kinetics of caspase-3 activation and morphological change after 70 mM taxol treatment. (A) Confocal image series of a typical cell
stably expressing SCAT3 in both Venus and CFP channels. Scaled bar: 10 mm. (B) Dynamics of the ratio of Venus/CFP from eight-
independent cells. (C) Acceptor (Venus) photobleaching for the cell in (A) at 21 h after taxol treatment. The Venus was photobleached by
the maximum of 514 nm laser. The fluorescence intensity of CFP channel increases during Venus photobleaching. (D) Emission spectra
analysis of SCAT3 inside living cells at 24 h after taxol treatment with and without z-VAD-fmk.
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treatment, and taxol was found to induce cells swell-
ing due to the ER vacuolization at 3–15 h after
treatment. However, most of the cells at 18 h after
taxol treatment appeared to have membrane bleb
and shrinkage, which may be due to the ER shrink-
age (Fig. 2D), but no apoptotic bodies (Fig. 4A). To
determine whether taxol induced cell necrosis, we
assessed the effect of PI staining on the cell mem-
brane at 24 h after 70 lM taxol treatment (data no
shown), and the results showed that taxol did not
induce membrane disruption, implying that taxol
did not induce cell necrosis within 24 h. We also
found that the taxol-induced cell death and cyto-
plasm vacuolization were concentration-dependent
and caspases-independent. Dynamical monitoring
of caspase-3 activation inside living cells showed
that taxol did not decrease but increase the FRET
efficiency of SCAT3 (Fig. 4). This change in FRET
efficiency may be due to the conformational change
of SCAT3 or the changes of fluorescence character-
istics of both the CFP and Venus by taxol-induced
environment changes inside the cells. These results
suggested that taxol at high concentration induced
a novel alternative PCD resembling the paraptosis
[17,18] in ASTC-a-1 cells.

In addition to cell type specificity, the fate of cells
following taxol treatment may depend on concen-
tration of taxol [6,8,24]. In culture cells, high con-
centration of taxol had been shown to cause
significant microtubule damage, which in turn
induces caspases-independent PCD by regulating
gene expression such as Bak, Bax and cyclin
B1[11]. High concentration of taxol also activates
kinases such as c-Jun-N-terminal kinase/stress-acti-
vated protein kinases (JNK/SAPK) [25] and others
[11]. Bak and Bax proteins also reside in the ER
in addition to their mitochondrial localization [26].
Taxol-induced microtubule damage may trigger
ER stress that induces Ca2+ depletion from the
ER lumen, which may lead to ER swelling, and con-
formational changes and oligomerization of Bak
and Bax on the ER membrane. The induction of
JNK activation can lead to both PCD and necrosis
[27]. Although cell swelling, ER swelling as well as
mitochondria swelling were observed after taxol
treatment in our study, PI staining, however,
showed no cell membrane disruption which indi-
cates that taxol-induced cell death is PCD and not
necrosis. It still remains unclear, however, whether
microtubule damage is directly responsible for the
high concentration of taxol-induced ER and mito-
chondria swelling, which awaits further study.

The taxol-induced ER vacuolization in this
report may be mediated by the formation of a
molecular complex simultaneously including Bak
and Bcl-XL. In contrast to its effect at low concen-
tration, taxol at high concentration may increase
rapidly the level of some cell death factors such as
Bcl-XL, Bak and Bax, etc. [11,28]. In turn, the inter-
action between these factors may induce ER vacuo-
lization. Previous reports had suggested that
treatment with taxol dose-dependently increases
the level of Bcl-XL [28], which can induce ER vacu-
olization via Bak [22], and this stimulating effect
should be caspases-independent. ER is one of the
main calcium storages in the cell [26], and some
PCD stimuli can promote calcium release from
ER store thus leading to cell death [26,29].

In addition, the mitochondria swelling described
here may be due to the taxol-induced mitochondria
stress. Taxol at high concentration may increase
greatly the production of reactive oxygen species
(ROS) in mitochondria [5]. The high ROS genera-
tion would lead to the loss of mitochondrial mem-
brane potential and the mitochondrial membrane
permeability. In turn, the taxol-induced high osmo-
tic pressure by an inward ionic current induces
mitochondria swelling.

In conclusion, live fluorescence imaging in living
cells clearly showed that taxol induced cell death
and cytoplasm vacuolization through ER and mito-
chondria swelling, which was concentration-depen-
dent and caspases-independent. Understanding the
molecular mechanism of this novel alternative
PCD may help us in the development of cancer ther-
apy in the future.
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