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Abstract. Pyruvate dehydrogenase A1 (PDHA1) is a compo-
nent of the pyruvate dehydrogenase enzyme complex, which 
links glycolysis and the tricarboxylic acid cycle, and is impor-
tant for cancer metabolism shift. PDHA1 downregulation has 
been revealed in several types of cancer to enhance glycolysis. 
However, the role of PDHA1 in gastric cancer remains largely 
unknown. In the present study, we found that PDHA1 was 
significantly downregulated in gastric cancer, and associ-
ated with poor prognosis. PDHA1 downregulation promoted 
gastric cancer glycolysis and cancer progression. miR‑21‑5p 
directly targeted PDHA1 to suppress PDHA1 expression, 
and promote glycolysis as well as cell proliferation in gastric 
cancer. Moreover, miR‑21‑5p was significantly upregulated in 
gastric cancer and negatively associated with PDHA1 expres-
sion in gastric cancer samples. Our results indicated that 
miR‑21‑5p targeted PDHA1 to regulate a metabolic switch and 
cancer progression in gastric cancer, and reveal the potential 
role of the miR‑21‑5p/PDHA1 axis in gastric cancer treatment.

Introduction

Gastric cancer is the third most lethal malignancy world-
wide (1). Currently, the main option for treating gastric cancer 
is surgical resection combined with chemotherapy and/or 
radiotherapy. In recent years, due to the fast development of 
enterescopy and surgical techniques, the 5‑year mortality for 
early gastric cancer has been significantly reduced. However, 
most patients with gastric cancer are diagnosed at an advanced 

stage and miss the optimal timing for surgical intervention. 
Even when curative resection is performed successfully, 
~40‑65% of patients may still experience a recurrence of the 
disease. Therefore the 5‑year mortality still remains high (2).
Although extensive studies have been carried out to explore 
the possible mechanisms that underlie the development of 
gastric cancer, the exact mechanism remains ambiguous. 
Better understanding of the related mechanisms is important 
in order to establish new efficient targets and to develop novel 
treatments to manage gastric cancer.

Dysregulated metabolism frequently occurs in various 
cancer cells, and is considered as one of the important hall-
marks of cancer (3). The famous ‘Warburg effect’ states that 
glucose consumption becomes a priority for cancer cells even 
in the presence of oxygen (4,5). Blocking cancer glycolysis is 
considered to be a promising therapeutic strategy for cancer 
treatment. Pyruvate links glycolysis and the TCA cycle, thus 
enzymes involved in the pyruvate reaction play important 
roles in the metabolic node (6). Pyruvate dehydrogenase α 1 
(PDHA1) is a key component of the pyruvate dehydrogenase 
complex which catalyzes pyruvate decarboxylation and serves 
as a gate‑keeper enzyme link between glycolysis and the 
mitochondrial citric acid cycle. The inhibition of pyruvate 
dehydrogenase in cancer cells increases the Warburg effect 
in cancer cells and renders cancer cells more malignant (7,8). 
PDHA1 dysregulation has also been revealed to be associated 
with metabolic reprogramming in cancer cells (9,10). It has 
been reported that decreased expression of PDHA1 predicted 
an unfavorable prognosis in ovarian carcinoma  (11), and 
low PDHA1 protein expression may indicate the aggressive 
features of clear cell carcinoma  (12). However, in gastric 
cancer, the role of PDHA1 has not been studied.

MicroRNAs (miRNAs) are one of the main reasons for 
protein level dysregulation. miRNAs are a class of small 
non‑coding RNAs that are generally 19‑25 nucleotides in 
length (13,14). miRNAs regulate gene expression by binding to 
the 3'untranslated region (3'UTR) of the target mRNA, leading 
to inhibition of protein translation or cleavage of the target 
mRNA  (15,16). Accumulating evidence has revealed that 
miRNAs are involved in various biological process, including 
development, apoptosis and differentiation (17‑20). Research 
has also revealed that dysregulation of miRNAs is associated 
with many diseases, including tumors (21).
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In the present study, we found that PDHA1 was downregu-
lated in gastric cancer, and PDHA1 downregulation promoted 
glycolysis and gastric cancer cell progression. PDHA1 was 
directly regulated by miR‑21‑5p. In addition, miR‑21‑5p was 
upregulated in gastric cancer, and promoted gastric cancer 
progression by regulating PDHA1. Our results indicated the 
role of the miR‑21‑5p/PDHA1 axis in regulating gastric cancer 
metabolism and progression, and suggests their potential value 
in gastric cancer treatment.

Materials and methods

Clinical specimens. Gastric cancer and matched adjacent 
normal tissues were collected from gastric cancer patients at 
China‑Japan Union Hospital of Jilin University. The tissue 
samples from 46 patients (31 males and 15 females with age 
ranging from 43 to 71 years) were collected from November 
2016 to September 2017. All carcinoma samples were obtained 
during surgery, snap‑frozen in liquid nitrogen and stored at 
‑80˚C until further analysis. In the present study, all the cases 
of gastric tumors were divided into low‑grade (WHO I and II) 
or high‑grade (WHO III and IV) for statistical analysis. This 
study was approved by the Ethics Committee of China‑Japan 
Union Hospital of Jilin University. Written informed consent 
was obtained from all the patients or their guardians in 
accordance with the ethical committee standards.

RNA extraction and real‑time quantitative polymerase chain 
reaction. Total RNA was extracted using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Total RNA (500 ng) was used for cDNA synthesis using 
a High Capacity RNA‑to‑cDNA Kit (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). miScript Reverse Transcription 
kit (Qiagen GmbH, Hilden, Germany) was used for reverse 
transcription of miRNAs. Quantitative real‑time polymerase 
chain reaction (PCR) was carried out on an ABI PRISM 7500 
Sequence Detection System (Applied Biosystems, Foster City, 
CA, USA) using SYBR Premix Ex Taq (Takara Biotechnology 
Co., Ltd., Dalian, China) according to the manufacturer's 
instructions. The miRNA sequence‑specific reverse transcrip-
tion (RT)‑PCR for miR‑21‑5p and endogenous control U6 was 
performed using Hairpin‑it™ miRNAs qPCR quantitation kit 
and U6 snRNA real‑time PCR normalization kit (Shanghai 
GenePharma Co., Ltd., Shanghai, China). The primers for 
PDHA1 are: forward, 5'‑GAG​CTG​AGC​AGC​TGT​GTA​AC‑3' 
and reverse, 5'‑TGC​CAA​TCG​TTA​CAG​GTA​TTA​CAG‑3'. The 
thermocycling conditions for miR‑21‑5p were: 94˚C for 3 min 
(hold), 40 cycles at 94˚C for 15 sec (denaturation); 55˚C for 
25 sec (annealing); 72˚C for 25 sec (elongation). The thermo-
cycling conditions for PDHA1 were: 95˚C for 20 sec (enzyme 
activation), 40 cycles at 95˚C, for 3 sec (denaturation); 60˚C for 
30 sec (annealing/elongation). All reactions were performed 
in triplicate.

Immunohistochemistry and in situ hybridization. Tumor 
or matched normal tissues were fixed with 4% paraformal-
dehyde, and then the samples were embedded in paraffin 
and sectioned. Following overnight incubation at 4˚C with 
the PDHA1 antibody (1:100; cat. no. 3205; Cell Signaling 
Technology, Inc., Danvers, MA, USA), the bound antibodies 

were detected with the biotin‑streptavidin‑peroxidase system 
(Vector  Laboratories, Inc., Burlingame, CA, USA) using 
diaminobenzidine (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) as chromogen.

For the in situ hybridization assay, DIG‑labeled locked 
nucleic acid (LNA)‑based probe specific for miR‑21‑5p 
(Exiqon A/S, Vedbaek, Denmark) was introduced. In addition, 
the in situ hybridization signal was detected by overnight incu-
bation at 4˚C with horseradish peroxidase (HRP)‑conjugated 
anti‑digoxigenin 21H8 (1:200; cat.  no.  ab420; Abcam, 
Cambridge, MA, USA).

Transfection. The miR‑21‑5p mimics, mimics negative 
control, inhibitor, inhibitor negative control (inhibitor control), 
the small interfering RNA targeting PDHA1 (siPDHA1) 
and control‑siRNA (siCon) were purchased from Shanghai 
GenePharma Co., Ltd. Cells were seeded at a density of 
2‑3x105 cells/well in 6‑well plates for 24 h. The cells were 
then transfected with oligonucleotides or plasmid, using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) following the manufacturer's instructions.

Construction and preparation of the PDHA1 lentivirus. 
PDHA1 cDNA was amplified from an adult gastric tissue 
cDNA library. The recombinant lentiviruses were pack-
aged using the pMagic 4.0 lentivirus pLV expression system 
(Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, recom-
bination was produced by co‑transfection of 293T cells with 
the lentivirus plasmid (pLV‑ PDHA1) and packaging plasmids 
(pLV1.0, pLV2.0 and pLV3.0) using the Lipofectamine 2000 
transfection reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol.

Cell proliferation assay. Cell proliferation was assessed using 
the MTT assay. MTT was diluted in phosphate‑buffered saline 
(PBS) to a final concentration of 5 mg/ml and sterile filtered. 
Cells were incubated with a final concentration of 0.5 mg/ml 
MTT at 37˚C for 4 h. Cell culture supernatants were carefully 
removed, and dimethyl sulfoxide (DMSO) was added. The 
absorbance values were determined using a microplate reader 
(Pharmacia Biotech, Uppsala, Sweden) at a wavelength of 
570 nm. The experiments were performed 3 times.

Colony formation assay. The cells were transfected with 
PDHA siRNA or control siRNA and seeded into a 6‑well 
plate. Following ~2 weeks of culture, the cells were fixed in 
methanol, stained with 0.1% (w/v) crystal violet and washed 
with water. The cell colonies were scored and the representa-
tive light images were photographed using a Canon camera.

Glucose and lactate assessments. Glucose and lactate 
contents in culture medium were evaluated using the BS‑200 
Chemistry Analyzer (Mindray Bio‑Medical Electronics Co., 
Ltd., Shenzhen, China) and EnzyChrom™ D‑Lactate Assay 
kit (BioAssay Systems, Hayward, CA, USA), respectively. 
Data were normalized to the cell number in each well. For 
glucose uptake assays, the cells were maintained under normal 
conditions for 24 h and 10 µM 2‑NBDG (Life Technologies; 
Thermo Fisher Scientific, Inc.) was added to the medium for 
30 min in the dark at 37˚C. After being washed with PBS 
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twice, the labeled cells were collected as single cell suspen-
sions and the fluorescence intensities were determined by flow 
cytometry.

PDHA1 targeting miRNAs prediction. The putative miRNAs 
targeting PDHA1 were analyzed using online programs 
including DIANA TOOLS (http://diana.imis.athena‑innovation.
gr/DianaTools/index.php?r=microT_CDS/index), TargetScan 7.2 
(http://www.targetscan.org/vert_72/) and miRDB (http://mirdb.
org/miRDB/index.html).

Dual‑Luciferase Reporter Assay. The 3'untranslated region 
(3'UTR) of PDHA1 containing the miR‑21‑5p binding sites 
was amplified by PCR from human genomic DNA. The 
wild‑type 3'UTR of PDHA1 as well as the mutant 3'UTR with 
nucleotide substitutions in the putative binding sites corre-
sponding to the seed sequence of miR‑21‑5p were inserted into 
the psiCHECK‑2 vector immediately downstream of the stop 
codon of luciferase to develop psiCHECK2‑PDHA1‑3'UTR 
and psiCHECK‑PDHA1‑mut‑3'UTR, respectively. Either of 
these vectors was co‑transfected with miRNAs into cells using 
Lipofectamine 2000 according to the manufacturer's protocols. 
Luciferase activity was assessed 48  h after transfection 
using a Dual‑Luciferase Reporter Assay kit (Promega Corp., 

Madison, WI, USA) and Victor Luminometer (PerkinElmer, 
Inc., Waltham, MA, USA). The firefly luciferase activity 
was normalized using co‑transfected Renilla luciferase for 
transfection efficiency. Three independent experiments were 
performed and the data are presented as the mean ± standard 
deviation (SD).

Protein extraction and western blot analysis. Total protein 
from cells was extracted with RIPA Lysis Buffer (Cell 
Signaling Technology, Inc.) and total protein was assessed 
using the Bradford protein assay (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Protein (30 mg) were separated by 
10% SDS‑PAGE and transferred onto polyvinylidene fluoride 
(PVDF) membranes (EMD Millipore, Billerica, MA, USA). 
After blocking for non‑specific binding with 5% skimmed 
milk dissolved in Tris‑buffered saline plus Tween‑20 (TBS‑T; 
0.1% Tween‑20; pH 8.3) at room temperature for 1 h, the 
membranes were incubated with antibodies against PDHA1 
(1:1,000 dilution; cat. no. 3205) and β‑actin (1:2,000 dilution; 
cat. no. 4970) (both from Cell Signaling Technology, Inc.) at 
4˚C overnight. After incubation with a secondary antibody 
conjugated to horseradish peroxidase (cat.  no.  7074; Cell 
Signaling Technology) at room temperature for 1 h, the protein 
bands were visualized using an enhanced chemiluminescence 

Figure 1. PDHA1 is downregulated in gastric cancer. (A) PDHA1 expression levels were analyzed in gastric cancer samples from patient datasets (GSE26942 and 
GSE54129). (B) PDHA1 was downregulated in gastric cancer tissues compared to adjacent non‑tumor tissues, as examined by q‑PCR. (C) PDHA1 was downreg-
ulated in gastric cancer tissues compared to adjacent non‑tumor tissues, as examined by immunohistochemistry. (D) PDHA1 protein levels were downregulated 
in high‑grade gastric cancer tissues. (E) PDHA1 expression levels were associated with poor survival. The analysis was done by online program Kaplan‑Meier 
Plotter (http://kmplot.com/analysis/index.php?p=service&cancer=gastric). Combined datasets include GSE14210, GSE15459, GSE22377, GSE29272, GSE51105 
and GSE62254. (F) PDHA1 mRNA levels were examined in different cell lines. *P<0.05 compared to GES‑1 cells. PDHA1, pyruvate dehydrogenase A1.
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detection kit (EMD Millipore). ImageJ‑1.51k software 
(developed by National Institutes of Health, Bethesda, MD, 
USA) was used for density measurement.

Statistical analysis. Data were analyzed using SPSS 
software 15.0 (SPSS, Inc., Chicago, IL, USA). Differences of 
PDHA1 and miR‑21‑5p expression between tumor tissues and 
adjacent non‑tumor tissues were analyzed by the Wilcoxon 
matched‑pairs test. The relationship between the expression 
of PDHA1 or miR‑21‑5p and the clinicopathologic grade was 
assessed by the χ2 test. Quantitative data are presented as the 
mean ± the standard deviation. Statistical differences between 
groups were determined using the Student's t‑test. Differences 
were considered significant when P<0.05.

Results

PDHA1 is downregulated in human gastric cancer. Pyruvate 
dehydrogenase (PDH) is a multienzyme complex that 

functions as a gatekeeper in glucose metabolism by oxidatively 
decarboxylating pyruvate to produce acetyl‑CoA for the TCA 
cycle, and therefore is closely related to increased glycolysis in 
cancer. PDHA1 is the main component of PDH, which cata-
lyzes pyruvate decarboxylation and serves as a gate‑keeper 
enzyme link between glycolysis and the mitochondrial citric 
acid cycle. To determine the role of PDHA1 in gastric cancer, 
we determined whether PDHA1 is dysregulated in gastric 
cancer patient samples. By analyzing the gastric cancer patient 
datasets, we found that PDHA1 expression was significantly 
downregulated in gastric cancer patient samples compared to 
normal gastric tissues (GSE26942 and GSE54120) (Fig. 1A). 
In our paired gastric cancer samples, the mRNA levels of 
PDHA1 were also downregulated in 36 out of 46 gastric cancer 
tissues compared to their adjacent non‑tumor tissues (Fig. 1B). 
Moreover, we further assessed the protein levels of PDHA1 in 
gastric cancer tissues. The similar results revealed that PDHA1 
protein levels were also downregulated in gastric cancer 
tissues compared to their adjacent normal tissues (Fig. 1C). In 

Figure 2. PDHA1 downregulation promotes glycolysis and cell proliferation. (A) Lactate production was assessed in cells at 72 h after PDHA1 knockdown. 
*P<0.05. (B) Glucose consumption was assessed in cells at 72 h after PDHA1 knockdown. *P<0.05. (C) Cell proliferation was assessed after PDHA1 knock-
down. *P<0.05. (D) Colony formation was assessed after PDHA1 knockdown. *P<0.05. (E) Cell invasion was assessed after PDHA1 knockdown. *P<0.05. 
(F) PDHA1 was knocked down in GES‑1 cells. (G) Lactate production and glucose consumption were assessed in PDHA1‑knockdown GES‑1 cells. *P<0.05. 
(H) Cell growth was assessed in PDHA1‑knockdown GES‑1 cells. *P<0.05. PDHA1, pyruvate dehydrogenase A1.
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addition, the PDHA1 levels were less expressed in high grade 
gastric cancer tissues (Fig. 1D), suggesting that the down-
regulation of PDHA1 may be correlated with gastric cancer 
progression. The survival analysis of patients further revealed 
that low PDHA1 was associated with poor survival (Fig. 1E). 
We further assessed the expression levels of PDHA1in gastric 
cancer cell lines. The results revealed that PDHA1 expression 
was significantly reduced in gastric cancer cell lines compared 
to normal gastric cell line GES‑1 (Fig. 1F). These data indi-
cated that PDHA1 was downregulated in gastric cancer and 
involved in gastric cancer development.

PDHA1 downregulation promotes glycolysis and cancer 
progression. To examine the role of PDHA1 downregulation in 
gastric cancer progression, we knocked down PDHA1 in gastric 
cancer cell lines MGC803 and SGC‑7901. Consistent with the 
role of PDHA1 in regulating glycolysis, our results revealed that 
knockdown of PDHA1 promoted glycolysis. Lactate produc-
tion and glucose consumption were significantly increased 
following PDHA1 knockdown (Fig. 2A and B). Moreover, we 
found that PDHA1 knockdown significantly promoted cell 
proliferation  (Fig.  2C). Consistently, the colony formation 
ability of gastric cancer cells was also enhanced after PDHA1 
knockdown (Fig. 2D). Our results also revealed that PDHA1 
knockdown promoted gastric cancer invasion (Fig. 2E). All these 
results indicated that PDHA1 downregulation in gastric cancer 
cell enhanced glycolysis and promoted gastric cancer progres-
sion. Notably, we found that knockdown of PDHA1 in normal 
gastric cells (Fig. 2F) also resulted in increased glycolysis and 
cell growth (Fig. 2G and H), further supporting that PDHA1 
downregulation plays a tumor promoting role. In contrast, over-
expression of PDHA1 in gastric cancer cells reduced glycolysis 
and resulted in cell growth inhibition (Fig. 3A‑C). Even in normal 
gastric cells, overexpression of PDHA1 also inhibited glycolysis 
and cell growth, however, not significantly (Fig. 3D‑F).

miR‑21‑5p targets PDHA1 in gastric cancer cells. miRNAs 
target transcript mRNAs to regulate gene expression and 
play important roles in cancer. To investigate the miRNA 
which regulates PDHA1 in gastric cancer, we searched 
putative miRNAs targeting PDHA1 using online programs 
including DIANA, TargetScan and miRDB. DIANA revealed 
82 candidate miRNAs targeting PDHA1, TargetScan revealed 
108 candidate miRNAs, and miRDB revealed 74 candidate 
miRNAs. By comparing the common miRNAs, we found 
29 miRNAs targeting PDHA1 predicted by all these three 
programs (Fig. 4A), suggesting they likely target PDHA1. To 
further investigate which one might target PDHA1 in gastric 
cancer, we first compared their expression in clinical gastric 
cancer samples. Several of these candidates exhibited dysregu-
lation in gastric cancer samples compared to normal gastric 
samples. Among them, miR‑21‑5p exhibited the most signifi-
cant upregulation in gastric cancer samples (Fig. 4B), which 
was consistent with PDHA1 downregulation in gastric cancer. 
We further examined whether miR‑21‑5p targets PDHA1 
in gastric cancer cells. miR‑21‑5p mimics were transfected 
into MGC‑803 cells, and the mRNA and protein levels of 
PDHA1 were examined. The results revealed that miR‑21‑5p 
transfection significantly reduced PDHA1 mRNA and protein 
levels in gastric cancer cells (Fig. 4C and D). Consistently, 
miR‑21‑5p had a conserved binding site on the 3'UTR of 
PDHA1 mRNA (Fig. 4E). We further used a luciferase assay 
to confirm PDHA1 as a target of miR‑21‑5p. The results 
revealed that miR‑21‑5p reduced the PDHA1 3'UTR‑derived 
luciferase activity, but did not affect luciferase activity 
derived by PDHA1 3'UTR with the mutant miR‑21‑5p binding 
site (Fig. 4F). These data indicated that miR‑21‑5p directly 
targeted PDHA1 mRNA to suppress PDHA1 expression.

miR‑21‑5p is upregulated in gastric cancer. We further 
confirmed miR‑21‑5p upregulation in our gastric cancer 

Figure 3. PDHA1 overexpression affects glycolysis and cell growth of gastric cancer cells. (A) PDHA1 was overexpressed in MGC803 cells. (B) Lactate 
production was assessed in PDHA1‑overexpressed MGC803 cells. *P<0.05. (C) Cell growth was assessed in PDHA1‑overexpressed MGC803 cells. *P<0.05. 
(D) PDHA1 was overexpressed in GSE‑1 cells. (E) Lactate production was assessed in PDHA1‑overexpressed GSE‑1 cells. (F) Cell growth was assessed in 
PDHA1‑overexpressed GSE‑1 cells. PDHA1, pyruvate dehydrogenase A1.
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samples. We assessed the expression levels of miR‑21‑5p in 
46 pairs of gastric cancer tissue samples by q‑PCR analysis. 
As shown in Fig. 5A, miR‑21‑5p was significantly upregulated 
in gastric cancer tissues compared to adjacent non‑tumor 
tissues (P<0.01). The results of in situ hybridization analysis 
also revealed that miR‑21‑5p was upregulated in gastric cancer 
tissues (Fig. 5B). Notably, miR‑21‑5p was significantly upregu-
lated in high grade gastric cancer compared to low grade 
tissues (Fig. 5C). Moreover, PDHA1 was negatively associated 
with miR‑21‑5p in gastric cancer samples (Fig. 5D), further 

supporting that miR‑21‑5p targets PDHA1 in gastric cancer. In 
addition, high miR‑21‑5p expression was associated with poor 
survival (Fig. 5E).

miR‑21‑5p regulates glycolysis and inhibits gastric cancer cell 
growth. Since miR‑21‑5p targeted PDHA1 in gastric cancer, 
we next examined whether miR‑21‑5p also regulated glycolysis 
and cell growth. We adjusted miR‑21‑5p expression through 
transfection of miR‑21‑5p mimics and its inhibitor (Fig. 6A). 
The results revealed that transfection of miR‑21‑5p mimics 

Figure 5. miR‑21‑5p is upregulated in gastric cancer and negatively associated with PDHA1. (A) miR‑21‑5p was upregulated in gastric cancer tissues compared 
to adjacent non‑tumor tissues, as examined by q‑PCR. (B) miR‑21‑5p was upregulated in gastric cancer as examined by in situ hybridization. (C) miR‑21‑5p 
was correlated with tumor grade. *P<0.05. (D) miR‑21‑5p was negatively associated with PDHA1 expression. (E) High miR‑21‑5p expression levels were 
associated with poor survival. PDHA1, pyruvate dehydrogenase A1.

Figure 4. miR‑21‑5p targets PDHA1. (A) Predicted miRNAs by DIANA, TargetScan and miRDB were compared. (B) The candidate miRNAs were dysregu-
lated in gastric cancer patient samples (GSE23739). (C) PDHA1 mRNA levels were reduced by miR‑21‑5p. *P<0.05. (D) PDHA1 protein levels were reduced 
by miR‑21‑5p. (E) Schema of binding site of miR‑21‑5p in the PDHA1 3'UTR region. (F) PDHA1 3'UTR‑driven luciferase activity was reduced by miR‑21‑5p. 
*P<0.05. PDHA1, pyruvate dehydrogenase A1.
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increased lactate production, while transfection of miR‑21‑5p 
inhibitor reduced lactate production (Fig. 6B), suggesting that 
miR‑21‑5p promotes glycolysis in gastric cancer. In addi-
tion, miR‑21‑5p overexpression promoted gastric cancer cell 
growth, while miR‑21‑5p inhibition reduced gastric cancer cell 
growth (Fig. 6C). These results indicated the tumor promoting 
role in gastric cancer.

miR‑21‑5p targets PDHA1 to regulate glycolysis and gastric 
cancer cell growth. Next, we investigated whether miR‑21‑5p 
regulated glycolysis and cell growth through PDHA1. 
miR‑21‑5p and PDHA1 were both overexpressed in gastric 
cancer cell lines. We revealed that miR‑21‑5p promoted 
glycolysis in control cells, but failed to promote glycolysis in 
PDHA1‑overexpressed cells (Fig. 7A). Consistently, when we 

Figure 6. miR‑21‑5p promotes gastric cancer cell proliferation. (A) miR‑21‑5p expression was assessed after transfection of miR‑21‑5p or its inhibitor. *P<0.05. 
(B) Lactate production was assessed 72 h after transfection of miR‑21‑5p or its inhibitor. *P<0.05. (C) Cell growth was assessed 72 h after transfection of 
miR‑21‑5p or its inhibitor. *P<0.05.

Figure  7. miR‑21‑5p targets PDHA1 to regulate cell proliferation. (A)  Lactate production was assessed 72  h after transfection of miR‑21‑5p in 
PDHA1‑overexpressed cells. *P<0.05. (B) Lactate production was assessed 72 h after transfection of miR‑21‑5p and/or siRNA targeting PDHA1. *P<0.05. 
(C) Cell proliferation was assessed after transfection of miR‑21‑5p and/or siRNA targeting PDHA1. *P<0.05. PDHA1, pyruvate dehydrogenase A1.
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suppressed PDHA1 expression, miR‑21‑5p failed to further 
increase the levels of glycolysis (Fig. 7B). The results indicated 
that miR‑21‑5p regulated glycolysis through PDHA1. Moreover, 
we found that miR‑21‑5p promoted cell proliferation, while 
PDHA1 knockdown impaired the effect of miR‑21‑5p on cell 
proliferation (Fig. 7C). All the results indicated that miR‑21‑5p 
targets PDHA1 to regulate glycolysis and gastric cancer cell 
proliferation.

Collectively, we revealed that PDHA1 was downregulated 
in gastric cancer, and PDHA1 downregulation promoted 
glycolysis and cancer progression. miR‑21‑5p upregulation 
contributed to PDHA1 downregulation and regulated gastric 
cancer cell progression. Our study indicated that miR‑21‑5p 
and PDHA1 are involved in gastric cancer progression, and 
suggests that we could target miR‑21‑5p to modulate PDHA1 
expression and benefit gastric cancer treatment.

Discussion

In the present study, we demonstrated that PDHA1 was down-
regulated in gastric cancer cells, and PDHA1 downregulation 
promoted glycolysis and resulted in enhanced cell proliferation, 
colony formation and invasion of gastric cancer cells. Further 
study revealed that miR‑21‑5p was upregulated in gastric cancer, 
and targeted PDHA1 to suppress PDHA1 expression. miR‑21‑5p 
functioned through PDHA1 to regulate glycolysis and gastric 
cancer progression. Our results indicated that the promotion of 
glycolysis in gastric cancer was dependent on the downregula-
tion of PDHA1, resulting from the upregulation of miR‑21‑5p.

Cancer cells have a distinct metabolic pattern with enhanced 
glycolysis levels, that is known as the famous ‘Warburg 
effect’  (4,5). This phenomenon is considered as one of the 
important hallmarks of cancer (3), and has been taken advantage 
to benefit cancer diagnosis and therapy. Clinically, high glucose 
uptake is used to diagnose or monitor the treatment responses 
of cancers by imaging the uptake of 2‑18 F‑deoxyglucose with 
PET‑CT (3). Many metabolic enzymes have been found to serve 
as therapeutic targets for cancer treatment. Pyruvate metabolic 
enzymes regulate pyruvate transferring from the glycolytic 
pathway to the TCA cycle, and thus play essential roles in cancer 
cell metabolism and cancer progression. Pyruvate dehydroge-
nase (PDH) is a multienzyme complex consisting of multiple 
copies of E1, E2 and E3 subunits, along with an E3 binding 
protein (E3BP), which serves to bind E3 to the complex. PDH 
functions as a gatekeeper in glucose metabolism by oxidatively 
decarboxylating pyruvate to produce acetyl‑CoA for the TCA 
cycle. Therefore, this enzyme plays an important role in the meta-
bolic node (6). PDHA1 is the main component of PDH, which 
catalyzes pyruvate decarboxylation and serves as a gate‑keeper 
enzyme link between glycolysis and the mitochondrial citric 
acid cycle. In the present study, we revealed that downregula-
tion of PDHA1 in gastric cancer cells was associated with poor 
survival, and led to increased glycolysis and promoted cancer 
progression. These results were consistent with the pheno-
type caused by dysregulation of other pyruvate‑associated 
enzymes such as pyruvate dehydrogenase kinase 1 (PDK1) 
and mitochondrial pyruvate carrier (MPC). Consistent with the 
tumor‑suppressive role of PDHA1, we revealed that PDHA1 
was downregulated in gastric cancer tissues, particularly in 
high‑grade tumors.

Considering the tumor‑suppressive role of PDHA1 in 
cancer, it is important to readjust PDHA1 expression to 
modulate cancer metabolism and cell growth. Thus, it is 
necessary to investigate how PDHA1 expression is regulated. 
A miRNA can regulate gene expression by binding to the 
3'UTR of the target mRNA. miRNAs play important roles 
in most cellular processes by regulating the protein expres-
sion of target genes. It has been reported that miRNAs 
are dysregulated in various types of human cancers. The 
dysregulation of miRNAs leads to altered expression of target 
genes including tumor suppressors and oncogenes, and regu-
lates tumor promotion and progression. To determine which 
miRNA regulates PDHA1 in gastric cancer, we first analyzed 
the common miRNAs targeting PDHA1 in three well known 
miRNA prediction programs, and then analyzed which 
miRNAs were upregulated in gastric cancer. These miRNAs 
were likely to target PDHA1 in gastric cancer. Among these 
candidates, miR‑21‑5p was the most highly upregulated 
miRNA in gastric cancer, and we further confirmed that it 
directly targeted PDHA1 expression. We demonstrated that 
overexpressed miR‑21‑5p significantly suppressed PDHA1 
expression, and more importantly, miR‑21‑5p expression was 
negatively associated with PDHA1 expression in clinical 
gastric cancer samples.

miR‑21 has been frequently reported to be aberrantly 
overexpressed in diverse tumors, including glioblastoma, 
breast cancer and malignant cholangiocytes (22,23). Recently, 
miR‑21‑5p was also reported to be overexpressed in gastric 
cancer (24). Previous studies demonstrated that miR‑21‑5p 
plays a tumor‑promoting role in many types of cancer. It 
functions by regulating several oncogenic pathways such as 
PI3K/AKT and modulating matrix metalloproteases (25,26). 
Consistently, we found that miR‑21‑5p was upregulated in 
gastric cancer tissues and miR‑21‑5p expression was associated 
with tumor grade, and exhibited high expression in high‑grade 
tumors and low expression in low‑grade tumors. Inhibition of 
miR‑21‑5p led to reduced cell growth. The results revealed that 
miR‑21‑5p serves as an oncogene in gastric cancer. However, 
the role of miR‑21‑5p in cancer metabolism has not been 
studied. We revealed for the first time that miR‑21‑5p overex-
pression promoted glycolysis and cell proliferation in gastric 
cancer cells; miR‑21‑5p targeted PDHA1 to regulate glycolysis 
and cancer progression. Either forced overexpression or 
knockdown of PDHA1 could abrogate miR‑21‑5p‑induced 
glycolysis. This suggests that miR‑21‑5p regulated glycolysis 
in gastric cancer mainly through PDHA1.

In the present study, we demonstrated that PDHA1, the 
essential pyruvate metabolism enzyme, is downregulated in 
gastric cancer cells, and PDHA1 downregulation promoted 
glycolysis and cancer cell growth. We further revealed 
that PDHA1 was a direct target of miR‑21‑5p. miR‑21‑5p 
was upregulated in gastric cancer, and suppressed PDHA1 
expression to promote glycolysis and cancer cell growth. In 
summary, our study illustrated that the miR‑21‑5p/PDHA1 
axis was involved in gastric cancer glycolysis and progression, 
suggesting their potential benefit in gastric cancer treatment.
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