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1. Introduction

ABSTRACT

Dihydroartemisinin (DHA), a semi-synthetic derivative of artemisinin isolated from the traditional
Chinese herb Artemisia annua L., has been shown to exhibit inhibitory effects on human cancer cells.
However, its antitumor ability toward hepatocellular carcinoma (HCC) has not been studied. In this
study, we demonstrated that DHA significantly inhibited HCC cell growth in vitro and in vivo via inducing
G2/M cell cycle arrest and apoptosis. The induction of p21 and the inhibition of cyclin B and CDC25C
contributed to DHA-induced G2/M arrest. DHA-induced apoptosis was associated with mitochondrial
membrane depolarization, release of cytochrome c, activation of caspases, and DNA fragmentation.
Activation of caspase 9 and caspase 3, but not caspase 8, was detected in DHA-treated cells. Attenuation
of apoptosis in cells pretreated with Z-VAD-FMK suggested the involvement of caspase cascade.
Furthermore, p53 facilitated apoptosis caused by DHA. Bcl-2 family proteins were also responsible for
DHA-induced apoptosis. DHA exposure decreased Mcl-1 expression but increased the levels of Noxa and
active Bak. Bak was released from the Mcl-1/Bak complex due to the decline of Mcl-1. Further study
revealed that Mcl-1 was rapidly degraded in DHA-treated cells and that DHA-induced apoptosis was
largely inhibited by overexpression of Mcl-1 or RNAi-mediated decrease of Bak and Noxa. In a HCC-
xenograft mouse model, the intraperitoneal injection of DHA resulted in significant inhibition of HCC
xenograft tumors. Taken together, our data, for the first time, demonstrate the potential antitumor
activity of DHA in HCC.

© 2012 Elsevier Inc. All rights reserved.

are eligible for surgical intervention [6,7]. Therefore, numerous
approaches have been conducted to search for other options such

Hepatocellular carcinoma (HCC) is a malignancy of worldwide
significance and is currently one of the most common solid tumors
and the third leading cause of cancer-related death [1]. The
incidence of HCC geographically varies, due to the Ilarge
heterogeneity of the penetration of the risk factors within the
population. About 80% of new cases occur in developing countries,
but the incidence is increasing in economically developed regions,
including Japan, Western Europe, and the United States [2,3]. HCC
is frequently associated with liver cirrhosis and liver dysfunction,
making the treatment of HCC more difficult than many other
cancers [4,5]. To date, surgery is still the most effective treatment
with curative potential, but only about 20% of patients with HCC
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as efficient chemotherapeutic agents. Since apoptotic resistance is
a major challenge that hampers the efficacy of anticancer
treatment, accumulating attention has been paid to the develop-
ment of innovative compounds that increase the death of therapy-
resistant tumor cells, such as HCC cells [8].

One of the promising approaches for anti-HCC agent develop-
ment is drug screening from natural products, such as components
from traditional Chinese medicine. Artemisinin, the active
ingredient derived from Chinese medicinal herb Artemisia annua
L., is a safe and effective FDA-approved and WHO-recommended
mainstay in treating malaria [9,10]. Recent studies have suggested
that artemisinin also exerts preferentially cytotoxic effects on
human cancers. Dihydroartemisinin (DHA, CAS 71939-50-9), the
main active metabolite of artemisinin derivatives, has been
demonstrated to exhibit antitumor effects toward various human
cancers, including lung, ovarian, and pancreatic cancer [11-13].
For example, Ji et al. [14] reported that DHA inhibited proliferation
of osteosarcoma cells via inducing the expression of cyclin D1 and
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Bax and inhibiting the activity of NF-kB. Handrick et al. [15]
showed that DHA induced apoptosis via the intrinsic pathway in
lymphoma cells. Gao et al. [16] demonstrated that DHA exhibited
the anti-leukemic activity through inactivating MEK/ERK path-
ways. However, the detailed mechanism through which DHA
inhibits cancer growth is not fully understood. Furthermore, the
effect of DHA on HCC has not been studied.

In the present study, we investigated the antitumor effect of DHA,
asemi-synthetic derivative of artemisinin, on HCC in vitro and in vivo.
We found that DHA displayed cytotoxicities against HCC cells via
inducing G2/M arrest and apoptosis. Induction of p21 and subse-
quent inhibition of cyclin Band CDC25C contributed to DHA-induced
G2/M phase arrest. DHA-induced apoptosis was associated with the
activation of caspases and PARP, mitochondrial membrane depolari-
zation and cytochrome c release. Furthermore, p53 significantly
facilitated DHA-induced apoptosis which required Mcl-1 degrada-
tion and Bak activation. Moreover, the in vivo efficacy of DHA on Hep
G2-bearing nude mice revealed a significant remission of the
xenograft tumor. Taken together, our data, for the first time, have
revealed the potential antitumor effect of DHA on HCC.

2. Materials and methods
2.1. Cell culture and transfection

Human HCC cell lines (Hep G2, PLC/PRF/5 and Hep3B) were
purchased from American Type Culture Collection (ATCC, Manassas,
VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Gaithersburg, MD) containing 10% fetal bovine serum (FBS),
100 mg/ml penicillin, and 100 mg/ml streptomycin in a humidified
atmosphere of 5% CO, and 95% air at 37 °C. Cells were seeded in 6-
well plate for 24 h,and then transfected with pCDNA 3.1, pCDNA 3.1-
Mcl-1, pCDNA 3.1-p53, according to the manufacture’s instruction of
Lipofectamine 2000 (Invitrogen, Carlsbad, CA).

2.2. Antibodies and reagents

Primary antibodies for cyclin A, cyclin B, cyclin E, Beclin 1, Mcl-
1, Bcl-xL, Bid, p53, PARP, Bak, 3-Actin, Actin, COX-VI and GAPDH
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies for CDC25C, ATG-5, LC3, active Bak, caspase 8, caspase
9, caspase 3, p21, Bcl-2, cytochrome ¢, Bax, and Noxa were
provided by Cell Signaling (Danvers, MA). Dihydroartemisinin
(dissolved in DMSO), Cycloheximide (CHX, dissolved in DMSO) and
the caspase inhibitor (Z-VAD-FMK, dissolved in DMSO) were
purchased from Sigma (St. Louis, MO).

2.3. MIT

Cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazo-lium bromide (MTT) assay. Briefly, 8 x 10> of cells
were seeded into 96-well plates for 24 h, followed by incubation
with various doses of DHA for indicated time. After adding 100 p.l/
well of MTT solution, the cells were incubated for another 2 h.
Supernatants were then removed and the formazan crystals were
dissolved in 100 wl/well DMSO. The absorbance at 570/630 nm of
each sample was measured using multilabel plate reader (Perki-
nElmer). Three independent experiments were performed.

2.4. Colony formation

One hundred of cells were seeded into 6-well plates, and
cultured for 5 d. And then the medium was replaced by fresh one
containing DHA. After being incubated for another 5 or 10 d, colony
formed by HCC cells was stained with 0.05% crystal violet (Sigma,
St. Louis, MO) for 8 min. The number of colony was then quantified.

2.5. Cell cycle analysis

Following DHA treatment for indicated periods, HCC cells were
washed with ice-cold PBS, and fixed with 70% ethanol at 4 °C for
overnight. Ethanol was removed. Cells were re-suspended in PBS
containing PI (50 pg/ml, Sigma) and RNase A (50 pg/ml, Sigma) for
30 min in dark. And then cells were subjected to flow cytometry
(FACS Vantage, Becton Dickinson, Franklin Lakes, NJ). The
percentage of cells at each cell cycle phase was analyzed.

2.6. Western blot

Cell lysates were boiled with 6x sodium dodecyl sulfate (SDS)
loading buffer and then fractionated by SDS-PAGE. The proteins
were transferred to PVDF membrane which was then incubated
with a primary specific antibody in 5% of non-fat milk, followed by
a horse radish peroxidase (HRP)-conjugated anti-mouse or anti-
rabbit second antibodies. ECL detection reagent (Amersham Life
Science, Piscataway, NJ) was used to demonstrate the results.

2.7. Morphological analysis

To evaluate the apoptotic activity of DHA, we performed
nuclear staining, using the DNA-binding dye Hoechst-33342. Cells
were plated and exposed to DMSO, or 40 M DHA for 24 h. Cells
were then fixed with 4% PFA in PBS for 10 min. Fixed cells were
washed with PBS, incubated with Hoechst-33342 (10 wg/ml,
Sigma, St. Louis, MO) for 15 min in dark. Apoptotic cells were
identified by condensation of chromatin and fragmentation of
nuclei under a fluorescent microscope. Images were taken, using a
camera Qimaging (Burnaby, BC, Canada).

2.8. TUNEL assay

Apoptosis assay was performed using Apo-Direct TUNEL Assay
kit (Millipore, Billerica, MA). Cells were harvested and fixed in 4%
PFA for 60 min at 4 °C, followed by a second fixation in 70% (v/v)
ethanol overnight at —20 °C. Cells were then treated with various
reagents for a designed period according to the manufacture’s
instruction. Finally, cells were analyzed by flow cytometry using
FACS Vantage machine (Becton Dickinson). The Cell Quest software
(Verity Software House) was used to analyze the data.

2.9. In situ cell death detection

Labeling of fragmented DNA to assess apoptosis was performed
with TUNEL staining (green fluorescence), using In Situ Cell Death
Detection Kit (Roche, Indianapolis, IN), as described in our previous
study [17].

2.10. Mitochondrial membrane depolarization

Changes of mitochondrial transmembrane potential (lower
AW,,,) in HCC cells induced by DHA were measured using the same
procedure as our previous study with JC-1 (Sigma, St. Louis, MO)
staining at a dose of 2.5 ug/ml.

2.11. RNA interference

Small interfering RNAs (Invitrogen, Carlsbad, CA) for p53 (si-p53),
Mcl-1 (si-Mcl-1), Bak (si-Bak), and Noxa (si-Noxa) were synthesized
as 5'-GACUCCAGUGGUAAU CUAC-3,5-GCATCGAACCATTAGCAGA-
3’, 5-GUACGAAGAUUCUUCAAA U-3’, and 5'-GGAGAUUUGGAGA-
CAAA CU-3, respectively. Nonspecific siRNA (si-ctrl) was also
designed. For RNA interference, 2 x 10° of cells were seeded into 6-
well Plates 24 h prior to transfection. For each well, 30 nM siRNA was
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transfected into cells by Lipofectamine 2000 according to the
manufacturer’s protocol. After 24 h, the cells were ready for gene
knockdown analysis.

2.12. Measurement of caspase 3 activity

The activity of caspase 3 induced by DHA treatment was
determined by the Caspase-3 Activity Assay Kit (Merck, Darmstadt,
Germany).

2.13. Immunofluorescence

Cells grown on cover slips were fixed for 20 min in PBS
containing 4% PFA, permeabilized in 0.1% Triton X-100 for 5 min
twice and incubated in blocking buffer (3% donkey serum in TBS)
for 1 h. Cells were then incubated in dilution buffer (3% bovine
serum albumin in TBS) containing the indicated primary antibody
for active Bak for 2 h in room temperature and then washed
extensively in PBS before being incubated with the appropriate
fluorochrome-conjugated secondary antibody for 1 h. DNA was
stained by 4/,6-diamidino-2-phenylindole (DAPI, Sigma).

2.14. Immunoprecipitation

Cells were lysed in 1% CHAPS (Cell Signaling, Danvers, MA)
buffer supplemented with proteinase inhibitor cocktail. The
specific antibody for Mcl-1 was added and incubated for 2-3 h
at 4 °C, and then protein A/G beads were added for an additional
2 h. Precipitated proteins were dissolved the in SDS loading buffer
and fractionated by SDS-PAGE.
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2.15. Immunohistochemistry

Formalin-fixed and paraffin-embedded HCC sections with a
thickness of 4 pum were dewaxed in xylene and graded alcohols,
hydrated, and washed in phosphatebuffered saline (PBS). After
pretreatment in a microwave oven, endogenous peroxidase was
inhibited by 3% hydrogen peroxide in methanol for 20 min,
followed by avidin-biotin blocking using a biotin-blocking kit
(DAKO, Hamburg, Germany). Slides were then incubated with
antibodies for p53, Mcl-1, active Bak, and cleaved caspase 3 for 4 h
in a moist chamber at room temperature, washed in PBS, and
incubated with biotinylated goat anti-rabbit/mouse antibodies.
Slides were developed with the Dako Liquid 3,3’-diaminobenzidine
tetrahydrochloride (DAB)+ Substrate Chromogen System and
counterstained with hematoxylin.

2.16. Animal studies

1 x 107 of Hep G2 cells were suspended in sterile PBS and
injected subcutaneously into the right flank of the mice. Mice were
checked daily for xenograft/tumor development. Mice were
randomized into three groups of 6 mice/group. The DHA group
received intraperitoneal injection of 20 mg DHA/kg of mouse body
weight, five times a week. The control group was given normal
saline, and the DMSO group received an equal volume of solvent
control. After treatment at various time intervals, mouse body
weight and tumor size were measured. Finally, tumors were
excised, weighed and fixed in 4% of PFA. Paraffin-embedded tissues
were then sectioned at 4 nm and ready for immunohistochemitry
and TUNEL assay.
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Fig. 1. DHA exerted cytotoxic activity in HCC cells. (A) DHA induced HCC cell death in a dose-, and time-dependent manner. HCC cells (Hep G2, PLC/PRF/5 and Hep3B) were
treated with various concentrations of DHA (0-80 wM) for 24 h. Cell viability was determined by MTT assay. (B) Cytotoxicities of DHA at various doses in HCC cells for 48 h
were measured. Data represent mean =+ SD of three independent experiments. *P < 0.05 and **P < 0.01, versus the control group. (C) The inhibitory effect of DHA on HCC cell
growth was further confirmed by colony formation assay. One hundred of cells were seeded into 6-well plates for 7 d, and then cultured with either DMSO or DHA at indicated doses
for another 5 d and 10 d. Colonies were stained with 0.05% crystal violet. A representative result was shown. (D) Number of colony in each well was counted and statistical analysis
was performed. Data are mean =+ SD of three independent experiments. *P < 0.05, versus the DMSO group.
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2.17. Statistical analysis

Difference between groups was determined for statistical
significance using one-way ANOVA or Student’s t-test. All P-values
are two-sided and P <0.05 was considered as statistically
significant. All statistical calculations were performed with the
SPSS software (SPSS, Inc., Chicago, IL). The data were presented as
mean =+ SD from at least three independent experiments.

3. Results
3.1. Cytotoxicity of DHA toward HCC cells

To study the in vitro antitumor effect of DHA on HCC cells, cells
were exposed to various concentrations (0-80 wM) for 24 and
48 h. As indicated in MTT results, DHA induced cytotoxicity in a
dose- and time-dependent manner (Fig. 1A and B). It was noted
that at 24 h of exposure to DHA, 20 wM DHA caused remarkable
cell death in Hep G2 but not in PLC/PRF/5 and Hep 3B cells, whereas
40 nM DHA induced significant cell death (Fig. 1A) in all 3 cell
lines. Therefore, DHA at concentrations of 20 .M and 40 WM were
used in the subsequent experiments.
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The anti-HCC property of DHA in HCC cells was also determined
by colony formation assay. Cells in control groups formed a
number of visible colonies in 15 d. Compared to the DMSO group,
the number of colony formed by cells cultured with DHA was
significantly lower and the size was much smaller (Fig. 1C).
Furthermore, the prolonged treatment of DHA markedly reduced
both the number and the size of colony (Fig. 1D). These data, plus
the MTT results, revealed that DHA had potential anti-HCC
properties by reducing the proliferation as well as the viability
of tumor cells.

3.2. DHA induces G2/M arrest in HCC cells

We then examined whether DHA could affect the cell cycle of
HCC cells. Following DHA treatment, all three types of HCC cells
were noticeably arrested in G2/M phase (Fig. 2A). However,
patterns of cell cycle phase distribution differed among the three
cell lines tested. For instance, there was a significant reduction of
G1 phase cells in Hep G2 but not in PLC/PRF/5 cells where a
dramatic decrease of cells in S phase was recorded (Fig. 2B).
Western blot was next performed to investigate the possible
mechanism through which DHA induced cell cycle arrest (Fig. 2C).
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Fig. 2. DHA induced G2/M arrest in HCC cells. (A) G2/M arrest was induced by DHA treatment in HCC cells. Cells were treated with DHA for 24 and 48 h. After being stained
with propidium iodide, cells were subjected to flow cytometry to measure DNA contents. A representative image of flow cytometry was shown. (B) Quantitative analysis of
cells in each cell cycle phase was performed. The experiment was repeated three times in triplicate. Data represent mean =+ SD. (C) p21 induction contributed to DHA-induced
G2/M arrest. HCC cells were incubated with DHA for 24 and 48 h. Proteins were extracted and subjected to Western blot analysis to examine molecules involved in cell cycle
regulation, including p53, p21, cyclin A/B/E, and CDC25C. GAPDH was served as a loading control.
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In response to DHA treatment, wild-type p53 (present in Hep G2
cells) increased slightly, while mutant p53 (present in PLC/PRF/5
cells) was decreased. Induction of p21 was found and the
subsequent inhibition of cyclin A and cyclin B was also detected.
The level of CDC25C, which is essential for entrance into mitosis,
reduced in DHA-treated cells. However, the protein levels of cyclin
E and cyclin D1 were hardly affected (Fig. 2C and data not shown).

3.3. DHA induces apoptosis in HCC cells
Next we characterized the pro-apoptotic activity of DHA. DHA

treatment potently induced apoptosis in HCC cells, which was shown
by TUNEL assays indicating a time- and concentration-dependent

increase in TUNEL-positive cells (Fig. 3A). Compared with control,
treatment with 20 WM DHA increased apoptotic cells by 3.2-8.7-fold
in three HCC cells (Fig. 3B). Interestingly, the potency of DHA at
20 M to induce apoptosis in HCC cells was different, with Hep G2
being most sensitive and Hep3B cells being least sensitive (Fig. 3B).
The DHA-induced apoptosis was further confirmed by Hoechst
33342 staining in HCC cells exposed to 40 pM DHA for 24 h, showing
characteristic features including chromatin condensation and
apoptotic body (Fig. 3C and D).

To elucidate the possible mechanism via which DHA induced
apoptosis, the activation of caspase cascade was examined. Western
blot analysis revealed that caspase 9, but not caspase 8, was activated
in cells exposed to DHA (Fig. 3E). The subsequent activation of
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Fig. 3. DHA induced apoptosis in HCC cells. (A) Apoptotic cells were increased in DHA-treated HCC cells. Cells were cultured with DHA for indicated time and then subjected to
TUNEL assay, using flow cytometry. Representative images were presented. (B) The percentage of apoptotic cells were shown. Data were mean + SD of three independent
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subjected to TUNEL assay to further confirm the DHA-induced apoptosis. Data were mean =+ SD of three independent experiments. *P < 0.05.
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caspase 3 and the resulting cleavage of PARP were also detected.
These data suggest that DHA induced apoptosis through the intrinsic
but not the extrinsic pathway. Pretreatment with 20 wM Z-VAD-FMK
markedly attenuated the activation of PARP (Fig. 3F). TUNEL assay
further indicated a significant decline of DHA-induced apoptosis,
demonstrating an essential role of caspase cascade (Fig. 3G).

3.4. Exposure to DHA resulted in mitochondrial membrane
depolarization (MMD) and release of cytochrome c

Since DHA induced apoptosis through the intrinsic pathway and
it is mitochondrial-dependent [18], we next intended to examine

20 uM DHA, 24 h
20 uM DHA, 48 h
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whether DHA treatment would lead to the depolarization of
mitochondrial outer membrane. Cells exposed to DHA were
stained with JC-1 and subjected to flow cytometry. Results showed
that DHA treatment remarkably lowered the mitochondrial
transmembrane potential, resulting from mitochondrial mem-
brane depolarization (Fig. 4A).

MMD is usually associated with the release of cytochrome c
from mitochondria to cytoplasm. We next measured the expres-
sion of cytochrome c in cytosolic and mitochondial fractions.
Results demonstrated a gradual increase and a steady decrease of
cytochrome c¢ expression in cytoplasm and mitochondrial,
respectively, in DHA-exposed HCC cells (Fig. 4B).
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Fig. 4. DHA induced mitochondrial membrane depolarization and release of cytochrome c. (A) DHA induced MMD in HCC cells. Cells were treated with DHA for indicated
periods, stained with JC-1 and analyzed by flow cytometry to determine the breakdown of Aysm to indicate MMD. A representative result was shown. (B) Cytochrome ¢ was
released to cytosol in DHA-treated cells. HCC cells were treated with DHA for 24 and 48 h. Fractions of cytosol and mitochondira were isolated to examine the distribution of
cytochrome c. 3-Actin and COX-IV were used as the markers for the cytosol and the mitochondria, respectively.
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3.5. p53 facilitates DHA-induced apoptosis in HCC cells

Our previous data including MTT and TUNEL results indicated
that Hep G2 cells were more sensitive to DHA treatment than the
other two cell lines. In view of an obvious difference among these
HCC cells lies in the p53 status, with wild type p53 in Hep G2,
mutant p53 in PLC/PRF/5, and no p53 in Hep3B, we examined the
role of p53 in DHA-induced apoptosis. In Hep G2 cells, p53 was
eliminated by p53 siRNA (Fig. 5A), while p53 was introduced into
Hep3B cells (Fig. 5B). The result of MTT assay showed that the
downregulation of p53 partly inhibited the DHA-induced cell
death in Hep G2 cells, whereas the ectopic expression of p53 in
Hep3B cells significantly reduced cell viability (Fig. 5A and B).
Furthermore, less apoptotic cells were present in p53-deficient
Hep3B cells, but more were shown in p53-overexpressing Hep3B
cells, following 40 .M DHA for 24 h (Fig. 5C). This was further
confirmed by TUNEL assay showing a clear difference in the
percentages of apoptotic cells (Fig. 5D). In line with the increased
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apoptosis, caspase 3 activity was higher in cells with wild type p53
(Fig. 5E).

3.6. Mcl-1 degradation and Bak activation were associated with
DHA-induced apoptosis

Bcl-2 family proteins are involved in caspase-dependent
apoptosis [19]. We thus examined the role of Bcl-2 family proteins
in DHA-induced apoptosis by Western blot (Fig. 6A). Results
showed that DHA exposure noticeably reduced the levels of Mcl-1
and Bcl-2, but induced Noxa expression. However, DHA treatment
did not affect the levels of Bax, Bid and Bcl-xL. Although Bak,
detected by Western blot using an antibody recognizing total Bak,
showed different reactions in response to DHA treatment in three
HCC cell lines: increased in Hep G2 and PLC/PRF/5 but unchanged
in Hep3B cells (Fig. 6A), data of immunofluorescence, using
antibody only recognizing active Bak, revealed that Bak was
activated in all three cell lines (Fig. 6B).

A =120 s ~ 120 -
g g
£ 100 € 100
,; 80 EDSC‘} A 80 EIDSS
° [==]Actin v [—==] Actin
e 60 = 60
% 40 Ei'.;té'a % 40 0O pCDNA 3.1
£ g 2 m pCDNA 3.1-p53
= 20 2 20 P P
[ [7]
© 9 ° 9
Control DMSO  DHA Control DMSO  DHA
c Hep G2 Hep 3B
DHA DHA
DMSO si-ctrl si-p53 DMSO pCDNA 3.1 pCDNA 3.1- p53

25 uM

D

% of apoptotic cells

si-ctrl

si-p53
Hep G2

pCDNA3.1 p53
Hep 3B

TUNEL

Merge
with DAPI

Caspase 3 activity

si-ctrl

si-p53
Hep G2

pCDNA3.1 p53
Hep 3B

Fig. 5. p53 facilitated DHA-induced apoptosis. (A) Decrease of p53 trailed off the cytotoxicity of DHA in Hep G2 cells. Cells were transfected with control or p53 siRNA for 18 h,
and then treated with 40 wM DHA for another 24 h. Cell viability was determined by MTT assay. (B) Expression of p53 in Hep3B cells potentiated DHA-induced apoptosis.
Cells were transfected with pCDNA 3.1 or pCDNA 3.1-p53 for 18 h, and then treated with 40 M DHA for another 24 h. Cell viability was determined by MTT assay. (C) The
effect of p53 on DHA-induced apoptosis was measured by TUNEL assay, using in situ cell death detection kit. Cells treated as described in (A) and (B) were subjected to TUNEL
assay. Apoptotic cells were revealed under fluorescent microscope. (D) The effect of p53 on DHA-induced apoptosis was further confirmed by TUNEL assay, using flow
cytometry. Percentage of apoptotic cells was recorded. (E) Caspase 3 activation was involved in p53-mediated apoptosis in cells treated with DHA. The activity of caspase 3 in
cells treated as described in (A) and (B) was determined and the relevant change was shown. For (A), (B), (D) and (E), data are mean + SD of three independent experiments.

*P < 0.05.



CZ. Zhang et al./Biochemical Pharmacology 83 (2012) 1278-1289 1285

In order to determine the role of Mcl-1, Bak and Noxa in DHA-
induced apoptosis, we knocked down their levels with correspond-
ing siRNA. Results demonstrated that activation of PARP was
enhanced in cells with Mcl-1 elimination, but greatly attenuated in
cells with Bak or Noxa elimination (Fig. 6C). The potency of p53 in
DHA-mediated PARP cleavage was also elucidated (Fig. 6C). Next,
TUNEL assay was performed using in situ cell death detection kit and
flow cytometry to further evaluate the importance of these proteins
in DHA-induced apoptosis (Fig. 6D). Data indicated that once Mcl-1
was downregulated, more dead cells were observed in DHA-treated
HCC cells. In contrast, when Bak or Noxa was knocked down, cells
were more resistant to DHA treatment (Fig. 6E). Finally, MTT assay
demonstrated that the cytotoxicity of DHA was enhanced in cells
treated with Mcl-1 siRNA but weakened in cells treated with Bak or
Noxa siRNA. These data may indicate the requirement of Bak or Noxa
for the maximal apoptosis induced by DHA, and the protective role of
Mcl-1 in DHA-induced apoptosis (Fig. 6F).

3.7. Bak is released from Mcl-1/Bak suppressor complex following
DHA treatment

It is well-documented that Mcl-1 is a potential suppressor of
Bak via direct binding to Bak to inhibit its activation [20-22]. To
investigate whether the degradation of Mcl-1 was associated with
Bak activation, we performed immunoprecipitation to detect the
interaction between Mcl-1 and Bak (Fig. 7A). Following exposure to
40 wM DHA for 12 h, cells were lysed in 1% CHAPS buffer and
proteins were subjected to immunoprecipitation and Western blot.
Results showed that the level of Bak was slightly increased while
the expression of Mcl-1 was rapidly decreased in the whole cell
lysates. Next we examined the binding of Mcl-1 to Bak. Results
revealed that after exposure to DHA, the Mcl-1-bound Bak was
remarkably decreased to 53%, 57% and 61% of the original levels in
Hep G2, PLC/PRF/5 and Hep3B cells respectively, which indicated
that Bak was released from the Mcl-1/Bak suppressed complex due
to the decrease of Mcl-1. This may be further proved by the data
that the amount of Bak in cell lysates after immunoprecipitation
was noticeably increased by 1.34-2.31-fold (Fig. 7B). Our finding is
in line with a recent report that the degradation of Mcl-1
contributes to the efficacy of antitumor agents, such as cyclohexi-
mide and Pseudomonas exotoxin A [23].

To further confirm the role of Mcl-1 in DHA-mediated Bak
activation and apoptosis, we examined the effect of DHA on the
half-life of Mcl-1, using cycloheximide (CHX, a protein synthesis
inhibitor). Results showed that the half-life of Mcl-1 was
remarkably shorter with DHA stimulation in HCC cells (Fig. 7C
and data not shown), which may suggest a rapid degradation of
Mcl-1 in DHA-treated cells. Next we tested whether the over-
expression of Mcl-1 could prevent DHA-induced apoptosis. As
expected, Mcl-1 overexpression significantly abrogated the
apoptosis caused by DHA treatment in all three HCC cell lines
(Fig. 7D). This result was consistent with our previous data that
Mcl-1 siRNA greatly enhanced the DHA-induced apoptosis.
Accordingly, we concluded that Mcl-1 is an important initiator
in DHA-mediated cell death.

3.8. DHA exhibited antitumor effect on Hep G2 xenograft

Having demonstrated the ability of DHA to kill HCC cells in vitro,
we further determined its antitumor activity in vivo. Tumor
xenograft was established through subcutaneous inoculation in
nude mice with Hep G2 cells. Mice were treated with DHA. On Day
10, 18 and 26, DHA halted tumor growth respectively by 22%, 44%
and 60%, compared to the control groups (Fig. 8A). On Day 28, mice
were sacrificed and the tumor weights were measured. Unsurpris-
ingly, DHA significantly reduced the weights of Hep G2 xenografts,

compared with control (Fig. 8B). These data suggest that DHA
exhibited antitumor activity toward HCC in vivo. In order to test
whether DHA treatment would result in apoptosis, tumor tissues
were sectioned and subjected to in situ cell death detection. Results
showed that the proportion of apoptotic cells was markedly
increased from 5.6 + 1.3% in control group to 18.6 4+ 5.2% in DHA
group (Fig. 8C and D). In addition, we performed immunohistochem-
istry to detect the proteins involved in DHA-induced apoptosis
(Fig. 8E). Detectable difference of p53 expression was not observed. A
striking increase of active Bak and a predominant decline of Mcl-1
were present in DHA-treated xenograft. Cleaved caspase 3 was also
noticeably upregulated. Taken together, these data indicated that
DHA manifested its antitumor effects, at least partly, through
induction of Bak.

4. Discussion

Recent studies have suggested artemisinin and its semisyn-
thetic derivatives (e.g., DHA) are potential candidates to treat
cancer, due to their growth inhibitory activities toward human
malignancies, such as lung cancer and metastatic melanoma
[11,24,25]. However, the antitumor effect of DHA has not been
investigated in HCC, and the molecular details of DHA-induced cell
growth inhibition are not clearly understood. Here, we demon-
strated that DHA exhibited antitumor activity toward HCC in vitro
and in vivo. DHA exerted cytotoxicity in HCC cell lines, leading to
G2/M cell cycle arrest and apoptosis. On the other hand, DHA
significantly halted HCC xenograft tumor growth. These data
suggest DHA may be a promising chemotherapeutic agent in HCC
treatment.

In this study, DHA treatment increased p21, arrested cells at G2/
M phase and decreased the levels of cyclin B and CDC25C. Cyclin B,
essential for G2 to M transition, can interact with CDC2 to form
cyclin B/CDC2 complex that is termed M phase-promoting factor
(MPF) [26]. Cyclin B/CDC2 complexes are normally maintained
inactive by phosphorylation of CDC2. However, MPF could be
activated by some exogenous factors, such as CDC25C that is
capable of dephosphorylating CDC2 [27-29]. Therefore, it is
possible that the downregulation of CDC25C and the subsequent
loss in cyclin B/cdc2 kinase activity contribute to DHA-induced G2/
M arrest. Our data also indicated that DHA-induced G2/M phase
arrest was p53-independent. In line with this finding, Kim et al.
[30] demonstrated that TPA induced G2/M arrest by increasing p21
expression in a p53-independent manner. Jo et al. [31] showed that
reversible G2/M arrest in colon cancer caused by diallyl disulfide
(DADS) was p53-independent. In other studies, G2/M phase arrest
has been demonstrated to be p53-dependent. Manna et al. [32]
revealed that benfur exhibited antitumor activities via inducing
G2/M arrest through p53-dependent mechanism. Meng et al. [33]
reported that GNL3L depletion triggers G2/M arrest in p53-wild-
type HCT116 cells but not in p53-null cells. Collectively, our data
indicated that the upregulation of p21 but the downregulation of
cyclin B and CDC25C contributed to DHA-induced G2/M phase
arrest which is p53-independent.

Current cancer treatments including gamma-irradiation, che-
motherapy, suicide gene therapy, and immunotherapy, all strongly
connect to activation of certain signal pathways that link to
apoptosis [34]. Similar to most of agents used in clinics, the
induction of apoptosis is the primary mechanism responsible for
the anti-HCC effect of DHA. Generally, apoptosis is executed by two
pathways, the intrinsic and the extrinsic. The intrinsic pathway,
also called mitochondrial pathway, is usually triggered by DNA
damage, and the extrinsic pathway, known as the receptor-
mediated pathway, is initiated by death receptor activation [18].
DHA has been demonstrated to induce apoptosis through both
apoptotic pathways. He et al. [35] reported that DHA, along with
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Fig. 6. Mcl-1 degradation and Bak activation were associated with DHA-induced apoptosis. (A) Bcl-2 family proteins were involved in DHA-induced apoptosis. HCC cells were
treated with DHA for indicated time. The levels of Mcl-1, Bcl-2, Bcl-xL, Bak, Bax, Bid, and Noxa were detected by Western blot. Left panel: A representative result was shown.
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TRAIL, induced apoptosis in prostate cancer through upregulation
of death receptor 5 (DR5). Handrick et al. [15] showed that DHA-
induced apoptosis was caspase 9-dependent. In this study, DHA
treatment noticeably induced DNA fragmentation and chromatin
condensation which are considered as consequences of DNA
damage. Furthermore, DHA induced the activation of caspase 9 (an
essential initiator of intrinsic apoptosis) but not caspase 8 (an
important regulator of extrinsic apoptosis). Sequentially, caspase 3
was activated, leading to the cleavage of poly(ADP-ribose)
polymerase (PARP). On the other hand, the release of cytochrome
¢ to cytoplasm from mitochondria, a hallmark of apoptosis, was
increased. Furthermore, mitochondrial outer membrane was
found to undergo depolarization in response to DHA exposure.
Based on the above data, we conclude that DHA induced apoptosis
in HCC via the intrinsic pathway.

In view of emerging data that (a) DHA treatment caused
mitochondrial membrane depolarization in HCC cells, (b) DHA-

induced apoptosis depended on caspase cascade, and (c) Bcl-2
family proteins are essential regulators of the mitochondrial-
relative apoptosis via modulation of mitochondrial membrane
permeabilization to control the release of mitochondrial apoptosis
inducer, such as cytochrome c and apoptosis-inducing factor (AIF),
to the cytoplasm [19,36], we further examined protein levels of
some Bcl-2 family members. Our results showed some discre-
pancies from other reports in altered pattern of Bcl-2 proteins in
DHA-exposed cells. For example, Bid, as expected, was not cleaved
to from truncated Bid (tBid, active form of Bid that is capable of
triggering apoptosis), due to the inactivation of caspase 8.
However, Lu et al. [37] reported that DHA induced caspase 8/
Bid-dependent apoptosis in ASTC-a-1 cells. DHA is reported to
decrease Bcl-xL expression and increase Bax expression in ovarian
cancer cell [38], whereas, in our study, the protein levels of
antiapoptotic Bcl-XL and proapoptotic Bax remained unchanged. In
addition, in HCC cells exposure to DHA resulted in a decline of

Noxa for 18 h, and then cultured with 40 .uM DHA for another 24 h. Activation of PARP, as well as the expression of p53, Mcl-1, Bak and Noxa, was determined by Western blot.
(D) The requirement of Bak and Noxa for DHA-induced apoptosis was further confirmed by TUNEL assay, using in situ cell death detection kit. Apoptotic cells were observed
under fluorescent microscope. (E) Effects of Mcl-1, Bak and Noxa on apoptosis caused by DHA were examined by TUNEL assay, using flow cytometry. HCC cells transfected
with siRNA for 18 h were incubated with 40 M DHA for another 24 h, and then subjected to flow cytometry to assess apoptosis. (F) MTT assay was performed to determine
the viabilities of cells treated as described in (E). For (E) and (F). Data are mean + SD of three independent experiments. *P < 0.05.
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antiapoptotic Bcl-2 which was not altered in the study of Handrick
et al. [15]. However, our findings are consistent with some other
studies. For example, Chen et al. [12] showed that DHA treatment
in ovarian cancer cells markedly decreased Bcl-2 expression in vitro
and in vivo. These discrepancies are acceptable and may result from
the different pathways via which DHA induces cell growth
inhibition in distinct cancer cells that possess their own
characteristic systems to regulate apoptosis.

Functionally, Bcl-2 family proteins can be divided two groups:
anti-apoptotic proteins (e.g., Bcl-2, Bcl-xL, and Mcl-1) and pro-
apoptotic proteins which can be further classified into two
subgroups termed multi-domain proteins (e.g., Bax and Bak) and
BH3-only proteins (e.g., Bid and Noxa). Bak forms pores in the
outer mitochondrial membrane to trigger the release of cyto-
chrome c through a conformational change termed Bak activa-
tion. Mcl-1 prevents apoptosis via inhibition of BH3-only proteins
by direct interaction to silence their apoptotic activities.
However, Mcl-1-mediated resistance to apoptosis can be
reversed. Willis et al. [20] showed that Bak was activated through
its displacement from Mcl-1 by Noxa. Although the exact
mechanism remains unclear, the elucidation of the interaction

among Mcl-1, Bak and Noxa may provide a plausible link to
develop new chemotherapeutic drugs for cancer treatment. In
parallel with the depolarization of mitochondrial membrane, we
found that Bak, which undergoes conformational change and
oligomerization to permeabilize the outer membrane of mito-
chondria, was activated in response to DHA. Coincidently, a rapid
decline of Mcl-1, which is clearly demonstrated as an effective
inhibitor of Bak, was observed.

Though DHA could induce apoptosis in all three HCC cell lines,
more apoptosis was observed in wild-type p53-expressing cells
(Hep G2), compared to other two types of cells (mutant p53 protein
in PLC/PREF/5 cells and no p53 protein in Hep 3B cells). Furthermore,
wild-type p53 was upregulated while mutant p53 was down-
regulated in DHA-exposed cells. These data suggest that p53 may
partly but not essentially contribute to DHA-induced apoptosis.
p53 has been shown to facilitate some agents to inhibit cancer
cells. Spinnler et al. [39] reported that p53 potentiated apoptosis
via abrogation of Wip 1 in human tumor cells. Gurzov et al. [40]
demonstrated that p53 contributed to apoptosis induced in
pancreatic beta-cell by upregulating PUMA. Here we reported
that p53 facilitated DHA-induced apoptosis because DHA-induced
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apoptosis was greatly enhanced in Hep 3B cells with ectopic
expression of p53, but significantly attenuated in Hep G2 cells with
RNAi-mediated diminishment of p53. It is possible that the
sensitivity to DHA treatment by p53 is associated with p53-
induced regulation of Bak. Mitochondrial p53 can interact with and
subsequently activate Bak, resulting in release of cytochrome c
from mitochondria [41]. On the other hand, p53 may potentiate
Bak oligomerization to induce cell death [42,43]. Lately, p53 is
reported to induce endogenous Bak at both mRNA and protein
levels [44]. However, how p53 facilitates DHA-induced apoptosis
and whether p53 mediates Bak activation in DHA-exposed cells
require further investigations. These data may suggest a potential
strategy for HCC chemotherapy.

Consistent with the significant inhibition of tumor growth in
vitro, the administration of DHA to HCC xenograft tumor in nude
mice pronouncedly halted the tumor growth. Our finding is in line
with other reports. Wang et al. [13] showed that DHA significantly
reduced the tumor volume. Gao et al. [16] reported that DHA
dramatically inhibited U937 xenograft tumor. In conclusion, our in
vitro and in vivo data indicate that DHA possesses unique pro-
apoptotic features and appears to be a promising anti-HCC agent.
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