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Objective: Monoamine oxidase A (MAO-A) is a mitochondrial protein involved in tumour-
igenesis in different types of cancer. However, the biological function of MAO-A in gastric
cancer development remains unknown.

Methods: We examined MAO-A expression in gastric cancer tissues and in gastric cancer
cell lines by immunohistochemistry and Western blot analyses. CCKS8, FACS and bromo-
deoxyuridine incorporation assays were performed to assess the effects of MAO-A on gastric
cancer cell proliferation. The role of MAO-A in mitochondrial function was determined
through MitoSOX Red staining, ATP generation and glycolysis assays.

Results: In the present study, we observed that MAO-A was significantly upregulated in
gastric cancer tissues and in AGS and MGCS803 cells. The observed MAO-A inhibition
indicated decreased cell cycle progression and proliferation. Silencing MAO-A expression
was associated with suppressed migration and invasion of gastric cancer cells in vitro.
Moreover, alleviated mitochondrial damage in these cells was demonstrated by decreased
levels of mitochondrial reactive oxygen species and increased ATP generation. MAO-A
knockdown also regulated the expression of the glycolysis rate-limiting enzymes hexokinase
2 and pyruvate dehydrogenase. Finally, we observed that the glycolysis-mediated effect was
weakened in AGS and MGC803 cells when MAO-A was blocked.

Conclusion: The findings of the present study indicate that MAO-A is responsible for
mitochondrial dysfunction and aerobic glycolysis, which in turn leads to the proliferation and
metastasis of human gastric tumour cells.

Keywords: monoamine oxidase A, mitochondrial dysfunction, gastric cancer, glycolysis

Introduction

Although numerous improvements have been made in gastric cancer (GC) diag-
nosis and treatment, GC still is the third most deadly cancer worldwide, especially
in East Asia.'™ Thus, the further identification and validation of GC-associated
genes, new pathways and therapeutic targets, drugs and strategies for combination
therapy are urgently needed.

There is a growing body of evidence suggesting that GC cells preferentially rely
on aerobic glycolysis to generate energy rather than mitochondrial respiration.’
Accelerated glucose uptake in GC cells during aerobic glycolysis has been shown
to be regulated by hexokinase II (HK II), pyruvate kinase (PKM), pyruvate
dehydrogenase (PDH), phosphofructokinase-1 (PFK-1) and lactate dehydrogenase
(LDHA).%” Metabolic reprogramming has been identified as a hallmark of GC and
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is required for GC cell survival and metastases.®’
However, the underlying molecular mechanism associated
with aerobic glycolysis and metabolic reprogramming dur-
ing GC differentiation and metastasis remains unclear.
Mitochondria are essential regulators that serve as
energy  factories in  cells through  oxidative
phosphorylation.'®!" Mitochondrial damage with respect
to electron transport chain carriers, mitochondrial DNA
(mtDNA), calcium levels and lipid homeostasis as well
as metabolic reprogramming have been reported in various
cancers.'>"? However, although dysfunctional mitochon-
dria are associated with the development of GC, the key
mitochondrial regulatory mechanisms remain to be
elucidated.'* Monoamine oxidase-A (MAO-A) exists in
the mitochondrial outer membrane and preferentially
degrades biogenic amines including serotonin, norepi-
nephrine and epinephrine.'"> MAO-A activity has been
shown to be associated with anxiety, panic disorder,
impulsivity, autism and antisocial behaviour in
humans.'®'® The results of recent studies have shown
abnormal expression of MAO-A in prostate cancer and
hepatocellular carcinoma, suggesting a novel role of
MAO-A in mediating tumour progression.'**° However,
the biological activities of MAO-A in GC and the specific
role of MAO-A with respect to aerobic glycolysis or
mitochondrial respiration remain largely unknown.
Therefore, in the present study, we aimed to determine
the precise effects of MAO-A in the mitochondrial meta-
bolic reprogramming of GC cells and to elucidate the role
of MAO-A in regulating various GC cellular processes,

including proliferation, migration and invasion.

Materials and Methods

Clinical Samples

Primary GC samples (106 cases) and corresponding nor-
mal tumour adjacent specimens (92 cases) were obtained
from the pathology department of Affiliated Hospital of
Shandong Academy of Medical Sciences between
August 2008 and July 2013. The patients included 70
males and 36 females, aged 26 to 83 years, with an
average age of 62 years. All cases were confirmed by
pathological diagnosis with complete clinical and follow-
up data. The clinicopathological indicators included the
age, gender, general classification, histologic subtype,
Lauren classification, tumour size, lymph node metastasis,
vascular invasion, TNM staging, and survival status of the
patients. Survival time was calculated from the date of

surgery to the date of the last follow-up or the date of
death due to recurrence/metastasis. None of the patients
had received any systematic preoperative radiotherapy,
chemotherapy or other antitumour therapy. The present
study was approved by the Ethics Committee of the
Affiliated Hospital of Shandong Academy of Medical
Sciences and was conducted in accordance with the 1964
Helsinki
obtained from each patient.

declaration. Signed informed consent was

Immunohistochemistry

All specimens used for immunochemical staining were
fixed in 4% formalin, embedded in paraffin wax and cut
into 5-um thick-sections. After being deparaffinized and
rehydrated in graduated alcohol, the sections were incu-
bated with primary antibodies against MAO-A (diluted
1:100, ab126751, Abcam, UK), PDH (diluted 1:100,
3205, Cell Signaling Technology, USA) and HK II (diluted
1:100, 2867, Cell Signaling Technology, USA), overnight
at 4 °C and then were treated with a secondary antibody at
room temperature. The sections were visualized by treat-
ment with a 3.3-diaminobenzidine solution for 3 min fol-
lowed by counterstaining with haematoxylin.

The immunostaining analysis was performed indepen-
dently in a blinded manner by two experienced patholo-
gists, who selected three fields at high magnification
(400%) and counted 100 to 200 cells in each field. The
expression of MAO-A, HK II and PDH was evaluated
according to positively stained cells and staining intensity.
Positive staining was scored as 0 (0%), 1 (1~25%), 2
(26~50%), 3 (51~ 5%), and 4 (76~100%) and the staining
intensity was scored as 0 (negative), 1 (weak), 2 (medium)
or 3 (strong). The final scores were calculated as a product
of the positive staining score multiplied by the staining
intensity score. We defined tissue samples with a score >4
as exhibiting high expression, and those with a score <4 as
exhibiting low expression.

Cell Culture

The human gastric cancer cell lines MGC803, NCI-N87,
and AGS, and the immortalized normal gastric epithelial
cell line GES-1 (purchased from the Procell Life Science
Technology Co., Ltd) were used in the present study. Cells
were cultured in RPMI-1640 medium containing 10%
foetal bovine serum (FBS) supplemented with 100 U/mL
of penicillin and 100 pg/mL of streptomycin according to
the manufacturer’s instructions. Cells were maintained at
37 °C under a humidified atmosphere with 5% CO,.
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Cell Proliferation Assay

Cell proliferation was assessed using a Cell Counting Kit-
8 (Beyotime, C0038, Shanghai, China). Cells were cul-
tured in a 96-well plate at a density of 1x10*well and then
treated with different agents. After incubating for 24 h at
37 °C, the WST-8 (C20H13N6NaO11S2) solution (5 pL)
was added into each well. Then, after incubating for 2 h at
37 °C, the optical density (OD) was measured using
a spectrophotometer at a wavelength of 450 nm.

5-Bromodeoxyuridine (BrdU)

Incorporation

Cells were plated in 96-well plates at a density of 5000/
well and then treated with different agents in RIPM sup-
plemented with 10% FBS and 10 ng/mL of BrdU labelling
solution for 24 h. BrdU incorporation was measured
according to the Millipore BrdU proliferation assay kit
instructions (Merck, 2750, Darmstadt, Germany). Briefly,
cells were incubated for 1 h with an anti-BrdU monoclonal
antibody. Then, the cells were washed and incubated with
peroxidase goat anti-mouse IgG at room temperature.
Subsequently, 100 uL of substrate was added to each
well and incubated for 30 min in darkness. Finally, after
adding 100 pL stop solution, the optical density (OD) was
detected with a spectrophotometer at the wavelength of
450 nm.

Measurement of Mitochondrial Reactive
Oxygen Species (ROS)

Cells were cultured in different agents for 24-48 h before
being loaded with 20 uM MitoSOX Red (Thermo Fisher,
M7513) and incubated for 30 min at 37 °C. After washing
the cells three times with PBS, the accumulation of mito-
ROS (red) was

chondrial visualized by confocal

microscopy.

siRNA Design and Transfection

To silence the expression of MAO-A protein, cells were
transfected with the small interfering RNA (siRNA),
which was designed and synthesized by GenePharma
(Suzhou, China). Nontargeted control siRNA (siNC) was
used as the negative control. The sense sequence of siRNA
against MAO-A and the non-targeted control sequence are
as follows: MAO-A:5-GCUGAACCAUGAACAUUAUT
T-3', and negative control (NC): 5-UUCUCCGAACG
UGUCACGUTT-3". The cells were cultured to 70-80%
confluence, after which 5 pL of siRNA and SpL of

X-tremeGENE siRNA transfection reagent were diluted
in the RPMI-1640 medium for 5 min. Then, after mixing
them together, the mixture (siRNA/transfection reagent)
was incubated at room temperature for 18 min before
being added to cells. After transfection, the cells were
quiescent for 24 h and then used as required.

Cell Cycle and DNA Analysis

A Cell Cycle and Apoptosis Analysis Kit were used to
examine whether the cell cycle was influenced in the
different experimental groups. Cells were centrifuged and
then resuspended in 1 mL of cold PBS. Subsequently,
following two washes with PBS, the cells were resus-
pended and fixed with 70% ice-cold ethanol at 4 °C over-
night. Then the ethanol was removed and the cells were
incubated in 200 pL of PBS. The cells were then stained
with propidium iodide (Beyotime, C1052, Shanghai,
China) according to the protocol provided with the kit,
and cell cycle analysis was performed by fluorescence
flow cytometry on a BD FACSCalibur flow cytometer.

Detection of Cellular ATP Levels

The level of ATP in cells was analysed using an ATP
Bioluminescence Assay kit (Beyotime, S0026, Shanghai,
China). Briefly, cells were lysed with a lysis buffer, and
then centrifuged at 12,000 rpm for 2 min at 4 °C. The level
of ATP was determined by mixing 50 uL of the super-
natant with 50 pL of luciferase reagent where the emitted
light was linearly related to the ATP concentration and
measured using a microplate luminometer according to the
standard protocol described in the ATP assay kit.

Mitochondrial Glycolysis Assays
Mitochondrial glycolysis was analysed using a Seahorse
XF24 Extracellular Flux Analyzer (Seahorse Biosciences,
Billerica, MA, USA) by real-time measurements of the
extracellular acidification rate (ECAR). Cells were plated
at 6000 cells/well in XF24 culture microplates. Then, the
cells were glucose-starved in XF assay medium in a CO2-
free XF prep station at 37 °C for 60 min, where glucose
(2 mg/mL), oligomycin (I puM) and 2-deoxy-D-glucose
(2-DG, 100 mM) were automatically injected into the
instrument.

Wound Healing Assay

Cells were cultured in six-well plates and upon reaching
80% confluency, the monolayer was wounded with
a yellow pipette tip (1-mm width). Then, the wounded
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cells were examined under an inverted microscope at 0
h and received various treatments. After 24 h, images were
taken in the same areas as those recorded at 0 h.

Migration and Invasion Assays
Cell migration was assessed using a modified Boyden
chamber (Corning) where 10% FBS was added to the
lower layer of the transwell as a chemoattractant and
cells resuspended in RPMI-1640 medium without FBS
were added to the upper chamber. Subsequently, the cells
that adhered to the 8-um-pore polycarbonate filter were
fixed with 4% paraformaldehyde, and stained with 0.4%
crystal violet. Then, cells in the upper portion of the filter
were removed, and the number of stained migrated cells
was counted under an inverted microscope.

The
a modified Boyden chamber, where the filters were filled

invasion assay was also performed using
with 50 pg/mL of Matrigel solution (BD Biosciences), and
the lower chamber was filled with 10% FBS. After incu-
bating for 24 h, the cells in the Boyden filters were
removed from the lower chamber, and then stained with
crystal violet solution. Images were captured using
a microscope.

Western Blot Analysis

Samples containing 20 pg of total proteins were heated
with SDS-PAGE sample buffer for 5 min at 100 °C and
then separated in 10% or 12% SDS-PAGE gels. The pro-
teins were then transferred to nitrocellulose membrane and
incubated with Tris-buffered saline (20 mM Tris, 150 mM
NaCl and 0.1% Tween20, pH=7.6) containing 5% nonfat
dry milk for 1 h. Subsequently, the membranes were
incubated initially with antibodies directed against MAO-
A (1:1000), cyclin A and D (1:400, Cell Signaling
Technology, USA), PDH (1:1000) and HK II (1:500) over-
night at 4°C, followed by sequential incubations with
a HRP-conjugated secondary antibody (1:5000—10000)
and enhanced chemiluminescence reagents, with B-actin
serving as an internal control.

Data Analysis

The data are presented as the means + SEM. Statistical
analysis was performed with Student’s #-test or one-way
ANOVA followed by Tukey’s test where appropriate.
Differences where P < 0.05 were considered significant.
The ¥* test was used to analyse the associations of protein
expression with clinicopathologic features. Survival ana-
lysis was performed using the Kaplan-Meier method, and

the difference in survival between the groups at each
observed time point was compared by the Log rank test.

Results
MAO-A Expression is Increased in GC
Tissues and in Cultured GC Cell Lines

The results of a previous study indicated that altered
glucose metabolism through enhanced aerobic glycolysis
(known as the Warburg effect) distinguishes cancer from
normal tissues.”’ To explore the role of MAO-A in GC
with respect to glycolysis, the expression of MAO-A and
two key glycolytic enzymes (HK II and PDH) was first
evaluated in paired GC samples by immunohistochemical
analysis (Figure 1A). The correlations between MAO-A,
HK IT and PDH expression with clinical and pathological
characteristics of GC patients are summarized in Table 1.
The expression levels of MAO-A and HK II in GC tissues
were 56.6% (60/106) and 47.2% (50/106), respectively,
while the rates of high MAO-A and HK II expression in
the corresponding paracancerous gastric mucosa were
26.1% (24/92) and 22.8% (21/92). The rate of high PDH
expression in GC tissues was only 32.1% (34/106), while
that observed in the high expression rate of PDH in the
corresponding paracancerous tissues was 53.3% (49/92),
showing a significant difference (P=0.003). Spearman cor-
relation results showed that the expression of MAO-A was
positively correlated with HK 1I levels (r=0.616, P<0.001)
but negatively correlated with PDH expression (r=—0.301,
P=0.002) (Tables 2-3). The survival analysis of GC
patients further revealed that high PDH expression was
associated with poor survival (Figure 1B). To further
assess the expression of MAO-A in vitro, we performed
Western blot analysis using various gastric cancer cell
lines including AGS, NCL-N87 and MGCS803. Increased
MAO-A protein levels were observed in gastric cancer
cells compared to those observed in gastric epithelial
GES-1 cells, and especially in AGS and MGCS803 cells,
prompting us to perform subsequent experiments using
AGS and MGC803 cells (Figure 1C).

Cell Proliferation and DNA Synthesis are
Associated with the MAO-A Pathway

To ascertain the role of MAO-A in gastric cancer cell
function, we first silenced MAO-A expression in the GC
cell lines AGS and MGC803. The efficacy of the silencing
effect was confirmed as shown in Figure 2A and B. Then,
GC cell proliferation was assessed by CCK8 and BrdU
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Figure | Expression of MAO-A in vivo and in vitro. (A). Representative immunohistochemical staining of HK Il, PDH and MAO-A in GC tumour and paracancerous tissues.
(B). Survival curve of MAO-A expression in gastric cancer patients. (C). Expression of MAO-A in cultured GES-1 and GC cell lines. n=4. *P < 0.05, **P < 0.0] compared

with GES-1. All of the values are presented as the means + SEM.

Abbreviations: AGS, MGC803, and NCI-N87, human gastric cancer cell lines; GC, gastric cancer; GES-1, gastric epithelial cell line; HK II, hexokinase Il; MAO-A,

monoamine oxidase-A; PDH, pyruvate dehydrogenase.

incorporation assays. The results showed that silencing
MAO-A (siMAO-A) expression significantly inhibited
AGS and MGCS803 viability (Figure 2C-D).
Moreover, decreased DNA synthesis was observed after
MAO-A knockdown, indicating that MAO-A is a positive
regulator of GC cell proliferation (Figure 2E-F).

cell

MAO-A Regulates Expression of Cell
Cycle-Related Proteins and Mediates

Cell-Cycle Progression

To investigate whether MAO-A affects the cell cycle reg-
ulation of GC cells, we performed cell cycle analysis by
flow cytometry. As shown in Figure 3A, siMAO-A
remarkably decreased the percentages of AGS cells in
the S and G,/M phases compared with that observed in
the NC group. Similar results were observed for MGC803
cells, with more cells to remaining in the G¢/G; phase after

MAO-A siRNA treatment (Figure 3B). Since cyclin A and
D play important roles in the S and G,/M phases of the
cell cycle, we analysed the expression of these proteins in
GC cells. A significant reduction in the posttranslational
levels of these cell cycle regulated proteins was observed
after knocking down MAO-A (Figure 3C-D). These
results suggest that MAO-A is involved in the cell cycle
control of GC cells.

Migration and Invasion of GC Cells are
Inhibited by Knocking Down the

MAO-A Gene

In addition, we determined the role of MAO-A in GC cell
migration and invasion. The scratch wound assay results
indicated that sSiMAO-A produced a significant inhibition
of the migratory capability after 24 h in AGS (Figure 4A)
and MGCS803 cells (Figure 4B). Correspondingly, in the
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Table 2 Correlation Analysis of MAO-A and HK Il Expression

MAO-A HK 11 r P
High Low 0.616 | <0.001
Expression Expression

High expression | 36 24

Low expression | 14 32

Total number 50 56

Abbreviations: HK Il, hexokinase Il; MAO-A, monoamine oxidase-A.

Table 3 Correlation Analysis of MAO-A and PDH Expression

MAO-A PDH r P
High Low —-0.301 | 0.002
Expression | Expression

High expression | 12 22

Low expression | 48 24

Total number 60 46

Abbreviations: MAO-A, monoamine oxidase-A; PDH, pyruvate dehydrogenase.

transwell experiments, MAO-A deficiency dramatically
suppressed the migration of GC cells (Figure 4C).
Moreover, silencing of MAO-A gene expression in AGS
and MGC803 cells also had an obvious inhibitory effect on
cell invasion (Figure 4D). Therefore, these results indicate
the crucial role of MAO-A in promoting GC metastasis.

MAO-A Regulates Mitochondrial
Function in AGS and MGC803 Cells

Based on the observations described above, it is possible
that MAO-A plays an important role in GC malignant
process. However, the underlying mechanism associated
with this process has not been demonstrated, and it is
possible that this activity results from mitochondrial dys-
function. To determine whether mitochondrial homeostasis
is mediated by MAO-A in GC metastasis, mitochondrial
reactive oxygen species (ROS) levels were first analysed
using MitoSOX Red Mitochondrial Superoxide Indicator.
As shown in Figure 5A, siMAO-A decreased mitochon-
drial ROS generation in both AGS and MGCS803 cells.
Furthermore, there was a significant increase in ATP
MAO-A
(Figure 5B—C), suggesting that MAO-A plays a crucial

generation by GC cells after inhibition

role in regulating mitochondrial function.

MAO-A Regulates Glycolysis in GC

The mitochondrial metabolic switch from oxidative phos-
phorylation to glycolysis is crucial for tumour growth and

metastases. Therefore, we next investigated whether
MAO-A has effects on glycolysis in GC. The expression
of key glycolytic genes, including hexokinase 2 (HK II)
and pyruvate dehydrogenase (PDH) were examined. The
results shown in Figure 6A and B indicated that MAO-A
knockdown resulted in a decrease in the expression of HK
II and an increase in that of PDH. In addition, we used
a Seahorse XFe24 Extracellular Flux Analyzer to monitor
extracellular acidification rates, which is an indicator used
to estimate glycolysis. The results showed that aerobic
glycolysis in AGS cells was blocked by MAO-A RNA
interference (Figure 6C) with similar results observed in
MGC803 cells (Figure 6D). The metabolic signatures
assay and glycolytic enzyme immunoblotting results both
indicated that the glycolysis in human gastric tumour cells
was mediated by MAO-A.

Discussion

In the present study, we investigated the role of MAO-A in
GC development and in the initiation of mitochondrial
metabolic reprogramming. We demonstrated that knock-
down of MAO-A in AGS and MGCS803 cells synergisti-
cally inhibited the cell cycle progression, proliferation and
migration. Mechanistically, MAO-A-mediated mitochon-
drial dysfunction followed by glycolysis activation, pro-
moting the progression of GC.

MAO-A was initially recognized as a potential neuromo-
dulator related to human psychiatric disorders.”> Recently,
emerging evidence has revealed that MAO-A plays a role in
cancers by mediating the epithelial-mesenchymal transition,
proliferation and invasion of cancer cells.”*** For example,
in human neuroblastoma cells, higher levels of MAO-A
results in increased basal ROS levels which promotes autop-
hagy through Bcl-2 phosphorylation.” Liao et al have con-
cluded that sustained inhibition of MAO-A caused by IL-6/
IL-6R activation promotes breast cancer angiogenesis
and invasion in hypoxic environment.”® Excitingly,
a mitochondrial-targeting MAO-A inhibitor was synthesized
and used to target prostate cancer, which dramatically inhib-
ited tumour growth.?” Our results first showed that expres-
sion of MAO-A was significantly increased in vivo in GC
tissues compared with that observed in paired adjacent non-
cancerous tissues. Moreover, the in vitro protein levels of
MAO-A were shown to be higher in GC cell lines (AGS,
MGC803) than in normal gastric epithelial cells (GESI).
Furthermore, MAO-A knockdown in AGS and MGC803
cells caused inhibited cell proliferation and variations in the
levels of cyclins associated with the cell cycle, where
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Figure 2 MAO-A deletion in GC cells suppresses cell proliferation. (A-B). Expression of intracellular MAO-A was measured to assess the efficiency and specificity of
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Abbreviations: AGS and MGC803, human gastric cancer cell lines; BrdU, 5-bromodeoxyuridine; CCK8, cell counting kit-8; GC, gastric cancer; MAO-A, monoamine

oxidase-A; NC, non-targeted control; siMAO-A, small interfering RNA of MAO-A.

decreasing levels of cyclin A and D and of cell cycle arrest
were observed. In addition, sSIMAO-A was also observed to
inhibit cell migration and further inhibit the invasion of AGS
and MGC803 cells. Taken together, the above findings sup-
port the hypothesis that MAO-A is a major contributor
to GC.

The effects of mitochondrial dysfunction, including oxi-
dative phosphorylation reduction, reactive oxygen species
(ROS) accumulation and vigorous mitochondrial dynamics,
has been recently shown to promote the survival, resistance,
and metastasis of multiple tumours.”**° Metabolic repro-

gramming occurs by suppressing mitochondrial oxidative
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Figure 3 MAO-A plays a role in GC cell cycle progression. (A=B). The number of AGS and MGCB803 cells in each phase of the cell cycle was examined by fluorescence-
activated cell sorter analysis. The expression of cyclin A and D in AGS cells (C) and MGC803 cells (D) was measured by Western blot. n=6. *P < 0.05, **P < 0.0 compared
with NC. All of the values are presented as the means + SEM.

Abbreviations: AGS and MGC803, human gastric cancer cell lines; GC, gastric cancer; MAO-A, monoamine oxidase-A; NC, non-targeted control; siMAO-A, small
interfering RNA of MAO-A.

phosphorylation (OXPHOS) and switching cellular meta-  The underlying molecular mechanism of glycolysis in GC

bolism towards glycolysis, which results in accumulating  may involve the abnormal activity of glycolysis genes, such

30,31

lactic acid and facilitates the metastasis of cancer cells. as increased expression of HK II and the suppression of

Cancer Management and Research 2020:12 submit your manuscript 8031
Dove


http://www.dovepress.com
http://www.dovepress.com

Chen et al

Dove

siMAO-A
CnNe NC
1.2 I SiMAO-A 1.2 B siMAO-A
= =
=3 =
= A 2 A
5L 22 =
= 0.6 . E < 0.6
© ©
e [
< <<
0.0 0.0
NC siMAO-A
T R e T B B ~ CINC
3] 212 B SiMAO-A ~ (==l
4 P 1.2 B SiMAO-A
g §
c £ S
ST £
£2 06 z
o~ U K}
s, *ok ** < 0.6 ok
s = 8 " *ok
g £
- =3
2 o
© 0.0 E 0.0
AGS MGC803 .
AGS MGC803

Figure 4 GC cells migration and invasion are mediated by the MAO-A. (A-B). AGS and MGCB803 cells were wounded and then treated with NC and siMAO-A for
24 h. (C). AGS and MGCB803 cell migration was measured using a Boyden chamber with polycarbonate filters. (D). AGS and MGC803 cell invasion was measured using
a Matrigel-coated Boyden chamber with polycarbonate filters. n=4. **P < 0.01 compared with NC. All of the values are presented as the means + SEM.

Abbreviations: AGS and MGC803, human gastric cancer cell lines; GC, gastric cancer; MAO-A, monoamine oxidase-A; NC, non-targeted control; siMAO-A, small

interfering RNA of MAO-A.

A NC siMAO-A B C

)

(O] CNC CNC

< AGS B siMAO-A MGC803 mmsmaona
S S g
S " Sy =

™ '§ '§

S a a

5 e | 2

s < <<

0 0

Figure 5 Mitochondrial dysfunction of cultured AGS and MGCB803 cells is mediated by MAO-A. (A). MitoSOX Red staining for mitochondrial ROS production in GC cells,
Scale bar=50 pm. (B—C). MAO-A silencing dramatically increased the ATP level in cultured AGS and MGC803 cells. n=4. **P < 0.0] compared with NC. All of the values are

presented as the means + SEM.
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PDH.**** Elevated HK II expression in non-small-cell lung
cancer, colon cancer, myeloma, breast cancer and pancrea-
tic cancer cells compared with normal tissues has been
reported.***> For example, a high glycolytic rate has been
shown to be closely associated with the increased expres-
sion of HK II and its binding with voltage-dependent anio-
nic channel (VDAC) in the mitochondria of breast cancer
cells, resulting in apoptosis inhibition and chemotherapeu-
tic agent resistance.’® In contract, among the different

regulators of mitochondrial metabolic function, PDH is
known to modulate pyruvate flux from the cytoplasm to
the mitochondria by coupling glycolysis to OXPHOS.?’
The results of previous studies have suggested that the
metabolic changes that occur in multiple human tumour
cells may be due to the attenuation of PDH activity.*® In
the present study, our results demonstrated that MAO-A
functions as an essential driver in mitochondrial metabo-

lism, which was proved by measurements of ECAR and the
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Figure 6 Glycolytic stress in cultured GC cells is relieved by siMAO-A. (A). Western blot analysis of HK Il and PDH in AGS cells in the indicated groups. (B). The
immunoblotting of HK Il and PDH in MGCB803 cells after MAO-A knockdown. (C-D). Extracellular acidification rates of cultured AGS and MGCB803 cells measured by
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values are presented as the means + SEM.

Abbreviations: AGS and MGC803, human gastric cancer cell lines; 2-DG, 2-deoxy-D-glucose; GC, gastric cancer; HK I, hexokinase Il; NC, non-targeted control; PDH,
pyruvate dehydrogenase; ROS, reactive oxygen species; siMAO-A, small interfering RNA of MAO-A.

expression of glycolytic enzymes (HK II and PDH) as well
as observed ATP and ROS production levels. Importantly,
since the conversion of pyruvate to acetyl CoA by PDH is
a key rate-limiting step that determines the metabolic fate
between glycolysis versus OXPHOS,*” the increased
expression of PDH was observed upon silencing of MAO-
A in both AGS and MGC803 cells, further supporting our
hypothesis that MAO-A is a key player in inducing mito-
chondrial metabolic reprogramming in GC. Thus, our
results prove definitive evidence that MAO-A plays
a crucial role in both mitochondrial damage and metabolic
phenotypic transition, leading to excessive cell proliferation
and migration in the pathogenesis of GC.

However, based on the findings of this manuscript,
we speculate that MAO-A is not directly involved in the

regulation of mitochondrial respiration or glycolysis but
rather influences mitochondrial metabolic processes
through some unknown signalling pathways or by inter-
acting proteins, such as HK II and PDH. Further inves-
tigations are needed to identify the proteins and

signalling pathways regulated by MAO-A in GC.

Conclusion

In summary, for the first time, our results revealed the
crucial role of MAO-A in glycolysis and mitochondrial
homeostasis during the progression of gastric cancer. The
results of the present study not only advance our under-
standing of the pathogenic effects of MAO-A in the patho-
genesis of gastric cancer but also offer a new mechanism
to treat this disease in the future.
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