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a b s t r a c t

Plinabulin (NPI-2358) is a novel microtubule-depolymerizing agent. In HeLa cells, plinabulin arrests the
cell-cycle at M phase and subsequently induces mitotic catastrophe. To better understand the effects on
this compound on the cell-cycle, we used the fluorescent ubiquitination-based cell cycle indicator (Fucci),
which normally enables G1 and S/G2/M cells to emit red and green fluorescence, respectively. When
HeLa-Fucci cells were treated with 50 nM plinabulin, cells began to fluoresce both green and red in an
unusual pattern; most cells exhibited the new pattern after 24 h of treatment. X-irradiation efficiently
induced G2 arrest in plinabulin-treated cells and significantly retarded the emergence of the unusual pat-
tern, suggesting that entering M phase is essential for induction of the pattern. By simultaneously visu-
alizing chromosomes with GFP-histone H2B, we established that the pattern emerges after nuclear
envelope breakdown but before metaphase. Pedigree assay revealed a significant relationship between
the unusual expression and mitotic catastrophe. Nocodazole, KPU-133 (a more potent derivative of pli-
nabulin), and paclitaxel also exerted similar effects. From these data, we conclude that the unusual pat-
tern may be associated with dysregulation of late M phase-specific E3 ligase activity and mitotic
catastrophe following treatment with anti-microtubule agents.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Microtubules, which consist of a- and b-tubulin, are major com-
ponents of the cytoskeleton and play roles in a plethora of cellular
functions [1–3]. Among these functions, the regulation of chromo-
some separation via dynamic polymerization and depolymeriza-
tion of microtubules in mitosis has been an important target of
cancer therapy [3]. Numerous anti-microtubule agents have been
developed; these compounds can be classified into three types,
based on whether they bind b-tubulin at the taxan site, the vinca
domain, or the colchicine site [1–3]. Agents belonging to the for-
mer two types, such as paclitaxel (microtubule-stabilizing agent)
and vincristine (microtubule-depolymerizing agent), have been
used extensively as chemotherapeutic agents, whereas colchicine
(microtubule-depolymerizing agent) has not been approved due
to its toxicity [4]. However, several agents with colchicine-like
ll rights reserved.
microtubule-depolymerizing activities have recently been devel-
oped; these compounds could serve as vascular disrupting agents
as well as exerting cytotoxic effects directly on tumor cells them-
selves [4–6].

Plinabulin (NPI-2358/KPU-2) is a synthetic analog of the natural
diketopiperazine phenylahistin, which has colchicine-like microtu-
bule depolymerization activity [7,8]. A phase 1 study of plinabulin
revealed that this compound has favorable pharmacokinetics,
pharmacodynamics, and safety profile [9]; a phase 2 study carried
out in four countries including the United States has yielded
encouraging data regarding efficacy [4]. Because only a few reports
have described the effects of plinabulin on cell-cycle events
[4,8,10], we characterized these effects using the fluorescent ubiq-
uitination-based cell cycle indicator (Fucci). Cells expressing Fucci
normally emit red fluorescence in G1 and green fluorescence in S/
G2/M phase [11], allowing visualization of the cell-cycle. Here we
show that plinabulin induces abnormal expression of red fluores-
cence in M phase before mitotic catastrophe, suggesting that the
ubiquitin system may be dysregulated at the stage, resulting in
activation of cell-death pathways.

http://dx.doi.org/10.1016/j.bbrc.2012.10.014
mailto:masa.mdth@tmd.ac.jp
http://dx.doi.org/10.1016/j.bbrc.2012.10.014
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc
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Fig. 1. Effects of plinabulin on cell-cycle distribution and mitosis. (A) Chemical
structure of plinabulin. (B) Effects of plinabulin on cell-cycle distribution. (a) Dose
response in cell-cycle distribution. After 24 h of treatment with plinabulin at
various doses, cells were fixed and prepared for flow-cytometric analysis. (b) Time
course of cell-cycle distribution. After treatment with 50 nM plinabulin for various
times, cells were fixed and prepared for flow-cytometric analysis. (C) Typical
examples of time-lapse imaging of HeLa-GFP-histone H2B after treatment with
plinabulin. (�), Untreated cells; (+), cells treated with 50 nM plinabulin. The
acquired time points are shown as hours:minutes in each image; 0:00 corresponds
to late G2-phase prior to mitotic rounding.
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2. Materials and methods

2.1. Cell lines and culture conditions

HeLa cells expressing the Fucci probes [11] were provided by
the RIKEN BRC through the National Bio-Resource Project of MEXT,
Japan. HeLa cells stably expressing GFP-tagged histone H2B [12]
were kindly provided by Dr. H. Saya (Keio University). All cells
were maintained in DMEM (Sigma–Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum at 37 �C in a humidified atmo-
sphere with 5% CO2.

2.2. Treatments

Cells were seeded onto 60-mm or 35-mm dishes and subcul-
tured for at least 10 h before being treated for the indicated times
with plinabulin, 5 nM KPU-133 (16j in Ref. [4]), 50 nM paclitaxel
(Wako, Osaka, Japan), or 50 ng/mL nocodazole (Wako). Cells were
also irradiated using an RX650 X-ray cabinet system (130 kV,
5 mA, 0.5 mm Al filtration) (Faxitron, Tucson, AZ) at a dose rate
of 0.8 Gy/min.

2.3. Transduction

To visualize chromosomes, we used CellLight™ BacMam 2.0
(Life Technologies, Carlsbad, CA). The BacMam technology uses
baculovirus as a vehicle for transducing genes into mammalian
cells. We transduced the human histone H2B gene fused to the
gene encoding green fluorescent protein (GFP) into HeLa cells
expressing the Fucci probes, according to the manufacturer’s pro-
tocol. Briefly, cells (5 � 104 cells/well) were seeded onto CELLview
Glass Bottom Dish chamber slides (Greiner Bio-One, Frickenhau-
sen, Germany) and subcultured overnight. An aliquot (7.5 lL/well)
of CellLight™ Histone 2B reagent was added to the medium and
cultured for at least 16 h before plinabulin treatment.

2.4. Flow cytometric analysis

Two types of samples were subjected to flow-cytometric analy-
sis: non-fixed samples for detecting fluorescence intensity of mAG
or mKO2, and fixed samples for DNA content analysis. After each
treatment, collected culture medium and trypsinized cells were
centrifuged together, and the pellets were washed in ice-cold
PBS. For DNA content analysis, cells were fixed in ice-cold 70% eth-
anol in PBS for at least 30 min on ice. After fixation, cells were re-
washed in ice-cold PBS and incubated in 0.5 g/mL 7-AAD solution
(BD Bioscience, Franklin Lakes, NJ). Finally, both non-fixed and
fixed single-cell suspensions were strained through nylon mesh.
Each sample was analyzed using a FACSCalibur flow cytometer
(BD Bioscience) using the FlowJo software (Tree Star, Ashland, OR).

2.5. Fluorescence imaging

Fluorescence images were taken using a BIOREVO BZ-9000 fluo-
rescence microscope (KEYENCE, Osaka, Japan) immediately after
each treatment. Time-lapse fluorescence and phase-contrast
images were also taken using a BZ-9000 fluorescence microscope
equipped with an incubation chamber held at 37 �C in a humidified
atmosphere containing 5% CO2 (Tokai Hit, Fujinomiya, Japan).
Images were acquired every 10, 30, or 60 min.

2.6. Statistical analysis

Mean values were statistically compared using the two-tailed t-
test. The association between abnormal fluorescence and mitotic
catastrophe was examined by chi-square test. P values < 0.05 were
considered statistically significant.
3. Results

3.1. Effects of plinabulin on cell-cycle distribution and mitosis in HeLa
cells

The chemical structure of plinabulin is shown in Fig. 1A. Ini-
tially, we determined the effects of this compound on cell-cycle
distribution in HeLa cells as a function of dose and exposure time.
Flow-cytometric analysis revealed that significant G2/M arrest was
observed at or above 10 nM; at 30 and 50 nM, most cells were ar-
rested at G2/M phase after 24 h of treatment (Fig. 1Ba). All exper-
iments described hereafter were performed at 50 nM. The G2/M
arrest was apparent after 2 h of treatment, and gradually increased
until almost all cells were arrested at G2/M after 16 h of treatment
(Fig. 1Bb). To evaluate the effects of the agent on mitosis, we visu-
alized chromosomes using GFP-tagged histone H2B. In the absence
of plinabulin, we could clearly observe the separate stages of mito-
sis (prophase, metaphase, anaphase, and telophase), and the total
duration was 55 ± 26 min (n = 29) (Fig. 1C, left panels). On the
other hand, in the presence of plinabulin, the duration of mitosis
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was remarkably prolonged, and most cells collapsed during mito-
sis. The total duration of these abnormal mitoses, from prophase
to collapse, was 9.4 ± 4.2 h (n = 50) (Fig. 1C, right panels). Although
other microtubule-depolymerizing agents such as nocodazole
were reported to induce cell-cycle arrest at prometaphase [13],
in plinabulin-treated cells the chromosomes were aligned at the
metaphase plate (Fig. 1C), albeit much later than in untreated cells.
The metaphase-like phase continued for 1–7 h (3.9 ± 3.1 h)
(n = 48); the plate began to expand, but collapsed within the mito-
sis (Fig. 1C, right panels). Collectively, these results imply that
50 nM plinabulin strongly inhibits cell-cycle progression at pro-
metaphase or metaphase, and ultimately induces mitotic
catastrophe.

3.2. The effects of plinabulin on fluorescence kinetics in HeLa-Fucci
cells

To better understand the effects of plinabulin on the cell-cycle,
we introduced the Fucci system [11] and attempted to visualize
changes in cell-cycle progression in plinabulin-treated HeLa-Fucci
cells. Representative fluorescence images for the indicated treat-
ment times are shown in Fig. 2Aa. In untreated exponentially
growing cells subjected to flow-cytometric analysis, the two-
dimensional (2D) histogram of green and red fluorescence usually
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exhibits an inverse U-shaped pattern (Fig. 2Ab, 0 h). Fractions 1–4
represent early G1, G1, early S, and S/G2/M phases, respectively
[11]. After plinabulin treatment, the histogram exhibited a gradual
‘clockwise’ progression and accumulation in Fr. 40. Fucci probes are
driven by a constitutively active CMV promoter [11], and expres-
sion increases when the cell cycle stops; accordingly, the popula-
tion in Fr. 4 shifted to the right (Fig. 2Ab, 8 h and 16 h). A
population not present in control cells emerged from the popula-
tion with a higher mAG expression in Fr. 40, and gradually pro-
gressed to Fr. 30 (Fig. 2Ab, 8–24 h); ultimately, most cells
accumulated in Fr. 30 after 24 h of treatment (Fig. 2Ab, 24 h). Quan-
titative analysis of the newly appearing fraction is shown in
Fig. 2Ac. Representative fluorescence images of HeLa-Fucci cells
in the presence or absence of plinabulin are shown in Fig. 2B. Fol-
lowing mitotic changes in morphology, we observed that red fluo-
rescence appeared in addition to the original green fluorescence;
cells collapsed several hours after the appearance of the abnormal
red fluorescence.

3.3. Close inspection of the timing of the appearance of the unusual red
fluorescence

Next, we closely analyzed the time during the cell-cycle at
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described above, it was likely that the unusual pattern was appear-
ing during mitosis. To confirm this, we combined X-irradiation
with plinabulin treatment. Previously, we reported that X-irradia-
tion induces almost complete arrest at the G2/M transition, lasting
up to 20 h; this arrest is demonstrated by both fluorescence kinet-
ics of the HeLa-Fucci and flow-cytometric analysis of DNA content
[14]. When HeLa-Fucci cells were treated with plinabulin immedi-
ately after X-irradiation, many cells still accumulated in Fr. 40 after
24 h of treatment; however, as the G2 arrest was released, the pop-
ulation in Fr. 30 gradually increased (Fig. 3Aa–c). During that time,
DNA content remained at 4 N (Fig. 3Ab, lower panels). These re-
sults indicate that irradiation inhibited cell-cycle progression at
the G2/M transition, which retarded the unusual appearance of
red fluorescence relative to the pattern observed after 24 h of treat-
ment with plinabulin alone. Thus, we concluded that entrance into
M phase is required for the unusual red fluorescence.

We next determined when during mitosis the unusual red fluo-
rescence appeared. For this purpose, we transiently expressed the
histone H2B-GFP fusion protein in HeLa-Fucci cells, in order to
visualize changes in chromosome configuration, and performed
time-lapse imaging of plinabulin-treated cells. A typical example
is shown in Fig. 3B; the time at which the cell exhibited prophase
plinabulin
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after X-irradiation at 8 Gy, and prepared for fluorescence observation or flow-cytomet
plinabulin-treated HeLa-Fucci cells transiently expressing GFP-histone H2B. HeLa-Fucci ce
plinabulin treatment and subsequently fluorescence images were acquired.
was labeled as 0:00. At this stage, the Fucci mAG-Geminin probe
containing the nuclear localization signal (NLS) was within the nu-
cleus, and the red fluorescence did not appear. After an hour, we
could identify nuclear envelope breakdown (NEBD) and clearly ob-
serve that the chromosomes were in a condensed configuration. At
that time, the distribution of the probe had expanded to fill the en-
tire cytoplasm, but the red fluorescence was still not detectable.
Red fluorescence finally emerged about an hour before formation
of a metaphase-like structure (Fig. 3B, 6 h and 7 h), and fluores-
cence intensity gradually increased (11 h). Another example is pre-
sented in Supplementary data.

3.4. Cell fate after the abnormal expression of red fluorescence

We next considered the significance of the emergence of the
abnormal pattern. To further analyze the relationship between
the pattern and cell collapse, we exposed cells to plinabulin for
24 h and then performed a pedigree assay in drug-free medium
for an additional 48 h thereafter (Fig. 4A). Of randomly selected
96 cells that collapsed during this period of observation, 85
(88.5%) exhibited the abnormal pattern. On the other hand, in ran-
domly selected 69 cells that did not collapse during this period of
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observation, only 3 (3.1%) exhibited the abnormal pattern. There
was a statistically significant correlation between the emergence
of the abnormal pattern and cell collapse (chi-square test,
p < 0.01). We also investigated whether other types of microtu-
bule-depolymerizing agents induce the abnormal pattern. We ob-
served that KPU133 (a derivative of plinabulin with more potent
cytotoxicity, 16j in Ref. [4]) and nocodazole both induced the unu-
sual pattern (Fig. 4B). A microtubule-stabilizing agent, paclitaxel,
also exerted a similar effect (Fig. 4B). Of the cells that ultimately
collapsed after up to 48 h treatment with each anti-microtubule
agent, more than 95% exhibited the unusual red fluorescence prior
to cell death (Fig. 4C). These results suggest that the emergence of
the abnormal red fluorescence is an early indicator of mitotic
catastrophe.
4. Discussion

In our previous paper describing the characteristics of the Fucci
system, we showed that nocodazole induced abnormal expression
of red fluorescence, presumably in M phase [15]; however, at that
time we did not investigate this phenomenon in detail. From a clin-
ical viewpoint, this finding led us to characterize this phenomenon
in detail using a novel anti-microtubule agent, plinabulin, which
has yielded encouraging efficacy data in a phase 2 study [4]. The
major novel findings in this study are as follows: (1) plinabulin
inhibited the cell-cycle progression in M phase around prometa-
phase and metaphase; (2) this agent abnormally induced the red
fluorescence after NEBD before the metaphase-like stage; (3)
anti-microtubule agents including paclitaxel, a microtubule-stabi-
lizing agent, also induced the phenomenon; and (4) the abnormal
expression was followed by mitotic catastrophe.

The APCCdh1 and SCFSkp2 complexes exhibit E3 ligase activities in
a cell cycle-dependent manner and play key roles in cell-cycle pro-
gression; the former is active in late M and G1 phases, and the lat-
ter is active in S and G2 phases. The SCFSkp2 complex is a substrate
of the APCCdh1 complex and functions as a feedback inhibitor of
APCCdh1. Therefore, the DNA replication licensing factor Cdt1 and
its inhibitor Geminin, which are direct substrates of the SCFSkp2

complex and the APCCdh1 complex, respectively, oscillate recipro-
cally during the cell cycle [11]. Thus, Cdt1 levels are augmented
in G1, and Geminin levels are augmented in S, G2, and M phases
[11,16]. Taking advantage of this cell cycle-specific ubiquitination,
the Fucci system was developed by Sakaue-Sawano et al. as a tool
to visualize cell cycle [11]. In this system, monomeric Azami Green
(mAG)-hGem(1/110) probe (green) is expressed in G2, S, and M
phases, while monomeric Kusabira Orange 2 (mKO2)-hCdt1(30/
120) probe (red) is expressed in G1 phase [11]. In more detail, no
fluorescence is emitted in early G1, whereas both red and green
fluorescence signals are emitted in early S phase. We found that
plinabulin abnormally induced red fluorescence in M phase, after
NEBD and before a metaphase-like phase, ultimately leading to mi-
totic catastrophe. Based on the Fucci mechanism, red fluorescence
should never be emitted at M phase during normal cell-cycle pro-
gression. In order to allow expression of mKO2-hCdt1(30/120)
when the APCCdh1 complex is not activated, SCFSkp2 complex activ-
ity must somehow be inactivated at early M phase following treat-
ment with anti-microtubule agents. Further study will be required
to elucidate how this dysregulation of E3 ligase occurs, and
whether it is linked to mitotic catastrophe.

Hashimoto et al. reported a very similar phenomenon in M
phase-arrested HeLa-Fucci cells following treatment with caspase
inhibitors [17]. Those authors claim that caspase-7 activity, which
is independent of apoptotic signals, is normally required for the
transition from M to G1 phase. According to their view, caspase
inhibition blocks cell-cycle progression at M phase. Anti-microtu-
bule agents also induce cell cycle arrest at M phase, and may there-
fore induce the abnormal fluorescence by a similar mechanism.
This cell-cycle arrest may impair the regulation of APC activity at
the transition from M to G1 phase. Neither the molecular
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mechanism of the emergence of the red fluorescence nor any
possible association of cell death was explored in that study. The
findings we report here hint at a strategy for enhancing anti-tumor
effects by anti-microtubule agents; therefore, it will be important
to elucidate the molecular mechanisms underlying the pheno-
menon.
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