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Purpose: Acyl-CoA thioesterase 7(ACOT7) plays an important role in the metabolism of 
fatty acids. Hepatocellular carcinoma (HCC) has an abnormal lipid profile, and the role of 
ACOT7 in hepatocellular carcinoma has not been detailedly elucidated. Therefore, we 
conducted the study to explore the role of ACOT7 in HCC.
Materials and Methods: The ACOT7 and Krüppel-like factor 13 (KLF13) mRNA expres-
sion levels were obtained from The Cancer Genome Atlas (TCGA) database. Bioinformatics 
analysis identified the underlying upstream regulator of ACOT7. Quantitative real-time PCR 
was used to detect the expression of mRNA, and immunohistochemical staining and Western 
blotting were used to detect the expression of protein. Cell Counting Kit-8 and EdU assays 
were employed to assess the proliferation of HCC cells. Wound-healing and Transwell 
migration assays were utilized to test the migration ability of HCC cells. Dual-luciferase 
reporter assay and ChIP assay were used to explore the potential mechanism. Gas chromato-
graphy-mass spectrometer was used to analyze the content of free fatty acids. Xenograft 
tumour growth was used to evaluate the effect of ACOT7 in vivo.
Results: According to The Cancer Genome Atlas (TCGA) database, ACOT7 mRNA was 
found to be upregulated and predicted the poor prognosis. Overexpression of ACOT7 
enhanced the proliferation, migration and invasion abilities of HCC cells in vitro, as well 
as the HCC cells proliferation in vivo. Moreover, ACOT7 overexpression increased the yield 
of the monounsaturated fatty acid Oleic acid (C18:1), which strengthened the proliferation 
and migration abilities of HCC cells. Mechanistically, KLF13 transcriptionally promoted 
ACOT7 expression. Further, KLF13 was also overexpressed in HCC tissues and facilitated 
HCC progression.
Conclusion: Acyl-CoA thioesterase 7 is transcriptionally activated by Krüppel-like factor 
13 and promotes the progression of hepatocellular carcinoma.
Keywords: acyl-CoA thioesterase 7, Krüppel-like factor 13, hepatocellular carcinoma, 
unsaturated fatty acid, prognosis

Introduction
Liver cancer is one of the most common malignant tumors with the sixth highest 
morbidity and the third leading cause of cancer death worldwide in 2020, with 
approximately 906,000 new cases and 830,000 deaths, and the difficulty of early 
diagnosis, poor prognosis and limited treatment for liver cancer seriously threatens 
the physical and mental health of humans.1 Therefore, elucidation of the underlying 
molecular mechanism of HCC is urgently needed to discover novel biomarkers for 
diagnosis and treatment.
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Acyl-CoA thioesterase 7 (ACOT7) (also known as 
BACH, CTE-II, ACT, ACH1, and BACHa), a major iso-
form of the ACOT family, is one of the most extensively 
studied ACOTs.2 ACOT7 is located in the cytosol and is 
abundant in brain tissue and testis3,4 and it has a vital role in 
neurotoxic prevention through regulation of neuronal fatty 
acid metabolism.5 Fatty acid alterations are involved in 
ovarian cancer,6 prostate cancer,7 colon cancer,8 and hepa-
tocellular carcinoma.9,10 Acyl-CoA thioesterases hydrolyse 
fatty acyl-CoAs into free fatty acids and CoA-SH. ACOT7 
is responsible for the hydrolysis of arachidonoyl-CoA (AA- 
CoA) to arachidonic acid (AA) and CoA. In addition, 
ACOT7 has been demonstrated to alter the abundance of 
prostaglandins D2 and E2 in a macrophage cell line.2 Jung 
et al11 reported that ACOT7 was highly expressed in lung 
cancer tissues and promoted cell cycle progression in breast 
and lung cancer cells. Cai et al12 reported that ACOT7 was 
upregulated and was correlated with a poor prognosis for 
HCC patients. However, the role of ACOT7 and its effect 
on fatty acid metabolism in hepatocellular carcinoma are 
still unclear.

Krüppel-like factors (KLFs), the transcription factors 
with a zinc-finger motif, regulate gene expression by bind-
ing to the promoter.13 KLFs are also involved in tumor 
development. KLF7 promoted ovarian cancer growth and 
dissemination.14 KLF8 bond to the promoter of GLUT4 to 
regulate glycolysis and was responsible for poor prognosis 
in gastric cancer.15 KLF16 activated MYC signaling and 
promoted tumor cell growth in prostate cancer.16 KLF2, 
a tumor suppressor, was inactivated by up-regulated long 
non-coding RNA DUXAP8 in hepatocellular carcinoma.17 

KLF17, which inhibited EMT-related genes (ZO-1, 
Vimentin and Fibronectin), was inactivated by microRNA- 
9 in hepatocellular carcinoma.18 KLF13, a transcription 
factor, is abnormally expressed in a variety of cancers. 
KLF13 was downregulated in prostate carcinoma and inhib-
ited prostate carcinoma cell proliferation by suppressing the 
AKT pathway.19 However, KLF13 was overexpressed in 
oral cancer cells, and knockdown of KLF13 decreased 
oral cancer cell proliferation and increased sensitivity to 
ionizing radiation.20 Recent studies have indicated that 
KLF13 plays a distinct role in cancer. However, the role 
of KLF13 in hepatocellular carcinoma remains unknown. In 
addition, KLF13 is involved in lipid metabolism, and it 
transcriptionally inhibited HMGCS1-mediated cholesterol 
biosynthesis in colorectal cancer.21 In the present study, 
we performed bioinformatics analysis and identified that 
ACOT7 was transcriptionally regulated by KLF13.

In the present study, in vitro and in vivo experiments 
demonstrated that ACOT7 acted as a proto-oncogene and 
promoted C18:1 free fatty acid production, which 
enhanced HCC cell proliferation and migration. 
Moreover, the expression of ACOT7 was transcriptionally 
activated by KLF13. Therefore, the KLF13/ACOT7/ 
monounsaturated fatty acid axis may be a novel target 
for the diagnosis and treatment of hepatocellular 
carcinoma.

Materials and Methods
Patient Information
The ACOT7 or KLF13 mRNA differential expression was 
analyzed between normal and primary HCC in UALCAN 
website (http://ualcan.path.uab.edu/) based on The Cancer 
Genome Atlas (TCGA) database. And the survival analy-
sis with ACOT7 was performed using the Kaplan–Meier 
method in UALCAN website. Twenty HCC tissues and 
corresponding adjacent noncancerous tissues were used for 
immunohistochemical staining, and 26 HCC tissues and 
corresponding adjacent noncancerous tissues were used for 
qRT-PCR. Patients’ tissues were collected from the 
Affiliated Hospital of Guizhou Medical University 
between January 2020 and August 2021. All patients 
were diagnosed with primary HCC. No treatment had 
been received for these patients before surgery. Patients 
had complete medical records. Patient consent was 
obtained for use of their tissues and medical records. 
Patients had no metastasis. The clinicopathologic charac-
teristics of 26 HCC patients are summarized in Table 1. 
This study was approved by the Ethics Committee of the 
Affiliated Hospital of Guizhou Medical University 
(NO.2019-231). This research complied with the provi-
sions of the Declaration of Helsinki.

Hepatocellular Carcinoma Cell Lines
HCC cell lines (HepG2, SK-Hep1, HCCLM3, MHCC97H 
and Huh7) and 293T cells were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China). All cell lines were cultured in DMEM 
(GibcoBRL, Rockville, MD, USA) with 10% foetal bovine 
serum (04-001-1A, Biological Industries) and incubated at 
37 °C with 5% CO2.

Plasmids, Transfection and Infection
ACOT7 and KLF13 were overexpressed in cells with 
lentiviruses constructed by GENECHEM (Shanghai, 
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China). Knockdown of ACOT7 and KLF13 was conducted 
by shRNA in cells. The shRNA sequences were as fol-
lows: ACOT7 sh #1, GTCGCTGAAGAATGTGGACAA; 
ACOT7 sh #2, CCGGCATTGCAACAGCCAGAA; 
KLF13 sh #1, CGGGAAATCTTCGCACCTCAA; and 
KLF13 sh #2, CTAGCGGACCTCAACCAGCAA.

Quantitative Real-Time Reverse 
Transcription Polymerase Chain Reaction
TRIzol reagent (Invitrogen) was used to extract mRNA. The 
cDNA was reverse transcribed using the PrimeScriptTM RT 
reagent Kit with gDNA Eraser (Perfect Real Time) (Cat# 
RR047A, TaKaRa), and TB Green Premix Ex TaqTM II (Tli 
RNaseH Plus) (Cat# RR820A TaKaRa) was used for qRT- 
PCR. The primer sequences were as follows: ACOT7 (for-
ward primer, GCCTCCTGTTGTGTATTC; reverse primer, 
GTTCCTCCACTTGGTCTC); KLF13 (forward primer, 
CTCACACAGGTGAGAGGC; reverse primer, GTGCTT 
GGTCAGGTGGTC); and GAPDH (forward primer, GAT 
CATCAGCAATGCCTC; reverse primer, GTCCTTCCAC 

GATACCAA). All experiments were performed in triplicate, 
and the relative expression of ACOT7 and KLF13 was 
normalized to the expression of GAPDH using the 2‒ΔΔct 

method.

Cell Proliferation Assays
The Cell Counting Kit-8 (CCK-8, Dojindo) and EdU 
(BeyoClick™ EdU-594 Cell Proliferation Kit, Beyotime, 
China) assays were utilized for cell proliferation analysis 
according to the manufacturer’s instructions. EdU cells 
were imaged by a Zeiss laser scanning microscope.

Cell Migration and Invasion Assays
Wound-healing and transwell assays were used to evaluate 
migration. Cells were seeded into 6-well plates, and a 200 
µL pipette tip was applied to wound the cell monolayer 
when grown to 100% confluency. The wound was photo-
graphed, which served as the 0 hour time point. Cells were 
incubated in medium without serum for 24 or 48 hours, and 
wound closure was photographed. For the transwell assay, 
cells (2×104 cells/200 µL) were seeded into the top chamber 
without serum in a 24-well polycarbonate transwell filter (8 
µm pore size, Corning Incorporated, USA), which was pre-
coated with (for invasion assay) or without (for migration 
assay) 30μL matrigel, and 20% foetal bovine serum (700 
µL) was placed into the lower chamber. After incubation for 
24 or 48 hours, cells grown in the polycarbonate transwell 
filter were fixed with 4% paraformaldehyde and stained with 
0.1% crystal violet. A cotton swab was used to wipe cells 
from the top chamber, and migrated cells were photographed 
with an inverted microscope.

Apoptosis and Cell Cycle Analysis
An Annexin V-APC/7-AAD apoptosis kit (Multisciences 
Biotech Co., Ltd.) was used to detect cell apoptosis. The 
cell cycle was analysed by propidium iodide (PI) staining. 
A NAVIOS flow cytometer (Beckman Navios) was used to 
detect cell apoptosis and cycle distribution.

Lipid Extraction for GC-MS Analysis
For each sample, 1 mL of chloroform methanol (2:1) 
solution was added to a 2 mL centrifuge tube, and 
100 mg glass beads were added to the sample followed 
by vortex oscillation for 30 seconds. The tube was then 
incubated in liquid nitrogen for 5 minutes, and the centri-
fuge tube was vibrated at 50 Hz for 1 minute. The proce-
dure was repeated twice. Next, the samples were 
centrifuged at 12,000 rpm for 5 minutes, and the 

Table 1 Patient Information

Variable N %

Age, year
≤50 11 42.3

>50 15 57.7

Sex
Male 24 92.3

Female 2 7.7

α-Fetoprotein, ng/ml
≤400 21 80.8

>400 5 19.2
Tumor size, cm

≤5 14 53.8

>5 12 46.2
Tumor number

Single 26 100

Multiple 0 0
Barcelona Clinic Liver Cancer stage

0/A 6 23.1

B/C 20 76.9
Differentiation

Well/moderate 20 76.9

Poor 6 23.1
Cirrhosis

Yes 12 46.2

No 14 53.8
HBV

Yes 21 80.8

No 5 19.2
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supernatants were extracted in a 15 mL centrifuge tube 
followed by the addition of 2 mL of 1% methanol sulfate 
solution and shaking for 1 minute. Subsequently, the 
extracted samples were esterified in 80 °C water for 30 
minutes. After cooling, 1 mL of N-hexane was added to 
the extracted samples followed by vortexing for 30 sec-
onds and left for 5 minutes. Then, 5 mL of H2O (4 °C) was 
added to the tube, and the extracted samples were washed 
followed by centrifugation at 3500 rpm for 10 min at 4 °C. 
All supernatants were removed and pipetted into a 2 mL 
centrifuge tube, and anhydrous sodium sulfate powder 
(100 mg) was added to remove excess water. The mixture 
was oscillated for 30 seconds followed by centrifugation at 
12,000 rpm for 5 minutes. Finally, 300 µL of supernatants 
was pipetted into a 2 mL centrifuge tube with 15 µL of 
500 ppm methyl salicylate as an internal standard for 
testing.

The following chromatographic conditions were used: 
the chromatographic column was a Thermo-TG-FAME 
capillary column (50 m × 0.25 mm ID × 0.20 µm) with 
a sample injection volume of 1 μL; the sample inlet 
temperature was 250 °C; the ion source temperature was 
230 °C; the transmission line temperature was 250 °C; the 
quadrupole temperature was 150 °C; the temperature of 
the procedure was set to 80 °C for 1 minute and then 
increased to 160 °C at a rate of 20 °C/minute; the tem-
perature of the procedure was increased to 196 °C at a rate 
of 3 °C/minute, kept at 196 °C for 8.5 minutes, increased 
to 250 °C (20 °C/minute) and held at 250 °C for 3 
minutes; the carrier gas was helium; and the carrier gas 
flow rate was 0.63 mL/minute. MS spectra were acquired 
with an EI voltage of 70 eV and a m/z range of 45–450.

Cellular Immunofluorescence Assay
KLF13 localization was determined by a cellular immuno-
fluorescence assay. Cells were seeded on coverslips in 
a 6-well plate. After 24 hours, coverslips were fixed with 
4% paraformaldehyde for 30 minutes and permeabilized 
with 0.3% Triton X-100 for 30 minutes. Fixed cells were 
blocked with 3% goat serum albumin and incubated with 
rabbit polyclonal KLF13 antibody (1:100 dilution, 18352- 
1-AP, Proteintech) overnight at 4 °C. After washing three 
times with PBS, fixed cells were incubated with 
CoraLite594-conjugated goat anti-rabbit IgG (H+L) 
(1:100 dilution, SA00013-4, Proteintech) for 1 hour. 
Fixed cells were then washed three times with PBS and 
stained with DAPI. Images were subsequently captured by 
a Zeiss laser scanning microscope.

Luciferase Reporter Assay
293T cells were inoculated into a 96-well plate, and when 
the confluence reached 70%, the Renilla luciferase reporter 
plasmid, GV657–KLF13 or GV657–vector and GV238- 
ACOT7-WT or GV238-ACOT7-MUT promoter plasmid 
were contransfected with Lipofectamine™ 3000. After 36 
hours, cells were lysed and measured by Dual–Glo luci-
ferase Assay System(Promega) and the luciferase activity 
was obtained by normalizing with Renilla for each sample.

Chromatin Immunoprecipitation (ChIP) 
PCR
To investigate whether KLF13 binds to the promoter of the 
ACOT7 gene, a ChIP assay was conducted in Flag-KLF13- 
overexpressing HepG2 and Huh7 cells using a simple ChIP 
enzymatic chromatin IP kit (Cell Signaling) according to 
the manufacturer’s protocols. The qPCR was utilized to 
verify the presence of a KLF13-binding region in the 
ACOT7 promoter. The following qPCR primer sequences 
were used: forward, 5ʹ GAAGGCAGCTAAGGCCCTG −3ʹ 
and reverse, 5ʹ-GAGAGTCGTGGGCGGAAC −3ʹ. The 
antibodies included anti-normal rabbit IgG (Cell Signaling 
Technology, #2729) and anti-Flag (Cell Signaling 
Technology, #14793).

Western Blotting
Western blot protocol was performed as previously 
described.22 Primary antibodies included anti-ACOT7 
(1:7000, 15972-1-AP, Proteintech, China), anti-KLF13 
(1:1000, 18352-1-AP, Proteintech, China), anti-GAPDH 
(1:7000, 10494-1-AP, Proteintech, China), anti-β-tubulin 
(1:5000, #M20005, Abmart), anti-cyclin D1 (1:1000, 
26939-1-AP, Proteintech, China), anti-CDK2 (1:1000, 
10122-1-AP, Proteintech, China), anti-CDK4 (1:1000, 
11026-1-AP, Proteintech, China), anti-E-cadherin 
(1:7000, 20874-1-AP, Proteintech, China), anti- 
N-cadherin (1:7000, 22018-1-AP, Proteintech, China) and 
anti-vimentin (1:5000, ab92547, Abcam). The secondary 
antibodies included HRP-conjugated Affinipure goat anti- 
rabbit IgG (H+L) (1:7000, SA00001-2, Proteintech, 
China) and HRP-conjugated Affinipure goat anti-mouse 
IgG (H+L) (1:7000, SA00001-1, Proteintech, China).

Immunohistochemical Staining
First, the tumour tissue sections were deparaffinized and 
rehydrated. Second, antigen retrieval was performed. Third, 
nonspecific binding sites were blocked with 5% BSA for 20 
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minutes. Fourth, the sections were incubated with primary 
antibodies against ACOT7 (1:400, 15972-1-AP, Proteintech, 
China), Ki-67 (1:10,000, 27309-1-AP, Proteintech, China) 
and PCNA (1:100, 60097-1-Ig, Proteintech, China) at 4 °C 
overnight. The sections were then incubated with the sec-
ondary antibody for 60 minutes at room temperature. Finally, 
the sections were photographed under a microscope after 
DAB staining and haematoxylin staining.

Animal Study
Animal study was approved by the Animal Ethics 
Committee of the Hospital Affiliated to Guizhou Medical 
University (NO.1901049). We complied with the guideline 
of Laboratory animal-General requirements (GB/T 35823- 
2018) issued by People’s Republic of China for the welfare 
and treatment of the laboratory animals. Four-week-old 
female BALB/c nude mice (each group n=5) obtained 
from Beijing Huafukang Co., Ltd. were subcutaneously 
injected with 1×107 ACOT7-SK-Hep1 cells or control SK- 
Hep1 cells in 150 µL of PBS. The tumour volume was 
recorded every 4 days. After 4 weeks, mice were sacrificed, 
and the tumours were harvested. Subsequently, HE and IHC 
were conducted.

Statistical Analysis
Student’s t-test was used for two groups, and one-way 
ANOVA was performed for more than two groups. 
GraphPad Prism 8 (GraphPad Software, USA) was utilized 
for statistical analysis and to generate graphs. All experi-
ments were conducted three times. p < 0.05 was consid-
ered statistically significant.

Results
ACOT7 is Overexpressed in HCC 
Tissues
According to the analysis of the TCGA database, the 
ACOT7 transcript was upregulated and predicted poor 
prognosis (Figure 1A and B). To validate this result from 
TCGA database, we performed immunohistochemical 
staining, qRT-PCR and Western blotting using our sam-
ples. ACOT7 was highly expressed (65%, 13/20) in HCC 
tissues compared to adjacent noncancerous tissues (35%, 
7/20) (Figure 1C). Western blotting and qRT-PCR showed 
that ACOT7 was overexpressed in HCC tissues compared 
to adjacent noncancerous tissues (Figure 1D). Taken 
together, the results suggested that HCC patients with 

high ACOT7 expression had a lower overall survival 
than those with relatively low expression.

ACOT7 Enhances HCC Cell Proliferation
Stable models of ACOT7 overexpression in SK-Hep1 and 
MHCC97H cell lines and transient models of ACOT7 
knockdown in HepG2 and Huh7 cell lines were estab-
lished based on the expression levels of ACOT7 in HCC 
cells (Figure 2A and B). CCK-8 and EdU assays showed 
that ACOT7 overexpression significantly enhanced prolif-
eration in SK-Hep1 and MHCC97H cell lines, while sup-
pressing ACOT7 had the opposite effects (Figure 2C and 
D). Thus, these results indicated that ACOT7 promoted 
HCC cells proliferation in vitro.

ACOT7 Promotes HCC Cell Migration 
and Invasion
To observe the effect of ACOT7 on the migration and 
invasion of HCC cells, wound-healing assay and transwell 
migration assays were performed. Compared to the control 
group, the wound-healing areas were greater in the ACOT7 
overexpression groups but less in the ACOT7 shRNA 
groups (Figure 3A). Moreover, transwell migration assay 
and Matrigel invasion assay demonstrated that ACOT7 
promoted SK-Hep1 and MHCC97H cells to pass through 
the translucent polycarbonate membrane, while ACOT7 
shRNA decreased migratory cells (Figure 3B). In addition, 
Western blot analysis demonstrated decreased expression of 
E-cadherin but increased expression of N-cadherin and 
vimentin, epithelial–mesenchymal transition (EMT) mar-
kers, were observed in SK-Hep1 and MHCC97H cells 
with ACOT7 overexpression, and the opposite results 
were observed in HepG2 and Huh7 cells with ACOT7 
knockdown (Figure 3C). These findings indicated that 
ACOT7 promoted the migration and invasion of HCC cells.

ACOT7 Promotes HCC Cell Cycle 
Progression and Reduces Apoptosis
Western blot analysis indicated that the expression of the G1 
phase regulatory proteins, cyclin D1 and CDK2, but not 
CDK4, was significantly higher following ACOT7 overex-
pression, while the protein expression of cyclin D1 and CDK2 
was downregulated with ACOT7 shRNA (Figure 4A). 
Furthermore, flow cell cycle analysis of SK-Hep1 and 
MHCC97H cells showed that ACOT7 overexpression pro-
moted G1/S transition, decreased the number of cells in G1/ 
G0 phase and increased the number of cells in S phase. In 
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HepG2 and Huh7 cells, ACOT7shRNA inhibited G1/S transi-
tion (Figure 4B). For flow cytometry apoptosis analysis, 
ACOT7 reduced the apoptosis of HCC cells (Figure 4C). 
Thus, these results indicated that ACOT7 promoted G1/S 
transition and reduced apoptosis in HCC cells.

ACOT7 Upregulates the C18:1 
Monounsaturated Fatty Acid Content and 
C18:1 Enhances the Proliferation and 
Migration of HCC Cells
ACOT7, one of the acyl-CoA thioesterases, mainly func-
tions in the hydrolysis of long-chain acyl-CoAs. Budhu 
et al23 discovered that the content of monounsaturated 
fatty acids is increased in aggressive HCCs and promotes 
HCC cell proliferation, migration and invasion. To explore 

the role of ACOT7 in long-chain monounsaturated fatty 
acid metabolism in HCC cells, we determined the content 
of free fatty acids after overexpression of ACOT7 in SK- 
Hep1 cells and knockdown of ACOT7 in Huh7 cells via 
GC-MS analysis. We found that the content of oleic acid 
(C18:1) was largely regulated by overexpression or knock-
down of ACOT7 (Figure 5A–C).

To elucidate the role of C18:1, CCK-8, EdU, wound- 
healing and transwell migration assays were employed. 
The CCK-8 assay indicated that increasing the C18:1 
concentration (0, 50, 100, 150 and 200 µM) promoted 
SK-Hep1, HepG2, except for Huh7, cell proliferation in 
a dose-dependent manner (Figure 6A). EdU assay 
showed that C18:1(100 µM) significantly enhanced pro-
liferation (Figure 6B). Wound-healing assay showed that 

Figure 1 The ACOT7 expression in HCC samples. (A) The expression of ACOT7 in HCC samples in UALCAN website (http://ualcan.path.uab.edu/) based on The Cancer 
Genome Atlas (TCGA) database. (B) The Kaplan–Meier analysis of the overall survival rate of ACOT7 for HCC patients based on the TCGA database. (C) The protein 
expression of ACOT7 tested by immunohistochemistry in HCC and adjacent noncancerous tissues. (D) The ACOT7 expression by qRT-PCR and Western blotting in 
patients’ tissues. ***p<0.001.
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Figure 2 ACOT7 promoted HCC cells proliferation in vitro. (A) The expression levels of ACOT7 in HCC cell lines and overexpression of ACOT7 in SK-Hep1 and 
MHCC97H were verified by qRT-PCR and Western blotting. (B) The knockdown of ACOT7 was verified in HepG2 and Huh7 by Western blotting. (C) The CCK8 assay for 
proliferation in HCC cells with ACOT7 overexpression or knockdown. (D) EdU assay for proliferation. Unpaired two-tailed Student’s t-test was adopted. All data are shown 
as the mean±SD of 3 independent experiments. *p <0.05, **p<0.01, ***p<0.001.
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C18:1 (100 µM) enhanced the healing ability of HCC 
cells (Figure 6C). In addition, the number of migrated 
cells after treatment with 100 µM C18:1 was increased 
compared to that in the control group (Figure 6D). 
Therefore, these results showed that ACOT7 upregu-
lated the content of the C18:1 monounsaturated fatty 
acid, which enhanced the proliferation and migration 
of HCC cells.

ACOT7 Facilitates Cell Proliferation 
in vivo
To further verify the effect of ACOT7 on cell proliferation 
in vivo, BALB/c nude mice were subcutaneously injected with 
1×107 ACOT7-SK-Hep1 cells or control SK-Hep1 cells in 

150 µL of PBS. The results indicated that ACOT7 overexpres-
sion significantly promoted cell proliferation (Figure 7A). 
Further analysis of xenografted tissues by immunohistochem-
ical staining revealed that ACOT7 increased the protein levels 
of Ki-67 and PCNA (Figure 7B). Collectively, these results 
indicated that ACOT7 played a critical role in HCC cells 
proliferation in vivo.

The KLF13 Transcription Factor Induces 
ACOT7 Expression
ACOT7 enhances the content of C18:1 monounsaturated fatty 
acid, while KLF13 is involved in lipid metabolism, which 
transcriptionally inhibits HMGCS1-mediated cholesterol bio-
synthesis in colorectal cancer.21 Through JASPAR database 

Figure 3 ACOT7 promoted migration and invasion of HCC cells. (A) Migratory properties of HCC cells with ACOT7 overexpression and knockdown were tested with 
wound healing assay. (B) Invasive properties of HCC cells with ACOT7 overexpression and knockdown were tested with transwell assay. (C) The expression of EMT-specific 
markers after ACOT7 overexpression and knockdown was verified by Western blotting. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean 
±SD of 3 independent experiments. *p <0.05, **p<0.01, ***p<0.001.
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Figure 4 ACOT7 promoted cell cycle progression and inhibited apoptosis in HCC cells. (A) The expression of cell cycle-related proteins was verified by Western blotting. 
(B) Cell cycle analysis with flow cytometry in SK-Hep1 and HepG2 cells. (C) Apoptosis results of Annexin V-APC and 7-AAD staining by flow cytometry in SK-Hep1 and 
Huh7 cells. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean±SD of 3 independent experiments. *p <0.05, **p<0.01.
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analysis (http://jaspar.genereg.net/), we found that the tran-
scription factor KLF13 binds to the promoter region of 
ACOT7 (Figure 8A). To validate the regulation of ACOT7 
by KLF13 in HCC, we first investigated the expression profile 
of KLF13 in UALCAN website based on TCGA database. The 
level of KLF13 mRNA was upregulated in HCC tissues com-
pared to normal tissues (Figure 8B). We further explored 
KLF13 expression in our patient’s tissues, and we observed 
that the protein level of KLF13 in HCC tissues was higher than 
that in adjacent nontumour tissues (Figure 8C). For the KLF13 
transcription factor, immunofluorescence assay showed that 
KLF13 was mainly located in the nucleus (Figure 8D). 
Subsequently, we further investigated whether KLF13 affects 
the expression of ACOT7. First, we performed qRT-PCR for 
the mRNA expression of ACOT7 and KLF13 in the same 

HCC tissues. We observed that there was a positive correlation 
between ACOT7 mRNA and KLF13 mRNA level 
(Figure 8E). The upregulation of ACOT7 mRNA was observed 
in overexpressed KLF13-HCC cells (Figure 8F). Second, we 
generated HCC cells with stable and transient expression of 
KLF13 and found that the protein level of ACOT7 was upre-
gulated or downregulated in HCC cells following KLF13 
overexpression or knockdown (Figure 8G and H). 
Furthermore, luciferase reporter assay confirmed that KLF13 
increased luciferase activity in ACOT7-WT group not in 
ACOT7-MUT group in 293T cell (Figure 8I), and the Chip- 
qPCR assay revealed that KLF13 bound to the promoter of 
ACOT7 (Figure 8J). Thus, these results indicated that KLF13 
served as an oncogenic gene and KLF13 transcriptionally 
activated ACOT7 expression.

Figure 5 Changed Lipid profiles of HCC cell lines after ACOT7 overexpression and knockdown with GC-MS analysis. (A) Free fatty acid distributions in SK-Hep1 cells after 
ACOT7 overexpression. (B) Free fatty acid distributions in Huh7 cells after ACOT7 knockdown. (C) Overlapped changed free fatty acid after ACOT7 overexpression or 
knockdown. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean±SD of 3 independent experiments. *p <0.05, **p<0.01.
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KLF13 Enhances HCC Cell Proliferation
To understand the biological function of KLF13 in HCC 
cells, stable models of KLF13 overexpression in SK-Hep1 
and MHCC97H cell lines and transient models of KLF13 
knockdown in HepG2 and Huh7 cell lines were estab-
lished based on the expression levels of KLF13 in HCC 
cells (Figure 8G and H). KLF13 overexpression signifi-
cantly promoted the proliferation of SK-Hep1 and 
MHCC97H cells, while the opposite effects were observed 
in KLF13 knockdown HepG2 and Huh7 cells (Figure 9A). 
In addition, EdU assay also showed identical effects of 
KLF13 on HCC cell proliferation capacity (Figure 9B and 
C). Collectively, these results suggested that KLF13 pro-
moted HCC cell proliferation in vitro.

KLF13 Promotes HCC Cell Migration and 
Invasion
KLF13 overexpression remarkably increased the migration 
ability, but the migration ability was weakened in the 
KLF13 knockdown groups (Figure 10A). Transwell migra-
tion assay and matrigel invasion assay indicated that 
KLF13 promoted HCC cell migration and invasion 
(Figure 10B). In addition, Western blot analysis also 
demonstrated that decreased E-cadherin expression and 
increased vimentin and N-cadherin expression were 
observed in KLF13-overexpressing HCC cells, and the 
opposite results were observed in KLF13 knockdown 
cells (Figure 10C). These findings indicated that KLF13 
promoted the migration and invasion of HCC cells.

Figure 6 Monounsaturated fatty acid C18:1 enhanced the abilities of proliferation, migration for the HCC cells. (A) CCK8 for proliferation in C18:1-treated cells. (B) EdU 
assay for proliferation in C18:1-treated cells (100 µM). (C) Wound healing assay of C18:1-treated cells with a concentration 100 µM. (D) Migratory ability was detected for 
C18:1-treated cells in a concentration 100 µM by transwell. *p <0.05, **p<0.01, ***p<0.001.
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KLF13 Promotes Cell Cycle Progression 
and Decreases Apoptosis in HCC Cells
For analysis of cell cycle progression, the G1 phase regulatory 
proteins, cyclin D1, CDK2 and CDK4, were increased in 
KLF13-overexpressing SK-Hep1 and MHCC97H cells, and 
the opposite results were observed in KLF13-deficient cells 
(Figure 11A). Similar results were concluded in the flow cell 
cycle analysis (Figure 11B). The flow cytometry apoptosis 
analysis indicated that KLF13 suppressed HCC cells apoptosis 
(Figure 11C). These results indicated that KLF13 decreased 
apoptosis and promoted cell cycle progression in HCC cells.

ACOT7 Knockdown Inhibits 
KLF13-Mediated Proliferation and Migration
To further elucidate the regulation of ACOT7 by KLF13, 
functional inhibitory experiments were performed. We 
transfected ACOT7sh# 1 or ACOT7sh# 2 plasmid into 
lentivirus-KLF13 SK-Hep1 cells. First, KLF13 overex-
pression was verified in SK-Hep1 cells, and ACOT7 

knockdown was confirmed in KLF13-overexpressing SK- 
Hep1 cells (Figure 12A). We then observed that ACOT7sh 
#1 or ACOT7sh #2 suppressed the proliferation of lenti-
virus-KLF13 SK-Hep1 cells (Figure 12B). In addition, 
ACOT7sh #1 or ACOT7sh #2 also suppressed the migra-
tion of lentivirus-KLF13 SK-Hep1 cells (Figure 12C and 
D). These data confirmed that KLF13 promoted HCC 
proliferation and migration via ACOT7.

Discussion
In the present study, we reported that acyl-CoA thioester-
ase 7 (ACOT7) promoted HCC cell progression via the 
elevated production of the C18:1 monounsaturated fatty 
acid. In addition, we discovered that the upstream gene, 
KLF13, a transcription factor, bound to the promoter of 
ACOT7 to promote the expression of ACOT7. Thus, these 
findings demonstrated that the KLF13/ACOT7/monounsa-
turated fatty acid axis plays an important role in the 
development of HCC and this axis maybe an underlying 
target for HCC treatment.

Figure 7 ACOT7 facilitated proliferation in vivo. (A) The image of tumors and tumor volume of the nude mice subcutaneously injected with 1×107 ACOT7-SK-Hep1 cells 
or control SK-Hep1 cells. (B) Representative HE staining and expression of ACOT7, Ki67 and PCNA determined by IHC. Unpaired two-tailed Student’s t-test was adopted. 
All data are shown as the mean±SD. ***p<0.001.
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Figure 8 The KLF13 transcription factor induced ACOT7 expression. (A) The binding motif of KLF13 in the promoter of ACOT7 from the JASPAR database analysis and 
the mutated binding sequence in the promoter of ACOT7. (B) The expression profile of KLF13 in UALCAN website (http://ualcan.path.uab.edu/) based on The Cancer 
Genome Atlas (TCGA) database. (C) The protein levels of KLF13 in HCC patients were verified by Western blotting. (D) KLF13 mainly was located in nuclear by 
immunofluorescence. (E) The correlation between KLF13 mRNA and ACOT7 mRNA. (F) The regulation of KLF13 overexpression for ACOT7 mRNA. (G) The expression 
levels of KLF13 in HCC cell lines. (H) ACOT7 was regulated by KLF13 in protein level. (I) The relative luciferase intensity in 293T cells cotransfected with the KLF13 and 
ACOT7-WT (containing a wild type (WT) KLF13-binding sequence) or ACOT7-MUT (containing a mutated (MUT) KLF13 binding sequence). Firefly luciferase activity was 
obtained by normalizing with Renilla for each sample. (J) ChIP-qPCR validation of Flag-KLF13 binding to the ACOT7 promoter. **p<0.01, ***p<0.001.
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Figure 9 KLF13 promoted HCC cell proliferation in vitro. (A) The CCK8 assay for proliferation of KLF13 overexpression and knockdown. (B) EdU assay for proliferation 
of KLF13 overexpression and knockdown. (C) EdU assay for proliferation of KLF13 knockdown. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the 
mean±SD of 3 independent experiments. **p<0.01, ***p<0.001.
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ACOT7 overexpression impairs glucose-stimulated insu-
lin secretion in pancreatic β-cells, and ACOT7 mRNA is 
highly expressed in human type 2 diabetic islets.24 In acute 
myeloid leukaemia, ACOT7 is highly expressed, and 
ACOT7 overexpression predicts poor outcome for 
patients.25 In human lung carcinoma cells, ACOT7 promotes 
cell cycle progression.11 Through TCGA database analysis, 
we discovered that ACOT7 was upregulated in HCC tissues 
compared to normal tissues, and high ACOT7 expression 
was a risk factor for the survival time of HCC patients. In 
another study, it revealed that acyl-CoA thioesterase 7, 
a metabolic enzyme in the plasma, was upregulated and 
correlated with a poor prognosis for HCC patients.12 In the 
present study, we also revealed that ACOT7 was 

overexpressed in our HCC tissues. Next, we investigated 
the function of ACOT7 in HCC cells, which revealed that 
ACOT7 promoted HCC cell proliferation, migration and 
invasion as well as cell cycle progression. These results 
showed that ACOT7 serves as an oncogenic gene in HCC. 
Acyl-CoA thioesterases (ACOTs) possess the ability to 
hydrolyse acyl-CoAs to free fatty acids (FFAs) and free 
CoA.26–29 ACOT7, an acyl-CoA thioesterase, prevents neu-
rotoxicity from fatty acid metabolism.5 In inflammatory dis-
ease, ACOT7 expression is induced by lipopolysaccharide, 
and upregulated ACOT7 elevates the abundance of unsatu-
rated long (≥C20)-acyl chains in macrophages.2,30 The pre-
sent study demonstrated that ACOT7 enhanced the content 
of the C18:1 monounsaturated fatty acid in HCC cells, and 

Figure 10 KLF13 promoted migration and invasion of HCC cells. (A) Migratory properties of HCC cells with KLF13 overexpression or knockdown were tested with 
wound healing assay. (B) Invasive properties of HCC cells with KLF13 overexpression or knockdown were tested with transwell assay. (C) The expression of EMT-specific 
markers after KLF13 overexpression or knockdown. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean±SD of 3 independent experiments. 
*p <0.05, **p<0.01, ***p<0.001.
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C18:1 strengthened the abilities of proliferation and migra-
tion for HCC cells. In non-small-cell lung cancer cells, the 
C18:1 monounsaturated fatty acid enhances the gefitinib- 
resistant and osimertinib-resistant ability.31 In colon cancer, 

C18:1 is critical for CSC stem cell maintenance.32 In clear 
cell renal cell carcinoma cells, C18:1 stimulates cell prolif-
eration through stabilization of β-catenin.33 Clearly, the 
C18:1 monounsaturated fatty acid plays an important role 

Figure 11 KLF13 promoted cell cycle progression and inhibited apoptosis in HCC cells. (A) The expression of cell cycle-related proteins in HCC cells with KLF13 
overexpression or knockdown. (B) Cell cycle analysis with flow cytometry in HCC cells with KLF13 overexpression or knockdown. (C) Results of Annexin V-APC and 
7-AAD staining by flow cytometry. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean±SD of 3 independent experiments. *p <0.05, **p<0.01, 
***p<0.001.
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in tumour progression. In addition, it has been reported that 
the content of C16:1, a monounsaturated fatty acid, is sig-
nificantly decreased following overexpression of PTEN, 
a well-known tumour suppressor in goat mammary epithelial 
cells.34 Above all, monounsaturated fatty acids have a vital 
role in tumor progression. In HCC, the mechanism of C18:1 
for the tumor progression needs to be further investigated. 
Collectively, ACOT7 overexpression was positively asso-
ciated with the development of HCC and plays an important 
role in the unbalance of lipid metabolism.

KLF1–17 constitutes the Kruppel-like family (KLFs), 
which are zinc-finger transcription factors that bind to the 
gene promoter.35 For example, KLF7 promotes tumour 
growth and maintains the self-renewal of cancer stem cells 
in ovarian cancer.14 KLF8 enhances glycolysis by transcrip-
tionally activating GLUT4 in gastric cancer.15 KLF13 sup-
presses proliferation and growth in colorectal cancer by 
transcriptionally inhibiting HMGCS1-mediated cholesterol 
biosynthesis.21 KLF13 is involved in lipid metabolism. In 
the present study, we found the KLF13-binding site in 

ACOT7 promoter through the JASPAR database, suggest-
ing that it is theoretically feasible for KLF13 to modulate 
ACOT7 expression through binding to the ACOT7 promo-
ter. First, we identified the effect of KLF13 on ACOT7 
protein expression. Exogenous KLF13 overexpression 
increased ACOT7 expression, and KLF13 shRNA also 
reduced the expression of ACOT7. Through qRT-PCR, 
there was the evidence that KLF13 regulated the transcrip-
tional expression of ACOT7. Further, we performed luci-
ferase reporter assay and ChIP-qPCR and found that KLF13 
bound to the promoter of ACOT7. Collectively, our study 
reveals the transcriptional regulation of ACOT7 by KLF13 
in HCC.

Finally, we knocked down ACOT7 in KLF13- 
overexpressing SK-Hep1 cells and discovered that there 
was a remarkable weakness of KLF13 to promote HCC cell 
proliferation or migration. Henson et al20 discovered that 
KLF13 plays an oncogenic role in oral cancer cells. In this 
study, we also demonstrated that KLF13 is highly expressed 
in HCC tissues and presented an oncogenic role. These 

Figure 12 ACOT7 knockdown inhibited KLF13-mediated proliferation and migration. (A) The verification of KLF13 overexpression in SK-Hep1 and the confirmation of 
ACOT7 knockdown in KLF13- overexpressing SK-Hep1. (B) CCK8 assay for proliferation. (C) Cell migration was assessed by wound healing assay. (D) Cell migration was 
assessed by transwell assay. Unpaired two-tailed Student’s t-test was adopted. All data are shown as the mean±SD of 3 independent experiments. **p<0.01, ***p<0.001.
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results indicated that KLF13 exerts its oncogenic function, at 
least in part, by modulating ACOT7 expression.

Conclusions
In summary, ACOT7 serves as an oncogene, and ACOT7- 
mediated monounsaturated fatty acids promote HCC develop-
ment. Second, ACOT7 promotes the progression of HCC by 
KLF13 transcriptional activation. Third, KLF13 promotes 
HCC progression. In the future, KLF13/ACOT7/monounsatu-
rated fatty acid axis may be a novel target for the diagnosis and 
treatment of hepatocellular carcinoma.
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