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Abstract
A large number of researches have shown that circular RNA (circRNA) is new hope for the diagnosis or treatment of
tumors, including liver cancer (LCa). However, it remains largely unclear the role of circRNA in the progression of LCa
and its molecular mechanism. GSE164803 microarray dataset was applied to identify dysregulated circRNAs in LCa
and noncancerous tissues. CircTUBGCP5 (hsa_circ_0034049) was selected for further research. Biological functions of
circTUBGCP5 were investigated by EdU, colony formation, flow cytometry, glucose consumption and lactate production assay, and in vivo tumorigenesis. RNA pull-down assay and dual-luciferase reporter assay were used to investigate
the interaction between circTUBGCP5, miR-144-3p, and ACSL4. We demonstrated that circTUBGCP5 was significantly
up-regulated in LCa tissues and cells. CircTUBGCP5 promoted LCa cell proliferation, anti-apoptotic ability, glycolysis,
and tumorigenesis at least partially by sponging miR-144-3p to regulate ACSL4 protein level. In conclusion, circTUBGCP5 is a forceful contributor to malignant behaviors and glycolysis of LCa via modulating the circTUBGCP5/miR144-3p/ACSL4 axis, which has provided a target for the diagnosis and treatment of LCa patients.
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Introduction
In 2020, worldwide liver cancer (LCa) new cases
accounted for 4.6% of the total incidence, and worldwide LCa deaths accounted for 8.3% of the total deaths
[1]. Although the treatment strategy for LCa has been
continuously perfected, the prognosis of most patients
is still unsatisfactory due to its unlimited proliferation
and abnormal metabolism [2–4]. Therefore, an in-depth
study of the molecular mechanism of LCa progression is
essential to find new strategies.
The rapid development of molecular biology research
and genome-wide sequencing technology provides abundant resources for the development of biomarkers for
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better early diagnosis, prognosis prediction, and treatment of LCa [5, 6]. CircRNA is defined as a new type
of non-coding RNA molecule with a covalently linked
closed-loop structure, which expression is more stable
and not easy to degrade by RNA exonuclease [7]. Previous studies have implicated that abnormally expressed
circRNA was closely associated with proliferation,
apoptosis, metastasis, and aerobic glycolysis of tumor
cells by serving as sponges for microRNA (miRNA),
RNA-binding protein (RBP) adsorbers, protein/peptide
translation templates, regulating transcript alternative
splicing [8–11]. For instance, circSLIT2 contributed to
pancreatic ductal adenocarcinoma cell aerobic glycolysis
and proliferation via sponging miR-510-5p to boost the
expression of c-myc [12]. CircRNF13 could suppress the
glycolytic process, proliferation, and metastasis by stabilizing SUMO2 protein level and enhancing GLUT1
degradation in nasopharyngeal carcinoma [13]. Moreover, circRHOBTB3 could hamper colorectal cancer cell

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

Dai et al. Applied Biological Chemistry

(2022) 65:56

metastasis through binding to HuR protein and degrading the PTBP1 level [14]. While the effects of circRNA
have been extensively disclosed, the exact roles and
mechanisms of circRNA in the development of LCa
remain unclear.
Cell metabolic reprogramming is considered one of
the principal characteristics of cancer, which is beneficial to tumor malignant proliferation and adaptation to
unfavorable environments [15, 16]. Regardless of oxygen
abundance, tumor cells prefer to depend on glycolysis,
which could gain a higher ability to decompose glucose
into lactic acid to produce ATP, as the main source of
energy metabolism [17]. Prior studies have implicated
that changes in tumor microenvironment stress and
genes, such as c-myc, could regulate glycolysis-related
transporters and enzymes [18, 19]. Aerobic glycolysis
has been proved to play a significant role in LCa proliferation, growth, metastasis, and drug resistance [2]. The
mechanism of aerobic glycolysis has not been fully elucidated in LCa. Therefore, effective targeted therapy of the
LCa cell glycolysis pathway and its upstream regulators
may provide a new strategy for LCa therapy.
Here, we screened a novel circRNA circTUBGCP5
(hsa_circ_0034049) which was notably up-regulated in
tumor tissues of LCa in the GSE164803 dataset. Then,
we evaluated whether circTUBGCP5 could facilitate LCa
cell proliferation, anti-apoptotic ability, glycolysis, and
tumorigenesis by the miR-144-3p/ACSL4 axis, hoping
that our results may aid in identifying a new biomarker
for diagnosis and treatment of LCa.

Materials and methods
Human samples

LCa tumor tissues and adjacent normal tissues were
taken from forty-six LCa patients who underwent surgery. The inclusion and exclusion criteria of LCa patients
were: (1) confirmed pathologic diagnosis of LCa, (2) not
receiving preoperative chemotherapy or radiotherapy,
and extrahepatic metastases, (3) no previous treatment
for LCa, (4) with complete clinical information, (5) randomly selected tissues samples. The excised tissue was
immediately frozen in liquid nitrogen and stored at
– 80 °C. All experimental procedures were approved by
the Ethics Committee of the First Affiliated Hospital of
Anhui Medical University. Each patient received written
informed consent.
Cell culture and transfection

The human LCa cells Huh-7 (GDC0134; China Center
for Type Culture Collection; CCTCC, Wuhan, China)
and HCCLM3 (GDC0289; CCTCC) were cultured in
DMEM medium (01-056-1A; Bioind, Israel) and RPMI1640 medium (01-100-1A; Bioind) at 37 °C with 5%
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CO2. Human Liver Epithelial-2 cells THLE-2 (T0015001;
AddexBio, San Diego, CA, USA) and Human Embryonic
Kidney Cells 293 T (T0011002; AddexBio) were maintained in DMEM medium (01-056-1A; Bioind) at 37 °C
with 5% CO2. All medium was added with 1 × penicillin/
streptomycin (C0222; Beyotime, Shanghai, China) and
10% FBS (04-001-1A; Bioind).
The pLKO.1-puro-sh-circTUBGCP5 vector (sh-circTUBGCP5) containing shRNA targeting circTUBGCP5
junction sites was constructed by Biofeng (Shanghai,
China), followed by packaging into the lentivirus by
co-transfecting with psPAX2 and pMD2G into 293 T
cells, and infection into Huh-7 and HCCLM3 cells. The
miR-144-3p mimic (miR-144-3p), miR-144-3p inhibitor (anti-miR-144-3p), the pcDNA-ACSL4 vector containing full-length ACSL4, pmiR-RB-Report™ luciferase
vector (circTUBGCP5-wt, circTUBGCP5-mut, ACSL43′ UTR-wt, ACSL4-3′ UTR-mut) containing wild type
(wt) and mutated (mut) circTUBGCP5 or ACSL4-3′
UTR sequence were obtained from RiboBio (Guangzhou, China), followed by transfecting into Huh-7 and
HCCLM3 cells with Lipofectamine 3000 (L3000008; Invitrogen, Carlsbad, CA, USA).
Quantitative real‑time polymerase chain reaction (qRT–
PCR) analysis

Trizol (R0016; Beyotime) was employed to extract RNA
that then was transcribed into cDNA using miRNA First
Strand cDNA Synthesis Kit (B532453; Songon, Shanghai,
China) and Universal RT-PCR Kit (RP1100; Solarbio, Beijing, China). ChamQ SYBR qPCR Master Mix (Q311-02;
Vazyme, Nanjing, China) was implemented to measure
the level of circTUBGCP5, miR-1278, miR-1245-5p, miR144-3p, and ACSL4 mRNA. U6 was used as the internal
reference of miR-1278, miR-1245-5p, and miR-144-3p,
while β-actin was employed as the internal reference of
circTUBGCP5, and ACSL4 mRNA. The relative expression level was calculated via the 2−ΔΔCT method. The
primer sequences were synthesized from Songon:
CircTUBGCP5 (Forward 5′-TAACTGTCTCGTCCG
TCCTG-3’, Reverse 5′-CAGCCTTGCCATGTCCATTA-3′);
ACSL4 (Forward 5′-CATCCCTGGAGCAGATACTCT-3′,
Reverse 5′-TCACTTAGGATTTCCCTGGTCC-3′); miR1278 (Forward 5′-CTCCGAGTAGTACTGTGCATA-3′,
Reverse 5′-CTCAACTGGTGTCGTGGAG-3′); miR-144-3p
(Forward
5′-GGATTCCGAGTACAGTATAGATGA-3′,
Reverse 5′-TCAACTGGTGTCGTGGAGT-3′); miR-145-5p
(Forward
5′-ATTCCGAGGTCCAGTTTTCCCA-3′,
Reverse 5′-CTCAACTGGTGTCGTGGAGTC-3′); U6 (Forward 5′-CTTCGGCAGCACATATACT-3′,Reverse 5′-AAA
ATATGGAACGCTTCACG-3′); β-actin (Forward 5′-CTT
CGCGGGCGACGAT-3′ Reverse 5′-CCACATAGGAAT
CCTTCTGACC-3′).
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Western blot assay

Mammalian protein extraction kit (C600589; Songon)
and BCA Protein Quantification Kit (E112-01; Vazyme)
were performed to extract total protein and quantitate
protein. SDS-PAGE (P0012A; Beyotime) was used to
separate proteins of different molecular weight sizes that
then were electrotransferred onto the PVDF membranes
(F019531; Songon). Subsequently, the membrane was
blocked with 5% Nonfat-Dried Milk (P0216; Beyotime)
and incubated with primary antibodies c-myc (Anti-cMyc; ab32072; 1:1000; Abcam), GLUT1 (Anti-Glucose
Transporter GLUT1; ab14683; 1:2000; Abcam), ACSL4
(Anti-FACL4; ab155282; 1:20,000; Abcam), and β-actin
(beta Actin Antibody; MA5-15,739; 1:5000; Invitrogen) overnight at 4 °C, followed by incubated with Goat
Anti-rabbit IgG/HRP antibody (SE134 1:2000; Solarbio) at room temperature for 2 h. ECL Western Blotting Substrate (PE0010; Solarbio) and Image-Pro Plus
software were used for the protein of visualization and
quantification.
Immunohistochemistry (IHC) assay

Like the previous study [20], tumor samples were fixed,
embedded in paraffin, cut into 5 μm thick sections,
and incubated with antibodies c-myc (ab32072; 1:100;
Abcam), GLUT1 (ab14683; 1:200; Abcam), ACSL4 (AntiFACL4; ab155282; 1:200; Abcam), followed by IHC
Detection Kit (E-IR-R213; Elabscience, Wuhan, China).
Nuclear/cytoplasmic fractionation

Nuclear and cytoplasmic RNAs in Huh-7 and HCCLM3
cells were isolated using PARIS™ Kit (AM1921; Invitrogen). DNA-free™ DNase (AM1906; Invitrogen) was
allowed to remove trace amounts of DNA in the nuclear
RNA sample. The level of circTUBGCP5, β-actin, and U6
was estimated by qRT–PCR.
RNase R treatment

Huh-7 and HCCLM3 cells RNA (20 μg) was processed
with 4U RNase R (M1228-500; Biovision, Milpitas, CA,
USA) at 37 °C for 2 h. The level of circTUBGCP5 and
β-actin were explored using qRT–PCR.
Cell proliferation assay

Ethynyl-2′-deoxyuridine (EdU) assay: Cells (2 × 105/well)
were inoculated in 24-well plates until the normal growth
stage. After being treated with EdU Cell Proliferation Kit
(E607204; Songon), cells were fixed with 4% paraformaldehyde and incubated with Hoechst 33,342 to stain cell
nuclei. Colony formation assay: Cells (500/well) were cultured in 24-well plates for 14 days. 4% Paraformaldehyde
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Fix Solution (E672002; Songon), 0.2% crystal violet
(A600331; Songon), and Image-Pro Plus software were
implemented to fix, stain, and quantify the colony.
Cell apoptosis assay

Cells (2 × 105) were collected and stained with Annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) via Annexin V-FITC/PI Detection Kit
(E606336; Songon), followed by analysis with flow
cytometry.
Caspase‑3 and Caspase‑9 activity assay

Cells (1 × 106) were collected and processed with Caspase-3 Activity Detection Kit (BC3830; Solarbio) and
Caspase-9 Activity Detection Kit (BC3890; Solarbio) to
test the hydrolytic activity of Caspase-3 and Caspase-9,
which was monitored by microplate reader at wavelength
OD405. All values were normalized to cell numbers.
Glucose consumption and lactate production assay

Cells (1 × 106) were collected and dealt with with Glucose Uptake Assay Kit (ab136955; Abcam) and L-Lactate
Assay Kit (ab65331; Abcam), followed by measuring
output at wavelength OD412 and OD450 with a microplate reader (Invitrogen). All values were normalized to
cell numbers.
RNA pull‑down assay

The biotin-labeled probe against the circTUBGCP5 junction site (Songon) was incubated with cell lysates, and
then Streptavidin immunomagnetic beads (D110557;
Songon) were used to pull down biotin-coupled complexes. The circTUBGCP5 bound miR-1278, miR1245-5p, and miR-144-3p were quantified by qRT–PCR.
Dual‑luciferase reporter assay

Luciferase vectors and miR-144-3p were co-transfected
into Huh-7 and HCCLM3 cells with Lipofectamine
3000 (L3000008; Invitrogen) for 48 h, followed luciferase
activity was assessed via Dual-Lucy Assay Kit (D0010;
Solarbio).
Animal experiments

Huh-7 cells (2 × 106) of circTUBGCP5 knockdown
were resuspended in 100 μL PBS and then subcutaneously injected into the back of male BALB/cA-nu Mice
(HFK, Beijing, China). The length and width of the
tumor were assessed with a caliper every 4 days starting on day 3 and the tumor volume was calculated
as (length × width2 × 0.5). After 27 days, the mice were
sacrificed, followed by qRT–PCR, western blot, and IHC
to assess the level of circTUBGCP5, ACSL4, c-myc, and
GLUT1 in tumor samples. The animal experiments were
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permitted by the Animal Care and Use Committee of the
First Affiliated Hospital of Anhui Medical University.
Statistical analysis

GraphPad Prism 9 was used to analyze the values that
were shown as means ± standard deviations (SD). Student’s t-test or one-way ANOVA with Tukey’s post hoc
test respectively were employed for comparisons between
two or more groups. P < 0.05 was considered statistically
significant.

Results
CircTUBGCP5 was overexpressed in LCa tissues and cells.

Dataset GSE164803 in the GEO datasets, which contained 6 pairs of HCC tissue as well as noncancerous tissues, was applied to identify dysregulated circRNAs in
LCa. We found there are 96 up-regulated circRNAs and
156 down-regulated circRNAs (|Log2(fold change)|≥ 1;
adj.P.Value < 0.05) in LCa by analyzing GSE164803 microarray datasets with the GEO2R tool (Fig. 1A). Among
them, the expression of circTUBGCP5 showed one of the
most dramatic changes in LCa tissues (Fig. 1B). Next, we
measured the expression level of circTUBGCP5 was significantly increasing in LCa tissues and cells (Huh-7 and
HCCLM3) than normal tissues and cells (THLE-2) by
qRT–PCR (Fig. 1C, D). The structure of circTUBGCP5
was illustrated by circPrimer2.0 [21], which showed circTUBGCP5 derived from exons 2–8 of the TUBGCP5
gene (Genomic location: chr15:22,835,915–22,846,952 + ,
circBase ID: hsa_circ_0034049), and back-splicing junction sites of circTUBGCP5 were proved using Sanger
sequencing (Fig. 1E). To further characterize circTUBGCP5, the cytoplasmic/nuclear isolation experiment
was employed to illustrate the location of circTUBGCP5,
which indicated that most of the circTUBGCP5 could
be found in the cytoplasm of Huh-7 and HCCLM3 cells
(Fig. 1F, G). Furthermore, compared with β-actin mRNA,
circTUBGCP5 was resistant to RNAse R treatment,
and implicating circTUBGCP5 was circular (Fig. 1H, I).
These data demonstrated that circTUBGCP5 was overexpressed in LCa tissues and cells, implying its potential to
be related to LCa progress.
CircTUBGCP5 enhanced LCa cell proliferation,
anti‑apoptotic ability, and glycolysis

To explore the function of circTUBGCP5 in LCa, shRNA
targeting the back spliced site of circTUBGCP5 was
utilized to knock down circTUBGCP5 expression. In
comparison with the pLKO.1-puro-sh-NC (sh-NC)
group, the level of circTUBGCP5 was efficiently lower
about fivefold in the sh-circTUBGCP5 group (Fig. 2A).
circTUBGCP5 downregulation strikingly restrained
Huh-7 and HCCLM3 cell proliferation (Fig. 2B, C), and
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contributed to cell apoptosis (Fig. 2D). Moreover, circTUBGCP5 knockdown triggered the augment of Caspase-3 and Caspase-9 activity (Fig. 2E, F). To examine the
effect of circTUBGCP5 on glycolysis in LCa, we examined glucose consumption and lactate production of LCa
cells. The results showed that glucose uptake and lactate
production were conspicuously reduced when circTUBGCP5 was knocked down in Huh-7 and HCCLM3 cells
(Fig. 2G, H). Given the promoting role of c-myc and
GLUT1 on glycolysis in LCa[18, 19], we detected the
protein level of c-myc and GLUT1. Knockdown of circTUBGCP5 suppressed the level of c-myc and GLUT1
via western blot in Huh-7 and HCCLM3 cells (Fig. 2I, J).
Taken together, these findings indicated that circTUBGCP5 could enhance LCa cell proliferation, anti-apoptotic ability, and glycolysis.
CircTUBGCP5 directly interacted with miR‑144‑3p in LCa
cells

To figure out the molecular mechanism of circTUBGCP5 in LCa, the starbase (https://starbase.sysu.edu.cn),
[22] circbank (http://www.circbank.cn/index.html), [23]
and circinteractome (https://circinteractome.nia.nih.
gov) [24] database were utilized to predict the potential
miRNAs of circTUBGCP5. Venn diagrams showed that
3 miRNAs (miR-278, miR-145-5p, and miR-144-3p) consistently had binding sites to circTUBGCP5 in the three
databases (Fig. 3A). Furthermore, RNA pull-down and
qRT–PCR assay showed that the amount of miR-144-3p
was pulled down by circTUBGCP5, indicating circTUBGCP5 could bind with miR-144-3p (Fig. 3B, C). The complementary base sequences between positions 180–188
of circTUBGCP5 and miR-144-3p were shown in Fig. 3D.
To test if miR-144-3p binds with circTUBGCP5 in LCa,
miR-144-3p mimic (miR-144-3p) was introduced into
Huh-7 and HCCLM3 cells. qRT–PCR data presented that
the level of miR-144-3p was notably increased in Huh-7
and HCCLM3 cells after transfecting with miR-144-3p
(Fig. 3E). Moreover, the Luciferase reporter assay showed
that miR-144-3p prominently reduced the luciferase
activity of circTUBGCP5-wt but not circTUBGCP5-mut
(Fig. 2F, G). Next, down-regulated miR-144-3p was validated by qRT–PCR in LCa tissues and cells (Fig. 3H, I).
These results demonstrated that circTUBGCP5 may act
as a sponge for miR-144-3p in LCa.
MiR‑144‑3p targeted ACSL4 in LCa cells

To disclose the precise mechanism underlying the
function of circTUBGCP5, the downstream targets of
miR-144-3p were investigated. miRDB (http://mirdb.
org/) [25] and Targetscan (http://www.targetscan.org/
vert_72/) [26] were analyzed to predict the potential
miR-144-3p-target genes. The GEPIA database (http://
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Fig. 1 CircTUBGCP5 was overexpressed in LCa tissues and cells. A Volcano plot of the differentially expressed circRNAs between LCa and normal
samples in GSE164803 datasets. B The expression value of circTUBGCP5 in GSE164803 datasets. C The circTUBGCP5 level in LCa (n = 46) and normal
(n = 46) tissues by qRT–PCR. D The circTUBGCP5 level in LCa cells (Huh-7 and HCCLM3) and normal cells (THLE-2) using qRT–PCR. E Scheme
illustrated the production of circTUBGCP5. PCR primers used to specifically detect circTUBGCP5 by qRT–PCR were indicated by F (Forward primer)
and R(Reward primer). The back-splice junction of circTUBGCP5 was identified by Sanger sequencing. F and G CircTUBGCP5 were abundant in the
cytoplasm of Huh-7 and HCCLM3 cells, β-actin and U6 were applied as positive controls in the cytoplasm and nucleus, respectively. H and I qRT–
PCR examined the RNA level of circTUBGCP5 and β-actin with RNase R treatment in Huh-7 and HCCLM3 cells. Data were expressed as mean ± SD.
***P < 0.001

gepia2.cancer-pku.cn/#index) [27] was analyzed to
select the TOP 100 up-regulated genes in LCa (Dataset: Liver hepatocellular carcinoma (LIHC), Differential Methods: ANOVA, Differentially expressed genes:
Log2FC > 1 and q-value < 0.01). Venn diagrams presented that ACSL4 was found as the putative target gene
(Fig. 4A). Based on the GEPIA database, the results indicated that ACSL4 was up-regulated in the LIHC tumor
than in normal tissues (Fig. 4B), and high expression of

ACSL4 was negatively associated with the overall survival of LCa patients (Fig. 4C). ACSL4 mRNA and protein expression levels were up-regulated in LCa tissues
than normal tissues (Fig. 4D, E). Additionally, the ACSL4
protein level was significantly increased in LCa cells
(Fig. 4F). There were two complementary base sequences
between ACSL4 3’UTR (position 1355–1360 and position 1380–1385) and miR-144-3p (Fig. 4G). Surprisingly,
the results of the luciferase reporter assays showed that
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Fig. 2 circTUBGCP5 enhanced LCa cell proliferation, anti-apoptotic ability, and glycolysis. A The circTUBGCP5 level after transfecting the
pLKO.1-puro-sh-NC (sh-NC) vector and pLKO.1-puro-sh-circTUBGCP5 (sh-circTUBGCP5) vector by qRT–PCR. B EdU assay, the scale bar represents
50 µm, C colony formation assay, D Annexin V-FITC/PI assay following knockdown of circTUBGCP5. E Caspase-3 activity, F Caspase-9 activity, G
glucose uptake, and H lactate production in transfected with sh-NC or sh-circTUBGCP5 of Huh-7 and HCCLM3 cells. I and J The protein level of
c-myc and GLUT1 by western blot assay. Data were expressed as mean ± SD. **P < 0.01, ***P < 0.001
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Fig. 3 CircTUBGCP5 may act as a sponge for miR-144-3p. A MiR-1278, miR-145-5p, and miR-144-3p were identified to possibly interact with
circTUBGCP5 through the intersection of circintractome, starbase, and circbank databases. B and C The interaction of circTUBGCP5 and miR-144-3p
was identified by RNA-pull down assay. D The schematic drawing showed the sequence of wild-type (wt) and mutant (mut) circTUBGCP5. E
Overexpression efficiency of miR-144-3p using qRT–PCR. F and G The luciferase activity of circTUBGCP5-wt and circTUBGCP5-mut in Huh-7
and HCCLM3 cells after cotransfection with miR-144-3p. H The miR-144-3p level in LCa (n = 46) and normal (n = 46) tissues by qRT–PCR. I The
circTUBGCP5 level in LCa cells (Huh-7 and HCCLM3) and normal cell (THLE-2) using qRT–PCR. Data were presented as mean ± SD. **P < 0.01,
***P < 0.001

miR-144-3p significantly reduced the luciferase activity of the reporter ACSL4 3′UTR-wt compared to that
of the reporter (1355–1360)-mut and (1380–1385)-mut
of ACSL4 3′UTR (Fig. 4H, I). To measure if miR-144-3p
regulated the expression of ACSL4 in LCa, miR-144-3p
inhibitor (anti-miR-144-3p) was transfected into Huh-7
and HCCLM3 cells (Fig. 4J). Further, the western blot
assay indicated that miR-144-3p inhibited ACSL4 expression and whether anti-miR-144-3p promoted ACSL4
expression in Huh-7 and HCCLM3 cells (Fig. 4K, L).

MiR‑144‑3p modulated LCa cell proliferation,
anti‑apoptotic ability, and glycolysis via targeting ACSL4

To investigate the effect of miR-144-3p and ACSL4
on LCa development, the overexpression efficiency of
ACSL4 was verified by qRT–PCR (Fig. 5A). Functionally, as revealed by EdU (Fig. 5B), colony formation
(Fig. 5C), and Annexin V-FITC/PI (Fig. 5D–F) assays,
miR-144-3p could inhibit the proliferation and antiapoptotic ability of Huh-7 and HCCLM3 cells, while
the suppression could be blocked by overexpression of
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Fig. 4 MiR-144-3p targeted ACSL4 in LCa cells. A ACSL4 was identified to possibly interact with miR-144-3p and LCa by the intersection of
Targetscan, miRDB, and GEPIA databases. B The expression of ACSL4 in LIHC tumor (n = 370) and normal (n = 50) in GEPIA database. C Overall
survival (OS) analysis in LIHC based on ACSL4 expression in the GEPIA database. D The ACSL4 mRNA level in LCa (n = 46) and normal (n = 46) tissues
by qRT–PCR. E IHC analysis of ACSL4 expression in LCa and normal tissues, the scale bar represents 100 µm. F The ACSL4 protein level in LCa cells
(Huh-7 and HCCLM3) and normal cells (THLE-2) using western blot. G Schematic drawing showed the sequence of wild-type (wt) and mutant (mut)
ACSL4 3′UTR. H and I The direct binding between ACSL4 3′UTR and miR-144-3p was analyzed by dual-luciferase reporter assay. J The miR-144-3p
level in Huh-7 and HCCLM3 cells after transfection with anti-miR-144-3p or anti-miR-NC. K and L Western blot assay analyzed the ACSL4 expression
in miR-144-3p inhibition and overexpressed Huh-7 and HCCLM3 cells. Data were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

ACSL4. The decrease in cell glucose uptake and lactate
production, which was induced by miR-144-3p overexpression, was reversed following ACSL4 upregulation
in Huh-7 and HCCLM3 cells (Fig. 5G, H). Similarly,
ACSL4 effectively abrogated the inhibited level of
ACSL4, c-myc, and GLUT1 induced by miR-144-3p
in Huh-7 and HCCLM3 cells (Fig. 5I, J). In summary,
miR-144-3p may blunt LCa progression and glycolysis
via targeting ACSL4.

CircTUBGCP5 promoted the malignant behaviors
and glycolysis in LCa cells through the miR‑144‑3p/ACSL4
axis

To demonstrate if circTUBGCP5 contributed to
the malignant behaviors and glycolysis by sponging miR144-3p, and then up-regulating ACSL4
expression, Huh-7 and HCCLM3 cells were transfected
with
sh-NC + anti-miR-NC + pcDNA,
sh - c i rcT U B G C P 5 + a nt i - m i R- N C + p c D N A ,

Dai et al. Applied Biological Chemistry

(2022) 65:56

Page 9 of 13

Fig. 5 ACSL4 reversed the function of miR-144-3p in LCa. A Transfection efficacy of ACSL4 overexpression was validated in Huh-7 and HCCLM3 cells
via western blot. B and C Cell proliferation, D apoptosis, E Caspase-3 activity, F Caspase-9 activity, G glucose uptake, H lactate production, I and J
ACSL4, c-myc, and GLUT1 protein level were detected in Huh-7 and HCCLM3 cells after overexpressing miR-144-3p in the presence or absence of
pcDNA-ACSL4. Data were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

sh-circTUBGCP5 + anti-miR-144-3p + pcDNA, or shcircTUBGCP5 + anti-miR-NC + pcDNA-ACSL4. The
effects of sh-circTUBGCP5 on proliferation (Fig. 6A,
B), anti-apoptotic ability (Fig. 6C–E), and glycolysis
(Fig. 6F, G) were counteracted by miR-144-3p downregulation or ACSL4 up-regulation in Huh-7 and
HCCLM3 cells. The sh-circTUBGCP5 led to inhibition

of the cell glucose uptake and lactate production capabilities, but these effects could be partially attenuated
by the anti-miR-144-3p or the pcDNA-ACSL4 up-regulation. In addition, inhibition of miR-144-3p or ectopic
ACSL4 expression reversed the inhibitory effect of shcircTUBGCP5 on the expression of ACSL4, c-myc, and
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Fig. 6 CircTUBGCP5 promoted the malignant behaviors and glycolysis in LCa cells through the miR-144-3p/ACSL4 axis. A and B Cell proliferation,
C apoptosis, D Caspase-3 activity, E Caspase-9 activity, F glucose uptake, G lactate production, H and I ACSL4, c-myc, and GLUT1 protein level in
Huh-7 and HCCLM3 cells after silencing circTUBGCP5 in the presence or absence of anti-miR-144-3p or pcDNA-ACSL4. Data were expressed as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001

GLUT1 in Huh-7 and HCCLM3 cells (Fig. 6H, I). These
results indicated that circTUBGCP5 may enhance the
proliferation, anti-apoptotic ability, and glycolysis in
LCa cells through the miR-144-3p/ACSL4 axis.

CircTUBGCP5 boosted LCa tumor growth in vivo

To further examine the ability of circTUBGCP5 LCa
growth in vivo, we generated xenografts in nude mice.
circTUBGCP5 down-regulation remarkably hindered the
tumor volumes and weights (Fig. 7A, B). circTUBGCP5
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Fig. 7 CircTUBGCP5 enhanced LCa tumor growth in vivo. A Tumor volume and B tumor weight were monitored in the sh-NC group (n = 5) and
sh-circTUBGCP5 group (n = 5). C qRT–PCR analysis of the circTUBGCP5 level. D Western blot and E IHC analysis of the ACSL4, c-myc, and GLUT1
protein levels in different group xenografts, the scale bar represents 100 µm. Data were shown as mean ± SD. **P < 0.01, ***P < 0.001

level was significantly reduced in the tumor tissue of
the sh-circTUBGCP5 group than in the sh-NC group
(Fig. 7C). Additionally, western blot (Fig. 7D) and IHC
(Fig. 7E) data uncovered that circTUBGCP5 down-regulation weakened the protein level of ACSL4, c-myc, and
GLUT1 in tumor tissue. Collectively, these results manifested that circTUBGCP5 regulated ACSL4 expression to
promote LCa growth in vivo.

Discussion
Currently, we identified a novel circRNA named circTUBGCP5, which was also much higher in LCa tissues
and cells. To our knowledge, this work is the first study

to explore the expression and function of circTUBGCP5
in LCa. Furthermore, the circTUBGCP5/miR-144-3p/
ACSL4 axis is also discovered at first in LCa.
In recent years, a massive number of evidences have
implicated that metabolic reprogramming was closely
related to the occurrence and development of LCa, in
which glycolysis was one of the most prominent features, but its mechanism was not fully understood. Until
recently, a small amount of studies showed circRNA
may provide new insight into the glycolysis of LCa.
For instance, CircC16or62 contributed to malignancy
and glycolysis via sponging miR-138-5p to increase the
protein kinase PTK2 level in LCa [28]. Up-regulated
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hsa_circ_0016788 could enhance hepatocellular carcinoma cell glycolysis, invasion, and growth, whereas
inhibiting cell apoptosis via the miR-506-3p/PARP14
pathway [29]. However, the effect of circTUBGCP5 on
LCa glycolysis remained largely unknown. Furthermore,
knockdown of endogenous circTUBGCP5 in Huh-7 and
HCCLM3 cells effectively constrained proliferation, antiapoptotic ability, glucose uptake, lactate production, and
tumor growth in vivo. We further found that circTUBGCP5 could promote protein expression of c-myc, a key
regulator of glycolysis in tumor cells, and GLUT1, one of
the most important glycolytic transporters in the glycolytic pathway. These observations showed that circTUBGCP5 could induce LCa glycolysis by boosting c-myc and
GLUT1 expression.
The mechanism of circRNA in tumorigenesis and
progression has not been elucidated. The most widely
reported function of circRNA is to act as a miRNA
sponge in the cell cytoplasm [7, 9]. In this research, we
screened three miRNAs and further confirmed that miR144-3p could bind to circTUBGCP5 by RNA pull-down
assay and dual-luciferase reporter assay. Then, we filtered
out one gene predicted to exert cancer-promoting effects
and demonstrated that miR-144-3p was capable of binding to ACSL4 3′UTR. miR-144-3p, which was involved in
glucose metabolism in colon cancer cells [30], was downregulated in extensive human cancers including LCa [31].
For example, miR-144-3p hindered cell growth, invasion,
and M1 polarization of tumor-associated macrophages
via targeting EIF4G2 [32], DOCK4 [33], EZH2 [34], and
HGF [34] in LCa. ACSL4, a key enzyme of fat metabolism
in the body, has been manifested as an oncogene to be
associated with many malignant tumors, such as prostate
cancer [35], breast cancer [36], and LCa [37–40]. It was
previously uncovered that ACSL4 could stabilize c-myc
[40] and GLUT1 [37] protein by reducing their ubiquitination to facilitate LCa progression. Consistent with
previous research outcomes, miR-144-3p was downregulated but ACSL4 was up-regulated in LCa tissues
and cells versus normal tissues and cells. Kaplan–Meier
analysis also uncovered that high expression of ACSL4
was negatively associated with the overall survival of LCa
patients. Exhilaratingly, miR-144-3p could impede LCa
progression via targeting ACSL4. As expected, c-myc
and GLUT1 mediated the circTUBGCP5/miR-144-3p/
ACSL4-induced promotional effect on LCa proliferation,
anti-apoptotic ability, and glycolysis. However, whether
ubiquitination of c-myc and GLUT1 can be modulated by
the circTUBGCP5/miR-144-3p/ACSL4 axis need further
study.
This work has several limitations. First, our study
revealed that circTUBGCP5 expression was significantly up-regulated in 46 pairs LCa tissues. Further
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investigation of circTUBGCP5 in clinical significance by
recruiting more LCa patients. Second, due to the limitation of time, we did not study the association between the
circTUBGCP5/miR-144-3p/ACSL4 axis and LCa patient
survival. Third, circTUBGCP5 may employ as a sponge
for protein or encoding peptides to regulate the development of LCa, which will be an important question for our
future investigation.
Ultimately, we reported circTUBGCP5 was increased
in LCa and characterized the facilitation that circTUBGCP5 played on the expression of c-myc and GLUT1 via
miR-144-3p/ACSL4 axis to enhance proliferation, antiapoptotic ability, and glycolysis, which in turn contributed to LCa progression. Taken together, circTUBGCP5/
miR-144-3p/ACSL4 axis may be used as a diagnostic biomarker and potential target in LCa therapy.
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