
Abstract Leptomycin B (LMB) is a Streptomyces
metabolite that inhibits the chromosomal region
maintenance (CRM)1-dependent nuclear export of proteins.
It also induces apoptosis in several types of cancer cells, by
a yet undefined mechanism. We used a functional
proteomics approach to delineate the pathways and
mediators involved in LMB-induced apoptosis in HeLa
cells. Using two-dimensional gel electrophoresis, we
searched for proteins accumulated in the nuclei of HeLa
cells upon LMB treatment. Among such proteins we found
prohibitin and Heat shock protein (Hsp)27, identified by
peptide mass fingerprinting and mass spectrometry.
Immunocytochemistry was carried out to confirm the
LMB-induced nuclear accumulation of these two proteins
in HeLa cells. Furthermore, we found that the cytoplasmic
expression of Hsp27, but not prohibitin, partially inhibited
LMB-induced apoptosis, indicating that nuclear
sequestration of Hsp27 was, at least in part, involved in the
apoptosis.
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Introduction

Leptomycin B (LMB), originally isolated from
Streptomyces, possesses anti-tumor properties in vivo and
in vitro [1�3]. It has been shown to induce apoptosis in
several types of tumor cells, including HeLa cells [4, 5].
However, the molecular mechanisms underlying LMB-

induced apoptosis have not yet been elucidated. On the
other hand, the cellular target of LMB has been identified
as chromosomal region maintenance (CRM)1 [6]. CRM1
was found to be a nuclear export receptor, which mediates
the nuclear-cytoplasmic transport of nuclear export signal
(NES)-containing proteins or RNAs [7, 8]. Therefore, it is
likely that proteins involved in the LMB-induced apoptosis
become accumulated in the nucleus when the cells are
treated with LMB.

Proteomics is a powerful tool developed to enhance 
the study of biological systems regulated by subcellular 
protein localization. This technique has been employed
extensively to investigate the response of cells to drugs and
diseases. However, to our knowledge, no proteomic study
has been conducted to improve our understanding of the
cellular response to LMB. Therefore, we first performed 
a comparative two-dimensional electrophoresis (2-DE)
proteomic analysis of the nuclear proteins of untreated- 
and LMB-treated HeLa cells, and subsequently identified
two differentially expressed proteins in the nuclei of 
LMB-treated HeLa cells by matrix-assisted laser-
desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF-MS). Furthermore, we examined the effects
of their cytoplasmic expression on LMB-induced apoptosis.

Materials and Methods

Materials
HeLa cells were cultured in DMEM containing 10 % fetal
bovine serum plus antibiotics.
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Flow Cytometry

The cells were collected by trypsinization and combined
with cells floating in the medium. The apoptotic cells were
assessed by flow cytometric detection of sub-G1 DNA
content after being stained with propidium iodide.

Western Blot Analysis
The cells were lysed with lysis buffer (50 mM Tris-HCl [pH
7.4], 150 mM NaCl, 20 mM EDTA and 0.5% NP-40)
containing protease inhibitors. Then, 50 mg of total 
cell lysate was separated by SDS-PAGE, transferred to a
Hybond-P membrane (Amersham Biosciences, Tokyo,
Japan), and probed with specific antibodies. This was
followed by detection with the ECL Western blotting
detection system (Perkin-Elmer Biosystems, Foster City,
CA) and LAS-1000 (Fuji Film, Tokyo, Japan).

Primary antibodies included anti-prohibitin (II-14-10;
NeoMarkers, Fremont, CA) and anti-Hsp27 (SPA-800;
Stressgen, Victoria, BC Canada). The secondary antibodies
were horseradish peroxidase-conjugated goat anti-mouse
IgG (Amersham Biosciences).

Immunofluorescence Microscopy
HeLa cells were transfected with recombinant plasmids
(0.3 mg/well) in 12-well plates using LipofectamineTM

Reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The cells were fixed with 3%
paraformaldehyde, permeabilized with 0.5% Triton X-100
in PBS, and blocked in 3% bovine serum albumin in PBS.
For determining the distribution of endogenous prohibitin
and Hsp27, the cells were stained with monoclonal primary
antibodies and incubated with anti-mouse Alexa Fluor 488
(Invitrogen). At the same time, the nuclei were stained with
TOPRO-3. Cells were observed using a laser-scanning
confocal microscope system (Radiance 2000 : Bio-Rad).

Preparation of Nuclear Extracts
HeLa cells were homogenized with a syringe in buffer A
(10 mM HEPES [pH 7.6], 25 mM MgCl2, 0.1% Triton X-
100, 1 mM DTT and 1 mM PMSF) and centrifuged for 10
minutes at 3.5 krpm. The resulting pellets rich in nuclei
were resuspended in buffer A and layered on top of a 35%
sucrose cushion in buffer A. The nuclei were pelleted for
30 minutes at 13 krpm and reconstituted with lysis solution
(8 M Urea, 2 M thiourea, 2% CHAPS, 1 mM DTT and
0.5% IPG buffer).

Two-dimensional Gel Electrophoresis
For isoelectric focusing (IEF), 200 mg of total protein was
mixed in a rehydration buffer (8 M urea, 2% Chaps,
100 mM DTT, 0.5% IPG Buffer and bromophenol blue)

and loaded onto a 24-cm pH 3-10 Immobiline DryStrip (an
IPG strip, Amersham biosciences). After rehydration of the
IPG strip, IEF was carried out using a three-phase program:
(i) 500 V, 1 Vh; (ii) 3500 V, 3 kVh (gradient mode); 
(iii) 3500 V, 50 kVh. Prior to the second-dimensional
electrophoresis, the IPG gel strips were incubated at 
room temperature for 15 minutes in an equilibration
solution (50 mM Tris-HCl [pH 8.8], 6 M Urea, 2% 
SDS and 30% glycerol) containing 1% DTT. This was
followed by incubation for 15 minutes in the equilibration
solution containing 2.5% iodoacetoamide. The gels were
subsequently subjected to a second-dimensional run, using
a Ettan DALT six on running SDS-PAGE gels (12.5%). The
2-DE gels were stained with coomassie blue and scanned in
a densitometer. Protein spots were quantified and numbered
using ImageMaster Plutinum software. Protein levels 
with an increase of �2 fold over the untreated control 
after LMB treatment were considered to have changed
substantially.

In Gel Digestion
Protein spots excised from the gel were destained in a 96-
well plate with acetonitrile and dried completely in a
centrifugal evaporator. The dried gels were rehydrated on
ice with a digestion buffer composed of 5 ng/ml of
modified trypsin (Promege corp., Madison, WI). After the
excess solution was removed, proteins were further digested
at 37°C for 16 hours. The resultant peptides were extracted
and concentrated using a centrifugal evaporator.

MALDI-TOF MS and Database Search
Peptide mixtures were applied to the sample target and air-
dried. After mixing it with the matrix (a-cyano-4-
hydroxycinnamic acid), the sample was analyzed in a Auto
Flex MALDI-TOF MS spectrometer system (Bruker
Daltonics Inc., Billerica, MA). The masses of peptides
were measured as monoisotopic masses. To identify
proteins, the monoisotopic masses were analyzed using the
WWW search program Mascot with the NCBI or SWISS-
PROT database.

Results

Leptomycin B Induced Apoptosis in HeLa Cells
To examine the effect of LMB on apoptosis, we analyzed
the amount of sub-G1 DNA, representing apoptosis, in
HeLa cells treated with 1 ng/ml of LMB for 24 or 48 hours
with a flow cytometer. Untreated HeLa cells showed a low
basal level of apoptosis (2.2%). LMB treatment for 24
hours resulted only in a small increase in the percentage of
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apoptotic cells (3.2%), however, 66.3% of the cells
underwent apoptosis after 48 hours treatment (Fig. 1).

As to the mechanism of LMB-induced apoptosis, we
hypothesized that LMB inhibits the nuclear export of
survival signaling molecules that become functional in the
cytoplasm in normal cells, thereby inducing apoptosis.
Therefore, we first tried to identify proteins whose nuclear
expression levels increase upon treatment with LMB using
2-DE proteomics.

Differential Proteomic Analysis of HeLa Cells with or
Without LMB Treatment
Nuclear protein extracts were prepared from HeLa cells
that were treated with or without 1 ng/ml of LMB for 24
hours. To prove that the preparation of nuclei was ‘clean’
with minimal contamination from cytosolic components,
each nuclear extract was analyzed by Western blotting 
(Fig. 2 insert). PARP was used as a marker for nuclei and
tubulin for cytosol. Only a small amount of tubulin was
present in the nuclear fraction, indicating that the
fractionation experiments were carried out successfully.

Nuclear proteins thus obtained were separated using IPG
strips (pH ranges 3�10) by 2-DE analysis to detect
differences in expression between control and LMB-treated
cells. Approximately 700 protein spots were detected in
each 2-DE gels (Fig. 2). Comparing the 2-DE patterns of
the untreated and LMB-treated cells, we picked spots that
showed an increase in staining intensity with LMB
treatment. These spots were excised from the gels, and the
proteins were identified using MALDI-TOF MS. The
peptide MS fingerprints obtained were used to search the
NCBI and Swiss-Prot databases. Among proteins identified
in the analysis were prohibitin and Hsp27, well-known
apoptosis-related proteins. To confirm the result, the extent
of the nuclear accumulation of these two proteins in
response to LMB was examined by immuno-cytochemistry

(Fig. 3). In the absence of LMB, prohibitin and Hsp27 were
mainly distributed in the cytoplasm, but a large portion of
each protein was accumulated in the nucleus at 10 hours
following LMB treatment. These results confirmed that
prohibitin and Hsp27 were accumulated in the nucleus in
response to LMB treatment in HeLa cells.

Hsp27 Prevents LMB-induced Apoptosis
Next we examined whether the nuclear sequestration of
prohibitin or Hsp27 is associated with LMB-induced
apoptosis in HeLa cells. For this purpose, N-terminally
GFP-tagged prohibitin and Hsp27 constructs were
generated, and HeLa cells were transiently transfected with
each plasmid. Overexpressed GFP-prohibitin or GFP-
Hsp27 was detected in the cytoplasm (Fig. 4a). Significant
cytoplasmic expression of GFP-prohibitin or GFP-Hsp27
was observed even after LMB treatment. Moreover, in
control GFP- or GFP-prohibitin-expressing HeLa cells,
LMB induced a cell death that was accompanied by nuclear
fragmentation, morphological modifications characteristic
of apoptosis. In contrast, Hsp27 efficiently protected
against LMB-induced cell death (Fig. 4a). Similarly, the
flow cytometric analysis of DNA content demonstrated that
treatment of control GFP-expressing HeLa cells with LMB
caused a significant increase in the sub-G1 peak (61.1%),
and HeLa cells overexpressing prohibitin still underwent
apoptosis upon LMB treatment (65.2%). On the other hand,
overexpression of Hsp27 inhibited apoptosis (38.3%)
induced by LMB (Fig. 4b). These results indicated that
nuclear sequestration of Hsp27 is, at least in part, involved
in the mechanism of LMB-induced apoptosis in HeLa cells.

Discussion

Although LMB has been reported to induce apoptosis in
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Fig. 1 LMB-induced apoptosis in HeLa cells.

HeLa cells were treated with 1 ng/ml of LMB for the periods indicated (0, 24 and 48 hours) and the amount of sub-G1 DNA was
analyzed with a flow cytometer. Apoptotic cells are denoted by the region sub-G1.
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Fig. 2 2-DE map of nuclear extracts from HeLa cells.

(a) Control HeLa cells, untreated; (b) HeLa cells, treated with 1 ng/ml of LMB for 24 hours. Protein lysate (200 mg) was focused on a pH
3�10 IPG strip before being separated by a 12.5% polyacrylamide gel. The gels were coomassie-stained and compared protein spots that
were differentially expressed in the nucleus with LMB treatment. The boxes delineate the regions containing spots that identified to be
prohibitin (A) or Hsp27 (B). The respective spots are pointed with the arrows.

Fig. 3 LMB-induced nuclear accumulation of prohibitin and Hsp27 in HeLa cells.

Untreated HeLa cells or HeLa cells treated with 1 ng/ml of LMB for 10 hours were processed for indirect immunofluorescence with a
monoclonal primary antibody against prohibitin (a, c) or Hsp27 (e, g). Nuclei were stained with TOPRO-3 (b, d, f, h). Cells were observed
with a laser-scanning confocal microscope system.
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several types of cancer cells, how it does so has not been
fully elucidated. Because LMB is a specific inhibitor of
nuclear export [6], it is possible that the proteins involved
in LMB-induced apoptosis would be accumulated in the
nucleus. In this study, we applied a comparative 2-DE
technique to untreated and LMB-treated HeLa cells to
screen for proteins accumulated in the nucleus on treatment
with LMB, and found prohibitin and Hsp27 by MALDI-
TOF-MS analysis. Although both of these proteins have a
molecular weight of less than 40 kDa, the maximum for a
protein to pass through the nuclear pore complex channel
via passive diffusion, each is known to form a large
complex [9, 10]. Therefore, it is credible that their nuclear
export is dependent on CRM-1, and can be inhibited by
LMB.

Prohibitin, a potential tumor suppressor, is known to
interact with several proteins such as p53, E2F and pRB

and induce growth suppression [11�13]. In addition,
prohibitin is reported to be found in the nucleus and
mitochondria depending on the cell line [14, 15]. Another
function of prohibitin is to inhibit apoptosis, and this role is
possibly related to its localization in the mitochondria [12,
16]. However, our results showed that overexpression of
prohibitin did not prevent apoptosis induced by LMB,
indicating that nuclear accumulation of prohibitin was not
involved in the apoptosis.

Hsp27 belongs to a sub-family of stress proteins, which
are detectable in virtually all organisms. We found that the
cytoplasmic expression of Hsp27 partially inhibited LMB-
induced apoptosis. Previous reports showed that Hsp27
exerts an anti-apoptotic effect in cells against heat shock
and other injuries, which are mediated by chemotherapeutic
drugs or oxidative stress [17�19] by counteracting
procaspase 9 activation without altering cytochrome c
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Fig. 4 Hsp27 protected HeLa cells from LMB-induced apoptosis.

HeLa cells were transfected with either pEGFP-prohibitin or pEGFP-Hsp27 using Lipofectamine. (a) After 3 hours, cells were treated
with or without 1 ng/ml of LMB for 10 hours. Nuclei were stained with TOPRO-3. Cells were observed with a laser-scanning confocal
microscope system. Arrows indicate apoptotic cells. (b) At 48 hours following LMB treatment, apoptotic cell numbers were determined by
flow cytometer as described in materials and methods. Each column represents the average of values from three different experiments.
*p�0.05 (Student’s t test).

(a) 
GFP GFP-prohibitin GFP-Hsp27 

none LMB none LMB none LMB 

(b) 80 

* 
.none 

60 
0 LMB 

,....._ 

..---
('.) 40 

I 
..c 
:::J 

(/) 

20 

0 
GFP GFP-prohibitin GFP-Hsp27 



release [20]. This inhibition of procaspase 9 activation is
possibly a consequence of the binding of Hsp27 to
cytosolic cytochrome c, a phenomenon that subsequently
down-regulates apoptosome formation [21]. The binding of
Hsp27 to caspase 3 and its modulation has also been
documented [22]. In HeLa cells, Hsp27 localized mainly in
cytosol and only a small fraction of this protein colocalized
with mitochondria. A 40% decrease in the level of Hsp27,
generated by antisense strategy, sensitized HeLa cells to
staurosporine leading to cell death. This phenomenon
correlated with a detection of cytochrome c in the soluble
cytoplasm and procaspase activation [23]. This leads to the
conclusion that the cytosolic constitutive expression of
Hsp27 in HeLa cells protects the cells from apoptosis.
Therefore, it is conceivable that, when LMB induces
nuclear sequestration, Hsp27 becomes unable to play a
cytoprotective role in the cytoplasm or mitochondria,
thereby allowing the cells to undergo apoptosis.
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