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Apoptosis induction has been proposed as an efficient mechanism by which malignant tumor cells can 
be removed following chemotherapy. The intrinsic mitochondria-dependent apoptotic pathway is fre-
quently implicated in chemotherapy-induced tumor cell apoptosis. Since DNA-damaging agent (DDA)- 
induced apoptosis is mainly regulated by the tumor suppressor protein p53, and since more than half 
of clinical cancers possess inactive p53 mutants, microtubule-damaging agents (MDAs), of which apop-
totic effect is mainly exerted via p53-independent routes, can be promising choice for cancer chemo-
therapy. Recently, we found that the apoptotic signaling pathway induced by MDAs (nocodazole, 17α- 
estradiol, or 2-methoxyestradiol) commonly proceeded through mitotic spindle defect-mediated prom-
etaphase arrest, prolonged Cdk1 activation, and subsequent phosphorylation of Bcl-2, Mcl-1, and Bim 
in human acute leukemia Jurkat T cells. These microtubule damage-mediated alterations could render 
the cellular context susceptible to the onset of mitochondria-dependent apoptosis by triggering Bak 
activation, Δψm loss, and resultant caspase cascade activation. In contrast, when the MDA-induced 
Bak activation was inhibited by overexpression of anti-apoptotic Bcl-2 family proteins (Bcl-2 or Bcl-xL), 
the cells in prometaphase arrest failed to induce apoptosis, and instead underwent mitotic slippage 
and endoreduplication cycle, leading to formation of populations with 8N and 16N DNA content. 
These data indicate that cellular apoptogenic mechanism is critical for preventing polyploid formation 
following MDA treatment. Since the formation of polyploid cells, which are genetically unstable, may 
cause acquisition of therapy resistance and disease relapse, there is a growing interest in developing 
new combination chemotherapies to prevent polyploidization in tumors after MDA treatment.
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Introduction

Significant advances have recently been made in our un-

derstanding on cancer biology, techniques for early diag-

nosis of cancer, and treatment modalities such as surgery, 

radiation, and chemotherapy. Cancer, however, is still a 

leading cause of mortality and morbidity of worldwide, ac-

counting for 8.2 million deaths or 14.6% of all human death 

in 2012 [79]. Since cancer arises from one single cell, the final 

goal of the treatment regimen for the cancer patient should 

be to remove all cancer cells throughout the whole body. 

Treatment for cancer patients comprises, in general, one or 

more modalities including radiation therapy, surgery, and 

chemotherapy. While chemotherapy is employed either 

alone or in combination with radiotherapy and/or surgery 

depending on the cancer status, the efficacy of chemotherapy 

in cancer patients is mainly exerted by the cytostatic and 

cytotoxic effects of chemotherapeutic drugs on tumor cells, 

which can systemically react with tumor cells.

Because one of the main characteristics of tumor cells is 

uncontrolled growth and proliferation resulting from defects 

in cell cycle regulation, a number of anticancer drugs have 

been developed to target cell cycle control mechanism [10, 

23, 29, 44, 63]. Mammalian cells are known to duplicate their 

contents and then divide into two cells via completing the 

cell cycle, which is proceeded by four successive stages such 

as the periods of DNA synthesis (S phase) and mitosis (M 

phase) separated by gaps called G1 and G2 phases. Progre-

ssion through each phase in dividing cells is controlled by 

the sequential activation and inactivation of a series of cy-

clin-dependent kinases (Cdks) [33]. To ensure the fidelity of 
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Fig. 1. Mammalian cell cycle progression and checkpoints.

cell division, the passage through a series of cell cycle check-

points that act as molecular breaks to verify the accuracy 

of cell cycle progression is required [54]. Three major check-

points such as the G1 checkpoint, the G2 checkpoint, and 

the mitotic spindle assembly checkpoint are involved in the 

cell cycle control (Fig. 1). The G1 checkpoint functions in G1 

phase to confirm that the environment is favorable for com-

mitting to S phase, the G2 checkpoint functions in G2 phase 

and prevents entry into mitosis until DNA damage is re-

paired and DNA replication is completed, and the mitotic 

spindle assembly checkpoint functions during mitosis and 

ensures proper attachment of the replicated chromosomes 

to the mitotic spindles [7, 8, 19, 39]. Although the existence 

of tetraploid checkpoint remains controversial, several stud-

ies have shown that mammalian cells have a p53-dependent 

tetraploid checkpoint that blocks cell cycle progression in 

the G1 phase in response to failure of cytokinesis during cell 

division. During G1 or G2 checkpoint activation, a combina-

tion of several distinct molecular mechanisms operates to 

negatively regulate Cdk activity. These include increased cy-

clin destruction, decreased cyclin gene expression, Cdk in-

hibition by Cdk inhibitors (CKIs; p21CIP1/WAF1, p27KIP1, and 

p16INK4A) that bind and inactivate Cdk/cyclin complexes, 

and Cdc25 inactivation. Additionally, when the mitotic spin-

dle assembly checkpoint becomes activated, Cdk1/cyclin B 

is kept in an active state by inhibiting the role of the ana-

phase-promoting complex (APC) in order to prevent the on-

set of anaphase. While checkpoint activation delays or halts 

cell cycle progression, the repair mechanisms operate to re-

cover cellular integrity. However, if the damage is beyond 

repair, the cells generate a signal to undergo apoptosis [1, 

32].

The efficacy of chemotherapy that targets cell cycle regu-

lation depends on the status of cell cycle progression of tu-

mor cells, because chemotherapeutic agents mainly impact 

on actively proliferating cells that are in the S phase or M 

phase rather than cells in the resting (G0) phase. However, 

many chemotherapeutic drugs fail to distinguish the differ-

ence between proliferating cells of normal tissues and tumor 

cells, and thus may cause normal cell damage which results 

in side-effects. With respect to the efficacy of chemotherapy, 

which induces cancer cell death, several biochemical mecha-

nisms including apoptosis, necrosis, and autophagy are im-

plicated [3, 47, 61]. Autophagy is known to be a catabolic 

degradation process that proceeds by sequestering un-

necessary or dysfunctional cellular components via the for-

mation of double-membrane vesicles (autophagosomes), and 

targeting them for degradation via the fusion of autophago-

somes with lysosomes to generate single-membrane autoly-

sosomes. A number of studies have reported that autophagic 

response is enhanced in tumor cells than in normal cells, 

which allows tumor cells to survive under inadequate con-

ditions such as nutritional deprivation and chemotherapy 

[17]. In addition, since tumor cells can activate autophagy 

in response to cellular stress associated with chemo-

therapeutic treatment, it has been suggested that inhibition 

of autophagy is an effective chemotherapeutic approach to 

accelerate tumor cell death [36]. The mechanism of chemo-

therapeutic drug-induced cell death needs to be studied fur-

ther in order to clarify whether the antitumor effect of the 

drug is confined to tumor cells rather than normal cells. 

These efforts will improve the survival rates of cancer pa-

tients receiving chemotherapy [53].

Chemotherapy-induced apoptosis in tumor cells results in 

their own destruction into apoptotic bodies that can be 

cleared by phagocytic cells without accompanying a local 

inflammatory response, whereas necrosis in tumor cells 

leads to release of their intracellular contents that possibly 

provoke a damaging inflammatory response. In this context, 

apoptotic cell death has been proposed as an efficient mecha-
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nism by which malignant tumor cells can be removed fol-

lowing chemotherapeutic treatments [30, 40]. In chemo-

therapeutic drug-induced apoptosis of tumor cells, three dif-

ferent death signaling pathways, such as the extrinsic death 

receptor-dependent pathway [74], the intrinsic mitochon-

dria-dependent pathway [18] and the intrinsic endoplasmic 

reticulum (ER) stress-mediated pathway [55], are likely to 

be implicated. The intrinsic mitochondria-dependent path-

way is most frequently associated with tumor cell apoptosis 

caused by chemotherapeutic drugs that are DNA-damaging 

and microtubule-damaging agents [49].

Since numerous studies have reported that the apoptosis 

induction of tumor cells following treatment with DNA- 

damaging agents (DDAs) is associated with the regulatory 

role of tumor suppressor protein p53, and since more than 

half of clinical cancers possess mutations in the p53 gene 

so that p53 cannot be functional as tumor suppressor pro-

tein, it is reasonable to assume that microtubule-damaging 

agents (MDAs), of which cytotoxic effect can be exerted in 

a p53-independent manner, are better choice for chemo-

therapeutic treatment of cancers with p53 mutations [26, 35, 

62].

In this review, the molecular and cellular mechanisms un-

derlying MDA-induced apoptosis of tumor cells are 

discussed. These understandings will provide new insights 

and opportunities for better treatment of cancer patients as 

well as for drug development.

MDA-induced cell cycle arrest is the prometaphase 

arrest

The segregation of the replicated chromosomes during M 

phase of the cell cycle is governed by a complex cytoskeletal 

structure of microtubules and associated proteins, which is 

known as the mitotic spindle [24, 76]. These microtubules 

are highly dynamic polymers, composed of α- and β-tubulin 

heterodimers, and they tend to switch between states of rap-

id growth and rapid shrinkage in a situation of dynamic 

instability [20, 71]. Microtubule dynamics increases sig-

nificantly during mitosis, compared with interphase, to ach-

ieve the proper alignment of the duplicated chromosomes 

at the metaphase plate and accurate segregation of the chro-

mosomes to the daughter cells. Based on the important role 

of microtubule dynamics in controlling mitosis, micro-

tubules have been considered a critical target for the devel-

opment of anticancer drugs [51, 52, 64]. Among the MDAs, 

the microtubule-polymerizing drugs such as paclitaxel and 

docetaxel promote microtubule assembly and stabilize mi-

crotubules, whereas the microtubule-depolymerizing drugs 

including vinblastine, colchicine and nocodazole inhibit mi-

crotubule assembly and promote depolymerization. Tumor 

cells treated with these MDAs are known to commonly ex-

hibit loss of microtubule function, leading to the disruption 

of mitotic spindle, mitotic arrest of the cell cycle, and mitotic 

catastrophe-mediated apoptotic cell death [38, 52, 64].

The M phase of the cell cycle can be subdivided into the 

prophase, the prometaphase, the metaphase, the anaphase, 

and the telophase, based on the microscopic characteristics 

of the microtubule organization, chromosomes, and nuclear 

envelop [26, 58]. The sophisticated regulation of Cdk1 activ-

ity is known to be critical for the G2/M transition and M 

phase-progression of the cell cycle. When cells enter into the 

prophase from the G2 phase, the Cdk1/cyclin B complex, 

which is held in an inactive state by phosphorylation at 

Thr-14 and Tyr-15 mediated by the kinases Myt1 and Wee1, 

becomes activated as a result of phosphorylation at Thr-161 

by the Cdk-activating kinase (Cak) as well as dephosphor-

ylation at Thr-14 and Tyr-15 by the phosphatase Cdc25 [21, 

75]. The activated Cdk1 phosphorylates a large number of 

substrates that are associated with nuclear envelope break-

down, centrosome separation, spindle assembly, and chro-

mosome condensation [34]. Subsequently, the activated 

Cdk1 should be inactivated through the degradation of cy-

clin B by anaphase promoting complex (APC) to progress 

from the metaphase to the anaphase.

In relation to the chemotherapy-mediated G2/M arrest ac-

companying apoptosis in tumor cells, two different molec-

ular mechanisms, the G2 checkpoint pathway and the mitotic 

spindle assembly checkpoint pathway, have been implicated 

[8, 39, 43]. Following exposure to DDAs, the cells can be 

arrested at the G2 checkpoint by inactivating Cdk1/cyclin 

B through the action of Wee1 and Cdc25, and by p53-medi-

ated transcriptional repression of cyclin B. When the cells 

being treated with MDAs fail to align all the chromosomes 

on the metaphase plate, the mitotic spindle assembly check-

point becomes activated to prevent the onset of anaphase 

and Cdk1/cyclin B is kept in an active state by inhibiting 

the role of APC. As the mechanism underlying MDA-in-

duced apoptotic cell death, it was reported that a prolonged 

activation of Cdk1, resulting from an enforced arrest at the 

mitotic spindle assembly checkpoint by MDAs, could act as 

an apoptotic mediator [46, 68, 78]. 

Although numerous studies reported that MDAs induce 
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Fig. 2. The apoptogenic activity of NOC, 17α-E2, or 2-MeO-E2 was attributable to mitotic spindle damage, prometaphase arrest, 

Cdk1 activation, phosphorylation of Bcl-2, Mcl-1, and Bim, and activation of Bak and mitochondria-dependent caspase cascade.

G2/M-arrest of the cell cycle and apoptotic cell death in tu-

mor cells, the link between mitotic spindle assembly check-

point activation-mediated mitotic arrest and apoptotic death 

signaling pathway was not fully understood. Furthermore, 

little information was known regarding the sub-stage of the 

M phase, at which cells were arrested due to the mitotic 

spindle assembly checkpoint activation following treatment 

with MDAs. Recently, we have investigated the effects of 

MDAs such as nocodazole (NOC), 17α-estradiol (17α-E2), 

and 2-methoxyestradiol (2-MeO-E2) on microtubule network, 

mitotic spindle assembly checkpoint activation, and sub-

sequent induction of apoptosis by employing human Jurkat 

T cell clone stably transfected with an empty expression vec-

tor (JT/Neo) or a Bcl-2 expression construct (JT/Bcl-2). The 

analysis of the immunofluorescence microscopy of NOC-, 

17α-E2-, or 2-MeO-E2-induced mitotic arrest in Jurkat T cells 

showed that the chromosomes failed to congress at the meta-

phase plate; however, aberrant bipolar array of microtubules 

and nuclear envelop breakdown were provoked [27, 28, 45]. 

These hallmarks of prometaphase arrest were more appa-

rently observed in JT/Bcl-2 cells compared to JT/Neo cells, 

because the prometaphase arrest was induced without ac-

companying apoptotic cell death in JT/Bcl-2 cells.

Induction of apoptosis following treatment with MDAs 

is mediated by Cdk1-dependent phosphorylation of 

Bcl-2 family proteins (Bcl-2, Bim, and Mcl-1) and sub-

sequent activation of mitochondrial apoptotic pathway

In our studies, comparative analysis of NOC-induced 

apoptotic events between JT/Neo and JT/Bcl-2 cells showed 

that Bak activation, mitochondrial membrane potential (Δψ

m) loss, mitochondrial cytochrome c release and resultant 

activation of caspase-9 and -3, which could be abrogated in 

the presence of Bcl-2 overexpression, were crucial for 

NOC-induced apoptosis [28]. Additionally, the results 

showed that NOC-induced prometaphase arrest, Cdk1 acti-

vation, and phosphorylation of Bcl-2, Mcl-1, and Bim were 

upstream of the Bcl-2-sensitive Bak activation and mitochon-

dria-dependent caspase cascade activation. Similar prom-

etaphase arrest, Cdk1 activation, phosphorylation of Bcl-2 

family proteins (Bcl-2, Mcl-1 and Bim), and mitochondria- 

dependent apoptotic events were observed in Jurkat T cells 

treated with 17α-E2 or 2-MeO-E2 [27, 45]. In Jurkat T cells 

treated with MDAs (NOC, 17α-E2, or 2-MeO-E2), Bcl-2 phos-

phorylation at Thr-56 and Ser-70, Mcl-1 phosphorylation at 

Ser-159/Thr-163, and Bim phosphorylation were commonly 

detected along with prometaphase arrest and prolonged 

Cdk1 activation (Fig. 2). However, Bcl-xL phosphorylation 

at Ser-62 was detected only in Jurkat T cell clone over-

expressing Bcl-xL (J/Bcl-xL). Under these conditions, 2- 

MeO-E2-induced Mcl-1 phosphorylation was accompanied 

by a significant reduction in the level of Mcl-1; however, 
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17α-E2-induced phosphorylation of Mcl-1 failed to cause a 

remarkable down-regulation of Mcl-1 level. These results 

suggest that the phosphorylation of Bcl-2, Mcl-1, and Bim 

rather than that of Bcl-xL might be the more critical apop-

totic signals for the MDA-induced apoptosis.

In the literature, the phosphorylation of anti-apoptotic 

Bcl-2 proteins such as Bcl-2, Bcl-xL, and Mcl-1 by Cdk1 is 

required for coupling prolonged mitotic arrest to micro-

tubule inhibitor-induced apoptosis [12, 13, 31, 68].   The phos-

phorylation of Bcl-2 is known to cause its conformational 

changes that inactivate the anti-apoptotic function of Bcl-2, 

leading to the activation of the pro-apoptotic multidomain 

Bcl-2 family members Bax and/or Bak to provoke mitochon-

drial cytochrome c release [12, 16, 60, 64]. The BH3-only 

pro-apoptotic proteins, such as Bim or tBid, can trigger the 

activation of Bax and Bak either directly or indirectly by an-

tagonizing the anti-apoptotic Bcl-2 proteins [11, 15]. When 

we performed a co-immunoprecipitation assay to examine 

if prometaphase arrest-mediated phosphorylation of Bcl-2 

and Bim can alter the protein-protein associations among the 

Bcl-2 family proteins to allow Bak activation, a reduction 

in the association of Bcl-2 with Bak or Bim following the 

prometaphase arrest-dependent phosphorylation of Bcl-2 

and Bim was easily detected in JT/Bcl-2 cells overexpressing 

Bcl-2 [28]. Under these conditions, however, the association 

of Bcl-2 with Bax or p53 was relatively constant regardless 

of NOC treatment causing the prometaphase arrest. Since 

the mitochondrial Bax level increased by ~2.6-fold after NOC 

treatment, it raised the possibility that Bax could contribute 

indirectly to NOC-induced Bak activation by binding with 

Bcl-2. It is noteworthy that the association of Bcl-2 with Bak 

or Bim was barely detected in JT/Neo cells that underwent 

apoptosis after NOC treatment. Consequently, these results 

suggest that a reduction in the association of Bcl-2 with Bak 

or Bim following the prometaphase arrest-dependent phos-

phorylation of Bcl-2 and Bim might be underlying factors 

responsible for the Bak activation by MDAs.

Because Jurkat T cells treated with NOC were arrested 

at prometaphase, prior to metaphase-anaphase transition, it 

was likely that NOC treatment could cause prolonged Cdk1 

activation. Along with NOC-induced prometaphase arrest, 

the upregulation of the cyclin B1 levels, the decrease in the 

Tyr-15-phosphorylation, and the increase in the Thr-161- 

phosphorylation of Cdk1, all of which were previously 

shown to be required for the activation of Cdk1 kinase at 

the G2/M boundary [21, 75], were detected. An in vitro kin-

ase assay using histone H1 as the substrate revealed that 

the Cdk1 kinase activity in mitotic-arrested cells by NOC 

appeared to be 4.8-fold higher than that in exponentially 

growing cells. Western blot analysis also showed NOC-in-

duced increase in the phosphorylation of cellular histone H1, 

which is known to be catalyzed by Cdk1 during G2/M phase 

[14]. NOC-induced phosphorylation of cellular histone H3 

at Ser-10 further reflected the activation of Cdk1 during 

NOC-induced mitotic prometaphase arrest, because the 

Aurora B kinase activation responsible for the histone H3 

phosphorylation at Ser-10 during G2/M phase is known to 

be dictated by Cdk1 [50]. Previously, taxol and several other 

MDAs were reported to induce Cdk1 kinase-mediated serine 

phosphorylation of Bcl-2, resulting in abrogation of its anti- 

apoptotic function, suggesting a pro-apoptotic role of Cdk1 

kinase as the Bcl-2 kinase [37, 59]. However, there was much 

controversy over the protein kinases responsible for the Bcl-2 

phosphorylation because a number of protein kinases, in ad-

dition to Cdk1 kinase, including Raf-1, PKA, JNK, and p38 

MAPK, were also reported to mediate the phosphorylation 

of Bcl-2 during the mitotic arrest caused by various MDAs 

[6, 16, 22, 59, 65, 80]. In our recent studies, we investigated 

the effects of a Cdk1 kinase inhibitor (roscovitine), a JNK 

inhibitor (SP600125), and a p38 MAPK inhibitor (SB203580) 

on MDA (NOC, 17α-E2, or 2-MeO-E2)-induced phosphor-

ylation of Bcl-2 by western blot analysis using specific anti-

bodies for phospho-Bcl-2 (Thr-56) and phospho-Bcl-2 

(Ser-70) [28]. At the same time, to obtain evidence for Bim 

phosphorylation, the phosphorylation-induced retardation 

of the SDS-polyacrylamide gel electrophoretic mobility of 

Bim isoforms (BimEL and BimL) was measured in JT/Neo 

and JT/Bcl-2 cells following NOC treatment. As the results, 

roscovitine, but not SP600125 or SB203580, could prevent the 

MDA-induced phosphorylation of Bcl-2 and Bim, Δψm loss, 

and apoptotic cell death. These our data demonstrate that 

Cdk1 kinase is the protein kinase responsible for the 

MDA-induced phosphorylation of Bcl-2 (Thr-56 and Ser-70) 

and Bim, and the resultant Δψm loss and caspase cascade 

activation.

Prometaphase arrest is the casual event of MDA- 

induced apoptosis

To examine whether MDA-induced prometaphase arrest 

of the cell cycle is a prerequisite for the phosphorylation 

of Bcl-2 and Bim, Bak activation, and mitochondria-depend-

ent caspase cascade activation in Jurkat T cells, we inves-
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tigated if forced arrest of cell cycle progression at the G1/S 

boundary by hydroxyl urea (HU) can protect cells from 

NOC-induced apoptotic processes. HU inhibits the ribonu-

cleotide reductase that converts ribonucleotides to deoxy-

ribonucleotides required for DNA synthesis, thereby inhibit-

ing entry into S phase in a variety of cells [2, 41]. While 

Jurkat T cells in the concomitant presence of NOC and HU 

exhibited G1/S arrest rather than prometaphase arrest, none 

of the apoptotic events including Cdk1 activation and the 

phosphorylation of Bcl-2 and Bim were induced, demon-

strating the dependency of MDA-induced apoptotic events 

on prometaphase arrest of the cell cycle [28]. In addition, 

when Jurkat T cells concomitantly treated with 2-MeO-E2 

and aphidicolin were arrested at the G1/S boundary by the 

action of aphidicolin, which blocks the cell cycle at the G1/S 

boundary by inhibiting DNA polymerase α [42, 67], 2-MeO- 

E2-induced apoptotic events were completely abrogated, 

confirming that the prometaphase arrest is the casual event 

of MDA-induced apoptosis [45].

Our results demonstrated that the MDA-induced apop-

totic signaling pathway, which leads to apoptotic DNA frag-

mentation in Jurkat T cells, was provoked by mitotic prom-

etaphase arrest of the cell cycle and resultant Cdk1 kin-

ase-mediated phosphorylation of Bcl-2 family members (Bcl 

-2, Bim, and Mcl-1). These effects rendered the cell suscep-

tible to the onset of Bak activation, leading to mitochondrial 

cytochrome c release and subsequent activation of the cas-

pase cascade via a reduction of the association of Bcl-2 with 

Bak or Bim [28]. Consequently, these results provide an in-

sight into the molecular and cellular mechanism that under-

lies the pro-apoptotic role of prolonged Cdk1 activation in 

the prometaphase-arrested tumor cells by MDAs including 

NOC, 17α-E2, and 2-MeO-E2.

Endoreduplication induction can be a fate of tumor 

cells possessing the failure in apoptotic mechanism 

when treated with MDAs

Previously, it was reported that following treatment with 

MDAs, tumor cells deficient of p53 [48], pRb [72], APC [69], 

Lats2 [5], Bax [9], p21Waf1/Cip1 [73], or p16Ink4 [72] were able 

to undergo mitotic slippage and endoreduplication, and thus 

generate polyploid such as tetraploid (4N), and octaploid 

(8N), and hexadecaploid (16N). Although these results ini-

tially suggested that negative regulatory mechanism of cell 

cycle progression and apoptosis-inducing mechanism might 

be associated with preventing endoreduplication and re-

sultant polyploid generation in tumor cells treated with 

MDAs, the precise mechanisms responsible for the gen-

eration of polyploid cells remain to be elucidated. Further-

more, because the polyploid cells being generated after che-

motherapy are apt to cause genetic instability that leads to 

anticancer drug resistance and to become a factor for cancer 

recurrence following chemotherapy [56, 57], further inves-

tigation are urgently required for a better understanding of 

endoreduplication, which occurs and causes genetically un-

stable polyploids in tumor cells following treatment with 

MDAs.

Several studies reported the existence of a cytokinesis 

checkpoint (tetraploid checkpoint) which functions to pre-

vent polyploid generation in cells with chromosome segre-

gation errors [4, 48, 66]. In this regard, it has been indicated 

that if the binucleate cells exit mitosis without completing 

the cytokinesis, the cytokinesis checkpoint is activated to ar-

rest cells in the following G1 phase in a p53-dependent 

manner. By contrast, Wong and Stearns have reported that 

there might be no tetraploid checkpoint in mammalian cells, 

as evidenced by that tetraploid cells created from primary 

human diploid fibroblasts after treatment with 2 μM cy-

tochalasin could traverse the G1/S transition point and com-

plete S phase [70, 77]. Additionally, it has been suggested 

that all previous reports of a tetraploid checkpoint might 

be due to side effects of the drug treatments used to observe 

them [77]. 

In our recent studies, to obtain direct evidence for con-

tribution of apoptosis-inducing system to prevention of pol-

yploid formation in tumor cells treated with MDAs, we de-

cided to take advantage of Bcl-2 overexpression, which pro-

tects cells from the drug-induced apoptosis without affecting 

cell cycle progression. When Jurkat T cell clone stably trans-

fected with a Bcl-2 expression vector (JT/Bcl-2) were treated 

with MDAs (NOC or 2-MeO-E2) for 6 days, 5～10% cells 

were <2N, 1～3% cells were 2N, 10～20% cells were 4N, 40～

50% cells were 8N and 10～20% cells were 16N, respectively 

(Fig. 3). At the same time, the control Jurkat T cell clone 

stably transfected with an empty expression vector (JT/Neo) 

showed that most cells (～90%) were <2N resulting from 

accumulation of apoptotic sub-G1 cells, and significantly 

lower level of cells were 2N (6.3%), 4N (1.0%), 8N (0.5%), 

and 16N (0.3%). These results demonstrate that cellular 

apoptogenic mechanism, which can be blocked by anti-apop-

totic Bcl-2 or Bcl-xL, plays a key role in preventing polyploid 

formation following MDA treatment (Fig. 4).
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Fig. 3. Time kinetics of polyploid formation and apoptosis induction in Jurkat T cell clone stably transfected with an empty expression 

vector (JT/NeO) and Jurkat T cell clone stably transfected with a Bcl-2-expression vector (JT/Bcl-2) following treatment with 

2-methoxyestradiol (2-MeO-E2) at a concentration of 5 μM.

Fig. 4. Apoptotic cell death is the key regulator in preventing tetraploid formation in Jurkat T cells following MDA treatment.

Based on these results, it can be speculated that chemo-

therapeutic treatment of tumor cells, which possess defect(s) 

in the apoptogenic pathway, should be performed using 

MDA plus an S phase inhibitor, in order to abrogate the 

occurrence of genetically unstable polyploid cells.

Conclusions

Our recent results show that the apoptotic cell death pro-

voked in Jurkat T cells treated with MDAs such as NOC, 

17α-E2, and 2-MeO-E2 was attributable to activation of the 

mitotic spindle assembly checkpoint, which causes prom-

etaphase arrest of the cell cycle, prolonged activation of 
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Cdk1, and subsequent phosphorylation of Bcl-2, Mcl-1, and 

Bim. The Cdk1-dependent phosphorylation of Bcl-2 resulted 

in a reduction of the association of Bcl-2 with Bak or Bim. 

These microtubule damage-mediated alterations in prom-

etaphase-arrested cells could render the cellular context sus-

ceptible to the onset of mitochondria-dependent apoptosis 

by triggering Bak activation, Δψm loss, and resultant caspase 

cascade activation. These MDA-induced apoptotic events in-

cluding Cdk1 activation and phosphorylation of Bcl-2, Mcl-1 

and Bim were completely abrogated, when Jurkat T cells 

were concomitantly treated with MDAs and the G1/S block-

ing agent (hydroxyurea or aphidicolin) and thus arrested at 

the G1/S boundary of the cell cycle, confirming that the 

prometaphase arrest is the initial causal event of MDA-in-

duced apoptosis. In contrast, when the MDA-induced apop-

tosis was blocked in Jurkat T cells by overexpression of an-

ti-apoptotic Bcl-2 family members such as Bcl-2 or Bcl-xL, 

the prometaphase-arrested cells with mitotic spindle defect 

appeared to eventually undergo mitotic slippage to enter the 

G1 phase. Under these conditions, however, the cells failed 

to induce tetraploid-G1 arrest and instead underwent endor-

eduplication cycle. This allowed generation of populations 

with 8N and 16N DNA content following incubation with 

MDA for 2-6 days. These findings suggest that elimination 

of prometaphase-arrested cells by inducing apoptotic cell 

death is the key regulator rather than the 4N-G1 checkpoint 

causing tetraploid-G1 arrest in preventing polyploid for-

mation in Jurkat T cells treated with MDAs. Since the for-

mation of polyploid cells following chemotherapeutic MDA 

treatment of tumor cells is known to be connected with can-

cer recurrence in cancer patients undergoing chemotherapy, 

and since the final goal of chemotherapy for the cancer pa-

tient is to eliminate all cancer cells throughout the whole 

body, microtubule-targeting chemotherapy for tumors pos-

sessing apoptotic defect(s) needs to be combined with new 

therapeutic approaches to prevent polyploidization rather 

than a single-agent MDA therapy.
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록：미세소 -손상 항암제 처리에 의한 세포주기의 정지  에폽토시스 유도 

도연․김 호*

(경북대학교 자연과학대학 생명과학부 면역학연구실)

에폽토시스에 의한 세포자멸사는 암세포에 대한 항암제 효능의 핵심적 기전이다. 항암제의 대표적인 두 종류로 

알려진 DNA-손상 약제(DNA-damaging agents, DDAs)와 미세소관-손상 약제(microtubule-damaging agents, 

MDAs)가 암세포에 야기하는 초기 항암신호전달 기전은 다르지만, 최종적으로는 대부분 미토콘드리아 의존-에폽

토시스를 통해 암세포를 사멸시킨다. 한편, DDAs에 의한 에폽토시스 유도에는 wild-type 종양억제 단백질 p53의 

역할이 매우 중요하다. 그러나 인체 암의 약 50% 이상이 p53유전자의 돌연변이 때문에 종양억제 단백질로서의 

p53 기능이 불활성화 되어 있다. 따라서 p53과 무관하게 에폽토시스를 유도할 수 있는 MDAs를 이용한 항암치료

는 돌연변이 p53을 지닌 암세포에 대해 유리한 화학요법으로 이해된다. 최근 본 연구진은 인체 급성 백혈병 세포

주인 Jurkat T 세포를 모델로 하여, MDAs (nocodazole, 17-α-estradiol, 혹은 2-methoxyestradiol)의 항암작용과 

관련된 세포주기 정지 및 에폽토시스 유도 기전을 구명하였다. 그 결과, Jurkat T 세포를 MDAs로 처리할 경우, 

유사분열방추사의 결함에 의한 세포주기(전중기, prometaphase) 정지, 장시간에 걸친 Cdk1의 활성화, 활성화된 

Cdk1에 의한 에폽토시스 조절인자들(Bcl-2, Bcl-xL, Mcl-1 및 Bim)의 인산화, 이에 따른 Bak 활성화, 미토콘드리아 

막 손상 및 카스파아제 연쇄 활성화에 의해 에폽토시스가 유도됨을 밝혔다. 또한 동일한 MDA 처리 조건하에서 

Bcl-2 혹은 Bcl-xL의 과발현시켜 에폽토시스 진행을 차단할 경우, Jurkat T 세포는 약제처리 후에 전중기 정지된 

4N 상태에 도달하지만, 이어서 유사분열 불이행(mitotic slippage) 및 내재복제(endoreduplication)가 진행되어 다

배수체들(polyploids; 8N, 16N)을 생성하게 됨을 확인하였다. 이러한 결과는 MDAs처리에 따른 다배수체들의 생

성을 차단하는 세포 내 기전으로서, 전중기 정지된 4N 세포의 에폽토시스에 의한 제거가 매우 중요함을 보여준다. 

특히, 다배수체는 유전적으로 매우 불안정하여 암세포의 항암제 내성 획득 및 암 재발과 직접 연관되는 것으로 

알려져 있으므로, 에폽토시스 기전에 결함이 있는 암세포를 대상으로 MDAs를 이용한 항암 화학요법을 시행할 

경우에는 다배수체 세포의 생성을 차단하기 위한 새로운 수단이 반드시 병행되어야 할 것으로 사료된다.
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