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Abstract
This study aims to explore novel and reliable biomarkers for predicting hepatocellular carcinoma (HCC) prognosis. Circular 
RNAs (circRNAs) were determined by analysis of human circRNA arrays and quantitative reverse transcription polymerase 
reactions. To test for an interaction between circDLG1, we used luciferase reporter assays, RNA immunoprecipitation, and 
fluorescence in situ hybridization assays that were employed to test the interaction between circDLG1, miR-141-3p, and 
WTAP. q-RT-PCR and western blot were used to evaluate the target regulation of miR-141-3p and WTAP. shRNA-mediated 
knockdown of circDLG1, proliferation, migration, and invasion experiment of metastasis were used to evaluate the func-
tion of circDLG. CircDLG1 rather than lining DLG1 was upregulated in HCC tissues, from HCC patients as well as HCC 
cell lines compared to normal controls. circDLG1 high expression in HCC patients was correlated with shorter overall sur-
vival. Knockdown of circDLG1 and miR-141-3p mimic could inhibit the tumorigenesis of HCC cells in vivo and in vitro. 
Importantly, we demonstrated that circDLG1 could act as a sponge of miR-141-3p to regulate the expression of WTAP, and 
further suppress the tumorigenesis of HCC cells. Our study reveals that circDLG1 can serve as a novel potential circulating 
biomarker for the detection of HCC. circDLG1 participates in the progression of HCC cells by sponging miR-141-3p with 
WTAP, providing new insight into the treatment of HCC.
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Introduction

Primary liver cancer is one of the most common malignan-
cies in the world, and its incidence ranks fifth among malig-
nancies and second among tumor-related causes of death 
in China. Hepatocellular carcinoma (HCC) accounts for 
85–90% of primary liver cancer cases (Chedid et al. 2017; 
Forner et al. 2012, 2018; Ranganathan et al. 2020). Cur-
rent hepatocellular carcinoma treatments include surgical 
resection, radiofrequency ablation, transcatheter chem-
oembolization, radiation therapy, and molecularly targeted 
drugs. In spite of substantial improvements in therapeutic 
methods such as surgical intervention and tailored therapy, 
most patients with HCC are diagnosed at an advanced stage, 
eliminating the chance of surgical resection (Forner et al. 

2018), and even with surgical treatment, most patients have 
a very poor prognosis due to recurrence of disease recur-
rence, and the 5-year survival rate is 5 ~ 30% (Hartke et al. 
2017; Jiang et al. 2017; Nishida and Kudo 2017). Chemo-
therapy or targeted therapy is feasible for patients who can-
not undergo surgery or progress postoperatively. Sorafenib 
is the only drug approved by the FDA for the specific treat-
ment of advanced hepatocellular carcinoma. Unfortunately, 
not all patients are sensitive to it (Gao et al. 2022; Llovet 
et al. 2008), and the clinical benefits are limited. Further-
more, there remain a lack of reliable prognostic indicators 
for HCC. Patients with comparable tumor stages or patholo-
gies can have drastically variable prognosis due to individual 
variations (Pinter et al. 2021; Umeda et al. 2019). Therefore, 
it is very important to explore new and reliable biomarkers 
to predict the prognosis of HCC.

In circular RNA (circRNA), a type of endogenous 
single-stranded ncRNA, the 3ʹ and 5ʹ nucleotides are 
linked together to form a covalently closed continuous 
ring (Chen and Yang 2015; Wilusz and Sharp 2013). It is 
becoming increasingly clear that circRNA is critical for 
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the emergence of several diseases, including cancer (Hat-
ibaruah et al. 2021). From a mechanistic point of view, 
circRNA can play its function in different ways, and the 
most common interaction is with spongy miRNA (Thom-
son and Dinger 2016; Yan et al. 2021). A fresh circRNA 
called circDLG1 was found recently. It was first identified 
as being highly expressed in esophageal squamous cell 
carcinoma and contributing to the progression of the con-
dition (Rong et al. 2018). Furthermore, previous studies 
have shown that circDLG1 to be a potential marker for 
esophageal cancer (Zhang et al. 2020). The research on 
circDLG1 in tumors is very limited. Only one study has 
demonstrated that circDLG1 controls CXCL12 through 
the secretion of miR-141-3p, which promotes metastasis 
of gastric cancer metastasis and resistance to anti-PD-1 
therapy (Chen et al. 2021), but there has been little inves-
tigation into its function or mechanism in HCC.

Here, we have shown that circDLG1 expression is ele-
vated in hepatocellular carcinoma and can encourage the 
growth of HCC cells both in vivo and in vitro.  CircDLG1 
promotes the biological progression of HCC by activating 
the miR-141-3p/WTAP axis. The prospect of employing 
circDLG1 as a new biomarker of HCC is also highlighted 
by the likelihood that its elevated expression could lead 
to resistance to sorafenib, which is achieved by promoting 
HCC cell glycolysis.

Materials and methods

Cell culture

A normal liver cell line (LO2) was donated for this investi-
gation by the Cell Resource Center of the Institute of Basic 
Medicine, Chinese Academy of Medical Sciences, in addi-
tion to HCC cell lines (SK-Hep-1, Huh7, HepG2, HepG3B, 
and BEL7404) (Beijing, China). The cell lines were grown 
in a 37 °C cell incubator with 5% CO2, Gibco’s Roswell Park 
Memorial Institute 1640 (RPMI-1640) media, 10% HyClone’s 
fetal bovine serum (FBS), 100 μg/mL streptomycin, and 100 
U/mL penicillin, all from South Logan, UT, USA.

Cell transfection

GenePharma created the circDLG1 shRNAs (sh-circDLG1-1 
and sh-circDLG1-2), mimics for miR-141-3p, inhibitors for 
miR-141-3p, WTAP overexpression plasmid, and associated 
controls (Vector, miR-NC, pcDNA, and sh-NC) (Shanghai, 
China). Lipofectamine 3000 was used to deliver the compo-
nents to HCC cells (Invitrogen, Carlsbad, CA, USA).

Quantitative real‑time polymerase chain reaction

TaqMan miRNA assays or Takara’s PrimeScript RT rea-
gent kit were used to reverse transcribe the RNA after it 
had been extracted using RNAiso Plus (Takara, Dalian, 
China) (Applied Biosystems, Foster City, CA, USA). Then, 
quantitative real-time polymerase chain reaction (qRT-PCR) 
was conducted using Takara’s SYBR Premix DimerEraser 
and associated primers (Sangon, Shanghai, China). Using 
the 2 − ΔΔCt normalized to GAPDH or U6, the expression 
was calculated. Total RNA was subjected to RNase R (3 
U/g; Epicentre, Madison, WI, USA) treatment for 15 min at 
37 °C to assess the features of circDLG1. The presence of 
circDLG1 and DLG1 levels was then evaluated.

Cell counting kit‑8 assay

The capacity of cells to multiply was monitored using cell 
counting kit-8 (CCK-8) to identify these modifications. 
First, 5 × 103 cells were placed into each well of 96-well 
plates. After the cells had been treated in line with the 
experimental protocols, the well-received 10 μL of CCK-8 
(Sigma-Aldrich, Shanghai, China) was left for a further 
2 h. The absorbance at 450 nm was then calculated.

Colony formation assay

The HCC cells were seeded onto 12-well plates for 14 days 
at a density of 800 cells/well after the experimental pro-
cedures. Once the colonies were visible, the culture was 
discontinued. In addition, colonies were counted under a 
microscope after being stained with crystal violet (Sangon) 
(Olympus, Tokyo, Japan).

Measurement of glycolysis level

The cell supernatant was taken and centrifuged to elimi-
nate the cell fragments after the cells had been treated in 
accordance with the experimental conditions. According to 
the manufacturer’s recommendations, we used the Sigma-
Aldrich lactate test kit (Sigma-Aldrich, Shanghai, China), 
glucose assay kit (Sigma-Aldrich), and ECAR assay kit 
(Sigma-Aldrich) to assess glucose uptake, lactate produc-
tion, and ECAR levels.

Western blot assay

After the cells had undergone the treatments required for the 
experiment, the protein was contained by lysing the cells in 
RIPA sample buffer (Beyotime), electrophoresed on SDS-
PAGE (Solarbio, Beijing, China), and blotted onto PVDF 
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membranes (Millipore, Billerica, MA, USA). Proteins were 
blocked in 5% skimmed milk for 1 h, followed by overnight 
exposure to primary antibodies and a secondary antibody 
(1:5000, CAS #pr30011; Proteintech, China) for 2 h. It was 
possible to observe the bands using an ECL reagent.

Dual‑luciferase reporter assay

To create WT-circDGL1, MUT-circDGL1, WT-WTAP 3ʹ 
UTR, and MUT-WTAP 3ʹ UTR, segments of wild-type (WT) 
or mutant (MUT) circDGL1 or WTAP 3′ UTR missing miR-
141-3p binding regions were inserted into pmirGLO (Pro-
mega, Fitchburg, WI, USA). The Dual-Luc assay was used 
to measure the luciferase activity (Promega, Madison, WI).

RNA immunoprecipitation assay

The treatment of the cells was done in accordance with the 
experiment’s guidelines. RNA immunoprecipitation (RIP) 
buffer was used to lyse the cells, and protein A/G Sepharose 
beads linked with antibody IgG or Ago2 were used to retain 
the lysates. The total RNA in the immunoprecipitated sam-
ples was subjected to qRT-PCR to determine the amounts 
of circDGL1, miR-141-3p, and WTAP.

Xenograft model

The BALB/c nude mice were divided into two groups by 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (n = 5 per group) (Beijing, China). HCC cells that 
had been sh-NC or sh-circDLG1 transfected (2107) were 
suspended in 0.2 mL PBS before being subcutaneously 
injected into the mice’s flanks. The tumor size was deter-
mined after a 10-day observation period using the formula 
(Length × Width2) × 0.5. After 35 days, the mice were put 
down, and the weight of the xenograft tumors was calcu-
lated. The Affiliated Cancer Hospital of Zhengzhou Uni-
versity’s Ethics Committee for Animal Research granted 
authorization for the in vivo investigation.

Tissue acquisition

In our study, 120 HCC patients from Zhengzhou Univer-
sity’s Affiliated Cancer Hospital were enrolled. After the 
ethical council of the attached cancer hospital approved the 
study (Approval number: 2018ct004), the tissues from the 
tumor and neighboring normal tissues were removed and 
kept at − 80 °C until needed.

Immunohistochemistry assay

Before being treated with antibodies at 4 °C for an over-
night period, tissue samples were dewaxed and hydrated. 
The secondary antibodies were then incubated for 10 min 
at room temperature following a PBS wash. Following 
diaminobenzidine (DAB) staining, samples were counter-
stained with 20% hematoxylin. The anti-PCNA (Proteintech, 
Wuhan, China) and anti-ki67 (Proteintech) antibodies were 
provided by Abcam (Abcam, UK). Immunohistochemistry 
(IHC) grading was carried out in accordance with the stain-
ing intensity (0, negative; 1, weak; 2, moderated; 3, strong).

RNA fluorescence in situ hybridization

Genesee Biotechnology Co., Ltd. created the FITC-labeled hsa-
miR-141-3p and Cy3-labeled circDGL1 probes (Guangzhou, 
China). Before fixation, permeabilization in PBS containing 
0.5% Triton X-100, and dehydration in ethanol, HCC cells 
were cultured on rounded coverslips. RNA fluorescence in situ 
hybridization (FISH) probes were applied to cells at 37 °C for 
an overnight period after being diluted (1:50), denatured, and 
balanced. The hybridized slides were then coated with rubber 
cement and left in the dark for more than 20 min. The cells were 
then stained with DAPI-Antifade for 10 min at room tempera-
ture. A TCS SP2 AOBS laser confocal microscope was used to 
see the outcomes (Leica Microsystems, Germany).

Immunofluorescence

Lab-Tek chamber slides (Nunc S/A; Polylabo, Strasbourg, 
France) were used to plant the cells. The cells were seeded 
for an additional day, permeabilized for 5 min with 0.2% 
Triton X-100, fixed for 15 min in 3.3% paraformaldehyde, 
blocked for an additional hour in 5% bovine serum albu-
min (BSA), and then incubated with rabbit polyclonal anti-
GLUT1 and anti-HK2 antibodies for an additional day at 
4 °C. The next day, goat anti-rabbit IgG that had been Alexa 
Fluor 550 conjugated was added to the blocking solution and 
was left for an hour at room temperature and in the dark. The 
nuclei were stained for 5 min with DAPI (4ʹ,6-diamidino-2-
phenylindole). Fluorescence microscopy was then used to 
see the cells (BX53; Olympus, Japan).

Statistical analysis

The results from three different experiments were analyzed 
and presented as mean SD using GraphPad Prism 7. The 
association between the concentrations of miR-141-3p, 
circDLG1, and WTAP in HCC tissues was assessed using 
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Spearman’s correlation coefficient. Various analyses used 
the Student’s t-test or a one-way analysis of variance. 
P < 0.05 was used to determine significance.

Results

CircDLG1 is abundantly expressed in hepatocellular 
carcinoma, and it is associated with poor prognosis 
in patients

By looking at the expression of circDLG1 in tumors and 
nearby malignancies in the GSE97332 public data col-
lection, we first looked at the function of circDLG1 in 
hepatocellular carcinoma. The results showed that tumors 
expressed it far more than surrounding normal tissue 
(Fig. 1A). As a further check on accuracy, we determined 
the circDLG1 expression level in fresh tissues. The out-
comes matched what the database had projected would 
happen. Tumor expression was much higher compared to 
expression around cancer (Fig. 1B). In addition, we counted 
the overall expression trend. In hepatocellular carcinoma, 
76% of patients had high expression and 24% had low 
expression (Fig. 1C). The expression of circDLG1 in hepat-
ocytes and a variety of hepatoma cells in vitro was further 

verified. According to qRT-PCR results, Hep3B and Huh7 
cell lines had the highest levels of expression, which were 
shown to be substantially greater in hepatoma cells than in 
hepatocytes (Fig. 1D). Patients with high expression also 
experience considerably shorter overall survival times than 
those with low expression (Fig. 1E). Therefore, we next 
applied these two cell lines for functional verification in 
vitro. These results show that hepatocellular carcinoma tis-
sues and cells express more circDLG1 than healthy tissues 
and hepatocytes do. It provides poor prognostic information 
for hepatocellular cancer.

CircDLG1 is a circular structure in HCC cells

Thereafter, we digested total RNA with or without RNase 
R to verify that circDLG1 is a circular characteristic. 
These observations revealed that circDLG1 was consid-
erably more resistant to RNase R when the MOCK group 
was added (Fig. 2A–E). Because circRNA has a cova-
lently closed loop structure, it does not have the charac-
teristics of mRNA, so we then detected the synthesis of 
cDNA synthesis using random primers alone. DLG1 and 
GAPDH can be reversed to cDNA by random primers, 
while circDLG1 can only form gDNA (Fig. 2G). These 
indicate that circDLG1 has a loop structure. It is generally 

Fig. 1   CircDLG1 is highly expressed in HCC and the prognosis 
of patients with high levels of expression have a poor prognosis. A 
Expression of the circDLG1 in HCC tissues and normal tissues in 
GES97332. Tumor tissue is shown in red, and normal tissue is shown 
in gray. B, C Expression of the circDLG1 in 120 cases of HCC tis-
sues and normal tissues. D The circDLG1 expression in hepatocytes 

and five hepatocellular carcinoma cells (BEL7402, Huh7, HepG2, 
HepG3B, SK-hep-1, and SNU449). E Prognosis of patients with dif-
ferent circDLG1 expression levels. Data represent the mean ± SD of 
three independent experiments. All of the above experiments were 
performed with three biological replicates (*p < 0.05, **p < 0.01, and 
***p < 0.001)
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established that circRNA’s function and cellular location 
are tightly connected. By using qRT-PCR and RNA FISH, 
we were able to determine circDLG1’s expression level 
in the cytoplasm and nucleus, respectively. It was found 
that about 80% of circDLG1 was located in the cyto-
plasm (Fig. 2C, F, and H), indicating the feasibility of its 
function as a miRNA sponge. These findings show that 
circDLG1 is a circRNA and that it is probably involved 
in the cytoplasm by adsorbing miRNA.

CircDLG1 was shown to promote HCC cell 
proliferation

To further examine the role of circDLG1 in HCC, we first 
created a circDLG1 knockout system utilizing sh-circRNA 
in Hep3B and Huh7 cell lines. In HCC cells, circDLG1 
expression was effectively decreased (Fig. 3A). Then, the 
cell viability of different groups was measured by CCK-8. 
According to the findings, HCC cells had lower viability 

Fig. 2   CircDLG1 is a circular structure in HCC cells. A, D The RNA 
levels of circDLG1 and DLG1 in HCC cells were detected by qRT-
PCR. B, E qRT-PCR analysis of the circDLG1 and DLG1 expression 
in the HCC cells under the treatment with actinomycin D. C, F qPCR 
analysis of circDLG1 in the cytoplasm and nuclear of which was 
separated by kit. G cDNA and gDNA of HCC cells were used as the 

templates to amplify circDLG1, DLG1, and GAPDH with divergent 
primers and convergent primers, respectively. H The FISH experi-
ment was used to detect the subcellular localization of circDLG1 in 
HCC cells. All of the above experiments were performed with three 
biological replicates (**p < 0.01 and ***p < 0.001)
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due to low expression of circDLG1 (Fig. 3B and C). In order 
to determine the long-term alterations in the capacity of 
HCC cells to proliferate in the sh-circRNA group, a colony 
formation assay was next carried out. The circDLG1 gene 
deletion group had much fewer colonies than the control 
group (Fig. 3D and E). We also discovered changes in the 
mRNA and protein expression of genes related to glucose 
metabolism in HCC cells with varying levels of expression. 
The results showed that the expression of the genes GLUT1, 
HK2, and PKM2 involved in glucose metabolism was drasti-
cally decreased when circDLG1 was silenced (Fig. 3F and 
G). A similar pattern was observed in the immunofluores-
cence data suggesting that circDLG1 was involved in con-
trolling the metabolism of intracellular glucose (Fig. 3H). 
Therefore, we further investigated how circDLG1 silenc-
ing affected cell glucose uptake and lactate generation. The 
results revealed that as circDLG1 expression decreased, glu-
cose uptake and lactate production decreased (Fig. 3K and 
L). Glucose consumption was much lower in the knockdown 
group than in the control (Fig. 3I). This finding implies that 
circDLG1 may promote the growth of HCC cells growth 
by participating in glucose metabolism. As a result, we fur-
ther investigated the sorafenib sensitivity of cells expressing 
varying amounts of circDLG1. The results showed that the 
circDLG1 group with low expression had a substantially 
lower IC50 than the group with high expression (Fig. 3J). 
These findings led us to make a preliminary conclusion that 
circDLG1 increased glycolysis in HCC cells, which in turn 
increased cell proliferation and made the cells more resist-
ant to sorafenib.

CircDLG1 promotes HCC cell proliferation in vivo

We employed a xenograft model to confirm subcutane-
ous carcinogenesis in vivo to further support the impact of 
circDLG1 on HCC. After circDLG1 was knocked down, 
tumor cells’ capacity to proliferate considerably diminished 
in comparison to the control group (Fig. 4A). The control 

group’s tumor volume and weight were larger than those of 
the knockdown group (Fig. 4B and C). Immunohistochemi-
cal detection showed that the proliferation-related indexes 
Ki67 and PCNA control group were significantly reduced 
(Fig. 4D). These in vivo results confirmed that circDLG1 
was absent in vivo and inhibited tumor cell proliferation, 
thereby inhibiting tumor progression.

CircDLG1 has been shown to bind to miR‑141‑3p 
in HCC cells

It is generally established that circRNA’s function and cel-
lular location are tightly connected. Our previous observa-
tions demonstrate that circDLG1 predominantly localizes 
to the cytoplasm, supporting the possibility that it serves 
as a miRNA sponge. Then, Circinteractome (https://​circi​
ntera​ctome.​nia.​nih.​gov/) and StarBase are used to forecast 
the probable targets of circDLG1, and the findings of the 
two databases are intersected to provide a total of six tar-
gets (Fig. 5A). The expression levels of these targets in the 
tumor and surrounding healthy tissues were also identified. 
Only has-mir-224-5p was found to be strongly expressed in 
the tumor, according to the data, whereas the expression of 
the other targets was modest. The largest expression differ-
ence was has-miR-141-3p, and the larger differences were 
has-mir-300 and has-mir-449a (Fig. 5B). We further tested 
whether these three targets bind to circDLG1. Consistent 
with the results, has-miR-141-3p exhibited the strongest 
ability to bind to circDLG1 (Fig. 5C), and has-miR-141-3p 
has a negative correlation with circDLG1 expression 
(Fig. 5D). Moreover, we predicted that miR-141-3p might 
be combined with circDLG1 through the online database 
circular RNA interactome (Circinteractome) (Fig. 5E). The 
binding sequence was then altered, and we discovered that 
ng so reduced miR-141-capacity 3p’s to bind to circDLG1 
(Fig. 5F). The Argonaute2 (AGO2) protein, linked to cir-
cRNA and miRNA, forms the nucleus of the RNA-induced 
silencing complex (RISC), which is why we next conducted 
the RIP investigation. The results showed that anti-AGO2 
may enrich more miR-141-3p and circDLG1 molecules than 
anti-IgG (Fig. 5G). These results suggest that circDLG1 may 
participate in HCC cells via interacting with miR-141-3p.

Targeted modulation of the expression of WTAP 
in HCC cells by miR‑141‑3p

In the 3ʹUTR of WTAP is the putative binding site for mir-
141-3p. Consequently, we examined the extent to which 
WTAP was expressed in neighboring normal tissues and 
malignancy, and we found that tumors had the highest levels 
of WTAP expression (Fig. 6A). There was a negative corre-
lation between miR-141-3p and WTAP expression (Fig. 6B). 
By using qRT-PCR and western blot, the changes in WTAP 

Fig. 3   CircDLG1 promoted the proliferation of HCC cells and inhib-
ited apoptosis. A qRT-PCR analysis of the transfection efficacy of 
shRNA in HCC cells after 48-h transfection. B, C The proliferation 
status of HCC cells was determined by CCK-8 assay after circDLG1 
knockdown. D, E Colony formation ability of HCC cells after 
circDLG1 knockdown. F The protein levels of GLUT1, PKM2, and 
HK2 were examined by western blot after transfected with shRNA. 
G The mRNA levels of GLUT1, PKM2, and HK2 were examined by 
RT-qPCR after transfected with shRNA. H Immunofluorescence was 
used to detect the expression changes of GLUT1, PKM2, and HK2 
after silencing circDLG1. I, K, L Detection of ECAR (I), glucose 
consumption (K), and lactate production (L) in transfected cells. J 
The proliferation status of HCC cells was determined by CCK-8 assay 
after circDLG1 knockdown with or without sorafenib. All of the 
above experiments were performed with three biological replicates 
(**p < 0.01 and ***p < 0.001)

◂

RETRACTED A
RTIC

LE

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/


	 Functional & Integrative Genomics (2023) 23:179

1 3

179  Page 8 of 14

expression were discovered following the overexpression 
and suppression of miR-141-3p expression. The results 
demonstrated that miR-141-3p knockdown enhanced WTAP 
expression whereas miR-141-3p overexpression lowered 
WTAP’s mRNA and protein levels. This gave more proof 
that WTAP is miR-141-direct 3p’s target protein (Fig. 6C, 
D). In addition, we predicted that the Circinteractome online 
database would reveal interactions between miR-141-3p and 
WTAP (Fig. 6E). Then, we changed the binding sequence, 
and we discovered that ng so reduced mir-141-capacity 3p’s 
to attach to WTAP (Fig. 6F). According to these findings, 
miR-141-3p binds to WTAP and inhibits WTAP expression.

CircDLG1 accelerated the development of HCC 
through the miR‑141‑3p/WTAP axis pathway

WTAP was overexpressed and miR-141-3p was silenced fol-
lowing circDLG1 silencing to demonstrate the mechanism 
of circDLG1 on HCC. These results demonstrated that both 
WTAP overexpression and miR-141-3p silencing could undo 
the suppression of HCC cell growth brought on by the down-
regulation of circDLG1. This finding was supported by the 
CCK8 results (Fig. 7A and B) and colony experiment results 

(Fig. 7C and D). Furthermore, miR-141-3p silencing and 
WTAP overexpression can affect the susceptibility of HCC 
to sorafenib. The IC50 of sorafenib in HCC was enhanced by 
both overexpressing WTAP and silencing miR-141-3p after 
circDLG1 was silenced (Fig. 7E). We checked again to see 
if the metabolism of glucose powers this system. Therefore, 
under various settings, we were able to observe changes in 
the cell’s intake of glucose and the formation of lactate. The 
results showed that the down-regulation of glucose uptake 
and lactate production caused by the reduced expression of 
circDLG1 could be restored by up-regulating WTAP and 
silencing miR-141-3p (Fig. 7G and H). Results for glucose 
consumption revealed a similar pattern (Fig. 7F). This find-
ing implies that circDLG1 stimulates proliferation of HCC 
cells through control of the miR-141-3p/WTAP axis to 
engage in glucose metabolism in HCC cells.

Discussion

With the advancement of high-throughput sequencing tech-
nology, the mechanism of disease occurrence and develop-
ment has been progressively investigated, and more and 

Fig. 4   CircDLG1 promotes 
proliferation of HCC cells in 
vivo. A Images of nude mice 
with xenograft tumors made 
from transfected cells. B The 
line chart represented a sum-
mary of tumor volume curves. 
The mean standard deviation of 
five mice was used to represent 
the typical tumor volume. C 
The tumor mass was measured 
across various groups. D IHC 
was used to display the expres-
sion level of Ki67 and PCNA in 
various groups. All of the above 
experiments were performed 
with three biological replicates 
(**p < 0.01)
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more circRNAs have been identified. The role of circRNA in 
human disease, especially in tumor (Wei et al. 2019), cannot 
be ignored, even though it has been undiscovered for a long 
time. In recent years, there has been an increase in the study 
of multiple circRNA processes in tumor cells, in particular 
the ceRNA machinery. The ceRNA machinery is based on 
the idea that ceRNAs can compete with target miRNAs for 
binding, lowering the number of miRNAs and raising the 
number of mRNA targets downstream that control illness. 
There is a lot of evidence to suggest that ceRNA machin-
ery plays a role in the initiation and development of some 
cancers, including HCC (Bai et al. 2023; Ding et al. 2023; 
Wang et al. 2023). In recent years, bioinformatics analysis 
has received increasing attention in the field of scientific 
research (Hu et al. 2023a, b; Zhu et al. 2022). Based on 
the ceRNA mechanism and bioinformatics analysis, Zhong 
et al. constructed a ceRNA network. Multiple gene function 

analysis and identification databases finally identified the 
association between key regulatory axes of HCC and sur-
vival prognosis, tumor-infiltrating immune cells, immune 
escape, pathway activity, and drug sensitivity in HCC 
patients, again demonstrating that the ceRNA network may 
promote HCC development and HCC cell invasion and pro-
gression (Zhong et al. 2023). According to a growing body 
of research, circRNA may affect a range of physiological and 
pathological processes, including apoptosis, cell cycle, cell 
migration, and invasion (Dong et al. 2017). CircRNA has 
been demonstrated to support tumor growth in a variety of 
mechanisms in earlier studies (Qu et al. 2017). For instance, 
Han et al. found that circMTO1 controls the expression of 
p21 via secreting miR-9, which controls the development 
of hepatocellular carcinoma (Han et al. 2017). Zhai et al. 
found that inhibition of the circIDE/miR-19b-3p/RBMS1 
axis exhibited tumor-promoting activity by upregulating 

Fig. 5   CircDLG1 binds to miR-
141-3p in HCC cells. A The 
binding between circDLG1 and 
miR-141-3p was predicted by 
using Circinteractome software 
and StarBase, Venn graph of 
the intersection of two software 
results. B The expression levels 
of has-mir-224-5p, has-miR-
141-3p, has-mir-300, has-mir-
449a, has-mir-34a-5p, and has-
mir-145-5p in the tumor and 
adjacent normal tissues were 
examined by qRT-PCR. C The 
interaction between circDLG1 
and has-miR-141-3p, has-miR-
449a, and has-miR-300 was ver-
ified by dual-luciferase reporter 
assay. D The expression rela-
tionship between circDLG1 and 
has-miR-141-3p. E CircDLG1 
contained the binding sites 
of has-miR-141-3p. F, G The 
interaction between circDLG1 
and miR-141-3p was verified by 
dual-luciferase reporter assay 
and RIP assay. All of the above 
experiments were performed 
with three biological replicates 
(*p < 0.05, **p < 0.01, and 
***p < 0.001)
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GPX4 to reduce iron death in hepatocellular carcinoma 
(Zhai et al. 2023). Hu et al. reported that exosome-derived 
circCCAR1 promotes CD8+ T-cell dysfunction and anti-PD1 
resistance in hepatocellular carcinoma (Hu et al. 2023a, b). 
CircFOXK2 promotes hepatocellular carcinoma progres-
sion and leads to poor clinical prognosis by modulating the 
Warburg effect (Zheng et al. 2023). We discovered in this 
work that circDLG1 is substantially expressed in hepatocel-
lular carcinoma and that individuals with high expression of 
HCC had a bad prognosis. The same results were obtained 
in online data and our real clinical samples, which made us 
believe that circDLG1 plays an important role in promot-
ing cancer in HCC. Further research found that circDLG1 
regulates the glycolysis process of HCC cells.

Tumor cells, due to their rapid and unlimited prolif-
eration, typically meet the energy requirements of cancer 
cells by increasing glucose uptake (Pavlova and Thomp-
son 2016). Compared with normal cells, tumor cells have 
a stronger ability to absorb glucose and provide suffi-
cient ATP for liver cancer cells through this “Warburg 
effect” (Zuo et al. 2021). In HCC, it has been found that 
multiple molecules involved in the multi-step process of 
glucose metabolism are abnormally expressed in HCC, 
which is an adverse prognostic factor of liver cancer, 
including GLUT1 (Amann and Hellerbrand 2009), PKM2 
(Liu et al. 2017), and HK2 (DeWaal et al. 2018). Numer-
ous variables, including circRNA, play a crucial role in 

controlling the expression of these genes. For instance, 
circ 0,058,063 upregulates the expression of GLUT1 in 
esophageal squamous cell carcinoma and encourages glu-
cose absorption, which ultimately increases the course of 
the disease (Zheng et al. 2020). Of course, because of the 
unique circular structure of circRNA, it can function in 
different ways (Li et al. 2015; Thomson and Dinger 2016), 
for example, spongy miRNA, interaction with RNA bind-
ing proteins, and translation proteins. CircRNAs are more 
likely to play a biological role by binding miRNAs through 
a sponge mechanism of adsorption to regulate downstream 
target genes. The mechanism by which circRNA controls 
the expression of target genes by adsorbing miRNA to 
control tumor growth has also been extensively studied 
in the past. Circ0032821, for example, through influenc-
ing the mir-1236-3p/HMGB1 axis, stimulates the growth, 
migration, invasion, and glycolysis of gastric cancer cells 
(Chen et al. 2020). In breast cancer, Circ_0072995 upregu-
lates SHMT2 which is mediated by the mir-149-5p (Qi 
et al. 2020). CircDLG1 and miR-141-3p were shown to 
be capable of interacting in the RIP experiment, and in 
this work we found that the HCC cells’ primary localiza-
tion for circDLG1 is the cytoplasm. Additional evidence 
from a luciferase activity experiment supported miR-
141-3p and circDLG1’s direct connection. These findings 
imply that miR-141-3p can bind to circDLG1 and control 
downstream protein gene expression. Our experimental 

Fig. 6   WTAP expression 
was specifically regulated by 
miR-141-3p in HCC cells. 
A GEPIA was used to verify 
WTAP expression in 369 HCC 
samples and 160 normal tissues. 
Normal tissue is depicted in 
gray, whereas tumor tissue is 
indicated in red. B The associa-
tion between miR-141-3p levels 
and WTAP mRNA in HCC 
tissues was assessed. C A qRT-
PCR experiment was used to 
determine the degree of WTAP 
mRNA expression in HCC cells. 
D Western blot analysis was 
used to determine the degree 
of WTAP protein expression 
in HCC cells. E The sequences 
that WTAP and miR-141-3p 
have in common. F Using a 
dual-luciferase reporter experi-
ment, it was shown that WTAP 
and miR-141-3p interact. All 
of the above experiments were 
performed with three biological 
replicates (*p < 0.05, **p < 0.01, 
and ***p < 0.001)
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findings in this paper demonstrate that circDLG1 may 
directly control the mRNA and protein expression of 
genes involved in glycolysis, including GLUT1, PKM2, 
and HK2, to control the degree of glucose absorption by 
HCC cells. This regulation can be directly reversed by 
miR-141-3p adsorbed by circDLG1. By adsorbing miR-
141-3p, the highly expressed circDLG1 can encourage the 
absorption of glucose by HCC cells, boosting cell growth. 
This result, which is potentially a possible sorafenib 
resistance mechanism, was further verified in mice. The 
sensitivity of highly expressed circDLG1 HCC cells to 
sorafenib decreased. However, in this study, our research 

on how circDLG1 regulates the sensitivity of HCC cells 
to sorafenib is limited, which is our next line of research.

Since circDLG1 and miR-141-3p are not translated into 
proteins, we looked more closely at their genes. These stud-
ies have shown how crucial a role the WTAP protein plays 
in the axis of circDLG1/miR-141-3p axis. Wilms tumor 
1’s partner and conserved nuclear protein is called WTAP 
(WT1) (Little et al. 2000). According to reports, WTAP is 
engaged in a variety of cellular biological processes, includ-
ing alternative splicing (Haussmann et al. 2016) and cell 
cycle regulation (Horiuchi et al. 2006). In addition, WTAP’s 
function in malignancies has drawn increasing interest. 

Fig. 7   CircDLG1 promoted progression of HCC via the miR-141-3p/
WTAP axis. A, B The proliferative status of HCC cells was deter-
mined by CCK-8 assay after circDLG1 knockdown with miR-141-3p 
inhibitor or WTAP overexpression. C, D Colony formation ability 
of HCC cells after circDLG1 knockdown with miR-141-3p inhibi-
tor or WTAP overexpression. E The proliferation status of HCC cells 
was determined by CCK-8 assay after circDLG1 knockdown with 

miR-141-3p inhibitor or WTAP overexpression adding or not add-
ing sorafenib. F–H Detection of ECAR (F), glucose consumption 
(G), and lactate production (H) in HCC cells after circDLG1 knock-
down with miR-141-3p inhibitor or WTAP overexpression. All of the 
above experiments were performed with three biological replicates 
(*p < 0.05, **p < 0.01, and ***p < 0.001)
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According to studies, for the development and metastasis of 
nasopharyngeal cancer, DIAPH1-AS1 m6A must be methyl-
ated by WTAP (Li et al. 2022). WTAP is also an oncogene in 
pancreatic cancer and lung adenocarcinoma (Lei et al. 2022; 
Xu et al. 2022). WTAP promotes the growth of hepatocel-
lular carcinoma by suppressing ETS1’s epigenetic activ-
ity in an m6A HuR-dependent manner (Chen et al. 2019), 
which is consistent with our research results in this paper, 
but whether WTAP also regulates HCC cell proliferation 
by regulating cell cycle–associated proteins needs further 
research. WTAP increases the growth of esophageal squa-
mous cell carcinoma via lowering the expression of CPSF4 
in an m6A-dependent way (Luo et al. 2022). This outcome 
is consistent with our research in HCC and supports the idea 
that miR-141-3p/WTAP, which is regulated by circDLG1, 
aids in the malignant proliferation of liver cancer cells.

In this study, we identified for the first time that circDLG1 
is differentially expressed in hepatocellular carcinoma, and 
for the first time, we sub-found that circDLG1 can partici-
pate in glycolysis of HCC cells, thus mediating the prolif-
eration and invasion and migration of HCC cells, which has 
not been reported in previous studies and is an important 
mechanism of tumor progression. However, we also have 
limitations in this study. First, our clinical sample size is 
relatively small, and there may be some bias. We need to use 
a larger patient cohort for further verification. In addition, 
We also discovered that the intracellular metabolite lactate 
is elevated at the same time. We regrettably did not examine 
whether the metabolite lactate drains into the milieu and if 
it alters the microenvironment using lactate, causing cell 
metastasis, which necessitates further investigation into the 
precise mechanism of circDLG1.

Conclusion

In conclusion, this study suggests that circDLG1 could be a 
new potential biomarker for the detection of HCC. circDLG1 
is involved in mediating HCC cell glycolysis through spongy 
miR-141-3p with WTAP, thereby promoting HCC cell pro-
liferation, invasion, and migration. These findings provide 
new insight for a more in-depth exploration of the mecha-
nism of biological development of HCC and the search for 
more effective biological criteria for the treatment and prog-
nosis of HCC.
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