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Abstract

Aims: Dihydroartemisinin (DHA), a derivative of artemisinin, suppresses angiogenesis by regulating
endothelial cell phenotypes. In this study, we investigated the effect of DHA on endothelial cell autophagy
and the underlying mechanisms.

Methods: Human umbilical vein endothelial cells (HUVECs) were treated with DHA. Formation of
autophagosomes in HUVECs was observed by fluorescence microscope after pcDNA3.I-green
fluorescent protein (GFP)-microtubule-associated protein 1 light chain 3 (LC3) plasmids transfection.
Dichlorofluorescein diacetate (DCFH-DA) staining was used to detect intracellular reactive oxygen
species (ROS). Western blot was performed to detect the protein levels of LC3, p62, beclin 1,
autophagy-related protein (Atg) 5, p-Akt (protein kinase B), p-mTOR (mammalian target of rapamycin),
p-4E-BP1 (eukaryotic translation initiation factor 4E-binding protein 1), and p-p70S6K (p70 ribosomal S6
kinase).

Results: DHA increased LC3-Il and the number of fluorescent GFP-LC3 puncta in HUVEC:s. Silencing
ATGS5 by siRNA interference attenuated DHA-induced LC3-ll elevation. DHA enhanced ROS
production, but pretreatment with antioxidant N-acety-I-cysteine (NAC) failed to reduce DHA-induced
autophagy in HUVECs. Pretreatment with PD98059, SP600125 and SB203580, the inhibitors of ERK,
JNK, and p38 MAPK, did not reverse autophagy in DHA-treated HUVECs. DHA significantly reduced
phosphorylation of Akt, mTOR, p70S6K, 4E-BP1 in HUVECs. Rapamycin, an mTOR antagonist,
compromised DHA-induced autophagy.

Conclusion: DHA induces autophagy in HUVECs by inhibition of the Akt/mTOR pathway
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Introduction

Angiogenesis, the formation of new blood
vessels, is triggered by elevated proangiogenic factors
in the microenvironment [1]. It requires endothelial
cells (ECs) activation, migration, proliferation and
tube formation [1]. The newly formed blood vessels
supply nutrition and oxygen for tissues and thereby

are essential for development, wound healing, tumor
growth and metastasis [2-4]. Inhibiting angiogenesis
has become a promising option for anti-tumor
therapies [5].

Autophagy is an evolutionarily conservative
process for cells to clear dysfunctional organelles or
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misfolded proteins [6]. The autophagosomes engulf
and transport the cargos to fuse with lysosome.
Within the lysosome, the contents of the
autophagosome are degraded via acidic lysosomal
hydrolases [6]. Autophagy is induced by stresses such
as starvation, hypoxia, oxidative stress and
endoplasmic reticulum stress [7] and requires
activation of Atg [8]. Autophagy is closely related to
angiogenesis. Angiogenic factor with G patch and
FHA domains 1 (AGGF1)-induced therapeutic
angiogenesis requires the induction of autophagy in
ECs [9]. Long non-coding (Inc) RNA Wilms tumor 1
associated protein pseudogene 1 (WTAPP1) enhances
migration and angiogenesis of endothelial progenitor
cells through activation of autophagy [10].

DHA, a semi-synthetic derivative of artemisinin,
is widely used as an anti-malarial drug. We and
others have reported a potent anti-angiogenetic
function of DHA [11-13]. DHA inhibits growth,
migration, proliferation and tube formation of ECs
[14, 15], all of which are necessary for angiogenesis.
DHA also downregulates the expression of vascular
endothelial growth factor receptor (VEGFR) 2 in
HUVECs through inhibiting the binding activity of
nuclear factor (NF)-xB to VEGFR2 promoter [12].
However, the effect of DHA on endothelial cell
autophagy has not been reported.

In the present study, we investigated the effects
of DHA on autophagy in HUVECs and explored the
underlying mechanisms. We demonstrated that DHA
induces autophagy by inhibition of the Akt/mTOR
signaling pathway, not through regulation of ROS or
MAPK signaling.

Materials and Methods

Regents

DHA was purchased from Sigma-Aldrich (St.
Louise, MO, USA). NAC and ROS detection assay kit
were purchased from Beyotime Biotechnology
(Shanghai, China). Antibodies against p62, beclinl,
LC3, mTOR, p-mTOR (Ser2448), p-p70S6K (Thr389),
p-4EBP1 (Thr37/46), p70S6K and 4EBP1 were
purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against p-AKT (Ser473) and
AKT were purchased from Abcam (Cambridge, CA,
USA). Horseradish peroxidases (HRP)-conjugated
secondary antibodies were purchased from
Sigma-Aldrich (St. Louise, MO, USA).

Cell culture

HUVECs were purchased from American Type
Culture Collection (Manassas, VA, USA). HUVECs
were cultured in Dulbecco's modified Eagle's medium
with 10% (v/v) fetal bovine serum and antibiotics
(100 IU/ml penicillin and 100 mg/ml streptomycin) at

37 °C with a humidified atmosphere of 5% CO/ 21%
Oz.

Western blot

Cells were harvested and washed twice with PBS
and then lysed in RIPA buffer with protease and
phosphatase inhibitors on ice. After heat-denature,
equal amounts of protein were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene
fluoride (PVDF) membranes. The membranes were
blocked with 5% skim milk for 1 h and incubated with
primary antibodies at 4 °C overnight. After washed
with TBST for 3 times, the membranes were incubated
with  appropriate ~ HRP-conjugated  secondary
antibodies. Enhanced chemiluminescence system
(Millipore, Billerica, MA, USA) was used to detect
immunoreactivity. GAPDH and B-actin were used as
loading controls.

Transfection of pcDNA3.1-GFP-LC3 plasmids

HUVECs at 90% confluence were transfected
with 4 pg pcDNA3.1-GFP-LC3 plasmids (Biovector
Science Lab, Beijing, China) by use of Lipofectamine™
2000 (Invitrogen, Carlsbad, CA) following the
manufacturer's instructions. After transfection for 24
h, cells were exposed to 35 pM DHA for another 24 h.
LC3 fluorescent puncta were detected by fluorescence
microscope.

ATGS5 siRNA transfection

HUVECs at 50% confluence were transiently
transfected with ATG5 siRNA (GenePharma, Suzhou,
China) by using Lipofectamine™ 2000 (Invitrogen,
Carlsbad, CA). After transfection for 48 h, the medium
was replaced with normal DMEM medium, and cells
were treated with DHA (35 puM) for 24 h. Scramble
siRNA was used as a negative control. The effect of
gene silencing was estimated by Western blot.

Intracellular ROS detection

Following DHA treatment, intracellular ROS
levels were detected by fluorescence microscope after
DCFH-DA staining. Briefly, the HUVECs were
incubated with 10 pM DCFH-DA for 20 min at 37 °C
in the dark, and were washed with serum-free
medium for three times. The fluorescence was excited
at the wavelength of 488 nm and the corresponding
emission wavelength was 525 nm.

Statistical analysis

All data were presented as mean + SEM. Student
t test or one-way ANOVA analysis was performed
using GraphPad Prism 5. P value <0.05 was
considered to indicate a statistically significant
difference.

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

6059

Results
DHA induces autophagy in HUVECs

During formation of autophagosomes, the
autophagy-related protein LC3 is transformed from
cytosolic form LC3-I to the membrane bound form
LC3-II [16]. The detection of LC3-I to LC3-II
conversion is widely used to determine autophagy of
cells [16]. As shown in Fig. 1A-B, treatment with DHA
(24 h) significantly increased the protein levels of
LC3-II in a dose-dependent manner (p<0.01). DHA (35
pM) also gradually increased LC3-II protein level
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with prolongation of the treatment duration (Fig.
1C-D, p<0.05). The protein levels of p62 (a selective
degradative substrate of autophagy) and beclin 1 (a
critical autophagy-related protein) were also assessed.
Fig. 1C-D showed that 35 pM DHA reduced protein
levels of p62 for 3 h, 6 h and 12 h. Meanwhile, DHA
significantly increased the protein levels of beclin 1.
Then we transfected HUVECs with
pcDNA3.1-GFP-LC3  plasmids, and  observed
increased GFP-LC3-positive punctuate structures in
DHA-challenged cells, indicating increased formation
of autophagosomes (Fig. 1E and G).
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Figure 1. DHA induces autophagy in HUVECs. (A) HUVECs were treated with different doses of DHA for 24 h and the protein levels of LC3 were detected by Western
blot. (B) Densitometry analysis of prtein bands in (A). n=3, *p< 0.01. (C) HUVECs were treated with 35 pM DHA for different time and the protein levels of LC3 were
detected by Western blot; (D) Densitometry analysis of protein bands in (C), n=3; *p< 0.05, **p< 0.01. (E, G) Representative fluorescent images and quantifications of GFP-LC3
puncta in HUVECs. Magnification: 400x; Scale bar represents 10 pm. *p< 0.05. (F, H) HUVECs were transfected with scramble siRNA or siRNA targeting ATG5 for 48 h, and
were treated with 35 yM DHA for another 24 h. The knockdown efficacy of Atg5 and protein levels of LC3 were detected by Western blot. ¥p< 0.05, ¥*p< 0.01, ## p< 0.01. (1,
J) Western blot analysis of LC3-Il in HUVECs treated with 35 uM DHA for 6 h. Baf (100 nM) was added to the cells for 1 h prior to the DHA exposure. *p< 0.05, ¥*p< 0.01, ##
p<0.01.
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Figure 2. Effects of DHA on ROS in HUVEGs. (A) HUVECs were treated with DHA at different concentrations in the absence or presence of the antioxidant NAC for 24
h. Intracellular ROS generation was detected by DCFH-DA staining with a fluorescence microscope. (B) After pretreatment of HUVECs with NAC (5 mM) for | h, DHA (35 pM)
was added for another 24 h. Protein levels of LC3-Il were detected by Western blot. (C, D) Densitometry analysis of protein bands in (B), n=3, **p< 0.01. n.s, not significant.

The elevation of LC3-II and the accumulation of
autophagosomes may result from autophagy
induction enhancement or autophagic flux blockade
[16]. To determine the function of DHA, we
knockdown the critical autophagy initiating protein
ATGS5 by siRNA transfection, which decreased ATG5
protein expression by more than 70% (Fig. 1F). If
enhanced autophagy induction contributes to
DHA-induced increase of LC3-II, the combination of
DHA with ATG5 siRNAs is supposed to induce a
prominent decrease in LC3-II levels. Indeed,
compared with scramble siRNA transfection, ATG5
knockdown significantly abolished DHA-induced
upregulation of LC3-II, suggesting that DHA induces
autophagy in HUVECs. Furthermore, we assessed the
level of LC3-1I in the presence of bafilomycin A1l (Baf).
Baf inhibits the fusion of autophagosome with
lysosome through inhibiting the activity of vacuolar
H*-ATPase, thereby blocks LC3-II degradation,
leading to LC3-II accumulation [17]. As shown in Fig.
1I-], co-treatment with DHA and Baf (100 nM) in
HUVECs induced a more significant accumulation of
LC3-II than Baf alone, demonstrating that DHA
indeed enhances autophagy.

ROS production does not contribute to
DHA-induced autophagy

Previous studies have shown that DHA inhibits
tumor growth partially through production of ROS
[18]. Inhibition of ROS reduces DHA-induced
autophagy in cancer cells [19]. Therefore, we
investigated the role of ROS in DHA-induced
autophagy in HUVECs. DCFH-DA, a fluorescent

probe, was used to indicate cellular ROS levels. As
shown in Fig. 2A, HUVECs treated with DHA (17.5,
35, 70 uM) showed a dose-dependent enhancement in
fluorescence intensity compared to the solvent control
group, suggesting that DHA increases ROS
production. NAC is a wusual anti-oxidant, and
markedly suppressed DHA-induced ROS production
(Fig. 2A). Although pretreatment with NAC
significantly inhibited both basal and DHA-induced
LC3-II protein levels (Fig. 2B-C, p<0.01), proportion of
DHA-induced increase of LC3-1I protein remained
unchanged (Fig. 2D). Hence, DHA enhanced the
production of ROS, which did not contribute to
DHA-induced autophagy.

MAPK does not mediate DHA-induced
autophagy

MAPK cascades is another critical modulator of
autophagy [20]. The major members of MAPK, ERK,
JNK, and p38 MAPK displayed specific regulatory
patterns on autophagy [20, 21]. Hence, we studied
their roles in DHA-induced autophagy. As shown in
Fig. 3, pretreatment with PD98059 (PD), SP6001225
(SP) and SB203580 (SB), inhibitor of ERK, JNK and p38
MAPK, did not alter the increment of LC3-II
expression induced by DHA, suggesting that MAPK
is not required in DHA-induced autophagy.

DHA suppresses the activity of Akt/mTOR
pathway in HUVECs

We next investigated the effect of DHA on
PI3K/Akt/mTOR signaling pathway, a classical

pathway regulating autophagy. HUVECs were
treated with 35 puM DHA, and phosphorylation of Akt
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was measured by Western blot. Fig. 4A-B showed that
phosphorylation of AKT (Ser473) increased at 20 min
and was significantly inhibited by DHA treatment at
40 min or longer (p<0.01), suggesting a transient
upregulation of Akt activity. However, Akt activity
was inhibited by DHA from 40 min to 90 min. We also
examined the phosphorylation of Akt after incubation
of DHA for more than 1 hour since autophagy was
induced by DHA at 3 h. Interestingly, incubation with
DHA for a longer time did not affect phosphorylation
of Akt (Fig. 4C-D). mTOR is a downstream substrate
of the PIBK/AKT pathway [22]. It is a critical Ser/Thr
protein kinase that functions as an ATP and amino
acid sensor to balance nutrient availability and cell
growth [23]. The downstream effectors of mTOR are
mainly ribosomal p70S6 kinase protein (p70S6K) and
eukaryotic initiation factor 4E binding protein 1
(4E-BP1) [23]. Generally, mTOR negatively regulates
autophagy though phosphorylating and inactivating
ULK1/2 and ATG13 [24]. The expression of p-mTOR
(Ser2448), p-p70S6K  (Thr389), and p-4E-BP1
(Thr37/46) were detected in HUVECs after DHA
treatment by Western blot. Fig. 5A-D showed that the
protein levels of p-mTOR (Ser2448) and p-p70S6K
(Thr389) in HUVECs increased at 1 h and 3 h.
However, p-mTOR (Ser2448), p-p70S6K (Thr389) and
p-4E-BP1 (Thr37/46) were decreased after 6 h
treatment of DHA (p<0.05). The suppressed mTOR
activity correlated with the occurrence of autophagy
after 6 h, suggesting that mTOR may be involved in
DHA-induced autophagy. Rapamycin (Rapa), an
mTOR inhibitor, was used to validate the role of
mTOR in DHA-induced autophagy. As shown in Fig.
5E-F, rapamycin (5 pM) alone significantly increased
LC3-II protein levels, and DHA did not induce
additional increase of LC3-II levels after pretreatment

with rapamycin. These results suggested that mTOR
mediates DHA-induced autophagy.
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Figure 3. MAPK signaling does not mediate DHA-induced autophagy in
HUVECs. HUVECs were treated with DHA for 24 h after pretreatment with ERK
inhibitor PD98095 (PD), JNK inhibitor SP600125 (SP), or p38 inhibitor SB203580
(SB). The protein levels of LC3 were examined by Western blot. n=3, *p< 0.05, **p<
0.01.

Discussion

Targeting angiogenesis becomes an important
strategy for tumor treatment [3]. DHA has been
reported as an efficient anti-angiogenic agent in
addition to its anti-malarial role [11, 12, 25]. Recent
studies show that angiogenesis relates closely with
autophagy [9, 10]. In the present study, we found that
DHA induces autophagy in HUVECs. In addition,
Akt/mTOR signaling pathway is inhibited by DHA
and mediates DHA-induced autophagy (Fig. 6).
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Figure 4. Effects of DHA on Akt in HUVECs. (A-D) HUVECs were treated with DHA for different time periods. Phosphorylated Akt and total Akt were detected by

Western blot. n=3, *p< 0.05, *p< 0.01.
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Figure 5. Effects of DHA on mTOR signaling in HUVECs. (A-D) Phosphorylation levels of mTOR, 4E-BP1, p70S6K in DHA-treated HUVECs were detected by Western
blot. n=3, *p< 0.05, **p< 0.01. (E, F) HUVECs were pretreated with mTOR inhibitor (5 uM) and then treated with DHA for another 6 h. The protein levels of LC3 was

determined by Western blot. n=3, **p< 0.01. n.s, not significant.

Artemisinin derivatives display cell-type specific
effects on autophagy [19, 26-31]. DHA induces
autophagy in several cancer cell lines [26-28]. In
addition, DHA and artesunate promote autophagy in
rat chondrocytes [29, 30]. DHA also induces
autophagy in activated hepatic stellate cells to
facilitate its anti-inflammatory effect in liver fibrosis
[19]. However, artesunate inhibits autophagy to
prevent cytokine release from macrophages [31]. In
our study, we first found that DHA significantly
induces autophagy in endothelial cells, suggesting
that autophagy may contribute to the anti-angiogenic
effects of DHA.

It has been reported that the endoperoxy bridge
of DHA breaks in the presence of ferrous ion, leading
to the production of cytotoxic ROS, which is
considered as a mechanism for the anti-tumor and
anti-malarial effects of DHA [32]. Accumulated
evidence reveals that ROS produced under oxidative

stress may induce autophagy to protect cells from
oxidative stress associated damage [33]. Our data
show that DHA significantly increased intracellular

ROS production in HUVECs. Pretreatment of
antioxidant NAC reduces both basal and
DHA-induced ROS levels. However, under the

pretreatment of NAC, DHA still enhances the protein
levels of LC3-II in a rate similar to that in NAC solvent
control group. These observations suggest that NAC
has no influence on DHA-induced autophagy.

MAPK family is a critical regulator of autophagy
[20]. DHA inhibits EC proliferation through
suppression of ERK activity [15]. In the current study,
however, inhibition of ERK does not alter DHA
induced autophagy. Jia et al. found that JNK
activation mediates DHA-induced autophagy in
pancreatic cancer cells [28]. Zhang et al. also reported
that activation of JNK is required for autophagy
induction by DHA in hepatic stellate cells [19]. In this
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study, inhibition of JNK has no effect on
DHA-induced autophagy. Our previous study
demonstrated that p38 MAPK is not required in
DHA-induced suppression of EC migration [34]. In
this study, inhibition of p38 MAPK also has no effect
on DHA-induced autophagy. These results suggest
that DHA-induced autophagy in HUVECs is not
mediated by MAPK pathway.

DHA

mTOR

4E-Bp1‘/ l \pTOSGK
Phagophore w <—f<—<n aE

LC3-II

Autophagosome

Autophagy

Figure 6. Schematic diagram of proposed mechanisms of DHA-induced
autophagy. DHA suppresses Akt activity and its downstream mTOR signaling
pathway. MTOR inhibits the formation of phagophore, which initiates autophagy by
expanding to an autophagosome. During the expansion from phagophore to
autophagosome, cytoplasmic LC3-l is conjugated with phosphatidyl ethanolamine
(PE) and is changed into LC3-Il. LC3-Il is recruited to the membrane of phagophore
and autophagosome, and then autophagy is induced.

mTOR is a negative regulator of autophagy [24].
It phosphorylates the critical autophagy protein ULK1
and inhibits its activity, which prevents formation of
ULK1-Atgl13-FIP200 complex, thereby, inhibits
autophagy [24]. In addition, mTOR signaling
suppresses autophagy through phosphorylation of
transcription factor EB and preventing its nuclear
translocation for autophagy gene expression [35].
However, autophagy may be induced independent of
mTOR under certain circumstances [36, 37]. Previous
studies showed that DHA inhibits mTOR activity in
rhabdomyosarcoma cells and non-small cell lung
carcinoma cells [38, 39]. In addition, DHA suppressed
mTOR and induced autophagy in cisplatin-resistant
ovarian cancer cells [27]. Similarly, we demonstrated
that DHA significantly inhibits Akt and mTOR
activity in HUVECs. Rapamycin is an inhibitor of
mTOR [40]. The elevation of LC3-II by DHA is
abolished by incubation with rapamycin, suggesting
that mMTOR mediates DHA-induced autophagy.

In conclusion, DHA induces autophagy of
HUVECs in a dose- and time-dependent manner.
Down-regulation of the activity of the Akt/mTOR
pathway mediates DHA-induced autophagy. This
study provides a better understanding of the
mechanisms underlying anti-angiogenic properties of
DHA.
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