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PRKAA1, stabilized by FTO in an m6A-YTHDF2-dependent manner, 
promotes cell proliferation and glycolysis of gastric cancer by regulating the 
redox balance 
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Gastric carcinoma (GC) is the fourth most common malignancy worldwide and the second cause of death of all malig-
nancies worldwide. AMPK catalytic subunit α1 (PRKAA1) is involved in various types of cancer and PRKAA1 knock-
down significantly decreased the invasiveness of GC cells. Fat mass and obesity-associated protein (FTO)-regulation 
of m6A has been shown to be involved in different diseases including cancer. However, the role of PRKAA1 and m6A 
modification in GC remains to be elucidated. PRKAA1 was silenced or overexpressed to study the role of PRKAA1 in 
regulating cell viability, colony formation, and glycolysis. Levels of lactic acid, GSH, and NADP+/NADPH were measured 
using commercial kits. Extracellular acidification rates were determined by an extracellular flux analyzer. RNA immuno-
precipitation was performed to test m6A levels and the interaction between PRKAA1-3’-UTR and YTHDF2. Quantitative 
RT-PCR and immunoblots were applied to measure mRNA or protein levels, respectively. PRKAA1 silencing inhibited cell 
growth, colony formation, and glycolysis but enhanced apoptosis, while the PRKAA1 overexpression promoted cell growth, 
colony formation, and glycolysis but inhibited apoptosis of GC cells. Data also indicated that PRKAA1 regulated cell growth 
and apoptosis by regulating the redox balance. Mechanism study demonstrated that FTO regulated PRKAA1 mRNA m6A 
modification and stability. Clinical samples analysis demonstrated that PRKAA1 and FTO expression were increased in GC 
patients and positively correlated with each other. FTO increased levels of PRKAA1 by regulating its mRNA m6A modifica-
tion and stability. PRKAA1, in turn, promoted cell viability, colony formation, and glycolysis but inhibited apoptosis of GC 
cells by promoting the redox balance.
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Gastric carcinoma (GC) is the 4th malignancy and the 2nd 
cause of death of all malignancies worldwide [1]. Although 
the incidence of GC is decreasing due to medical advances, it 
still carries a poor prognosis [2]. Although GC is highly treat-
able in its early stages, advanced GC has a median survival 
of just ~9–10 months [3]. The overall survival is about 31% 
in the USA and 25% worldwide [4]. The reasons for the low 
survival include late diagnosis, chemoresistance, etc. [4, 5]. 
Risk factors include age, sex, race, infection with Helicobacter 
pylori, and smoking [6].

Cancer is heterogeneous and various cancers use glycol-
ysis and/or oxidative phosphorylation for energy metabo-
lism. The cell survival, proliferation, invasion, metastasis, 
and drug resistance of GC are energy-demanding processes, 
fuelled by glycolysis and oxidative metabolism [7]. Compared 
to normal cells, cancer cells have a higher demand on the 
mitochondrial respiratory chain to generate more ATP 
for their rapid growth and differentiation, thus inevitably 
making cancer cells have high levels of endogenous oxida-
tive stress [8]. The imbalance in ROS generation and removal 

Neoplasma 2022; 69(6): 1338–1348



PRKAA1 REGULATES REDOX BALANCE IN GASTRIC CANCER 1339

causes excessive accumulation of ROS and thus oxidative 
stress, resulting in detrimental oxidative DNA damage, 
which is regarded as a major factor for carcinogenesis [9]. 
Controlling ROS metabolism is beneficial for the prevention 
and treatment of cancer. The different redox states between 
normal and cancer cells would provide an opportunity to 
selectively induce cancer cell death. AMPK, comprised of α-, 
β-, and γ-subunit, is involved in the regulation of glucose and 
lipid metabolism [10]. The α-subunit has two isoforms, α1 
(PRKAA1) or α2 (PRKAA2). AMPK activation increases the 
energy supply [11]. Studies show that PRKAA1 is involved in 
different types of cancer, including GC. For instance, genetic 
variations in PRKAA1 predict the risk and progression of GC 
[12]. PRKAA1 was implicated in the hypoxia-induced prolif-
eration, migration, invasion, and glycolysis of GC cells [13]. 
Our previous studies have shown that PRKAA1 regulates the 
proliferation, apoptosis, invasion, and migration of GC cells 
via the JNK1, AKT, or NF-κB signaling pathway [14, 15]. 
However, its role in regulating glycolysis and redox balance 
and the possible mechanism involved have not been fully 
elucidated and need to be further studied.

RNA N6-methyladenosine (m6A), the most prevalent 
internal modification in eukaryotic mRNA [16, 17], is a 
regulatory mechanism for tumor progression in different 
types of cancer [18]. For example, it has been reported that 
suppressing m6 A modification in myeloid cells significantly 
increased tumor growth [19]. Zhang et al. have demon-
strated that the reduction of m6A mRNA contributed to the 
aggressiveness of lung cancer [20]. Fat mass and obesity-
associated protein (FTO), a demethylase for N6-methyl-
adenosine modification, has been shown to be involved in 
different biological processes. For example, AMPK controls 
lipid metabolism in skeletal muscle via FTO-dependent 
m6A demethylation [16]. Yang et al. have reported that FTO 
demethylation promotes melanoma growth [21]. However, 
the underlying regulatory mechanisms of m6A mRNA 
demethylation in GC remain unknown.

Therefore, we aim to explore the role of m6A mRNA 
demethylation of PRKAA1 in the growth and apoptosis of 
GC cells.

Patients and methods

Patient information. Thirty GC or adjacent tissues 
were collected with informed consent obtained. The inclu-
sion criteria were defined as a certain diagnosis of GC. 
Also, patients who had received any treatment such as 
chemotherapy, radiotherapy, and biological medication 
(monoclonal antibodies) before the sampling were excluded 
from the study. This study had the approval of the ethics 
committee of Xuzhou Central Hospital. All the research 
was carried out according to provisions of the Declaration 
of Helsinki of 1975. The GC tissue microarray including 126 
GC tissues was purchased from Shanghai Outdo Biotech 
(China).

Immunohistochemistry (IHC). Tissues were embedded, 
sectioned, and stained with anti-PRKAA1 antibody (Abcam, 
ab32047), anti-FTO antibody (Abcam, ab126605), followed 
by HRP-conjugated secondary antibody. Results were evalu-
ated by two independent pathologists. Results were scored 
by the H-score system (positively stained cells: 0–4, intensity 
of staining: 0–3). Patients were separated into low or high 
expression group (score <6 or score >6).

Cell culture. MKN-45, BGC-823, and MGC-803 cells 
were purchased from the Chinese Academy of Science. Cells 
were cultured in DMEM or RPMI-1640 with 10% FBS with 
or without N-acetyl-cysteine (NAC; 5 mM; Selleck Chemi-
cals, TX, USA).

Gene knockdown or overexpression. Proto-
cols were mentioned previously [22]. shRNAs for 
PRKAA1 (shPRKAA1#1, GGTAGATATATGGAGC-
AGT; shPRKAA1#2, ATGAGTCTACAGTTATACC), 
F TO  ( s h F TO # 1 ,  G G AG C TC C ATA A AG AG G T T; 
shFTO#2, CCTGAACACCAGGCTCTTT), or YTHDF2 
( s h Y T H D F 2 # 1 ,  G C AC AG A AG T T G C A AG C A A ; 
shYTHDF2#2, GCACAGAGCATGGTAACAA) were 
inserted into the pLKO.1 plasmid. To overexpress PRKAA1 
or FTO, coding sequences were inserted into the pLVX-Puro 
plasmids. 293T cells were transfected for 48 h, cells were then 
used to collect the virus.

Cell viability assay. Cells in 96-well plates were treated for 
0 h, 12 h, 24 h, or 48 h, then CCK-8 was added for 1 h, and 
OD450 was recorded.

Colony formation assay. Cells were treated and cultured 
in dishes for 2 weeks. At the end of the incubation, colonies 
were fixed with paraformaldehyde for 15 min and stained 
with 0.5% crystal violet for 30 min. Colonies (>50 cells) were 
quantified.

Cell apoptosis assay. Cells were collected 48 h after treat-
ment. The staining procedures followed two steps: 1) 20 min 
of incubation with Annexin-V-FITC at 4 °C and 2) another 
20 min of incubation with propidium iodide (PI). An Accuri™ 
C6 flow cytometer was then used to examine cell apoptosis.

Extracellular flux analysis. Extracellular acidification 
rate (ECAR) was measured with an XF24 Extracellular Flux 
Analyzer [23]. Briefly, cells digested to a density of 1×104/well, 
were seeded in XF-24 culture plates (Agilent Technologies, 
Santa Clara, CA, USA), and were then placed in an incubator 
of 37 °C and 5% CO2 for 24 h. Around 1 h before detec-
tion, the culture medium was replaced by XF Base Medium 
(Agilent Technologies). Subsequently, the cells were treated 
sequentially with 1 μM of glucose, 1 μM of oligomycin, (ATP 
synthase inhibitor), and 0.5 μM of 2-DG (the glycolytic 
inhibitor) at time points for measurement of ECAR.

Measurement of lactic acid, GSH, and NADP+/NADPH. 
The cells were seeded in 96-well plates at 3.5×103 cells/well. 
After overnight incubation at 37 °C, 5% CO2, the complete 
medium was changed to fresh DMEM (50 μl/well). After 
24 h, the supernatant of cells was collected by centrifugation. 
Then, according to the manufacturer’s instructions, the lactic 
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acid release was determined using the Lactic Acid Assay 
Kit (Nanjing Jiancheng Bioengineering Institute, China). 
The GSH and NADP+/NADPH levels were determined by 
Reduced Glutathione (GSH) Assay Kit (Nanjing Jiancheng) 
and NADP/NADPH Assay Kit (Colorimetric) (Abcam; 
ab65349), respectively.

Quantitative RT-PCR (RT-qPCR). RNA from GC tissues 
and cell lines was isolated with TRIzol and used for the 
synthesis of first-strand cDNA. RT-qPCR was done using 
the SYBR Green kit. Primers (5’–3’) were listed: PRKAA1-F: 
CACAGAGATCGGGATCAGTTAG, PRKAA1-R: GGAGT-
TAGGTCAACAGGAGAAG; FTO-F: ACCTCCAGCAT-
TAGAT TC, FTO-R:  GAAACTACCGCAT T TACC; 
YTHDF2-F: ACACATTCGCCTAGAGAAC, YTHDF2-R: 
TATTTCCCACGACCTTGAC.

Immunoblots. Proteins from GC cells were isolated, 
separated by 10% SDS-PAGE, immunoblotted to PVDF 
membranes, blocked, and incubated with the following 
antibodies overnight at 4 °C (PRKAA1, ab32047; FTO, 
ab126605; YTHDF2, ab220163 all from Abcam; GAPDH, 
5174, Cell Signaling Technology). Then, incubated with the 
secondary antibody. ECL was used for image visualization. 
The density of the protein band was quantified by ImageJ.

Analysis of m6A. TRIzol reagent was used to extract the 
total RNA. Poly(A)+ RNA was purified using the GenEluteTM 
mRNA Miniprep Kit (MRN10, Sigma, Louis, MO, USA). 
The m6A content was assayed using the m6A RNA Methyla-
tion Assay Kit (ab185912, Abcam). Briefly, 80 µl of binding 
solution and 200 ng of sample RNA were added into each 
designated well and then incubated at 37 °C for 90 min for 
RNA binding. Each well was washed three times with the 
washing buffer. 50 µl of the diluted capture antibody was 
added into each well and then incubated at room tempera-
ture for 60 min. Each well was incubated with a detection 
antibody and enhancer solution at room temperature for 
30 min subsequently. Finally, the wells were incubated with 
developer solution in the dark for 1–10 min at 25 °C. The 
reaction was stopped with stop solution and determined 
using a microplate reader at 450 nm wavelength within 2 to 
10 min.

Luciferase reporter assay. The 3’-UTR of PRKAA1 was 
cloned into the pGL3 vector (Promega, Madison, WI, USA). 
GC cells transduced with FTO shRNA or expression plasmids 
were transfected with the pGL3-PRKAA1 3’-UTR lucif-
erase reporter plasmid and the pRL-TK vector (Promega) 
expressing the Renilla luciferase using Lipofectamine 2000 
(Invitrogen). Luciferase activity was measured 48 h after 
transfection.

mRNA stability. Cells were treated with actinomycin D 
(0.2 mM) for 0, 3, and 6 h. The samples were then collected 
for total RNA extraction and cDNA synthesis, which were 
performed according to the methods described above. 
RT-qPCR was used to quantify mRNA.

RNA immunoprecipitation (RIP) assay. Magna RIP 
RNA-Binding Protein Immunoprecipitation kit (Milli-

pore Sigma, Burlington, MA, USA) was used for the RIP 
assay following the manufacturer’s instructions. Cells 
were prepared using RIP lysis buffer and the RNA-protein 
complexes were conjugated with anti-m6A (ab208577), anti-
YTHDF2 (ab246514), or anti-IgG antibody (ab172730, all 
from Abcam) overnight at 4 °C, and washed with RIP-wash 
buffer for 10 min at 4 °C and then RIP-lysis buffer for 
5 min at 4 °C. The co-precipitated RNAs were purified 
using phenol:chloroform:isoamyl alcohol and subjected to 
RT-qPCR.

In vivo model. BALB/c nude mice (5-w-old, male) from 
Shanghai Lab. Animal Co. were used. A tumor-bearing model 
was constructed by subcutaneously injecting BGC-823 cells 
transduced with PRAKK1 shRNA. NAC was administered 
at 150 mg/kg body weight by intraperitoneal injection every 
other day (n=6/group). Tumor size was monitored every 3 d, 
and xenografts were collected for terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL) assay. For 
the survival analysis, a total of 60 mice were used (n=20/
group). This study was authorized by the Ethics Committee 
of Xuzhou Central Hospital.

Data analysis. Three independent replicates were 
performed for all assays. Data were expressed as mean ± SD. 
Differences were analyzed by Prism8.4.2 (GraphPad) with 
Student’s t-test or ANOVA. A p-value <0.05 was defined as 
statistically significant.

Results

PRKAA1 knockdown inhibited cell viability, colony 
formation, glycolysis, and enhanced apoptosis in GC cells. 
To study the role of PRKAA1 in the growth and apoptosis 
of GC cells, we successfully silenced PRKAA1 (Figure S1A). 
Compared to silencing control (shNC), the silencing of 
PRKAA1 suppressed viability (Figure 1A), inhibited colony 
formation (Figure 1B), promoted apoptosis (Figure 1C), 
suppressed ECAR (Figure 1D), and decreased lactic acid 
levels (Figure 1E). Together, these results showed that 
silencing PRKAA1 suppressed viability, colony formation, 
and glycolysis but promoted apoptosis of GC cells.

PRKAA1 knockdown inhibited redox balance in 
GC cells. We then further analyzed the effect of PRKAA1 
silencing on redox balance in GC cells. Results suggested 
that the silencing PRKAA1 significantly increased ROS 
levels (Figures 2A, 2B). Silencing PRKAA1 also dramatically 
decreased GSH levels (Figure 2C) but enhanced the NADP+/
NADPH ratios (Figure 2D). All these findings demonstrated 
that PRKAA1 knockdown disturbed redox balance in GC 
cells.

PRKAA1 overexpression enhanced viability, colony 
formation, glycolysis, and redox balance but inhibited 
apoptosis. To further explore the role of PRKAA1, we overex-
pressed PRKAA1 in GC cells (Supplementary Figure S1A). 
Data showed that compared with control cells, overexpressing 
PRKAA1 significantly increased cell viability (Figure  3A), 
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Figure 1. PRKAA1 knockdown inhibited viability, colony formation, and glycolysis but enhanced apoptosis. A) Viability, B) colony formation, C) 
apoptosis, D) ECAR, and E) lactic acid of GC cells with or without PRKAA1 knockdown. ***p<0.001 vs. shNC

Figure 2. PRKAA1 knockdown suppressed the redox balance. A, B) ROS production, C) GSH, and D) NADP+/NADPH ratio of GC cells with or with-
out PRKAA1 knockdown. ***p<0.001 vs. shNC
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promoted colony formation (Figure 3B), decreased cell 
apoptosis (Figure 3C), and increased ECAR (Figure 3D), and 
lactic acid levels (Figure 3E). Overexpression of PRKAA1 
also significantly decreased ROS levels (Figure 3F), increased 
GSH levels (Figure 3G) but suppressed the NADP+/NADPH 
ratio of GC cells (Figure 3H). These results indicated that 
PRKAA1 overexpression enhanced viability, colony forma-
tion, glycolysis, and redox balance but inhibited apoptosis.

PRKAA1 knockdown suppressed viability, colony 
formation, and glycolysis but promoted apoptosis by 
regulating the redox balance. To study how PRKAA1 
functions, we introduced NAC (ROS inhibitor). Our results 
indicated that administration of NAC significantly amelio-
rated the silencing PRKAA1-caused decrease of cell viability 
(Figure 4A), inhibition of colony formation (Figures 4B, 
4C), increase of apoptosis (Figures 4D, 4E), suppression of 

Figure 3. PRKAA1 overexpression enhanced viability, colony formation, glycolysis, and redox balance but inhibited apoptosis. A) Viability, B) colony 
formation, C) apoptosis, D) ECAR, E) lactic acid, F) ROS production, G) GSH, and H) NADP+/NADPH ratio of MGC-803 cells with or without 
PRKAA1 overexpression. ***p<0.001 vs. Vector



PRKAA1 REGULATES REDOX BALANCE IN GASTRIC CANCER 1343

ECAR (Figure 4F), decrease of lactic acid levels (Figure 4G), 
increases of ROS levels (Figure 4H), and suppression of 
GSH levels (Figure 4I). Together, the data suggested that the 
PRKAA1 knockdown suppressed viability, and glycolysis but 
promoted apoptosis by regulating the redox balance.

PRKAA1 knockdown inhibited tumor growth in vivo by 
regulating redox balance. We then further investigated the 
effect of PRKAA1 in animals. After inoculation of PRAKK1-
silenced BGC-823 cells, NAC or vehicle was administered at 
a dose of 150 mg/kg body weight by intraperitoneal injection 
every other day. Silencing of PRKAA1 significantly decreased 
tumor volume (Figure 5A), tumor weight (Figure  5B), 
increased tumor apoptosis (Figure 5C), decreased levels of 
lactic acid (Figure 5D) and GSH (Figure 5E), which were 
all ameliorated by the administration of NAC. The adminis-
tration of NAC also significantly ameliorated the silencing-
PRKAA1-caused increase of the survival rate (Figure 5F). 
These findings indicated that PRKAA1 knockdown inhibited 
tumor growth in vivo by regulating the redox balance.

FTO regulated PRKAA1 mRNA m6A modification 
and stability. Because FTO-regulation of m6A has been 
shown to be involved in different biological processes, we 

wanted to check whether FTO regulates PRKAA1 mRNA 
m6A modification. FTO was successfully overexpressed or 
silenced (Supplementary Figure S1B). Silencing FTO signifi-
cantly increased m6A level, while overexpressing FTO signifi-
cantly decreased m6A level (Figure 6A). Silencing FTO also 
significantly increased m6A level of PRKAA1 3’-UTR, while 
overexpressing FTO significantly decreased m6A level of 
PRKAA1 3’-UTR (Figure 6B). Silencing FTO significantly 
decreased the luciferase activity of PRKAA1 3’-UTR, while 
overexpressing FTO significantly increased it (Figure 6C). 
Silencing FTO also remarkably decreased PRKAA1, while 
overexpressing FTO significantly increased PRKAA1 at 
both mRNA and protein levels (Figures 6D, 6E). Silencing 
FTO significantly decreased the stability of PRKAA1 mRNA 
(Figure 6F), while silencing YTHDF2 (Supplementary Figure 
S1C) significantly increased the expression levels of PRKAA1 
(Figure 6G, 6H) and increased the stability of PRKAA1 
mRNA (Figure 6I). RIP followed by quantitative RT-qPCR 
assay results showed that there was an interaction between 
YTHDF2 and PRKAA1 3’-UTR (Figure 6J). Together, these 
findings demonstrated that FTO regulated PRKAA1 mRNA 
m6A modification and stability.

Figure 4. PRKAA1 knockdown inhibited viability, colony formation, and glycolysis but suppressed apoptosis by inhibiting the redox balance. A) Vi-
ability, B, C) colony formation, D, E) apoptosis, F) ECAR, G) lactic acid, H) ROS production, and I) GSH of BGC-823 cells with PRKAA1 overexpres-
sion and NAC treatment. ***p<0.001 vs. shNC; ###p<0.001 vs. shPRKAA1+vehicle



1344 Yangmei ZHANG, et al.

PRKAA1 and FTO expression in GC tissues and corre-
lation analyses. Next, levels of PRKAA1 and FTO in tumor 
tissues from the hospital cohort were checked. Data showed 
that PRKAA1 and FTO mRNA levels (Figures 7A, 7B) were 
remarkably enhanced in tumors. Data also showed that there 

was a significant correlation between PRKAA1 mRNA and 
FTO mRNA in GC tissues (Figure 7C). We also performed 
IHC staining of PRKAA1 and FTO using GC tissue micro-
array (Figure 7D) and found that high levels of PRKAA1 were 
correlated with high levels of FTO, and low levels of PRKAA1 

Figure 5. PRKAA1 knockdown suppressed tumor growth by inhibiting the redox balance in vivo. BGC-823 cells with/without PRKAA1 silencing were 
inoculated into the armpits of nude mice with or without NAC treatment. A) Tumor volume, B) tumor weight, C) TUNEL staining, D) GSH, and E) 
lactic acid levels in tumor xenograft. Scale bar = 50 mm. F) Survival analysis. ***p<0.001 vs. shNC; ###p<0.001 vs. shPRKAA1+vehicle
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Figure 6. FTO regulated PRKAA1 mRNA m6A modification and stability. FTO was silenced in BGC-823 cells. A) The global m6A level, B) relative m6A 
levels of PRKAA1 3’-UTR, C) luciferase activity of PRKAA1 3’-UTR, D) mRNA and E) protein of PRKAA1, and F) PRKAA1 mRNA stability were 
measured. G) Protein and H) mRNA of PRKAA1 expression and I) PRKAA1 mRNA stability in BGC-823 cells transduced with the YTHDF2 shRNA 
vector. J) RIP followed by RT-qPCR was used to examine the interaction between YTHDF2 and PRKAA1 3’-UTR. ***p<0.001 vs. shNC, vector, or IgG
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were correlated with low levels of FTO (Figure 7E). All these 
findings indicated that PRKAA1 and FTO were increased in 
GC and there was a significant correlation between PRKAA1 
and FTO.

Discussion

Our data demonstrated that silencing PRKAA1 
suppressed viability, colony formation, and glycolysis but 
promoted apoptosis of GC cells, whereas overexpressing 
PRKAA1 promoted viability and glycolysis but decreased 
apoptosis through regulating the redox balance. Mecha-
nism study indicated that FTO regulated PRKAA1 mRNA 
m6A modification and stability. For the first time, our study 
indicated that FTO increased levels of PRKAA1 by regulating 
its mRNA m6A modification. PRKAA1, in turn, promoted 
cell viability, colony formation, and glycolysis but inhibited 
apoptosis of GC cells by regulating the redox balance.

Tumor cells convert most glucose to pyruvate even in 
the presence of oxygen [24]. Metabolic changes may benefit 
tumor proliferation and growth by providing sufficient 

energy and substrates. Chen et al. found that glycolysis and 
lactic acid were significantly elevated in GC patients [25]. 
Kogure et al. reported that high metastatic GC cells prefer 
aerobic glycolysis [26]. Elevated aerobic glycolysis was 
observed in chemoresistant GC cells [27]. Our data indicated 
that PRKAA1 overexpression significantly increased viability, 
colony formation, glycolysis, and lactic acid release but inhib-
ited apoptosis. These findings not only increase our knowl-
edge of the role of PRKAA1 in glycolysis but also broaden 
our understanding of the progression of GC.

ROS-mediated redox signaling plays a very important 
role in a variety of biological processes. However, elevated 
ROS may damage cells [28]. Therefore, redox balance is very 
critical. ROS may cause DNA mutations to transform normal 
cells into cancerous cells [29]. Dysregulation of redox balance 
is involved in various types of cancers. Wang et al. showed 
that PRKAA1 promoted colorectal cancer cells’ survival by 
promoting the redox balance [30]. Our results indicated 
that the overexpression of PRKAA1 significantly promoted 
glycolysis, decreased ROS levels, and increased GSH levels 
but suppressed the NADP+/NADPH ratio of GC cells. In 

Figure 7. PRKAA1 and FTO levels in GC tissues and their correlation. Levels of A) PRKAA1 and B) FTO in GC or adjacent normal tissues collected 
from the hospital cohort. C) Correlation scatterplots of GC tissues in a hospital cohort. D) Protein levels of PRKAA1 and FTO of GC tissue microarray. 
Scale bar = 100 mm. E) Statistical analysis of GC tissues under various staining conditions
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vivo data showed that the administration of NAC signifi-
cantly ameliorated the silencing-PRKAA1-caused increase of 
survival rate. These findings indicated that PRKAA1 knock-
down inhibited tumor growth by inhibiting redox balance. 
Previous studies have reported that PRKAA1 downregu-
lates ROS levels by regulating thioredoxin in non-small cell 
lung cancer [31] and maintains ROS at low levels through 
the regulation of phosphorylation of glutathione synthesis 
reductase in colorectal cancer cells [30]. Moreover, ROS 
inhibits glycolysis by downregulation GLUT1 through the 
PI3K/AKT signaling pathway in renal cancer cells [32]. 
These data indicate the possible molecular mechanisms by 
which PRKAA1 regulates glycolytic pathway/redox balance 
in GC cells.

Increasing evidence suggests that m6A is involved in 
tumor progression [33]. FTO-regulation of m6A is involved 
in different biological processes. For instance, FTO-mediated 
demethylation of m6A is involved in lipid metabolism in 
skeletal muscle cells [16]. In our study, we revealed a new 
role of FTO/m6A modification of PRKAA1 in GC, which 
may improve our understanding of the possible mechanism 
by which PRKAA1 regulates GC progression.

There are some limitations in our study. To further study 
the role of PRKAA1/glycolysis in GC, future research using 
PDX models may find more interesting data. More GC cells 
should be included to investigate whether the results observed 
are cell line specific. Although shortcomings are there, the 
study reveals a novel mechanism by which PRKAA1/glycol-
ysis regulates GC progression.

In conclusion, our data revealed a novel function of the 
PRKAA1/glycolysis axis, suggesting that FTO-mediated 
PRKAA1 m6A modification, leading to the upregulation 
of PRKAA1, which promoted cell viability, colony forma-
tion, and glycolysis but inhibited the apoptosis of GC cells 
by promoting redox balance. The findings highlighted the 
importance of PRKAA1 signaling, which may lay the founda-
tion for new therapeutics for GC treatments.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure S1. The protein levels of A) PRKAA1, B) FTO and C) YTHDF2 in gastric cancer cells (MKN-45, BGC-823 and MGC-803) trans-
duced with indicated vectors.
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