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Tumor hypoxia is one main biological factor that drives resistance to chemotherapy
and radiotherapy. To develop a novel strategy for overcoming hypoxia-induced therapy
resistance, we examined the anti-neoplastic activity of the reactive oxygen donor dihy-
droartemisinin (DHA) in human colon cancer cell lines in normoxia and severe hypoxia. In
addition, we analyzed the involvement of the intrinsic apoptosis pathway for DHA-mediated
cytotoxicity in HCT116 cells in short-term and long-term in vitro assays. When applied at
lower concentrations (<25 1LM), DHA induced apoptosis in Colo205, HCT15, and HCT116
cells, whereas necrotic cell death was increased when cells were treated with higher DHA
concentrations (50 wM). However, no preference for DHA-induced apoptosis or necrosis
could be detected between the treatment under normoxic or hypoxic conditions. More-
over, DHA potently reduced clonogenic survival of HCT116 cells in normoxia and hypoxia.
Treatment of HCT116 cells with 25 wM DHA resulted in activation of Bax under normoxic
and hypoxic conditions. Interestingly, cytochrome ¢ release from the mitochondria and
caspase-activation were observed only under normoxic conditions, whereas, under hypoxic
conditions DHA induced a caspase-independent apoptosis-like cell death. However, under
both conditions, generation of reactive oxygen species was an important mediator of DHA-
induced toxicity. Further molecular analysis suggests that DHA-mediated cell death involves
different sets of pro-apoptotic Bcl-2 family members. The pronounced cytotoxic activity of
DHA in severe hypoxia as well as normoxia offers new perspectives for targeting the

hypoxic tumor cell fraction to improve treatment outcome for cancer patients.
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INTRODUCTION
Tumor cell resistance to classical chemotherapy and radiotherapy
remains a major obstacle in the treatment of solid human tumors
(1). Genetic or epigenetic alterations in the tumor cells that affect
cellular death and survival signaling can allow the tumor cells to
escape the cytotoxic action of standard genotoxic therapies and
molecularly targeted agents. Moreover, specific conditions within
the tumor microenvironment and the intimate dialog between
tumor cells and their surrounding stroma by soluble growth- and
survival-promoting factors provide a multitude of mechanisms for
therapy resistance. Therefore, current research activities focus on
the identification of drugs that are active under adverse environ-
mental conditions to counteract environment-mediated resistance
to therapies.

Tumor hypoxia is a common characteristic of solid human
tumors and is mostly associated with poor prognosis (2). Tumor

Abbreviations: Acc, N-acetylcysteine; CCCP, protonophore carbonyl cyanide m-
chlorophenylhydrazone; DHA, dihydroartemisinin; AWm, mitochondrial trans-
membrane potential; Hx, hypoxia; LC3B, light chain 3B; Nx, normoxia;
PARP, poly (ADP-ribose) polymerase; PE, plating efficiency; ROS, reactive oxy-
gen species; TMRE, tetramethylrhodamine ethyl ester perchlorate; zZVAD-fmk,
benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone.

hypoxia plays a central role in tumor progression and is one main
biological factor that drives therapy resistance at multiple levels:
reduced availability of molecular oxygen during acute hypoxia
reduces the burst of reactive oxygen species (ROS) induced by
genotoxic treatments, e.g., radiotherapy, and thus hampers the
manifestation of DNA-damage and the generation of pro-death
signals. Moreover, acute hypoxia also profoundly reorganizes
cell signaling to increase the death threshold [overview in Ref.
(3)]. Finally, chronic intermittent tumor hypoxia promotes selec-
tion of hypoxia-tolerant cells that are characterized by dimin-
ished apoptotic potential, increased therapy resistance, and worse
prognosis (4—6).

At present, researchers follow diverse approaches to overcome
hypoxia-mediated therapy resistance: (i) reduce the hypoxic frac-
tion of the tumor by increasing the blood oxygen tension, (ii)
specifically kill hypoxic cells by using bioreductive drugs, and (iii)
reduce the tolerance of hypoxic cells by using signal transduction
inhibitors targeting pathways that are essential for the survival of
hypoxic cells (2, 7).

Here, we propose a novel strategy to overcome therapy resis-
tance under conditions of acute hypoxia by using the cyclic
endoperoxide dihydroartemisinin (DHA). DHA belongs to a
family of compounds derived from the natural sesquiterpene
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lactone artemisinin (Coartem®/Riamet®) that are known to gen-
erate ROS-like superoxide anions and hydroxyl radicals as well
as carbon-centered radicals upon activation of their endoper-
oxide bridge in the presence of ferrous iron (8). Artemisinin
and DHA are already in clinical use for antimalaria treatment
(9). However, both drugs also exert potent anti-neoplastic effects
on human tumor cells in preclinical in vitro and in vivo inves-
tigations (10-12). Earlier studies revealed that the generation
of ROS and carbon-centered radicals is critical for the toxic
effects of artemisinin and derivatives on malaria parasites (13,
14). These reactive molecules also contribute to the potent anti-
cancer activity of these compounds through alkylation of essential
proteins and induction of oxidative damage to membrane lipids
and DNA and subsequent ROS-dependent apoptosis that includes
the activation of pro-apoptotic Bcl-2 family member Bax, and
caspase-activation (11, 15, 16).

Though anti-neoplastic activity of artemisinin and derivatives
is well-documented for standard treatment conditions in nor-
moxia, the potential of these drugs to kill cancer cells under
conditions of acute hypoxia and the involved molecular path-
ways have not yet been studied. On the basis of their potential to
generate ROS and further reactive molecular species, we hypoth-
esized that treatment with compounds of the Artemisinin drug
family may be a promising approach to efficiently attack hypoxic
cancer cells and overcome therapy resistance induced by acute
hypoxia. To verify our hypothesis, we compared the anti-neoplastic
activity of DHA under normoxic and hypoxic conditions using
three different colorectal cancer cell lines as experimental model.
We demonstrate for the first time that DHA is a hypoxia-active
drug that efficiently kills colon cancer cells even in presence of
very low oxygen levels. When treated at lower DHA concentra-
tions (<25uM), colon cancer cells mainly underwent apopto-
sis, whereas necrosis was increased when higher doses of DHA
(50 wM) were applied.

Further molecular analysis of DHA-mediated cytotoxicity in
HCT116 cells revealed that DHA induced the canonical mito-
chondrial apoptosis pathway that includes the activation of
Bax, cytochrome ¢ release from mitochondria into the cytosol,
caspase-activation, dissipation of the mitochondrial transmem-
brane potential (AWm) and DNA-fragmentation. Although Bax-
activation occurred to similar extent when HCT116 cells were
treated under normoxic conditions, release of cytochrome ¢
and caspase-activation were almost abrogated. However, a high
amount of cells with fragmented or condensed DNA was observed
even in the absence of caspase-activation suggesting the induc-
tion of caspase-independent apoptotic cell death by DHA in
severely hypoxic cancer cells. Moreover, under both conditions
DHA-induced ROS production mediated the cytotoxic effect
since blocking the ROS production resulted in reduced DNA-
fragmentation. In addition, hypoxic HCT116 cells induced a
different set of regulatory BH3-only proteins in response to
DHA compared to normoxic cells suggesting that different
BH3-only proteins might contribute to the canonical and non-
canonical apoptosis in normoxia and hypoxia by inhibiting anti-
apoptotic Bcl-2 family members and facilitating the activation of
the Bax.

MATERIALS AND METHODS

CHEMICALS AND DRUGS

Dihydroartemisinin ~ [(3,5,6,8,9,10,12R,12aR)-decahydro-3,6,9-
trimethyl-3,12-epoxy-12H-pyrano[4,3-j]-1,2-benzodioxepin-10-
ol, Ci5H405)] and propidium iodide (PI) were obtained
from Sigma-Aldrich (Deisenhofen, Germany). Hoechst 33342
was purchased from Calbiochem (Bad Soden, Germany). The
pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp(OMe)-
fluoromethylketone (zVAD-fmk) was obtained from Bachem
(Bubendorf, Switzerland). Tetramethylrhodamine ethyl ester per-
chlorate (TMRE) and dihydroethidium (DHE) were from Molec-
ular Probes (MoBiTec, Goettingen, Germany).

Antibodies specific for full length and cleaved poly (ADP-
ribose) polymerase (PARP), caspase-3, light chain 3B (LC3B),
Bax, Bak, Bcl-xL, and Puma were obtained from Cell Signal-
ing (Frankfurt, Germany). Bcl-2 antibody was purchased from
Santa Cruz Biotechnology (Heidelberg, Germany), Bim antibody
was purchased from Epitomics (Biomol, Hamburg, Germany).
The antibody specifically recognizing the active conformation of
Bax (Bax NT) was from Upstate (Hamburg, Germany). More-
over, we used antibodies specific for Noxa (Calbiochem, Darm-
stadt, Germany), cytochrome ¢ (Pharmingen, Hamburg, Ger-
many), or B-actin (Sigma-Aldrich, Deisenhofen, Germany) as
well as HRP-conjugated and Cy2-conjugated secondary antibodies
(Amersham-Biosciences, Freiburg, Germany).

All other chemicals and drugs were from Sigma-Aldrich if not
otherwise specified.

CELL CULTURE

Colon cancer cell lines HCT15, Colo205, and HCT116 were
obtained from ATCC (Bethesda, MD, USA). Morphology and phe-
notype of the distinct cell lines were routinely tested before and
during data acquisition.

Cells were grown in RPMI 1640 medium supplemented with
10% (v/v) fetal calf serum (Gibco Life Technologies, Eggenstein,
Germany) and maintained in a humidified incubator at 37°C and
5% CO; (normoxic conditions). Hypoxic cells were grown in a
humidified hypoxia work station (In vivo 400, Ruskinn Technology
Ltd., IUL Instruments GmbH, Kénigswinter, Germany) at 37°C,
0.2% O, and 5% CO;.

DRUG TREATMENT

Cells were treated 24h after seeding with 0-50 WM DHA. For
treatment under hypoxic conditions, cells were transferred to the
hypoxic chamber 2 h before drug treatment. For all experiments,
0.1% ethanol was used as solvent control.

QUANTIFICATION OF CELL VIABILITY AND CELL PROLIFERATION
The number of living cells was determined upon staining of the
cells with the vital dye trypan blue. For this, cells were harvested
with Trypsin-EDTA, re-suspended in fresh medium, diluted with
trypan blue, and counted employing a Neubauer chamber.

In addition, metabolic activity of the cells was determined
as an indirect measure of cell viability using the WST-1 pro-
liferation assay according to the manufacturer’s instructions
(Roche Applied Science, Mannheim, Germany). Reduction of the
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water-soluble tetrazolium salt WST-1 to formazan was determined
using an ELISA reader (Bio-Tek, Bad Friedrichshall, Germany; 480
and 680 nm).

COLONY FORMATION ASSAY

For this long-term assay, 200—1600 cells/well were plated in 6-well
plates, incubated in normoxia for 24 h, and then treated with DHA
in normoxia or severe hypoxia. Plates seeded for treatment under
hypoxic conditions were transferred into the hypoxic chamber
2 h prior to DHA treatment until 24 h after treatment and subse-
quently incubated in normoxia. Plates were incubated for a total
of 10 days to allow growth of single colonies. Cells were then fixed
in 3.7% formaldehyde and 70% ethanol and subsequently stained
with 0.05% Coomassie Brilliant Blue. Colonies (>50 cells/colony)
were counted under the microscope at fivefold magnification. The
survival curves were established by plotting the log of the surviv-
ing fraction against the treatment dose. Fitting of the curves was
performed using Excel software.

ANALYSIS OF APOPTOTIC AND NECROTIC CELL DEATH BY
FLUORESCENCE MICROSCOPY

Changes in nuclear morphology indicative for apoptosis and
necrosis were analyzed by fluorescence microscopy (Zeiss Axiovert
200, Carl Zeiss, Gottingen, Germany; G365/FT395/LP420 filter set)
upon cell staining with 1.5 WM Hoechst 33342 and 2.5 pg/ml PI.
Apoptotic and necrotic cells were quantified by counting the rela-
tive amount of fragmented blue or red nuclei (early or late apop-
tosis, respectively) and non-fragmented red nuclei (necrosis). At
least 100 cells were quantified in three independent fields per well.

FLOW CYTOMETRY ANALYSES

For quantification of apoptotic DNA-fragmentation (sub-G1 pop-
ulation), cells were incubated for 60 min with a staining solu-
tion containing 0.1% (w/v) sodium citrate, 50 pg/ml PI, and
0.05% (v/v) Triton X-100 (v/v) and subsequently analyzed by
flow cytometry (FACS Calibur, Becton Dickinson, Heidelberg,
Germany; FL-2).

Dissipation of the AWm was measured using the AWm-
specific dye TMRE (FL-2) as described elsewhere (17).
To ensure a complete dissipation of AWm, cells were
treated with 100 uM protonophore carbonyl cyanide m-
chlorophenylhydrazone (CCCP) before incubation with TMRE.

To quantify ROS production, cells were stained for 15 min at
37°C with 5 uM of the ROS-sensitive dye DHE (Molecular Probes,
MoBiTec, Géttingen, Germany) and washed subsequently once
with PBS. ROS-positive cells were detected by flow cytometry (FL-
2). Treatment with 250 uM H, O, (2 h) was used as positive control
for ROS formation. As additional control, cells were pretreated
with 2 mM N-acetylcysteine (Acc) to block ROS formation.

Activation of Bax was determined using the activation-specific
anti-Bax NT antibody. In brief, cells were fixed for 20 min on ice
in 2.5% (w/v) PFA/PBS, washed in 1% (v/v) FCS/PBS, permeabi-
lized for 30 min on ice with 0.1% (v/v) Triton X-100/PBS, washed
with PBS, and then incubated for 15 min at room temperature
(RT) with a blocking solution (10% FCS/PBS). Cells were stained
for 30 min with the activation-specific anti-Bax NT antibody
or the respective isotype control, washed, incubated for 30 min

with a cy2-conjugated anti-rabbit secondary antibody (Amer-
sham, Freiburg, Germany), washed again, and then suspended in
blocking buffer for flow cytometric analysis (FL-1).

RELEASE OF CYTOCHROME C

Cells were plated on cover slips, washed with PBS, and fixed
for 15 min with 3% (v/v) paraformaldehyde in PBS at RT. Sub-
sequently, cells were permeabilized for 10 min with 0.2% (v/v)
Triton X-100 in PBS, washed with PBS, blocked for 30 min in 1%
(v/v) fetal calf serum, and subsequently incubated for 1h at RT
with the anti-cytochrome ¢ primary antibody (Pharmingen, Bec-
ton Dickinson). After repeated washing, cells were incubated for
45 min at RT in the dark with the secondary Cy2-conjugated anti-
mouse antibody (Amersham, Freiburg, Germany). Finally, the
cover slips were mounted with Fluorescence Mounting Medium
(Dako, Hamburg, Germany). Cytochrome c release was visualized
by fluorescence microscopy using a Zeiss Axiovert 200 microscope
equipped with an Apotome with an 63 oil objective and GFP fil-
ter set (Carl Zeiss, Jena, Germany). Analysis of green fluorescence
and overlay were performed with AxioVision software (Carl Zeiss,
Jena, Germany).

WESTERN BLOT ANALYSIS

Cells were lysed for 10 min at 99°C in 62.5mM Tris-HCI (pH
6.8),2% (w/v) SDS, 10% (v/v) glycerol, 50 mM dithiothreitol, and
0.01% (w/v) bromophenol blue. Proteins were separated by SDS-
PAGE and blotted onto PVDF-membranes (Roth, Karlsruhe, Ger-
many). After blocking with 5% (w/v) non-fat dry milk, membranes
were incubated at 4°C over night with the respective primary anti-
body (1:20,000 for B-actin, 1:1000 for all other antibodies). After
washing, the membranes were incubated for 1 h at RT with the sec-
ondary antibody (anti-IgG-HRP 1:2000, Amersham-Biosciences,
Freiburg, Germany), washed again, and developed using enhanced
chemiluminescence staining (ECL western blotting analysis sys-
tem, Amersham-Biosciences, Freiburg, Germany). We indicated
that protein levels were quantified by densitometry using Image]J
software (Image] 1.40g, NIH, USA). The respective protein levels
were normalized to f-actin levels.

STATISTICS

Data represent mean values of at least three independent experi-
ments =+ standard deviation (SD). Specific values represent nor-
malization to respective solvent controls [% treated cells — %
solvent control]. Data analysis was performed by two-tail unpaired
t-test (Prism5™ software, GraphPad Inc., La Jolla, CA, USA)
or two-way ANOVA test using parametric methods and employ-
ing Bonferroni multiple comparison post-test where appropriate.
P-values <0.05 were considered as significant.

RESULTS

DIHYDROARTEMISININ EXERTS POTENT ANTI-NEOPLASTIC EFFECTS
UNDER NORMOXIC AND HYPOXIC CONDITIONS

To characterize the anti-neoplastic potential of DHA in severely
hypoxic cancer cells, we first compared tumor cell survival after
treatment with DHA under normoxic and under severely hypoxic
conditions. For this, we treated three different human colon cancer
cells (HCT15, Colo205, and HCT116 cells) with 0-80 .M DHA
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for 48 in the presence of normal (21% O;) or greatly reduced
oxygen tensions (0.2% O;). DHA significantly reduced the num-
ber of viable HCT15, HCT116, and Colo 205 colon cancer cells in
a concentration-dependent manner under normoxic (Figure 1,
upper panel) as well as under hypoxic conditions (Figure 1,
lower panel). The response of the three cell lines to DHA dif-
fered slightly depending on the drug concentration and the oxygen
levels. Whereas HCT15 cells turned out to be highly sensitive in
normoxia and hypoxia with almost 50% reduction in the num-
ber of viable cells upon treatment with 10 uM DHA under both
conditions, the sensitivity of HCT116 cells was higher in hypoxia
(almost 50% reduction in the number of viable cells with 10 WM
DHA compared to 20% in normoxia). In contrast, the number
of viable cells decreased only by around 20% in Colo205 upon
treatment with 10 WM DHA under both, normoxic and hypoxic
conditions. Nevertheless, the results indicate that DHA is highly
active in normoxic and hypoxic colorectal cancer cells.

To characterize the mechanism of cytotoxicity more closely,
the mode of cell death induced by DHA was analyzed. For this

purpose, the three colon cancer cell lines were treated with 0—
50 M DHA under normoxic and hypoxic conditions. Forty-eight
hours later, the cells were co-stained with the membrane perme-
able DNA dye Hoechst 33342 and PI, a DNA dye that cannot
enter cells with intact plasma membrane integrity, to distinguish
between apoptotic and necrotic cell death (Figure 2A). PI-negative
and PI-positive cells with condensed DNA were mainly observed
after treatment with 25 WM DHA under normoxia or hypoxia indi-
cating that at this applied concentration the dominant mode of cell
death was apoptosis (Figures 2B—D, left panels). In contrast, treat-
ment with 50 WM DHA vyielded elevated levels of PI-positive cells
without DNA condensation suggesting that necrotic cell death
was increased in response to treatment with higher DHA con-
centrations (Figures 2B-D, right panels). However, the impact
of normoxia or hypoxia on DHA-induced necrosis is not clear.
Whereas DHA-induced necrosis was much higher in normoxic
than in hypoxic HCT15 and HCT116 cells, Colo205 cells showed
more necrosis upon DHA treatment in hypoxia compared to
normoxia.

HCT15

100

80

living cells
(% of vehicle-treated cells)

Colo 205

1007 ____*

HCT116

100 _ **

- Normoxia
[] Hypoxia

FIGURE 1 | DHA exerts potent anti-neoplastic effects on colon cancer
cells in normoxia and severe hypoxia. HCT15, Colo205, and HCT116 colon
cancer cells were treated for 48 h with various concentrations of DHA
(0-80 M) under normoxic (21% O,; black bars) or severely hypoxic
conditions (0.2% O,; white bars) as indicated. Cell proliferation and survival
were monitored 48 h after treatment by using the WST-1 assay that
quantifies the metabolic activity of viable cells. Ethanol (0.1%) was used as
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solvent control. DHA reduces the number of viable HCT15, HCT116, and
Colo 205 cells in a concentration-dependent manner in normoxia (upper
panel) and hypoxia (lower panel). DHA displays almost similar anti-neoplastic
activity in normoxia and hypoxia. Data represent means + SD (n=23). Values
were normalized to the ethanol control. P-values were calculated applying
unpaired two-tailed t-test. *P <0.05; **P <0.01; ***P <0.001. Nx,
normoxia; Hx, hypoxia.
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FIGURE 2 | DHA induces apoptotic and necrotic cell death in colon
cancer cells in normoxia and hypoxia. HCT15, Colo 205, and HCT116 cells
were treated for 24 h with solvent (Ethanol, 0 WM DHA) or DHA (25, 50 uM)
under normoxic (21% O,; black bars) or under severely hypoxic conditions
(0.2% O,; white bars). To visualize apoptotic and necrotic cell death, cells
were stained with Hoechst (blue) and PI (red) and submitted to fluorescence
microscopy 24 h post treatment. (A) Representative fluorescence microscopy
pictures from one of three independent experiments are shown. Scale bar
corresponds to 100 um. Pictures were taken using 10-fold magnification.
(B-D) At concentrations of 25 wM and below, DHA preferentially induced
apoptosis, whereas at 50 .M DHA necrosis became more prominent. The
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percentage of apoptotic and necrotic cells in (B) HCT15 cells, (C) Colo 205
cells, and (D) HCT116 cells was quantified by counting the fraction of cells
with normal, apoptotic, and necrotic nuclei using fluorescence microscopy
(DAPI channel). At least 100 cells per field were quantified from three
independent areas per condition. Data represent means from three
independent experiments + SD. Statistical analysis was performed according
to unpaired two-tailed t-test. *P < 0.05; ** #P <0.01, *** #*#* P ~(0.001.
*Indicates the significance between the solvent treated control cells and
DHA-treated cells either in normoxia or hypoxia, *indicates the significance
between normoxic and hypoxic cells treated with the same concentration
of DHA.
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Taken together, our results indicate that DHA displays cyto-
toxic activity in colon cancer cells under normoxic and hypoxic
conditions.

EFFECT OF DIHYDROARTEMISININ ON SHORT-TERM AND LONG-TERM
CELL VIABILITY IN HCT116 CELLS

Although DHA induced cell death in colon cancer cells, the drug
also might affect the cell proliferation rate. Thus, we analyzed
the amount of viable HCT116 cells in a short-term assay mea-
suring the number of viable cells 48 h after treatment with DHA
(Figure 3A) as well as in a long-term assay measuring the surviv-
ing fraction in response to DHA (Figure 3B) under normoxic or
hypoxic conditions. Under normoxia, the number of living cells
was significantly reduced 48 h after treatment with 12.5 or 25 pM
DHA. In hypoxia, the number of living cells was already slightly
decreased without treatment and was further lowered by treatment
with DHA, however, not to the same extent as under normoxic
conditions. On the other hand, the long-term assay showed that the
number of surviving cells able to regrow and form a colony declines
with increasing DHA concentration. Surprisingly, DHA treatment
reduced the surviving fraction even slightly more efficiently under
hypoxic conditions when compared to normoxic conditions. Our
results indicate that the long-term toxicity of DHA is slightly
improved under hypoxia as compared to normoxia, though the
number of surviving cells was slightly higher after short-term
treatment under hypoxic conditions. The results suggest that DHA
exerts pronounced long-term anti-neoplastic effects that enhance
clonogenic cell death particularly under hypoxic conditions.

DEPRIVATION OF OXYGEN RESULTS IN A SWITCH FROM
CASPASE-DEPENDENT APOPTOSIS TO CASPASE-INDEPENDENT
APOPTOSIS IN RESPONSE TO DIHYDROARTEMISININ

Earlier investigations in Jurkat T-lymphoma cells had demon-
strated that, under standard normoxic culture conditions, DHA

activates the intrinsic apoptosis pathway to trigger ROS-dependent
cell death (11). Intrinsic apoptosis is characterized by the acti-
vation of the Bcl-2 effector proteins Bax and/or Bak which,
in turn, induce the permeabilization of the outer mitochon-
drial membrane and cytochrome ¢ release from the mito-
chondrial intermembrane space into the cytosol, which acts
as a co-factor to activate the caspase cascade [for review see
Ref. (18)]. This ultimately results in dissipation of the A¥m
and DNA-fragmentation. To gain insight into the regulation
of DHA-induced cell death in HCT116 cells under normoxic
and hypoxic conditions, we compared the canonical steps of
the intrinsic apoptosis pathway in HCT116 cells in response to
DHA at 21 and 0.2% O; (Figure 4). In normoxia, DHA read-
ily induced Bax-activation (Figure 4A), cytochrome c release
into the cytosol (Figure 4B), and cleavage of caspase-3 and
of the caspase-3 substrate PARP (Figure 4C), dissipation of
AWm (Figure 4F), and DNA-fragmentation (Figure 4G), respec-
tively. Though Bax-activation was detected to a similar extent
upon DHA treatment under hypoxic conditions, cytochrome ¢
release into the cytosol, caspase-3 activation, and PARP-cleavage
were abrogated under these conditions. In addition, blocking
caspase-activation by co-treatment with pan-caspase inhibitor
zVAD-fmk and DHA under normoxia prevented cleavage of
caspase-3 and PARP (Figure 4D) as well as DNA-fragmentation
(Figure 4E), suggesting that the canonical apoptosis pathway is
activated in response to treatment with DHA under normoxic
conditions.

Interestingly, mitochondrial dissipation (Figure 4F) and DNA-
fragmentation (Figure 4G) were only slightly reduced in hypoxic
cells in response to treatment with 25uM DHA when com-
pared to treatment under normoxic conditions. Thus, our results
suggest that, in response to DHA, a caspase-independent apop-
totic cell death occurred when cells were treated under hypoxic
conditions.
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FIGURE 3 | DHA reduces cell survival and eradicates clonogenic
tumor cells in normoxia and hypoxia. (A) HCT116 cell were treated
with DHA (12.5, 25 wM) or with ethanol (solvent control, 0 wM DHA).
Forty-eight hours later, living cells were counted using trypan blue
exclusion dye. P-values were calculated applying unpaired two-tailed
t-test; *P < 0.05. DHA significantly reduced the number of viable cells
under normoxic conditions, but only slightly decreased the number of
viable cells under hypoxic conditions. (B) HCT116 cells were plated for
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colony formation assay, treated 24 h later for 24 h with 0-20 M DHA
under normoxic (21% O,) or hypoxic conditions (0.2% O,) and
subsequently further incubated at 21% O, for additional 10 days. Values
were normalized to the plating efficiency of the cells treated with
ethanol (0 wM DHA). Data show the surviving fractions (SF) from three
independent experiments (means & SD). DHA-induced eradication of
clonogenic tumor cells was slightly better under hypoxic than under
normoxic conditions.
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but a caspase-independent apoptotic cell death in hypoxia. HCT116 (C) DHA-induced caspase-activation is abrogated in hypoxia. Caspase-3
cells were treated for 12-48 h under normoxic and hypoxic conditions activation (D) and DNA-fragmentation (E) can be blocked by co-treatment
with solvent control (0 wM), 12.5 or 25 wM DHA as indicated. with the pan-caspase inhibitor zZVAD-fmk under normoxic conditions.
(A) DHA-induced Bax-activation is similar in normoxia and hypoxia. DHA induces depolarization of the mitochondrial membrane potential
Bax-activation was monitored by flow cytometry 12 h after treatment [AWm, (F)] and DNA-fragmentation [sub-G1, (G)] in normoxia and
using an activation-specific anti-Bax antibody. (B) DHA induces significant hypoxia. Depolarization of AWm (F) and DNA-fragmentation (G) were
release of cytochrome ¢ only in normoxia. Cytochrome c release was determined at 24 h after treatment by flow cytometry. (A,E-G) Data
visualized 12 h after DHA treatment by immunofluorescence (Zeiss Cell represent means £ SD from at least three independent experiments.
Observer fluorescence microscope with Apotome; Axiocam MRm P-values were calculated applying unpaired two-tailed t-test; *P < 0.05;
camera; GFP filter). Scale bar corresponds to 10 wm. Data show **#P <0.01; ***P < 0.001. *Indicates the significance between the
representative pictures from three independent experiments. solvent-treated control cells and DHA-treated cells either in normoxia or
(C,D) Activation of caspase-3 and cleavage of caspase-3 substrate PARP hypoxia, *indicates the significance between normoxic and hypoxic cells
were analyzed by western blotting at 24 h after treatment with DHA. Data treated with the same concentration of DHA.

www.frontiersin.org

May 2014 | Volume 4 | Article 116 | 7



http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Ontikatze et al.

Anti-neoplastic activity of dihydroartemisinin in hypoxia

DIHYDROARTEMISININ-INDUCED ROS PRODUCTION CONTRIBUTES TO
THE CYTOTOXIC EFFECTS UNDER NORMOXIC AND HYPOXIC
CONDITIONS

Earlier reports including own data pointed to ROS-dependent
induction of apoptosis by DHA and related compounds (11,
15, 16). Therefore, we next examined whether treatment with
DHA would increase cellular ROS levels in HCT116 cells and
whether DHA-induced apoptosis was ROS-dependent. As shown
in Figure 5A, the amount of ROS-positive cells increased in
response to treatment with DHA in a concentration-dependent
manner under both, normoxic and hypoxic conditions. How-
ever, ROS production was significantly lower when treatment was
performed in severe hypoxia. Moreover, pre-treatment with the
radical scavenger Acc not only decreased DHA-induced ROS pro-
duction (Figure 5A), but concurrently decreased DHA-induced
DNA-fragmentation under normoxic and hypoxic conditions
(Figure 5B). These observations demonstrate that the induction of
ROS is essential for the cytotoxic action of DHA in both treatment
conditions.

NORMOXIC AND HYPOXIC HCT116 CELLS UP-REGULATE DIFFERENT
SETS OF BH3-ONLY PROTEINS UNDER NORMOXIC AND HYPOXIC
CONDITIONS

Since activation of Bax seems to be an important step during
DHA-induced cell death under normoxic and hypoxic conditions,
awestern blot analysis was performed to examine whether a change
in the expression of other Bcl-2 family members could contribute
to apoptosis induction (Figure 6). HCT116 cells express higher
levels of Bax than the closely related Bak as well as higher levels
of the anti-apoptotic Bcl-xL than the closely related protective

Bcl-2. However, the expression of these four proteins was not
affected by DHA. In contrast, treatment with DHA resulted in
slightly increased levels of the anti-apoptotic Mcl-1, although
Mcl-1 levels were lower when cells were cultured in hypoxic con-
dition as compared to normoxic conditions. Interestingly, the
pro-apoptotic BH3-only protein Noxa showed similar regulation
like its interacting partner Mcl-1.

In contrast, levels of the BH3-only proteins Bim and Puma were
only elevated in response to treatment with DHA when treatment
was performed under normoxic conditions. Instead, expression
of the BH3-only protein BNIP3 was up-regulated when HCT116
cells were exposed to severe hypoxia and its levels further increased
after DHA treatment though BNIP3 was not detected in normoxia.

Taken together, our data suggest that different sets of BH3-only
proteins are up-regulated in response to DHA under normoxic
and hypoxic conditions.

BNIP3 is known to interact with Bcl-2 thereby counteracting
Bcl-2’s anti-apoptotic activity or preventing Bcl-2 from binding
to Beclin-1. The former interaction results in apoptosis induc-
tion whereas the latter one results in autophagy induction. In
addition, autophagy-associated cell death might also contribute
to clonogenic cell death. Therefore, we examined the induction
of autophagy by analyzing LC3B processing to a 14kDa form in
HCT116 cells. Interestingly, an increase of the 14 kDa LC3B band
was observed under normoxic conditions when BNIP3 expres-
sion was hardly detectable. In contrast, under hypoxic condi-
tions, no increase of processed LC3B could be detected although
BNIP3 levels were dramatically increased. Thus, our results sug-
gest that BNIP3 does not regulate autophagy but rather apoptosis
in hypoxic HCT116 cells.
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FIGURE 5 | ROS are important mediators of DHA-induced cytotoxicity in cytometry upon loading of the cells with the oxidation-sensitive dye DHE.
both, normoxia and hypoxia. (A,B) HCT116 cells were pre-incubated for (B) DHA-induced DNA-fragmentation is ROS-dependent in normoxia and
30 min in the absence or presence of the radical scavenger N-acetylcystein hypoxia. DNA-fragmentation (sub-G1) was analyzed by flow cytometry after
(Acc; 2 mM) and then treated for 24 h (A) or 48 h (B) with DHA (0-25 uM) staining the cells with PIl. Data represent means 4 SD from three
under normoxic and hypoxic conditions as indicated. (A) DHA induces ROS independent experiments. P-values were calculated applying unpaired
under normoxic and hypoxic conditions in a concentration-dependent manner.  two-tailed t-test. * #¥P < 0.05; **#P <0.01; ***P < 0.001. *Indicates the
Treatment with 250 uM H, O, for 2 h was applied as a positive control for ROS  significance between the solvent-treated control cells and DHA-treated cells
formation. Pre-treatment with the ROS scavenger N-acetylcystein (Acc) was either in normoxia or hypoxia, *indicates the significance between normoxic
used to intercept and neutralize ROS. ROS formation was detected by flow and hypoxic cells treated with the same concentration of DHA.
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FIGURE 6 | BH3-only proteins Bim, Puma, Noxa, and BNIP3 are
differentially regulated in response DHA in normoxia and hypoxia.
HCT116 cells were treated with 0, 12.5, or 25 wM DHA under normoxic or
under hypoxic conditions as indicated. Twenty-four hours later, whole cell
lysates were made. Levels of anti-apoptotic and pro-apoptotic proteins of
the Bcl-2 family were analyzed by western blot. Induction of autophagy was
accessed by western blot using an antibody against LC3B and a
subsequent analysis of processed LC3B form (LC3B I, 14 kDa). Levels of
anti-apoptotic Bcl-2 and Bcl-xL and pro-apoptotic Bax and Bak did not
change in response to treatment with DHA under normoxic and hypoxic
conditions. Levels of BH3-only protein Noxa were increased in response to
DHA in normoxia as well as in hypoxia. Levels of Bim and Puma were only
increased by DHA in normoxia, whereas levels of BNIP3 were elevated by
DHA only in hypoxia. Induction of autophagy in response to DHA was
observed only under normoxic conditions. Protein levels were analyzed by
densitometry and normalized to B-actin levels. Relative protein levels are
shown below the respective blots. Data show representative blots from at
least two independent experiments.

DISCUSSION

Hypoxia is a major biological factor that limits the success of anti-
cancer treatment. Here, we demonstrate for the first time that the
anti-neoplastic cyclic endoperoxide DHA is a hypoxia-active anti-
cancer drug that efficiently eradicates colon cancer cells not only
under normoxic conditions but also when treatment is performed
in a severely hypoxic microenvironment.

ANTI-NEOPLASTIC ACTIVITY IN NORMOXIA AND HYPOXIA

Under normoxic conditions, DHA potently induced cell death,
particularly apoptosis, in colon cancer cells whereas necrotic cell
death was only induced to a substantial extent when rather high
drug concentrations were used.

The main mode of DHA-induced cell death in colon cancer
cells under hypoxic conditions also resembled apoptosis. This
assumption is based on the findings that dissipation of the mito-
chondrial membrane potential as well as DNA-fragmentation were
still observed in severe hypoxia, though caspase-3 activation was
greatly reduced. This is reminiscent of a caspase-independent
apoptosis with DNA-fragmentation that was described before
(19). In this context, previous publications suggested a translo-
cation of apoptosis-inducing factor (AIF) and endonuclease G
(EndoG) from mitochondria to the nucleus, where both proteins
are able to initiate DNA-degradation independent of caspase-
activation (20, 21). The pronounced sensitivity to DHA-induced
apoptosis observed in short-term assays strongly correlated with
efficient eradication of clonogenic HCT116 cells in long-term
colony formation assays. Notably, the drug displayed even slightly
higher activity in HCT116 cells treated under severely hypoxic
conditions.

POTENTIAL OF DHA IN ANTI-CANCER THERAPIES

A hypoxic microenvironment renders cancer cells resistant to
most standard anti-cancer therapies and, thus, constitutes a major
obstacle in the treatment of cancer patients (2). The molecu-
lar mechanisms leading to the increased resistance of hypoxic
cancer cells to standard chemotherapeutic drugs or ionizing radi-
ation are not fully understood. However, previous publications
have demonstrated that hypoxic tumor cells stabilize the hypoxia-
inducing factor-1a (HIF-1a) leading to the HIF-1a-dependent cell
protection, increased transcription of vascular endothelial factor
(VEGF), and tumor vessel formation (3, 22). There is increas-
ing evidence that DHA interferes with HIF-1a activation, VEGF
expression, and angiogenesis. On the one hand, DHA treatment
reduced hypoxia-induced HIF-1a activation and VEGF expres-
sion in multiple myeloma and C6 rat glioma cells resulting in
reduced tumor cell growth and angiogenesis, respectively (23, 24).
On the other hand, DHA enhanced the toxicity of cisplatinum
in lung adenocarcinoma cells in vivo and this effect was accom-
panied by reduced expression of HIF-1a and VEGF and reduced
tumor microvessel density (25). Interestingly, this anti-angiogenic
effect of DHA was attributed to growth inhibition of endothelial
cells and depended on the level of tissue oxygenation and the drug
concentration (26). Thus, the anti-angiogenic effects described
above differ from our findings where DHA was almost similarly
active under normoxic and hypoxic conditions in all three colon
cancer cell lines examined (see Figure 1). The pronounced activ-
ity of DHA in severe hypoxia suggests that the drug has a great
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advantage over many standard anti-cancer drugs and radiotherapy
whose cytotoxic effects strongly rely on adequate oxygen tensions
as well as on intact cell death pathways (7, 27).

Moreover, although not yet examined in clinical trials, DHA is
able to improve treatment efficacy in combination with ionizing
radiation or cisplatin in preclinical models (25, 28, 29) and thus
shows great potential as anti-neoplastic drug.

Of note, drug concentrations used in the present study corre-
spond to DHA plasma levels achievable in humans. Upon repeated
intravenous application of 8 mg/kg artesunate, peak plasma con-
centrations up to 5.8 mg/l (around 20 uM) of its principal active
metabolite DHA were measured in healthy volunteers (30).

GENERATION OF ROS IN RESPONSE TO DHA

Up to now, preclinical studies about the anti-neoplastic activity of
artemisinin and derivatives had been mostly restricted to exper-
iments conducted in normoxia. These studies demonstrated that
the cytotoxic action of these compounds involves the formation of
ROS and membrane oxidation upstream of apoptosis-associated
changes in mitochondrial function (11, 31, 32). Moreover, chronic
treatment of LN-229 glioblastoma cells with artesunate led to a
continuous increase in ROS and in oxidative DNA-damage result-
ing in continuously increasing DNA double-strand breaks and
finally tumor cell death (16).

Our present data show for the first time that DHA can induce
ROS formation in hypoxia, though at slightly reduced levels. The
generated ROS were important mediators of DHA-induced cyto-
toxicity under normoxic as well as under hypoxic conditions since
blocking ROS formation by Acc resulted in abrogation cell death
under normoxic or hypoxic conditions. Although DHA-induced
oxidative DNA-damage and the resulting DNA-damage response
have not been studied here, it is highly likely that treatment with
DHA under normoxic as well as under hypoxic conditions will
also result in the generation of DNA double-strand breaks and,
finally, in cell death due to the inability of the cells to repair the
damaged DNA.

Taken together, our novel data indicate that the generation of
ROS is a hallmark of DHA-induced cell death under normoxic as
well as under hypoxic conditions.

ROLE OF BCL-2 FAMILY MEMBERS FOR THE REGULATION OF
DHA-INDUCED CLONOGENIC DEATH IN HYPOXIA
The effector proteins of the Bcl-2 protein family, Bax and Bak, are
essential for apoptosis induction. Both of them become activated
in response to many apoptotic stimuli (11, 33-35). In addition,
up-regulation of Bax levels was detected in response to cere-
bral ischemia or following exposure to ionizing radiation in a
p53-dependent way (36—38). Although the levels of pro-apoptotic
proteins Bax and Bak were not changed in response to treatment
with DHA, their activation might be essential for DHA-induced
cell death. Indeed, Bax was activated in most HCT116 cells after
treatment with DHA under normoxia and hypoxia. Thus, the
results suggest, that at least Bax might be a very important media-
tor of DHA-induced cytotoxicity under normoxic as well as under
hypoxic conditions.

Furthermore, anti-apoptotic proteins of the Bcl-2 family par-
ticipate in the regulation of the balance between apoptosis and

autophagy in response to cell stress, including hypoxia (39, 40).
They associate either with Bax or Bak to prevent outer mito-
chondrial membrane permeabilization and apoptosis induction
or with Beclin-1 preventing this molecule from induction of
autophagy (18, 41-45). Both, apoptosis and autophagy could
contribute to clonogenic cell death induced by DHA. However,
Bcl-2 or Bcl-xL levels did not change in response to DHA treat-
ment under normoxic or hypoxic conditions. Only Mcl-1 levels
were decreased when cells were grown under hypoxia. Treat-
ment with DHA slightly increased Mcl-1 levels under hypoxia,
but had no effect under normoxia. Yet, the three protective pro-
teins can be released from a complex formed with Bax/Bak or
Beclin-1 by a competitive interaction with BH3-only proteins such
as Bim, Puma, Noxa, and BNIP3. Interestingly, Noxa levels were
increased in response to DHA under normoxia as well as hypoxia.
In contrast, Bim and Puma levels were up-regulated only under
normoxic conditions, whereas BNIP3 levels were increased only
under hypoxic conditions after treatment with DHA. Further-
more, previous publications have shown that BNIP3 up-regulation
was observed preferentially in hypoxic cells and was often asso-
ciated with autophagy induction due to the release of Beclin-
1 from interaction with Bcl-2 or Bcl-xL by replacement (46).
However, BNIP3 is also able to induce apoptosis by binding to
Bcl-2 and Bcl-xL (47). Surprisingly, autophagy induction as mea-
sured by LC3B processing was detected only in normoxic cells
in response to DHA treatment in the absence of BNIP3. In con-
trast, under hypoxia, when BNIP3 levels were greatly increased,
processing of LC3B could not be detected. Thus, our data sug-
gest that BNIP3 regulates rather apoptosis than autophagy under
hypoxic conditions. However, up-regulation of the BH3-only
proteins, Bim and Puma could result in an enhanced inter-
action with Bcl-2 and Bcl-xL to induce both, autophagy and
apoptosis, under normoxic conditions. Taken together, our data
clearly demonstrate a differential expression of BH3-only proteins
under normoxic and hypoxic conditions in response to treatment
with DHA in HCT116 colon cancer cells to induce cancer cell
death.

Given that we did not analyze the protein complexes in more
detail, we cannot state whether the discussed BH3-only proteins
associate with the anti-apoptotic Bcl-2 members to release Beclin-
1 and induce autophagy or to activate Bax and Bak to induce
apoptosis. A further analysis of Bcl-2, Bcl-xL, and Mcl-1 as well as
their interacting partners will clarify the molecular mechanisms
by which DHA induces apoptosis and autophagy under normoxic
and hypoxic conditions.

CONCLUSION

In contrast to many genotoxic drugs and radiotherapy, which are
generally less efficient in hypoxic tumor cells, DHA exerts pro-
nounced anti-neoplastic effects under severely hypoxic conditions.
While the canonical intrinsic apoptosis pathway seemed to be pre-
dominantly activated by DHA in oxygenated cells, DHA induced
a caspase-independent apoptosis-like cell death in severe hypoxia.
Since DHA targets normoxic as well as hypoxic cells with equal
potency, the drug might be a promising tool to improve treat-
ment outcome, particularly in hypoxic human tumors resistant to
conventional therapies.

Frontiers in Oncology | Molecular and Cellular Oncology

May 2014 | Volume 4 | Article 116 | 10


http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Ontikatze et al.

Anti-neoplastic activity of dihydroartemisinin in hypoxia

AUTHOR CONTRIBUTIONS

Verena Jendrossek designed the study. Teona Ontikatze, Justine
Rudner, and René Handrick performed the experiments and ana-
lyzed the data. Justine Rudner and Verena Jendrossek interpreted
the data, drafted and revised the manuscript. All authors read
the manuscript and gave the final approval for publication. The
authors agree to be accountable for all aspects of the work in ensur-
ing that questions related to the accuracy or integrity of any part
of the work are appropriately investigated and resolved.

ACKNOWLEDGMENTS

We thank Angelika Warda, Eva Gau, and Inge Spratte for excel-
lent technical support. The work was supported by grants of
the Deutsche Krebshilfe/Mildred-Scheel-Stiftung (107388 and
110344) and of the German Research Foundation (DFG)
GRK1739/1.

REFERENCES

1.

2.

w

ks

w

>

N

oo

°

10.

1

—

12.

13.

14.

16.

17.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell (2011)
144(5):646—74. doi:10.1016/j.cell.2011.02.013

Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer (2011)
11(6):393-410. doi:10.1038/nrc3064

. Wouters BG, Koritzinsky M. Hypoxia signalling through mTOR and the

unfolded protein response in cancer. Nat Rev Cancer (2008) 8(11):851-64.
doi:10.1038/nrc2501

Hockel M, Schlenger K, Hockel S, Vaupel P. Hypoxic cervical cancers with low
apoptotic index are highly aggressive. Cancer Res (1999) 59(18):4525-8.

. Weinmann M, Jendrossek V, Guner D, Goecke B, Belka C. Cyclic exposure to

hypoxia and reoxygenation selects for tumor cells with defects in mitochondrial
apoptotic pathways. FASEB ] (2004) 18(15):1906-8. doi:10.1096/f}.04- 1918fje
Dong Z, Wang J. Hypoxia selection of death-resistant cells. A role for Bcl-X(L).
] Biol Chem (2004) 279(10):9215-21. doi:10.1074/jbc.M312225200

Begg AC, Stewart FA, Vens C. Strategies to improve radiotherapy with targeted
drugs. Nat Rev Cancer (2011) 11(4):239-53. d0i:10.1038/nrc3007

. Meshnick SR, Yang YZ, Lima V, Kuypers F, Kamchonwongpaisan S, Yuthavong Y.

Iron-dependent free radical generation from the antimalarial agent artemisinin
(qinghaosu). Antimicrob Agents Chemother (1993) 37(5):1108-14. doi:10.1128/
AAC.37.5.1108

Keating GM. Dihydroartemisinin/piperaquine: a review of its use in the
treatment of uncomplicated Plasmodium falciparum malaria. Drugs (2012)
72(7):937-61. doi:10.2165/11203910-000000000-00000

Efferth T, Dunstan H, Sauerbrey A, Miyachi H, Chitambar CR. The anti-malarial
artesunate is also active against cancer. Int ] Oncol (2001) 18(4):767-73.

. Handrick R, Ontikatze T, Bauer KD, Freier E, Rubel A, Durig J, et al. Dihy-

droartemisinin induces apoptosis by a Bak-dependent intrinsic pathway. Mol
Cancer Ther (2010) 9(9):2497-510. doi:10.1158/1535-7163.MCT-10-0051
Michaelis M, Kleinschmidt MC, Barth S, Rothweiler F, Geiler J, Breitling R, et al.
Anti-cancer effects of artesunate in a panel of chemoresistant neuroblastoma cell
lines. Biochem Pharmacol (2010) 79(2):130—6. doi:10.1016/j.bcp.2009.08.013
Meshnick SR. Artemisinin: mechanisms of action, resistance and toxicity. Int
J Parasitol (2002) 32(13):1655-60. doi:10.1016/S0020-7519(02)00194-7
Berman PA, Adams PA. Artemisinin enhances heme-catalysed oxidation of
lipid membranes. Free Radic Biol Med (1997) 22(7):1283-8. d0i:10.1016/S0891-
5849(96)00508-4

. Efferth T, Giaisi M, Merling A, Krammer PH, Li-Weber M. Artesunate induces

ROS-mediated apoptosis in doxorubicin-resistant T leukemia cells. PLoS One
(2007) 2(1):e693. doi:10.1371/journal.pone.0000693

Berdelle N, Nikolova T, Quiros S, Efferth T, Kaina B. Artesunate induces oxida-
tive DNA damage, sustained DNA double-strand breaks, and the ATM/ATR
damage response in cancer cells. Mol Cancer Ther (2011) 10(12):2224-33.
doi:10.1158/1535-7163.MCT-11-0534

Rudner J, Mueller AC, Matzner N, Huber SM, Handrick R, Belka C, et al.
The additional loss of Bak and not the lack of the protein tyrosine kinase
p56/Lck in one JCaM1.6 subclone caused pronounced apoptosis resistance in
response to stimuli of the intrinsic pathway. Apoptosis (2009) 14(5):711-20.
doi:10.1007/s10495-009-0342-x

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

3

~

Youle R]J, Strasser A. The BCL-2 protein family: opposing activities that mediate
cell death. Nat Rev Mol Cell Biol (2008) 9(1):47-59. doi:10.1038/nrm2308
Galluzzi L, Vitale I, Abrams JM, Alnemri ES, Baehrecke EH, Blagosklonny
MYV, et al. Molecular definitions of cell death subroutines: recommendations
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ (2012)
19(1):107-20. doi:10.1038/cdd.2011.96

Thompson JW, Graham RM, Webster KA. DNase activation by hypoxia-
acidosis parallels but is independent of programmed cell death. Life Sci (2012)
91(7-8):223-9. doi:10.1016/j.1f5.2012.03.034

. Ren SX, Cheng AS, To KF, Tong JH, Li MS, Shen J, et al. Host immune defense

peptide LL-37 activates caspase-independent apoptosis and suppresses colon
cancer. Cancer Res (2012) 72(24):6512-23. d0i:10.1158/0008-5472.CAN-12-
2359

Liao D, Johnson RS. Hypoxia: a key regulator of angiogenesis in cancer. Cancer
Metastasis Rev (2007) 26(2):281-90. doi:10.1007/s10555-007-9066-y

Wu XH, Zhou H]J, Lee J. Dihydroartemisinin inhibits angiogenesis induced by
multiple myeloma RPMI8226 cells under hypoxic conditions via downregula-
tion of vascular endothelial growth factor expression and suppression of vascu-
lar endothelial growth factor secretion. Anticancer Drugs (2006) 17(7):839—48.
do0i:10.1097/01.cad.0000224443.85834.32

Huang XJ, Ma ZQ, Zhang WP, Lu YB, Wei EQ. arttitleDihydroartemisinin exerts
cytotoxic effects and inhibits hypoxia inducible factor-1alpha activation in C6
glioma cells. J Pharm Pharmacol (2007) 59(6):849-56. doi:10.1211/jpp.59.6.
0011

Zhang JL, Wang Z, Hu W, Chen SS, Lou XE, Zhou HJ. DHA regulates angiogen-
esis and improves the efficiency of CDDP for the treatment of lung carcinoma.
Microvasc Res (2013) 87:14-24. doi:10.1016/j.mvr.2013.02.006

D’Alessandro S, Basilico N, Corbett Y, Scaccabarozzi D, Omodeo-Sale F,
Saresella M, etal. Hypoxia modulates the effect of dihydroartemisinin on
endothelial cells. Biochem Pharmacol (2011) 82(5):476-84. doi:10.1016/j.bcp.
2011.06.002

Rohwer N, Cramer T. Hypoxia-mediated drug resistance: novel insights on the
functional interaction of HIFs and cell death pathways. Drug Resist Updat (2011)
14(3):191-201. doi:10.1016/j.drup.2011.03.001

Chen T, Chen M, Chen J. Ionizing radiation potentiates dihydroartemisinin-
induced apoptosis of A549 cells via a caspase-8-dependent pathway. PLoS One
(2013) 8(3):e59827. doi:10.1371/journal.pone.0059827

Kim §J, Kim MS, Lee JW, Lee CH, Yoo H, Shin SH, et al. Dihydroartemisinin
enhances radiosensitivity of human glioma cells in vitro. J Cancer Res Clin Oncol
(2006) 132(2):129-35. doi:10.1007/s00432-005-0052-x

Miller RS, Li Q, Cantilena LR, Leary KJ, Saviolakis GA, Melendez V, et al. Phar-
macokinetic profiles of artesunate following multiple intravenous doses of 2,
4, and 8 mg/kg in healthy volunteers: phase 1b study. Malar J (2012) 11:255.
doi:10.1186/1475-2875-11-255

Lu YY, Chen TS, Qu JL, Pan WL, Sun L, Wei XB. Dihydroartemisinin (DHA)
induces caspase-3-dependent apoptosis in human lung adenocarcinoma ASTC-
a-1 cells. ] Biomed Sci (2009) 16:16. doi:10.1186/1423-0127-16-16

Ji Y, Zhang YC, Pei LB, Shi LL, Yan JL, Ma XH. Anti-tumor effects of dihy-
droartemisinin on human osteosarcoma. Mol Cell Biochem (2011) 351(1—
2):99-108. doi:10.1007/s11010-011-0716-6

Mandic A, Viktorsson K, Molin M, Akusjarvi G, Eguchi H, Hayashi SI, et al.
Cisplatin induces the proapoptotic conformation of Bak in a deltaMEKKI-
dependent manner. Mol Cell Biol (2001) 21(11):3684-91. doi:10.1128/MCB.21.
11.3684-3691.2001

Rooswinkel RW, van de Kooij B, de Vries E, Paauwe M, Braster R, Verheij
M, etal. Anti-apoptotic potency of Bcl-2 proteins primarily relies on their
stability, not binding selectivity. Blood (2014) 123(18):2806-15. doi:10.1182/
blood-2013-08-519470

Bellosillo B, Villamor N, Lopez-Guillermo A, Marce S, Bosch F, Campo E,
et al. Spontaneous and drug-induced apoptosis is mediated by conformational
changes of Bax and Bak in B-cell chronic lymphocytic leukemia. Blood (2002)
100(5):1810-6. doi:10.1182/blood-2001-12-0327

Krajewski S, Mai JK, Krajewska M, Sikorska M, Mossakowski MJ, Reed JC. Upreg-
ulation of bax protein levels in neurons following cerebral ischemia. ] Neurosci
(1995) 15(10):6364—76.

. Bouvard V, Zaitchouk T, Vacher M, Duthu A, Canivet M, Choisy-Rossi C, et al.

Tissue and cell-specific expression of the p53-target genes: bax, fas, mdm2 and
wafl/p21, before and following ionising irradiation in mice. Oncogene (2000)
19(5):649—60. doi:10.1038/sj.0nc.1203366

www.frontiersin.org

May 2014 | Volume 4 | Article 116 | 11


http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1038/nrc3064
http://dx.doi.org/10.1038/nrc2501
http://dx.doi.org/10.1096/fj.04-1918fje
http://dx.doi.org/10.1074/jbc.M312225200
http://dx.doi.org/10.1038/nrc3007
http://dx.doi.org/10.1128/AAC.37.5.1108
http://dx.doi.org/10.1128/AAC.37.5.1108
http://dx.doi.org/10.2165/11203910-000000000-00000
http://dx.doi.org/10.1158/1535-7163.MCT-10-0051
http://dx.doi.org/10.1016/j.bcp.2009.08.013
http://dx.doi.org/10.1016/S0020-7519(02)00194-7
http://dx.doi.org/10.1016/S0891-5849(96)00508-4
http://dx.doi.org/10.1016/S0891-5849(96)00508-4
http://dx.doi.org/10.1371/journal.pone.0000693
http://dx.doi.org/10.1158/1535-7163.MCT-11-0534
http://dx.doi.org/10.1007/s10495-009-0342-x
http://dx.doi.org/10.1038/nrm2308
http://dx.doi.org/10.1038/cdd.2011.96
http://dx.doi.org/10.1016/j.lfs.2012.03.034
http://dx.doi.org/10.1158/0008-5472.CAN-12-2359
http://dx.doi.org/10.1158/0008-5472.CAN-12-2359
http://dx.doi.org/10.1007/s10555-007-9066-y
http://dx.doi.org/10.1097/01.cad.0000224443.85834.32
http://dx.doi.org/10.1211/jpp.59.6.0011
http://dx.doi.org/10.1211/jpp.59.6.0011
http://dx.doi.org/10.1016/j.mvr.2013.02.006
http://dx.doi.org/10.1016/j.bcp.2011.06.002
http://dx.doi.org/10.1016/j.bcp.2011.06.002
http://dx.doi.org/10.1016/j.drup.2011.03.001
http://dx.doi.org/10.1371/journal.pone.0059827
http://dx.doi.org/10.1007/s00432-005-0052-x
http://dx.doi.org/10.1186/1475-2875-11-255
http://dx.doi.org/10.1186/1423-0127-16-16
http://dx.doi.org/10.1007/s11010-011-0716-6
http://dx.doi.org/10.1128/MCB.21.11.3684-3691.2001
http://dx.doi.org/10.1128/MCB.21.11.3684-3691.2001
http://dx.doi.org/10.1182/blood-2013-08-519470
http://dx.doi.org/10.1182/blood-2013-08-519470
http://dx.doi.org/10.1182/blood-2001-12-0327
http://dx.doi.org/10.1038/sj.onc.1203366
http://www.frontiersin.org
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

Ontikatze et al.

Anti-neoplastic activity of dihydroartemisinin in hypoxia

38.

39.

40.

4

—

42.

43.

44,

45.

Zhou XM, Wong BC, Fan XM, Zhang HB, Lin MC, Kung HE etal. Non-
steroidal anti-inflammatory drugs induce apoptosis in gastric cancer cells
through up-regulation of bax and bak. Carcinogenesis (2001) 22(9):1393-7.
doi:10.1093/carcin/22.9.1393

Chen N, Chen X, Huang R, Zeng H, Gong ], Meng W, et al. BCL-xL is a tar-
get gene regulated by hypoxia-inducible factor-1{alpha}. J Biol Chem (2009)
284(15):10004—-12. doi:10.1074/jbc.M805997200

Snyder CM, Chandel NS. Mitochondrial regulation of cell survival and death
during low-oxygen conditions. Antioxid Redox Signal (2009) 11(11):2673-83.
doi:10.1089/ars.2009.2730

. Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:

crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol (2007)
8(9):741-52. d0i:10.1038/nrm2239

Degenhardt K, Mathew R, Beaudoin B, Bray K, Anderson D, Chen G,
et al. Autophagy promotes tumor cell survival and restricts necrosis, inflam-
mation, and tumorigenesis. Cancer Cell (2006) 10(1):51-64. doi:10.1016/j.ccr.
2006.06.001

Jendrossek V. The intrinsic apoptosis pathways as a target in anti-
cancer therapy. Curr Pharm Biotechnol (2012) 13(8):1426-38. do0i:10.2174/
138920112800784989

Walensky LD. BCL-2 in the crosshairs: tipping the balance of life and death. Cell
Death Differ (2006) 13(8):1339-50. doi:10.1038/sj.cdd.4401992

Luo S, Rubinsztein DC. BCL2L11/BIM: a novel molecular link between
autophagy and apoptosis. Autophagy (2013) 9(1):104-5. doi:10.4161/auto.
22399

46. Guo K, Searfoss G, Krolikowski D, Pagnoni M, Franks C, Clark K, et al. Hypoxia
induces the expression of the pro-apoptotic gene BNIP3. Cell Death Differ (2001)
8(4):367-76. doi:10.1038/sj.cdd.4400810

47. Imazu T, Shimizu S, Tagami S, Matsushima M, Nakamura Y, Miki T, et al. Bcl-
2/E1B 19 kDa-interacting protein 3-like protein (Bnip3L) interacts with bcl-
2/Bcl-xL and induces apoptosis by altering mitochondrial membrane perme-
ability. Oncogene (1999) 18(32):4523-9. doi:10.1038/sj.onc.1202722

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 28 March 2014; accepted: 04 May 2014; published online: 19 May 2014.
Citation: Ontikatze T, Rudner ], Handrick R, Belka C and Jendrossek V (2014) Dihy-
droartemisinin is a hypoxia-active anti-cancer drug in colorectal carcinoma cells. Front.
Oncol. 4:116. doi: 10.3389/fonc.2014.00116

This article was submitted to Molecular and Cellular Oncology, a section of the journal
Frontiers in Oncology.

Copyright © 2014 Ontikatze, Rudner, Handrick, Belka and Jendrossek. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | Molecular and Cellular Oncology

May 2014 | Volume 4 | Article 116 | 12


http://dx.doi.org/10.1093/carcin/22.9.1393
http://dx.doi.org/10.1074/jbc.M805997200
http://dx.doi.org/10.1089/ars.2009.2730
http://dx.doi.org/10.1038/nrm2239
http://dx.doi.org/10.1016/j.ccr.2006.06.001
http://dx.doi.org/10.1016/j.ccr.2006.06.001
http://dx.doi.org/10.2174/138920112800784989
http://dx.doi.org/10.2174/138920112800784989
http://dx.doi.org/10.1038/sj.cdd.4401992
http://dx.doi.org/10.4161/auto.22399
http://dx.doi.org/10.4161/auto.22399
http://dx.doi.org/10.1038/sj.cdd.4400810
http://dx.doi.org/10.1038/sj.onc.1202722
http://dx.doi.org/10.3389/fonc.2014.00116
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Molecular_and_Cellular_Oncology
http://www.frontiersin.org/Molecular_and_Cellular_Oncology/archive

	Dihydroartemisinin is a hypoxia-active anti-cancer drug in colorectal carcinoma cells
	Introduction
	Materials and methods
	Chemicals and drugs
	Cell culture
	Drug treatment
	Quantification of cell viability and cell proliferation
	Colony formation assay
	Analysis of apoptotic and necrotic cell death by fluorescence microscopy
	Flow cytometry analyses
	Release of cytochrome c
	Western blot analysis
	Statistics

	Results
	Dihydroartemisinin exerts potent anti-neoplastic effects under normoxic and hypoxic conditions
	Effect of dihydroartemisinin on short-term and long-term cell viability in HCT116 cells
	Deprivation of oxygen results in a switch from caspase-dependent apoptosis to caspase-independent apoptosis in response to dihydroartemisinin
	Dihydroartemisinin-induced ROS production contributes to the cytotoxic effects under normoxic and hypoxic conditions
	Normoxic and hypoxic HCT116 cells up-regulate different sets of BH3-only proteins under normoxic and hypoxic conditions

	Discussion
	Anti-neoplastic activity in normoxia and hypoxia
	Potential of DHA in anti-cancer therapies
	Generation of ROS in response to DHA
	Role of Bcl-2 family members for the regulation of DHA-induced clonogenic death in hypoxia

	Conclusion
	Author contributions
	Acknowledgments
	References


