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1. Introduction

ABSTRACT

2-Methoxyestradiol (2ME2) is a normal physiological metabolite of 173-estradiol with anti-proliferative
and anti-angiogenic activities. The purpose of this study is to elucidate the mechanism whereby 2ME2
induces endoreduplication of the well-differentiated nasopharyngeal carcinoma (NPC) cells. We report
here that 2ME2 induces G2/M phase cell cycle arrest followed by endoreduplication of the well-
differentiated HK-1 cells. The increase in chromosome number was confirmed by cytogenetic study.
Analysis of stress signaling pathways revealed the phosphorylation activation of ERK, JNK and p38
MAPKs at various times after 2ME2 treatment. Pre-treatment of 2ME2-treated HK-1 cells with JNK
inhibitor (SP600125), ERK inhibitor (PD98059) and p38 MAPK inhibitor (SB203580) resulted in the
reduction of endoreduplicating cells. Furthermore, the increase in the phosphorylation of JNK was
accompanied by an increase in the reactive oxygen species. In addition, endoreduplication was observed
in cells after treatment with superoxide donor, 2,3-dimethoxy-1,4-naphoquinone (DMNQ). Confocal
microscopic analysis also revealed the increase in mitochondrial superoxide anion in 2ME2-treated HK-1
cells. Pre-treatment of HK-1 cells with superoxide dismutase mimetic 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) or overexpressing the mitochondrial enzyme MnSOD resulted in the reduction of
phosphorylation of JNK and the formation of endoreduplicating cells. Furthermore, the tubulin filaments
in cytoplasm remain intact in 2ME2-treated HK-1 cells after pre-treatment of TEMPO. Our results
suggest that 2ME2 induces endoreduplication through the induction of oxidative stress and the
activation of MAPK signal pathways. The biological significance of drug-induced endoreduplication will
also be discussed.

© 2009 Elsevier Inc. All rights reserved.

Endoreduplication refers to the situation where DNA replica-
tion occurs without cell division [12]. Cells may undergo

2-Methoxyestradiol (2ME2) is a metabolite of endogenous
estrogen 17[3-estradiol (E;). Recent studies showed that 2ME2
exerts both anti-tumour and anti-angiogenic activities on various
tumours, and 2ME2 is now undergoing phase II clinical trial for
cancer treatment [1]. The anti-tumour mechanism of 2ME2 is
multi-faceted [2]. These included the induction of G1 or G2/M cell
cycle arrest and tumour cell apoptosis [3-9]. Recent studies also
indicated that 2ME2 induces G2/M arrest and interrupts the cell
cycle progression via the binding to 3-tubulin near the colchicine-
binding site and the inhibition of microtubule polymerization
[10,11].

* Corresponding author. Tel.: +852 34117059.
E-mail address: nkmak@hkbu.edu.hk (N.K. Mak).

0006-2952/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2009.10.018

endoreduplication and become tetraploid or polyploid when the
cells are arrested by the spindle assembly checkpoint or when the
cells fail to undergo cytokinesis. Chemical compounds such as
microtubule-interfering agents nocodazole and taxol had been
shown to induce endoreduplication through the interruption of the
segregation of sister chromatid [13,14]. Although 2ME2 is also
considered as a microtubule-interfering agent, the mechanism of
induction of endoreduplication in malignant cells has not been
studied.

Reactive oxygen species (ROS), such as hydroxyl radicals,
hydrogen peroxide and superoxide, are normally and constantly
generated within a cellular environment [15]. Under normal
conditions, ROS is known to mediate a wide variety of cellular
responses including cell growth and differentiation. Prolonged and
excessive production of ROS, and hence oxidative stress, may lead
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to cell cycle arrest and cell death [16-18]. A previous study
indicated that phenylhydroquinone-derived ROS may induce the
endoreduplication of CHO-K1 ovarian cells [19]. However, the role
of oxidative stress in 2ME2-induced endoreduplication is
unknown. The present study aims to elucidate the role of oxidative
stress in 2ME2-induced endoreduplication of human nasophar-
yngeal carcinoma cells. Results from this study indicated that
2ME2 induced G2/M arrest, followed by endoreduplication in HK-1
NPC cells. We further demonstrated that 2ME2 induced endor-
eduplication through the generation of mitochondrial oxidative
stress and the subsequent activation of JNK.

2. Materials and methods
2.1. Chemicals

A stock solution of 20 mM of 2ME2 (Sigma Chemical Co.) was
prepared by dissolving 2ME2 in DMSO. The stock solution was kept
at —20 °C until use. Superoxide dismutase (SOD) mimetic 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), superoxide anion donor
2,3-dimethoxy-1,4-naphoquinone (DMNQ) and 4,6-diamidino-2-
phenylindole (DAPI) were obtained from Sigma Chemical Co.
Antibodies to phospho-JNKs, JNKs, phospho-p38 MAPKs, p38
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Fig. 1. 2ME2-induced growth inhibition of HK-1 cells. (A) Kinetics of growth inhibition. HK-1 cells (2 x 10° cells/dish) were seeded overnight and treated with 10 uM 2ME2.
The number of viable HK-1 cells was determined by trypan blue exclusion assay at days 1, 2 and 3 after 2ME2 treatment. Results were expressed as mean =+ SD of triplicates.
Student’s t-tests were performed for determination of the significant difference, *p < 0.05. (B) Cologenicity of 2ME2-treated HK-1 cells. HK-1 cells (200-5000 cells/dish) were
incubated with 2ME2 for 48 h. The cells were washed and further incubated in fresh medium for 7 days. The cells were then fixed and stained for the microscopic examination of
colony formation as described in Section 2. (C) Physical characteristics of 2ME2-treated HK-1 cells. Upper panel: DIC images of 2ME2-treated HK-1 cells. Scale bar: 20 wm. Lower
panel: flow cytometric analysis of 2ME2-treated HK-1 cells. Cell size was detected by the forward scatter (FSC) detector and the cell granularity was detected by the side scatter (SSC)
detector. (D) Total chromosome number analysis of 2ME2-treated HK-1 cells. Chromosomes in the metaphase spreads stained with DAPI were counted. A total of 20 metaphases
were counted for each treatment. Chromosome count: untreated HK-1, 64; 2ME2 (24 and 48 h), 128.
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Fig. 1. (Continued).

MAPKs, phospho-ERKs and ERKs were purchased from Cell
Signaling. Antibodies to B-tubulin and manganese superoxide
dismutase (MnSOD) were obtained from Sigma Chemical Co. and
Santa Cruz, respectively. Chemical inhibitors SP600125, SB203580
and PD98059 were obtained from Calbiochem (La Jolla, CA).
MitoSOX™ Red mitochondrial superoxide indicator was pur-
chased from Molecular Probes-Invitrogen (Eugene, OR).

2.2. Cell lines and cell culture

The well-differentiated HK-1 [20], EBV HK-1 [21] and C666-1
[22] cells were routinely maintained as monolayers in 25-cm?
culture flask in RPMI-1640 supplemented with 10% fetal calf serum
(FCS, Gibco) and antibiotics PS (50 wg/ml penicillin, 50 pg/ml
streptomycin, Gibco). Cells were cultured at 37 °C in a humidified
incubator (5% CO,) and the cells were subcultured every 3-4 days.

2.3. Colony formation assay

Various numbers of HK-1 cells (200-5000 cells/dish) were
seeded onto the 35 mm tissue culture dishes overnight. Cells were

then incubated with 10 wM 2ME2 for 48 h. The medium containing
2ME2 was removed and replaced with fresh medium after
treatment. The number of colonies was determined after further
7 days of incubation. Cells were fixed with absolute methanol for
10 min and stained with 0.5% crystal violet for further 10 min. After
washing four times with tap water, the cells were air-dried. The
number of colonies was analyzed using Quantity-One (Bio-Rad).

2.4. DNA content analysis

DNA content analysis was performed as previously described
[3]. After 2ME2 treatment, cells were washed twice with
phosphate buffered saline (PBS) and harvested by trypsinization.
Both adherent cells and floating cells were collected and fixed with
cold ethanol (70%) for at least 1 h at 4 °C. The fixed cells were
washed with PBS before staining with propidium iodide (1 mg/ml)
in the presence of RNase A (10 mg/ml). Fluorescence profiles of the
stained cells were analyzed by FACSCalibur flow cytometer (Becton
Dickinson). Laser with a wavelength of 488 nm was used for
excitation and the fluorescence signal was detected with the FL-2
channel. At least 10,000 events were counted.
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2.5. Cell growth assay

Exponentially growing HK-1 (2 x 10° cells/dish) cells were
plated in 100 mm tissue culture dishes. After overnight incubation,
cells were exposed to 10 uM 2ME2 at 37°C for 24-72h.
Appropriately diluted DMSO was used as solvent control. The total
number of viable cells was determined by staining the cells with
trypan blue (0.25%). The experiment was performed in triplicates.
The results were expressed as mean =+ standard deviation. Student’s
t-test in SPSS 11 software program was used for statistical analysis.

2.6. Detection of reactive oxygen species

ROS was detected as previously described [3]. Briefly, 2ME2-
treated HK-1 cells were incubated with ROS sensitive probes 2/,7’'-
dichlorodihydrofluorescein diacetate (H,DCFDA, 10 uM) for
30 min or dihydroethidium (DHE, 1 pM) for 15 min. The cells
were then harvested by trypsinization and washed at least three
times with PBS to remove the excessive probes. Oxidized DCF-DA
or DHE was analyzed using the FACSCalibur flow cytometer
(Becton Dickinson). Laser with a wavelength of 488 nm was used
for excitation. Fluorescence signals of the oxidized DCF-DA and
oxidized DHE were detected by the FL-1 and FL-2 channels,
respectively. At least 10,000 events were counted.

2.7. Immunoblot analysis

After 2ME2 treatment, cells were washed twice with PBS and
lysed with lysis buffer containing 250 mM Tris-HCI (pH 8), 1% NP-

40 and 150 mM NacCl. Equal amounts of lysates were subjected to
electrophoresis on 10% SDS-polyacrylamide gel using Mini-
PROTEAN® 3 electrophoresis system (Bio-Rad). After electrophor-
esis, the separated proteins were transferred to a PVDF transfer
membrane (PolyScreen®) and probed with the corresponding
primary and secondary antibodies. The membrane was then
developed with the WESTSAVE UP™ (Labfrontier Co. Ltd. Bio
Division) and the signals were visualized on the X-ray film (Galen).

2.8. Immunofluorescence staining

HK-1 cells were plated onto cover slips in wells of 24-well
plates and treated with 10 wM 2ME2 for 48 h. After treatment, cells
were washed twice with PBS and fixed with 4% paraformaldehyde
in PBS at room temperature for 15 min. The fixed cells were then
treated with 0.2% Triton X-100 in PBS for 10 min. After membrane
permeabilization, the cells were incubated overnight with anti-8
tubulin antibodies (1:200) at 4 °C. After washing five times with
PBS, the cells were incubated with fluorescent phycoerythrin-
conjugated secondary antibodies (1:200) for 3 h. The cells were
washed to remove the unbound secondary antibodies and the
nucleus was then counterstained with DAPI (0.5 pg/ml) for 10 min
in the dark. Immunofluorescence signals were visualized under a
laser scanning confocal microscope (Olympus Fluoview 1000).

2.9. Preparation of metaphase spreads

Metaphase spreads were prepared as previously described [23].
Briefly, HK-1 cells were treated with or without 2ME2 (10 M) for
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Fig. 2. Kinetics and dose-response of 2ME2-treated HK-1 cells. (A) HK-1 cells (3 x 10°/well in 6-well plate) were exposed to 2ME2 (1 or 10 uM) for 48 h and the DNA content
was analyzed by flow cytometry. Upper panel: a representative diagram showing the profile of DNA analysis. Lower panel: percentage of cells showing >4N DNA content.
Results were expressed as mean + SD from 3 independent experiments. **p < 0.01. (B) HK-1 cells were treated with 10 uM of 2ME2 and the DNA content analysis was performed at
various times after 2ME2 treatment. (C) Induction of endoreduplication in HK-1, EBV HK-1 and C666-1 cells. Cells were treated with 10 wM of 2ME2 and the DNA content analysis

was performed at 48 h after treatment.
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Fig. 2. (Continued).

24-48 h. The cells were then incubated with colcemid (0.1 pg/ml,
Sigma) for 45 min. After incubation, KCI (0.075 M) was added to
the culture and the cells were further incubated for 20 min at 37 °C.
The cells were fixed with methanol/acetate acid (3:1, v/v) for at
least 30 min. The fixed cells were then dropped onto a glass slide
and air-dried. Chromosomes on the slides were stained with DAPI
and the fluorescent signals were captured using SPOT software
(Sterling Heights, MI, USA) on an OLYMPUS BX51 microscope
(Tokyo, Japan).

2.10. Measurement of SOD activity

After 2ME2 treatment, the cells were trypsinized and washed
twice with cold PBS. The cells were then resuspended in 10 mM
phosphate buffer (pH 7) with 1% Triton X-100. The activity of
cellular SOD was measured according to the manufacturer’s
protocol of the Ransod assay kit from Randox Laboratories Ltd.
(Antrim, United Kingdom). The experiments were repeated three
times and the results were expressed as mean =+ standard
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Fig. 2. (Continued).

deviation. Student’s t-test in SPSS 11 software was used for statistical
analysis.

2.11. Detection of mitochondrial superoxide

2ME2-treated cells were incubated with 2 uM Mito-HE
(MitoSOX™ Red) for 10 min at 37 °C and rinsed three times with
PBS. The cells were observed using a laser scanning confocal
microscope (Olympus Fluoview 1000) equipped with a multi-line
argon laser. Oxidized hydroxyethidium derivative (Mito-OH-Etd)
were excited using the excitation wavelength of 543 nm. The 555-
592 nm emission filter was used at the emission end for the
detection of the fluorescence signals.

2.12. Transfection with MnSOD vector

pcDNA3.1 with a MnSOD cDNA insert, a generous gift from Prof.
Abbadie (Institut de Biologie de Lille), was used in this study. HK-1
cells were seeded overnight at a density of 3 x 10° cells/well in 6-
well plates. The MnSOD or empty pcDNA3.1 vector (1.6 jug) was
transfected into HK-1 cells using Lipofectamine Reagent 2000

(Invitrogen) according to the manufacturer’s recommendations.
After 24 h of the transfection, the cells were treated with 2ME2
(10 M) for further 48 h before flow cytometric analysis.

3. Results
3.1. 2ME2 induces endoreduplication in HK-1 cells

HK-1 cells were treated with 2ME2 (10 M) and the number of
viable cells was determined at various times after treatment. The
results in Fig. 1A showed that the growth of HK-1 cells was
significantly reduced (p < 0.05) 1 day after 2ME2 treatment. The
cologenicity of 2ME2-treated HK-1 cell was then evaluated
(Fig. 1B). Significant re-growth of 2ME2-treated HK-1 cell was
not observed. Further microscopic and flow cytometric examina-
tions revealed that the size of the cell body (FSC) and also the
granularity of the cell (SSC) were increased at 24-48 h after 2ME2
treatment (Fig. 1C). Cytogenetic analysis was also performed to
determine the chromosome number in 2ME2-treated HK-1 cells.
The results in Fig. 1D show that the number of metaphase
chromosome in the untreated HK-1 cells was increased from 64 to
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128 in 2ME2-treated HK-1 cells, suggesting that 2ME2 induced
endoreduplication of the HK-1 cells.

The dose-response and the kinetics of endoreduplication were
further determined by flow cytometric method. The results in
Fig. 2A show that 2ME2 dose dependently increase the >4N
population. DNA content also time dependently increased in
2ME2-treated HK-1 cells (Fig. 2B). The percentage of HK-1 cells
with 2N DNA content was reduced from 86% in the control HK-1
cells to 60% at 4 h after 2ME2 treatment. The percentage of cells
with 4N DNA content was accordingly increased to 37% after 2ME2
treatment, indicating that 2ME2 induced G2/M cell cycle arrest in
HK-1 cells. The percentage of cells with >4N DNA content was
similar to the control group. Prolonged treatment of HK-1 cells
with 2ME2 resulted in a further increased in the DNA content. By
48 h, the percentage of 2ME2-treated HK-1 cells with >4N DNA
content was increased to 58%. Prolonged treatment of HK-1 cells
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(A)
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with 2ME2 also resulted in the appearance of apoptotic cells (sub-
G1). Further increase in the DNA content was not observed after
72 h of 2ME2 treatment (data not shown). The results in these
studies indicate that 2ME2 not only induces G2/M cell cycle arrest
but also endoreduplication in the HK-1 cells. The endoreduplica-
tion-inducing activity of 2ME2 on the EBV harboring HK-1 cells
(EBV HK-1) and undifferentiated C666-1 NPC cells was also
analyzed. Cells with >4N DNA content were significantly increased
in EBV HK-1 and C666-1 at 48 h after 2ME2 (10 wM) treatment
(Fig. 2C). As 2ME2 also induced endoreduplication in other NPC cell
lines, HK-1 cell line was used in subsequent mechanistic studies.

3.2. 2ME2 induces oxidative stress in HK-1 cells

Many anticancer agents cause cellular injury and stress
response through the induction of oxidative stress [24]. To assess

200

6h

160
1 i

120

Counts

100 10! 2 10

Counts

200

16h

Counts
80 120 160
IR BT BN A

Counts

FL1-H

48h

Counts

[
iy
T 2 "

rIn.
e
“

102 10
FL1-H

Fluorescent intensity of oxidized DCFH-DA
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harvesting for image analysis.
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whether oxidative stress was induced in 2ME2-treated HK-1 cells,
the production of intracellular ROS was monitored by labeling
2ME2-treated HK-1 cells with H,DCFDA, a fluorescent probe
sensitive to ROS such as H,0,, *OH, and ONOO™. In addition, the
production of intracellular superoxide anions was measured by
labeling cells with a specific superoxide anion probe, DHE. A time-
dependent increase in fluorescence signals of both oxidized DCF
and DHE fluorescence probes was observed in cells after treatment
with 2ME2 (Fig. 3A and B), indicating that 2ME2 induced oxidative
stress in HK-1 cells. Mitochondria play an integral role in cellular
metabolism and are the source of superoxide. 2ME2-induced
generation of superoxide in mitochondria was further determined
using a mitochondria-targeted superoxide sensitive probe Mito-
SOX. A time-dependent increase in the fluorescence signal of
MitoSOX was observed in 2ME2-treated HK-1 cells (Fig. 3C). To
further verify the role of superoxide in endoreduplication, HK-1
cells were treated with superoxide anion donor, DMNQ (10 puM),
and the production of endoreduplicating cells was measured at
48 h after treatment. The results in Fig. 4 show a significant

increase in the number of endoreduplicating cells after treatment
of DMNQ. Taken together, 2ME2 was found to increase oxidative
stress, including the oxidative stress in mitochondria, in HK-1 cells.

3.3. 2ME2-induced oxidative stress is correlated with the decline
in SOD activity

To further evaluate the role of oxidative stress in 2ME2-induced
endoredulpication of HK-1 cells, the activity of SOD in 2ME2-
treated HK-1 cells was examined. The results in Fig. 5 show that the
activity of SOD was significantly inhibited at 14-48 h after 2ME2
treatment (p < 0.05). The inhibition of SOD activity was correlated
with the appearance of oxidative stress in HK-1 (Fig. 3).

3.4. Prevention of 2ME2-induced endoreduplication by SOD mimetic
TEMPO or MnSOD overexpression

Next, we determined whether endoreduplication could be
reduced by reducing oxidative stress in 2ME2-treated HK-1 cells.
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Fig. 3. (Continued).

First of all, HK-1 cells were pre-treated with SOD mimetic TEMPO
for 1 h before the 2ME2 treatment. Oxidative stress was then
evaluated by using the ROS sensitive intracellular probes
H,DCFDA and DHE. The results in Fig. 6A show that oxidative
stress in 2ME2-treated HK-1 cells was reduced, as judged from the
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Fig. 4. Induction of endoreduplication by superoxide anion donor DMNQ. HK-1 cells
(3 x 10° cells/well in 6-well plate) were exposed to 10 uM DMNQ for 48 h and the
DNA content was analyzed by flow cytometry. Results were expressed as
mean + SD from 3 independent experiments. *p < 0.05.

shift of the fluorescence peak to the left, by TEMPO. The reduction
of oxidative stress was accompanied by a reduction of endor-
eduplicating cells (Fig. 6B). The percentage of >4N population was
reduced from 51.9% (2ME2 alone) to 4.6% (2ME2 + TEMPO). As
MnSOD is know to play a cyto-protective role in mitochondria, we
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dish) were exposed to the 10 wM 2ME2 for 2-48 h. SOD activity was determined as
described in Section 2. *p < 0.05.
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Fig. 6. Role of MnSOD in 2ME2-induced endoreduplication. (A) Reduction of 2ME2-induced oxidative stress by SOD mimetic, TEMPO. HK-1 cells (3 x 10°/well in 6-well plate)
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Fig. 7. Activation of MAPK signaling pathways in 2ME2-treated HK-1 cells. HK-1 cells were seeded at a density of 3 x 10° cells per well in 6-well plates for overnight. Cells
were then incubated with 10 wM 2ME2 for various times. (A) Western blotting analysis of 2ME2-induced activation of MAPKs. Total cell lysates were prepared at various
times (0-48 h) after 2ME2 treatment. The numbers at the bottom of the blot represent the values of densitometric scanning of the p-ERK1, p-ERK2, p-JNK1, p-JNK2 and p-p38
MAPKs. The values were normalized with reference to the total non-phosphorylated form. (B) Effect of JNK inhibitor SP600125 (10 wM), p38 MPAKSs inhibitor SB203580
(10 wM) and MEK inhibitor PD98059 (30 wM) on 2ME2-induced endoreduplication of HK-1 cells. HK-1 cells were pre-treated with inhibitors at 1 h before 2ME2 treatment.
Cells were analyzed at 48 h after 2ME2 treatment. (C) The percentage of cells with >4N DNA content in bar chart was expressed as mean + SD of three independent
experiments. Student’s t-tests were performed for determination of the significant difference, *p < 0.05.

then further examined the effect of MnSOD overexpression in
2ME2-induced endoreduplication. Transfection of HK-1 cells with
MnSOD-pcDNA3.1 resulted in an approximately 50% increase in
the expression of MnSOD (Fig. 6C). The increase in MnSOD
overexpression is correlated with the reduced generation of
endoreduplicating cells after 2ME2 treatment (Fig. 6D).

3.5. Analysis of MAPK signaling pathways in 2ME2-treated HK-1 cells

Members of the MAPK family have been reported to play a
crucial role in the regulation of cell cycle [25]. However, the role of
MAPKs in endoreduplication was not fully studied. The involve-
ment of MAPKs in 2ME2-induced endoreduplication of HK-1 cells
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was then examined. Fig. 7A shows the kinetics of appearance of
phosphorylated ERK (p-ERK1/2), phosphorylated JNK (p-JNK1/2)
and phosphorylated p38 MAPKs (p-p38 MAPKs) in 2ME2-treated
HK-1 cells. Two waves of increase in p-ERK1/2 were observed at 2—
8 h and 32-48 h after 2ME2 treatment. Similarly, two waves of
increase in p-JNK1 (16 and 32 h) were observed after 2ME2
treatment. However, the level of p-JNK2 in 2ME2-treated HK-1
cells was similar to that of the untreated HK-1 cells. For the p38
MAPKs, the expression levels of p-p38 MAPKs were initially
detected at 16-32 h, and the level was further increased at 48 h
after 2ME2 treatment.

To determine the possible role of MAPK activation in the
induction of endoreduplication, HK-1 cells were pre-treated with
inhibitors for MEK/ERK, JNK and p38 MAPKs before 2ME2
treatment. The results in Fig. 7B show that the percentage of
endoreduplicating cells was reduced from 52.9% in the 2ME2
treatment group to 35.3%, 24% and 38% by 30 .M PD98059 (MEK/
ERK inhibitor), 10 uM SP600125 (JNK inhibitor) and 10 uM
SB203580 (p38 MAPK inhibitor), respectively. The degree of
reduction of endoreduplication by SP600125 was greater than
those of PD98059 and SB203580. The combined treatment of cells
with SP600125, SB203580 and PD98059 further reduced the
number of endoreduplicating cells. This observation suggested
that inhibition of MAPKs could attenuate 2ME2-induced endor-
eduplication (Fig. 7C).

3.6. Role of oxidative stress in 2ME2-induced activation of MAPKs

To further establish the relation between the induction of
oxidative stress, activation of MAPKs and the induction of
endoreduplication, Western blotting analysis was performed to
examine the expression of p-ERK1/2, p-JNK1/2 and p-p38
MAPKs in cells with TEMPO pre-treatment. As oxidative stress
was initially detected at 12 h (Fig. 3) and p-ERK, p-JNK and p-
p38 MAPKs were differentially expressed (Fig. 7) after the
appearance of oxidative stress, 2ME2-treated HK-1 cells were
then harvested and analyzed at 16 h (for p-JNK) and 48 h (for p-
ERK and p-p38 MAPKs). The results in Fig. 8 show that the
expression level of p-JNK1 was greatly reduced in 2ME2-treated
cells with TEMPO pre-treatment. However, p-ERK1/2 and p-p38
MAPKs did not have any obvious changes after pre-treatment of
TEMPO, suggesting that oxidative stress is involved in the
expression of p-JNK.

3.7. Microtubule organization in 2ME2-treated HK-1 cells

Although 2ME2 has previously been shown to disrupt the
microtubule dynamics by binding to the colchicine site of tubulin
[11], the role of oxidative stress in 2ME2-induced microtubule
disruption has not been fully studied. To evaluate the effect of
2ME2-induced oxidative stress on the microtubule organization
in HK-1 cells, the cells were stained with anti-beta-tubulin
antibody. A clear pattern of microtubule organization was seen in
the control HK-1 cells (Fig. 9). The treatment of the cells with
2ME2 resulted in the disappearance of the tubulin filaments in the
cytoplasm. In the presence of TEMPO, a clear staining of tubulin
filaments was observed in 2ME2-treated HK-1 cells, and the
results were correlated with the reduction of endoreduplicationin
the HK-1 cells (Fig. 6B). To further establish the link between the
production of superoxide anion, activation of JNK signaling and
the organization of tubulin filaments, we then examined the
staining of tubulin filaments in DMNQ-treated HK-1 cells. Similar
to the 2ME2-treated HK-1 cells, a clear pattern of tubulin
organization was not seen in DMNQ-treated NPC cells. The
organization of the filament was restored in cells pre-treated with
the JNK inhibitor SP600125. The results from this study indicate
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Fig. 8. Effect of TEMPO on the expression of phosphorylated JNK, ERK and p38
MAPKs. HK-1 cells (3 x 10°/well in 6-well plate) were pre-incubated with TEMPO
(2mM) for 1h before treating with 10 wM 2ME2. Total cell lysates were then
prepared at 16 (for JNK) and 48 h (for ERK and p38 MAPKs) after 2ME2 treatment.
Western blotting analysis was performed as described in Section 2. The numbers at
the bottom of the blot represent the values of densitometric scanning of the p-ERK1,
p-ERK2, p-JNK1, p-JNK2 and p-p38 MAPKs. The values were normalized with
reference to the total non-phosphorylated form.

that JNK is involved in DMNQ-induced disruption of the tubulin
filaments (Fig. 10).

4. Discussion

2ME?2, an estradiol metabolite with anti-proliferative and anti-
angiogenic activity, is regarded as a novel anticancer agent. Most of
the previous studies demonstrated that the cell growth inhibitory
effect of 2ME2 is due to the induction of cell cycle arrest and
apoptosis in the tumour cells [26,27]. With regard to NPC cells,
previous studies also reported that 2ME2 effectively induced
apoptosis and cell cycle arrest at G2/M phase [3,28]. In the present
study, we demonstrate that 2ME2 induces not only G2/M cell cycle
arrest, but also the endoreduplication in the well-differentiated
HK-1 NPC cells. The close association between EBV infection and
NPC is well documented [29]. In the present study, we have also
examined the endoreduplication-inducing effect of 2ME2 on EBV
HK-1 and another NPC C666-1 cell line. Our results clearly showed
that similar endoreduplication-inducing effect was also observed
in these two cell lines.
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Fig. 9. Immunostaining of B-tubulin in 2ME2-treated HK-1 cells. HK-1 cells (2 x 10* cells/cover slip) were incubated in wells of 24-well plate for overnight. The cells were
then treated with 2ME2 (10 wM) for 48 h before immunostaining with anti-tubulin antibody as described in Section 2. (A) Control, (B) 2ME2, (C) TEMPO (2 mM) and (D)
2ME2 + TEMPO (2 mM) pre-treatment. Nucleus was counterstained with DAPIL. Scale bar =10 pm.

Endoreduplication, a variant of the cell cycle, is the process by
which the content of DNA is increased without accompanying
division [30]. Drug-induced endoreduplication in tumour cells has
not been fully studied. An earlier study with microtubule inhibitor
showed that nocodazole induced endoreduplication of the human
colon HCT16 carcinoma cell [14]. The cell cycle regulator Cdk
inhibitor p21Wa7¢P 1 was found to play a role in the regulation of
endoreduplication. The involvement of p21Wa7CP 1 was also
observed in Paclitaxel-treated prostate cancer cells [13]. In human
breast epithelial HBL-100 cells, indirubin-3’-monoxime was found
to induce endoreduplication through the inhibition of Cdk/cyclin B
[31]. The endoreduplication-inducing effect has recently been
reported in human smooth muscle cells [32,33]. The endoredu-
plication-inducing effect in primary smooth muscle cells was
associated with the increase in kinase activity of Cdk2 [33]. Apart
from the targeting of microtubule and cell cycle regulators, DNA
damaging agent cisplatin has recently been shown to induce
endoreduplication in DHD-K-12 colon carcinoma cells [34].
However, the signaling mechanism of induction in these studies
was not examined in detail.

MAPK signaling pathways are known to play a crucial role in
proliferation, differentiation, development, transformation and
apoptosis [35]. ERK is generally considered to regulate cell
growth and cell proliferation, while JNK and p38 MAP kinases
are involved in programmed cell death [36]. However, the role of
MAPK signaling pathways in endoreduplication has not been

fully established. In the present study, we found that the
phosphorylated forms of ERK, JNK and p38 MAPKs were all
differentially upregulated in cells at various times after 2ME2
treatment. The involvement of these three signaling pathways
was evidence as the percentage of endoreduplicating cells was
reduced when the cells were pre-treated with ERK, JNK and p38
MAPK inhibitors. Compared with ERK and p38 MAPKs, max-
imum reduction of endoreduplication was observed when the
cells were pre-treated with JNK inhibitor SP600125. A recent
study suggested that the JNK signaling pathway may be involved
in the actin depolymerization agent pectenotoxin-2 (PTX-2)-
induced endoreduplication of human leukemia cells [37]. Using
mantle cell lymphoma cell lines, Wang et al. found that JNK was
constitutively activated and inhibition of JNK by SP600125
would cause G2/M arrest and endoreduplication [38]. In the
present study, we found that 2ME2 induced endoreduplication
through JNK activation. The activation of JNK was correlated
with the generation of oxidative stress in the 2ME2-treated HK-
1 cells. We have clearly detected the elevation of ROS using the
ROS sensitive probes DCFH-DA, DHE and the mitochondrial
superoxide sensitive probe MitoSOX in cells after 2ME2
treatment. The specific role of oxidative stress in 2ME2-induced
endoreduplication was further confirmed. Firstly, the activity of
SOD was reduced in cells after 2ME2 treatment. The endor-
eduplication-inducing effect was attenuated in cells with
overexpression of the mitochondrial enzyme MnSOD or in cells
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Fig. 10. Immunostaining of B-tubulin in DMNQ-treated HK-1 cells. The cells (2 x 10* cells/cover slip) were treated with DMNQ (10 M) for 48 h before immunostaining with
anti-tubulin antibody as described in Section 2. (A) Control, (B) DMNQ, and (C) DMNQ + SP600125 (10 wM) pre-treatment. Nucleus was counterstained with DAPL. Scale

bar =10 pm.

with SOD mimetic TEMPO pre-treatment. Secondly, the levels of
ROS were also reduced in cells with SOD mimetic pre-treatment.
The effect was also correlated with the reduction of endor-
eduplication. Thirdly, 2ME2-induced expression of p-JNK and
disruption of microtubule were prevented by TEMPO. This
observation is further supported by the recent study that
oxidative stress may cause tubulin depolymerization [39].
Although 2ME2-induced endoreduplication could also be
reduced by the ERK and p38 MAPK specific inhibitor, the
expression of p-ERK and p-p38 MAPKs was not affected by the
SOD mimetic. This observation indicates that the activation of
ERK and p38 MAPKs is independent of the mitochondrial
oxidative stress.

In the present study, the more specific role of superoxide anion
in endoreduplication was demonstrated by treating the cells with
superoxide anion donor, DMNQ. However, the percentage of
endoreduplicating cells was lower than that for 2ME2-treated
cells. This observation suggested that the induction of endoredu-
plication required a concerted sequence of events, such as
disruption of microtubules, elevation of mitochondrial superoxide
anion and the activation of JNK, phosphorylation of ERK and p38
MAPKs, in 2ME2-treated cells (Fig. 11).

The biological significance of drug-induced endoreduplication
is worthy of discuss. First of all, endoreduplication is widespread in
plants and insects. In mammals, megakaryocytes and trophoblasts

have been shown to increase the DNA content through endocycling
[30]. This process normally allows cells to increase their mass or
metabolic output. In the chemotherapeutic study of tumour cells,
Puig et al. recently found that cisplatin-treated DHD-K12 colon
carcinoma cells had undergone depolyploidization and re-grown
after endoreduplication [34]. Hence, the process of drug-induced
endoreduplication and the subsequent depolyploidization may
contribute to the re-growth of tumour after chemotherapy. In case
of SV-40 transformed human breast epithelial cells and leukemia
cells, indirubin-3’-monoxime or PTX-2-induced endoreduplication
was followed by the death of the tumour cells [31,37], and hence
contributed to the anti-tumour mechanisms of the drug. In the
present study, the re-growth of 2ME2-treated HK-1 cells was not
observed in the colony assay. This observation suggests that 2ME2
may be used as an anti-tumour agent for NPC cells. In spite of
previous studies on the anti-tumour activities of 2ME2, limited
work has been done on 2ME2-induced endoreduplication of the
tumour cells. As 2ME2 is currently under various clinical trials
[40,41], understanding the signaling mechanisms of drug-induced
endoreduplication would not only facilitate the future develop-
ment of 2ME2 or 2ME2 derivatives [42] for the treatment of
malignant diseases, but also facilitate the development of
strategies for the prevention of the development of drug resistant
cells after chemotherapy, especially treatment with anti-mitotic
drugs.
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