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Dihydroartemisinin inhibits the viability of cervical
cancer cells by upregulating caveolin 1 and mitochondrial
carrier homolog 2: Involvement of pS3 activation and
NAD(P)H:quinone oxidoreductase 1 downregulation
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Abstract. Dihydroartemisinin (DHA) has been shown to
inhibit the viability of various cancer cells. Previous studies
have revealed that the mechanisms involved in the inhibitory
effects of DHA are based on theactivation of p53 and the
mitochondrial-related cell death pathway. However, the exact
association between upstream signaling and the activation of
cell death pathway remains unclear. In this study, we found that
DHA treatment induced the upregulation of caveolin 1 (Cavl)
and mitochondrial carrier homolog 2 (MTCH?2) in HeLa cells,
and this was associated with the DHA-induced inhibition of
cell viability and DHA-induced apoptosis. Additionally, the
overexpression of Cavl and MTCH2 in HeLa cells enhanced
the inhibitory effects of DHA on cell viability. Moreover, we
also found that the upregulation of Cavl contributed to the
DHA-mediated p53 activation and the downregulation of the
redox enzyme, NAD(P)H:quinone oxidoreductase 1 (NQOI),
which have been reported to contribute to the activation of
the cell death pathway. Of note, we also found that DHA
induced the nuclear translocation and accumulation of both
Cavl and p53, indicating a novel potential mechanism, namely
the regulation of p53 activation by Cavl. On the whole, our
study identified Cavl and MTCH?2 as the molecular targets of
DHA and revealed a new link between the upstream Cavl/
MTCH?2 upregulation and the downstream activation of the
cell death pathway involved in the DHA-mediated inhibition
of cell viability.
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Introduction

Dihydroartemisinin (DHA), recommended as an effec-
tive antimalarial herbal compound by the World Health
Organization (WHO), is used worldwide to combat the para-
site, Plasmodium falciparum, which causes malaria. Recent
studies have demonstrated the inhibitory effects of DHA on
the viability of various cancer cells (1-4). However, the mecha-
nisms responsible for the anticancer effects of DHA have not
yet been fully documented. It has been reported that DHA
exerts inhibitory effects on cancer cells through the induction
of apoptosis (3,4). DHA treatment has been shown to result in
mitochondrial membrane depolarization, the release of cyto-
chrome c¢ and caspase activation (1,5). Bcl-2 family proteins,
such as Bax, Bid and Noxa have also been shown to contribute
to DHA-induced apoptosis (6,7). Moreover, pS3 has been
reported to facilitate apoptosis caused by DHA (5,8-10). These
data suggest that the inhibitory effects of DHA on cancer cells
are based on the activation of p53 and the mitochondrial-related
cell apoptosis pathway. Despite these advances, however, the
exact association between upstream signaling and the down-
stream activation of the cell death pathway following treatment
with DHA remains unclear.

Caveolin 1 (Cavl) is an important component of caveolae,
and is known to function as a scaffolding protein, regulating
several signaling pathways (11-13). The loss of Cavl has been
demonstrated to be involved in tumorigenesis in several types
of cancer, and the overexpression of Cavl has been shown to
inhibit cell and tumor growth (14-18). Thus, Cavl is regarded as
a potential tumor suppressor. In spite of the fact that a number of
studies have been conducted to investigate the function of Cavl
in several types of cancer (14-18), studies reporting that Cavl
functions as a tumor suppressor by inhibiting the oxidative stress
response pathway are limited (19). As important mediators of
the apoptotic signaling pathway, reactive oxygen species (ROS)
play important roles in the induction of cancer cell death. DHA
has also reported to induce the generation of ROS as upstream
signaling molecules that initiate the mitochondria-related apop-
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totic pathway (20,21). The increased generation of ROS suggests
the inhibition of antioxidant gene expression in response to
oxidative stress; thus, it is possible that proteins which inhibit
the oxidative stress response pathways may function upstream
of the activation of the cell death pathway following treatment
with DHA. Of note, Cavl has been shown to inhibit cellular
antioxidant capacity through direct interaction with nuclear
factor erythroid 2-related factor 2 (Nrf2) (22,23). Thus, it is
reasonable that Cavl may function upstream of the cell death
pathway activated by DHA by inhibiting the Nrf2-related oxida-
tive stress response pathway.

DHA has also been previously reported to trigger
ROS-mediated Bid activation and mitochondrial transloca-
tion (7,21). Mitochondrial carrier homolog 2 (MTCH?2) has
been demonstrated to play an important role in facilitating the
mitochondrial recruitment of truncated Bid (t-Bid) through
direct interaction with t-Bid (24,25). In addition to facilitating
apoptosis, the induction of MTCH?2 also causes growth
and motility arrest in vitro and the loss of tumorigenicity
in vivo (26). These data suggest that MTCH2 may be consid-
ered as a novel therapeutic target.

In this study, we evaluated the anticancer effects of DHA
and analyzed the expression of Cavl and MTCH2 in a cervical
cancer cell line treated with DHA, in an aim to elucidate the
potential mechanisms involved in the anticancer effects of DHA.

Materials and methods

Cell culture. The HeLa cells were obtained from the American
Type Culture Collection (ATCC; Rockville, MD, USA).
All cell lines were grown in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum
(both from HyClone, Logan, UT, USA). All cell lines were
incubated in a humidified atmosphere containing 5% CO, at
37°C.

Reagents and antibodies. DHA was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Cavl (polyclonal, rabbit
anti-human; cat. no. 16447-1-AP; dilution 1:1,000), MTCH2
(polyclonal, rabbit anti-human; cat. no. 16888-1-AP; dilu-
tion 1:1,000), B-tubulin (monoclonal, mouse anti-human;
cat. no. 66240-1, dilution 1:2,000), B-actin (polyclonal, rabbit
anti-human; cat. no. 23660-1-AP; dilution 1:1,000), GAPDH
(polyclonal, rabbit anti-human; cat. no. 10494-1-AP; dilu-
tion 1:1,000) and Myc (monoclonal, mouse anti-human;
cat. no. 60003-2-Ig; dilution 1:1,000) antibodies were obtained
from ProteinTech Group, Inc. (Chicago, IL, USA); p53 antibody
(monoclonal, mouse anti-human; cat. no. P8999; dilution 1:1,000)
was obtained from Sigma-Aldrich; NAD(P)H:quinone oxidore-
ductase 1 (NQOI) antibody (monoclonal, mouse anti-human;
cat. no. #3187, dilution 1:1,000) was obtained from Cell Signaling
Technology, Inc. (Beverly, MA, USA) and p84 antibody
(monoclonal, mouse anti-human; cat. no. MA1-23261, dilution
1:1,000) was obtained from Invitrogen, Waltham, CA, USA. The
secondary antibody (polyclonal, goat anti-rabbit/goat anti-mouse;
cat. no. 042-06-15-06/042-06-18-06; dilution 1:10,000) was
obtained from KPL, Inc. (Gaithersburg, MD, USA).

MTT and cell apoptosis assays. The cells were plated into
96-well plates and seeded at a density of 10,000 cells/well. The

cells were treated with DHA or the vehicle (DMSO) for the indi-
cated periods of time. The final volume of culture medium in each
well was 100 ul. Ten microliters of MTT solution (concentration,
5 mg/ml) were added to the 100 gl of medium in each well.
The plates were incubated at 37°C for 4 h, and the supernatant
was then removed and 100 1 DMSO were added to each well.
The absorbance signals were measured on a Thermo Scientific
Multiskan FC spectrophotometer (cat. no. 51119000; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) at 490 nm. The cell
apoptosis-inducing effects of drug treatment were measured using
the CF488A-Annexin V and PI apoptosis assay kit (Biotium, Inc.,
Hayward, CA, USA). Samples and assays were prepared as
described in the user manual and then mounted onto slides.
Images were acquired using a Nikon fluorescence microscope
[Nikon Instruments (Shanghai) Co., Ltd., Shanghai, China].

Western blot analysis. The cells were lysed using 1X SDS
sample buffer and were separated by SDS-PAGE. Proteins were
transferred onto PVDF membranes (Millipore Corp., Bedford,
MA, USA). The membranes were first blocked with 5% milk
for 1 h, then incubated overnight with the indicated antibodies.
Following 3 washes with TBST (50 mM Tris-HCI, pH 7.5,
150 mM NaCl and 0.2% Tween-20), the blots were incubated
with secondary antibodies [anti-rabbit secondary antibody
(polyclonal, goat anti-rabbit; cat. no. 042-06-15-06; dilution
1:10,000) and anti-mouse secondary antibody (polyclonal, goat
anti-mouse; cat. no. 042-06-18-06; dilution 1:10,000), KPL, Inc.]
in the dark for 2 h. The blots were then washed again with TBST
and images were acquired using the LI-COR Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE, USA).

Establishment of stable cell lines. For stable Cavl/MTCH2
expression, the HeLa cells were transduced with Cavl-Myc
or MTCH2-Myc lentiviral particles and stable cell lines were
selected with blasticidin (Invitrogen). Lentiviral particles were
our laboratory-made products using ViraPower Lentiviral
Expression system following the manufacturer's protocol
(Invitrogen, Thermo Fisher Scientific, Inc.).

Establishment of Cavl-knockout cell line. A Cavl-knockout
cell line was generated using the CRISPER/Cas9 system
from Sigma-Aldrich. The HeLa cells were first transfected
with the expression vectors of Cas9 and two gRNAs,
which targeted the AGCCACGGGCCAGCATGTC and
TCGCTCAGCTCGTCTGCCA sequences in exon 1 of Cavl.
Twenty-four hours following transfection, the cells were diluted
and seeded in 96-well plates at 1 cell/well, and monoclonal cell
lines without Cavl expression were isolated as determined by
western blot analysis.

Plasmid construction and cell transfection. The full-length
Cavl open reading frame (ORF) was amplified by PCR with
a BamHI site-containing 5' primer: 5'-gatcggatccgccaccat-
gtetgggggcaaatacgtag-3', and an Xbal site-containing 3' primer:
3'-gtagttgaacgtctttctttatagatctctag-5', and cloned into the
pcDNA3.1(+)-Myc vector (Invitrogen) to generate the Cavl-Myc
expression construct. Full-length MTCH?2 ORF was amplified
by PCR with a HindlIII site-containing 5' primer: 5'-gatcaagctt-
gccaccatggeggacgeggecagtcag-3' and an Xbal site-containing
3' primer: 3'-gatctctagaaattaacattttcaggtcac-5', and cloned into
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Figure 1. Inhibition of cell viability and induction of cell apoptosis by dihydroartemisinin (DHA) in HeLa cells. (A) The viability of HeLa cells was measured by
MTT assay following treatment with the vehicle or DHA for 36 h. Values were normalized against the vehicle control group. (B and C) Cell apoptosis assay of
HeLa cells treated with the vehicle or DHA for 36 h. (B) Quantification of the ratio of positive cells to total cells. The number of positive cells was counted using
Image] software. Data are presented as the means + SEM of 3 independent experiments. ‘P<0.05, “P<0.01 compared with the vehicle control group.

the pcDNA3.1(+)-Myc vector to generate the MTCH2-Myc
expression construct. For lentiviral particle generation, the cDNA
fragment was transferred into the pLenti6 lentiviral vector, and
the plasmid was then transfected with ViraPower Lentiviral
Packaging mix into 293FT cells (cat. no. R70007; obtained from
Thermo Fisher Scientific, Inc.) using Lipofectamine 2000 (all
from Invitrogen). The virus-containing cell culture medium was
harvested 40 h later and used to transduce the HeLa cells.

Colony formation assay. The Hela cells were transfected
with the Cavl-Myc or MTCH2 expression vector or empty
vector [pcDNA3.1(+)-Myc vector (Invitrogen)] using Lipofec
tamine 2000 (Invitrogen). At 48 h following transfection, the
cells were selected with G418. The medium with G418 were
changed every 3 days. Two weeks later, the cells were fixed
and stained with crystal violet (cat. no. 548-62-9; obtained
from Solarbio, Beijing, China).

Crude nuclear fraction isolation. The HeLa cells cultured in a
10-cm plate were treated with DHA at the indicated concentra-
tion for 36 h, and the cells were then lysed with 0.5% NP-40 lysis
buffer (0.5% NP-40, 150 mM NacCl, 10 mM sodium phosphate

and pH 7.4) for 20 min on ice, and cell lysates were collected
in an EP tube and followed by centrifugation at >14,000 x g
for 10 min at 4°C. The supernatant were collected as the cyto-
plasmic fraction, and the pellet were re-lysed in 1X SDS sample
buffer and collected as the crude nuclear fraction.

Statistical analysis. Experimental data are expressed as the
the means + SEM. Data analysis was performed using ImageJ
software and Origin 8.0 software. A value of P<0.05 was
considered to indicate a statistically significant difference.

Results

DHA inhibits the viability and induces the apoptosis of HeLa
cells. HeLa cells were used to investigate the anticancer effects
of DHA in cervical carcinoma. First, we performed MTT
assay to measure the viability of the HeLa cells. The cells were
treated with DHA at the indicated concentrations for 36 h,
and cell viability was then measured. The results revealed that
DHA significantly inhibited the viability of the HeLa cells,
and the inhibitory effects were dose-dependent (Fig. 1A).
In addition, DHA also induced the apoptosis of the HeLa
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Figure 2. Dihydroartemisinin (DHA) increases the protein level of caveolin 1 (Cavl) and mitochondrial carrier homolog 2 (MTCH2) in HeLa cells. (A) HeLa
cells were treated with the vehicle or DHA for 36 h and then harvested for western blot analysis to detect the protein level of Cavl. 3-tubulin was used as a
loading control. (B) HeLa cells were treated with te vehicle or DHA for 36 h and then harvested for western blot analysis to detect the protein level of MTCH2.
p-tubulin was used as a loading control. (C and D) Quantification of the protein levels of Cavl and MTCH2 in A and B, respectively. Values were normalized
against B-tubulin. Data are presented as the means = SEM of 3 independent experiments. “P<0.05 compared with the vehicle control group.

cells. Annexin V-FITC/PI staining assay was used to assess
the apoptotic HeLa cells following treatment with DHA at
the indicated concentrations. The results revealed that the
number of Annexin V-FITC-positive and PI-positive cells was
significantly increased in a dose-dependent manner following
treatment with DHA (Fig. 1B and C).

DHA induces the increased expression of endogenous Cavl
and MTCH?2. The exact mechanisms involved in the anticancer
effects of DHA are not yet fully understood. Thus, in this
study, we examined the expression of various cancer-related
proteins, in an aim to identify the potential target of DHA.
The cells were exposed to DHA at the indicated concentra-
tions for 36 h, and then subjected to western blot analysis. We
found that DHA significantly increased the protein levels of
Cavl (Fig. 2A and C) and MTCH?2 (Fig. 2B and D) in a dose-
dependent manner when compared with the untreated control
group. Cavl and MTCH?2 have been reported to act as tumor
suppressors (27-29). We also detected the increased expression
of Cavl and MTCH?2 following treatment with DHA; thus it
is possible that Cavl and MTCH2 may mediate the inhibitory
effects of DHA on HeLa cells.

Overexpression of Cavl and MTCH? inhibits colony formation
of HeLa cells. To further examine the functional involvement
of Cavl and MTCH?2 in the inhibitory effects of DHA on
HeLa cell cell viability, we first performed colony formation
assays by introducing the Cavl-Myc expression vector or

MTCH2-Myc expression vector or control vector into the HeLa
cells, and measuring the growth of G418-resistant colonies.
Cavl overexpression resulted in the significant inhibition of
colony formation (Fig. 3A), and similar results were observed
in the cells overexpressing MTCH2 (Fig. 3B).

Overexpression of Cavl and MTCH?2 enhances the sensitivity
of HeLa cells to DHA. We established HeLa cell lines stably
expressing Cavl or MTCH2 (Fig. 3C and D). HeLa cells
stably transduced with Cavl-Myc virus (HeLa/Cavl-Myc)
and HeLa cells stably transduced with the empty viral
vector (HeLa/Control) were treated with the vehicle or DHA
at the indicated concentrations for 36 h, and cell viability
was then measured by MTT assay. We found that the stable
expression of Cavl enhanced the inhibitory effects of DHA on
cell viability (Fig. 3E). The stable expression of MTCH?2 also
significantly enhanced the inhibitory effects of DHA on cell
viability (Fig. 3F). These results suggested that the upregula-
tion of Cavl and MTCH?2 was responsible for the enhanced
inhibitory effects of DHA on cell viability.

Cavl regulates p53 activation in HeLa cells. p53 has been
reported to facilitate apoptosis caused by DHA (5,8-10).
Previous studies have also demonstrated a direct association
between Cavl and p53 in regulating stress-induced premature
senescence (SIPS) in mouse embryonic fibroblasts (30,31).
Thus, in this study, we wished to evaluate the role of Cavl in
p53 activation in HeLa cells. Direct functional analysis in the



SPANDIDOS
»§ PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 40: 21-30, 2017

25

A  Control Cavl-Myc B Control MTCH2-Myc C éi.
R (539502 s =
S ‘ : %
AR i SRR O O
| — B-tubulin -——
D E M Control F Il Control
o 1.2 [ Cavi-Myc 121 [ MTCH2-Myc
}‘3 ~
- s 2 5E
o (I) 25 s < ;’ 0.8 *
§ £ Z23 £2 06
o = =2 v 2
B & * 2% 04
= = ) *
Mye| e O o 23 02
e :3 s s v
B-tubulin === == %0 40 60 00750720 40 60
DHA (uM) DHA (uM)

Figure 3. Overexpression of caveolin 1 (Cavl) or mitochondrial carrier homolog 2 (MTCH2) enhances the sensitivity to dihydroartemisinin (DHA). (A) G418-
resistant colonies of HeLa cells transfected with empty vector (Control) or Cavl-Myc expression vector (Cavl-Myc). (B) G418-resistant colonies of HeLa cells
transfected with empty vector (Control) or MTCH2-Myc expression vector (MTCH2-Myc). (C) Western blot analysis of HeLa cells stably transduced with
Cavl-Myc virus (HeLa/Cavl-Myc) and HeLa cells stably transduced with empty viral vector (HeLa/Control). 3-tubulin was used as loading control. (D) Western
blot analysis of HeLa cells stably transduced with MTCH2-Myc virus (HeLa/MTCH2-Myc) and HeLa cells stably transduced with empty vector virus (HeLa/
Control). B-tubulin was used as loading control. (E) The viability of HeL.a/Cavl-Myc cells and HeLa/Control cells was measured by MTT assay after being
treated with the vehicle or DHA at the indicated concentrations for 36 h. (F) The viability of HeLa/MTCH2-Myc cells and HeLa/Control cells were measured by
MTT assay after being treated with the vehicle or DHA at the indicated concentrations for 36 h. Values were normalized against the vehicle control group. Data
are presented as the means + SEM of 3 independent experiments. "P<0.05, “P<0.01 compared with the vehicle control group.

form of gene knockout and overexpression analysis were used.
After establishing a stable cell line expressing Cavl (HeLa/
Cavl-Myc) with a stably transduced Cavl-Myc vector and
generated a Cavl-knockout cell line (HeLa/Cav1-KO) using the
CRISPER/cas9 system, we prepared whole cell lysates using
SDS sample buffer, and then performed western blot analysis.
Our results demonstrated that the overexpression of Cavl in the
HeLa cells was associated with a significant increase (>20-fold)
in the protein level of p53 (Fig. 4A and D), while the silencing
of Cavl caused a decrease in the protein level of p53 when
compared with the control group (Fig. 4B and E). Of note, when
we harvested the cells with NP40 lysis buffer, we found that the
protein level of p53 in the soluble fraction of HeLa/Cavl-Myc
was significantly increased (Fig. 4C and F) and the increase in
p53 expression was much lower than that in whole cell lysate
fraction. These data suggested that the majority of the increased
p53 protein may exist in the insoluble nuclear fraction.

Upregulation of Cavl is associated with the nuclear localization
and stabilization of p53 following treatment with DHA. Apart
from being localized in the plasma membrane, Cavl has also
been reported to be localized in the nucleus (23), and the
increased nuclear localization of Cavl has also observed under
H,0,-induced oxidative stress (32). In this study, to further
elucidate the potential association between Cavl upregulation
and p53 stabilization following treatment with DHA, the HeLa

cells were cultured in a 10-cm plate and treated with DHA at the
indicated concentrations for 36 h, and the crude nuclear fractions
and cytosolic fraction were then collected and subjected to
western blot analysis. We found DHA treatment increased the
nuclear localization of both Cavl and p53 (Fig. 4G and H).
Since we aldready demonstrated that Cavl expression was
increased following treatment with DHA (Fig. 2A and C),
and that it directly regulates the stabilization of p53 in HeLa
cells (Fig. 4A-F), these data indicated that the upregulation and
nuclear localization of Cavl may contribute to the activation of
p53 in HeLa cells treated with DHA.

Upregulation of cavl contributes to the decreased expres-
sion of NQOI following treatment with DHA. Increased ROS
formation has been observed in response to DHA treatment,
which was the main course of DHA-induced apoptosis (33,34).
Notably, Cavl has been reported to regulate cellular anti-
oxidant capacity by inhibiting the transcriptional activity of
Nrf2 (22,23). Thus, in this study, we analyzed the protein level
of NQOI, a direct target of Nrf2, in HeLa cells treated with
DHA to determine whether Cavl is involved in DHA-induced
oxidative stress. We treated the HeLa cells with DHA at the
indicated concentrations for 36 h, and then performed western
blot analysis. Consist with our hypothesis, we found that DHA
treatment led to the downregulation of NQOI1, which was
associated with the upregulation of Cavl (Fig. SA and D).
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Figure 4. Caveolin 1 (Cavl) regulates p53 activation following treatment with dihydroartemisinin (DHA). (A) Western blot analysis of HeL.a/Cavl-Myc cells and
HeLa/Control cells to detect the protein level of p53. B-tubulin was used as a loading control. (B) Western blot analysis of HeLa cells (HeLa) and Cavl-knockout
cell line (Cav1-KO) to detect the protein level of p53. GAPDH was used as a loading control. (C) Western blot analysis of HeLa/Cavl-Myc cells and HeLa/
Control cells to detect the protein level of p53. B-actin was used as a loading control. Cells were harvested using 0.5% NP 40 lysis buffer. (D-F) Quantification
of the protein levels of p53 in panels A, B and C, respectively. Values were normalized against 3-tubulin, GAPDH and f-actin, respectively. (G) The cytoplasmic
fraction and nuclear fraction of HeLa cells treated with the indicated concentrations of DHA for 36 h were isolated separately and then subjected to western blot
analysis to detect the protein level of p53 and Cavl. GAPDH and p84 were used as loading controls. (H) Quantification of the protein levels of nuclear p53 and
nuclear Cavl in panel G. Values were normalized against nuclear marker p84. Data are presented as the means = SEM of 3 independent experiments. "P<0.05,

“P<0.01 compared with the control group.

Moreover, the NQOI1 protein level in the HeLa/Cavl-Myc
cells was significantly lower than that in the HeLa/Control
cells (Fig. 5B and E), while depletion of Cavl resulted in an
increase of NQOL protein level (Fig. 5C and F). These results
suggested that the increased Cavl expression was the possible
upstream regulator of NQOI.

Cavl does not directly influence the expression of MTCH?2.
As indicated above, DHA treatment increased the expres-
sion of both Cavl and MTCH?2 (Fig. 2). Thus, we wished to

examine the potential association between Cavl and MTCH2.
We already demonstrated the nuclear translocation of Cavl in
the HeLa cells treated with DHA (Fig. 4). Thus, we hypoth-
esized that Cavl may regulate the expression of MTCH2 via
the activation of MTCH2. However, direct functional analysis,
such as gene knockout and overexpression analysis did not
support our hypothesis. Neither Cavl overexpression nor Cavl
depletion affected the expression of MTCH2 (Fig. 6A-D).
These data suggested that the induction of Cavl and MTCH2
in HeLa cells treated with DHA may not be involved in the
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Figure 5. Caveolin 1 (Cavl) contributes to the downregulation of NAD(P)H:quinone oxidoreductase 1 (NQO1) following treatment with dihydroartemisinin
(DHA). (A) HeLa cells were treated with the vehicle or DHA for 36 h and then harvested for western blot analysis to detect the protein level of NQO1 and
Cavl. B-tubulin was used as a loading control. (B) Western blot analysis of HeL.a/Cavl-Myc cells and HeLa/Control cells to detect the protein level of NQOL.
p-tubulin was used as a loading control. (C) Western blot analysis of HeLa cells (HeLa) and Cavl knockout cell line (Cavl-KO) to detect the protein level of
NQOL. GAPDH was used as a loading control. (D-F) Quantification of the protein levels of NQOLI in panels A, B and C, respectively. Values were normalized
against the vehicle group or loading control, respectively. Data are presented as the means + SEM of 3 independent experiments. "P<0.05, “P<0.01 compared

with the control group.
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Figure 6. Caveolin 1 (Cavl) does not directly influence the expression of
mitochondrial carrier homolog 2 (MTCH?2). (A) Western blot analysis of
HeLa/Cavl-Myc cells and HeLa/Control cells to detect the protein level
of MTCH2. B-actin was used as a loading control. Non-specific bands are
indicated by an asterisk (¥). (B) Western blot analysis of HeLa cells (HeLa)
and Cavl-knockout cell line (Cav1-KO) to detect the protein level of MTCH2.
B-actin was used as a loading control. Non-specific bands are inciated by
an asterisk (¥). (C and D) Quantification of the protein levels of MTCH2 in
panels A and B, respectively. Values were normalized against f-actin. Data
are presented as the means + SEM of 3 independent experiments. N.S., not
significant (P>0.05 compared with the control group).

same pathway and further studies are required to elucidate the
mechanisms involved in the upregulation of MTCH2 induced
by DHA.

Discussion

Previous studies have revealed that the anti-proliferative effects
of DHA are based on the mitochondrial-related activation of
cell death pathway induced by high levels of ROS (33,34),
However, the detailed associatoin between the upstream
signaling and downstream activation of cell death pathway
following treatment with DHA remains unclear. Cavl, a
reported cancer suppressor, is an important component of cave-
olae and functions as a scaffolding protein in regulating several
signaling pathways (11-13). Recently, Cavl was also reported
to function as a modulator of oxidative stress by inhibiting the
expression of Nrf2 (22,23). These data suggest a possible role
of Cavl in mediating elevated ROS generation, which inhibits
cell viability in DHA-treated cells. However, the exact role of
Cavl in this progression remains unclear. Of note, we found
that DHA treatment increased the expression of Cavl in HeLa
cells and the overexpression of Cavl enhanced the sensitivity
to DHA. These data suggested a potential link between the
activation of the cell death pathway triggered by the upregula-
tion of Cavl and the inhibition of the Nrf2-mediated signaling
pathway following treatment with DHA.

The Nrf2-mediated signaling pathway plays a critical role
in protecting cells from oxidative stress induced cell death by
transcriptionally activating antioxidant genes, including NQO1.
NQOI expression is increased in response to oxidative stress
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Figure 7. The possible mechanism involved in the anticancer effect of dihydroartemisinin (DHA).

and an elevated NQOI1 expression is essential for reducing ROS
levels and maintaining the function of the mitochondria under
oxidative stress (35). However, to the best of our knowledge,
the involvement of NQOI in the generation of high levels
of ROS induced by DHA treatment has not been reported
to date. Notably, the current study indicated that a potential
association may exist between NQOI and the DHA-induced
inhibition of cell viability. DHA has been reported to induce
high levels of ROS (33,34), which indicates the inhibition of
the ability to remove free radicals following treatment with
DHA. In other words, the elevated generation of ROS may
indicate decreased antioxidant gene expression. In support
of this assumption, we found that DHA treatment inhibited
the expression of NQOI which was associated with decreased
cell viability. These data suggested that the downregulation
of NQOI following treatment with DHA may contribute to
the elevated ROS generation and to the eventual inhibition
of cell viability. Moreover, we also demonstrated that Cavl
may be responsible for the decreased expression of NQOI1
following treatment wih DHA. The decreased expression of
NQOI1 was associated with the elevated expression of Cavl
following treatment with DHA. Functional analysis, namely
Cavl overexpression and Cavl depletion also indicated that
Cavl regulated the protein level of NQOLI in HeLa cells. Since
previous researchers have demonstrated the direct association
between Cavl upregulation and the inhibition of Nrf2
activation (22,23), our results suggested that Cavl may play
an important role in triggering the activation of the cell death
pathway by inhibiting the Nrf2-mediated signaling pathway
following treatment with DHA (Fig. 7).

DHA has been reported to induce the activation of the
cell death pathway, including Bid activation and mitochon-
dria translocation (7,21). The tumor suppressor, p53, plays an
important role in mediating the cell death pathway. It has also
been reported that p53 regulates the expression of Bid (36) and
facilitates the apoptosis caused by DHA (5,8-10). However,
the exact role of p53 in the DHA-mediated inhibition of cell
viability remains unclear. Previous studies have shown a direct
association between Cavl and p53 in regulating SIPS in mouse
embryonic fibroblasts (30,31). Thus, it is possible that Cavl may
also regulate p53 activation following treatment with DHA. In
line with our hypothesis, we found that although the basal level
of p53 in HeLa cells was low, the overexpression of Cavl signif-
icantly increased the protein level of p53, whereas the depletion
of Cavl induced the downregulation of p5S3 in HeLa cells. Of
note, previous studies have indicated that Cavl regulates the
stabilization of p53 by inhibiting the interaction of p53 and its
ubiquitin ligase, mouse double minute 2 homolog (Mdm?2);
however, in HeLa cells, the proteasome-dependent degradation
of p53 is mainly promoted by HPV EG6 protein and inhibiting
the interaction of p53 and Mdm2 cannot lead to the stabilization
of p53 (37,38). These data suggested that Cavl may regulate the
stabilization of p53 in a different manner, rather than disas-
sociating p53 from Mdm?2 in HeLa cells. The mechanisms
through which Cavl induces the stabilization of p53 in HeLa
cells are not yet clear. In the current study, we found that DHA
treatment induced the accumulated nuclear localization of both
Cavl and p53. It has been reported that inhibiting the nuclear
export of p53 with small molecule nuclear export inhibitors,
such as leptomycin B and actinomycin D leads to the activation
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of p53 in HeLa cells (37,38). Combined with our findings, these
data suggest that Cavl may facilitate the nuclear translocation
or inhibit the nuclear export of p53 to regulate the stability
of p53 (Fig. 7); further studies are required to elucidate the
complete mechanisms involved.

Recent studies have indicated MTCH?2 as a potential cancer
suppressor (26) and apoptosis facilitator via its interaction with
t-Bid (24,25). We also found that the protein level of MTCH2
was increased in HeLa cells treated with DHA, indicating that
MTCH2 may also contribute to the DHA-induced inhibition of
cell viability in cancer cells. MTCH2 facilitates the mitochondrial
translocation of t-Bid (24,25). We also demonstrated the nuclear
translocation of p53 following treatment with DHA; thus, we
assumed that DHA may induce the nuclear translocation and
activation of p53 by upregulating Cavl. The activation of
p53 then leads to upregulation of Bid and MTCH?2 facilitates
the translocation of cleaved Bid to the mitochondria, and
eventually leads to the activation of the mitochondrial cell death
pathway (Fig. 7). Despite the positive correlation between Cavl
and MTCH?2 expression following treatment with DHA, it is
worth noting that Cavl cannot directly regulate the expression
of MTCH2, as demonstrated by the functional overexpression
of Cavl and the depletion of Cavl. Further studies are required
in order to elucidate the detailed mechanisms involved in the
upregulation of MTCH?2 in cells treated with DHA.

In conclusion, according to our findings, we made a
hypothesis that Cavl and MTCH2 may function coordinately
as upstream signaling sensors and the upregulation of Cavl
and MTCH?2 enhances the inhibitory effects of DHA on cell
viability by inducing the nuclear activation of p53, the down-
regulation of NQO1 and the mitochondrial translocation of tBid
[although we did not examine the exact role of Bid in this study,
we hypothesize that it may play a role according to previous
studies (24,25) and ours], which eventually leads to the activa-
tion of the downstream cell death pathway (Fig. 7). Our study
not only elucidated the potential mechanisms responsible for
the anticancer effects of DHA, but also provide promising
targets for cancer therapy.
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