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Dihydroartemisinin inhibits liver cancer cell
migration and invasion by reducing ATP synthase
production through CaMKK2/NCLX
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Abstract. Calcium/calmodulin-dependent protein kinase
kinase 2 (CaMKK?2) and mitochondrial sodium/calcium
exchanger protein (NCLX) are key regulatory factors in
calcium homeostasis. Finding natural drugs that target regu-
lators of calcium homeostasis is critical. Dihydroartemisinin
(DHA) is considered to have anticancer effects. The present
study aimed to investigate the mechanism of DHA in regu-
lating liver cancer migration and invasion. The present study
used HepG2 and HuH-7 cells and overexpressed CaMKK?2
and knocked down CaMKK?2 and NCLX. The antiprolifera-
tive activity of DHA on liver cancer cells was assessed through
colony formation and EdU assays. Cell apoptosis was detected
through YO-PRO-1/PI staining. The levels of reactive oxygen
species (ROS) were measured using a ROS detection kit
(DCFH-DA fluorescent probe). Cell migratory and invasive
abilities were examined using wound healing and Transwell
assays. The ATP production of liver cancer cells was detected
using ATP fluorescent probes. Cell microfilaments were moni-
tored for changes using Actin-Tracker Green-488. The effects
of DHA on the expression of CaMKK?2, NCLX, sodium/potas-
sium-transporting ATPase subunit a-1 (ATP1A1) and ATP
synthase subunit d, mitochondrial (ATP5H) were determined
by western blotting and reverse transcription-quantitative PCR.
The results revealed that DHA significantly inhibited prolif-
eration, reduced ROS levels and promoted apoptosis in liver
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cancer cells. CaMKK?2 overexpression significantly enhanced
the invasive and migratory ability of liver cancer cells, whereas
DHA inhibited the pro-migratory effects of CaMKK?2 overex-
pression. DHA significantly reduced the mitochondrial ATP
production and altered the arrangement of microfilaments in
liver cancer cells. In addition, DHA significantly decreased
the expression of CaMKK?2, NCLX, ATP1A1 and ATP5H.
Furthermore, by knockdown experiments of NCLX the results
demonstrated that CaMKK?2 downregulated the expression of
ATP1AL1 and ATP5H in liver cancer cells through NCLX. In
conclusion, DHA may reduce ATP synthase production via
the CaMKK?2/NCLX signaling pathway to inhibit the invasive
phenotype of liver cancer cells. It is essential to further inves-
tigate the effectiveness of DHA in the anticancer mechanism
of liver cancer cells.

Introduction

Calcium homeostasis-related proteins have been identified as
crucial driving factors that regulate ATP synthesis and influ-
ence tumorigenesis and progression, and are closely associated
with the proliferation, differentiation and metastasis of cancer
cells (including cervical cancer) (1). Resveratrol specifi-
cally kills cancer cells by an increase in the Ca*" coupling
between the endoplasmic reticulum and mitochondria (2).
Calcium/calmodulin-dependent protein kinase kinase 2
(CaMKK?2) is a calcium-dependent protein kinase and its acti-
vation can promote glycolysis, mitochondrial respiration and
fatty acid metabolism, which increases the viability of tumor
cells (3). The regulation of CaMKK2 can vary with prostate
cancer, and in a previous study CaMKK?2 was reported to
be a direct target of the androgen receptor in prostate cancer
cells (4). CaMKK?2 inhibitors can reduce the proliferation and
metastatic ability of lung cancer cells in vivo (5). Targeting
CaMKK?2 expression can improve the survival rate of patients
with liver cancer and inhibit the tumorigenicity of liver cancer
cells in in vivo models (6). By mediating calmodulin activa-
tion, CaMKK?2 promotes the accumulation of calcium ions
in cancer cells to activate EGFR and decrease the survival of
these cells (7). The mitochondrial sodium/calcium exchanger
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protein (NCLX) is a sodium-calcium ion exchange protein
involved in the proliferation, differentiation and metastasis
of cancer cells by maintaining intracellular calcium ion
balance (8). A previous study demonstrated that knocking
down NCLX significantly reduced mitochondrial ATP
generation and inhibited the proliferation and tumor growth
of colorectal cancer cells (9). In human colorectal tumors and
spontaneous colorectal cancer mouse models, downregulation
of NCLX leads to mitochondrial calcium overload, mitochon-
drial depolarization, reduced expression of cell cycle genes and
inhibition of the growth of the xenograft tumor (8). CGP37157,
a benzodiazepine derivative, promotes mitochondrial damage
and induces cell apoptosis by inhibiting NCLX expression in
neuronal cells (10). CaMKK?2 and NCLX both serve crucial
roles in maintaining calcium homeostasis. However, the regu-
latory roles of CaMKK?2 and NCLX in liver cancer cells are
not clear.

The mechanism of energy metabolism regulation in
liver cancer cells is complex, but ATP synthase is essential
for energy metabolism (11,12). The expression level of ATP
synthase is a key indicator reflecting the energy metabolism
state of liver cancer cells (13). ATP synthase (ATP1A1 and
ATPS5H subunits) is involved in cell proliferation, division and
the metastasis of liver cancer cells (13,14). High expression
levels of ATP synthase subunit d, mitochondrial (ATP5H)
are linked to poor prognosis of patients with ovarian cancer
and are involved in cisplatin resistance, cell experiments have
shown that dihydroartemisinin (DHA) treatment can reduce
the side effects of cisplatin and reverse cisplatin resistance (15).
Nevertheless, elevated NRF2 may mediate DHA resistance
in head and neck squamous cell carcinoma (16). Epigenetic
loss of the ATP synthase subunit ATP5H triggers a core
metabolic reprogramming pathway, leading to reactive oxygen
species (ROS) accumulation and elevated hypoxia induced
factor-1a, thereby promoting multiple drug resistance in
tumor cells (17). Bufalin inhibits tumorigenesis in liver cancer
cells by regulating sodium/potassium-transporting ATPase
subunit a-1 (ATP1Al)/carbonic anhydrase 2 signaling (18).
ATPI1ALI has been associated with the tamoxifen resistance
of breast cancer through screening of super-enhancer-asso-
ciated proteins (19). Homologous ATP1A1 binding between
ATPI1Al-overexpressing tumor cells and fibroblasts was found
in pancreatic ductal adenocarcinoma cells (20). Activin A
secreted by fibroblasts induces EMT of tumor cells and acti-
vation of myofibroblasts (20). Disrupting ion homeostasis in
cancer cells can synergize with MAPK pathway inhibitors to
promote melanoma regression in vivo (21).

DHA, a derivative of artemisinin, has shown potential
antitumor effects in cancer therapy (22). DHA can induce
ferroptosis of cervical cancer cells by regulating the produc-
tion of ROS and accumulation of malondialdehyde, and when
paired with doxorubicin, DHA can inhibit the proliferation
and metastasis of cervical cancer cells (23). DHA can reduce
the proliferation of breast cancer cells by inhibiting STAT3
phosphorylation, inducing apoptosis and reversing cisplatin
resistance (24). DHA exerts antitumor effects by inhibiting
glycolysis, promoting autophagy and inducing mitochondrial
ATP production (25). The present study investigated the
effects of DHA on the mitochondrial function, cytoskeleton,
proliferation, migration and invasion of liver cancer cells

through ATP probes, ROS, cytoskeleton, colony formation,
EDU, cell scratch, and Transwell experiments. By constructing
CaMKK?2 and NCLX siRNA cell models, it investigated
whether DHA inhibited cancer cell proliferation, reduced ATP
and ROS production, promoted cytoskeletal recombination
and inhibited the invasive phenotype of cancer cells through
the CaMKK?2/NCLX axis.

Materials and methods

Cell culture and transfection. Human liver cancer cells HepG2
and HuH-7 were purchased from the Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences and
were grown in Dulbecco's Modified Eagle Medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin/streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) at 37°C with 5% CO,. Short tandem repeat profiling
was used to verify the HepG2 and HuH-7 cell lines. DHA
was purchased from MedChemExpress (cat. no. HY-N0176;
purity, 299.0%) and was dissolved in DMSO with the final
working concentration as 10 M at room temperature (19) and
DMSO was used as a control. Full-length CaMKK?2 (Sangon
Biotech Co., Ltd.) was cloned into the pcDNA3.1(+) ZB02427
vector (Sangon Biotech Co., Ltd.). Sangon Biotech was the
supplier of CaMKK?2 and the plasmid backbone. A total of
2.5 ug CaMKK2 overexpression (OE) plasmid was used for
transfection. Then transfection with Lipo8000 (cat. no. C0533;
Beyotime Institute of Biotechnology) at 37°C for 24 h. Empty
vector was utilized as a negative control (NC). Small inter-
fering (si)RNAs were purchased from Sangon Biotech Co.,
Ltd., and their sequences were as follows: NCLX siRNA1
(sense, 5'-UGAGUGUGCUUUGUGUGCUGCUAAU-3', and
antisense 5'-AUUAGCAGCACACAAAGCACACUCA-3'),
NCLX siRNA2 (sense, 5-GGGAAUGGUGCACCUGAC
AUCUUCA-3', and antisense, 5'-UGAAGAUGUCAGGUG
CACCAUUCCC-3"),NCLX siRNA3 (sense, 5'-CCGGGUAUC
UUCUAAUACCAATT-3" and antisense, 5'-UUGGUAUUA
GAAGAUACCCGGTT-3'), CaMKK?2 siRNA1 (sense, 5'-GAU
GAAAUUGGAAAGGGCUCCUAUG-3' and antisense,
5'-CAUAGGAGCCCUUUCCAAUUUCAUC-3') CaMKK?2
siRNA2 (sense, 5'-CCCAUUGAGCAGGUGUACCAGGAA
A-3', and antisense, 5'-UUUCCUGGUACACCUGCUCAA
UGGG-3") CaMKK?2 siRNA3 (sense, 5'-CAAUACCUACUA
UGCAAUGAATT-3" and antisense, 5S'-UUCAUUGCAUAG
UAGGUAUUGTT-3") and siRNA-NC (sense, 5'-UUCUCC
GAACGUGUCACGUTT-3' and antisense, 5'-ACGUGACAC
GUUCGGAGAATT-3"). For all plasmid and siRNA Sequence
transfections, HepG2 and HuH-7 cells were seeded in 6-well
plates (2x10° cells/well) and incubated at 37°C and 5% CO, for
24 h. Then, 100 pmol siRNA was added per well and Lipo8000
(cat. no. C0533; Beyotime Institute of Biotechnology) used for
transfection at room temperature for 24 h. Cells were collected
for subsequent western blotting assays to confirm the success
of the transfections. After successful transfection the cells
were incubated at 37°C and 5% CO, for 24 h prior to subse-
quent experiments.

EdU-594 staining. The BeyoClick™ EdU-594 cell prolifera-
tion assay kit with Alexa Flour 594 (cat. no. CO078S; Beyotime
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Institute of Biotechnology) was used according to the manufac-
turer's instructions. HepG2 and HuH-7 cells (4x10* cells/well)
were seeded in 96-well plates and incubated at 37°C in a 5%
CO, atmosphere. The cells were treated with 10 xM EDU solu-
tion for 2 h at 37°C. Then, Click reaction solution was added
and the cells were incubated for 30 min at room temperature,
then washed three times with PBS. Cells were stained with
DAPI (10 pg/ml) for 10 min at room temperature, and were
subsequently imaged using a fluorescence microscope (Leica
Microsystems GmbH). Data were analyzed by Image-Pro Plus
Software 6.0 (Media Cybernetics, Inc.).

Transwell migration assay. HepG2 and HuH-7 cells were
starved without serum for 24 h in 6-well plates at 37°C. Cells
were collected, resuspended in 200 ul serum-free DMEM to
1x10° cells/ml and added to 24-well upper chambers (Corning,
Inc.). A total of 600 1 DMEM with 10% FBS was added to
the lower chambers. After incubating for 48 h at 37°C, cells
were fixed with 4% paraformaldehyde for 10 min at room
temperature and stained using 0.1% crystal violet for 20 min
at room temperature. Cells that did not pass through the
Transwell membrane were wiped away with a cotton swab
following the staining. Matrigel inserts were used (coated in
the chambers at 37°C for 5 h); the subsequent steps were iden-
tical to the migration assay. The remaining cells were imaged
using a light microscope (Olympus Corporation). The invaded
cells were counted via Image-Pro Plus Software 6.0 (Media
Cybernetics, USA).

Wound healing assay. HepG2 and HuH-7 cells were seeded in
6-well plates (5x10° cells/well) and cultured at 37°C with 5%
CO, until cell confluence was >90%. A single scratch was made
in the cell monolayer using a 200 pl pipette tip. After washing
with PBS three times, DMEM with 1% FBS was added to
each well (26) and cells were imaged at O and 48 h using a
light microscope. The migration rate was calculated using the
following formula: Migration rate (%)=(S0-S48 h)/S0 h x100.
SO h represents the distance of the scratch at 0 and S48 h repre-
sents the distance at 48 h (27). Wound healing was analyzed
using the Image-Pro Plus Software 6.0 (Media Cybernetics,
USA).

Colony formation assay. HepG2 and HuH-7 cells were seeded
in 3.5 cm plates at ~200 cells/well in DMEM with 10% FBS.
The groups treated with CaMKK?2-OE, NCLX knockout and
DHA were incubated at 37°C for 24 h. Then, the treated cells
were cultured for ~15 days until visible colonies (>50 cells)
formed. The supernatant was discarded and cells were washed
twice with PBS. Subsequently, cells were fixed with 4% para-
formaldehyde for 15 min at room temperature, stained with
0. 1% crystal violet for 20 min at room temperature, washed
twice with PBS and air-dried. A light microscope (Olympus
Corporation) was used to image cells and the colonies counted
manually.

Western blotting. HepG2 and HuH-7 cells were lysed with
RIPA lysis buffer (Nanjing KeyGen Biotech Co., Ltd.) on ice
for 25 min. Total cellular protein concentration was deter-
mined using a BCA protein assay kit (Leagene Biotechnology).
SDS-PAGE loading buffer (5X; Beijing Zoman Biotechnology
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Co., Ltd.) was used to denature the proteins at 100°C for
10 min. 30 ng proteins were then separated by 9% SDS-PAGE
and transferred onto PVDF membranes. The PVDF
membranes were incubated with 5% skimmed milk dissolved
in TBS-1% Tween 20 (TBST) at room temperature for 1 h.
After blocking, membranes were incubated with primary
antibodies overnight at 4°C. The primary antibodies and
corresponding dilutions used were as follows: Anti-ATP1A1
(1:5,000; cat. no. 14418-1-AP; Wuhan Sanying Biotechnology),
anti-ATP5H (1:500; cat. no. 17589-1-AP; Wuhan Sanying
Biotechnology), anti-NCLX (1:1,000; cat. no. 21430-1-AP;
Wuhan Sanying Biotechnology), anti-CaMKK2 (1:500;
cat. no. 11549-1-AP; Wuhan Sanying Biotechnology) and
anti-f-actin (1:2,000; cat. no. 20536-1-AP; Wuhan Sanying
Biotechnology). The membranes were then washed with
TBST three times and incubated with anti-rabbit horse-
radish peroxidase-conjugated secondary antibodies (1:5,000;
cat. no. ZB-2301; OriGene Technologies, Inc.) at room temper-
ature for 1 h. The membranes were visualized using an ECL kit
(cat. no. A38554; Thermo Fisher Scientific, Inc.) and analyzed
with Image-Pro Plus Software 6.0 (Media Cybernetics, Inc.).

Intracellular detection of ROS levels.ROS levels were detected
using ROS Assay Kit (cat. no. S0033, Beyotime Institute of
Biotechnology) according to manufacturer's instructions.
Briefly, HepG2 and HuH-7 cells were seeded in 6-well plates
(1x10° cells/well) and incubated with 2',7'-dichlorofluorescein
diacetate (10 uM) at 37°C for 20 min. A fluorescence micro-
scope was then used to image cells. The level of intracellular
ROS was expressed as the fluorescence intensity. Data analysis
were performed using Image-Pro Plus Software 6.0 (Media
Cybernetics, Inc.).

Detection of apoptosis by YO-PRO-1/PI staining. The
Apoptosis and Necrosis Detection Kit with YO-PRO-1 and PI
(cat. no. C1075; Beyotime Institute of Biotechnology) was used
according to the manufacturer's instructions. YP1/PI working
solution was added to HepG2 and HuH-7 cells (5x10° cells/well)
were seeded in a 6-well plate, then cells were incubated at 37°C
for 20 min in the dark. After incubation, cells were imaged
using a fluorescence microscope. Apoptotic and necrotic cells
exhibited green and red fluorescence, with overlapping orange
yellow fluorescence. The percentage of apoptotic and necrotic
cells was manually counted and calculated.

Reverse transcription-quantitative PCR (RT-gPCR). TRIzol®
(Thermo Fisher Scientific, Inc.) was used for RNA extraction
from HepG2 and HuH-7 cells. cDNA was synthesized using
the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. qQPCR was performed according to the instructions of
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems;
Thermo Fisher Scientific, Inc.). Thermocycling consisted of
20 sec of initial denaturation at 95°C, followed by 35 cycles
with 20 sec at 95°C for denaturation and 20 sec at 60°C for
annealing and extension. Gene-specific primers were synthe-
sized by Sangon Biotech Co., Ltd. The primer sequences
used were as follows: ATP1A1 forward (F), 5'-TGCCCT
GGAATGGGTGTTGCT-3' and reverse (R), 5“-TTCTCCACC
CAGCCGCCAGG-3'; ATP5H F, 5-TAATGCGCTGAAGGT
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TCCCG-3' and R, 5-GAGAGACACCCACTCAGCAC-3
CaMKK?2 F, 5~ATGGGCACATCAAGATCGCT-3' and R,
5'-CATCCAAGGCCTTCCCAGAG-3'; NCLX F, 5'-GCC
TTCTCTGACCCGCACAC-3' and R, 5'-CCTCTCCGTTGC
CGTTGGTAG-3'; and GAPDH F, 5"TCAAGATCATCAGCA
ATGCC-3' and R, 5-CGATACCAAAGTTGTCATGGA-3".
Relative gene expression levels were normalized using the
244 method (28). GAPDH was used as the reference gene.

F-actin microfilament staining. Imaging of the microfilaments
of HepG2 and HuH-7 cells was carried out according to the
instruction of Actin-Tracker Green-488 (Beyotime Institute of
Biotechnology). HepG2 and HuH-7 cells (5x10° cells/well) were
seeded in a 6-well plate. They were fixed with 3.7% formalde-
hyde in PBS at room temperature for 20 min. Then, the cells
were incubated with Actin-Tracker Green-488 solution labeled
with phalloidin in the dark for 30 min and observed with a
fluorescence microscope. Finally, DAPI (10 pg/ml) staining
solution was used to re-stain the nuclei for 5 min at room
temperature. All staining was quantified using Image-Pro Plus
Software 6.0 (Media Cybernetics, Inc.). Phalloidin-stained
areas were expressed as percentage of whole areas per micro-
scopic field (29). The fluorescence intensities were measured
with Image-Pro Plus Software 6.0 (Media Cybernetics, Inc.).

Detection of ATP content. ATP fluorescent probe
(pCMV-AT1.03) was purchased from (Beyotime Institute
of Biotechnology). PCMV-AT1.03 is a plasmid tool used to
express AT1.031 protein as an ATP fluorescence probe in cells.
Following transfection, the AT1.031 protein is primarily found
in the cytoplasm where it can detect changes in ATP content
and produce fluorescence when it binds to ATP. HepG2 and
HuH-7 cells (2x10° cells/well) were seeded into 12-well plates
and cultured at 37° with 5% CO, for 24 h. Subsequently, 1 ug
of ATP fluorescent probe was added was added per well and
Lipo8000 (cat.no.C0533; Beyotime Institute of Biotechnology)
used for transfection for 24 h at 37°C. After cells were trans-
fected with CaMKK?2-OE and NCLX siRNA and/or DHA for
24 h at 37°C, cells were imaged using a fluorescence micro-
scope. The image was analyzed with Image-Pro Plus Software
6.0 (Media Cybernetics, USA).

Statistical analysis. SPSS software (version 17.0; SPSS, Inc.)
was used for data analysis, and the data are presented as the
mean =+ standard deviation. Differences between groups were
compared with one-way analysis of variance followed by
Bonferroni post hoc test. Data were visualized using GraphPad
Prism software (version 8.0; Dotmatics). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Effects of DHA treatment, CaMKK2-OE and NCLX knock-
down on the proliferation and apoptosis of liver cancer
cells. NCLX and CaMKK?2 siRNA-mediated knockdown
and CaMKK?2-OE in HepG2 and HuH-7 cells were verified
through western blotting (Fig. 1). The transfection effect of
NCLX siRNA3 was more significant, so this was chosen for
the following experiments (Fig. 1A-D). The overexpression of
CaMKK?2 was significant (Fig. 1E-H). The transfection effect

of CaMKK?2 siRNA3 was more significant, which was chosen
for follow-up experiments (Fig. 11I-L).

Colony formation assay and EdU staining were used
to analyze the proliferation rate of these cells. These assays
demonstrated that CaMKK?2-OE significantly increased cell
proliferation compared with the OE-NC group. DHA treatment
and NCLX knockdown significantly inhibited proliferation
compared with CaMKK?2-OE group (Figs. 2A-D and S1).
In addition, analysis of apoptosis and necrosis demonstrated
that following DHA treatment or NCLX knockdown in
CaMKK?2-OE group significantly increased the number of
apoptotic and necrotic liver cancer cells (Fig. 2E-G). NCLX
siRNA alone and DHA alone also significantly inhibited
proliferation and increased the number of apoptosis and
necrosis of cancer cells.

Effects of DHA treatment, CaMKK2-OE and NCLX knock-
down on liver cancer cell migration and invasion. Transwell
assays were used to detect the invasive capacity of liver cancer
cells. The number of invasive cells increased significantly in
the CaMKK?2-OE group compared with OE-NC (Fig. 3A-D).
DHA treatment and NCLX knockdown in CaMKK2-OE cells
significantly reduced the number of invasive cells compared
with the CaMKK?2-OE group. Additionally NCLX siRNA
alone also reduced the number of migration and invasion cells.

The migratory ability of liver cancer cells was detected
via wound healing assays. These assays demonstrated that
CaMKK2-OE significantly increased the migration of liver
cancer cells compared with OE-NC (Fig. 4A-D). After DHA
treatment and NCLX knockdown in CaMKK?2-OE cells, the
wound healing rate of the cells was significantly decreased
and the migrating distance was reduced compared with the
CaMKK2-OE group. Although CaMKK?2-OE promoted the
migration and invasion of liver cancer cells, this effect could
be inhibited by DHA treatment and NCLX siRNA. Therefore,
NCLX may be a critical regulator in CaMKK2-mediated
liver cancer cell metastasis and CaMKK?2 may be an effective
target of DHA.

Effects of different treatments on the formation of ATP and
ROS in liver cancer cells. The effects of different treatment
groups on the production of ATP and ROS in cancer cells
after 24 h of intervention were analyzed. The results of ATP
fluorescence probe experiments showed that the fluorescence
intensity of CaMKK?2-OE group was significantly increased
compared with OE-NC, while DHA treatment or NCLX
knockout resulted in a significant decrease in CaMKK?2-OE
group (Fig. 5A-D). In the CaMKK2-OE group, intracellular
ROS levels were significantly higher compared with the
OE-NC group (Fig. 5SE-H). However, after DHA treatment
or NCLX knockout, the ROS level in the CaMKK2-OE
treatment group was significantly reduced. Therefore, DHA
treatment and NCLX siRNA reduced the production of ATP
and ROS, indicating that DHA may play an anti-cancer role
by reducing the energy metabolism of cancer cells. In addi-
tion, it was also demonstrated that NCLX siRNA could block
CaMKK?2-regulated ATP and ROS production.

Liver cancer cell cytoskeletal remodeling. Changes in cancer
cell microfilaments were observed in the CaMKK2-OE
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Figure 1. Protein expression levels of NCLX and CaMKK?2 in HepG2 and HuH-7 cells. Protein expression levels of NCLX in (A and B) HepG2 and
(C and D) HuH-7 cells transfected with NCLX siRNA. Protein expression levels of CAaMKK?2 of (E and F) HepG2 cells and (G and H) HuH-7 cells transfected
with CaMKK2-OE plasmid. Protein expression levels of CaMKK?2 in (I and J) HepG2 and (K and L) HuH-7 cells transfected with CaMKK2 siRNA. All
data are presented as the mean + standard deviation (n=3). Data were analyzed using one-way analysis of variance followed by Bonferroni post hoc test.
“P<0.01; ""P<0.001. NCLX, mitochondrial sodium/calcium exchanger protein; CaMKK2, calcium/calmodulin-dependent protein kinase kinase 2; siRNA,
small interfering RNA; OE, overexpression; NC, negative control; ns, not significant.

group. Compared with the OE-NC group, the fluorescence
intensity of the microfilaments in the CaMKK?2-OE group
was significantly enhanced, and the microfilaments were
increased and stretched. However, knockdown of NCLX or
DHA treatment significantly reduced the fluorescence inten-
sity of microfilaments, resulting in microfilament shortening
and decomposition. Similar results were obtained after knock-
down of NCLX or DHA treatment in the CaMKK?2-OE group
(Fig. 6A-D).

Effects of DHA treatment, CaMKK2-OE and NCLX knock-
down on ATP synthase expression in liver cancer cells. The
present study showed that compared with the OE-NC group,
the mRNA and protein expression levels of CaMKK?2, NCLX,
ATP1A1l and ATPS5H were upregulated in the CaMKK?2 OE
group. Compared with the CaMKK?2-OE group, DHA treat-
ment reduced the expression levels of CaMKK?2, NCLX,
ATP1A1 and ATP5H, and reversed the effect of CaMKK2-OE
induction (Figs. 7A-H and 8A-J). After knocking down NCLX
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Figure 2. Effects of DHA, CaMKK?2 and NCLX on the proliferation and apoptosis of liver cancer cells. (A) Colony formation assay and (B) number of HepG2
colonies formed with cells treated with DHA, CaMKK?2-OE and NCLX siRNA. (C) Colony formation assay and (D) number of HuH-7 colonies formed with
cells treated with DHA, CaMKK2-OE and NCLX siRNA. Transfected (E) HepG2 and HuH-7 cells stained with YO-PRO-1 and PI dye and treated with
DHA, CaMKK?2-OE and NCLX siRNA. Apoptosis and necrosis rate of (F) HepG2 and (G) HuH-7 cells treated with DHA, CaMKK?2-OE and NCLX siRNA.
All data are presented as the mean + standard deviation (n=3). Data were analyzed using one-way analysis of variance followed by Bonferroni post hoc test.
Scale bar, 50 ym “P<0.01; “"P<0.001. ns, not significant; NCLX, mitochondrial sodium/calcium exchanger protein; DHA, dihydroartemisinin; CaMKK?2,
calcium/calmodulin-dependent protein kinase kinase 2; siRNA, small interfering RNA; OE, overexpression; NC, negative control.
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in CaMKK?2 OE group, the expression level of CaMKK?2
protein was significantly increased compared with OE-NC,
while NCLX, ATP1A1 and ATP5H expression significantly
decreased (Fig. 9A-J). The above results showed that knock-
down of NCLX had no effect on the expression of CaMKK2.
On the contrary, knockdown of CaMKK?2 significantly reduced
the expression of NCLX, ATP1A1l and ATP5H. Therefore,
NCLX may be a downstream gene of CaMKK?2, which
mediates the regulation of CaMKK2-induced ATP synthase
(ATP1A1 and ATPS5H subunits) in the energy metabolism
pathway. Based on the above experimental results, DHA can
target the CaMKK2/NCLX gene, inhibit the production of
ATP synthase and destroy the energy metabolism pathway and
thus may play an anti-cancer role.

Discussion
Targeting energy metabolism pathways in tumors is an

effective strategy for inhibiting metastasis (30). Energy
metabolism pathways in cancer cells serve a crucial role in

sustaining their biological behavior and promoting metas-
tasis (31). Mitochondrial calcium-regulating proteins affect
cellular energy metabolism by activating oxidative metabo-
lism, mitochondrial respiration and ATP synthesis (32,33).
CaMKK?2 and NCLX serve important roles in physiological
or pathological processes, such as maintaining cellular energy
homeostasis and cell proliferation (34,35). In the study of
gastric cancer, the application of small molecule inhibitors
of calcium-regulated protein can significantly inhibit the
peritoneal metastasis of gastric cancer cells (36). The drugs
that regulate the release of calcium ions have synergistic
anti-proliferative effects in combination with gemcitabine,
oxaliplatin and adriamycin (37). Therefore, the development
of drugs targeting calcium-regulating proteins has become a
focus of cancer treatment (38). DHA is considered an efficient
anticancer agent, but its molecular mechanism of action is
not clear (24). DHA can inhibit the proliferation activity of
glioma U87 and U251 cells, increase ROS level and promote
apoptosis (39). The present study demonstrated that DHA
can significantly inhibit the expression of CaMKK?2 and
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NCLX, suppress the proliferative activity of liver cancer cancer cells. Therefore, the present study demonstrated
cells, reduce the activity of ATP synthase, restructure the that the anticancer mechanism of DHA is mediated by the
cytoskeleton and inhibit the migration and invasion of liver =~ CaMKK2/NCLX signaling pathway, thereby inhibiting ATP
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Figure 6. Effects of DHA treatment, CaMKK2-OE and NCLX siRNA on the actin cytoskeleton. (A) Phalloidin staining and (B) relative expression of F-actin
in HepG2 cells treated with DHA, CaMKK?2-OE and/or NCLX siRNA. (C) Phalloidin staining and (D) relative expression of F-actin in HuH-7 cells treated
with DHA, CaMKK?2-OE and/or NCLX siRNA. All data are presented as the mean + standard deviation (n=3). Data were analyzed using one-way analysis
of variance followed by Bonferroni post hoc test. Scale bar, 20 ym “P<0.05; “P<0.01; ““P<0.001. NCLX, mitochondrial sodium/calcium exchanger protein;
DHA, dihydroartemisinin; CaMKK?2, calcium/calmodulin-dependent protein kinase kinase 2; OE, overexpression; ns, not significant; NC, negative control.

synthase expression, which aims to provide a potential novel
future treatment for liver cancer.

Mitochondrial calcium regulatory proteins are critical
factors that determine cell function, shape and survival (40).
In both cancer and non-cancer research, CaMKK?2 has been
reported to serve a key role in cell proliferation, and particu-
larly in cancer cells it promotes cell proliferation, migration
and invasion (41). CaMKK?2 is overexpressed in various
types of cancer, including prostate, breast, liver, ovarian and
gastric cancers, contributing to their progression (41,42). In
liver cancer, CaMKK?2 expression is significantly upregu-
lated and negatively correlated with the survival of patients
with liver cancer (6). Knocking down CaMKK?2 significantly
inhibits proliferation of liver cancer cells and tumorigenicity
in mouse models (6). Similarly, elevated levels of CaMKK2
have been implicated in promoting metastasis of gastric
cancer cells, while downregulation of CaMKK?2 significantly
reduces cell proliferation and decreases gastric cancer cell
migration and invasion (43). CaMKK?2 serves as a valuable
clinical biomarker and has the potential to be used as a thera-
peutic target for advanced prostate cancer (4). Furthermore,

CaMKK2 promotes tumor development by regulating
cellular and systemic metabolism (1). In the present study, it
was demonstrated that CaMKK?2-OE significantly increased
proliferation and colony formation in liver cancer cells, as well
as promoting migration and invasion. These results are consis-
tent with previously reported experimental results in gastric
cancer cells (44). However, the present study further demon-
strated that DHA significantly inhibited the effects induced
by CaMKK?2-OE. Therefore, CAMKK?2 may be a target of the
anticancer effect of DHA.

ATP is produced in mitochondria, which are the center of
cellular energy metabolism. The Ca*" overload in the mito-
chondrial matrix can induce an increase in ROS generation,
trigger mitochondrial permeability transition pore opening
and cytochrome c release and lead to cell apoptosis (45).
DHA regulates ROS levels in liver cancer cells via multiple
mechanisms (46). For example, DHA can increase the activity
of antioxidant enzymes, such as superoxide dismutase and
glutathione peroxidase, in liver cancer cells, thereby reducing
ROS generation (47). DHA can also inhibit the activity of
NADPH oxidase, thereby reducing the production of ROS (48).



5 HepG2 s
g4 2 25
Q_ dokk FT T3 \6_
23 3 20
< <
g Z 15
£ 2 €
< % 1.0
a1 a
g 2 05
2o 2 00
kst 3 O w +< K S
g £ 8 2 o 4f g T 3
5 32 4 ¢ ¢° 5 3
(&) @] s < O
s X
3 3
$)
g HepG2 §
? 25 2
8 . g 20
(=% — (=%
g 20 815
é 15 %
£ 10 E10
- <
S o5 & 05
o <
>
5 00— S o w +< 200
& g % =z O wx 5 s 9
- AL R B
© © g & 6 ©
S X
T =
&3
5 HuH-7
@
0 25
£ o xxx
820
g2
£15
1.
gio
s
= 0.5
O
Q 0.0
£ 3 O O <
5 E @ =z T
o o = w a
o B o

CaMKK2-OE
CaMKK2-OE+

DOS ONCOLOGY LETTERS 26: 540, 2023 1

pon
o o

1.5

Relative CaMKK2 mRNA expression
5

0.5
0.0
5 O O W +<
S 8 4T g @ =2 O urx
L & QB E = 4 & Q0o
o) v N 5] (=] o) X (9]
X X 4 X
S ¥ S X
T = 8 =
() 8 O
HuH-7 c HuH-7
kel
*kk *kk 220 xx ool
o
3
o 1.5
<
£
L 1.0
5
a 0.5
&
200
© —_
3 <) o ] w  + <
e 8 4F 2 E ® =z O Wz
; 7 OO S = 4 & 90
w [aV] g o3 =) 4 I
o Y oo () (o] N4
¥ X ¥
S X S X
T = S =
(6] 8 (6]
HuH-7
c
o
23 ok wk
8 k| kak
o
x
Q
< 2
Z
c
€
ol
o
z
g
EO
(3 e (@] <
o« g § z E
o w
o B8 o

CaMKK2-OE
CaMKK2-OE+

Figure 7. Effects of DHA treatment and CaMKK?2-OE on ATP synthase expression. Relative mRNA expression levels of (A) ATP1A1,(B) ATPSH, (C) CaMKK2
and (D) NCLX in HepG?2 cells transfected with CaMKK2-OE and treated with DHA were detected by RT-qPCR. Relative mRNA expression levels of
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protein kinase kinase 2; OE, overexpression; RT-qPCR, reverse transcription-quantitative PCR; NC, negative control; ATP1A1, sodium/potassium-transporting

ATPase subunit a-1; ATPSH, ATP synthase subunit d, mitochondrial.

In addition, DHA can induce cell cycle arrest of liver cancer
cells at the G,/G, phase, ROS generation and mitochondrial
membrane potential loss, thereby leading to apoptosis (49).
The present study demonstrated that CaMKK2-OE can signifi-
cantly upregulate ATP formation and promote ROS generation
in liver cancer cells, whereas knocking down NCLX expres-
sion could block these regulatory effects of CaMKK?2.

The concentration of ROS in tumor cells is typically 100X
higher than that of healthy cells (50). It has been previously
suggested that increasing ROS levels may hinder tumor growth
by inducing cell cycle arrest (51). ROS and ROS-dependent

lipid peroxidation products (including prostaglandins and
active aldehydes) activate apoptosis through mitochondrial
or endoplasmic reticulum stress-dependent pathways (52).
By contrast, it has also been reported that ROS, as a signal
molecule that induces the proliferation of cancer cells, is
involved in the tumorigenic phenotype of cancer cells. ROS
can activate EGFR, leading to the activation of the Rass/MAPK
pathway involved in cell proliferation (53). In the present study,
CaMKK?2-OE promoted ROS increase, while DHA treatment
significantly inhibited ROS production, thereby exhibiting
antitumor activity. In summary, there are different views on the
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Figure 8. Effects of DHA treatment and CaMKK?2-OE on ATP synthase expression. (A) Western blotting and protein expression levels of (B) ATP1AI,
(C) ATP5H, (D) CaMKK?2 and (E) NCLX in HepG2 cells transfected with CaMKK?2-OE and treated with DHA. (F) Western blotting and protein expression
levels of (G) ATP1Al, (H) ATPSH, (I) CaMKK?2 and (J) NCLX in HuH-7 cells transfected with CaMKK?2-OE and treated with DHA. All data are presented
as the mean + standard deviation (n=3). Data were analyzed using one-way analysis of variance followed by Bonferroni post hoc test. “P<0.01; ““P<0.001.
NCLX, mitochondrial sodium/calcium exchanger protein; DHA, dihydroartemisinin; CaMKK2, calcium/calmodulin-dependent protein kinase kinase 2; OE,
overexpression; NC, negative control; ATP1A1, sodium/potassium-transporting ATPase subunit a-1; ATPSH, ATP synthase subunit d, mitochondrial.
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Figure 9. Effects of DHA treatment, CaMKK?2 siRNA, CaMKK?2-OE and NCLX siRNA on ATP synthase expression. (A) Western blotting and protein expres-
sion levels of (B) ATP1Al, (C) ATP5H, (D) CaMKK?2 and (E) NCLX in HepG2 cells transfected with CaMKK?2 siRNA, CaMKK?2-OE and NCLX siRNA
and treated with DHA. (F) Western blotting and protein expression levels of (G) ATP1A1, (H) ATP5H, (I) CaMKK?2 and (J) NCLX in HuH-7 cells transfected
with CaMKK?2 siRNA, CaMKK2-OE and NCLX siRNA and treated with DHA. All data are presented as the mean =+ standard deviation (n=3). Data were
analyzed using one-way analysis of variance followed by Bonferroni post hoc test. “P<0.01, ““P<0.001. NCLX, mitochondrial sodium/calcium exchanger
protein; DHA, dihydroartemisinin; CaMKK?2, calcium/calmodulin-dependent protein kinase kinase 2; siRNA, small interfering RNA; OE, overexpression; ns,
not significant; NC, negative control; ATP1A1, sodium/potassium-transporting ATPase subunit a-1; ATP5SH, ATP synthase subunit d, mitochondrial.
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role of ROS in cancer progression, possibly because it changes
at different stages of disease development. It is undeniable that
ROS may be one of the monitoring indicators during cancer
treatment.

Among mitochondrial calcium regulatory proteins, NCLX
exerts a precancerous effect by regulating sodium-calcium
exchange (54). Upregulating NCLX facilitates the release of
mitochondrial Ca?* and enhances cisplatin resistance in cancer
cells (55). It has been found that epinephrine can stimulate
NCLX-null BAT-induced Ca** overload, trigger the opening of
mitochondrial permeability transition pore (mPTP), resulting
in significant mitochondrial swelling and cell death (56).
Furthermore, increasing NCLX levels can protect sensory
neurons from cell damage caused by neurite degeneration
and calcium accumulation (57). In the present study, knocking
down NCLX significantly inhibited the proliferation, migra-
tion and invasion of liver cancer cells while reducing ATP
and ROS production. The results of the present study showed
that NCLX plays a key role in the proliferation, metastasis and
mitochondrial function of liver cancer cells, which may be
related to the regulation of calcium ions or may be affected
by calcium regulation-related proteins. Knockout of NCLX
inhibited the induction of ATP and ROS by CaMKK?2-OE
in cancer cells. It is worth noting that it did not affect the
expression level of CaMKK?2, similarly to the effect of NCLX
siRNA alone. However, there was no significant difference
between NCLX siRNA alone and NCLX siRNA + CaMKK?2
OE group, indicating that NCLX had no effect on the expres-
sion of CaMKK?2 in the process of blocking the regulation of
CaMKK?2, which further proved that NCLX was likely to be
a downstream regulator of CaMKK?2. Of course, other factors
or genes playing a role in this process cannot be ruled out.
Notably, the present study also demonstrated a significant
reduction in the expression levels of CaMKK?2 and NCLX
with DHA treatment. In addition, DHA reduced the forma-
tion of ATP and ROS induced by CaMKK?2-OE in cancer
cells, further indicating that DHA inhibited the invasion and
migration of liver cancer cells through this effect. Therefore,
DHA may serve a role in inhibiting the metastatic phenotype
of liver cancer cells through the CaMKK?2/NCLX signaling
pathway. It cannot be ignored that under physiological condi-
tions, mitochondrial Ca®>* maintains Ca** homeostasis and
ATP production through mitochondrial Ca** uniporter and
NCLX to avoid cell death caused by too little Ca** or Ca?*
overload (58).

The failure of liver cancer treatment is multifaceted, espe-
cially for highly invasive cells, which undoubtedly increases
the difficulty of treatment due to their complex energy metabo-
lism pathways. Therefore, finding natural compounds for key
proteins in the energy metabolism pathway may be a boon for
the treatment of cancer patients (59,60). It has been reported
that natural products have a synergistic effect on cancer immu-
notherapy (cancer vaccines, immune checkpoint inhibitors and
adoptive immunotherapy). In particular, saponins, polysac-
charides and flavonoids can exert a strong anti-tumor immune
effect by reversing the tumor immunosuppressive microenvi-
ronment and combining with cancer immunotherapy (61). For
example, DHA has previously been reported to exert significant
anticancer effects, as it was shown to induce apoptosis, reduce
angiogenesis and decrease drug resistance of breast cancer

cells (MDA-MB-231 and MDA-MB-436) (62). The present
study demonstrated that DHA inhibited the production of
ATP synthase (ATP1A1 and ATP5H subunits) in liver cancer
cells, which was upregulated through the CaMKK2/NCLX
pathway. AMPK is dependent on CaMKK?2 (63) and the results
of the present study showed that CaMKK2 can also mediate
the anti-cancer effect of DHA through the NCLX pathway,
enriching the CaMKK?2 signal and can also act through the
NCLX pathway mediating the anticancer effect of DHA.
Tumor mitochondria are directly involved in the formation of
the immune microenvironment (64). Tumor cell mitochondria
inhibit or stimulate tumor growth and migration by releasing
mitochondrial DNA, ATP, cytochrome ¢ or formyl peptide
to the extracellular matrix, thereby activating immune cells,
which leads to proinflammatory and immunosuppressive reac-
tions (65). DHA may affect the immune microenvironment by
regulating mitochondrial function, which may also improve
the therapeutic effect of immunosuppressive agents. Further
studies are required in the future to investigate this hypoth-
esis. Mutations in mitochondrial calcium-related proteins have
different effects on the cytoskeleton (for instance, GDAPI loss
of function inhibits the mitochondrial pyruvate dehydrogenase
complex by altering the actin cytoskeleton). By observing
changes in the fluorescence intensity of microfilaments, which
reflect their stability, it was demonstrated that different stress
response patterns of liver cancer cells could be induced by
CaMKK2-OE, knockdown of NCLX or DHA treatment.
This has potential implications for elucidating the molecular
mechanisms by which DHA targets mitochondrial calcium
regulatory proteins to inhibit liver cancer metastasis.

In conclusion, the present study demonstrated that DHA
may inhibit liver cancer cell proliferation, ROS production and
metastatic phenotype by reducing ATP synthase production
through the CaMKK?2/NCLX signaling pathway. The present
study highlighted a potential future treatment for liver cancer
using a natural drug derivative, which targeted calcium homeo-
stasis to disrupt the metabolism of cancer cells. It is essential
to further explore the effectiveness of DHA as an anticancer
drug to enhance its utility in the treatment of liver cancer.
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