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ABSTRACT
Purpose A novel and effective treatment is urgently needed to
deal with the current treatment dilemma in incurable differentiat-
ed thyroid cancer (DTC), poorly differentiated thyroid cancer
(PDTC) and anaplastic thyroid cancer (ATC). Reversine, a small
synthetic purine analogue (2,6-disubstituted purine), has been
shown to be effective in tumor suppression.
Methods We performed in vitro evaluation of anti-tumor
effects of reversine on proliferation, cell cycle, and apoptosis
in human PDTC, ATC, and follicular thyroid cancer cell lines,
respectively.
Results Treatment of these three lines with reversine inhibited
proliferation in a time- and dose-dependent manner. G2/M ac-
cumulation was demonstrated in cell cycle analysis. Reversine
induced apoptosis in PDTC cells with caspase-3 and caspase-
8 activation, but not caspase-9. Use of a pan-caspase inhibitor
before treatment with reversine attenuated cell death. Reversine
also showed in vivo growth inhibitory effects on ATC cells in a
xenograft nude mice model.
Conclusions Data demonstrated that reversine is effective in
inhibiting the growth of thyroid cancer cells by cell cycle arrest
or apoptosis, especially with the more aggressive ATC and PDTC.
Apoptosis was induced by the mitochondria-independent

pathway. Reversine is therefore worthy of further investigation in
clinical therapeutics.
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ABBREVIATIONS
ATC anaplastic thyroid cancer
Aur-A aurora kinase-A
Aur-B aurora kinase-B
Aur-C aurora kinase-C
BCRC Bioresource Collection and Research Center
DTC differentiated thyroid cancer
FTC Follicular thyroid carcinoma
PDTC poorly differentiated thyroid cancer
s.c. subcutaneous injection

INTRODUCTION

Thyroid cancer is the most common cancer among endo-
crine malignancies, and has been classified as differentiated
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thyroid cancer (DTC), poorly differentiated thyroid cancer
(PDTC), and anaplastic thyroid cancer (ATC). Both papil-
lary and follicular carcinomas are classified as DTC, and
patients with DTC have an excellent prognosis compared
with other types of human carcinoma. More than 85 % of
patients with follicular thyroid carcinoma (FTC) and DTC
present with limited disease and become disease-free after
initial treatment; however, 10–15 % of patients with thyroid
cancer have recurrent disease (1,2). Radioactive iodide ther-
apy is essential in current clinical treatment for thyroid
cancer. Although ATC and PDTC are rare among human
thyroid cancers, they account for a significant portion of the
morbidity and mortality associated and fail to respond to all
available chemotherapeutic agents and radiotherapy with
these cancers (3). ATC is one of the most aggressive and
lethal tumors in humans and the patients with ATC have a
poor prognosis regardless of the types of treatment and
almost die within a year of the diagnosis (4). Therefore, a
novel and effective treatment modality is urgently needed
for radio-resistant DTC, PDTC, and ATC.

A 2,6-disubstituted purine named reversine, originally
identified by Ding et al. as a molecule, induces dedifferen-
tiation of murine myoblasts into multipotent progenitor cells
(5). Later, the role of reversine in regenerative medicine was
well appreciated (6–10). Cell differentiation is also speculat-
ed to be relevant to cancer therapy. To our knowledge, only
two studies on the anti-tumor capabilities of reversine have
been published. First, reversine was reported to inhibit
colony formation of acute myeloid leukemia cells and was
as effective as VX-680, a potent Aurora kinases (Aur) inhib-
itor, but less toxic (11). In this cellular model, Aur inhibition
was reported to be involved in tumor suppression (11).
Recently, using a newly developed tumor cell-specific in
vitro bioluminescence imaging (CS-BLI) anticancer drug
screening assay, reversine was shown to inhibit a multiple
myeloma cell line in vitro (12). In the cellular model of
multiple myeloma cell lines, and in addition to the cell cycle
regulator proteins Aurora kinase A (Aur-A) and Aurora
kinase B (Aur-B), reversine was demonstrated to suppress
enzymes involved in cell growth signals, such as JAK2 and
SRC (12). Structurally, reversine is an ATP analogue and is
suspected to be able to inhibit various kinds of cellular
enzymatic activities, possibly not limited to Aur. The defi-
nite mechanisms of reversine’s tumor suppression effect
have not yet been clearly elucidated.

In the present study, we show that reversine is active against
three thyroid cancer cell lines, including PDTC (SW579),
ATC (ARO), and FTC (WRO). In the xenograft nude mice
model, reversine significantly reduces growth of ARO. We
also demonstrate that apoptosis is induced in SW579 cells with
activation of a mitochondria-independent pathway. Our data
suggests reversine is a potential anti-thyroid cancer drug can-
didate, and effective, regardless of the extent of differentiation.

MATERIALS AND METHODS

Thyroid Cancer Cell Lines and Cell Culture

Human ATC cell line (ARO) was kindly provided by Dr.
Chih-Yuan Wang (13), human FTC cell line (WRO) was
kindly provided by Prof. Jen-Der Lin (14), and human
PDTC cell line (SW579) was purchased from Bioresource
Collection and Research Center (BCRC), Taiwan. The
ARO and WRO cells were maintained in RPMI1640 me-
dium (Gibco BRL, Grand Island, NY) supplemented with
10 % fetal bovine serum, 100 U/ml penicillin, and 0.1 μg/
ml streptomycin in a 5 % CO2 humidified atmosphere at
37°C. The SW579 cells were maintained in 90 %
Leibovitz’s L-15 medium (Gibco BRL, Grand Island, NY)
supplemented with 10 % fetal bovine serum, 100 U/ml
penicillin, and 0.1 μg/ml streptomycin in a humidified
atmosphere at 37°C without CO2.

Cell Proliferation Assay (MTT Assay)

Reversine was purchased from Cayman Chemical (Ann
Arbor, Michigan, USA). 5×103 of ARO, WRO, and
SW579 cells/100 μl were plated into 96-well tissue culture
plates and grown in the above-mentioned medium. After an
overnight attachment period, the cells were treated with
medium only (containing 0.01 % DMSO) or medium con-
taining reversine at 0.5, 1, 5, 10, 25, 50, and 100 μM. After
incubation for 24, 48, and 72 h, the number of metaboli-
cally active cells was determined by MTT assay. The final
results were analyzed by statistical methods in three inde-
pendent studies.

Cell Cycle Analysis

ARO, WRO, and SW579 cells were incubated with either
reversine at 1, 5, or 10 μM or DMSO 0.01 % for 24, 48,
and 72 h. Cells were harvested and fixed in 70 % ethanol
overnight. After double washing with PBS, cells were la-
beled with 500 μl PI staining buffer (Sigma, St. Louis, MO)
and incubated at room temperature in the dark for 30 min.
DNA content was analyzed using FACScan (Becton Dick-
inson, San Diego, CA) with Modfit. LT 3.3 software. In
addition, the cell cycle markers of cyclin-A, cyclin-B1, cdc2
and cdc25c were determined by Western blot with the anti-
bodies (Cell signaling, Danvers, US).

Cell Death Analysis

After treatment, Annexin-V staining (Sigma, St. Louis, MO)
was performed to detect apoptotic cells. The cells were
washed with PBS twice and centrifuged at 1500×g for
10 min. The cell pellets were resuspended in 100 μl of

Reversine Suppresses Thyroid Cancer 1991



staining solution (2 μl Annexin-V-FITC and 2 μl PI in
100 μl binding buffer) and incubated for 15 min at room
temperature in darkness. Annexin-V or PI fluorescent in-
tensities were analyzed by FACScan (Becton Dickinson, San
Diego, CA), and 10,000 cells were evaluated in each sample.
Moreover, the mitochondria and cytochrome c were deter-
mined by immuno-fluorescence staining with anti-TOM20 (a
subunit of mitochondrial import receptor) and anti-
cytochrome c antibodies (all of the antibodies were purchased
from Santa Cruz Biotechnology, Inc.).

Apoptotic Mechanisms Investigation

After data analysis of flow cytometry, apoptosis was conclud-
ed. Further apoptotic mechanisms were investigated by
detecting the activation of caspase-3, caspase-8, or caspase-9
and PARP expression usingWestern blot (all of the antibodies
were purchased from Santa Cruz Biotechnology, Inc.). We
also used a pan-caspase inhibitor (Z-VAD-FMK; BioVision,
Mountain View, CA) to confirm the mechanisms via a
caspase-dependent pathway and observe whether it could
reverse reversine’s effects on cell death.

In Vivo Anticancer Assay (Xenograft Nude Mice Model)

The 7-week-old male nude mice (BALB/cAnN.Cg-Foxn1nu/
CrlNarl) were purchased from the National Laboratory
Animal Center. Mice were acclimatized at the Animal Fa-
cility of National Chung Cheng University. 2×106 cells of
ARO, WRO or SW579 were separately injected subcuta-
neously (s.c.) into the right flank of the nude mice, but only
the ARO xenograft nude mice model was successfully estab-
lished. The experiment protocol was as follows: 8-week-old
male nude mice were randomized into 3 groups (3 mice/
group in each experiment); 2×106 cells of ARO were
injected s.c. at Day 0. Control group mice were orally fed
with DMSO, and the experimental group mice were orally
fed with reversine 0.1 mg/kg or reversine 1.0 mg/kg at Day
1. The schedule of administration with reversine in our
animal model was consulted with Dr. McMillin’s report
(12). Every 7 days, each mouse was fed with the drug
dosage, and this was repeated 3 times (Day 8, Day 15, and
Day 22). Tumor size was measured every 3 days. Tumor
volume was estimated by the formula (L×S2/2, L as the
longest diameter, S as the shortest diameter). Closing
the experiment on Day 28, the nude mice were sacri-
ficed and the tumor was harvested and weighed. Three
independent experiments were done. All animal studies
were conducted in accordance with the guidelines of the
National Institutes of Health “Guide for the Care and
Use of Animals”.

Statistical Analysis

Data are presented as mean±standard deviation for the
indicated number of separate experiments. Using statistical
software (SPSS 16.0), if the number was more than 30,
Student's t test was performed for comparisons; if less than
30, the Mann-Whitney U test was used. Statistical signifi-
cance was defined as a P-value less than 0.05 in all tests.

RESULTS

Reversine Inhibits the Cellular Viability of ARO, WRO,
and SW579 Cell Lines

Three human thyroid cancer cell lines, including PDTC
(SW579), ATC (ARO), and FTC (WRO), were used to
evaluate the growth inhibition effect during reversine treat-
ment. The ARO, WRO and SW570 cellular numbers were
observed by microscopy after reversine treatment. The cel-
lular numbers of ARO, WRO and SW579 were decreased
significantly in a dosage- and time-dependent manner dur-
ing reversine treatment (Fig. 1a, c and e). DMSO was used
as a negative control. Moreover, using an MTT assay,
cellular viability was quantified, and in a time- and dose-
dependent manner after reversine treatment in all three
thyroid cancer cells (Fig. 1b, d and f). However, in SW579
cells, treatment with reversine in low dose (<0.5 μM at 48
and 72 h) or short duration (<5 μM at 24 h) had no
significant effect on cellular proliferation inhibition. The
GI50 of reversine in SW579, ARO and WRO cells was 4,
5 and 25 μM after 48 h treatment, respectively (Fig. 1b, d
and f). Of interest, SW579 and ARO cells, two of the more
aggressive human thyroid cancers, showed more susceptibil-
ity than WRO cells during reversine treatment (Fig. 1).
These data demonstrated that reversine could reduce cell
viability in human PDTC, ATC and FTC cells.

Reversine Induced Tetrapolidization and Cell Cycle
Arrest at the G2/M Phase

Since reversine could reduce the numbers of ARO, SW579
and WRO cells, we further investigated whether cell cycle
arrest was induced during reversine treatment. Flow cytom-
etry was used to evaluate the cell cycle of ARO, SW579 and
WRO cells after reversine treatment. DMSO was used as
the negative control. Figure 2a shows that the ratio of G0/
G1 (2 N) was decreased and the G2/M (4 N; tetrapolidiza-
tion) was increased in a dosage- and time-dependent man-
ner in reversine-treated ARO cells. Moreover, this
phenomenon was also found in reversine-treated WRO cells
(Fig. 2a). In SW579 cells, G2/M phase arrest was found in
low-dosage treatment (1 μM) with reversine (Fig. 2c). In
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addition, the sub-G1 phase was also found in these three
cells, especially SW579 cells (Fig. 2). To further confirm the
induction of G2/M phase arrest during reversine treatment,
the cell cycle progression markers, cyclin A, cyclin B1, cdc2
and cdc25c were determined by immuno-blotting in
reversine-treated ARO cells. Cyclin A levels decreased and
cyclin B1, cdc2, and cdc25c accumulated after reversine
treatment (Supplementary Material S1). These data dem-
onstrated that reversine could induce cell cycle arrest at the
G2/M phase in ATC, FTC and PDTC cells. An important
finding is that ARO cells were more susceptible than WRO
and SW579 cells to reversine-induced cell cycle arrest
(Fig. 2a and b). Moreover, apoptosis was found in
reversine-treated ARO and WRO cells, and mostly in
SW579 cells. Our data demonstrated that reversine could

suppress human thyroid cancer growth by cell cycle arrest
induction (mostly in ATC and FTC cells) and apoptosis
(mostly in PTDC cells).

Reversine Induced Apoptosis in Human Thyroid
Cancer Cells

Reversine treatment was able to induce cell cycle arrest;
moreover, sub-G1 was also found in reversine-treated
ARO, WRO and SW579 cells (Fig. 2). This suggested that
apoptosis may occur in human ATC, FTC and PTDC cells
during reversine treatment. Among these cell types, SW579
cells were more susceptible to reversine-mediated apoptosis
induction. To confirm the apoptosis induction by reversine,
all of the ARO, WRO and SW579 cells were treated with
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Fig. 1 Reversine inhibited the
growth of human thyroid cancer
cells. Cells were incubated with
reversine for 24, 48 and 72 h,
and the effects on the
proliferation inhibition of (a, b)
ARO, (c, d) WRO and (E and F)
SW579 cells were determined by
microscopy (a, c, e) and MTT
assay (b, d, f). The results of
MTT assay were expressed as
mean±SEM of three
independent experiments.
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reversine at various dosages and times. The apoptosis anal-
ysis was determined by flow cytometry with PI and Annexin-
V double staining. Figure 3 showed that reversine could
induce apoptosis in ARO, WRO and SW579 cells in a
dosage- and time-dependent manner. The levels of apopto-
sis (both early and late apoptosis) in these three cell types
with reversine (10 μM) treatment were SW579 > ARO>
WRO, and were SW579 0 ARO>WRO with 1 or 5 μM
reversine treatment (Fig. 3). However, the apoptosis percen-
tages in the WRO cells was very low (<10 % of WRO cells),
even at high dosages (10 μM for WRO cells) and a long
duration (72 h) of treatment. SW579 and ARO cells were
more susceptible of the three cell types to reversine-induced
apoptosis. This finding demonstrated that reversine could

induce apoptosis in human thyroid cancer cells, especially in
human PTDC and ATC cells.

Reversine Induced Apoptosis Through Activation
of Mitochondria-Independent Pathway

Significant apoptosis was observed in reversine-treated
SW579 cells (Fig. 3). To further investigate the mechanisms
involved in reversine-mediated apoptosis induction, West-
ern Blot was used and activated caspase-8 and -3 were
determined during reversine treatment (Fig. 4a). This phe-
nomenon was found to be significant after 10 μM reversine
treatment. However, the active form of caspase-9 was not
found after reversine treatment (Fig. 4a). To confirm
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whether the mitochondria-dependent pathway was involved
in reversine-mediated apoptosis, the expression and activa-
tion of Bcl-X and Bid were evaluated further. The expres-
sion levels of both Bcl-XL and Bid showed no significant
decrease in the reversine-treated groups (Fig. 4a). Further-
more, the apoptotic isoforms of Bcl-XS and tBid were not
detected after reversine treatment in SW579 cells. To fur-
ther confirm this finding, the localization of cytochrome c
and mitochondria were detected by immuno-fluorescence
staining and determined by conforcal microscope. Figure 4b
showed colocalization of mitochondria and cytochrome c
both in control group and reversine treated group. However,
the cytochrome c was detected evenly in the cytoplasm which
was not colocalized with mitochondria in the etoposide treated
group. In addition, the expression of PARP was also deter-
mined in human SW579 cells, the cleavage PARP was only

found in the reversine treated group (Fig. 4c). These data
suggested that reversine could induce apoptosis in SW579 cells
through an extrinsic pathway.

In addition, to further evaluate whether the caspase-
dependent apoptosis induced by reversine could suppress hu-
man thyroid cancer growth, the pan-caspase inhibitor, Z-
VAD-FMK, was used to block the activation of caspase, and
the activation of both caspase-8 and caspase-3 were deter-
mined after reversine treatment. Figure 4d shows that
reversine-mediated activation of caspase-8 and -3 could be
suppressed partially by Z-VAD-FMK pretreatment. More-
over, the cell number of SW579 cells was significantly restored
and the apoptotic cells were also reduced (Fig. 4e). Altogether,
we demonstrated that reversine could induce cellular apoptosis
through an extrinsic pathway and further reduce human thy-
roid cancer growth.
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Fig. 2 Reversine induced cell
cycle progression arrest at the
G2/M phase and cell death in
human thyroid cancer cells. Cells
were incubated with reversine
with various dosages and the
DNA content of (a) ARO, (b)
WRO and (c) SW579 cells were
assessed by flow cytometry
analysis with propidium iodide
labeling at the indicated time
period. The percentage of G0/
G1, S, G2/M and sub-G1 phase
distribution of reversine treated
cells was measured by ModFit. LT
3.3 software. Three to four in-
dependent experiments were
confirmed and one of them was
shown.
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In Vivo Anticancer Assay (Xenograft Nude Mice
Model)

In this study, we demonstrated that reversine is an anti-cancer
agent that can induce cell cycle arrest and apoptosis in vitro. To
evaluate the anti-cancer effect of reversine in vivo, we estab-
lished a xenograft nude mice model by s.c. injection of WRO
or SW579 or ARO cells into the right flank of nude mice.
However, only ARO cells were tumorigenesis in the xenograft
nude mice model; the WRO and SW579 cells failed to grow
into tumor in vivo (data not shown). Therefore, the ARO
xenograft nude mice model was used to evaluate the anti-
cancer effect of reversine in vivo. After s.c. injection with ARO
cells (2 x 106 cells/mouse), the mice were fed orally with or
without reversine as described in the method. After 28 days of
treatment, the tumor weight in the control group was 0.581±
0.09 g, and in the groups treated with reversine 0.1 mg/kg
and 1.0 mg/kg, tumor weight was 0.41±0.13 g (compared
with the control group, p00.0068) and 0.38±0.12 g (com-
pared with the control group, p00.0011), respectively
(Fig. 5a). However, there was no significant difference be-
tween the reversine 0.1 mg/kg and 1.0 mg/kg groups (p0
0.5774) (Fig. 5a). In addition, there were no significant differ-
ences in body weight between the control group (22.25±
0.90 g/mouse) and the reversine-treated groups (21.99±
0.98 g/mouse in 0.1 mg/kg reversine treated group, and

22.76±1.35 g/mouse in 1 mg/kg reversine treated group).
Furthermore, no infiltration or liver pathology was found in
the reversine treated group and control group (Supplementa-
ry Mineral S2). Tumor volume in the control group and the
reversine-treated groups was also measured from Day 7 to
Day 28. At Day 19, differences began to be seen—tumor
volume in the control group was 322.54±67.33 mm3, and
that in the reversine 0.1 mg/kg group was 193.81±
91.10 mm3 (compared with the control group, p00.0036)
and in the reversine 1.0 mg/kg group was 225.40±
110.98 mm3 (compared with the control group, p00.0393)
(Fig. 5b). Moreover, tumor growth suppression with reversine
treatment was more significantly different at Day 28—tumor
volume in the control group was 855.08±318.53 mm3, and
that of the reversine 0.1 mg/kg group was 546.86±
187.50 mm3 (compared with the control group, p00.024)
and of the reversine 1.0 mg/kg group was 490.60±
253.39 mm3 (compared with the control group, p00.0162)
(Fig. 5b). Moreover, there was no significant tumor volume
difference between the reversine 0.1 mg/kg group and the
1.0 mg/kg group throughout the entire experiment course
(Fig. 5b). These data demonstrated that reversine not only
inhibited human thyroid cancer cell growth through cell cycle
arrest and apoptosis in vitro, but also suppressed tumorigenesis
in vivo. Of most importance, reversine was safe for the nude
mice, even with 1.0 mg/kg treatment.
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DISCUSSION

In the present study, reversine, a 2,6-disubstituted purine,
exhibited significant antitumor actions against human follic-

ular thyroid cancer (WRO), ATC (ARO) and PDTC
(SW579) cells. Cell proliferation and viability were signifi-
cantly reduced by cell cycle arrest and/or apoptosis induction
(Figs. 1, 2 and 3).Moreover, reversine-mediated apoptosis was
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induced through a mitochondria-independent pathway
(Fig. 4).

Cell cycle progression is subject to regulation by several
different Cdk regulatory mechanisms (15). The cyclin B1/
cdc2 kinase complex is inactive before mitosis, but cyclin
B1/cdc2 kinase is activated by cdc25c phosphatase, and this

complex promotes cell cycle progression from the G2 phase
to the M phase. Both mitosis and cytokinesis occur during
the M phase. In this report, reversine was observed to
induce significant cell cycle arrest at the G2/M phase
(Fig. 2 and Supplementary Material S1). Although cdc25c
kinase was not down-regulated during reversine treatment,
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cyclin B1 and cdc2 expression was observed to be accumu-
lated (Supplementary Material S1). This observation is con-
sistent with previous reports (11).

In addition, reversine has been reported to be an Aurora
kinase inhibitor (11). Therefore, the impact of reversine on
cell cycle arrest, with the resulting G2/M accumulation and
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tetrapolidization formation, also may contribute to Aurora
kinase inhibition. Aurora kinases have three family mem-
bers, including Aurora kinase A (Aur-A), Aurora kinase B

(Aur-B), and Aurora kinase C (Aur-C), that play a role in the
regulation of multiple aspects of chromosome segregation
and cytokinesis (16–20). Aur-B, a chromosomal passenger
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Bcl-xL were further detected to
demonstrate the extrinsic apopto-
sis pathways of type I was exis-
tence. (b) The localization of
cytochrome c and mitochondria
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fluorescence staining after rever-
sine (10 μM) treatment. The
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positive control. (c) Reversine
mediated apoptosis was evaluated
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(10 μM), and the expression of
PARP was determined by Western
blot after 24 h treatment. (d) To
evaluate whether the growth inhi-
bition was mediated by reversine
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protein, associates with chromatin at the beginning of mito-
sis and forms a complex with proteins as inner centromere
protein (INCENP), survivin, and borealin, inducing the
phosphorylation of histone H3 (17,18,21). During the tran-
sition from anaphase to telophase, Aur-B also plays a role in
the mitotic spindle dynamics and cleavage furrow, and can
be observed in the midbody of cytokinetic cells. Reversine
has been shown to bind to the active site of Aur-B by X-ray
diffraction crystallography and inhibit Aur-B downstream
target histone H3 phosphorylation (11). Previous studies
have shown that although cells treated with reversine enter
and exit the mitotic phase normally, however it fails in
cytokinesis in human acute myeloid leukemia and prostate
cancer cells. The cell cycle returns to the G1-S phase to
synthesize DNA, resulting in polyploidy cells—so-called

“endoreplication” (11,22). This phenomenon is similar to
the other Aur inhibitor ADZ1152 (23,24). Using an in vitro
kinase assay, reversine has been reported to inhibit Aur-A,
Aur-B, and Aur-C and other factors (11,12). On the other
hand, Aur-A or Aur-B over-expression in human thyroid
cancer-derived cell lines and tissues have also been reported
in previous studies (25,26). Moreover, inhibition of Aur-B by
siRNA suppresses ATC tumor growth in vivo (26). Another
study showed VX-680, a potent Aur inhibitor, inhibits ATC
cell lines and induces apoptosis (27). Therefore, whether
reversine can suppress human thyroid cancer cell growth
through inhibition of Aur kinases and/or other factors
should be further investigated.

In our data, reversine showed potent anti-tumor activities
(SW579 ≧ ARO >WRO cells) in thyroid cancer cells
(Fig. 1). Apoptosis was induced significantly in PDTC cell
lines, but partially in ATC or FTC (Fig. 4). Reversine was
also active against ATC in vivo (Fig. 5). The significant
tetrapolidy observed in these three thyroid cancer cell lines
is consequent to cell cycle regulator protein inhibition by
reversine, and Aur is most likely involved. In our study,
ARO and WRO cells treated with reversine had obvious
tetrapolidization but less apoptosis, compared to SW579
cells. The possible explanation is that reversine-mediated
cell death in ARO and WRO cells was through different
mechanisms than in SW579 cells. The definite mechanisms
need to be further explored. However, we cannot rule out
the involvement of other types of cell death mechanisms in
the reversine-mediated anti-thyroid cancer effect, especially
with ATC and FTC.

Reversine, a 2,6-disubstituted purine, is an ATP ana-
logue and suspected to be able to inhibit various kinds of
cellular enzymatic activities, not only limited to Aur (12).
According to the literature, in the cellular model of human
acute myeloid leukemia, concentrations of reversine at
1.0 μM, in addition to Aur, could suppress other enzymes
involved in cell cycle regulation, such as CKD2/cycin E and
CKD3/cyclin E, and could also suppress enzymes involved
in cell growth signaling, such as MEK1, PDK1, and PKA
(12). In another cellular model of multiple myeloma cell
lines and mouse embryonic fibroblast-adipose-like cells, in
addition to Aur-B and Aur-C, reversine was shown to sup-
press enzymes involved in cell growth signaling, such as in
the JAK2, SRC and Akt pathways (6,12). Therefore, further
investigation of the impact of reversine on the kinase profiles
in ARO, WRO, and SW579 cell lines would be worthwhile.
This would answer questions about the different cellular
response to reversine in cell cycle changes and cell death.
Further more detailed exploration of kinase profile differences
between various types of thyroid cancer tissues and normal
thyroid tissues is needed.

In the ARO xenograft tumor model, 28-day reversine
treatment reduced tumor growth significantly compared to
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the control group. However, there was no significant differ-
ence between oral administration of 0.1 mg/kg and 1.0 mg/
kg once weekly. This suggested that higher-dosage reversine
does not increase its efficacy. The limitations of this study
are the few dosage titration comparisons, short treatment
duration, and inadequate dosage administration. Moreover,
whether drug delivery by other routes could elevate the anti-
tumorigenic efficacy should be further investigated. However,
at the end of the experiment, all mice were alive and active.
The safety of reversine can be appreciated.

CONCLUSION

In this study, we prove the anti-tumor effects in vitro and in
vivo of reversine on human thyroid cancer cells through cell
cycle arrest or cell apoptosis. ATC is more susceptible to the
anti-cancer effects of reversine than PDTC or FTC. In
addition, we are the first to demonstrate that apoptosis is
induced by reversine through a mitochondria-independent
pathway. Altogether, reversine is a potential drug candidate
against incurable thyroid cancer and is worthy of further
clinical investigation.

ACKNOWLEDGMENTS & DISCLOSURES

We thank Mr. Kevin Fortune, the editor in the Wallace
Institute, for his help in editing this manuscript. This study
was supported by the research grants from National Science
Council of the Republic of China (NSC 99-2314-B-705-
002-MY2) and Chiayi Christian Hospital (Grant R98-9).

REFERENCES

1. Cooper DS, Doherty GM, Haugen BR, Kloos RT, Lee SL,
Mandel SJ, Mazzaferri EL, McIver B, Sherman SI, Tuttle RM.
Management guidelines for patients with thyroid nodules and
differentiated thyroid cancer. Thyroid. 2006;16:109–42.

2. Pacini F, Schlumberger M, Dralle H, Elisei R, Smit JW, Wiersinga
W. European consensus for the management of patients with
differentiated thyroid carcinoma of the follicular epithelium. Eur
J Endocrinol. 2006;154:787–803.

3. Gilliland FD, Hunt WC, Morris DM, Key CR. Prognostic factors
for thyroid carcinoma. A population-based study of 15,698 cases
from the surveillance, epidemiology and end results (seer) program
1973–1991. Cancer. 1997;79:564–73.

4. Shaha AR. Implications of prognostic factors and risk groups in the
management of differentiated thyroid cancer. Laryngoscope.
2004;114:393–402.

5. Chen S, Zhang Q, Wu X, Schultz PG, Ding S. Dedifferentiation
of lineage-committed cells by a small molecule. J Am Chem Soc.
2004;126:410–1.

6. Kim YK, Choi HY, KimNH, LeeW, Seo DW, KangDW, Lee HY,
Han JW, Park SW, Kim SN. Reversine stimulates adipocyte differ-
entiation and downregulates akt and p70(s6k) signaling pathways in
3 t3-l1 cells. Biochem Biophys Res Commun. 2007;358:553–8.

7. Anastasia L, Sampaolesi M, Papini N, Oleari D, Lamorte G,
Tringali C, Monti E, Galli D, Tettamanti G, Cossu G, Venerando
B. Reversine-treated fibroblasts acquire myogenic competence in
vitro and in regenerating skeletal muscle. Cell Death Differ.
2006;13:2042–51.

8. Saraiya M, Nasser R, Zeng Y, Addya S, Ponnappan RK, Fortina
P, Anderson DG, Albert TJ, Shapiro IM, Risbud MV. Reversine
enhances generation of progenitor-like cells by dedifferentiation of
annulus fibrosus cells. Tissue Eng Part A. 2010;16:1443–55.

9. Jung DW, Williams DR. Novel chemically defined approach to
produce multipotent cells from terminally differentiated tissue
syncytia. ACS Chem Biol. 2011;6:553–62.

10. Anastasia L, Pelissero G, Venerando B, Tettamanti G. Cell
reprogramming: expectations and challenges for chemistry in stem
cell biology and regenerative medicine. Cell Death Differ.
2010;17:1230–7.

11. D’Alise AM, Amabile G, Iovino M, Di Giorgio FP, Bartiromo M,
Sessa F, Villa F, Musacchio A, Cortese R. Reversine, a novel
aurora kinases inhibitor, inhibits colony formation of human acute
myeloid leukemia cells. Mol Cancer Ther. 2008;7:1140–9.

12. McMillin DW, Delmore J, Weisberg E, Negri JM, Geer DC,
Klippel S, Mitsiades N, Schlossman RL, Munshi NC, Kung AL,
Griffin JD, Richardson PG, Anderson KC, Mitsiades CS. Tumor
cell-specific bioluminescence platform to identify stroma-induced
changes to anticancer drug activity. Nat Med. 2010;16:483–9.

13. Zhong WB, Liang YC, Wang CY, Chang TC, Lee WS. Lovastatin
suppresses invasiveness of anaplastic thyroid cancer cells by inhib-
iting rho geranylgeranylation and rhoa/rock signaling. Endocr
Relat Cancer. 2005;12:615–29.

14. Chen ST, Shieh HY, Lin JD, Chang KS, Lin KH. Overexpression
of thyroid hormone receptor beta1 is associated with thyrotropin
receptor gene expression and proliferation in a human thyroid
carcinoma cell line. J Endocrinol. 2000;165:379–89.

15. Stewart ZA, Westfall MD, Pietenpol JA. Cell-cycle dysregulation
and anticancer therapy. Trends Pharmacol Sci. 2003;24:139–45.

16. Katayama H, Ota T, Jisaki F, Ueda Y, Tanaka T, Odashima S,
Suzuki F, Terada Y, Tatsuka M. Mitotic kinase expression and
colorectal cancer progression. J Natl Cancer Inst. 1999;91:1160–2.

17. Meraldi P, Nigg EA. Centrosome cohesion is regulated by a balance
of kinase and phosphatase activities. J Cell Sci. 2001;114:3749–57.

18. Carmena M, Earnshaw WC. The cellular geography of aurora
kinases. Nat Rev Mol Cell Biol. 2003;4:842–54.

19. Arlot-Bonnemains Y, Klotzbucher A, Giet R, Uzbekov R, Bihan
R, Prigent C. Identification of a functional destruction box in the
xenopus laevis aurora-a kinase peg2. FEBS Lett. 2001;508:149–
52.

20. Sasai K, Katayama H, Stenoien DL, Fujii S, Honda R, Kimura
M, Okano Y, Tatsuka M, Suzuki F, Nigg EA, Earnshaw WC,
Brinkley WR, Sen S. Aurora-c kinase is a novel chromosomal
passenger protein that can complement aurora-b kinase function
in mitotic cells. Cell Motil Cytoskeleton. 2004;59:249–63.

21. Vagnarelli P, Earnshaw WC. Chromosomal passengers: the
four-dimensional regulation of mitotic events. Chromosoma.
2004;113:211–22.

22. Hsieh TC, Traganos F, Darzynkiewicz Z, Wu JM. The 2,6-disub-
stituted purine reversine induces growth arrest and polyploidy in
human cancer cells. Int J Oncol. 2007;31:1293–300.

23. Oke A, Pearce D,WilkinsonRW, Crafter C, Odedra R, Cavenagh J,
Fitzgibbon J, Lister AT, Joel S, Bonnet D. Azd1152 rapidly and
negatively affects the growth and survival of human acute myeloid
leukemia cells in vitro and in vivo. Cancer Res. 2009;69:4150–8.

24. Tao Y, Leteur C, Calderaro J, Girdler F, Zhang P, Frascogna V,
Varna M, Opolon P, Castedo M, Bourhis J, Kroemer G, Deutsch
E. The aurora b kinase inhibitor azd1152 sensitizes cancer cells to
fractionated irradiation and induces mitotic catastrophe. Cell Cycle.
2009;8:3172–81.

2004 Hua et al.



25. Ulisse S, Delcros JG, Baldini E, Toller M, Curcio F, Giacomelli L,
Prigent C, Ambesi-Impiombato FS, D'Armiento M, Arlot-
Bonnemains Y. Expression of aurora kinases in human thyroid
carcinoma cell lines and tissues. Int J Cancer. 2006;119:275–82.

26. Sorrentino R, Libertini S, Pallante PL, Troncone G, Palombini L,
Bavetsias V, Spalletti-Cernia D, Laccetti P, Linardopoulos S,
Chieffi P, Fusco A, Portella G. Aurora b overexpression associates

with the thyroid carcinoma undifferentiated phenotype and is
required for thyroid carcinoma cell proliferation. J Clin Endocrinol
Metab. 2005;90:928–35.

27. Arlot-Bonnemains Y, Baldini E, Martin B, Delcros JG, Toller M,
Curcio F, Ambesi-Impiombato FS, D'Armiento M, Ulisse S.
Effects of the aurora kinase inhibitor vx-680 on anaplastic thyroid
cancer-derived cell lines. Endocr Relat Cancer. 2008;15:559–68.

Reversine Suppresses Thyroid Cancer 2005




