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Abstract. Artesunate, a semi-synthetic derivative of artemisinin,
is an effective and safe anti-malaria drug, which also exhibits
activity towards cancer cells. The present investigation studied
the effect of artesunate on the mitosis of cancer and yeast cells
by fluorescence microscopy and mRNA microarrays with a focus
on the mitotic spindle checkpoint. The cytotoxicity of artesunate
towards seven cell lines from six different cancer types was
determined using the XTT assay. Furthermore, the cell cycle
distribution of artesunate-treated cells was investigated by flow
cytometry and immunofluorescence. To elucidate the genes
mediating the effect of artesunate in the mitotic spindle
checkpoint, knockout mutants of Saccharomyces cerevisiae were
generated, since yeast knockouts are easier to generate than
knockout strains of mammalian cells. Four out of the seven tested
cell lines showed a G,/M arrest upon artesunate exposure. Cells
residing in the G,/M arrest revealed multiple centrosomes, small
multiple spindles and multi-nucleated cells, suggesting a defect
in cytokinesis. The mitotic spindle checkpoint genes bubl, bub2,
bub3, madl, mad2 and mad3 were individually deleted and the
sensitivity of these mutants towards artesunate was determined
by monitoring the cell growth. The Abub3 and Amad3 mutants
showed an increased sensitivity and the Amad2 mutant a slightly
decreased sensitivity to artesunate in comparison to the
respective wild type. Bub3, Mad3 and Mad2 are the main
regulators of the mitotic spindle checkpoint, suggesting that
artesunate may interfere with this control mechanism.
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Cancer chemotherapy is often limited by severe side-effects
and drug resistance. In an effort to overcome these
limitations, there has been growing interest in the use of
natural products derived from marine and terrestrial plants
(1). Prominent examples of secondary plant metabolites used
as anticancer agents are the Vinca alkaloids derived from
Catharanthus roseus, the DNA topoisomerase I inhibitor
camptothecin, derived from Camptotheca acuminata, the
terpene paclitaxel, derived from Taxus baccata, and the lignan
podophyllotoxin, isolated from Podophyllum peltatum (2).

Artemisinin is a sesquiterpene lactone that is widely used
to treat drug-resistant malaria (3). To improve artemisinin’s
pharmacological properties, semi-synthetic derivatives have
been developed, namely artemether, arteether and artesunate
(4). Besides the activity against the malaria agents
Plasmodium falciparum and Plasmodium vivax, artemisinin-
type drugs are also active towards infections caused by
Schistosoma (blood-flukes), Pneumocystis carinii (yeast-like
fungal) (5), Taxoplasma gondii (parasitic protozoa) (6),
hepatitis B virus (7) and human cytomegalovirus, as well as
Herpes simplex virus (8). One major advantage of
artemisinins is their lack of severe side-effects (9, 10).

In the 1990s, several groups reported the cytotoxic activity
of artemisinin and its derivatives towards cancer (11-14).
Among 55 tested tumour cell lines, leukaemia and colon
cancer cells showed the highest sensitivity and non-small cell
lung cancer the lowest sensitivity (15). Furthermore, two
patients suffering from uveal melanoma were treated with
artesunate in combination with standard chemotherapy and
showed promising results (16). Although progress has been
made in understanding the anti-malarial mechanism of
artesunate (17), the underlying mechanisms in cancer
cytotoxicity seem to be multifactorial and are still
incompletely understood (18).

Artesunate’s action in Plasmodium relies at least in part
on the induction of reactive oxygen species (ROS) (19). ROS
are created by free iron (II), found in the food vacuole of the
parasite, reacting with the endoperoxide bridge of artesunate.
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In Plasmodium, ROS damage of membranes leads to auto-
digestion. Similar results were obtained for cancer cells.
Artesunate-induced ROS also cause apoptosis in leukaemia
T-cells by inducing the mitochondrial pathway (20).
Interestingly, tumour cells contain more iron than normal
cells (21) and their expression of CD71 transferrin receptor,
which induces cellular uptake of the iron-transferrin
complex, is also increased (22). These observations suggest
that induction of ROS in tumour cells can be targeted
selectively by combination of artesunate and transferrin or
iron(I) glycine sulfate (Ferrosanol®) (4, 23). Apoptosis
was also induced by artesunate via p53-dependent and
-independent pathways (22, 24). Besides its apoptotic
activities, artesunate also induces DNA double-strand breaks
(25) and inhibits the Wnt/B-catenin pathway (26, 27).
Furthermore, artesunate inhibits angiogenesis mainly by
down-regulation of the vascular endothelial growth factor
(VEGF) (28, 29).

Recent studies also revealed an effect of artesunate on the
cell cycle. Cells overexpressing the cell division cycle 25A
gene (cdc25a) showed increased artesunate sensitivity.
CDC25A regulates the cell cycle progression from the G, to
the S phase and was expressed less upon artesunate treatment
(24). Furthermore, cells expressing high levels of the
translationally controlled tumour protein (TCTP) were more
sensitive to artesunate, while a low TCTP level was related to
resistance (4). TCTP probably plays a role in cell cycle
progression and regulation. During interphase and
metaphase, TCTP binds to tubulin, whereas TCTP detaches
from tubulin during the meta- to anaphase transition (30, 31).
Overexpression of TCTP was related to microtubule
stabilisation and a reduced growth rate in vivo (31).
Additionally, TCTP is phoshorylated by the polo-like kinase
1 (PIk1), possibly making it a key target for regulation of
anaphase progression (32). Recently, Jiao et al. (33)
demonstrated that dihydroartemisinin, which is the active
metabolite of artesunate, induces a dose-dependent cell cycle
arrest in the G, phase. These findings possibly relate to the
observation that a yeast strain lacking the mitotic spindle
checkpoint gene bub3 has increased sensitivity to artesunate
(15). Bub3 is part of the mitotic spindle checkpoint
controlling the progression from metaphase to anaphase (34).
Thereby, Bub3, BubR1 (Mad3 in yeast) and Mad2 prevent
binding of Cdc20 to the anaphase promoting complex (APC)
until metaphase is completed. If the attachment of the
microtubule spindle to the kinetochores of the chromosomes
is performed correctly, Cdc20 is released and binds to the
APC, inducing the cleavage of the sister chromatids. Thus,
the mitotic spindle checkpoint is a key control mechanism of
mitosis and a possible target of artesunate.

The present investigation focused on the effect of
artesunate on mitosis, especially the mitotic spindle
checkpoint. Seven cell lines from six different cancer types
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were analysed for their cytotoxicity, cell cycle arrest and
apoptosis induction upon artesunate treatment. To elucidate
the genes mediating artesunate’s effect in the mitotic
spindle checkpoint, knockout mutants of Saccharomyces
cerevisiae were generated, since yeast knockouts are easier
to generate than knockout strains of mammalian cells. It
was found that the bub3, mad3 and mad2 genes are
involved in artesunate’s action. As a next step, bub and mad
genes were investigated in human tumour cell lines. The
microarray-based mRNA expressing human mad2 gene
correlated significantly with the response of the NCI cell
line panel towards artesunate.

Materials and Methods

Human cancer cell culture. RPMI-1640 and DMEM were
supplemented with 10% foetal bovine serum (FBS) and 1% of
10,000 U/ml Penicillin G- and 10 mg/ml streptomycin-containing
solution. Leukaemia (J-Jhan and J16), small cell lung carcinoma
(H69) and prostate carcinoma cells (DU145) were cultured in
RPMI-1640-rich medium and colon carcinoma (HCT116), glioma
(U251) and melanoma (SK-Mel-28) cells in DMEM-rich medium
at 37°C, 5% CO, and 95% relative humidity.

Cytotoxicity (XTT) assay. Artesunate was obtained from Saokim Ltd.
(Hanoi, Vietnam). The XTT assay was performed as described
previously (27). Briefly, the XTT assay is based on the metabolism of
the yellow tetrazolium salt XTT (sodium 3’-[1-(phenylaminocarbonyl)-
3 A-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate)
to form the orange formazan dye accomplished by the mitochondrial
dehydrogenases of viable cells. The amount of water-soluble formazan
formed correlates directly to the number of living cells and was
spectrophotometrically quantified with a microplate reader. The 50%
inhibitory concentration values (IC5,) were determined from the logistic
fit function using OriginPro7.5 software (OriginLab Corporation,
Northampton, Massachusetts, USA).

Cell cycle analysis using propidium iodide (PI). A total of 1x105
adherent cells and 5x103 suspension cells were seeded in 12-well
plates. Cells were treated with 0.26-260 pM artesunate for 6-96 h,
untreated cells were used as positive control and DMSO served as
vehicle control. Cells including the supernatant were harvested and
fixed with 75% ice cold ethanol at —20°C for at least 2 h. Cells were
washed twice with 1| mM EDTA/PBS and the pellet was re-
suspended in 100 pl PI staining solution (50 pg/ml PI, 0.1% w/v
sodium citrate, 0.1% v/v Triton-X 100 and 1 mM EDTA in PBS).
The cell cycle phase distribution was analysed by a FACS Calibur
cytometer (Becton Dickinson, Heidelberg, Germany). Each
experiment was performed at least in duplicate.

Immunofluorescence of human cancer cells. A total of 1x105
HCT116 and U251 cells were grown on glass coverslips. Cells were
treated with 78 pM artesunate and incubated for 24 h or 48 h at
37°C. Subsequently, the cells were fixed for 20 min with 4%
PFA/PBS, permeabilised with 0.1% Triton X-100/PBS for 5 min at
room temperature and quenched for 10 min using 0.12%
glycine/PBS. After 15 min blocking with 3% BSA/PBS, cells were
stained with primary antibodies containing rat-anti-a-tubulin (clone
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Figure 1. Cytotoxicity of artesunate (ART) towards cancer cell lines. J16, J-Jhan, H69, DU145, SK-Mel-28, HCT116, and U251 cells were treated
with artesunate (0-286 uM) for 72 h and subjected to the XTT-assay. Mean+SEM (standard error of the mean) of at least three independent
experiments are shown. ICs values were determined from the fitted-dose response curves. The leukaemia cell line J-Jhan was the most sensitive and
the melanoma cell line SK-Mel-28 was the least sensitive towards artesunate.

YL 1/2) and rabbit-anti-y-tubulin (Sigma-Aldrich, Saint-Louis, MO,
USA) and, subsequently, with secondary antibodies containing
Alexa-594 goat-anti-rat and Alexa-488 goat-anti-rabbit (both
obtained from Molecular Probes, Eugene, OR, USA). A total of
100-400 cells from each sample were analysed using a Zeiss
Axiovert 200M (Carl Zeiss Europe, Jena, Germany) microscope
(magnification x63) and the MetaMorph Version 6.3 software
(Molecular Devices, Inc., Sunnyvale, CA, USA). The experiments
were performed in duplicate.

Yeast growth conditions, genetic manipulations and ICj,
determination. Basic yeast methods were applied as described
previously (35). Yeast strains were grown in yeast peptone dextrose
medium with extra 0.1 mg/l adenine (YPAD). All yeast strains used
were isogenic with S288C. PCR-based methods were used for gene
deletions and epitope tagging (36). Chromosomal deletions were
confirmed by colony PCR (36). GFP-TUBI strains were constructed
using integration plasmids (37).

For IC; determination, strains were grown in YPAD medium at
30°C until a total of 1x107 cells/ml were achieved. Artesunate or
DMSO were added and cultures were further incubated at 30°C for
24 h. Cell growth was monitored by measuring the optical density
(OD) at 600 nm (1 OD represents 2x107 cells/ml). Measurements
were performed in triplicate from at least two independent
experiments. The mean ODg, values and standard errors were
calculated and normalised to control samples (DMSO treated). The
mean values were plotted over the logarithmic artesunate
concentration, and the data were fitted using the logistic function
(Category Growth/Sigmoidal) of OriginPro 7.5 (OriginLab
Corporation, Northampton/Massachusetts, USA). The 1C;, values
were calculated from the generated fit function (setting y=70). The
IC; errors were determined using the errors of the fit parameters
and the Gaussian error calculus.

Microarray-based mRNA expression. The mRNA expression values
for all human bub and mad genes of 55 cell lines were selected from
the NCI database (http://dtp.nci.nih.gov). The mRNA expression was
determined by microarray analysis (38). The ICs, values for
artesunate of these 55 cell lines were previously reported (15). To
show significant relationships between gene expression and artesunate
response, the Fisher exact test was applied. This test was implemented
into the WinSTAT Program (Kalmia, Cambridge, MA, USA).

Results

Cytotoxicity of different cell lines towards artesunate. In
order to investigate the sensitivity of different human tumour
cell lines towards artesunate, the IC5(, values of seven cancer
cell lines (J16, J-Jhan, H69, DU145, SK-Mel-28, HCT116,
U251) originating from different organs were determined
using the XTT assay. To this end, the cells were treated with
increasing artesunate concentrations (ranging from 0-286
uM) and incubated for 72 h. All cell lines showed dose-
dependent cytotoxicity (Figure 1). The human leukaemia cell
lines J-Jhan and J16, as well as the small cell lung carcinoma
cell line H69, were the most sensitive to artesunate (IC50
<5 pM), while the skin melanoma cell line SK-Mel-28 was
the least responsive (IC5,=94 uM; Figure 1).

Effect of artesunate on cell cycle distribution. To determine
whether artesunate has an effect on the cell cycle phase
distribution, the seven cell lines were treated with 0.26-260
UM artesunate for 6-96 h at 37°C and stained with propidium
iodide. DMSO was tested as vehicle control. Figure 2
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Figure 2. Cell cycle distribution after artesunate (ART) treatment. J-Jhan, H69, HCT116, and U251 cells were treated with artesunate (0.26-260 uM),
incubated at 37°C for 6 h to 96 h, and stained with propidium iodide. The fluorescence intensity, representing the amount of cellular DNA, was measured
by flow cytometry. Cell cycle distributions of untreated cells after 24 h were used as control. All depicted cell lines showed G,/M arrest after incubation
with 26 uM artesunate for 48 h (J-Jhan and H69) or with 78 uM artesunate for 24 h (HCT116 and U251 ). Further incubation led to increased apoptosis.

displays results from two independent experiments.
Artesunate induced a G/M arrest in four out of the seven cell
lines, namely in J-Jhan, H69, HCT116 and U251 cells (Figure
2). This G,/M block occurred for each cell line at certain
treatment conditions and, thus, was highly dependent on the
artesunate concentration and incubation time. Treatment for
a prolonged incubation time or with higher artesunate
concentrations, led to an increase of the apoptotic fraction in
these cell lines. In contrast, J16, DU145 and SK-Mel-28 cells
were not blocked in G,/M and immediately underwent
apoptosis (data not shown).

Ploidy of the used tumor cell lines. A common feature of
cancer cell lines is their aneuploid genome. To determine
whether the degrees of ploidy and artesunate sensitivities
were correlated, normal peripheral blood mononuclear cells
were used as a standard for diploid cells and the ploidy of
the U251, DU145, SK-Mel-28 and HCT116 cell lines was
evaluated by flow cytometry (Figure 3).
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All cell lines tested were aneuploid having values of 4.4n
(U251), 5.4n (HCT116), 7.1n (DU145) and 10.4n (SK-Mel-
28). No correlation between the degree of ploidy and artesunate
sensitivity or to the occurrence of G,/M arrest was observed.

Phenotypes of artesunate-treated U251 and HCTI116 cells.
The artesunate-induced G,/M arrest in U251 and HCT116
cells was analysed in more detail. Cells were seeded on
cover-slips, treated with 78 uM artesunate and incubated for
24 h and 48 h at 37°C. Microtubules and centrosomes were
stained by immunofluorescence, DNA was counterstained
with DAPI, and cells were analysed by fluorescence
microscopy. To ensure that microscopically analysed cells
represented cultures showing G2/M arrest, the cell cycle
distribution was determined in parallel in the same samples
(data not shown).

Eleven phenotypic categories were defined for U251 cells
(Figure 4A and B). Besides the five typical mitotic
phenotypes (interphase, prometaphase, metaphase, anaphase
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Figure 3. Ploidy determination of cancer cells. The cell cycle phase distribution of untreated U251, HCT116, DUI145 and SK-Mel-28 cells (dark)
as well as healthy lymphocytes (light gray) was analysed by propidium iodide staining and flow cytometry in parallel. The ploidy of the lymphocytes
in G phase was set to 2n. The ploidy of the cancer cell lines was calculated from the G ; marker means. All analysed cancer cell lines were aneuploid

and possessed additional chromosomes.

and telophase), six aberrant phenotypes appeared in U251
cells upon artesunate treatment (Figure 4B). The quantitative
analysis is shown in Figure 4C. A minor phenotype of
artesunate-treated cells was defined by very small and round
cells possessing multiple spindles. This phenotype increased
to 6% after 24 h and decreased to 1% after 48 h during
further artesunate treatment. Untreated cells did not show
this phenotype. 13% (24 h) and 29% (48 h) of artesunate-
treated U251 cells revealed remote centrosomes in
combination with large nuclei and missing spindle
formation, which were not found in untreated cells. In
addition, 16% (24 h) and 17% (48 h) of artesunate-treated
cells exhibited two separated nuclei per cell while 6% (24
h) and 3% (48 h) of artesunate-treated cells exhibited two
connected nuclei per cell. These phenotypes did not exceed
3% in untreated controls. Furthermore, artesunate-treated
U251 cells were characterized by multiple centrosomes in
combination with one or multiple nuclei. This phenotype
reached 5% (24 h) and 18% (48 h) and was absent from
untreated cells. All these phenotypes are characteristic for
cytokinesis defects.

HCT116 cells were analysed in a similar manner to U251
cells. Not only did untreated HCT116 cells show the five
normal mitosis phases, but they also showed cells which
were linked by a thin cell connection (Figure 4D). Two

additional aberrant phenotypes were observed (Figure 4E)
with small round cells, collapsed microtubule cytoskeleton
and one or multiple nuclei. 18% (24 h) and 50% (8 h) of
artesunate-treated HCT116 cells showed one nucleus,
whereas 49% (24h) and 20% (48 h) of artesunate-treated
cells possessed multiple nuclei (Figure 4F). Both phenotypes
were absent from untreated cells indicating that multi-
nucleated HCT116 cells by artesunate treatment were caused
by cytokinesis defects.

Effect of artesunate on budding yeast. Saccharomyces
cerevisiae was used to determine whether the mitotic spindle
checkpoint is a target for artesunate. To this end, yeast strains
with knockouts in the mitotic checkpoint genes bubl, bub2,
bub3, madl, mad2, or mad3 were prepared. A dose—response
curve was determined by treating the different yeast strains
with 0-600 uM artesunate for 24 h and measuring the ODgy,
value. As shown in Figure 5, the ODg, values of artesunate
treated cells were never less than 50% of untreated control
cells. Thus, IC5, instead of ICs( values were determined. The
IC;, value of wild-type cells was 54+8 puM. The most
sensitive mutants were Abub3 and Amad3, with 1C5( values
of 33+6 uM and 38+9 uM, respectively. In contrast, Amad?2
was slightly more resistant than the wild-type, with an I1Cy,
value of 62+9 uM.
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Figure 4. Mitotic phenotypes of untreated and artesunate-treated U251 and HCT116 cells as assessed by confocal microscopy. Microtubules (red),
centrosomes (green), and DNA (blue) were stained. A: Normal mitosis in untreated U251 cells. B: U251 cells showing abnormal cell phenotypes
(predominantly observed in artesunate-treated cells). For quantitative analysis, the categories ‘remote centrosomes’, ‘two connected nuclei per cell’
and ‘two separated nuclei per cell’ were summarised as ‘defect in cytokinesis’. Additionally, the categories ‘more than two centrosomes, one nucleus
per cell’ and ‘more than two centrosomes, multiple nuclei per cell’ were grouped as ‘multiple centrosomes’. C: Quantification of mitotic phenotypes
shown in A and B. U251 cells were either untreated (gray) or treated with 78 uM artesunate (red) for 24 h (unshaded) or 48 h (shaded); 100-400
cells per sample were analysed by fluorescence microscopy. D: Normal mitosis in untreated HCT116 cells and an additional phenotype of two
connected cells. E: HCTI116 cells showing abnormal cell phenotypes (predominately observed in artesunate-treated cells) comprising few
microtubules and one or multiple nuclei per cell. F: Quantification of mitotic phenotypes shown in D and E. HCT116 cells were either untreated
(gray) or treated with 78 uM artesunate (red) for 24 h (unshaded) or 48 h (shaded); 100-400 cells per sample were analysed by fluorescence
microscopy. The data represent the sum of two independent experiments.

Association of mad2 expression and artesunate response in
human cancer cell lines. To test whether these mitotic

correlated with the IC5, values for artesunate in 55 cell lines of
different tumour types of the NCI drug screening panel. Only

checkpoint genes may also be associated with the response of
cancer cells towards artesunate, the microarray-based mRNA
expression of all bub and mad genes in the human genome was
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the mad2, human homologue: madll, gene expression
correlated significantly by means of the Fisher exact test with
response to artesunate. For two madll clones (GenBank
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Figure 5. Growth inhibition by artesunate in wild-type and knockout strains of S. cerevisiae. Wild-type, Abubl, Abub2, Abub3, Amadl, Amad2, and
Amad3 yeast cells were treated with artesunate (0-600 uM) and incubated for 24 h. The ODyg, was determined and normalised to 100% for
untreated cells. The IC 3 was calculated from the fitted dose-response curves. Mean+SEM (standard error of the mean) of at least two independent
experiments are shown. The Abub3 mutant was the most sensitive and the Amad2 mutant was the least sensitive towards artesunate.

Accession numbers U65410 and NM002358) significant inverse
relationships were found (p=0.01 and p=0.03, respectively),
indicating that high madll expression is associated with
sensitivity to artesunate (low IC5 values), and low expression is
associated with resistance to artesunate (high IC5 values).

Discussion

Several studies have focused on the effects of artemisinin-like
compounds on the cell cycle. The results are, however, not
conclusive. While some authors have reported Gy/G arrest
upon artesunate treatment, others have found G,/M block or
no disturbance of the cell cycle at all (15, 24, 33, 39-41).
Thus, the aim of this study was to investigate the effect of
artesunate on the cell cycle of different cancer cell lines and
on the mitotic spindle checkpoint in yeast. Seven cell lines
from six different cancer types (leukaemia, small-cell lung
cancer, glioma, melanoma, colon carcinoma and prostate
carcinoma) were investigated. Intriguingly, only four out of
the seven cell lines showed G,/M arrest (J-Jhan, H69,
HCT116, and U251). These cell lines may share still
undefined genetic defects. J-Jhan, but not J16 showed G,/M
arrest, although both are sublines derived from the same
parental Jurkat cell line. The artesunate-induced G,/M arrest
in U251 and HCT116 cells was analysed in more detail by
confocal fluorescence microscopy. Aberrant phenotypes such
as remote centrosomes, two connected nuclei per cell and two
separated nuclei per cell, indicated that the cells duplicated
DNA, as can be seen by a large nucleus or two nuclei per cell,

but they are not able to divide physically. Therefore, these
phenotypes were defined as cytokinesis defects.

Multiple centrosomes are common in cancer cells and lead
to an assembly of multiple spindles (42). If the spindle
possesses more than three poles due to the presence of multiple
centrosomes, cytokinesis is impaired (43). In healthy cells, a
cytokinesis failure activates p53 leading to apoptosis (44).
Since U251 cells (but not HCT116 cells) have a mutated p53
gene, apoptosis cannot be activated directly, leading to either
bi-nucleated or large mono-nucleated cells (43, 45). Both
phenotypes were observed after artesunate treatment. HCT116
cells possibly bypassed apoptosis by a p53-independent
pathway. Usually, in the G| phase each cell has one centrosome
that is duplicated in the S phase, allowing the formation of a
bipolar spindle. If a tumour cell is not physically divided
during cytokinesis, it still contains at least two centrosomes in
the following G; phase. However, if apoptosis is impaired and
cell cycle progresses, the existing multiple centrosomes are
duplicated, which in turn enhances the possibility of multiple
spindles and thus a cytokinesis defect. Hence, it can be argued
that excessive centrosomal amplification may induce
cytokinesis defects or vice versa (43).

Further evidence that the growth inhibitory effect of
artesunate may be correlated with a cell cycle defect arises
from previously published data. Cells overexpressing the cell
division cycle 25A gene (cdc25a) showed increased
artesunate sensitivity. CDC25A regulates the cell cycle
progression from G, to S phase and was less expressed upon
artesunate treatment (24).
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Furthermore, artesunate reduces the expression of survivin
(26), which is part of the chromosomal passenger complex
(CPC) also comprising the aurora B kinase, the inner
centromere protein (INCENP) and borealin (46). CPC plays a
key role in the regulation of mitosis, meiosis and cytokinesis
(47). One function of survivin within CPC is targeting the
complex to its different activity areas during cell division
(48). As part of the mitotic spindle checkpoint, survivin and
INCENP sense the tension between kinetochores and the
spindle (49), thereby checking the correct spindle attachment.
Furthermore, survivin regulates the Mad3 (BubR1) levels at
kinetochores. Aurora B together with Bubl maintain Mad3
(BubR1)-mediated inhibition of APC, which also belongs to
the mitotic spindle checkpoint (46, 50-52). CPC interacts with
the kinesin superfamily proteins (47) controlling cell division
(53). Hence, it can be speculated that artesunate reduces
survivin expression, which in turn impairs the correct cell
cycle regulation, leading to defects in the mitotic spindle
checkpoint and cytokinesis.

Besides CPC, Polo-like kinase 1 (Plkl) is also a key
regulator of mitosis, meiosis and cytokinesis (54). Plkl
knockout leads to mitotic G,/M arrest, mono-polar spindles,
and multi-nucleated cells (55). Furthermore, PIkl
phosphorylates TCTP, thereby regulating its localisation. TCTP
plays a role in cell cycle progression and regulation (30). Cells
highly expressing tctp are more sensitive to artesunate (4).
Thus, artesunate may also affect cell cycle progression and
cytokinesis via a connection to TCTP and Plk1.

Saccaromyces cerevisiae was applied to investigate the
influence of artesunate on the mitotic spindle checkpoint.
Yeast cells are widely used for cell cycle analysis, since they
can be genetically manipulated easily in comparison to
mammalian cells. Most importantly, the cell cycle machinery
is conserved from yeast to humans (56, 57).

Six knockout yeast mutants of the mitotic spindle
checkpoint genes, bubl, bub2, bub3, madl, mad2 or mad3,
were generated by homologous recombination, and their
sensitivity to artesunate was determined. All mutants except
for Amad2 were more sensitive to artesunate than the wild-
type. Abub3 showed the lowest IC5, value, consistent with
published results (15). The IC5, values of Abub3, Amad3
and Amad?2 differed significantly from the respective wild-
type values. Interestingly, these proteins are important
regulators of the mitotic spindle checkpoint and prevent the
binding of Cdc20 to anaphase-promoting complex (APC)
until all kinetochores are correctly attached to the spindle.
These results suggest that artesunate may interfere with the
mitotic spindle checkpoint.

The sensitivity of the Abub3 mutant towards artesunate
may be due to artesunate-induced reduced survivin expression
(26) in analogy to human cancer cells. Survivin regulates
BubR1 levels (the vertebrate homologue of Mad3) at the
kinetochores. Therefore, it can be speculated that artesunate
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may influence BubR1 (Mad3) indirectly by down-regulating
survivin expression. Bub3 binds to Mad3 in the active mitotic
checkpoint. Mad3 may be able to maintain the mitotic spindle
checkpoint in the absence of Bub3 without artesunate
treatment. This is supported by the observation that the
Abub3 mutant grew normally in the absence of artesunate.
However, upon artesunate exposure of the Abub3 mutant,
Mad3 levels may be reduced (due to diminished expression
of survivin induced by artesunate) and the Bub3/Mad3
complex may no longer be present. As the Bub3/Mad3
complex is important for recognition of free kinetochores
(58), the absence of the complex may disturb the mitotic
checkpoint and lead to reduced growth or even apoptosis.
This might explain the high sensitivity of the Abub3 mutant
towards artesunate. Nevertheless, survivin-independent
signalling pathways may also contribute to this effect.

In summary, this study showed that artesunate induces a
G,/M block in four out of the seven tested cell lines. The
G,/M block was dependent on artesunate concentration and
incubation time. Furthermore, the phenotypes of cells residing
in this block (multiple centrosomes, multiple spindle and
multinucleated cells) suggested that artesunate causes a defect
in cytokinesis. A deletion of the mitotic spindle checkpoint
genes bub3 and mad3 in budding yeast led to an increased
sensitivity towards artesunate, which also suggested that
artesunate interferes with cell cycle progression.
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