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Abstract Yeast-based functional screening of a human
glioblastoma cDNA library identified ras-related nuclear
protein (Ran) as a novel suppressor of Bcl-2-associated X
protein (Bax), a pro-apoptotic member of the Bcl-2 family
of proteins. Yeast cells that expressed human Ran were
resistant to Bax-induced cell death. In U373MG glioblas-
toma cells, stable overexpression of Ran significantly
attenuated apoptotic cell death induced by the chemother-
apeutic agent paclitaxel. FACS analysis demonstrated that
Ran is involved in paclitaxel-induced cell cycle arrest.
Stable overexpression of Ran also markedly inhibited the
phosphorylation of Bcl-2 by paclitaxel, and inhibited the
translocation of Bax, the release of cytochrome c and
activation of caspase-3. Paclitaxel-induced phosphoryla-
tion of c-JUN N-terminal kinase (JNK), but not p38,
extracellular signal-regulated kinase and Akt, was
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markedly suppressed in U373MG cells that stably expres-
sed Ran. These results suggest that Ran suppresses
paclitaxel-induced cell death through the downregulation
of JNK-mediated signal pathways.
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Abbreviations

ROS Reactive oxygen species

JNK c-Jun NH,-terminal kinase

ERK Extracellular signal regulated kinase

MAPK Mitogen-activated protein kinases

NAC N-Acetyl-L-cysteine

Introduction

Programmed cell death, or apoptosis, is a physiological
process for eliminating infected, mutated, or damaged cells
that has a critical role in normal development and the
maintenance of tissue homeostasis in nearly all multi-
cellular organisms [1]. Apoptosis is a tightly regulated
process, and the deregulation has been implicated in a
number of diseases, including cancer, neurodegenerative
disorders, and autoimmunity [2]. Apoptosis is initiated by
both intrinsic and extrinsic mechanisms [3]. The extrinsic
pathway is initiated by the binding of ligands to trans-
membrane receptors, the so-called death receptors of the
tumor necrosis factor family, and results in the activation of
caspase-10. The intrinsic pathway is triggered by a variety
of stresses, and results in the activation of caspase-9. The
activation of caspase-9 triggers the execution phase of
apoptosis. The intrinsic apoptotic pathway is regulated by
the Bcl-2 family of proteins, which comprises both anti-
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apoptotic (Bcl-2, Bcel-xp, Bcl-w) and pro-apoptotic (Bax,
Bak, Bid, Bad) proteins. Specifically, the translocation of
Bax, one of the pro-apoptotic members of the Bcl-2 family,
to the mitochondrial membrane triggers the activation of the
intrinsic pathway of apoptosis [4].

Although yeast do not contain homologues of the
mammalian Bcl-2 proteins, the expression of mammalian
Bax induces cell death in yeast, similar to mammalian
cells. Yeast that express Bax under the control of an
inducible promoter exhibit a conditional lethal Bax-
dependent phenotype [5-7]. This system has been used
successfully to identify novel anti-apoptotic genes by
yeast-based functional screening, including several inhibi-
tors of Bax-induced apoptosis, such as Bax inhibitor-1
(BI-1), Ku70, sphingomyelin synthase 1, ascorbate perox-
idase, and glutathione S-transferase [5-9].

Paclitaxel was isolated from the bark of Taxus brevifolia
and exhibits potent antiproliferative activity in cancer cells
[10, 11]. Cells treated with paclitaxel undergo cell-cycle
arrest in G2/M phase due to the stabilization of the
microtubule network and tubulin dimers, and the inhibition
of microtubule disassembly [12]. Following G2/M arrest,
cells either undergo apoptosis or exit from mitosis. Pac-
litaxel can also trigger apoptosis through caspase-
dependent and -independent pathways via the activation of
mitogen-activated protein (MAP) kinases, including c-Jun
NH,-terminal kinase (JNK) [13-15]. Recently, it was
reported that paclitaxel regulates the expression of apop-
tosis-related proteins, including Bax, Bcl-2, and Bcl-x;.. In
particular, paclitaxel increased the ratio of Bax to Bcl-2
through the phosphorylation-mediated degradation of Bcl-2
[15].

Ran is a small GTP binding protein of the Ras superfamily
that is essential for the translocation of RNA and proteins
through the nuclear pore complex [16, 17]. Small GTP-
binding proteins function as molecular “switches” in the
regulation of numerous cellular processes by catalyzing the
exchange of guanosine diphosphate (GDP) for guanosine
triphosphate (GTP) [18]. Ran plays important roles in
nucleo-cytoplasmic transport and other cellular processes,
including mitotic spindle assembly and post-mitotic nuclear
envelope assembly [19, 20]. A role for Ran in the regulation
of cell cycle transitions has recently emerged, based on the
observation that mutations of Ran network members cause
premature progression of the cell cycle [21]. Ran is over-
expressed in most cancer cell lines and cancer tissues at both
the mRNA and protein levels, which suggests that it may be
associated with malignant transformation and/or the
enhanced proliferation of cancer cells [22].

In the current study, yeast-based functional screening of
a U373MG cDNA library was carried out to identify novel
suppressors of Bax-mediated apoptosis. We identified Ran
as a suppressor of Bax-induced yeast cell death, and
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examined whether Ran is involved in paclitaxel-induced
apoptosis in mammalian cells.

Materials and methods
Materials

Paclitaxel, hygromycin, and propidium iodide (PI) were
purchased from Sigma—Aldrich Co. (St. Louis, MO). 2/,7’-
dichlorofluorescein diacetate (H,DCF-DA) was purchased
from Calbiochem (La Jolla, CA). Monoclonal anti-Bax
antibodies, and polyclonal antibodies for Bcl-2, caspase-3,
cytochrome c, f-actin, and Heat shock protein 60 (Hsp60)
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Polyclonal antibodies specific for JNK, phosphory-
lated-JNK (phospho-JNK), p38, phospho-p38, extracellular
signal regulated kinase (ERK), phospho-ERK, and Flag, as
well as HRP-conjugated goat anti-rabbit and anti-mouse IgG
were purchased from Cell Signaling (Beverly, MA). Other
reagents were of the highest grade available.

Yeast-based functional screening

A U373MG glioblastoma cDNA library was constructed
using pADGAL4-2.1 (Eugentech, Daejeon, Korea). The
yeast strain used in these studies, Saccharomyces cerevi-
siae strain W303-1a/Bax (Mata ade2-1 canl-100 leu2-
3.112 trpl-1 wura3-1), contained the inducible plasmid
pGilda-Bax, as previously described [6]. Cells (strain
W303-1a/Bax) were grown to mid-log phase in glucose-
based synthetic dropout (SD) medium [0.67% Yeast
Nitrogen Base-w/o amino acid, 2% glucose] supplemented
with amino acids [L-arginine 20 mg/l, leucine 20 mg/l,
lysine 30 mg/l, methionine 20 mg/l, tryptophan 20 mg/l,
adenine hemisulfate 20 mg/l, uracil 20 mg/1], and deficient
in histidine (SD-Glc/His™). Cells were then transformed
using the U373MG cDNA library and the LiOAc method,
as previously described [23]. Bax-resistant transformants
were selected directly on galactose-based SD medium
supplemented with amino acids and deficient in histidine
and leucine (SD-Gal/His Leu™).

Spot assay

Yeast cells were grown in SD-Glc/His™ medium for 1 day,
and then diluted to an optical density at 600 nm (ODgqg) of
0.1. An aliquot of the cells was used to inoculate SD-Gal/
His™ media and then the cultures were incubated until they
reached an ODggy of 0.3. The cells were diluted to the
indicated concentrations, and equal aliquots were spotted
onto SD-Glc/His™ and SD-Gal/His™ plates. Plates were
then incubated for 2 or 3 days at 30°C.



Apoptosis (2008) 13:1223-1231

1225

Mammalian cell culture and generation of stable
transfectants

Human glioblastoma U373MG cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin G and 100 pg/ml streptomycin
at 37°C and 5% CO,. Stable U373MG transfectants that
expressed either the Flag epitope alone, or a Flag epitope
fusion protein of Ran (Flag-Ran), were generated by
transfection with Flag-pcDNA3.1 or Flag-pcDNA3.1-Ran,
respectively. Flag-pcDNA3.1-Ran was constructed by
amplification of the Ran cDNA by PCR, followed by
restriction enzyme digestion with BamHI/Xbal and ligation
into the corresponding sites of Flag-pcDNA3.1. Following
transfection, cells were cultured in medium containing
100 pg/ml hygromycin. Several independent clones were
isolated, and positive clones were identified by Western
blot analysis of cell lysates using an anti-Flag antibody.

MTT assay

Cells that expressed Flag or Flag-Ran were seeded into 24-
well plates at a density of 1 x 10* cells per well. After
incubation overnight, the cells were treated with the indi-
cated concentration of paclitaxel for 48 h, and then cell
viability was analyzed by MTT assay, as described previ-
ously [24].

Apoptosis assay

Apoptosis was measured by co-staining of cells with
annexin V and PI. Following treatment with paclitaxel,
cells were removed from the tissue culture plate by tryp-
sinization. The translocation phosphatidylserine and the
extent of apoptotic cell death were measured using an
annexin V and PI apoptosis kit (Roche Applied Science,
Penzberg, Germany), according to the manufacturer’s
instructions. DNA fragmentation was also determined by
gel electrophoresis, as follows. Briefly, following treatment
with paclitaxel, genomic DNA was purified using a geno-
mic DNA purification kit (Promega, Madison, WI),
according to the manufacturer’s instructions. The genomic
DNA (10 png) was fractionated by 2% agarose gel elec-
trophoresis, stained with ethidium bromide, and then
photographed under UV illumination.

Cell cycle analysis

Paclitaxel-treated cells were collected and fixed in 80%
ethanol overnight at —70°C. Cells were incubated in a
solution of PI [10 mM Tris (pH 8.0), 1 mM NaCl, 0.1%
NP40, 0.7 pg/ml RNase A, 0.05 mg/ml propidium iodide]

for 30 min, and then analyzed using a FACScan flow
cytometer (Becton Dickinson Bioscience, San Jose, CA).

Transient transfection

Mammalian expression vector for dominant negative JNK
(DN-INK) were kindly provided by Dr. A.-K. Yi (Uni-
versity of Tennessee Health Science Center, Memphis,
Tennessee). Cells were seeded into 60 mm tissue culture
dish at 18-24 h prior to transfection, and then transfected
with DN-JNK expression plasmid and pcDNA 3 (Invitro-
gen, Carlsbad, CA) using SuperFect reagent (Qiagen,
Valencia, CA). After treatment with 50 nM paclitaxel for
48 h, apoptotic cell death was analyzed as described above.

Western blot analysis

Yeast were grown in SD-galactose medium to induce the
expression of Bax. Cells were suspended in SDS-PAGE
sample buffer [2% SDS, 0.06 M Tris—HCI (pH 6.8), 10%
glycerol, 0.0025% bromophenol blue, 5% 2-mercaptoeth-
anol] and then heated at 95°C for 5 min. Cells were
subjected to centrifugation at 13,000 rpm for 5 min, and
supernatants were collected. For mammalian cells, the cells
were treated with paclitaxel for the indicated periods of
time, and then total cellular extracts were prepared using
the PRO-PREP protein extraction solution (iNtRON Biot-
echonology, Seoul, Korea). Proteins were separated by
10% SDS-PAGE and then transferred to a Hybond-P™
PVDF membrane (Amersham Biosciences, Piscataway,
NJ). Membranes were incubated with the indicated primary
and secondary antibodies, and immunoreactive proteins
were visualized using WEST-ZOL PLUS (iNtRON Bio-
technology, Seoul, Korea).

Measurement of intracellular reactive oxygen species
(ROS)

Cells were incubated with 10 pM H,DCF-DA at 37°C for
30 min. After washing twice with ice-cold PBS, cell fluo-
rescence was immediately analyzed using a FACScan flow
cytometer (Becton Dickinson Bioscience, San Jose, CA).

Subcellular fractionation

Cells that overexpressed Flag or Flag-Ran were treated with
paclitaxel, and mitochondrial and cytosolic fractions were
isolated, as follows. Cells were collected by trypsinization,
washed with ice-cold PBS, and then subjected to centrifu-
gation for 5 min at 3,000 rpm at 4°C. Cells were washed
twice in ice-cold PBS and then resuspended in S-100 buffer
[20 mM HEPES (pH 7.5), 10 mM KCl, 1.9 mM MgCl,,
1 mM EGTA, 1 mM EDTA, and a mixture of protease
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inhibitors]. After incubation on ice for 20 min, the cells
were homogenized with a glass dounce homogenizer. The
homogenate was subjected to centrifugation at 1,000g for
5 min to remove intact cells, cell nuclei, and heavy mem-
branes. The resulting supernatant was then subjected to
centrifugation at 14,000g for 30 min to collect the mito-
chondria-rich and cytosolic fractions. The mitochondrial
fraction was washed once with S-100 buffer and resus-
pended in lysis buffer [150 mM NaCl, 50 mM Tris—Cl (pH
7.4), 1% NP-40, 0.25% sodium deoxycholate, and 1 mM
EGTA] containing protease inhibitors.

Results

Overexpression of Ran inhibits Bax-induced cell death
in yeast

Yeast strain W303-1a/Bax carries an inducible Bax
expression plasmid, pGilda-Bax, which encodes full-length
mouse Bax under the control of the galactose-inducible
yeast GAL1 promoter [5]. W303-1a/Bax was transformed
with a U373MG human glioblastoma cDNA library, and
Bax-resistant transformants were selected on SD-Gal/
His Leu™ medium. We screened a total of 10° transfor-
mants, and identified 24 clones that were resistant to Bax-
induced apoptosis. Sequence analysis and a search of the
GenBank/EMBL nucleotide sequence database identified
Ran as an inhibitor of Bax-induced yeast cell apoptosis.
The inhibitory effect of Ran was equivalent to that of Bcl-2
(Fig 1a). Bax protein was undetectable in cells grown in
glucose-based medium, but accumulated in cells that were
cultured in galactose-based medium, which suggested that
the expression of Ran does not interfere with Bax protein
expression in yeast (Fig. 1b).

Ran inhibits paclitaxel-induced apoptosis in human
glioblastoma cells

U373MG glioblastoma cells were transfected with Flag-
pcDNA3.1-Ran, or Flag-pcDNA3.1 as a control, and stable
transfectants were selected using hygromycin resistance.
Flag-pcDNA3.1-Ran transfectants expressed a high level
of Ran protein, which indicated that the plasmid-based Ran
cDNA used in these studies encoded a functional protein in
U373MG cells (Fig. 2a, insert). When we treated cells with
paclitaxel, we observed a dose-dependent decline in the
cell viability of Flag transfectants, but not Flag-Ran
transfectants (Fig. 2a). Thus, paclitaxel-mediated cytotox-
icity was significantly attenuated by the overexpression of
Flag-Ran in U373MG cells. To characterize the type of cell
death that was induced by paclitaxel, we carried out an
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Fig. 1 Effect of Ran expression on Bax-induced cell death in yeast.
(a) Yeast were grown in SD-Glc medium for 1 day, cultures were
adjusted to an ODggg of 0.1, and then diluted to the indicated
concentrations (ODgoo = 1, 0.1, 0.01, 0.001, and 0.0001). An aliquot
(5 ) of each dilution was spotted onto SD-Glc or SD-Gal plates. (b)
Yeasts were incubated in SD-Glc or SD-Gal medium for 12 h and
cellular protein extracts were prepared. An aliquot of total protein
(30 pg per lane) was subjected to Western blot analysis, as described
in Section “Materials and methods”. The results are representative of
three or four independent experiments
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Fig. 2 Effect of Ran on paclitaxel-induced cell death. (a) Cell viability
was determined by MTT assay in cells incubated for 48 h. (b)
Externalization of phosphatidylserine was measured by annexin V and
PI staining. Cells that expressed Flag or Flag-Ran (Ran) were treated
with the indicated concentrations of paclitaxel for 48 h. Data represents
the means = standard error (SE) (n = 3 or4), *P < 0.05, **P < 0.01.
(c) Cells were treated with 50 nM paclitaxel for the indicated time
periods, and DNA fragmentation was measured by gel electrophoresis.
The results are representative of three independent experiments

annexin V staining and DNA fragmentation assay (Fig. 2b
and c). In the presence of paclitaxel, the number of annexin
V-positive cells increased in a dose-dependent manner in
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cells that expressed Flag alone or Flag-Ran, but the
increase was significantly attenuated in Flag-Ran trans-
fectants. The attenuation of annexin V-positive staining
correlated with the level of DNA fragmentation in cells.
DNA fragmentation was readily detectable in Flag trans-
fectants 48 h after paclitaxel treatment, and fragmentation
was markedly reduced in Flag-Ran transfectants. These
results indicated that Ran partially inhibits paclitaxel-
induced apoptosis in glioblastoma cells.

Ran suppresses the paclitaxel-induced accumulation
of cells in sub-G; phase

Paclitaxel has been reported to induce cell-cycle arrest
during mitosis, after which cells can progress to apoptosis
[11]. To determine whether Ran affected paclitaxel-
induced mitotic arrest, we carried out a cell cycle analysis
of U373MG stable transfectants (Fig. 3). In stable Flag
transfectants, the accumulation of cells in sub-G; phase
was dramatically increased 48 h after treatment with pac-
litaxel, and there was a corresponding reduction in the
number of cells in G2/M phase. In contrast, in Flag-Ran
transfectants in the presence of paclitaxel, there was a
sustained G2/M arrest, with less accumulation of cells in
sub-G, than Flag transfectants. These results indicated that
Ran does not abrogate paclitaxel-induced cell cycle arrest
in G2/M, but it suppresses the accumulation of cells in sub-
G, phase.

Ran abolishes the generation of ROS in response
to paclitaxel

To determine whether the generation of ROS was involved
in paclitaxel-induced apoptosis in U373MG cells, we
examined the level of ROS in Flag and Flag-Ran stable
transfectants in the presence and absence of paclitaxel.
Although paclitaxel significantly promoted the generation
of ROS in cells that overexpressed Flag alone, the gener-
ation of ROS in response to paclitaxel treatment was
markedly attenuated in cells that overexpressed Flag-Ran
(Fig. 4a and b). To clarify whether ROS were directly
involved in paclitaxel-induced apoptosis, cells were treated
with paclitaxel in the presence or absence of N-acetyl-
L-cysteine (NAC), a free radical scavenger. In the presence
of NAC, paclitaxel-induced apoptosis was not affected in
Flag and Flag-Ran transfectants, which suggested that ROS
are not directly involved in paclitaxel-induced cell death
(Fig. 4c).

Ran inhibits the activation of JNK by paclitaxel

To further clarify the role of Ran in paclitaxel-induced
apoptosis, we examined the activation of MAP kinases
and PI3 K/Akt in response to paclitaxel in U373MG
stable transfectants. As shown in Fig. 5a, paclitaxel
treatment resulted in the activation of JNK, ERK and p38,
but not PI3 K/Akt, in Flag transfectants. In contrast, the
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Fig. 4 Effect of Ran on the generation of ROS by paclitaxel. (a and
b) Cells were treated with 50 nM paclitaxel for 90 min (a) or for the
indicated time periods (b), then treated with the oxidant-sensitive
probe H,DCF-DA (10 uM). Relative levels of ROS were quantified
by FACScan flow cytometry. Data represents the means = SE

overexpression of Ran markedly reduced the paclitaxel-
induced phosphorylation of JNK1/2, which indicated that
JNK-mediated signaling pathways are involved in the sup-
pression of paclitaxel-induced apoptotic cell death by Ran.
To further confirm that JNK is involved in the Ran-mediated
inhibition of apoptosis in a process mediated by paclitaxel,
Flag and Flag-Ran transfectants were transiently transfected
with dominant negative JNK (DN-JNK) in the presence or
absence of paclitaxel. Paclitaxel-induced apoptosis was
significantly inhibited in the presence of DN-JNK in both
transfectants (Fig. 5b), indicating that JNK plays a pivotal
role in the Ran-mediated suppression of apoptotic cell death
by paclitaxel.

Ran regulates the expression of apoptosis-related
proteins

To determine whether Ran was involved in the regulation
of Bcl-2 family proteins during paclitaxel-induced apop-
tosis, we examined the expression of the pro-apoptotic and
anti-apoptotic proteins Bax and Bcl-2, respectively, by
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(n=3), *P < 0.05, **P < 0.01. (¢) Cells that expressed Flag or
Flag-Ran (Ran) were treated with 50 nM paclitaxel in the presence or
absence of NAC. After 48 h, the cells were stained with PI, and the
sub-G; population was analyzed using a FACScan flow cytometer.
The results are representative of three independent experiments

Western blot (Fig. 6a). Although the expression of Bax did
not appear to be affected in Flag or Flag-Ran transfectants
that were treated with paclitaxel, the phosphorylation of
Bcl-2 by paclitaxel was markedly reduced in cells that
expressed Flag-Ran as compared to cells that expressed
Flag alone. In addition, the activation of caspase-3, the
translocation of Bax, and release of mitochondrial cyto-
chrome ¢ were markedly attenuated in cells that expressed
Flag-Ran, which indicated that Ran regulates apoptosis-
related proteins (Fig. 6).

Discussion

In the current study, we identified Ran as a suppressor of
Bax-induced cell death in yeast, and showed that Ran
partially inhibits paclitaxel-induced cell death in a human
glioblastoma-derived cell line, U373MG. The accumula-
tion of cells in sub-G; phase in response to paclitaxel was
partially suppressed by the overexpression of Ran, which
suggests that Ran inhibits JNK alone but not other signal
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Fig. 7 Proposed scheme on the Ran-mediated inhibition of apoptosis
induced by paclitaxel in U373MG cells. Ran inhibits activation of
JNK, and this inhibition causes sequential suppression of downstream
apoptosis-related proteins, suggesting that the main role of Ran in the
paclitaxel-induced apoptosis is the regulation of JNK pathway

cascades including p38, ERK, and Akt stimulated by pac-
litaxel. In line with above speculation, the overexpression
of Ran suppressed the activation of JNK and resulted in a
reduction in the apoptosis-related protein Bcl-2, which
suggests that the mechanism of anti-apoptotic activity of
Ran involves the activation of JNK-mediated signaling
pathways and the regulation of apoptotic proteins.

To our knowledge, this is the first report demonstrating
that Ran suppresses Bax- or paclitaxel-induced apoptosis.
A number of recent studies have demonstrated the pivotal
role of yeast-based functional screening in the identifica-
tion of anti-apoptotic proteins, including as BI-1, Ku70,
sphingomyelin synthase 1, ascorbate peroxidase, and
chromosomal high-mobility group box-1 [5-8, 25]. Our
study identified Ran as a suppressor of Bax-induced
apoptosis in yeast, however, little is known about the anti-
apoptotic activity of Ran in mammalian cells. Ran is a
member of the Ras superfamily of small G-proteins, and
plays an important role in nucleo-cytoplasmic transport and
other cellular processes, including mitotic spindle assembly
and post-mitotic nuclear envelope assembly [20]. Although
Ran has been shown to be involved in the regulation of cell
cycle transitions, a recent report demonstrated that Ran is

@ Springer

overexpressed in most cancer cell lines and cancer tissues
[22]. Our results raise the intriguing possibility that during
the development and treatment of cancer, Ran may func-
tion as an inhibitor of cell death induced by Bax or
paclitaxel.

The overexpression of Ran inhibited many of the cel-
lular responses that are evoked by exogenous apoptotic
stimuli, such as paclitaxel. Paclitaxel activates the JNK
signaling pathway, and JNK activation appears to be a
common point of regulatory control in paclitaxel-induced
gene expression and cell death in ovarian cancer cells
[26]. Previous studies have also shown that the activation
of JNK enhances the phosphorylation of apoptosis regu-
latory proteins, such as Bax and Bcl-2 [27, 28]. In the
current study, we showed that the phosphorylation of
JNK, but not ERK and p38 MAPK, is markedly sup-
pressed by the overexpression of Ran, indicating the
partial effect of Ran in the paclitaxel-induced apoptosis.
When we examined Bcl-2 family proteins in paclitaxel-
treated cells that overexpressed Ran, we found that the
phosphorylation of Bcl-2 by paclitaxel was markedly
suppressed in cells that overexpressed Ran. Moreover, the
paclitaxel-induced mitochondrial translocation of Bax,
release of cytochrome c and the activation of caspase-3
were also inhibited by the overexpression of Ran. These
results suggest that Ran inhibits paclitaxel-induced apop-
tosis through the inhibition of JNK activation. Our results
are also consistent with previous reports that Bcl-2 protein
is significantly decreased by paclitaxel treatment in many
cancer cells [28, 29].

Although it has been reported that paclitaxel-induced
apoptotic cell death is mediated by mitochondrial ROS
[30], there did not appear to be a relationship between ROS
production and cell death induced by paclitaxel in our
study. In cells that expressed either Flag alone or Flag-Ran,
NAC had no effect on paclitaxel-induced cell death. This
observation is in agreement with previous findings that
paclitaxel induces ROS-independent apoptosis in human
leukemia cells [31]. Therefore, the possibility remains that
Ran participates in paclitaxel-induced apoptosis through a
ROS-independent mechanism. Additional studies are nee-
ded to clarify the precise molecular mechanism(s) of
suppression of paclitaxel-induced apoptotic cell death by
Ran.

In conclusion, we have shown that JNK-mediated sig-
naling pathways are involved in the inhibitory effect of Ran
on paclitaxel-induced cell death in U373MG cells (Fig. 7).
The down-regulation of JNK in cells that overexpressed
Ran resulted in a reduction in the activation of multiple
molecular targets of paclitaxel. The identification of Ran as
a novel suppressor of Bax-induced apoptosis in cancer cells
will aid in the development of new therapeutic strategies
for cancer treatment.
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