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Abstract: Autophagy is a critical cellular process that generally protects cells and organisms 
from harsh environment, including limitations in adenosine triphosphate (ATP) availability 
or a lack of essential nutrients. Metabolic reprogramming, a hallmark of cancer, has recently 
gained interest in the area of cancer therapy. It is well known that cancer cells prefer to 
utilize glycolysis rather than oxidative phosphorylation (OXPHOS) as their major energy 
source to rapidly generate ATP even in aerobic environment called the Warburg effect. Both 
autophagy and glycolysis play essential roles in pathological processes of cancer. 
A mechanism of metabolic changes to drive tumor progression is its ability to regulate 
autophagy. This review will elucidate the role and the mechanism of glycolysis in regulating 
autophagy during tumor growth. Indeed, understanding how glycolysis can modulate cellular 
autophagy will enable more effective combinatorial therapeutic strategies. 
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Introduction
The processes of autophagy, which induces degradation of proteins and orga-
nelles upon cellular stress, are crucial in the pathophysiology of cancers. 
Biological autophagy includes three types, macroautophagy (hereafter called 
autophagy), microautophagy and chaperone-mediated autophagy.1 

Macroautophagy refers to a process that some of the damaged proteins or 
organelles are encapsulated by autophagic vesicles and then sent to lysosomes 
(animals) or vacuoles (yeast and plants) for degradation. The corresponding 
autophagic cargos are degraded by acidic hydrolases to produce metabolites 
and biomolecules to maintain the normal biological functions.2,3 In mammalian 
systems, the levels of basal autophagy are normally low but are profoundly 
stimulated by starvation and stressful environments.4 Autophagy is mediated by 
multiple signaling pathways, which establish an interactive network system. The 
summary is shown in Figure 1.

Defects in the autophagy mechanism are associated with many diseases, includ-
ing neurodegenerative diseases, cancer, cardiovascular diseases, infectious diseases 
and metabolic diseases.5–7 Cancer cells have higher levels of autophagy, which can 
provide energy and nutrients to promote survival. Autophagy-defective cancers 
harbor impaired mitochondrial energy homoeostasis, oxidative stress and inflam-
matory response.8 Apart from autophagy, it is well known that metabolic abnorm-
ality is a hallmark of cancer. During the development of tumors, its metabolic state 
usually changed, including glucose metabolism, lipid metabolism, biological oxida-
tion and iron metabolism.9 Metabolic changes will cause a series of abnormalities 
in physiological and biochemical functions.
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Among a large number of metabolic pathways, glu-
cose metabolism has been extensively studied. Most 
cancer cells adopt glycolysis preferentially as their 
major energy source even in the presence of sufficient 
oxygen, which is called the “Warburg effect”.10 

Glycolysis refers to the process in which glucose is 
decomposed into pyruvate in the cytoplasm accompa-
nied by a large amount of production of lactate. 
Glycolysis has a total of ten steps, including three key 
enzymes (the rate-limiting enzyme): hexokinase (HK), 
6-phosphofructokinase (PFK) and pyruvate kinase (PK). 
Cancer cells undergo glycolysis during cell 
proliferation11 and migration12 and are immensely 
involved in radioresistance13 and drug resistance.14 The 
conversion of metabolism to aerobic glycolysis becomes 
a feature of cancer, which is related to aggressive clin-
ical behavior.15 Therefore, the inhibition of glycolysis 
metabolism offers a potential therapeutic target for clin-
ical treatment.

These two biological processes associated with cancer 
have profound significance of research. Here, we will 
discuss the regulation of autophagy by glycolysis in cancer 
cells. Insights from these studies provide the rationale and 

approach to target the autophagy and glycolysis pathway 
for cancer therapy.

Autophagy in Cancer
The Mechanism of Autophagy
Autophagy is initiated by a small part of the cytoplasm 
called phagophore, then it undergoes elongation and com-
pletion to form a double-membrane structure, which 
docked and fused with lysosomes to degrade the 
cargos.16 Many molecules participate in the autophagic 
process such as autophagy-related genes (ATGs) and the 
complex unc-51-like kinase 1 (ULK1) in the initiation 
phase. The class III PtdIns3K (phosphatidylinositol 
3-kinase, best known as VPS34) complex initiates nuclea-
tion and participates in the formation of a double mem-
brane structure. In the elongation phase, the ATG5-ATG12 
-ATG16 complex interacts with light chain 3 (LC3)-II to 
participate in the extension of the membrane, thereby 
forming a closed double-layer membrane structure. 
Autophagosomes, driven by dynein, move along the 
microtubules toward the lysosomes to form autophagoly-
sosomes, which are involved in the subsequent 

Figure 1 Autophagy is mediated by multiple signaling pathways that creating an interaction network system. Several signal molecules (PI3K/AKT pathway, MAPK pathway, 
TSC1/2 and the p53 tumour suppressor) regulate the mTOR pathway and then regulate autophagy by interacting with the uncoordinated 51-like kinase-1 (ULK1) complex. 
Autophagy also responds to intracellular energy. The 5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK) which is upregulated by increasing AMP levels 
inactivates mTORC1 and activates ULK1. Autophagy is also regulated by the Beclin1 complex. Bcl-2, a key regulator of apoptosis, which binds and interacts with beclin1 to 
inhibits the occurrence of autophagy. Hypoxia-inducible factor (HIF) and FOXO transcription factor also participate in the regulation of autophagy.
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degradation and recycling of the cargo. More details have 
already been elaborated in other researches.17

The Role of Autophagy in Cancer
As a crucial component of cellular defense mechanisms, 
autophagy plays major roles in the degradation of 
damaged organelles, dysfunctional proteins and the recy-
cling of metabolites to maintain the stability of the internal 
environment.18 The role of autophagy in cancer has been 
explored extensively. In cancer biology, autophagy plays 
dual roles in tumor promotion and suppression. Basal 
autophagy in organisms is low and almost considered as 
a tumor-suppressive mechanism during the early stage of 
tumorigenesis by suppressing reactive oxygen species 
(ROS), DNA damage, tissue damage, inflammation, and 
genome instability.19 Therefore, lack of key genes in 
autophagy can lead to carcinogenesis. For instance, dele-
tion of ATG5 and ATG7 could develop benign liver ade-
nomas from autophagy-deficient hepatocytes due to 
mitochondrial swelling and oxidative stress.20 Autophagy- 
related gene BECN1 (encoded for Beclin 1) is important in 
the formation of the phagophore. Loss of autophagy- 
related gene Beclin 1 could develop spontaneous tumors 
and cause an increase in cell proliferation in different types 
of cancer.21,22 Recent study showed that autophagy as 
a tumor suppressor was also associated with replicative 
crisis. Replicative crisis is a final barrier before tumorigen-
esis, it culminates in mitotic delay, amplified telomere 
deprotection and extensive cell death. Emerging studies 
have shown that autophagy was an integral component of 
the tumor suppressive crisis mechanism and that loss of 
autophagy could promote continued proliferation and 
accumulation of genome instability, which was required 
for the initiation of cancer.23 Autophagy functions as 
a tumor suppressor also due to the removal of oncogenic 
proteins involved in oncogenesis. For example, BCR- 
ABL1 is a critical oncogenic protein responsible for the 
progression of leukemia, which can be degraded by 
autophagy.24

Paradoxically, even though autophagy decreases tumor 
initiation, there is mounting evidence showing that autop-
hagy inhibition could be an effective approach in advanced 
cancer. Genetic ablation of essential autophagy genes in 
genetically engineered mouse models (GEMMs) for can-
cer has revealed an important role of autophagy in promot-
ing tumor to a malignant stage.25,26 This is not hard to 
understand as autophagy supplies nutrients and energy to 
cancer cells and helps tumors overcome stress conditions 

such as hypoxia and nutritional deprivation.22 Autophagy 
also promotes angiogenesis, metastasis and invasion dur-
ing tumorigenesis. For instance, autophagy up-regulated 
vascular endothelial growth factor-A (VEGFA) through 
JAK2/STAT3 pathway and played a crucial role in angio-
genesis in the pathological process of non-small cell lung 
cancer (NSCLC).27 Recent studies established the autop-
hagy-yes-associated protein (YAP)-metastasis axis in 
TNBC. When autophagy was triggered, the effector of 
the Hippo signaling pathway YAP translocated into the 
nucleus to promote cell invasion and migration of triple- 
negative breast cancer (TNBC).28 Accumulating evidence 
supported that autophagy confers drug resistance in estab-
lished tumors in several cases. Recent studies have demon-
strated that autophagy inhibition with chloroquine reverses 
paclitaxel resistance in human non-small lung adenocarci-
noma A549 cells. Of note, autophagy inhibition followed 
by paclitaxel treatment caused a time-dependent increase 
in intracellular ROS generation and caspase-dependent 
apoptosis, further increasing paclitaxel sensitivity.29 As 
mentioned above, autophagy has a context-dependent and 
stage-dependence role associated with cancers.22

Glycolysis in Cancer
Glycolysis refers to the process of decomposing glucose or 
glycogen into pyruvate to produce ATP. This process is 
carried out in the cytoplasm and consists of a total of 10 
consecutive steps, all catalyzed by the corresponding 
enzymes. The differences in energy supply between nor-
mal cells and cancer cells were described by Otto Warburg 
in the 1920s. Dr Warburg reported that cancer cells have 
high glycolysis rate and lactate production, even under 
conditions of sufficient oxygen called the Warburg 
effect.10 In normal cells, glucose is converted to pyruvate 
via the glycolytic pathway, accompanied with two ATPs 
producing. After that, pyruvate enters the tricarboxylic 
acid cycle with 36 ATPs producing. However, the differ-
ence is that pyruvate is catalyzed by lactate dehydrogenase 
to produce lactate with no ATP production in cancer cells. 
Cancer cells require more energy than normal cells, so 
they consume more glucose and then produce more exces-
sive lactate.

Glycolysis is a high-rate but inefficient process in 
cancer and glycolysis-related genes were overexpressed 
in more than 70% of cancers.30,31 This faster rate of ATP 
production is thought to provide an advantage for prolif-
eration and survival in cancer cells. In addition to provid-
ing ATP, glycolysis also provides intermediates for 
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biosynthesis of other important molecules such as lipids, 
nucleotides, and amino acids.32 More and more research 
has focused on the role of glycolytic enzymes and the 
metabolic intermediates such as lactate in cancer since 
the 1920s. Additionally, a higher glycolytic rate in malig-
nant cells gains growth advantages over normal cells in 
invasion, tumorigenesis and resistance to 
chemotherapeutics.33 As a result, abnormally high aerobic 
glycolysis has been recognized as one of the “hallmarks of 
cancer”.

Glycolysis Regulates Autophagy 
During Tumor Growth
Cancer cells are apt to use metabolic reprogramming to 
maintain their growth, survival, proliferation and metasta-
sis. In order to meet the demands of metabolic changes in 
cancer cells, autophagy is usually changed. The relation-
ship between autophagy and metabolism has been exten-
sively studied in recent years. Glucose is the main nutrient 
source for energy production in cells. ATP production 
requires a constant glucose supply. As a key biological 
process of glucose metabolism, glycolysis is inseparable 
from autophagy. A mechanism of metabolic changes to 
drive tumor progression is its ability to regulate autophagy.

Glycolysis regulates autophagy and participates in the 
survival of cancer cells. Research showed that when gly-
colysis was suppressed, autophagy was enhanced and 
became a driving force of oxidative phosphorylation for 
ATP production to support leukemia cell survival.34 RSL3 
inhibited the viabilities of glioma cells with induced gly-
colysis dysfunction and autophagic cell death. Moreover, 
supplement of pyruvate prevented RSL3-induced cell 
death, which indicated that glycolysis dysfunction could 
induce autophagic cell death in glioma cells.35 Ji Hye Kim 
et al demonstrated that EGFR mutation-mediated enhance-
ment of glycolysis sustains EGFR stability and is critical 
to EGFR-mutant NSCLC survival. Glucose metabolism 
inhibition is able to overcome T790M-mediated resistance 
because inhibition of glucose-derived ATP production 
could result in ROS-mediated c-Jun N-terminal kinase 
(JNK) activation, leading to autophagy-mediated degrada-
tion of EGFR.36

Glycolysis regulates autophagy and modulates anti- 
tumor immunity. Myeloid-derived suppressor cells 
(MDSCs), a collection of myeloid-derived heterogenetic 
cells, endowed with immune suppressive properties via 
various effector molecules such as arginase1 (Arg1), 

reactive oxygen species (ROS) and inducible carbon mon-
oxide synthase (INOS).37 High glycolytic rate in TNBC 
cells prevented the AMP-activated protein kinase 
(AMPK)-unc-51-like kinase 1 (ULK1) signaling activation 
and autophagy formation, which reduced autophagy- 
mediated partial LAP reduction and, in turn, LAP 
enhanced granulocyte-colony stimulating factor (G-CSF) 
and granulocyte-macrophage colony stimulating factor 
(GM-CSF) expression to support MDSC development 
and maintain tumor immunosuppression.38

Glycolysis regulates autophagy and plays a key role in 
chemo-resistance in cancer. For instance, hexokinase 2 
(HK2) conferred resistance to cisplatin in ovarian cancer 
cells by increasing ERK1/2 phosphorylation as well as 
autophagic activity. Blocking autophagy with the autop-
hagy inhibitor 3-MA sensitized resistant ovarian cancer 
cells to cisplatin.39 As an inhibitor of glycolysis, 
2-Deoxy-D-Glucose (2DG) is an anti-tumor drug with 
limited efficacy in single drug therapy, mainly due to its 
ability to induce pro-survival autophagy. Propranolol, 
a widely used non-selective epinephrine receptor blocker, 
has recently shown anticancer properties. Propranolol 
+2DG can effectively inhibit the proliferation of prostate 
cancer cells in vitro, induce cell apoptosis, change mito-
chondrial morphology, inhibit mitochondrial bioenergy, 
aggravate endoplasmic reticulum stress, and inhibit tumor 
growth in vivo.40 Human NSCLC with activating muta-
tions in EGFR was resistant to EGFR-targeted tyrosine 
kinase inhibitors (TKIs). Increased glucose uptake and 
high glycolysis rates can be found in resistant cell lines. 
And drug-resistant cell lines showed activated autophagy 
during glucose starvation. Combining glucose deprivation 
and autophagy inhibitor could overcome the resistance 
against EGFR-targeted therapy for NSCLCs.41 Thus, it 
can be seen that the combined therapy of targeted glyco-
lysis and autophagy is effective in cancer treatment. 
Additionally, the molecules involved in regulating glyco-
lysis and autophagy have also been extensively studied in 
recent years, which are listed in Table 1. Targeting these 
molecules may provide novel ideas for cancer treatment.

Regulation of Autophagy by 
Glycolysis
Previous research has shown that in the most glycolytic- 
dependent cells, autophagy is usually triggered due to 
adenosine monophosphate (AMP) accumulation (increased 
AMP/ATP ratio) and activation of AMPK.52 Metabolic 
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shift from glycolysis to OXPHOS induced autophagy 
through increasing the intracellular level of ROS.53 

However, the mechanism by which glycolysis regulates 
autophagy in cancer cells is not clear enough, and further 
research is required. We summarized the previous 
research and found that glycolysis-related enzymes and 
glycolysis metabolic intermediates are involved in the 
regulation of autophagy. The mechanism network of gly-
colysis in regulating autophagy in cancer cells is shown 
in Figure 2.

Hexokinase
Hexokinase catalyzes the conversion of glucose to glucose 
6-phosphate, which is the first step in the glycolytic path-
way. HK has 4 isoenzymes (HK1-4), HK2 is a major 
regulated subtype, which is overexpressed in various can-
cers. It not only participates in glycolysis to meet the 
metabolic energy requirements of cancer cells, but also 
participates in chemoradiotherapy and apoptosis 
resistance.54 HK2 selection knockout mice revealed that 
HK2 was critical for tumorigenesis and maintenance in the 
KRAS-driven mouse lung cancer model.55

HK2 participation in autophagy regulation. In the lung 
cancer cell lines KP2 and H23, inhibition of HK2 enzyme 
activity with 2-DG could inhibit tumor growth, induce cell 
cycle arrest, and regulate autophagy and apoptotic 
pathways.56 HK2 regulation of autophagy is also found 
in tongue squamous cell carcinoma (TSCC) under 
hypoxia. Deregulation of HK2 resulted in an obvious 
decrease in autophagic activity and blocked the metastatic 
potential and epithelial mesenchymal transition (EMT) 
ability of TSCC.57 HK2 directly promoted autophagy by 
physically interacting and hence inhibiting mammalian 
target of rapamycin complex-1 (mTORC1) through the 
TOS motif during glucose deprivation, while the binding 
is inhibited by glucose 6-phosphate (G6P) generated by 
HK2 catalytic activity in the presence of glucose.58,59

Phosphofructo-Kinase/Fructose 
Biphosphatases (PFKFBs)
The family of PFKFBs control the conversion between 
fructose-6-phosphate and fructose-2,6-bisphosphate, 
a key regulator of the glycolytic enzyme phosphofructoki-
nase-1.

Table 1 Molecules Involved in Regulating Glycolysis and Autophagy in Recent Years

Molecules Roles in Glycolysis and Autophagy

PRMT2β42 PRMT2β inhibited autophagy and glycolysis.

GPx143 GPx1 inhibited glycolysis and activated autophagy during glucose deprivation.

NRF2/miR-181c/HIF- 

1α106

NRF2-knockdown elevated miR-181c level, which led to the inhibition of HIF-1α-mediated glycolysis and autophagy.

RSL335 RSL3 induced autophagy via causing glycolysis dysfunction.

Final-244 Final-2 inhibited the Gluts and autophagy.

LINC0047045 LINC00470 inhibited autophagy and activated glycolysis.

LCAL146 LCAL1 induced aerobic glycolysis through AMPK/HIF1α axis and suppressed autophagy through AMPK/ULK1 pathway.

Cyclin D147 Cyclin D1 promoted glycolysis and restrained oncogene-induced autophagy.

G9a77 G9a inhibition induced PKM2 regulated autophagic responses.

MHY224548 MHY2245 inhibited glycolysis and induced autophagy via PKM2/mTOR pathway.

miR-133b78 miR-133b induced autophagy by shifting from PKM2 to PKM1.

miR-749 miR-7 repressed autophagy and glycolysis.

miR-361-5p/Sp150 miR-361-5p/Sp1 inhibited autophagy and glycolysis.

miR-122-5p51 miR-122-5p inhibited PKM2 expression and autophagy.

miR-143#1253 miR-143#12 inhibited glycolysis and induced autophagy through impairing the K-RAS/c-MYC/PTBP1/PKMs network.
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Previous studies demonstrated that inhibition of 
PFKFB3 suppressed autophagy, which showed an impor-
tant role of PFKFBs in regulating autophagy.60 

Subcellular localization of PFKFB3, especially in the 
nucleus, was essential for its regulatory role in H2O2- 
induced autophagy through the AMPK signaling 
pathway.61 And, Inhibition of PFKFB3 in HCT-116 
colon adenocarcinoma cells by either siRNA transfection 
or derivatives of a PFKFB3 inhibitor treatment could 
trigger autophagy as a pro-survival mechanism.62 

PFKFB4 can also positively or negatively regulate autop-
hagy. Strohecker et al demonstrated PFKFB4 as a novel 
autophagy regulator for that PFKFB4 could suppress 
autophagy and p62 accumulation by mitigating oxidative 
stress.63 While another research demonstrated that 
PFKFB4 could promote autophagy flux. Epithelial and 
endothelial tyrosine kinase (Etk) was found to be directly 
interacted with PFKFB4 and was found to be critical in 
modulating the chemoresistance of small-cell lung cancer 

(SCLC). Targeting either Etk or PFKFB4 significantly 
reduced autophagic flux, which may be a potential strat-
egy for drug-resistant SCLC.64

Glyceraldehyde-3-Phosphate 
Dehydrogenase (GAPDH)
GAPDH, a glycolytic enzyme that catalyzes the reversible 
conversion of glyceraldehyde-3-phosphate to 1.3-bispho-
sphoglycerate in glycolysis. GAPDH plays a vital role in 
maintaining aerobic glycolysis and is up-regulated in sev-
eral cancer types.65

Besides playing the glycolytic role in the cytosol, 
GAPDH participates in several non-glycolytic functions 
including autophagy based mainly on its subcellular localiza-
tion. Under glucose deprivation, cytoplasmic GAPDH phos-
phorylated at serine 122 by AMPK and was redistributed into 
the nucleus. In the nucleus, GAPDH interacts directly with 
sirt1 to stimulate Sirt1 activation and autophagy, 

Figure 2 There exists an interacting network between autophagy and glycolysis in cancer cells. Glycolysis and autophagy are connected through multiple mechanisms 
including mTOR, HIF, AMPK, PI3K/AKT, JNK signaling pathways. In addition, protons in acidic environment promotes lysosomal acidification, which is a key step in vesicle 
maturation and protease activation during autophagy.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                             

Cancer Management and Research 2020:12 13264

Chu et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

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


mechanistically increasing SIRT1 deacetylase activity and 
disassociating its inhibitor DBC1.66 Mitochondrial uncou-
pling protein 2 (UCP2) inhibition triggered ROS/Akt/ 
mTOR axis in pancreatic adenocarcinoma cells. ROS pro-
duction stimulated the nuclear translocation of GAPDH to 
promote autophagy.67

Phosphoglycerate Kinase (PGK)
PGK is a rate-limiting enzyme that coordinates energy 
production during aerobic glycolysis in cancer cells. 
PGK has two isoforms: PGK1 and PGK2. PGK1 catalyzes 
the transfer of phosphate from 1, 3-bisphosphoglycerate to 
ADP, which leads to producing 3-phosphoglycerate and 
ATP.68

PGK1 plays important dual roles in cell metabolism and 
autophagy to maintain cell homeostasis. Glutamine depriva-
tion or hypoxia condition resulted in inhibition of mTOR and 
mTOR-mediated the acetyltransferase NAA10 S228 phos-
phorylation, then PGK1 was acetylated at K388 by NAA10. 
This acetylation led to the interaction between PGK1 and 
BECN1 and the subsequent phosphorylation of BECN1 at 
S30 by PGK1, which enhanced ATG14-associated PIK3C3/ 
VPS34-BECN1-PIK3R4/VPS15 complex activity to pro-
mote autophagy initiation.69 Long non-coding RNA 
GBCDRlnc1 activated autophagy mainly by binding with 
PGK1 and inhibiting its ubiquitination, so the overexpression 
of PGK1 increased expression of ATG5-ATG12 conjugate.70

Pyruvate Kinase
During the glycolysis process, pyruvate kinase is a rate- 
limiting enzyme catalyzing the conversion of phosphoenol-
pyruvate (PEP) to pyruvate. PK has two isoforms, PKM and 
PKL. PKM has two subtypes: PKM1 and PKM2. M1 is 
mainly distributed in myocardium, skeletal muscle and 
brain tissue and M2 is mainly distributed in tissues such 
as the brain and liver. L-form isoenzymes are mainly found 
in liver, kidney and red blood cells. PK was highly 
expressed in various malignancies and was widely used in 
the clinical diagnosis of acute myocardial infarction, myo-
genic diseases and hematological diseases.30 PKM2 exists 
in two ways, one is an active tetramer with high affinity for 
PEP, the other is an inactive dimer with low affinity for 
PEP. Cancer cells preferred the dimeric form, resulting in 
inefficient glycolysis and large accumulation of intermedi-
ates, synthesized a large number of nucleic acids, amino 
acids and lipids to promote tumor survival and growth.71 

For this reason, as a promising anti-tumor drug, 0089–0022 
could be directly used as an activator of PKM2 to 

effectively induce apoptosis by inhibiting AKT phosphor-
ylation, thereby treating NSCLC.72

Mount of studies provided evidence that PKM was 
implicated in the autophagic process. Studies demon-
strated that PKM2 knockdown could enhance the radio-
sensitivity of lung cancer cell lines and xenografts via 
enhancing ionizing radiation (IR)-induced apoptosis and 
autophagy both in vitro and in vivo.73 The PKM1/2 knock-
down in H1299 cells activated AMPK signaling to pro-
mote mitochondrial biogenesis and autophagy to maintain 
energy homeostasis.74 It was found that overexpression of 
PKM2 activated mTORC1 signaling through phosphory-
lating mTORC1 inhibitor AKT1 substrate 1 (AKT1S1). 
Phosphorylation of S202/203 of AKT1S1 by PKM2 dis-
sociated AKT1S1 from raptor and facilitated its binding to 
14-3-3, which resulted in activation of mTORC1 signaling 
independent of growth factors and amino acids signals and 
led to autophagy inhibition in cancer cells.75 Further 
experiments demonstrated that PKM2 functioned as 
a tumor supporter in leukemia to promote cell survival 
for the reason that PKM2 could trigger autophagy via the 
phosphorylation of key autophagy protein Beclin-1.76 

Histone methyltransferase G9a inhibition induced elevated 
PKM2 levels regulated LC-3II and YAP-1 expression, 
which indicated the key role of PKM2-YAP1 crosstalk in 
autophagic responses in glioma cells.77 Knockdown of 
polypyrimidine tract-binding protein 1 (PTBP1) in gastric 
cancer cell lines induced the switching of PKM isoform 
expression from PKM2 to PKM1. This switching triggered 
oxidative phosphorylation, resulting in ROS production 
and leading to autophagic cell death.78

Lactic Dehydrogenase (LDH)
The reduction of pyruvate to lactate by LDH recycles the 
NAD+ (Nicotinamide adenine dinucleotide) to NADH dur-
ing glycolysis, allowing glycolysis to persist. LDHA pre-
ferentially converts pyruvate to lactate, while LDHB 
supports conversion of lactate to pyruvate in cells.79 

Compared to normal tissues, LDHA expression elevated 
in many types of spontaneous cancers such as pancreatic 
cancer, prostate cancer, glioma, and cutaneous melanoma 
metastases, which was thought to be their metabolic adap-
tation to anaerobic glycolysis.80 While LDHB level differs 
among different tumor cells types.81

LDH participation in autophagy regulation. LDHA 
could modulate autophagy and tamoxifen resistance by 
interaction with Beclin-1 in MCF-7/TAM-R cells.82 

When treating A549 cells with oxamate to inhibit 
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LDHA, the appearance of acidic vesicles was observed in 
the cytoplasm accompanied by the changed expression of 
LC-3. These observations indicated that LDHA inhibition 
could trigger protective autophagy against apoptosis in 
NSCLC.83 Recent experiments demonstrated that LDHB, 
but not LDHA, controlled lysosomal activity and basal 
autophagy of cancer cells. LDHB catalyzed the conversion 
of lactic acid to pyruvate and protons in acidic environ-
ment promoted lysosomal acidification, which was a key 
step in vesicle maturation and protease activation during 
autophagy.84 Research showed that SIRT5 induced deace-
tylated LDHB triggered hyperactivation of autophagy in 
tumor cells, facilitated lysosomal acidification and autoly-
sosomal maturation, which was a key event in 
tumorigenesis.85

Lactate
Lactate is mainly produced in tumor microenvironment 
(TME) and serves as an energy-rich substrate, signaling 
molecule and important immunosuppressive factor for 
tumors.86 Glycolysis is much less efficient than oxidative 
phosphorylation to produce ATP. For this reason, cancer 
cells prefer to increase their glucose uptake and glycolytic 
rate, and then more lactate is released. Excreting lactate 
maintains pH homeostasis inside the cell and acidifies the 
extracellular space. Evidence indicates that lactate and/or 
protons leading to pH 6–6.5 in tumor microenvironment, 
a characteristic phenotype of more aggressive tumors, 
modulate cell proliferation and promote angiogenesis, 
invasion,87,88 metastasis89,90 and poor prognosis.91–93

Emerging studies showed the evidence that an acidic 
tumor microenvironment was common in cancers, partly 
due to the production of lactate by the Warburg effect. It 
has been found that acute low pH-stimulated autophagy 
functioned as a protective role in lung cancer cells, with 
increasing LC3 II and reducing p62 protein expression 
levels.94 Lactic acid-induced extracellular acidification 
suppressed glucose deprivation-induced autophagy in 
B16 melanoma cells.95 Gefitinib-induced autophagy is 
related to cancer cell survival and chemoresistance. 
GPR119 agonists enhanced glycolysis accompanied by 
reduced mitochondrial oxidative phosphorylation, which 
inhibited gefitinib-induced autophagosome formation due 
to increased intracellular and extracellular lactate in MCF- 
7 and MDA-MB-231 cells.96 FIP200 is required for autop-
hagosome formation.97 Tumor-derived lactate suppressed 
FIP200 and LC-3II expression and increased apoptosis in 
human naïve T cells. Mechanisms involved are that tumor- 

derived lactate translationally inhibited FIP200 expression 
by downregulating nicotinamide adenine dinucleotide 
(NAD) levels and offering more dehydrogenases binding 
within the adenylate-uridylate–rich elements (AREs) of 
Fip200 mRNA.98 And it is worth mentioning that lactate 
acidosis promotes the survival and proliferation of Lewis 
lung carcinoma cells and inhibits apoptosis and autophagy 
through energy system reprogramming.99

MCT
Lactate itself cannot pass through the plasma membrane 
by free diffusion. Hence, it requires a specific transport 
mechanism provided by monocarboxylate transporters (eg 
MCT1, 4). MCT1 and MCT4 play important roles in 
metabolic reprogramming and have been demonstrated to 
be overexpressed in the majority of malignancies.100

Studies demonstrated that osimertinib (OSI) with 
potent anti-CRC effects upregulated the expression of 
MCT1 and induced autophagy flux via LKB1/AMPK sig-
naling in CRC cells.101 MCT4 depletion enhanced the 
cytotoxicity of NK cells by blocking lactate flux and 
reversing the acidified tumor microenvironment, of note, 
the MCT4 inhibition with a pronounced impact on autop-
hagy induction.101,102

Hypoxia-Inducible Factor-1 (HIF-1)
HIF-1 accumulates during hypoxia and directly up- 
regulates the expression of many molecules involved in 
glycolysis, including glucose transporter-1 (GLUT1), 
HK2, LDHA and so forth. HIF-1 promotes autophagy by 
enhancing transcription of adenovirus (E1B)-19KD- 
interacting protein 3 (BNIP3)/BNIP3L. BNIP3 can com-
pete with lymphoma 2 (Bcl-2) to bind to beclin1, which 
leads to dissociation of the beclin1-BCL complex and 
triggers autophagy.103 Furthermore, hypoxia-induced upre-
gulation of HIF-1 could trigger autophagy by phosphory-
lation of downstream C-JUN to upregulate Beclin 1 
mRNA and protein expression.104 The mechanisms by 
which HIF-1 regulates glycolysis and autophagy have 
been extensively studied, respectively. However, whether 
HIF-1 acts as a “bridge” or “trigger” role in these two 
biological processes requires further study.

It is worth noting that glucose deprivation could trigger 
HIF-1 α -independent autophagy by the induction of 
AMPK and inhibition of mTOR, which indicated the rela-
tionship between glucose metabolism and autophagy.105 

The latest research showed that the nuclear factor ery-
throid 2-like-2 (NFE2L2; NRF2)-silencing elevated the 
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level of miR-181c, which blocked HIF-1α accumulation in 
hypoxic breast cancer cells. HIF-1α dysregulation blocked 
hypoxia-induced autophagy, glycolysis and pentose phos-
phate pathway (PPP) activation.106 HIF-1α knockdown in 
A549 cells (human alveolar type II epithelial cell line) 
reduced glycolysis by regulating transcription of glycoly-
sis-related enzymes, which subsequently activated the 
AMPKα-ULK1 signalling pathway to promote 
autophagy.107

Discussion
Autophagy and metabolic reprogramming are essential for 
maintaining cellular and organismal homeostasis. 
Recently, the role of energy metabolism and autophagy 
in cancer has become increasingly prominent. This review 
attempts to elaborate the role and the mechanism of gly-
colysis in regulating autophagy during tumor growth.

However, it is worth mentioning that autophagy also 
plays an important role in regulating glycolysis. Autophagy 
could be triggered by nutrient limitation and the accumula-
tion of specific metabolites or metabolic byproducts.108 

Given the research that autophagy could act on a variety of 
substrate molecules to fuel nearly all aspects of central car-
bon metabolism,109 autophagy can degrade carbohydrates 
into glucose, DNA into nucleosides to fuel glycolysis.9 The 
regulation of glycolysis by autophagy has also been exten-
sively studied in cancer cells. Emerging studies have shown 
that autophagy induced MCT1 expression and promoted 
glycolysis via activating Wnt/β-catenin signaling in hepato-
cellular carcinoma (HCC) cells.110 During metabolic stress, 
autophagy-dependent shuttling of TBC1D5 controlled 
plasma membrane translocation of GLUT1 and facilitates 
glucose uptake and glycolytic flux.111 In addition, the autop-
hagic degradation of HK2 through the TRAF6- and 
SQSTM1-mediated ubiquitination system demonstrated the 
regulation of glycolysis by autophagy.112

To sum up, it is clear that autophagy and glycolysis can be 
mutually regulated. We attempted to elucidate the role of 
metabolism, especially glycolysis, in the regulation of autop-
hagy. We found that enzymes and molecules involved in 
glycolysis and metabolic intermediates such as lactate can 
regulate autophagy. Moreover, glycolysis regulates autophagy 
and plays an important role in tumor survival, anti-tumor 
immunity and drug resistance. This suggests that autophagy 
may act as a bridge between metabolism and cancer, which 
provides a new mechanistic viewpoint for future therapeutic 
approaches. Although the regulation of autophagy by glyco-
lysis in cancer has been widely reported, the exact molecular 

mechanism is still highly controversial and needs further 
exploration. We had a series of questions when we collated 
existing research results. For example, whether the molecules 
in the glycolysis process could be directly combined with the 
molecules in the autophagy process? As a metabolite of gly-
colysis, lactate has received extensive attention in recent years. 
We know that the acidic environment caused by lactate con-
tributed to the formation of autophagy, and lactate could also 
inhibit autophagy-related molecules to regulate autophagy. 
But so far, there are few studies on the regulation of autophagy 
by lactate, which deserves further investigation. In fact, when 
we discussed the role of regulation of autophagy by glycolysis 
during cancer development, we questioned whether the phy-
siological and pathological significance of glycolysis regulat-
ing autophagy is consistent in different types of cancer, and 
even whether the molecular mechanism of glycolysis regulat-
ing autophagy is different due to different cancer types. All the 
questions need to be answered by further research.
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