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Abstract

The JNK inhibitor SP600125 strongly inhibits cell pro-
liferation in many human cancer cells by blocking 
cell-cycle progression and inducing apoptosis. Despite 
extensive study, the mechanism by which SP600125 
inhibits mitosis-related effects in human leukemia 
cells remains unclear. We investigated the effects of 
SP600125 on the inhibition of cell proliferation and the 
cell cycle, and on microtubule dynamics in vivo and in 
vitro. Treatment of synchronized leukemia cells with 
varying concentrations of SP600125 results in sig-
nificant G2/M cell cycle arrest with elevated p21 levels, 
phosphorylation of histone H3 within 24 h, and endo-
reduplication with elevated Cdk2 protein levels after 48 
h. SP600125 also  induces significant abnormal micro-
tubule dynamics in vivo. High concentrations of 
SP600125 (200 μM) were required to disorganize micro-
tubule polymerization in vitro. Additionally, SP600125- 
induced delayed apoptosis and cell death was accom-
panied by significant poly ADP-ribose polymerase 
(PARP) cleavage and caspase-3 activity in the late 

phase (at 72 h). Endoreduplication showed a greater in-
crease in ectopic Bcl-2-expressing U937 cells at 72 h 
than in wild-type U937 cells without delayed apoptosis. 
These results indicate that Bcl-2 suppresses apopto-
sis and SP600125-induced G2/M arrest and endoredu-
plication. Therefore, we suggest that SP600125 in-
duces mitotic arrest by inducing abnormal spindle mi-
crotubule dynamics.

Keywords: anthra(1,9-cd)pyrazol-6(2H)-one; apop-
tosis; cell cycle; cyclin-dependent kinase inhibitor p21; 
JNK mitogen-activated protein kinases; microtubule; 
proto-oncogene proteins c-bcl-2

Introduction

Cell cycle progression to the G1, S, and G2/M 
phases is controlled by cell cycle checkpoints that 
ensure the correct order and transition timing 
(Elledge, 1996). During mitotic phases, the spindle 
assembly checkpoint monitors the segregation of 
sister chromatids, inhibiting the onset of anaphase 
until all of the chromosomes are properly attached to 
the mitotic spindle apparatus (Shah and Cleveland, 
2000). After G2/M arrest, a significant subpopula-
tion of pRb-negative cells demonstrated an exce-
ssive amount of 4N DNA, known as endore-
duplication (Niculescu et al., 1998). Although endo-
reduplication is a common event in plants, spon-
taneous endoreduplication is a phenomenon rarely 
observed in animals (Weiss et al., 1998). Recently, 
it has been shown that there are three main types 
of agent that induce endoreduplication (Cortes et 
al., 2004). The first type includes agents that inter-
fere with cytoskeleton assembly (i.e. microtubule 
inhibitors), e.g., colchicines and colcemid. The 
second type consists of topoisomerase II inhibitors, 
which includes both enzyme poisons (i.e., etopo-
side, amsacrine, and adriamycin) and catalytic 
inhibitors (i.e., merbarone, aclarubicin, and ICRF- 
193). The third type comprises physical and che-
mical agents that damage DNA, such as X-rays. 
Some of these microtubule-interfering agents, such 
as nocodazole and paclitaxel, induce significant 
endoreduplication because sister chromatid segre-
gation is interrupted (Andreassen et al., 1996; 
Jordan et al., 2003). Because disorganized micro-
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Figure 1. Inhibition of JNK activity using SP600125 reduces cell proliferation in human leukemia cells and enlarges the cell size. (A) Cells were plated at 
5 × 104 cells/ml and incubated for 12 h. Cells were treated with the indicated concentrations of SP600125 for 48 h and the cell viability was measured 
using a metabolic-dye-based MTT assay. Each point represents the mean ± SD of three independent experiments. Significance was determined using 
Student's t-test (*P ＜ 0.05 vs. vehicle control). (B) Cells were incubated with the indicated concentrations of SP600125. After a 48 h-incubation, cells 
were sampled and examined under light microscopy. Magnification × 200. (C) After U937 leukemia cells were treated with SP600125 for the indicated 
times, expression of c-Jun and phosphorylated c-Jun was detected using Western blot analysis.

tubule formation interferes with cell cycle progre-
ssion and induces apoptosis and endoreduplica-
tion, microtubule-targeting drugs have demonstrated 
broad activity against several human tumors with 
promising results in clinical trials (Rowinsky, 1993).
    JNK was first described as a stress-activated 
protein kinase that phosphorylates c-Jun at two 
sites in the NH2-terminal activation domain (Kyriakis 
and Avruch, 1990; Kyriakis et al., 1994). Phos-
phorylated c-Jun homodimerizes or heterodime-
rizes with either Fos or ATF-2 to form AP-1 com-
plexes that serve as transcription factors to alter 
gene expression (Vogt, 2002). Thus, AP-1 is a 
downstream effector of JNK activity that negatively 
affects cell proliferation and apoptosis (Shaulian 
and Karin, 2001). Recent studies have focused on 
the effects of JNK in the regulation of cell death 
(Tournier et al., 2000; Hochedlinger et al., 2002; 
Min et al., 2008), and it has been reported that the 
JNK-antisense oligonucleotide inhibits tumor growth 

and promotes regression in a high proportion of 
cases (Potapova et al., 2000). Additionally, inhibition 
of the JNK pathway with the inhibitor SP600125 
causes either G2/M arrest or apoptosis in a variety 
of human cancer cell lines, including multiple mye-
loma, breast cancer, prostate cancer, and eryth-
roleukemia (Hideshima et al., 2003; Jacobs-Helber 
and Sawyer, 2003; Du et al., 2004; Mingo-Sion et 
al., 2004). This research indicates that JNK activity 
is necessary to promote proliferation and to main-
tain diploidy in cancer cells. However, the induction 
mechanisms of G2/M arrest, endoreduplication, and 
delayed apoptosis due to SP600125 remain un-
clear.
    In this study, we investigated the relationships 
between polyploid giant cells and delayed apopto-
sis in human leukemia cells treated with SP600125. 
Our results strongly implicate the effects of 
SP600125 in G2/M phase arrest, endoreduplica-
tion, and delayed apoptosis via disorganization of 
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Figure 2. Leukemia cells undergoing SP600125-induced G2/M arrest, endoreduplication, and delayed apoptosis. (A) Cells were plated at 5 × 104

cells/ml and treated with 20 μM SP600125 for 72 h. (B) Exponentially growing cells were grown in different concentrations of SP600125 for 48 h. The cell 
cycle distribution was analyzed by flow cytometry. Cells were harvested and 10,000 events were analyzed for each sample. The DNA content is repre-
sented on the x-axis and the number of cells counted is represented on the y-axis. In the small box, FSC is represented on the x-axis and the SSC count 
is represented on the y-axis. The arrow indicates endoreduplication stages.
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Figure 3. SP600125 treatment ca-
uses induction of the p21 and 
Cdk2 proteins and causes histone 
H3 phosphorylation at different 
times. Cells were treated with 
SP600125 for the indicated times 
and lysed for protein extraction. 
Samples (50 μg protein/lane) were 
subjected to 12% SDS-PAGE and 
Western blot analysis for the de-
tection of specific proteins [anti-rab-
bit p21 and Cdk2 polyclonal anti-
bodies (A), cyclin A and cyclin E 
(B) and histone H3 and anti-rabbit 
p-Ser10-histone H3 monoclonal an-
tibody (C)]. Actin was used as a 
loading control. 

microtubule polymerization.

Results

SP600125 induces a dose-dependent reduction in 
cell growth and expansion of cell size in human 
leukemia cells

Recent studies have shown that SP600125, a 
pharmacological inhibitor of JNK, causes cell growth 
inhibition in certain cell types, including breast can-
cer (Mingo-Sion et al., 2004), multiple myeloma 
(Hideshima et al., 2003), and B-lymphoma (Jacobs- 
Helber and Sawyer, 2004). To verify this effect on 
cell growth, four different leukemia cell lines (U937, 
K562, HL60, and THP-1) were treated with varying 
concentrations of SP600125 for 48 h. Cell growth 
and morphological changes were assessed using 
MTT assays and phase contrast microscopy, res-
pectively. As shown in Figure 1A, significant inhi-
bition of cell growth in a dose-dependent manner 
was detected in the four leukemia cell lines. DMSO 
(0.1%), used as a vehicle control, did not affect cell 
viability or morphology. When cells were examined 
under phase contrast microscopy, cells treated with 
up to 10 μM SP600125 presented with swelling and 
modest apoptotic shrinkage at 48 h, compared to 
vehicle control cells (Figure 1B). To confirm that 
SP600125 inhibited JNK activity, Western blot analy-
sis was conducted using p-c-Jun antibodies in U937 
cells. As shown in Figure 1C, treatment with 20 μM 
SP600125 almost completely abolished c-Jun phos-
phorylation after 12 h, but total c-Jun protein levels 

had no influence on the expression status. These 
results indicate that SP600125 causes anti-proli-
ferative effects with an enlarged cell morphology in 
leukemia cells through suppression of JNK activity.

SP600125 causes G2/M arrest, endoreduplication, 
and delayed apoptosis in human leukemia cells in a 
time-dependent manner

Because SP600125 induces G2/M arrest and 
apoptosis in breast cancer (Hideshima et al., 2003; 
Jacobs-Helber and Sawyer, 2004; Du et al., 2004; 
Mingo-Sion et al., 2004), we investigated these 
responses in leukemia cells. Cell cycle distributions 
were analyzed in the four cell lines during asyn-
chronous growth under subconfluent conditions. As 
shown in Figure 2A, a 20 μM SP600125 treatment 
strongly induced G2/M arrest in all cell lines at 24 h. 
A large population of G2/M arrested cells appeared 
at 24 h and underwent endoreduplication at 48 h. 
Endoreduplicated cells progressed steadily to 
delayed apoptosis at 72 h. Apparently, SP600125 
leads to G2/M arrest, endoreduplication, and 
delayed apoptosis in human leukemia cells in a 
time-dependent manner. SP600125 also increased 
the cell size (FSC) and the granule content (SSC). 
Figure 2B shows that SP600125 induces G2/M 
arrest, endoreduplication, and apoptosis in dose- 
dependent manner at 48 h. These results demon-
strate that SP600125 treatment results in a dose- 
and a time-dependent G2/M arrest, endoredu-
plication, and delayed apoptosis in leukemia cells.
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Figure 4. SP600125 differently regulates topoisomerase II activity during G2/M arrest and endoreduplication. (A) Nuclear extracts were obtained as de-
scribed in Methods, and Western blot analysis was conducted. (B) The ability of topoisomerase II to decatenate kinetoplast DNA after incubation for differ-
ent times with SP600125 (20 μM) ranging from 3 h to 48 h was assayed using DNA gel electrophoresis. (C) Respective densitometric profiles are shown 
in Figure 4B. Each point represents the mean ± SD of three independent experiments. Significance was determined using student's t-test (*P＜0.05 vs. 
vehicle control).

SP600125 treatment causes induction of the p21 and 
Cdk2 proteins, and induces histone H3 
phosphorylation at different times

Recent research has shown that p21-induced growth 
arrest is associated with depletion of mitosis-control 
proteins leading to abnormal G2/M arrest (Chang et 
al., 2000). Additionally, inducible overexpression of 
dominant-negative Cdk2 significantly inhibited en-
doreduplication through suppression of the interac-
tion between Cdk2 and cyclin E (Gui et al., 2007). 
For confirmation, we investigated the expressions 
of p21 and Cdk2. As shown in Figure 3A, p21 
expression was minimally detectable in vehicle 
control cells, while SP600125 treatment significan-
tly increased p21 levels from 12 h to 24 h, when 
G2/M arrest occurred, which then gradually began 
to decrease at 48 h. However, Cdk2 expression 
continuously increased to 48 h, and reached a 
maximum at 48 h when endoreduplication was 
strongly induced. Cyclin A and cyclin E levels were 
increased in SP600125- treated U937 cells in a 
time-dependent manner (Figure 3B). Additionally, 

SP600125-induced G2/M arrest and endoredupli-
cation were confirmed by analysis of Ser10 phos-
phorylation of histone H3, which has emerged as a 
sensitive marker for mitotic cells (Hendzel et al., 
1997). As shown in Figure 3B, the Ser10 phospho-
rylation of histone H3 displayed low levels in control 
cells, but was clearly evident in SP600125-treated 
cells at 12 h and 24 h, and then began to decrease 
at 48 h. However, Ser10 phosphorylation of histone 
H3 was retained in K562 cells at 48 h. As seen in 
Figure 2A, SP600125 time-specifically induced 
G2/M phase arrest at 24 h with p21 expression and 
histone H3 phosphorylation on Ser10 as a G2/M 
arrest marker, and then induced endoreduplication 
at 48 h with a high level of Cdk2 expression. This 
indicates that p21 and Cdk2 can be expressed at 
different times between G2/M arrest and endore-
duplication because endoreduplication occurs after 
G2/M arrest. However, K562 cells suffered signifi-
cant apoptosis and strongly endoreduplication, 
indicating that Bcl-2 induces weak endoredupli-
cation through suppression of apoptosis because 
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Figure 5. SP600125 increases G2/M arrest and endoreduplication through tubulin polymerization. (A) Tubulin polymerization was analyzed using im-
munofluorescent staining in U937 cells treated with 20 μM SP600125 for the indicated times and with 5 nM nocodazole (Noc) or 5 nM paclitaxel (Tax) at 1 
h. Cells were fixed, permeabilized, and stained with anti-α-tubulin monoclonal antibody. Monoclonal antibody was detected using an anti-mouse secon-
dary antibody conjugated with Texas Red. Cells were analyzed using fluorescence microscopy (× 400). DAPI was used for nuclear staining. (B) 
Polymeric tubulin and monomeric tubulin were extracted from U937 leukemia cells treated with SP600125 (20 and 40 μM) for 48 h. Polymerized tubulin 
was also extracted from cells treated for 48 h with either 5 nM Noc or with 5 nM Tax to indicate the range from less than 5% polymeric tubulin to greater 
than 95% polymerized tubulin. The quantification of polymeric tubulin from three independent experiments is shown. (C) Effects of SP600125 on in vitro
tubulin polymerization. MAP-rich tubulin (1 mg/ml) was incubated at 37oC for 0-30 min, then treated with SP600125 (40 μM and 200 μM), 3 μM Noc, and 
3 μM Tax. The indicated compounds were then added to the indicated concentrations. A340 values were recorded once every 3 min. The results are from 
one representative experiment of three performed that showed similar patterns.

K562 cells are Bcl-2-null cells.

Topoisomerase II activity is not involved in 
SP600125-induced endoreduplication

The essential nuclear enzymes DNA topoisome-

rase I and II regulate DNA topology during many 
cellular processes. topoisomerase I breaks and 
rejoins one DNA strand at a time while topoiso-
merase II is able to decatenate intertwined DNA 
molecules (Wang, 1996). This enzyme is hyperp-
hosphorylated at mitosis for its activity (Isaacs et 
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Figure 6. Ectopic Bcl-2 expression inhibits SP600125-induced delayed apoptosis at 72 h and significantly induces endoreduplication. (A) U937 cells were 
incubated with 20 μM SP600125 for the indicated times, and apoptosis was analyzed over time by staining for  phosphatidylserine translocation using 
FITC-annexin V. Annexin V+ cells are represented on the x-axis and the number of cells counted is represented on the y-axis. The apoptotic annexin-V 
population was observed in SP600125-treated cells; n = 3 experiments using separate cultures. (B) After 48 h of treatment with SP600125, the caspase-3 
activity was assayed using a caspase assay kit, following the manufacturer's protocol. (C) Equal amounts of cell lysate (50 μg) were resolved using 
SDS-PAGE, transferred to nitrocellulose, and probed with specific antibodies (anti-caspase-3, anti-PARP, and anti-Bcl-2). Actin was used as an internal 
loading control. (D) Flow-cytometric analysis of the cell-cycle distribution of ectopic Bcl-2-expressing U937 cells with SP600125 (20 μM) for 72 h. Data are 
expressed as mean ± SD of three independent experiments. Significance was determined using Student's t-test (*P ＜ 0.05 vs. vehicle control).

al., 1998). With regard to the relationship between 
the DNA nucleotide sequence and topoisomerase 
II, recent studies have demonstrated that reduction 
in topoisomerase II activity can induce endoredu-
plication in some cell types (Mateos et al., 2005; 
Cantero et al., 2006). To determine whether 
SP600125 affects the topoisomerase II activity that 

controls endoreduplication in leukemia cells, we 
carried out topoisomerase II Western blot analysis 
and an in vitro topoisomerase II catalytic assay in 
nuclear extracts treated with SP600125. As shown 
in Figure 4A, SP600125 induced phosphorylation 
of topoisomerase II in a time-dependent manner at 
24 h. However, SP600125 partially decatenated 



672    Exp. Mol. Med. Vol. 41(9), 665-677, 2009

Figure 7. A schematic diagram of 
the effect of SP600125 on G2/M ar-
rest, endoreduplication, and de-
layed apoptosis in human leukemia 
cells.

the DNA substrate (Figure 4B and 4C). SP600125 
induced total phosphorylation of topoisomerase II 
in the nucleus, but not topoisomerase II activity in 
vivo. On the basis of these results, since endore-
duplication has been linked to inhibition of topoiso-
merase II activity, the induction of endoreduplica-
tion by SP600125 does not appear to be asso-
ciated with topoisomerase II activity, and there may 
be another mechanism responsible.

SP600125 induces formation of tubulin 
polymerization

Microtubules play an important role in cell replica-
tion and division, maintenance of cell shape, and 
cellular movement. Microtubules are composed of 
α-, β-tubulin, and microtubule-associated proteins 
(MAPs). They are in an unstable steady state of a 
highly dynamic process of polymerization and 
depolymerization, and disrupting the dynamics of 
microtubules leads to endoreduplication (Cortes et 
al., 2004). In order to examine the functioning of 
MTs in SP600125- mediated endoreduplication, we 
reasoned that the microtubule network itself might 
be a target of SP600125 action. To address this 
question, we examined whether cells treated with 
SP600125 displayed measurable changes in tubulin 
polymerization. Treatment with SP600125 increased 
the nuclear structure size and promoted an increa-
sed intensity of α-tubulin staining, measured by 
indirect immunofluorescence (Figure 5A). Immuno-
fluorescence analysis does not readily provide a 
quantitative measure of tubulin polymerization in 
the cell. To quantify the effect observed by immu-
nofluorescence, we took advantage of the diffe-
rential solubilities of monomeric and polymeric 

tubulin in nonionic detergents. For the purposes of 
quantification, we established the extreme limits of 
100% monomeric tubulin and 100% polymeric 
tubulin using nocodazol and paclitaxel treatments, 
respectively (Figure 5B). Western blot analysis 
indicated that SP600125 results in an increase in 
polymeric α-tubulin and a decrease in monomeric 
α-tubulin (Figure 5B). To determine whether 
SP600125 has a direct effect on tubulin poly-
merization/depolymerization, we performed in vitro 
tubulin polymerization assays. The addition of pa-
clitaxel (3 μM) caused increased tubulin polymeri-
zation and the addition of nocodazol (3 μM) caused 
decreased tubulin polymerization. Compared with 
vehicle controls, high concentrations of SP600125 
(200 μM) are required to increase tubulin polymeri-
zation in vitro. In these in vitro assays with MAP- 
rich-tubulin, SP600125 had an effect on tubulin 
polymerization similar to paclitaxel.

SP600125 induces delayed apoptosis in leukemia 
cells after endoreduplication and ectopic Bcl-2 
expression increases SP600125-induced 
endoreduplication but protects apoptosis

To assess whether delayed apoptosis contributed 
to the growth inhibitory effects of SP600125, we 
assayed the effects of SP600125 on apoptosis. In 
U937 cells, SP600125 (20 μM) induced an increase 
in the annexin-V cell population (Figure 6A) and 
the caspase-3 activity (Figure 6B) in a time-de-
pendent manner. Western blot analysis also de-
monstrated that SP600125 caused PARP cleavage 
and Bcl-2 downregulation (Figure 6C), suggesting 
that the inhibitory effects of SP600125 on leukemia 
cell growth are dependent on apoptosis. Because 
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phosphorylation of Bcl-2 is induced by microtu-
bule-targeting drugs (Ling et al., 1998), we also 
tested the effect of SP600125 on U937/Bcl-2 cells. 
Flow cytometric analysis of the cell-cycle distribu-
tion showed that SP600125 significantly induced 
endoreduplication in U937/Bcl-2 cells at 72 h, but 
induced less apoptosis than in U937 cells (Figure 
6D). Therefore, SP600125 significantly induced en-
doreduplication until 72 h without apoptosis in 
ectopic Bcl-2-expressing cells. These results indi-
cate that Bcl-2 induces endoreduplication and 
attenuates apoptotic death in the presence of 
SP600125.

Discussion

SP600125 has been implicated in G2/M arrest and 
apoptosis, but its precise role remains unknown 
(Potapova et al., 2000; Hideshima et al., 2003; Du 
et al., 2004; Jacobs-Helber and Sawyer, 2004; 
Mingo-Sion et al., 2004). The present study 
provides the first mechanism to explain the induc-
tion of G2/M arrest, endoreduplication, and delayed 
apoptosis caused by SP600125 in leukemia cells. 
As shown in Figure 7, we have demonstrated that 
SP600125 [1] arrests G2/M phases with upregu-
lation of p21 and phosphorylation of histone H3 at 
24 h; [2] promotes expression of key proteins res-
ponsible for the progression of cells into the DNA 
replicating phase, such as Cdk2, and gradually 
downregulates the expression of p21 at 48 h, 
suggesting that SP600125 induces endoredupli-
cation signals; [3] promotes tubulin polymerization, 
a critical process in cell division; and [4] induces 
delayed apoptosis in leukemia cells. Therefore, 
SP600125 has a strong anticancer effect against 
leukemia cells in a dose- and time-dependent 
manner by promoting tubulin polymerization and 
disrupting the organization of the microtubule 
cytoskeleton.
    The G2/M checkpoint is especially important in 
protecting normal cells from tumor formation driven 
by the accumulation of mutations (Hartwell and 
Weinert, 1989; Molinari, 2000). Therefore, elimi-
nation of the checkpoint increases the sensitivity of 
human tumor cell lines to anticancer agents. Some 
studies have reported that the G2/M arrest induced 
by SP600125 may be due to inhibition of cyclin 
B/Cdk1 kinase activity through an increase in p21 
levels (Bates et al., 1998; Chang et al., 2000; 
Mingo-Sion et al., 2004). Increased JNK activity is 
important for the dissociation of p21 and JNK, 
following which cells enter into the S phases (Patel 
et al., 1998; Kim et al., 2002). Thus, inhibition of 
JNK activity prevents dissociation between p21 

and JNK, and then prevents inhibition of cyclin 
B/Cdk1 activity, leading to induction of G2/M arrest.  
In addition, the increase in Cdk2 expression and 
the reduction in p21 may also support the occu-
rrence of endoreduplication after G2/M phase arrest 
(Stewart et al., 1999; Gizatullin et al., 2006). This 
indicates that high levels of p21 and Cdk2 can be 
expressed at different times in G2/M arrest and 
endoreduplication because endoreduplication occurs 
after G2/M arrest. The present study has shown 
that an increase in p21 expression coincides with 
the onset of G2/M arrest at 24 h, but that 
endoreduplication may occur due to loss of p21 
and a maximum level of Cdk2 at 48 h. Therefore, 
the upregulation of p21 expression may contribute 
to G2/M arrest in the early stages, and then Cdk2 
may regulate endoreduplication by treating leukemia 
cells in the middle stages in the presence of 
SP600125. These results indicate that JNK activity 
may regulate cell proliferation through the regulation 
of cell cycles. Nevertheless, additional experiments 
are necessary to determine why p21 expression is 
significantly increased due to SP600125 treatment.
   We have also provided strong evidence that the 
microtubule network itself is a target of SP600125 
action. Using biochemical and immunofluorescence 
methods, we have shown that SP60015 signifi-
cantly increases tubulin polymerization. microtubules 
are crucial cellular and structural components that 
induce cellular development, division, and move-
ment (Rowinsky et al., 1993; Hari et al., 2003). 
Therefore, microtubule-disrupting agents provide a 
novel approach to cancer chemoprevention and/or 
cancer therapy. Recently, certain cancer chemo-
therapy agents have been found to exert their 
anticancer activities by disrupting the dynamics of 
microtubule assembly, thus perturbing the formation 
and function of the mitotic spindle apparatus and 
arresting cells in mitosis (Jordan et al., 1996). This 
action of SP600125 is similar to that of paclitaxel, 
which binds to tubulin and increases tubulin 
polymerization, causing cells to arrest in the G2/M 
phase thereby blocking cell cycle progression 
(Horwitz, 1992). Our results strongly support the 
idea that SP600125 inhibits cell proliferation by 
inhibiting mitosis through extended tubulin polyme-
rization. In addition, topoisomerase II inhibitors, 
such as etoposide, amsacrine, and merbarone, 
can induce endoreduplication by preventing the 
decatenation of replicated chromosomes, which 
subsequently fail to complete normal segregation 
at mitosis (Drake et al., 1989; Ferguson et al., 
1996; Sumner, 1998). An unexpected result was 
that SP600125 significantly increases topoisome-
rase II phosphorylation, but not its activity. Further 
studies are necessary to determine why topoiso-
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merase II phosphorylation in the nucleus is increa-
sed in SP600125-induced endoreduplication.
    Tumor cells often evade apoptosis by overex-
pressing anti-apoptotic proteins, such as Bcl-2, 
which give them a survival advantage (Mateos et 
al., 2005; Shore and Viallet, 2005). Recently, 
contrasting results have been reported. Decreased 
or phosphorylated Bcl-2 is implicated in the resis-
tance of human ovarian cancer cells to tubulin- 
polymerizing agents, such as paclitaxel (Tang et 
al., 1994; Ferlini et al., 2003). Several studies have 
also demonstrated that phosphatase inhibitors 
express a phosphorylated form of Bcl-2 that induces 
apoptosis, suggesting that Bcl-2 phosphorylation 
inhibits Bcl-2 function (Haldar et al., 1995, 1996). 
Other reports have shown that Bcl-2 phosphory-
lation is a common event in mitosis (Ling et al., 
1998; Scatena et al., 1998). Despite the disagree-
ment regarding the role of Bcl-2 in microtubule- 
targeted drug-induced apoptosis, the role of ectopic 
Bcl-2 expression in the anticancer activity of 
microtubule-targeting agents has never been fully 
investigated. Our results have shown that the level 
of endogenous Bcl-2 expression does not affect 
SP600125-induced endoreduplication up to 48 h. 
However, ectopic Bcl-2 expression completely pre-
vents the delayed apoptosis induced by SP600125 
and significantly increases endoreduplication at 72 
h. Therefore, Bcl-2, which is able to block delayed 
apoptosis, induces a delayed onset of SP600125- 
induced endoreduplication.
    In summary, our findings indicate a role for both 
targeting (tubulin polymerization) and signaling 
(Bcl-2) in human leukemia cells for SP600125. 
Increased p21 and p-histone H3 protein expre-
ssions were found to be responsible for SP600125- 
induced G2/M arrest at 24 h and high levels of 
Cdk2 expressed in SP600125-induced endoredu-
plication at 48 h. SP600125-induced delayed apop-
tosis was related to Bcl-2 expression, which was 
closely related to endoreduplication. Further studies 
are necessary to clarify the exact mechanisms that 
are induced by SP600125 involved in specific 
stages of cell distribution.

Methods

Reagents

The specific JNK inhibitor SP600125 was purchased from 
Calbiochem (La Jolla, CA). The inhibitor was reconstituted 
in DMSO to make a 10 mM stock solution, and DMSO 
(0.1%) was used as a control vehicle. MTT, 4,6-dia-
midino-2-phenylindole (DAPI), and propidium iodide (PI) 
were purchased from Sigma (St. Louis, MO). Trizol reagent 
and FBS were purchased from GIBCO (Gaithersburg, MD). 
An enhanced chemiluminescence (ECL) kit was purchased 

from Amersham (Arlington Heights, IL). Antibodies against 
p21, Cdk2, cyclin E, cyclin A, histone H3, phospho 
(p)-histone H3 (Ser10), p-topoisomerase II (Ser1106), 
topoisomerase II, α-tubulin, Bcl-2, and PARP were 
purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA). Antibodies against c-Jun and p-c-Jun were purchased 
from Cell Signaling (Beverly, MA), and anti-β-actin was 
purchased from Sigma. Peroxidase-labeled anti-rabbit and 
sheep anti-mouse immunoglobulin were purchased from 
KOMA Biotechnology (Seoul, Korea).

Cell lines and cell culture

The human leukemia cell lines U937, THP-1, K562, and 
HL60 were obtained from the American Type Culture 
Collection (Manassas, VA). Ectopic Bcl-2-expressing U937 
(U937/Bcl-2) cells were provided by Prof. T.K. Kwon 
(Department of Immunology, School of Medicine, Keimyung 
University, Korea). The cells were maintained in RPMI-1640 
medium (Invitrogen; Carlsbad, CA) supplemented with 
10% heat-inactivated FBS and 1% penicillin- streptomycin 
(Sigma) in 5% CO2 at 37oC. Cells were seeded at 5 × 104 
cells/ml and treated with SP600125 at the indicated times. 
Cell growth was determined using MTT assays.

Flow cytometric analysis

The cell cycle was analyzed using flow cytometry of 
PI-stained cells. Cells (1 × 106) were fixed in 70% ethanol 
overnight at 4oC, and then washed in PBS with 0.1% BSA. 
Cells were incubated with 1 U/ml of RNase A (DNase free) 
and 10 μg/ml of PI overnight at room temperature in the 
dark. For annexin-V staining, cells were washed with PBS, 
and then incubated with annexin V-fluorescein isothio-
cyanate (R&D Systems; Minneapolis, MN). Cells were 
analyzed using a FACSCalibur flow cytometer (Becton 
Dickenson; San Jose, CA). Data were analyzed using Cell 
Quest software (Becton Dickenson) and 10,000 events 
were analyzed for each sample.

Western blot analysis

Cellular lysates were prepared by suspending 1 × 106 
cells in a lysis buffer (137 mM NaCl, 15 mM EGTA, 0.1 mM 
sodium orthovanadate, 15 mM MgCl2, 0.1% Triton X-100, 
25 mM MOPS, 100 μM PMSF, and 20 μM leupeptin 
adjusted to pH 7.2) at 4oC for 30 min. The protein con-
centration was quantified using a Bio-Rad detergent- 
compatible protein assay reagent (Bio-Rad Laboratories; 
Hercules, CA). We separated 50 μg of total cell extract on 
10% polyacrylamide gel, followed by transfer to nitrocellu-
lose membrane using standard procedures. Membranes 
were blocked in 5% powdered milk in TBST and incubated 
overnight with primary antibodies at 4oC. Blots were 
washed three times for 10 min in TBST and probed with 
either mouse or rabbit secondary antibodies for 1 h. The 
membranes were washed three times for 10 min in TBST, 
and then developed using ECL reagent.

Topoisomerase II activity in nuclear extracts

Topoisomerase II activity in nuclear extracts, either vehicle 
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controlled or incubated for different times with SP600125, 
was assayed using an assay kit (TopoGen; Columbus, OH) 
based on the decatenation of kinetoplast DNA (kDNA). 
Reaction products were resolved using DNA agarose gel 
electrophoresis. After incubation for 40 min at 37oC, samples 
were loaded onto 1% agarose gel and subjected to 
electrophoresis for 1 h at 100 V.

Immunofluorescence analysis

Cells were fixed in PIPES buffer [0.1 M PIPES (pH 6.8), 5 
mM MgCl2, and 50 mM EGTA pH 7.4] containing 2% 
paraformaldehyde and 0.1% glutaraldehyde for 10 min at 
room temperature. Fixed cells were permeabilized in 0.5% 
Triton X-100, washed, and quenched for 30 min with 66 
mM sodium borohydride in 50% ethanol. Cells were 
incubated with α-tubulin and the antibody was detected 
using anti-mouse IgG conjugated with Texas Red (Molecular 
Probes; Eugene, OR). The nucleus was stained using 
DAPI, and the nuclear and α-tubulin morphologies were 
evaluated using fluorescence microscopy.

Extraction of monomeric and polymeric tubulin

After treatment with the indicated compounds, cells were 
washed twice with PBS, then extracted into 0.4 ml of a 
monomeric extraction buffer [20 mM piperazine-N,N'-bis 
(2-ethanesulfonic acid) (pH 6.8), 0.14 M NaCl, 1 mM 
MgCl2, 1 mM EGTA, 0.5% Nonidet P-40 (NP-40), 0.5 mM 
PMSF, and 4 mM taxol], transferred to a new tube, and 
centrifuged at 13,000 × g for 10 min at room temperature. 
The NP-40-soluble extract containing monomeric tubulin 
was transferred to a new tube. Polymeric tubulin was 
extracted from the remaining insoluble material using 0.4 
ml of RIPA buffer [10 mM Tris (pH 7.4), 0.15 M NaCl, 1% 
deoxycholate, 1% NP-40, and 0.1% SDS]. Equivalent 
aliquots consisting of 100 ng of total protein from polymeric 
fractions were fractionated using 10% SDS-PAGE, and 
Western-blotted for α-tubulin.

In vitro tubulin polymerization assay

We prepared 50 μl of 5 mg/ml tubulin (＞ 90%) (Cytoske-
leton; Denver, CO) at a steady state by incubation at 37°C 
for 30 min in G-PEM buffer [100 mM PIPES (pH 6.9), 1 
mM EGTA, 1 mM MgCl2, and 1 mM GTP] containing 10% 
glycerol in a 96-well plate (0.33 cm2/well). The effects of 
the tested compounds on polymerization/depolymerization 
were quantified over time by measuring the increase/de-
crease in their absorbance at 340 nm (A340).

In vitro caspase activity assay

The enzymatic activity of induced caspase-3 was assayed 
using a colorimetric assay kit (R&D Systems; Minneapolis, 
MN) according to the manufacturer's protocol. The cells 
were briefly lysed in a lysis buffer for 30 min in an ice bath. 
The lysed cells were centrifuged at 12,000 g for 10 min, 
and 100 μg of the protein was incubated with 50 μl of a 
reaction buffer and 5 μl of colorimetric tetrapeptides at 
37oC for 2 h. Tetrapeptides included Asp-Glu-Val-Asp 

(DEVD)-p-nitroaniline (pNA) for caspase-3. The optical 
density of the reaction mixture was quantified spectropho-
tometrically at a wavelength of 405 nm.

Statistical analysis

All data from cell counts, MTT assays, FACS analyses, 
topoisomerase II activity, and caspase-3 activity experi-
ments were derived from at least three independent 
experiments. Images were visualized using Chemi-Smart 
2000 (Vilber Lourmat; Cedex, France). Images were 
captured using  Chemi-Capt (Vilber Lourmat) and loaded 
into Photoshop. Scion Imaging software (http://www. 
scioncorp.com) was used to quantify the Western blots. 
Statistical analyses were conducted using SigmaPlot 
software, and values are presented as mean ± SD. 
Significant differences between groups were determined 
using an unpaired Student's t-test. A value of *P ＜ 0.05 
was accepted as an indication of statistical significance.
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