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[3-elemene has been evidenced to suppress the development of numerous cancers includ-
ing lung cancer. Previous research has found that in A549 cells, 3-elemene increased the ex-
pression of adenosine monophosphate-activated protein kinase (AMPK) o (AMPKc), which
negatively regulates the Warburg effect. Bioinformatics predicted that binding sites exist
between AMPK«x and miR-301a-3p, an miRNA that has shown oncogenic function in many
cancers. The aim of this work was to investigate the effect of 3-elemene on the Warburg ef-
fect in non-small-cell lung cancer (NSCLC) cells and its mechanism. Herein, the expression
of miR-301a-3p was evaluated in NSCLC cells. Then, miR-301a-3p was overexpressed or
silenced by mimics or inhibitors, respectively, followed by treatment with AMPK agonists or
antagonists. NSCLC cells subjected to miR-301a-3p overexpression or inhibition were fur-
ther treated with (3-elemene. The results demonstrated that AMPK«x was targeted and nega-
tively regulated by miR-301a-3p. AMPK«x agonists attenuated the Warburg effect in NSCLC
cells induced by miR-301a-3p, as evidenced by the decrease in glucose level, lactic acid
level, and expression of metabolism-related enzymes (glucose transporter 1 (GLUT1), hex-
okinase 1 (HK1), and lactate dehydrogenase A (LDHA)). Additionally, 3-elemene suppressed
the expression of miR-301a-3p, enhanced that of AMPK«, and inhibited the Warburg ef-
fect in NSCLC cells. The results indicated that 3-elemene attenuates the Warburg effect in
NSCLC cells, possibly by mediating the miR-301a-3p/AMPK«x axis.

Introduction

Lung cancer is the most prevalent tumor worldwide, and approximately 85% of lung cancer cases are clas-
sified as non-small-cell lung cancer (NSCLC) [1]. In 2018, there were 2093876 new cases of lung cancer,
accounting for 11.6% of the total number of cancer cases and 1761007 cancer-related deaths worldwide
[2]. Despite substantial effort in understanding the underlying mechanism and the development of inter-
ventional therapy, the 5-year survival rate remains low because of the complex pathogenesis, difficulty in
early diagnosis, and metastasis [3]. Thus, it is necessary to develop efficient therapeutic methods for the
treatment of NSCLC.

Cancer cells preferentially use glucose for energy via glycolysis, even under aerobic conditions, a phe-
nomenon identified as the “‘Warburg effect’ [4]. This phenomenon is associated with the expression of
oncogenes, changes in the tumor microenvironment, and abnormal expression of glycometabolic en-
zymes, providing an advantage for cancer cell growth. Adenosine monophosphate-activated protein ki-
nase (AMPK) is an important regulator of glucose uptake and energy balance and is a central component
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Figure 1. Relatively high expression of miR-301a-3p in NCI-H1650 cells

(A) Relative expression of miR-301a-3p in A549, NCI-H1650, and BEAS-2B cells were detected using qRT-PCR. (B) Relative ex-
pression of miR-301a-3p in NCI-H1650 cells after transfection was detected using gRT-PCR. MiR-301a-3p was higher expressed
in NCI-H1650 cells than others and miR-301a-3p expression in NCI-H1650 cells was overexpressed or inhibited after miR-301a-3p
mimic or inhibitor transfection. Data represent the mean + SD (n=3). *P<0.05 vs BEAS-2B in (A); *P<0.05 vs control, #P<0.05 vs
mimic-NC, #P<0.05 vs inhibitor-NC in (B).

in the signal transduction network. Once activated, AMPK can phosphorylate key proteins through multiple path-
ways, affecting intracellular glycolysis and mitochondrial homeostasis [5]. Faubert et al. found that AMPK« is a
negative regulator of the Warburg effect and inhibited the tumorigenic process in vivo [6]. Zhao et al. suggested that
the activation of phosphorylated (p)-AMPK inhibited the growth of A549 NSCLC cells [7], and AMPK was involved
in the regulation of the Warburg effect in NSCLC cells [8]. The regulatory mechanism of AMPK, which is not re-
lated to genomic changes, may also affect its activity in cancer, and one possible mechanism is regulation by miRNA
[9]. As a carcinogenic factor, miR-301a-3p plays an important role in the occurrence and development of pancre-
atic [10], breast [11], colorectal [12], and other cancers. It has been reported that the expression of miR-301a-3p was
abnormally high in lung cancer tissues [13], and bioinformatics analysis predicted that binding sites exist between
miR-301a-3p and AMPK. However, whether the regulatory effect of AMPK on the Warburg effect in NSCLC cells is
associated with miR-301a-3p remains unclear.

[3-elemene is a major bioactive sesquiterpenoid extracted from Curcuma wenyujin, a Chinese medicinal herb [1],
and has been demonstrated to suppress the development of numerous cancers, including lung [14], breast [15], and
bladder cancer [16] by modulating multiple signaling pathways. Our preliminary studies indicated that (3-elemene
increased the expression of AMPKa in A549 cells, but whether the mechanism underlying the effect of 3-elemene is
mediated by miR-301a-3p remains to be investigated.

The aim of the current study was to investigate the effect of 3-elemene on the Warburg effect in NSCLC cells and
whether its underlying mechanism is related to the miR-301a-3p/AMPK axis. On this basis, we first investigated the
effect of miR-301a-3p on the Warburg effect and AMPK activity in NSCLC cells. Then, the effect of 3-elemene on
the Warburg effect in NSCLC cells and its relationship with miR-301a-3p/AMPXK axis were investigated.

Materials and methods

Experiment protocol

Human NSCLC cell lines A549 and NCI-H1650 (purchased from Shanghai Institutes for Biological Sciences, Chi-
nese Academy of Science) and the normal human lung epithelial cell line BEAS-2B (purchased from the Cell Bank
of Wuhan University) were subjected to quantitative reverse-transcription polymerase chain reaction (QRT-PCR)
to detect miR-301a-3p expression level. Then, miR-301a-3p was overexpressed or inhibited in NCI-H1650 cells by
miR-301a-3p mimics or inhibitors at 37°C for 24 h (Ribobio Co. Ltd, Guangzhou, China), respectively. Cell viability,
AMPK« expression, and glucose metabolism-related factors were evaluated to investigate the effect of miR-301a-3p
on AMPK« expression and the Warburg effect in NCI-H1650 cells.
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Figure 2. MiR-301a-3p promotes proliferation of NCI-H1650 cells and the Warburg effect

(A) Apoptosis rate was detected using flow cytometry, (B) cell viability was detected using MTT, (C) glucose level, and (D) lactic
acid level were detected using corresponding kits in NCI-H1650 cells after transfection. MiR-301a-3p overexpression decreases
apoptosis rate, increases viability, glucose and lactic acid levels in NCI-H1650 cells. Data represent the mean + SD (n=3). *P<0.05
vs control, ¥P<0.05 vs mimic-NC, P <0.05 vs inhibitor-NC.

Subsequently, NCI-H1650 cells wherein miR-301a-3p was overexpressed or inhibited were treated with an AMPK
agonist (AICAR, 500 pl, Selleck, Shanghai, China) or antagonist (BML-275, 5 pl, Selleck) at 37°C for 24 h, respectively.
The expression of miR-301a-3p, AMPK«1, and glucose metabolism-related factors were analyzed to explore whether
AMPKo influences the effect of miR-301a-3p on the Warburg effect in NCI-H1650 cells.

Finally, both miR-301a-3p-overexpressing and miR-301a-3p-silenced NCI-H1650 cells were treated with
[3-elemene (50 pg/ml) at 37°C for 24 h and the expression of miR-301a-3p, AMPK«1, and glucose metabolism-related
factors was analyzed to investigate the mechanism of (3-elemene on NCI-H1650 cells.

Cell culture

NCI-H1650 cells were cultured in RPMI-1640 medium (HyClone, Logan, U.S.A.) supplemented with 10% fetal bovine
serum (FBS, Gibco, Gibco BRL, Gaithersburg, MD, U.S.A.). A549 cells were cultured in Ham’s F-12K medium (Gibco)
supplemented with 10% FBS. BEAS-2B cells were cultured in Bronchial Epithelial Cell Growth Medium (Lonza, Basel,
Switzerland). All cells were maintained in an atmosphere containing 5% CO, at 37°C.

qRT-PCR
Total RNA was extracted using TRIzol (Ambion, Texas, U.S.A.) and DNA was eliminated using DNasel (Fermentas,
Canada). The obtained RNA was reverse-transcribed into cDNA using the M-MLYV kit (TaKaRa, Dalian, China) and
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Figure 3. Western blot was performed to detect the protein expression of GLUT1, HK1, and LDHA in NCI-H1650 cells after
transfection

MiR-301a-3p overexpression increases the expression of GLUT1, HK1, and LDHA in NCI-H1650 cells. Data represent the mean +
SD (n=3). *P<0.05 vs control, ¥P<0.05 vs mimic-NC, &P<0.05 vs inhibitor-NC.

amplified using the SYBR Green PCR kit (KAPA Biosystems, U.S.A.) according to the manufacturer’s instructions.
The sequences were: miR-301a-3p forward: 5'-GGGCAGTGCAATAGTATT-3/, reverse: 5'-AACTGGTGTCGT
GGAGTCGGC-3'; U6 forward: 5'-CTCGCTTCGGCAGCACA-3/, reverse: 5-AACGCTTCACGAATTTGCGT-3';
AMPK«x1 forward: 5'-AAAAGAAAGTCGGCGT-3/, reverse: 5'-GCATAGTTGGGTGAGC-3'; GAPDH forward:
5'-CCACTCCTCCACCTTTG-3, reverse: 5'-CACCACCCTGTTGCTGT-3". GAPDH and U6 served as endogenous
controls of AMPK«1 and miR-301a-3p, respectively. The data were analyzed using the 222 method [17].

Cell counting kit-8 analysis

NCI-H1650 cells were harvested at the logarithmic growth phase and cultured in a 96-well plate at 5 x 10° cells/well at
37°Cin 5% CO, overnight. After treatment for 24, 48, or 72 h, the cells were incubated with 10 pl of cell counting kit
(CCK)-8 (CCK-8) solution for 4 h and the absorbance was analyzed using a microplate reader (all from Life Science
Co., Ltd., Hangzhou, China) at 450 nm.

Flow cytometry

Apoptosis was detected using the Annexin V-phycoerythrin (PE)/7-aminoactinomycin D (7-AAD) detection kit
(BD, Shanghai, China). Cells (~1 x 10°) were centrifuged at 4°C at 1000xg for 5 min and resuspended in 1 ml
of phosphate-buffered saline (Bioswamp, Wuhan, China). After centrifugation at 4°C at 1000x g for 5 min, the cells
were resuspended in 100 pl of binding buffer, followed by the addition of 5 pl of Annexin V-PE and 5 pl of 7-AAD.
The cells were maintained at room temperature in the dark for 15 min. After the addition of 400 ul of binding buffer,
the cells were subjected to flow cytometry (ACEA Biosciences, San Diego, CA, U.S.A.).
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(A)
MicroRNA and Target Gene Description:
miRNA Name hsa-miR-301a-3p miRNA Sequence CAGUGCAAUAGUAUUGUCAAAGC
Previous Name hsa-miR-301;hsa-miR-301a
Target Score 85 Seed Location 2478
NCBI Gene ID 5562 GenBank Accession NM 006251
Gene Symbol PRKAAL 3' UTR Length 3399
Gene Description protein kinase AMP-activated catalytic subunit alpha 1
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Figure 4. AMPK(« is targeted by miR-301a-3p

(A) AMPKu is predicated to be a target of miR-301a-3p using miRDB database. (B) Binding sites between AMPK«x and miR-301a-3p
were analyzed using TargetScan database. (C) Relative luciferase activity of the AMPKx-WT and AMPK«-MUT reporter plasmids
in NCI-H1650 cells after transfection with miR-301a-3p mimics. (D) Relative protein expression of p-AMPKa in NCI-H1650 cells
after transfection. AMPK« is revealed to be a target of miR-301a-3p and miR-301a-3p overexpression inhibits the phosphorylation
level of AMPK. Data represent the mean + SD (n=3). *P<0.05 vs control, ¥P<0.05 vs mimic-NC, 4P <0.05 vs inhibitor-NC.

Biochemical analysis

Glucose levels (Shanghai Rongsheng Biological Pharmaceutical Co., Ltd., Shanghai, China), and lactic acid content
(Nanjing Jiancheng Bioengineering Institute) were evaluated using respective assay kits according to the manufac-
turer’s instructions.

Western blot analysis

Total proteins were extracted from harvested cells using radioimmunoprecipitation assay lysis buffer (Bioswamp)
and quantified using a bicinchoninic acid kit (Bioswamp) according to the manufacturer’s instructions. Proteins
(20 ng) were separated and transferred on to polyvinylidene fluoride membranes (Millipore, MA, U.S.A.), fol-
lowed by blocking with skim milk. The membranes were then incubated with primary antibodies against AMPKx1
(Bioswamp, PAB30970, 1:1000), p-AMPKal1 (Bioswamp, PAB36316-P, 1:1000), glucose transporter 1 (GLUT1,
Bioswamp, MAB37348, 1:1000), hexokinase 1 (HKI1, Bioswamp, MAB37234, 1:1000), lactate dehydrogenase A
(LDHA, Bioswamp, PAB30703, 1:1000), and GAPDH (Bioswamp, PAB36269, 1:1000) overnight at 4°C, followed by
incubation with goat anti-rabbit IgG secondary antibodies (Bioswamp, SAB43714, 1:20000) for 1 h at room temper-
ature. GAPDH served as the internal reference.
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Figure 5. AMPK agonist inhibited the expression of miR-301a-3p and Warburg effect after it was promoted by miR-301a-3p
mimic

(A) Relative expression of miR-301a-3p was detected using gRT-PCR, (B) relative mRNA and protein expression of AMPK«x1 were
detected using gRT-PCR and Western blot, respectively, (C) glucose level was detected using the corresponding kit, and (D) lactic
acid level was detected using the corresponding kit in NCI-H1650 cells. AMPK agonist inhibited the expression of miR-301a-3p,
glucose level, and lactic acid level after they were promoted by miR-301a-3p mimic. Data represent the mean + SD (n=3). ¥P<0.05
vs miR-mimic + AICAR, P<0.05 vs miR-inhibitor + BML-275.

Dual luciferase reporter assay

The 3'-untranslated region (UTR) of AMPKw, with wild-type (WT) or mutant (MUT) binding sites for
miR-301a-3p, was amplified and cloned into the pmirGLO vector (Addgen, Cambridge, MA, U.S.A.) to form
pmirGLO-WT-AMPKx-3" UTR or pmirGLO-MUT-AMPK«x-3' UTR plasmids. The plasmids and miR-301a-3p were
then co-transfected into HEK293T cells using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, U.S.A.). Luciferase
activity was measured using the dual-luciferase reporter assay (Genecopoeia).

Statistical analysis

Data are presented as the mean = standard deviation (SD). Differences between more than two groups were analyzed
using one-way analysis of variance followed by least significant difference or Dunnett’s T3 test. P<0.05 was considered
to be statistically significant.

Results

MiR-301a-3p promotes NCI-H1650 cell proliferation and Warburg effect

As shown in Figure 1A, the expression of miR-301a-3p was significantly higher in NCI-H1650 cells than those in
normal lung epithelial cells (BEAS-2B) and A549 cells. Thus, the NCI-H1650 cell line was selected to investigate the
effect of miR-301a-3p on the proliferation of NSCLC cells and the Warburg effect. The expression of miR-301a-3p in
NCI-H1650 cells was enhanced and suppressed by miR-301a-3p mimics and inhibitors, respectively (Figure 1B). The
apoptosis of NCI-H1650 cells was inhibited by miR-301a-3p overexpression but increased by miR-301a-3p inhibition
(Figure 2A). Additionally, miR-301a-3p overexpression increased cell viability and enhanced the Warburg effect by
increasing the levels of glucose and lactic acid and the expression of metabolism-related enzymes involved in the
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Warburg effect (GLUT1, HK1, and LDHA), whereas miR-301a-3p inhibitors had the opposite effect (Figures 2B-D
and 3). Overall, miR-301a-3p enhanced the proliferation of NCI-H1650 cells and the Warburg effect.

MiR-301a-3p promotes Warburg effect in NCI-H1650 cells by regulating

AMPKx expression

AMPK«x was predicted to be a target of miR-301a-3p using the miRDB database (http://www.mirdb.org/cgi-bin/
target_detail.cgi?targetID=1075038, Figure 4A). This was further confirmed by TargetScan analysis (http://www.
targetscan.org/vert_72/, Figure 4B) and dual-luciferase reporter assay, which demonstrated that miR-301a-3p over-
expression suppressed the luciferase activity of AMPKx-WT (Figure 4C). We further evaluated the expression
of AMPK«xl in NCI-H1650 cells after miR-301a-3p was overexpressed or inhibited. MiR-301a-3p overexpres-
sion down-regulated AMPK«1 expression compared with that of the control group, while miR-301a-3p inhibi-
tion up-regulated AMPK«1 expression (Figure 4D). Furthermore, the AMPK agonist AICAR decreased the level
of miR-301a-3p after it was up-regulated by miR-301a-3p mimics, and enhanced AMPK expression after it was
down-regulated by miR-301a-3p mimics (Figure 5A,B). In addition, AICAR reduced the levels of glucose and lac-
tic acid after they were increased by miR-301a-3p mimics (Figure 5C,D). The AMPK antagonist BML-275 showed
the opposite function as that of AICAR. These results demonstrated that AMPK is involved in the regulation of the
Warburg effect by miR-301a-3p in NCI-H1650 cells.

f-elemene inhibits the Warburg effect in NCI-H1650 cells by regulating
miR-301a-3p/AMPK«x axis

As shown in Figure 6, compared with control cells and those treated with miR-mimics or miR-inhibitors, addi-
tional 3-elemene treatment down-regulated miR-301a-3p expression and up-regulated that of AMPKc. Furthermore,
[3-elemene attenuated the Warburg effect in NCI-H1650 cells, as demonstrated by the decrease in glucose and lactic
acid levels. In addition, the expression of metabolism-related enzymes involved in the Warburg effect (GLUT1, HKI,
and LDHA) was suppressed by (3-elemene. Collectedly, 3-elemene attenuated the Warburg effect of NCI-H1650 cells
via the miR-301a-3p/AMPK axis.

Discussion

This work presents evidence supporting that AMPK«x was targeted by miR-301a-3p and that miR-301a-3p promoted
the Warburg effect in NCI-H1650 cells via negative regulation of AMPKo. This was demonstrated by the increase
in the levels of glucose and lactic acid, the up-regulation of metabolism-related enzymes (GLUT1, HK1, and LDHA)
involved in the Warburg effect, and the decrease in AMPKo expression induced by miR-301a-3p mimics. These
phenomena were reversed by AMPK«x agonists. Furthermore, this work demonstrated that 3-elemene attenuated the
Warburg effect in NCI-H1650 cells through the miR-301a-3p/AMPKa axis (Figure 7).

As an anti-cancer drug, (3-elemene combined with cisplatin showed remarkable anti-tumor efficiency in both clin-
ically relevant patient-derived and cell-derived lung xenografts [18]. Zhao et al. reported that 3-elemene is involved
in inhibiting the growth of NSCLC cells via activation of AMPKo and ERK1/2 signaling [19]. Our preliminary exper-
iments indicated that (3-elemene increased the expression of AMPK« in A549 cells, thereby attenuating cell growth.
However, the precise target and underlying molecular mechanism remain to be elucidated. MiR-301a-3p is an onco-
genic miRNA involved in tumor metastasis, progression, and overall poor prognosis through different signaling path-
ways [11]. MiR-301a-3p overexpression accelerated colorectal cancer metastasis and proliferation via negative reg-
ulation of Runt-related transcription factor 3 and deleted in liver cancer-1 [20]. Microarray analysis suggested that
miR-301a-3p was abnormally high expression in lung cancer [13]. However, the function of miR-301a-3p in lung
cancer has not been extensively investigated. The present work demonstrated that miR-301a-3p promoted the growth
of NSCLC cells. In addition, bioinformatics analysis suggested the existence of binding sites between AMPK«x and
miR-301a-3p. Inhibition of miR-301a-3p enhanced the expression of AMPK«x and suppressed the Warburg effect.
Thus, we hypothesized that the regulatory effect of (3-elemene on AMPK«x in NSCLC cells was associated with its
modulatory effect on miR-301a-3p. This was verified by experiments showing that (3-elemene decreased miR-301a-3p
levels and increased the expression of AMPK«, in turn inhibiting the Warburg effect.

Instead of oxidative phosphorylation, cancer cells prefer to use glycolysis to provide energy for cell growth, and
this process was identified as the Warburg effect. Evidence showed that AMPK was a negative regulator of aerobic
glycolysis in cancer cells, and AMPK deficiency promoted aerobic glycolysis as demonstrated by the increase in lactic
acid production from glucose. In other words, down-regulation of AMPK« activity contributed to the Warburg effect
in cancer cells [6]. The reactions of glycolysis are associated with GLUTs and rate-limiting enzymes such as HK1 and

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 7
License 4.0 (CC BY).
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Figure 6. 3-elemene inhibits the Warburg effect in NCI-H1650 cells by regulating miR-301a-3p/AMPKx axis
(A) Relative expression of miR-301a-3p were detected using gRT-PCR, (B) relative mRNA (detection using qRT-PCR) and protein
expression (detection using Western blot) of (p)-AMPKa1, (C) glucose level was detected using the corresponding kit, (D) lactic
acid level was detected using the corresponding kit, (E) relative protein expression of GLUT1, HK1, and LDHA were detected using
Western blot in NCI-H1650 cells, and (F) quantified from (E). 3-elemene inhibits the expression of miR-301a-3p, GLUT1, HK1,
LDHA, the levels of glucose and lactic acid and enhances the expression of AMPK« in NCI-H1650 cells, which are reversed by
miR-301a-3p mimic. Data represent the mean + SD (n=3). ¥P<0.05 vs 3-elemene, #P<0.05 vs B-elemene + miR-mimic, ®P<0.05
vs -elemene + miR-inhibitor.
LDHA [21]. Increased production and membrane translocation of GLUTs dramatically promoted glucose uptake in
tumorigenic cells [22]. LDHA is an important enzyme in aerobic glycolysis that catalyzes the conversion of pyruvate
into lactate [23]. It was previously demonstrated that the up-regulation of GLUT1, LDHA, HK1/2, and pyruvate
dehydrogenase-inhibitory enzymes pyruvate dehydrogenase kinase (PDK)-1 and PDK-4 induced the Warburg effect
[24]. These supported the present conclusion that up-regulating the expression of AMPK« inhibited the Warburg
effect of NCI-H1650 cells.

Collectively, this work demonstrated that miR-301a-3p increased the growth of NSCLC cells by regulating
AMPKa-related Warburg effect, providing potential therapeutic targets for NSCLC. In addition, this work showed
that 3-elemene inhibited the Warburg effect by down-regulating the expression of GLUT1, HK1, and LDHA, which
is meditated by the miR-301a-3p/AMPKo axis.
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Figure 7. 3-elemene attenuated the Warburg effect in NCI-H1650 cells through the miR-301a-3p/AMPK«x axis
-elemene decreased the expression of miR-301a-3p and increased that of AMPKg, in turn inhibiting the Warburg effect in

NCI-H1650 cells. This was demonstrated by the decrease in the levels of glucose uptake and lactic acid and the down-regula-
tion of metabolism-related enzymes (GLUT1, HK1, and LDHA) involved in the Warburg effect.
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