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Abstract: Warburg effect reflects that tumor cells tend to generate energy by aerobic 
glycolysis rather than oxidative phosphorylation (OXPHOS), thus promoting the develop-
ment of malignant tumors. As a kind of non-coding RNA, circular RNA (circRNA) is 
characterized by a closed ring structure and emerges as a regulator of cancer metabolism. 
Mounting studies revealed that circRNA can regulate the cancer metabolism process through 
affecting the expression of glycolysis relevant enzymes, transcription factors (TFs), and 
signaling pathways. In this review, we comprehensively analyzed and concluded the mechan-
ism of circRNA regulating glycolysis, hoping to deepen the cognition of the cancer meta-
bolic regulatory network and to reap huge fruits in targeted cancer treatment. 
Keywords: cancer, circRNAs, Warburg effect, glucose metabolism

Introduction
Warburg effect, proposed in the 1920s, remains one of the most obvious metabolic 
changes in cancer and is a hot research topic.1,2 It demonstrates that tumor cells 
tend to undergo glycolysis even in a normoxic environment (Figure 1), leading to 
the rapid growth of tumors in many aspects.3,4 Warburg effect alleviates oxidative 
stress damage caused by mitochondria when cancer cells choose glycolysis instead 
of OXPHOS to generate energy.3,5 Besides, glycolysis can produce excess lactic 
acid that contributes to the avoidance of immune surveillance.6,7 Moreover, the 
intracellular transport of glucose in tumor cells is enhanced, maintaining a high- 
speed glycolysis process and a high level of ATP/ADP ratio.8–10 Last, glycolysis 
provides a wealth of metabolic intermediates and nutrients,11,12 which can be used 
as raw materials for the synthesis of biological macromolecules (such as fatty acids, 
nucleic acids, and amino acids).13 Previous studies have shown that the Warburg 
effect may be regulated by oncogenes, tumor suppressor genes, and key enzymes in 
glucose metabolism, but the underlying mechanisms are incompleted.14–16 Pieces of 
evidence show that circRNA is an emerging regulatory factor of the Warburg effect.

As a special kind of non-coding RNA, circRNA has a covalent continuous closed- 
loop structure, without the 3ʹend polyA trimming the 5ʹend cap.17 The stable structure 
and conserved sequence of circRNA prevent it from digestion by an exonuclease and 
make it has a longer half-life compared with linear RNA, thus enabling it as a potential 
disease biomarker (Figure 2).18 As a competitive endogenous RNA (ceRNA), circRNA 
can act as a micro RNA (miRNA) sponge to competitively bind to miRNA, thereby 
affecting miRNA-induced gene silencing. Plenty of effort has been put toward recog-
nizing one specific mechanism “miRNA sponging”, but only a handful of transcripts 
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really can be considered true “sponges” due to the low 
number of miRNA response elements. The first reported 
circRNA, ciRS-7, can regulate the function of miR-7 target 
gene Fos in human and mouse brains.14 Moreover, circRNA 
can regulate gene transcription, combine with RNA binding 
protein (RBP) to regulate biological activities of cells, and 
encode the protein. Besides, mounting latest studies show 
that circRNA plays a key role in regulating glycolysis in 
cancer cells. By targeting and binding miRNA, circRNA is 
involved in the regulation of tumor glucose metabolism and 
affects the progression of malignant tumors (Figure 3).

In this review, we comprehensively discussed circRNA- 
regulated glycolysis of cancer and elaborated the relevant 
circRNA-miRNA axes (Table 1), in order to deepen the 
understanding of tumor aerobic glycolysis regulation net-
work and find new directions for cancer treatment.

CircRNAs in Regulating 
Transporters of Glycolysis
Since the metabolism of carbohydrates is a dominating 
energy supply pathway, a cluster of interrelated enzymes 

can cooperate to maintain the normal operation of the 
process smoothly.19–21 First of all, the glucose transporter 
(GLUT) is responsible for the input of glucose.22,23 In 
order to meet the exorbitant demands of glucose, GLUTs 
(GLUT1, GLUT2, GLUT3, and GLUT4) all reach 
a higher level in cancer cells.24–26

The fast development of bioinformatics has accelerated 
the exploration of circRNAs. Studies have shown that 
certain circRNAs are significantly up-regulated in tumor 
tissues, affecting cell metabolism and promoting tumor 
glycolysis, growth, and metastasis. The silence of 
circHIPK3 in pancreatic islets can reduce the expression 
of Slc2a2, which encodes GLUT2.27 CircHIPK3 targets 
miR-124, reduces the expression levels of transporters as 
well as enzymes, and inhibits glycolysis.28,29 Circ-Amotl1 
can target AKT1 and PDK1 (pyruvate dehydrogenase 
kinase 1).30 In non-small cell lung cancer (NSCLC), the 
down-regulated circARHGAP10 can decrease the expres-
sion of GLUT1, inhibit the intracellular transport of glu-
cose, glucose consumption as well as lactate formation to 
inhibit glycolysis through sponging miR-150-5p.31,32 

Figure 1 Tumor cells choose glycolysis over oxidative phosphorylation. The model shows that the extracellular glucose is transported to the cells by GLUT to become 
intracellular glucose, which is converted to glucose-6-phosphate under the action of enzymes and then convert to pyruvate, producing 2 ATP in this process. On the right, in 
the normally oxygenated condition, pyruvate is converted to acetyl-CoA by oxidative phosphorylation. Acetyl-CoA enters the TCA cycle to produce 2 ATP and then re- 
produces 26 ATP via the electron transport chain. On the left, in tumor cells, some circRNAs are abnormally expressed, and they target microRNAs as molecular sponges. 
Thus, oxidative phosphorylation cannot be carried out normally. Instead, glycolysis is promoted to produce lactate.
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Furthermore, in NSCLC, hsa_circ_0002130 targets miR- 
498 to up-regulate GLUT1, hexokinase 2 (HK2), and 
lactate dehydrogenase A (LDHA), thereby regulating gly-
colysis and enhancing the resistance towards osimertinib, 
thus exerting a cancer-promoting effect.33 In colorectal 
cancer (CRC), the up-regulated circDENND4C directly 
targets and adsorbs miR-760, regulates GLUT1, and pro-
motes glycolysis, growth, as well as metastasis of cells.34 

In contrast, down-regulation of circDENND4C can inhibit 
glycolysis in CRC cells, and overexpression of GLUT1 
can remedy this inhibition. The expression of 
circRNA_100290 in oral squamous cell carcinoma 
(OSCC) cells was significantly up-regulated, and GLUT1 
was up-regulated through miR-378a to promote glycolysis, 
growth, and metastasis of cells.35

The study also found that in melanoma, the expression 
of circRNA (circ-ITCH) showed a downward trend, and 
the expression of GLUT1 as well as glucose uptake was 
promoted. However, overexpressed circ-ITCH can down- 
regulate GLUT1 through ITCH, and inhibit glycolysis and 
cell proliferation, thus exerting anti-cancer effects.36 The 
over-expressed circRNA up-regulates GLUT and promotes 
the intracellular transport of glucose, playing a role in 
promoting cancer. It suggests that we can reduce the 
expression of certain circRNAs in tumors, down-regulate 

GLUT as well as the absorption of glucose, and inhibit 
glycolysis to fight cancer through using the principles of 
molecular biology. Extensive research on the association 
of circRNAs- miRNAs and GLUT may help to elucidate 
the complex pathological mechanism of the Warburg 
effect.

CircRNAs in Regulating Enzymes or 
Kinases of Glycolysis
Ascending evidence reveals that the expression of 
enzymes or kinases is abnormal in some cancer, which is 
related to the reprogramming of cancer glucose metabo-
lism. Carbohydrates are transported into the cell by an 
increased amount of GLUT to satisfy the tumor cell’s 
need for glucose. But this is only the first step of the 
Warburg Effect, which then officially enters the glucose 
metabolism process. Glucose is converted to pyruvate by 
a variety of rate-limiting enzymes, such as hexokinase 
(HK), 6-phosphoglucose-1-kinase (PFK), and pyruvate 
kinase (PK). Lactic dehydrogenase A (LDHA) plays an 
important role in the final step of aerobic glycolysis, 
catalyzing the production of lactic acid from pyruvate. 
Recent literature has reported that in this process, some 
circRNAs can regulate glycolysis by targeting ENO1, 
PKM2, and LDHA. Finally, lactic acid is released into 

Figure 2 Formation of linear RNA and circRNAs DNA is transcribed into pre-mRNA, which in turn forms linear RNA or circRNAs in different ways. On the left, the pre- 
mRNA is directly spliced to form linear RNA. On the right, the pre-mRNA, by folding and then splicing end to end, forms a circRNA, which is more stable.
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the extracellular matrix. Also, AKT1, as a protein kinase 
signaling pathway that triggers cancer, regulates the 
expression of TFs and affects cellular glycolysis by acti-
vating downstream cell growth regulators. In recent years, 
research on enzymes or kinases in the field of the repro-
gramming of cancer glucose metabolism has been increas-
ing, and it was found that circRNAs have an important 
impact on the Warburg effect.

ENO1
Enolase 1 (ENO1), as a pivotal glycolytic enzyme, plays 
a regulatory role in the Warburg effect of tumor cells. In 
lung adenocarcinoma (LUAD), circ-ENO1 can increase 
the expression of ENO1 by targeting miR-22-3p. 
Silencing circ-ENO1 can inhibit cell glycolysis by redu-
cing the activity of ENO1, and delay the uptake of glucose 
and the formation of lactic acid. Down-regulated circ- 
ENO1 can reduce cell ATP levels, inhibit cell growth, 
migration, EMT, and induce apoptosis.37 The interaction 
mechanism between circ-ENO1 and ENO1 and their exact 
functions are worthy of further study.

PKM2
Pyruvate kinase (PK) is a key enzyme in both normal 
cellular glycometabolism, and abnormal cell glycolysis 
during tumorigenesis. The final step in the glycolysis 
reaction is the release of energy from the products pyru-
vate and ATP, driven by the previously produced ADP. In 
previous studies, ADP was obtained by the conversion of 
high-energy phosphoric acid by phosphoenolpyruvate cat-
alyzed by PK, which is crucial for ATP generation.

Pyruvate kinase has four isoenzymes (PKXL, PKR, 
PKM1, and PKM2), and PKXL is expressed in the liver 
and kidney with strong gluconeogenesis.38 PKR is mainly 
expressed in red blood cells. PKM1 is expressed in mus-
cles and brains with rapid energy consumption and high 
oxygen consumption. PKM2 is expressed in embryonic 
cells, stem cells, and tumor cells with active nucleic acid 
syntheses.39 Tumor cells usually express PKM2, which 
plays an important role in cancer growth and carbohydrate 
metabolism.40 The dimeric form of PKM2 (restrictive) 
promotes the anabolism of intermediate biological macro-
molecules of glucose, while the tetrameric structure 

Figure 3 Mechanism of circRNA binding to microRNA. On the left, it shows the regulatory effects of microRNA on tumor glucose metabolism under normal conditions, 
and the ago-microRNA complexes can bind to transporters, enzymes, transcription factors or genes, signaling pathways and produce regulatory effects. On the right, in 
tumor cells, abnormal expression of circRNA formed by the head and tail splicing of pre-RNA is observed. The circRNAs bind to the ago-microRNA complexes as 
molecular sponges, making microRNA unable to bind to transporters, enzymes and kinases, transcription factors, genes and signaling pathways. Thus, the original regulatory 
effect of microRNA on tumor glucose metabolism is inhibited.
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Table 1 CircRNAs in Cancer Glycolysis

circRNA Cancer Type Target 
miRNA

Downstream 
Component

Effect on 
Glycolysis

Refs

circ-Amotl1 Breast cancer – PDK1, AKT1, C-myc, 

STAT3, AKT

Up [30,72]

circARHGAP10 Non small cell lung cancer miR-150-5-p GLUT1 Up [31]

hsa_circ_0002130 Non small cell lung cancer miR-498 GLUT1, HK2, LDHA Up [33]

circDENND4C Colorectal cancer miR-760, GLUT1 Up [34]

circDENND4C Breast cancer miR-200b, miR- 

200c

HIF-1α, LDHA Up [61]

circRNA_100290 Oral squamous cell carcinoma miR-378a GLUT1 Up [35]

circRNA_100290 Colorectal cancer miR-29, miR- 

516b

CDK6, RAS, Wnt/β- 

catenin

Up [93]

circ-ITCH Melanoma – GLUT Up [36]

circ-ENO1 Lung adenocarcinoma miR-22-3p ENO1 Down [37]

hsa_circ_0005963 Colorectal cancer miR-122 PKM2 Up [44]

circMAT2B Hepatocellular carcinoma miR-338-3p PKM2 Up [45]

has_circRNA_403658 Bladder cancer – LDHA Up [47]

circMYC Malignant melanoma miR-1236 LDHA Up [48]

circ-0033550 Cervical cancer miR-942-5p AKT1, TGF-β Up [53]

circ-CFH Glioma miR-149 AKT1 Up [54]

circZFR Hepatocellular carcinoma miR-511 AKT1 Up [55]

circPLEKHM3 Ovarian cancer miR-9 AKT1 Down [56]

circABCB10 Breast cancer miR-223-3p HIF-1, HK2, LDHA Up [63]

circSLC25A16 Non small cell lung cancer miR-488-3p HIF-1α, LDHA Up [64]

circRNA_001569 Colorectal cancer miR-145 C-myc Up [70]

circBIRC6 Colorectal cancer miR-145, miR- 
34a

C-myc Up [71]

circ CUX1 Neuroblastoma – CUX1, ENO1 Up [70]

circSEPT9 Triple negative breast cancer miR-637 LIF/STAT3, p53 Up [71]

circRNA CBL.11 Colorectal cancer miR-6778-5p YWHAE/p53 Up [77]

circ-FOXM1 Melanoma miR-143-3p FLOT2 Up [78]

circRNA-MYLK Bladder cancer, Breast cancer miR-29a-3p RAS Up [80]

Hsa_circ_0009910 Hepatocellular carcinoma, Osteosarcoma miR-449a STAT3 Up [86]

circRNA_100782 Pancreatic ductal adenocarcinoma miR-124 STAT3 Up [87]

circNRIP1 Gastric cancer miR-149-5p AKT1 Up [91]

circ_0067934 Thyroid cancer miR-1324 PI3K/AKT, Wnt/β-catenin Up [92]

(Continued)
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(activated) promotes the OXPHOS of glucose and pro-
vides energy for cells.41 The overexpression of PKM2 
and the transformation between dimers and tetramers of 
PKM2 enable tumor cells to survive in various oxygen as 
well as nutrient environments.42

When PKM2 is overexpressed, a large amount of glu-
cose will be converted into lactic acid, and the glycolysis 
rate will be increased to generate ATP quickly.43 In CRC, 
hsa_circ_0005963 (ciRS-122) exosomes are transported 
from oxaliplatin-resistant cells to sensitive cells.44 In oxa-
liplatin-resistant cells, the reduced ciRS-122 up-regulates 
the expression of PKM2 by targeting miR-122, thus pro-
moting aerobic glycolysis, ATP production, and the devel-
opment of CRC. In hepatocellular carcinoma (HCC), 
circMAT2B promotes cancer by exciting the circMAT2B/ 
miR-338-3p/PKM2 axis, thereby stimulating glycolysis.45 

CircRNA regulates the glucose metabolism of CRC and 
HCC through PKM2, so the function of circRNAs related 
to PKM2 in tumor progression deserves further study.

LDHA
LDHA catalyzes the formation of lactic acid from pyru-
vate, which is the last step of aerobic glycolysis.46 

CircRNAs in tumor cells can regulate glycolysis by reg-
ulating LDHA, thereby affecting tumor cell proliferation 

and apoptosis. For example, in bladder cancer (BC) cells 
under hypoxic conditions, the up-regulated 
has_circRNA_403658 can promote aerobic glycolysis by 
regulating the expression of LDHA, which indicates 
a poor prognosis. Has_circRNA_403658 is induced by 
excessive HIF1 and is encoded by its host gene ZNF292. 
On the contrary, when the expression of 
has_circRNA_403658 was knocked down, the expression 
of LDHA was significantly down-regulated, and LDH 
(lactate dehydrogenase) activity, glucose absorption, lac-
tate production as well as ATP production were reduced.47 

Besides, in Mel-CV cells and human melanoma cells, the 
significantly increased circMYC promotes the glucose 
metabolism of tumor cells through the circMYC/miR- 
1236/LDHA axis and has a cancer-promoting effect.48

AKT1
As a protein kinase that triggers cancer, AKT1 is a cell 
growth regulator and one of the most critical kinases in the 
tumor growth pathway.49,50 AKT1 regulates cell glucose 
metabolism by up-regulating metabolism-related TFs, thus 
affecting cell proliferation and apoptosis.51,52

Plenty of evidence shows that in cervical cancer (CC), 
the expression of circ-0033550 (circ-AKT1) and AKT1 
are significantly increased. Circ-AKT1 targets miR-942- 

Table 1 (Continued). 

circRNA Cancer Type Target 
miRNA

Downstream 
Component

Effect on 
Glycolysis

Refs

circRNA_103801 Osteosarcoma, Esophageal squamous cell 

carcinoma

miR-370, miR- 

877

PI3K/AKT, HIF-1 Up [94]

circRNA_0001721 Osteosarcoma miR-372-3p MAPK7, PI3K/Akt Up [95]

circRNA9953-PKN2, 

etc.

Esophageal squamous cell carcinoma – PI3K/Akt Up [97]

circ-ITCH Papillary thyroid cancer miR-22-3p CBL Down [101]

circRNA_102171 Papillary thyroid carcinoma – Wnt/β-catenin Down [100]

circ_0006427 Lung adenocarcinoma miR-6783-3p Wnt/β-catenin Down [103]

circCDR1as Non small cell lung cancer miR-219a-5p SOX5, Wnt/β-catenin Up [104]

circCDR1as Nasopharyngeal carcinoma miR-7-5p E2F3, Wnt/β-catenin Down [105]

circZKSCAN1 Hepatocellular carcinoma – MYB, PDK1 Down [106]

circDCUN1D4 Lung adenocarcinoma – HuR/TXNIP Down [107]

circFNDC3B Colorectal cancer – circFNDC3B-218aa Down [108]

Note: Means not mentioned in the paper.
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5p and up-regulates transforming growth factor β (TGF-β) 
to promote the epithelial-mesenchymal transition (EMT), 
glycolysis, growth, and metastasis of CC.53 In glioma 
tissue, circ-CFH was significantly up-regulated. In U251 
and U373 cells, circ-CFH is a regulator of glucose meta-
bolism and functions through the circ-CFH/miR-149/ 
AKT1 axis.54 In HCC, the up-regulated circZFR targets 
miR-511 and up-regulates AKT1, thereby cascading acti-
vation of proliferation-related proteins (c-Myc, Survivin, 
cyclin D1, and Bcl-2). CircZFR promotes HCC glycolysis 
through the circZFR/miR-511/AKT1 axis.55

Studies have found certain circRNA that is down- 
regulated in tumors can inhibit glycolysis, proliferation, 
and migration of tumor cells by down-regulating AKT1. In 
ovarian cancer cells, the significantly reduced 
circPLEKHM3 enhances the endogenous inhibitory effects 
of BRCA1, DNAJB6, and KLF4 by targeting miR-9 and 
inactivates AKT1 signaling, which is closely related to 
poor prognosis. (DNAJB6 can bind to the phosphorylation 
site of AKT1. KLF4 participates in the transcriptional 
regulation of AKT1 through catenin. BRCA1 has the 
ability to inhibit the activation of AKT1). 
CircPLEKHM3 inhibits the glycolysis and progression of 
ovarian cancer by regulating the circPLEKHM3/miR-9/ 
BRCA1/DNAJB6a/KLF4/AKT1 axis, which is expected 
to become a clinical therapeutic target for ovarian 
cancer.56 Therefore, the in-depth study of the detailed 
mechanisms of CC and ovarian cancer related to AKT1 
may bring hope to the treatment of female cancer. 
However, it is not clear which circRNA can play a more 
dominating role and what is the association between these 
circRNAs in the reprogramming of cancer glucose 
metabolism.

CircRNAs in Regulating 
Transcription Factors, Genes, and 
Signaling Pathways of Glycolysis
Numerous studies have found that distinctive TFs also 
have an impact on the Warburg effect. As one of the 
pivotal members of ncRNAs, circRNAs serve 
a regulative function and control the mutative expression 
of TFs. The circRNAs target miRNAs and further modu-
late the target TFs of miRNAs, such as HIF-1, C-myc, 
CUX1, p53, FLOT2, RAS, and STAT3. Besides, the reg-
ulatory network of Warburg Effect also involves classical 
signaling pathways related to circRNAs, such as PI3K/Akt 
and Wnt/β-catenin. These TFs, signaling pathways, and 

circRNAs interweave to form a regulatory network of 
Warburg effect, which lays a foundation for further 
research on the mechanism of glucose metabolism in 
tumor cells. Thus, it is of vital importance to keep 
a watchful eye on representative TFs, signaling pathways 
as well as the associated circRNAs.

HIF-1
The Warburg effect is closely related to the hypoxic 
microenvironment.57 In response to hypoxic conditions, 
oncogenes in solid tumors are activated, and the transcrip-
tion of genes and enzymes related to glucose metabolism 
is promoted (HIF-1, monocarboxylate transporter, PKM, 
and HK are up-regulated), which in turn promotes 
Glycolysis.58 Besides, the up-regulation of HIF-1 pro-
motes the formation rate of lactic acid by up-regulating 
PDK1.59 In human umbilical cord vascular endothelial 
cells (HUVEC), the over-expressed circ_0010729 pro-
motes glycolysis and cell growth, by targeting miR-186 
and up-regulating HIF-1α, especially in a hypoxic micro-
environment. As a result of positive feedback, the rapid 
growth of HUVECs can accelerate the intracellular trans-
port of glucose.60

Under hypoxic conditions, HIF-1α can up-regulate 
circDENND4C in breast cancer cells. CircDENND4C 
can target miR-200b and miR-200c, and then regulate the 
downstream effectors (LDHA and sirtuin 2) of miRNA to 
inhibit tumor glycolysis and promote cell proliferation.61 

Besides, in breast cancer tissues, circABCB10 and PFN2 
increased, while miR-223-3p decreased. Silencing 
circABCB10 inhibits cell glycolysis and proliferation by 
regulating miR-223-3p, and reduces the insulin resistance 
(IR) of breast cancer cells, which may be related to HIF-1, 
HK2, and LDHA.62 CircSLC25A16 can promote glycoly-
sis of NSCLC cells and affect cell metabolisms, such as 
promoting glucose uptake, accelerating lactic acid produc-
tion, enhancing ATP production capacity as well as extra-
cellular acidification rate (ECAR).63 CircSLC25A16 
promotes LDHA transcription and promotes glycolysis 
through the circSLC25A16/miR-488-3p/HIF-1α axis.64 It 
is necessary to pay close attention to the circRNAs related 
to HIF-1 and explore the treatment of breast cancer com-
bined with HIF.

C-Myc
As one of the important carcinogenic TFs,49 c-myc is an 
important regulator of cell metabolism and can promote 
the Warburg effect.65,66 Overexpressed HIF-1 and c-myc 
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cooperate to promote glycolysis in tumor cells by up- 
regulating the key components of glycolysis (GLUT1, 
HK2, and PDK1).59,67

Furthermore, in CRC, both circRNA_001569 and 
circBIRC6 can target miR-145.68,69 Certain circRNAs 
can target several miRNAs.70 For example, in addition to 
miR-145, circBIRC6 also targets miR-34a, which is 
a miRNA that can inhibit c-myc.69 The oncogene c-myc 
can also be regulated by several circRNAs.71 In addition to 
circBIRC6, circ-Amotl1 can also inhibit c-myc nuclear 
translocation mutations, and can also affect common sig-
nal transduction activator transcription 3 (STAT3) and 
AKT.72 In other words, circ-Amotl1 can enhance aerobic 
glycolysis to promote tumor development, rather than 
through the ceRNA-miRNA mechanism. Circ-FBXW7 
encodes the protein FBXW7-185aa, which can interact 
with the deubiquitinating enzyme USP28 to directly pro-
mote the degradation of c-myc and enhance the Warburg 
effect.73 Hence, the not entirely cleared interactive 
mechanism between circRNA and c-myc is worth 
studying.

CUX1
Produced during the hydrolysis of p200 CUX1 protein, the 
TF p110CUX1 can promote the expression of phosphogly-
cerate kinase 1 (PGK1), glucose 6 phosphate isomerase 
(G6PI), and ENO1.70 Besides, circ CUX1 can bind to 
EWS RNA binding protein 1 (EWSR1) and promote the 
interaction between it and MYC-related zinc finger protein 
(MAZ). The transactivation of zinc finger protein affects the 
transcription of CUX1 and tumor progression. Over- 
expressed circ CUX1 can promote glucose uptake and lac-
tate and ATP production through the circ CUX1/EWSR1/ 
MAZ axis. Knockout of circ CUX1 can significantly inhibit 
tumor glycolysis, growth, invasion, migration and metastasis 
of neuroblastoma (NB) cells.70 NB is one of the extracranial 
malignancies with a high incidence in children, so it is 
necessary to check the exact function of this signaling path-
way to obtain potential treatment targets.

P53
Many important TFs can regulate tumor metabolism.74 In 
addition to hypoxia-inducible factor 1 (HIF1) and the 
oncogene c-myc, the tumor suppressor gene P53 also 
plays a key role in the regulation of metabolism.66,75 

Matoba’s research clearly shows that the tumor suppressor 
gene p53 can regulate tumor glucose metabolism, mito-
chondrial activity, and oxygen consumption, thereby 

ensuring the balance between mitochondrial respiration 
and glycolysis.76

CircRNA can regulate tumor metabolism through p53. 
For example, circSEPT9, which is significantly upregu-
lated in triple-negative breast cancer (TNBC), can bind 
miR-637 to regulate leukemia inhibitory factor (LIF), 
p53, and GLUTs to promote glycolysis. CircSEPT9 can 
also activate the LIF/STAT3 signaling pathway and pro-
mote the growth and metastasis of TNBC, which is closely 
related to advanced cancer and suggests a poor 
prognosis.71 Moreover, circRNA CBL.11 can regulate the 
glucose metabolism of CRC cells and tumor proliferation 
through the CBL.11/miR-6778-5p/YWHAE/p53 signaling 
pathway.77 As mentioned above, the regulation mechanism 
of P53 and circRNAs in glucose metabolism is worthy of 
further study, which will help to find cancer treatments.

FLOT2
As a functional and stable lipid raft, Flotillin 2 (FLOT2) 
exists in the cell membrane and is highly expressed in 
a variety of malignant tumors. FLOT2 gene affects tumor 
metabolism, proliferation, and metastasis through NF-κB, 
PI3K/Akt, Wnt/β-catenin, and p53. These pathways are 
regulated by ceRNAs and various signaling pathways.

In melanoma, circ-FOXM1 up-regulates FLOT2 by 
targeting miR-143-3p and promotes glycolysis and cell 
proliferation activity through the circ-FOXM1/miR-143- 
3p/FLOT2 axis. Silencing circ-FOXM1 can inhibit cell 
glycolysis and reduce cell proliferation and metastasis, 
which is of great significance in the clinical treatment of 
melanoma.78 Melanoma usually has a poor prognosis, and 
the function of the above-mentioned signal axis in tumor 
metabolism and development is worthy of further study.

RAS
In NSCLC, CRC, and prostate cancer (PCa), KRAS is 
mutated, which upregulates GLUT1 and glycolytic 
enzymes, and promotes the Warburg effect.78 In BC, 
abnormally expressed circRNA-MYLK regulates RAS 
through the Raf/MEK/ERK signal axis. circRNA- 
MYLK can activate vascular endothelial growth factor 
(VEGF), increase glucose uptake, and bind miR-29a by 
targeting.79 Furthermore, in breast cancer, both 
circRNA-MYLK and long non-coding RNA H19 
(lncRNA H19) can be used as ceRNA to bind miR- 
29a-3p.80,81 In liver cancer, circRNA-MYLK can up- 
regulate PKM2 by combining with miR-29a as `well as 
up-regulating c-myc and HRAS.82 In addition, 
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circRNA_100290 binds to miR-29, which is beneficial to 
enhance the expression of RAS. In order to find effective 
therapeutic targets, RAS and its related circRNA should 
be studied to understand the mechanism of tumor meta-
bolism and progression.

STAT3
Under the stimulation of circ-Amotl1, the expression of 
STAT3 increases, which stimulates tumorigenesis by indu-
cing inflammation. STAT3 can also directly increase HK2 
in breast cancer cells and promote cell proliferation.83 In 
HCC, overexpressed hsa_circ_0009910 binds to miR-449a 
to up-regulate Bcl-2 and interleukin 6 receptor (IL6R), 
which is associated with STAT3, but silencing circRNA 
can reduce the phosphorylation level of STAT3.84 In osteo-
sarcoma, Hsa_circ_0009910 binds to miR-449a, up- 
regulates STAT3, and promotes glycolysis.85 Besides, in 
pancreatic ductal adenocarcinoma (PDAC), the signifi-
cantly up-regulated circRNA_100782 binds to miR-124, 
activates the Janus kinase 2 (JAK2) family through IL6R, 
then activates STAT3, promotes carbohydrate metabolism 
and proliferation of tumors.86 Silencing circRNA_100782 
will inhibit the metabolism, proliferation, and colony for-
mation of human pancreatic adenocarcinoma cell 3 
(BxPC3) in situ through the IL6/Jak2/STAT3 signaling 
pathway.87 More research should be carried out to reveal 
the circRNAs related to STAT3 and find effective thera-
peutic targets.

PI3K/Akt
Formed by phosphatidylinositol 3-kinase (PI3K) and Akt 
together, the PI3K/Akt signaling pathway can enhance 
aerobic glycolysis and is a regulator of tumor glucose 
metabolism. PI3K/Akt signaling pathway can promote 
glucose absorption and stimulate glycogen synthesis, by 
enhancing the antioxidant activity of HIF-1α and up- 
regulating phosphofructokinase 2 (PFK2) and HK2.88 At 
the downstream of Akt, mTOR complex1 can promote the 
phosphorylation of elf4e binding protein and up-regulate 
PFK2, HK2, and GLUT1, thereby regulating the glucose 
metabolism of tumor cells.89,90 For example, in NSCLC, 
miR-124 can reduce HK2 and GLUT1 by targeting AKT1 
and AKT2, thereby weakening the Warburg effect.28

In gastric cancer, the expression of circNRIP1 is up- 
regulated, which promotes glucose uptake and lactate for-
mation through miR-149-5p/AKT1.91 In thyroid cancer, 
circ_0067934 promotes cell glycolysis, proliferation, and 
metastasis through circ_0067934/miR-1324/FZD5/Wnt/β- 

catenin axis. On the contrary, silencing circ_0067934 will 
slow down cell metabolism through the PI3K/AKT signal-
ing pathway.92 Besides, in OSCC, circRNA_100290 
down-regulates cyclin-dependent kinase 6 (CDK6) by tar-
geting miR-29.93 In addition, circRNA_103801, which is 
abnormally expressed in osteosarcoma and esophageal 
squamous cell carcinoma (ESCC), can target and bind 
miR-370 and miR-877, thereby regulating cellular glucose 
metabolism by regulating HIF-1 and PI3K/AKT 
pathways.94 Also, circRNA_100876 inhibits glycolysis 
and cell proliferation by targeting miR-136.32 Moreover, 
the expression of circRNA_0001721 is significantly up- 
regulated, which can combine with miR-569 and miR-599 
to play a regulatory function. In osteosarcoma, 
circ_0001721 targets miR-372-3p to up-regulate MAPK7 
and promote glycolysis. Knockout of Circ_0001721 can 
inhibit glycolysis, proliferation, and migration of osteosar-
coma cells.95 Under the regulation of PI3K/Akt signaling 
pathway, the phosphorylation level of glycogen synthase 
kinase 3β (GSK-3β) decreases, the activity of Akt and 
ubiquitin ligase changes, and insulin-like growth factor 
I (IGF-1) Induces the expression of BNIP3, thus affecting 
the cell cycle and promoting tumor growth.96

In addition, the abnormal expression of circRNA9953- 
PKN2, circRNA3706-LAMA3, circRNA5431-PRKAA1, 
circRNA7681-FN1, circRNA8507-LAMC2, circRNA3703- 
LAMA3, circRNA3341-HSP90AA1, circRNA4628-EGFR, 
circRNA7574-ITGA6 and circRNA8506-LAMC1 were 
detected in ESCC.97 PI3K/Akt signaling pathway can pro-
mote glycolysis, affect energy metabolism, regulate tricar-
boxylic acid cycle (TAC) and mitochondrial function, which 
are closely related to various enzymes and signaling mole-
cules. The PI3K/Akt signaling pathway has many potential 
circRNA targets, and the in-depth mechanism is still elusive 
and needs to be explored. Moreover, the authors believed that 
those circRNAs might be highly effective biomarkers for 
early diagnosis of ESCC.

Wnt/β-Catenin
As we all know, as one of the most important signal path-
ways in tumor cell metabolism, the Wnt/β-catenin signal-
ing pathway can up-regulate the transcription levels of 
PDK1 and MCT1 to enhance the Warburg effect.98,99 

CircRNA_102171 is highly expressed in papillary thyroid 
carcinoma (PTC) and targets CTNNBIP1 to inhibit its 
downstream Wnt/β-catenin/TCF3/TCF4/LEF1 signal 
axis.100 In PTC, circ-ITCH can also up-regulate CBL to 
regulate tumor glycolysis by targeting miR-22-3p. As the 
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E3 ligase of nuclear β-catenin, CBL inhibits the Warburg 
effect in PTC by degrading β-catenin.101 Moreover, both 
circ_0067934 and circRNA_100290 can promote the Wnt/ 
β-catenin pathway by targeting miR-1324 and miR-516b 
respectively.100,102 In LUAD, circ_0006427 can target 
miR-6783-3p, leading to inactivation of the Wnt/β- 
catenin pathway.103 In NSCLC cells, the circCDR1as/ 
miR-219a-5p/SOX5 axis may target the Wnt/β-catenin 
pathway and regulate the Warburg effect.104 In nasophar-
yngeal carcinoma (NPC), circCDR1as can increase the 
glucose consumption and the production of lactic acid by 
targeting miR-7-5p and upregulating E2F3. On the con-
trary, when circCDR1as is silenced, the Wnt/β-catenin 
pathway significantly inhibits the metabolism of HK1 
and HONE1 cells (NPC line).105 All in all, circRNAs 
that regulate tumor cell metabolism of LUAD and NPC 
are closely related to the Wnt/β-catenin pathway. 
However, the current research is still in the initial stage, 
and the function of circRNAs associated with Wnt/β- 
catenin pathway needs further exploration, especially in 
cancer glucose metabolism.

Other Biological Functions of 
circRNAs Associated with Cancer 
Glucose Metabolism
As introduced above, many scholars have conducted a lot 
of research on the function and mechanism of circRNA in 
recent years. The main biological functions of circRNA 
mainly include the following four types. (i) circRNA acts 
as a molecular sponge of miRNA. CircRNA binds to 
miRNA through MRE, thereby interfering with gene silen-
cing caused by the miRNA-mRNA axis.14 It is true for 
most of the examples discussed above. (ii) CircRNA plays 
a biological role by regulating gene transcription. 
CircRNA-ENO1 promotes glycolysis and tumor progres-
sion of LUAD by up-regulating its host gene ENO1.37 

Besides, the ZKSCAN1 gene and its related circRNA 
(circZKSCAN1) inhibit the metabolism, growth, migra-
tion, and invasion of HCC cells through different signal 
transduction pathways such as COL3A1, CDH5, MYB, 
PDK1 as well as BCL2.106 (iii) CircRNA can also be 
combined with RBP to regulate a variety of biological 
activities, including cell proliferation, differentiation, 
movement, apoptosis and aging. In LUAD, 
circDCUN1D4 interacts with a kind of RBP called 
human antigen R (HuR) to stabilize the expression of 
thioredoxin-interacting protein (TXNIP) to inhibit tumor 

metastasis and glycolysis, indicating the formation of the 
circDCUN1D4/HuR/TXNIP RNA-protein ternary 
complex.107 (iv) CircRNA is involved in protein transla-
tion. At first, it was thought that circRNA did not have the 
protein-coding function, but recently it was discovered that 
some circRNAs have highly conserved internal ribosome 
entry sites (IRES) with translation function. For example, 
circFNDC3B-218aa, a novel protein encoded by 
circFNDC3B, can affect glucose, thereby inhibiting the 
progression of CRC and EMT.108 CircRNAs mainly reg-
ulate tumor metabolism through the ceRNA-miRNA path-
way, which has important biological significance for 
targeted tumor therapy. At present, the latter three biolo-
gical functions have not been studied much in the regula-
tion of tumor metabolism, and they are worthy of in-depth 
exploration.

Cancer Therapy Associated with 
circRNAs and Glucose Metabolism
Several up-to-date studies have shown that in BC, lung 
cancer, glioma as well as CRC, anticancer drugs can 
regulate cell glycolysis by regulating circRNA-miRNA 
axes to inhibit tumor growth and proliferation.109 As 
a potential therapeutic drug for BC, puerarin can inhibit 
glycolysis to regulate the circ_0020394/miR-328-3p/ 
NRBP1 axis to weaken cell viability, inhibit tumorigen-
esis, cell growth, and migration in vivo, and promote 
apoptosis of BC cells.110 Besides, propofol therapy can 
inhibit the aerobic glycolysis, growth, proliferation, migra-
tion, and invasion of lung cancer cells by regulating the 
circTADA2A/miR-455-3p/FOXM1 axis, which has clini-
cal significance in preventing the development of lung 
cancer.111 Similarly, in glioma tissues and cells, sevoflur-
ane achieves the purpose of suppressing cancer through 
the circ_0002755/miR-628-5p/MAGT1 axis. Sevoflurane 
reduces the consumption of glucose and the production of 
lactic acid through the signal axis, thus inhibiting tumor 
growth, migration as well as promoting cell apoptosis in 
the body.112 Besides, lidocaine inhibits the aerobic glyco-
lysis of CRC cells through the circHOMER1/miR-138-5p/ 
HEY1 axis, thereby promoting cell apoptosis in vitro and 
inhibiting tumor growth in vivo.113 These reports have laid 
the foundation for targeted cancer therapy, but the regula-
tory network of circRNA and glucose metabolism still 
needs to be further enriched in the years ahead to obtain 
effective targeted therapy methods for malignant tumors.
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Conclusions and Perspectives
Extensive exploration in the field of circRNA research has 
brought us a lot of new insights into cancer glucose meta-
bolism. Mounting evidence has revealed that abnormally 
expressed circRNAs may trigger the Warburg effect as 
well as the development of malignant tumors, thus we 
highlight the role of circRNAs in cancer carbohydrate 
metabolism regulatory networks and how they contribute 
to cancer malignancy. In view of existing reports, we 
reviewed molecular mechanisms of circRNAs in regulat-
ing tumor glycolysis by regulating transporters, enzymes, 
kinases, TFs, genes, and glycolysis signaling pathways 
(Figure 4). The regulatory mechanisms mediated by 
circRNAs in tumor metabolism can be divided into the 

following 4 types. (i) As ceRNAs, circRNAs competi-
tively sponge miRNAs and regulate tumor glycolysis 
related signal axes. (ii) CircRNAs can interact with RNA 
polymerase II or splicing factors to regulate gene tran-
scription and affect tumor glycolysis. (iii) CircRNAs may 
also bind to RBPs to regulate tumor metabolism by com-
peting with the RBP substrates. (iv) CircRNAs can encode 
proteins to affect tumor glucose metabolism. CircRNAs 
have other functions that may be involved in regulating 
tumor glucose metabolism. CircRNAs can substitute their 
linear counterparts. Circ-FBXW7 attracted USP28 as 
a substitution of its linear counterpart to reduce the half- 
life of c-Myc by antagonizing the stability of c-Myc. And 
the above process inhibits cell proliferation and cell cycle 

Figure 4 The effects of circRNAs on the Warburg effect-associated signaling pathways. This figure indicates the effects of circRNAs on the Warburg effect-associated 
signaling pathways. It shows how circRNAs interact with these metabolic pathways by enzymes and transporters associated with the Warburg effect. The majority of 
circRNAs can antagonize microRNAs to indirectly produce effects. HIF1-α regulates GLUT, HK2, PDK, LDHA. The PI3K/Akt pathway promotes glucose GLUT, HK2, PFK2, 
pyruvate kinase M2 (PKM2), and PDK. The change of RAS pathway up-regulated HK2. P53 up-regulated GLUT, HK2. The STAT3 pathway promotes HK2. Wnt/β-catenin 
pathway up-regulates PDK transcription while promoting c-myc. The positive relationships are shown by arrows, and the negative relationships are shown by short dashes. 
Abbreviations: GLUT, glutamate dehydrogenase; HK2, hexokinase 2; GPI, glycosyl phosphatidyl inositol; PFK1, phosphate fructose kinase 1; ALDA, aldolase A; TPI, 
triosephosphate isomerase; GAPDH, glyceraldehyde phosphate dehydrogenase; PGK1, phosphoglycerate kinase 1; PGM, phosphoglucomutase; ENO1, enolase 1; PKM2, 
pyruvate kinase isozymes M2; LDHA, lactate dehydrogenase A; PDK, pyruvate dehydrogenase kinase; PDH, pyruvate dehydrogenase.
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acceleration.73 Moreover, circRNAs can induce nuclear 
translocation. Circ-Amotl1 induces the nuclear transloca-
tion of PDK1, AKT1, and c-myc, and then changes the 
glycolysis process by influencing downstream effectors.30 

These approaches have opened up a broad new world for 
the study of the biological functions of circRNA in cells 
and established a bridge with new tumor regulatory sys-
tems (Table 2).

It is worth noting that, the same circRNA may exert 
diametrically opposite functions through different signal 
axes in different types of tumor tissues. CircCDR1as pro-
motes tumor glycolysis through miR-219a-5p/SOX5/Wnt/ 
β-catenin in NSCC, but inhibits tumor glycolysis through 
miR-7-5p/E2F3/Wnt/β-catenin in NPC. Circ-ITCH pro-
motes glycolysis of melanoma by regulating GLUT, but 
inhibits glycolysis of papillary thyroid cancer through 
miR-22-3p/CBL. However, the study of the opposite 

functions of the same circRNA is still in their infancy, so 
a large number of experiments are still required. It is clear 
that the variation of circRNA levels in tumor tissues is 
a universal phenomenon, and the efficient influence of 
many circRNAs acting in concert may be needed to 
enact a function. If certain circRNAs turn out to be detri-
mental or beneficial to the Warburg effect, then it will 
become lucrative to investigate the feasibility of therapeu-
tic interventions through manipulating circRNAs. Now we 
put forward several research interests that have not been 
studied thoroughly, hoping to provide inspiration for in- 
depth exploration in circRNAs studies.

Circulating circRNAs and Cancer 
Glucose Metabolism
Through greater recognition of circRNAs and powerful 
high-throughput sequencing combined with bioinformatic 
tools, more circRNAs catch scholars’ attention. In addition 
to cancer tissue, circRNAs can be obtained from plasma, 
blood, urine, saliva, and other body fluids. Abnormal cir-
culating circRNAs expression has been elucidated to be 
significantly connected with a variety of human cancer. 
Hence, it is worth investigating whether circulating 
circRNAs participate in the adjustment of the glucose 
metabolism of cancer.

Cancer Stem Cells and Cancer Glucose 
Metabolism
Previous studies have found that cell metabolism is closely 
related to the characteristics of “stemness”. High levels of 
glucose uptake can interfere with the natural differentiation 
of cancer stem cells (CSC), laying the foundation for the 
Warburg effect.114 CircRNA is related to CSC, for example, 
circBIRC6 combines with miR-34 and miR-145 in human 
embryonic stem cells (hESCs) to maintain the pluripotency 
of stem cells and inhibit differentiation to induce the Warburg 
effect.69 Besides, circBIRC6 has multiple miRNA binding 
sites such as let-7, miR-92, and miR-103, and its biosynthesis 
is regulated by genes related to pluripotency, which can be 
used to further explore the inducing mechanism of Warburg.

Exosomes and Cancer Glucose 
Metabolism
In recent 5 years, many circRNAs have been reported to be 
enriched in exosomes, and the mystery of which has 
become a research hotspot.115 Exosomes can transport 
ncRNAs to tumor cells, induce mutational metabolism in 

Table 2 The Regulatory Mechanism of circRNA

Regulatory 
Mechanism

circRNA Refs

circRNAs 

sponge 

miRNAs as 
ceRNAs

circMAT2B, 

circMYC, circ- 

CFH, circZFR, 
circPLEKHM3, 

circSLC25A16, 

circ CUX1, 
circ-FOXM1, 

circ_0067934, 

circCDR1as, 
etc.

[45,48,54–56,64,70,78,92,104,105]

circRNAs 
regulate gene 

transcription

circRNA- 
ENO1, 

circZKSCAN1

[37,106]

circRNAs 

combine 
with RBPs

circDCUN1D4 [107]

circRNAs 
encode 

proteins

circFNDC3B [108]

circRNAs 

substitute 

their linear 
counterparts

circ-FBXW7 [73]

circRNAs 
induce the 

nuclear 

translocation

circ-Amotl1 [30]
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cancer, promote growth and deliver essential nutrients. New 
studies have shown that when exosomes are upregulated in 
pancreatic cancer or prostate cancer cells, OXPHOS is 
inhibited and aerobic glycolysis is promoted.116 It is sug-
gested that exosomes may regulate tumor cell metabolism 
through the transportation of circRNA and the regulation of 
signaling pathways, and the potential mechanism is 
expected to be further studied.

Therapeutic Significance and Intervention 
of Cancer Cell Glucose Metabolism
The circRNA in this article regulates tumor metabolism 
through various pathways and has clinical significance for 
targeted tumor therapy. Puerarin, sevoflurane, and propofol 
can inhibit BC, lung cancer, and glioma respectively, by 
inhibiting their targeted circRNA to interfere with tumor 
glucose metabolism and growth. More importantly, com-
pared with other non-coding RNAs (such as lncRNA), 
circRNA is not easily degraded due to its closed structure. 
A small number of circRNAs can inhibit a large number of 
miRNAs. These studies provide new ideas for the explora-
tion of highly effective anticancer drugs.
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KLF2, krueppel-like factor 2; LDH, lactate dehydrogen-
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inhibitory Factor; lncRNA, Long non-coding RNA; 
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transporter; NPC, nasopharyngeal carcinoma; ncRNAs, 
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small cell lung cancer; OSCC, oral squamous cell carci-
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