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Artesunate (ART), a remarkable antimalarial agent, also inhibited
the growth of human colorectal carcinoma. As determined by
MTT assay, flow cytometry analysis on apoptosis and indirect im-
munofluorescence analysis on the proliferation-associated marker
Ki67, ART suppressed the proliferation and promoted the apopto-
sis of colorectal cancer cells in a dose-dependent manner. Further-
more, immunofluorescence analysis on f-catenin and RT-PCR
analysis on Wnt/p-catenin target genes demonstrated ART trans-
located B-catenin from nucleus to adherent junctions of membrane
and reduced transcription mediated by fB-catenin. These results
suggested the anticancer activity of ART correlated with the inhi-
bition of hyperactive Wnt/B-catenin signaling pathway. In vivo,
ART significantly slowed the growth of colorectal tumor xeno-
grafts. Bioluminescent imaging also revealed that ART decreased
the physiological activity of tumor xenografts and delayed sponta-
neous liver metastasis. These antitumor effects were related to the
membranous translocation of p-catenin and the inhibition of the
unrestricted activation of Wnt/p-catenin pathway, which was con-
firmed by the immunohistochemical staining of tumor tissues.
These results and the known low toxicity are clues that ART might
be a promising candidate drug for the treatment of colorectal
carcinoma.
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Artemisinin and its derivatives such as artesunate (ART) distin-
guish themselves as a new generation of antimalarial drugs w1th
no obvious adverse reaction or noticeable side effects.'™
Recently, it is reported that the antimalarial artemisinin drugs also
have antitumor activity.”~ The well-accepted antitumor mecha-
nism is similar to the antimalarial mechanism: the artemisinin
molecule contains an endoperomde bridge that reacts with an iron
atom to form free radlcals which causes macromolecular dam-
age and cell death."!

However, the cytotoxic theory is not sufficient to explain all the
antitumor effects of artemisinin drugs such as effects on angio-
genesis and cellular differentiation.” 3 Therefore, investigators
continued to explore the antitumor mechanism and found that the
anticancer act1V1ty was assocnated with the basal mRNA expres-
sion of various genes.'*™'> We hypothesize that the expression of
these genes could be regulated by ART through some genetic
pathways, such as Wnt/B-catenin signaling pathway. The Wnt/B-
catenin pathway is a powerful signaling pathway that plays a cru-
cial role in cell fate determination, survival, proliferation and
movement in variety of tissues.'® Mlsregulatlon of the Wnt/B-cat-
enin pathway links to various human cancers.'® The central player
of Wnt/B-catenin pathway is B-catenin.'®'” It is a multifunctional
protein that is located in at least 3 distinct cellular com artments
and performs at least 2 separate biochemical functions.'®'” Nor-
mally, B-catenin serves as a component of the cytoskeleton, par-
ticipating in cell—ell adhesion at the plasma membrane.'®'” In nor-
mal cells, free cytoplasmic (-catenin is rapidly phosphorylated,
ubiquitinated and degradated.'®'” In the development of cancer,
the mutations of Wnt/B-catenin components decrease the normal
ubiquitination and degradation of B-catenin protein.'®!” The pro-
tein subsequently accumulates in the cytoplasm and translocates to
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the nucleus, where it binds with transcription factors TCF/LEF to
activate transcription of various target genes that have important
roles in regulating Cell prohferatlon apoptosis, differentiation, me-
tastasis, and so on.' Colorectal and many other cancers are
related to the hyperactive Wnt/f3-catenin pathway Accordingly,
disruption of this signali ng pathway holds promise for development
of new anticancer drugs. ° Therefore, we want to identify whether
artemisinin drugs could interfere with tumor growth by blocking
the unrestricted activation of Wnt/f3-catenin pathway.

In this report, we investigated the anticancer effects of ART
in vitro and in vivo and addressed the question whether the anti-
cancer mechanism of ART is related to the inhibition of the hyper-
active Wnt/B-catenin pathway.

Material and methods
Cells and cell culture

Colorectal cancer cell line CLY was established from liver me-
tasta51s of a 64-year-old Chinese man with colon adenocarci-
noma.'® Tt was characterized with B-catenin nuclear localization,
hyperactlve Wnt/B-catenin pathway and spontaneous liver metas-
tasis.'"> The CLY cells were maintained in RPMI 1640 medium
containing 10% fetal bovine serum (FBS) at 37°C in a humidified
atmosphere of 5% CO,.

Chemicals and reagents

ART was purchased from Gulin Pharmaceutical (Guangxi,
China). It was prepared as stock solution in DMSO and diluted
with culture medium or sodium chloride injection for in vitro
study or in vivo study, respectively. Control solution contained
DMSO at an equivalent (v/v) dilution to that used for the highest
concentration of ART. RPMI 1640 medium, FBS, penicillin,
streptomycin, trypsin/EDTA, TRIzol, lipofectamine2000 and
G418 were purchased from Invitrogen (Carlsbad, CA). DMSO, 3-
(4,5-dimethyl  thizol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), propidium iodine (PI), RNase A and Hoechst 33342 were
purchased from Sigma-Aldrich (St. Louis, MO). Mouse anti-
human -catenin monoclonal antibody, mouse anti-human Ki67
monoclonal antibody and fluorescein isothiocyanate (FITC)-con-
jugated secondary antibody were obtained from Zymed (San Fran-
cisco, CA). Mouse anti-human -actin monoclonal antibody, the
horseradish peroxidase-conjugated secondary antibody and the
enhanced chemiluminescence (ECL) reagent were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). Polyvinyldenefluor-
ide (PVDF) membranes and BSA protein assay kit were purchased
from Amersham Biosciences (Arlington Heights, IL). Strept
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avidin biotin complex (SABC) kit was obtained from Wuhan Bos-
ter Bioengineering (China). p-Luciferin was obtained from Bio-
synth International (Naperville, IL). Cyclophosphamide (CYP)
was purchased from Powerdone Pharmaceutical (Shanxi, China).

Animals

Six-week-old female athymic nude mice (Balb/c nu/nu) were
obtained from the National Institute for the Control of Pharmaceu-
tical and Biological Products (Beijing, China) and housed in
specific-pathogen-free conditions in conformity with the Guide for
the Care and Use of Laboratory Animals, as adopted and promul-
gated by the National Institutes of Health.

Growth inhibition assay

CLY cells were seeded in 96-well plates at a density of 3,000
cells/well. After 24-hr culture in the normal growth medium, cells
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FiGure 1 — Effects of ART on proliferation and apoptosis of CLY
cells. (a) Different concentrations of ART were added to cell cultures
at time zero, and the number of viable cells was measured by MTT
assay at different times later. Data were expressed as viable cell num-
ber as percentage from that at time zero. (b) After 72-hr administration
of ART, percent apoptosis was determined by flow cytometry analysis
after staining with propidium iodide. A typical result out of 3 separate
experiments is presented. The (subdiploid) peak to the left of the G1
peak represents apoptotic cells. Percentages of apoptosis are indicated.
(c¢) Indirect immunofluorescence analysis of the proliferation-associ-
ated marker Ki67 was performed on CLY cells following 24-hr treat-
ment with different concentrations of ART. The immunoreactivity of
Ki67 decreased dramatically with increasing concentration of ART.
Bar = 10 pum.
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were exposed to graded concentrations of ART for 24, 48 or 72 hr,
respectively. After each time point, the number of viable cells was
measured by thiazolyl blue (MTT) assay.® Data were expressed as
percentage of viable cell number at a certain time-point compared
to viable cell number at time when ART was added (time zero in
Fig. la). ICs5¢ value (50% inhibitory concentration) was deter-
mined from plots of percent control cell survival vs. log ART con-
centration (Microcal Origin 5.0 software).

Analysis of cell apoptosis by flow cytometry

After incubation with different concentrations of ART for 72 hr,
CLY cells were collected by trypsinization, washed with PBS and
fixed in 70% ethanol at —20°C overnight. The cells were then cen-
trifuged, washed with PBS and resuspended in PBS containing 50
pg/ml RNAase. After incubation, they were stained with 50 pg/ml
of PI. The samples were analyzed using a FACSCalibur flow cy-
tometer (Beckman Coulter; Miami, Florida) with an excitation
wavelength of 488 nm. In the DNA histogram, the amplitude of
sub-G1 DNA peak (the proportion of cells just before G1 phase)
represents the number of apoptotic cells.

Indirect immunofluorescence analysis

CLY cells were grown on glass coverslips in 6-well plates. Af-
ter ART treatment for 24 hr, the cells were washed with PBS,
fixed with 4% formaldehyde, permeabilized in 0.3% Triton X-100
and blocked in 10% goat serum/PBS. The cells were then stained
with anti-Ki67 or anti--catenin antibody. After a PBS wash, the
cells were incubated with FITC-conjugated secondary antibody.
The cells bound with anti-3-catenin were also counterstained with
Hoechst 33342. Images were collected on a Bio-Rad Radiance
2100™ confocal system in conjunction with a Nikon TE300
microscope.

Western blot analysis

After CLY cells were incubated with different concentrations of
ART for 24 hr, they were harvested in ice-cold PBS respectively.
Total proteins were extracted and separated by SDS-PAGE and
transferred onto PVDF membrane, as described previously.”” The
membranes were blocked with 5% nonfat milk and probed with
primary antibodies against (-catenin and {3-actin. After a PBS
wash, the membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibody, and the bands were visual-
ized using the ECL system.

Reverse transcription-PCR analysis

C-myc and survivin mRNA expressions were evaluated semi-
quantitatively using RT-PCR. After CLY cells were incubated
with different concentrations of ART for 24 hr, total RNA was
extracted from cells using TRIzol™. RT-PCR analysis was con-
ducted according to the method described previously?' using the
following primers: c¢-myc forward primer: 5'-CCCAGCGAGGA-
CATCTGGAAGAA-3/, reverse primer: 5'-GAGAAGCCGCTC-
CACATGCAGTC-3'; survivin forward primer: 5-AGCCCT
TTCTCAAGGACCAC-3/, reverse primer: 5'-GCACTTTCTTCG-
CAGTTTCC-3'; B-actin forward primer: 5'-ACACTGTGTGCC-
CATCTACGAGG-3/, reverse primer: 5-AGGGGCCGGACT
CGTCGTCATACT-3'. To confirm the integrity of cDNA and to

TABLE I - ANTITUMOR ACTIVITY OF ART AGAINST CLY TUMOR XENOGRAFTS IN TRADITIONAL MURINE MODELS

Drug administration Toxicity Anticancer activity
Drug Dose (mg/kg) Schedule Route Body weight loss (%) Death Tumor weight, mean = SD (mg) IR (%)
Control - Q3D X 7 iv. 1.3 0/7 924 + 177 -
ART 100 QD X 20 L. 7.5 0/7 597+ 143* 354
ART 300 Q3D X7 iv. 4.6 0/7 457 + 87* 50.5
CYP 100 Q7D X 2 iv. 21.0 2/7 304=* 87* 67.1

Q3D = every 3 days; QD = every day; Q7D = every 7 days. The significance of differences (vs. control) was determined by Student ¢-test.

(*p < 0.01).
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confirm equal loading on gels, the housekeeping gene B-actin was
amplified concurrently.

Antitumor effect of ART in vivo

Experiment 1: traditional murine models. CLY cells (2 X 10%)
were injected subcutaneously into the right abdominal flanks of
28 nude mice. Tumor growth was measured with a slide caliper,
and the volumes were estimated according to the following for-
mula: Tumor volume (mm®) = L X W?/2, where L is length and
W is width. When the tumor volume reached about 100 mm?, the
mice were sorted into 4 groups (n = 7) with almost mean equal tu-
mor sizes, and administration was started. Doses, schedules and
routes of drug administration, including ART and the reference
agent CYP, were shown in Table I. The experiment was stopped
when the tumor volumes of control mice reached about
1,000 mm°>. At the end of the treatment, mice were killed for au-
topsy and the tumors were recovered and weighted. The tumor
growth inhibitory rate (IR) was calculated as follows: IR (%) = [1
— (mean tumor weight of treated group)/(mean tumor weight of
control group)] X100. Toxicity was assessed by the lethality and
body weight loss of nude mice. The significance of differences
was determined by the Student #-test. In order to confirm the
effects of ART on 3-catenin localization on tissue levels, immuno-
histochemical staining of tumor tissues was carried out according
to Wong et al.>* SABC kit was used as a secondary reagent. Stain-
ings were developed using DAB (brown precipitate). Slides were
counterstained with hematoxylin.

Experiment 2: Bioluminescent imaging in vivo. CLY cells
were cotransfected with plasmids expressing the firefly luciferase
gene [uc and antibiotic resistance gene neo (gift of Dr. Gang Liu)
using lipofectamine2000, which were produced as previously
described.?® Stable transfectants were selected with G418 (800
pg/ml). The surviving colonies were screened for bioluminescence
by IVIS™ camera system (Xenogen, Alameda, CA). CLY-luc
cells characterized for stable luminescence expression were ampli-
fied and injected subcutaneously into the left abdominal flanks of
4 nude mice. These mice were sorted into 2 groups (n = 2): the
control group and the ART treatment group (300 mg/kg, Q3D X
7). For in vivo bioluminescent imaging (BLI), animals were given
the substrate p-luciferin, anesthetized and imaged by IVIS™ cam-
era box as previously described.”

Results
Effects of ART on proliferation and apoptosis of CLY cells

ART inhibited the growth of CLY cells in concentration- and
time-dependent manner by the MTT assay (Fig. 1a). The ICsg
value for antiproliferative effect of ART at 72 hr was 20.34 =
2.20 uM. Flow cytometry analysis also demonstrated the apoptosis
rates of CLY cells increased with increasing ART concentration.
In the DNA histograms, 17.37%, 31.22% and 40.18% of the cells
treated with 10, 20 and 50 pM ART for 72hr, respectively, were in
sub-G1 phase, which were higher than that of the control (0.75%)
(Fig. 1b). According to the indirect immunofluorescence analysis,
the immunoreactivity of Ki67, an important biological marker in
cell proliferation, decreased dramatically with increasing concen-
tration of ART (Fig. 1c¢).

Effect of ART on protein levels and subcellular localization
of f-catenin

We were interested to determine whether the antitumor effects
of ART described earlier were associated with changes in cellular
content and localization of (3-catenin. According to Western blot
analysis, there were no significant changes in total (3-catenin pro-
tein levels of CLY cells treated with ART (Fig. 2a). However,
ART treatment was associated with a reduction in nuclear (3-cate-
nin immunofluroescence signal and a corresponding increase in
membranous [-catenin localization. With the increase of ART
concentration, nuclear B-catenin signal became weaker and mem-
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FiGure 2 — Effects of ART on protein levels and subcellular local-
ization of B-catenin. (a) Western blot analysis of B-catenin (92 kDa)
and B-actin (42 kDa) protein expression in CLY cells was carried out
after 24-hr incubation with different concentrations of ART. Expres-
sion of B-actin was used as an internal control. (b) Indirect immuno-
fluorescence analysis of (3-catenin in CLY cells was performed fol-
lowing 24-hr treatment with different concentrations of ART. (3-Cate-
nin labeling green and nucleus stained by Hoechst 33342 labeling
blue. With the increase of ART concentration, nuclear [3-catenin sig-
nal became weaker and membranous localization (especially at cell
junctions) seemed to be more apparent. Bar = 10 pm. (¢) Immunobhis-
tochemistry of tumor tissues from different treatment group showed
different subcellular localization of B-catenin. Control group exhibited
intense nuclear staining (¢'); the reference agent CYP group also
showed nuclear staining, although the pyknosis and karyorrhexis of
nuclei were obvious (b'); persistent small dose treatment (100 mg/kg;
QD X 20) of ART group demonstrated discrete membranous staining
(¢); Intermittent large dose treatment (300 mg/kg; Q3D X 7) of ART
group revealed visible cytoplasmic vacuolation and more prominent
membranous staining (d'). (original magnification, X220)
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FiGure 3 — Effects of ART on c-myc and survivin mRNA levels.
RT-PCR analysis demonstrated that the decreases in c-myc and survi-
vin mRNA were apparent in a concentration-dependent manner after
24-hr incubation with different concentrations of ART. (-actin was
used as the loading control.

branous localization (especially at cell junctions) seemed to be
more apparent (Fig. 2b).

Effects of ART on c-myc and survivin mRNA

We were then interested to determine whether the (-catenin
membranous translocation induced by ART could inhibit tran-
scription of the target genes of Wnt/B-catenin pathway, such as c-
myc and survivin. RT-PCR analysis demonstrated the decrease in
c-myc and survivin mRNA, which was apparent in a concentra-
tion-dependent manner after 24-hr incubation with different con-
centrations of ART (Fig. 3).

Antitumor effect of ART in vivo

Intermittent large dose treatment (300 mg/kg; Q3D X 7) and
persistent small dose treatment (100 mg/kg; QD X 20) of ART
exhibited significant antitumor effects with IR values of 50.5%
and 35.4%, respectively. Although the antitumor activities of CYP
(IR value of 67.1%) was superior to that of ART, the reference
agent caused severe body weight loss and death of 2 nude mice on
day 12 and day 14, respectively. It is worth mentioning that
the ART-treated nude mice did not suffer from severe toxicity
(Table I).

Furthermore, immunohistochemistry of tumor tissues confirm
the effects of ART on (3-catenin membranous translocation. Con-
trol group showed pronounced nuclear stain of (-catenin, while
ART treatment group demonstrated weak nuclear staining and dis-
crete membranous staining (Fig. 2c¢).

The bioluminescent murine models revealed more treatment in-
formation. The bioluminescent signals from the control mice con-
tinued to increase over time (Figs. 4a and 4b), which was consist-
ent with the increasing mode of tumor volumes (Fig. 4c¢). How-
ever, the signals from ART treatment group (300 mg/kg; Q3D X
7) fluctuated in all the period of monitoring. Particularly in the
later period, the bioluminescent signals declined significantly
(Figs. 4a and 4b), while tumor volume continued to increase (Fig.
4c). We also found some bioluminescent signals from the liver of
the control mice on day 23, which indicated that the control mice
had developed liver metastasis, while there was no metastasis in
ART-treated mice (Fig. 4a).

Discussion

In the present investigation, we describe anticancer effects of
ART on colorectal cancer cell line CLY. In vitro, ART suppressed
the growth and promoted the apoptosis of CLY cells in a dose-
dependent manner. Furthermore, the immunofluorescence analysis
demonstrated that ART treatment made B-catenin translocate
from nucleus to adherent junctions of membrane. Such transloca-
tion might promote apoptosis of CLY cells by inhibiting the
hyperactive Wnt/B-catenin pathway. Up to date, we knew little
about the effect of ART on [-catenin membranous translocation,
but it suggested a novel explanation to the anticancer mechanism
of ART. RT-PCR analysis further validated the inhibitory effect
on the hyperactive Wnt/B-catenin pathway: ART treatment
decreased mRNA levels of Wnt/B-catenin target genes, such as
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FI1GURE 4 — Antitumor activity of ART against CLY xenografts in
bioluminescent murine models. (a) Bioluminescent images of repre-
sentative mice from control and ART-treated groups were shown from
day O to day 23 after first administration. White arrow indicated pri-
mary tumor and black arrow represented liver metastasis. The images
are representative of each group. (b) Bioluminescent data were
expressed as photon counts as percentage from that on day 0. The
results represent the mean value of each group. (¢) The tumor growth
was measured with a slide caliper and the relative tumor volumes
were calculated by comparing the tumor volume on day X to the tumor
volume on day 0. The results represent the mean value of each group.

c-myc and survivin. The target genes c-myc and survivin are over-
expressed in colorectal cancers.”* Decreasing expression of the 2
genes could act together on the gromotion of cell apoptosis and
the inhibition of cell division.”>~2® In summary, ART treatment
translocated 3-catenin from nucleus to adherent junctions of mem-
brane, which switched the function of B-catenin from prompting
target genes expression to enhancing cells’ adherence. Decreased
transcription of crucial target genes might promote cell apoptosis
and inhibit cell division, which produced obvious antitumor
effects ultimately.

Moreover, we also demonstrate the antitumor effect of ART
in vivo. ART slowed the growth of CLY xenografts. Although
total dose of the 2 administration schedules was similar, the sched-
ule of intermittent large dose treatment (300 mg/kg, Q3D X 7)
was more efficient and safe than that of persistent small dose treat-
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ment (100 mg/kg, QD X 20). It seemed that persistent administra-
tion could increase the potential side effect and drug resistance. In
order to validate the anticancer effect of intermittent large dose
treatment schedule, BLI was used to monitor in vivo chemothera-
pies of ART. BLI is a recently developed technique and used
more and more in monitoring the physiological activity of tumor
xenografts and the emerging of metastasis. There are several dis-
tinct advantages of BLI over traditional approaches (external tu-
mor caliper measurement) to monitor tumors. First, BLI can reveal
the physiological activity of tumor xenografts. BLI reflects the
number of metabolically active tumor cells rather than a volumet-
ric measurement of tumor mass, and so it may offer a closer
assessment of treatment efficacy on tumor physiology than other
detection methods.”” Second, BLI is sensitive enough to detect
micrometastases in vivo. Some researchers reported that spontane-
ous metastasis from a subcutaneous tumor can be detected by
in vivo imaging as early as 2 or 3 weeks after primary tumor cells
were 1mpldnted The BLI data demonstrated that photon counts
of control mice increased notably and steadily with the develop-
ment of tumor volumes. However, the fluctuation of photon counts
of ART-treated mice was not consistent with the development of
their tumor volumes. Particularly in the later period of the treat-
ment, the tumor physiological activity of ART-treated mice
declined, although the tumor volume continued to increase.
Because of distinguishing physiological activity of subcutaneous
tumor xenografts, spontaneous liver metastasis was not emerging
in ART-treated mice but obvious in control mice. Another expla-
nation to the antimetastasis effect is that ART treatment could
induce the membranous translocation of [3-catenin, which was
confirmed by the immunohistochemical staining of tumor tissues.
The membranous translocation of -catenin enhanced cell adher-
ence, and correspondingly decreased the cell migration.

Besides ART, some other established drugs also have important
impacts on [3-catenin mgnahng and strong antitumor activity
against colorectal cancer cells.'"® These inhibitors of Wnt/B-cate-
nin pathway includes indomethacin and aspirin (nonsteroidal anti-
inflammatory drugs); celecoxib and rofecoxib (selective cyclooxy-
genase-2 inhibitors); Glivec/Gleevec (protein tyrosine kinases in-
hlbltor) endostatin (blood vessel formation inhibitor); and so

# The molecular mechanisms of these Wnt/B-catenin signaling
1nh1b1t0rs range from relocalization of (-catenin to the plasma
membrane, inhibition of -catenin expression and induction of 3-
catenin degradatlon to disruption of (-catenin interactions with
other proteins.'® Therefore, the inhibition of hyperactive Wnt/p-
catenin pathway is not a specific feature of these established drugs,
including ART. However, all these Wnt/f3-catenin signaling inhib-
itors could suppress the growth and promote the apoptosis of col-
orectal cancer cells.® The common features of these established
drugs (inhibition of Wnt/B-catenin pathway and promotion of
apoptosis of colorectal cancer cells) indicated that there may be
some connection between the signaling pathway and regulation of
apoptosis. Although several genes regulating apoptosis (including
survivin and c-myc) were described to be activated by (3-catenin,
some investigators reported that initiation of the apoptotic cascade
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may not dlrectly be attributable to the modulation of Wnt/B-cate-
nin pathway Some researchers further observed that with an
increasing c})ercentage of apoptosis, [3-catenin is processed by
caspase-3.°" Therefore, they presumed that the reduced B-catenin
levels rather appeared to be a down stream effect of apoptosis.*
However, anticancer effects of the aforementioned agents were re-
strlcted to cancer cells with hyperactive Wnt/B-catenin signal-
ing,'® which indicated that the inhibition of Wnt/B-catenin path-
way was not simply a down stream effect or a bystander effect of
apoptosis. Furthermore, the inhibitory effect on hyperactive Wnt/
3-catenin pathway might be an accelerator of apoptosis, because
the inhibition of the signaling can downregulate the expression of
a series of proliferation and antiapoptosis genes, which may accel-
erate the apoptosis progress. Altogether, inhibition of hyperactive
Whnt/B-catenin pathway might not initiate, but accelerate apoptotic
cascade.

Apart from inhibition of Wnt/B-catenin signaling and promo-
tion of apoptosis, the membranous translocation of B-catenin
could enhance cell adhesion. It has been demonstrated that cell/
cell or cell/matrlx adhesion progresses are involved in chemore-
sistance.®’ Recent data indicate that inhibition of Wnt/B-catenin
signaling pathway might affect cell adhesive function and chemo-
sensitivity. Some investigators reported that, in epidermoid carci-
noma cells, loss of catenins from cell surface after the cisplatin
treatment destroyed the shape and functional integrity of cells,
resulting in failure of entry mechanisms needed to bring a ents
into cells, which thereby resulted in resistance to the agents.>” In
addition, other researchers observed both inhibition of the Wnt/B3-
catenin pathway and enhancement of cell adhesion on leukemic
cells triggered chemore51stance to anthracyclins through a GSK-
3B/NE-kB-dependent pathway.*® Therefore, B-catenin is not a
simple marker for the response of cells to agents. Inhibition of
Whnt/B-catenin pathway and enhancement of cell adhesion might
act differently (triggering chemoresistance or enhancing chemo-
sensitivity) to diverse agents in various cancer cells. As to the col-
orectal cancer cells with hyperactive Wnt/B-catenin signaling, we
presume ART treatment might enhance the chemosensitivity of
other chemotherapy (such as cisplatin treatment) by inducing
membranous translocation of (-catenin, which remains to be
determined.

In summary, ART had significant inhibitory effects on human
colorectal carcinoma. /n vitro, ART treatment strongly inhibited
the hyperactive Wnt/B-catenin pathway and significantly pro-
moted the apoptosis of CLY cells. In vivo, ART not only inhibited
the volumetric development of tumor xenografts but also attenu-
ated their physiological activity. These results and the known low
toxicity are clues that ART might be a promising candidate drug
for the treatment of colorectal carcinoma.

Acknowledgements

The authors thank Dr. Gang Liu for the kind gift of the plasmids
expressing the firefly luciferase gene /uc and antibiotic resistance
gene neo.

References

1. Klayman DL. Qinghaosu (artemisinin): an antimalarial drug from
China. Science 1985;228:1049-55.

2. Benakis A, Paris M, Loutan L, Plessas CT, Plassas ST. Pharmacoki-
netics of artemisinin and artesunate after oral administration in
healthy volunteers. Am J Trop Med Hyg 1997;56:17-23.

3. Fishwick J, McLean WG, Edwards G, Ward SA. The toxicity of arte-
misinin and related compounds on neuronal and glial cells in culture.
Chem Biol Interact 1995;96:263-71.

4. Hien TT, White NJ. Qinghaosu. Lancet 1993;341:603—4.

5. Efferth T, Dunstan H, Sauerbrey A, Miyachi H, Chitambar CR. The
anti-malarial artesunate is also active against cancer. Int J Oncol
2001;18:767-73.

6. Singh NP, Lai H. Selective toxicity of dihydroartemisinin and holo-
transferrin toward human breast cancer cells. Life Sci 2001;79:49-56.

7. Dell’Eva R, Pfeffer U, Vene R, Anfosso L, Forlani A, Albini A,
Efferth T. Inhibition of angiogenesis in vivo and growth of Kaposi’s
sarcoma xenograft tumors by the anti-malarial artesunate. Biochem
Pharmacol 2004;68:2359—-66.

8. Chen HH, Zhou HJ, Fang X. Inhibition of human cancer cell line
growth and human umbilical vein endothelial cell angiogenesis by
artemisinin derivatives in vitro. Pharmacol Res 2003;48:231-6.

9. Zhang F, Gosser DK, Jr, Meshnick SR. Hemin-catalyzed decom-
position of artemisinin (qinghaosu). Biochem Pharmacol 1992;43:
1805-9.

10. Efferth T, Benakis A, Romero MR, Tomicic M, Rauh R, Steinbach D,
Hafer R, Stamminger T, Oesch F, Kaina B, Marschall M. Enhance-
ment of cytotoxicity of artemisinins toward cancer cells by ferrous
iron. Free Radic Biol Med 2004;37:998-1009.



11.

12.

14.

15.

19.

20.

21.

EFFECT OF ARTESUNATE ON COLORECTAL CARCINOMA

Anderson KM, Seed T, Ou D, Harris JE. Free radicals and reactive
oxygen species in programmed cell death. Med Hypotheses 1999;52:
451-63.

Kim SH, Kim HJ, Kim TS. Differential involvement of protein kinase
C in human promyelocytic leukemia cell differentiation enhanced by
artemisinin. Eur J Pharmacol 2003;482:67-76.

Anfosso L, Efferth T, Albini A, Pfeffer U. Microarray expression pro-
files of angiogenesis-related genes predict tumor cell response to arte-
misinins. Pharmacogenomics J 2006;6:269-78.

Efferth T, Olbrich A Bauer R. mRNA expression profiles indicating
the response of tumor cells to artesunate, arteether and artemether.
Biochem Pharmacol 2002;64:617-23.

Efferth T, Sauerbrey A, Olbrich A, Gebhart E, Rauch P, Weber HO,
Hengstler JG, Halatsch ME, Volm M, Tew KD, Ross DD, Funk JO.
Molecular modes of action of artesunate in tumor cell lines. Mol Phar-
macol 2003;64:382-94.

Behrens J, Lustig B. The Wnt/B-catenin connection to tumorigenesis.
Int J Dev Biol 2004;48:477-87.

Willert K, Jones KA. Wnt/B-catenin signaling: is the party in the nu-
cleus? Genes Dev 2006;20:1394—-404.

Dihlmann S, von Knebel Doeberitz M. Wnt/B-catenin-pathway as a
molecular target for future anti-cancer therapeutics. Int J Cancer
2005;113:515-24.

Li LN, Zhang HD, Yuan SJ, Tian ZY, Sun ZX. Establishment and
characterization of a novel human colorectal cancer cell line (CLY)
metastasizing spontaneously to the liver in nude mice. Oncol Rep
2007;17:835-40.

Gardner SH, Hawcroft G, Hull MA. Effect of nonsteroidal anti-
inflammatory drugs on B-catenin protein levels and catenin-related
transcription in human colorectal cancer cells. Br J Cancer 2004;91:
153-63.

Zhang T, Fields JZ, Ehrlich SM, Boman BM. The chemopreventive
agent sulindac attenuates expression of the antiapoptotic protein survi-
vin in colorectal carcinoma cells. J. Pharmacol Exp Ther 2004;308:
434-17.

22.

23.

24.

25.
26.
217.
28.
29.

30.

31

32.

33.

1365

Wong SC, Lo ES, Lee KC, Chan JK, Hsiao WL. Prognostic and diag-
nostic significance of 3-catenin nuclear immunostaining in colorectal
cancer. Clin Cancer Res 2004;10:1401-8.

Jenkins DE, Oei Y, Hornig YS, Yu SF, Dusich J, Purchio T, Contag
PR. Bioluminescent imaging (BLI) to improve and refine traditional
murine models of tumor growth and metastasis. Clin Exp Metastasis
2003;20:733-44.

Pinto D, Gregorieff A, Begthel H, Clevers H. Canonical Wnt/B-cate-
nin signals are essential for homeostasis of the intestinal epithelium.
Genes Dev 2003;17:1709-13.

Watson AJ. An overview of apoptosis and the prevention of colorectal
cancer. Crit Rev Oncol Hematol 2006;57:107-21.

Hueber AO, Evan GI. Traps to catch unwary oncogenes. Trends
Genet 1998;14:364-7.

Kim PJ, Plescia J, Clevers H, Fearon ER, Altieri DC. Survivin and
molecular pathogenesis of colorectal cancer. Lancet 2003;362:205-9.
Johnson ME, Howerth EW. Survivin: a bifunctional inhibitor of apo-
ptosis protein. Vet Pathol 2004;41:599-607.

Dihlmann S, Siermann A, von Knebel Doeberitz M. The nonsteroidal
anti-inflammatory drugs aspirin and indomethacin attenuate (3-cate-
nin/TCF-4 signaling. Oncogene 2001;20:645-53.

Webb SJ, Nicholson D, Bubb VI, Wyllie AH. Caspase-mediated
cleavage of APC results in an amino-terminal fragment with an intact
armadillo repeat domain. FASEB J 1999;13:339-46.

Hazlehurst LA, Landowski TH, Dalton WS. Role of the tumor micro-
environment in mediating de novo resistance to drugs and physiologi-
cal mediators of cell death. Oncogene 2003;22:7396—402.

Liang XJ, Shen DW, Gottesman MM. Down-regulation and altered
localization of <y-catenin in cisplatin-resistant adenocarcinoma cells.
Mol Pharmacol 2004;65:1217-24.

De Toni F, Racaud-Sultan C, Chicanne G, Mas VM, Cariven C,
Mesange F, Salles JP, Demur C, Allouche M, Payrastre B, Manenti S,
Ysebaert L. A crosstalk between the Wnt and the adhesion-dependent
signaling pathways governs the chemosensitivity of acute myeloid
leukemia. Oncogene 2006;25:3113-22.



