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Purpose: To research the effects of ATP citrate lyase (ACLY) and Sterol-regulatory element 
binding protein 1 (SREBP1) on the biology and lipid metabolism of colorectal cancer cells.
Methods: Colorectal cancer cells Caco-2 and Lovo were transfected with ACLY or SREBP1 
gene knockdown lentiviruses. Four groups were set: ACLY knockdown, SREBP1 knockdown 
group, empty vector-transfected (negative control), and untreated cells (blank control). Cell 
proliferation was measured using CCK-8, colony formation, and EdU labeling assays. 
Apoptosis was detected using Annexin V-APC/7- AAD and JC-1 assay. Transwell migration 
and wound healing assays analyzed cell migration and invasion. A triglyceride test kit and oil red 
O stain assessed cell lipid production. Key factors related to lipid metabolism were detected.
Results: ACLY and SREBP1 promoted cell proliferation at 48 and 120 h, but there was no 
significant difference in Caco-2 cells at 24 h, at which point the effect of SREBP1 was more 
important. ACLY’s effect on cell proliferation was more obvious at 120 h. Colony formation 
assays in Caco-2 showed similar results to the CCK-8 assay at 120 h, but ACLY knockdown had 
no effect in Lovo cells. EDU assays showed that ACLY or SREBP1 facilitated DNA reproduction 
in the two cell lines, in which SREBP1 was more significant. Knockdown of the two genes 
showed significant differences in Lovo cells. However, ALCY knockdown promoted apoptosis to 
a greater extent than SREBP1 knockdown in Caco-2 cells. In addition, ACLY and SREBP1 
enhanced migration, invasion, and lipid production in both cell lines. Knockdown of ACLY or 
SREBP1 reduced lipid metabolism pathway gene expression in the two cell lines.
Conclusion: Knockdown of ACLY and SREBP1 genes inhibit the proliferation, migration, and 
invasion of colorectal cancer cells, while promoting their apoptosis. Our results identified 
potential new targets to treat colorectal cancer via lipid synthesis modulation in cancer cells.
Keywords: ATP-citrate lyase, colorectal cancer, lipid metabolism, sterol-regulatory element 
binding protein 1

Introduction
Colorectal cancer (CRC) is one of the most common malignancies worldwide. It is 
the second leading cause of cancer death, thus there is an urgent need to reduce the 
incidence and mortality rate using innovative strategies to improve prevention, 
early diagnosis, prognostic biomarkers, and treatment effectiveness.1 In recent 
years, glucose metabolism of cancer has attracted research attention. However, 
the involvement of fatty acid metabolism is not so well studied.
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In normal cell metabolism, fatty acids are derived from 
two sources. Diet provides exogenous fatty acids, while 
endogenous fatty acids are produced through de novo 
lipogenesis (DNL).2 In cancer cells, 93% of fatty acid 
are derived from DNL, and DNL-related enzymes are 
overexpressed.3 One of the crucial steps in the process of 
colorectal cancer distant metastasis is epithelial–mesench-
ymal transition (EMT), which is closely related to lipid 
metabolism and enables the formation of migratory 
mesenchymal cells with an invasive phenotype. Loss of 
cellular adhesion proteins (such as E-cadherin), tight junc-
tion proteins, and the concomitant expression of mesench-
ymal markers are generally accepted as hallmarks of EMT. 
In addition, EMT is associated with a poor prognosis of 
patients with tumors.4

The rapid proliferation of tumor cells requires 
a sufficient supply of lipids, including phospholipid and 
cholesterol.5 Moreover, lipids constitute the main struc-
tural fatty acids and glycerides of biological plasma mem-
brane to provide potential energy substrates, which support 
the rapid proliferation of the tumor.6 In addition, lipids are 
the second messengers of DNL, mediating signal transduc-
tion pathways that are vital for tumor antiangiogenic 
therapy.7 Once treatment is stopped, tumor cells consume 
a considerable amount of NADPH to obtain sufficient 
energy to resume the ab initio synthesis of fatty acids.8

The sterol regulatory element-binding proteins 
(SREBPs) are transcription factors that can regulate the 
key enzymes in the synthesis of cholesterol, fatty acids, 
triglycerides and phospholipids.9 SREBPs comprise 
SREBP1a, SREBP1c, and SREBP2. SREBP2 mainly reg-
ulates cholesterol metabolism, while SREBP1 can simul-
taneously stimulate the expression of fatty acids and 
cholesterol-related enzymes.10,11 After the reaction of 
a series of substrate enzymes: ATP Citrate lyase (ACLY), 
fatty acid synthase (FASN), acetyl-CoA carboxylase 
(ACC) and stearoyl-CoA desaturase 1 (SCD1), acetyl- 
coenzyme A (AC-CoA) synthesizes palmitate products, 
which enter the final pathway of fatty acid synthesis. 
Among these enzymes, ACLY is a key upstream enzyme 
in DNL, whose gene expression is abnormally high in 
a variety of malignancies.12 It functions as a tetramer, 
and is composed of citryl-CoA synthetase (CCS) β and 
CCS α regions, as well as an N-terminal CCS module.13 

ACLY is mainly located in the endoplasmic reticulum, but 
can also be detected in the nucleus of certain types of cells, 
such as mouse embryonic fibroblasts, mouse pre-B lym-
phocytes, human glioblastoma, and colorectal cancer 

cells.14 Inhibition of ACLY can delay the occurrence of 
tumors.15,16 To date, a large number of studies have been 
carried out to confirm the importance of ACLY in alco-
holic fatty liver, coronary atherosclerosis, tumors, and 
other diseases. For example, a previous study showed 
that the consumption of fish oil reduced blood lipids and 
restrained the activity of ACLY by downregulating 
SREBP1 in humans.17 However, the roles of SREBPs in 
lipid metabolism of colorectal cancer cells remain unclear. 
This present study aimed to explore the role of the ACLY- 
SREBP1 pathway in colorectal cancer. Here, we showed 
that the ACLY-SREBP1 axis enhances lipid synthesis, 
facilitates the proliferation, migration, and invasion of 
CRC cell lines, and inhibits their apoptosis, which sug-
gested that inhibition of the ACLY/SREBP1 axis could be 
exploited as a novel target for metabolic therapy in CRC.

Materials and Methods
Cell Lines and Reagents
CRC cell lines Caco-2 and Lovo were obtained from the 
Kunming Cell Bank, Chinese Academy of Sciences, and 
were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) high glucose medium (GinoBio, China, 
GNM12800) supplemented with 10% fetal bovine serum 
(FBS)(Gibco, South American, 10270–106), and 100 U/mL 
penicillin and 100 μg/mL streptomycin (HyClone, Logan, 
UT, USA, SH4003.01).

Generation of Stable Cell Lines
To establish stable ACLY and SREBP1 knockdown cell lines, 
cells were transfected with commercially available lenti-
viruses (Genechem, Shanghai, China) that express ACLY- 
targeted short hairpin RNA (shRNA) (termed LV-ACLY- 
RNAi), SREBP1-targeted shRNA (termed LV-SREBP1- 
RNAi), or control shRNA. The plasmids are based on 
a lentiviral vector with puromycin selection and a green 
fluorescent protein (GFP) cassette. Cells were transduced 
with the lentiviral vector using a multiplicity of infection 
(MOI) of 10 and 10 μg/mL HitransG for 48 h. The trans-
fected cells were then maintained in 6-well plates and pur-
ified with 3 μg/mL (Lovo) and 5 μg/mL (Caco-2) of 
puromycin, respectively, for 1 week prior to experiments. 
The transfection rate was verified by fluorescence imaging, 
flow cytometry, and Western blotting. To facilitate subse-
quent experiments, another batch of lentiviruses without 
GFP labeling were used for partial assays. Each cell line 
was divided into four groups according to cell treatment: 
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An ACLY knockdown group, an SREBP1 knockdown group, 
cells transfected with empty vector as the negative control 
(NC) group, and untreated cells as a blank control group.

Western Blotting Assay
Cells were cultured under specific conditions, and total pro-
tein was extracted using Radioimmunoprecipitation assay 
(RIPA) lysis buffer (Beyotime, Shanghai, China). Equal 
amounts of proteins were separated using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a polyvinylidene fluoride (PVDF) membrane 
(Millipore, Darmstadt, Germany). After blocking with 5% 
non-fat milk for 2 h at room temperature, the membrane was 
incubated with antibodies recognizing hydroxy methylglu-
taryl CoA reductases (HMGCR) (sc-271595, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), acetyl-CoA carbox-
ylase 1 (ACC1) (21923-1-AP, Proteintech, Chicago, IL, 
USA), SREBP1 (ab28481, Abcam, Cambridge, MA, USA), 
ACLY (ab40793, Abcam), glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (ab9485, Abcam), and low- 
density lipoprotein receptor (LDLR) (ab189170, Abcam) at 
4°C overnight. The membranes were then incubated with the 
appropriate secondary antibodies at room temperature for 2 
h. At the end of the incubation, an enhanced chemilumines-
cence kit (Biosharp, Hefei, China) was used to detect the 
immunoreactive protein bands, and images were captured 
using the ChemiDoc XRS imaging system (Bio-Rad 
Laboratories, Hercules, CA, USA). Goat anti-rabbit 
(GB23303) and goat anti-mouse (GB23302) secondary anti-
bodies were purchased from Servicebio (Wuhan, China).

Cell Viability Assay
Cells were plated in 96-well plates at a density of 5 × 103 

cells per well and treated with complete medium (contain-
ing 10% FBS) for 24, 48, and 72 h. At the indicated time 
points, a Cell Counting Kit-8 (CCK-8, Dojindo, Shanghai, 
China, CK04) was used to detect cell viability at 37°C for 
1 h. The luminescence of each sample was determined at 
450 nm using a microplate reader (PerkinElmer, Waltham, 
MA, USA). The percentage of viable cells was estimated 
in comparison with the untreated controls. At least three 
independent experiments were performed.

Next, 2 × 104 cells were seeded in 12-well plates, 
washed with phosphate-buffered saline (PBS) after 24 h, 
fixed using 4% paraformaldehyde for 15 min, followed by 
incubation with 0.1% crystal violet solution and observed 
under a microscope.

Cells in the logarithmic growth phase were digested 
and re-suspended in PBS in a 12-well plate. Next, 1% 
5-Ethynyl-2´-deoxyuridine (EdU) (Beyotime, Shanghai, 
China, C0078S) working solution was added to each well 
24 h later and incubated at 37°C for 2 h. The working 
solution was then removed, and the cells were fixed in 4% 
paraformaldehyde for 30 minutes, before being incubated 
for 15 min at room temperature in a permeability solution 
containing 0.3% Triton-X-100. Then, according to the 
EdU kit instructions, the click working liquid was added 
and incubated for 30 min at room temperature in the dark. 
Finally, the film was sealed with 4′,6-diamidino-2-pheny-
lindole (DAPI) (ab104139, Abcam, Cambridge, UK) and 
photographed under an inverted fluorescence microscope 
(MicroPublisher 5.0 RTV, QIMAGING, Canada).

Colony Formation Assay
Cells were diluted to the appropriate density, and 500 cells 
per well were seeded in 12-well plates. After culture for 2 
weeks, the cells were fixed with 4% paraformaldehyde and 
stained with 0.1% crystal violet solution. The number of 
colonies was counted using the ImageJ software (NIH, 
Bethesda, MA, USA).

Lipid Accumulation
Cells grown on glass coverslips were fixed in 4% paraf-
ormaldehyde (MKCB4217, Sigma, St. Louis, MO, USA) 
for 20 min, and rinsed with 60% freezing isopropanol for 5 
min. Then, the cells on the coverslips were stained for 30 
min at room temperature with freshly prepared Oil Red 
O working solution (Solarbio, Beijing, China, cat: G1260), 
re-stained with Hematoxylin (Servicebio, cat: G1004) and 
then rinsed with water. The sections were observed under 
a phase-contrast microscope (Olympus, Tokyo, Japan) and 
IOD value of Oil Red O was calculated with Image-Pro 
Plus.

Triglycerides (TGs) in cells were measured using com-
mercial kits (Jiancheng Technology Co., Nanjing, China) 
according to the manufacturer’s instructions. The lumines-
cence of each sample was determined at 450 nm using 
a microplate reader (PerkinElmer). The TG content = [(sam-
ple value - blank value)/(calibration value - blank value)] × 
calibration product concentration/sample protein concentra-
tion to be tested. Each sample is tested in three wells.

Apoptosis Assay
After culture under the indicated conditions, cells were col-
lected and stained with an Annexin V- Allophycocyanin 
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(APC)/7-Aminoactinomycin D (7- AAD) apoptosis detec-
tion kit (BD, 559763). The percentage of apoptotic cells was 
detected by flow cytometry (FACSCalibur, BD Biosciences, 
San Jose, CA, USA). Annexin V-APC+ staining represented 
early apoptotic cells, and 7-AAD+ staining represented late 
apoptotic cells. For each group, 15,000 cells were analyzed. 
At least three independent experiments were performed.

Cells in logarithmic growth phase were then digested 
using trypsin in EDTA and seeded in 12-well plates. 
Twenty four hours later, the culture medium was dis-
carded. Then, 1 mL of a JC-1 (Beyotime, C2006) working 
solution was added to each well and incubated at 37°C for 
20 minutes. The cells were washed twice with JC-1 Buffer, 
and photographed under an inverted fluorescence 
microscope.

Transwell Invasion Assay
Transwell migration assays were completed on 8-μm pore 
membranes in a 24-well format. 2 × 104 cells in DMEM 
high glucose medium were seeded in the upper chamber 
and FBS was added only onto the lower chamber as 
a chemoattractant. After 24 h, cells that did not migrate 
were cleaned off the top of the membrane using a cotton 
swab, and migrated cells were fixed, stained with crystal 
violet, and mounted onto slides. The average value of at 
least three visual fields was taken, and the experiment was 
performed three times.

Wound Healing Assay
In addition, a wound-healing assay was used to determine 
cell migration. About 5 ×105 cells were seeded into 
a 6-well plate. When the cells grew to near confluence, 
a wound was made in the monolayer cells using a 10 μL 
pipette tip. After the indicated treatment, the wounds were 
imaged at 0, 12, and 24 h and the difference was calculated 
using the ImageJ software.

Statistical Analysis
Statistical analyses were performed using the SPSS soft-
ware package (SPSS26.0; IBM Corp., Armonk, NY, 
USA). Statistical analyses for multiple groups were per-
formed using one_way ANOVA followed by the least 
significant difference (LSD) post hoc test. P < 0.05 was 
considered statistically significant. Each experiment was 
performed at least three times.

Results
Knockdown of ACLY and SREBP1 
Inhibited the Proliferation of Colorectal 
Cancer Cells
Initially, the levels of ACLY and SREBP1 in NCM460, 
Caco-2, Lovo, HCT116, and SW480 cells were compared 
using Western blotting (Figure 1A and B). ACLY and 
SREBP1 levels were upregulated in Caco-2 and Lovo 
cell lines. To understand the potential role of ACLY or 
SREBP1 in CRC cells, ACLY-specific and SREBP1- 
specific shRNAs were used, and ACLY and SREBP1 
were detected using fluorescence microscope and 
Western blotting analysis. The ACLY-specific and 
SREBP1-specific shRNAs effectively knocked down 
ACLY and SREBP1 expression in Caco-2 and Lovo cells 
(Figure 1C–F).

ACLY and SREBP1 knockdown CRC cells were incu-
bated in 96-well plates for 24, 48, and 120 h, followed by 
a CCK-8 assay (Figure 2C). Knockdown of ACLY and 
SREBP1 generally promoted cell proliferation, but there 
were some differences among the groups. Knockdown of 
ACLY or SREBP1 decreased cell proliferation at 48 and 120 
h, in which knockdown of SREBP1 caused a larger decrease 
in cell proliferation than knockdown of ACLY. Furthermore, 
the difference in cell proliferation caused by ACLY knock-
down was more obvious at 120 h among the three time 
points. Next, we assessed whether knockdown of ACLY or 
SREBP1 also inhibited the colony formation capacity of 
CRC cells (Figure 2A and B). In the colony formation 
assay of Caco-2 cells, the number of clones per plate 
decreased significantly in the knockdown group, especially 
in the SREBP1 knockdown group. In Lovo cells, there was 
no significant difference in the number of clones per plate 
between ACLY knockdown group and the control group, but 
the number of clones per plate in the SREBP1 knockdown 
group decreased sharply. In the EdU proliferation test 
(Figure 2D–F), the results were similar to those in the 
CCK-8 assay at 120 h, but slightly different from those in 
CCK-8 at 24 h. The amount of EdU in Lovo cells after ACLY 
knockdown was significantly lower than that in the control 
group, which indicated that the total proliferation ability of 
Lovo cells remained unchanged; however, their DNA repli-
cation ability decreased. The above proliferation tests 
revealed the differences between early and relatively late 
cell proliferation of CRC cells, and suggested the possible 
mechanism of early proliferation.
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ACLY and SREBP1 Knockdown Promoted 
Apoptosis in Colorectal Cancer Cells
Annexin V-APC/7- AAD and flow cytometry were used 
to analyze apoptosis in CRC cell lines (Figure 3A–C). 
The results obtained from the preliminary analysis 
showed an increase in the rate of apoptotic cells in 
the ACLY and SREBP1 knockdown cells. Further ana-
lysis showed that the proportion of apoptotic cells in 
the ACLY knockdown cells was lower than that in the 
SREBP1 knockdown cells, although the difference was 
not statistically significant. Our results suggested that 
knockdown of ACLY and SREBP1 enhanced the apop-
tosis rate in CRC cells, with knockdown of SREBP1 
playing a more potent role in promoting cell apoptosis. 
Next, we used a JC-1 kit to detect apoptosis 
(Figure 3D–F), and found that both ACLY and 
SREBP1 knockdown significantly increased the propor-
tion of apoptotic Caco-2 and Lovo cells. The results of 
flow cytometry in the knockdown group of Caco-2 
cells were slightly different from those of JC-1. Flow 
cytometry indicated that the apoptosis rate of ACLY 
knockdown cells was significantly higher than that of 
SREBP1 knockdown cells in Caco-2 cells.

Silencing of ACLY and SREBP1 Suppressed 
the Invasion and Migration of CRC Cells
As detected by wound healing and Transwell assays, 
knockdown of ACLY or SREBP1 suppressed the migration 
and invasion ability of CRC cells (Figure 4), in which the 
effect of SREBP1 knockdown was more significant. 
A comparison of the two sets of data revealed that 
SREBP1 played a more critical role in migration and 
invasion.

ACLY and SREBP1 Knockdown Inhibited 
the Production of Lipids and Total TGs in 
Cells
High expression of SREBP1 and ACLY promotes cellular 
lipid synthesis. After knocking down SREBP1 or ACLY 
expression, the distribution of lipids in Caco-2 and Lovo 
cells was detected using oil red O staining (Figure 5E). 
Compared with the control group cells, the results showed 
that knockdown of ACLY decreased the distribution area of 
lipid droplets in the cytoplasm, and lipids were reduced in 
both cytoplasm and nucleus in SREBP1 knockdown cells. 
Similarly, the results of a total intracellular TGs assay 
(Figure 5B) showed that SREBP1 and ACLY knockdown 

Figure 1 The knockout effect of ACLY or SREBP1 in Caco-2 and Lovo. (A and B) ACLY and SREBP1 expression of NCM460, Caco-2, Lovo, HCT116 and SW480. (C–E) 
The effects of knockout on the ACLY and SREBP1 in Caco-2 and Lovo were detected by Western blotting. GAPDH was used as an internal loading control. (F) After 
knockout treatment, immunofluorescence staining was performed to evaluate the green fluorescent protein (GFP) expression levels in Caco-2 and Lovo cells. GFP staining is 
shown in green, and nuclear staining is shown in blue. The magnification is 100×. ****P < 0.0001 vs control group.
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affected lipid homeostasis to varying degrees in Caco-2 
and Lovo cells. Knockdown of ACLY and SREBP1 
reduced the content of intracellular TG in CRC cells 
significantly.

The ACLY/SREBP1 Axis Regulates Lipid 
Metabolism Pathways in CRC Cells
Knockdown of ACLY or SREBP1 reduced levels of proteins 
related to lipid metabolism pathways, such as ACC1, 
LDLR, and HMGCR (Figure 5A, C and D). The ACLY 
level in Caco-2 following SREBP1 knockdown did not 
change significantly compared with that in the control 
group in the Western blotting results. In Caco-2 cells, 
ACLY knockdown decreased the level of SREBP1 signifi-
cantly, while in Lovo cells, the level of SREBP1 in the 

ACLY knockdown group decreased slightly. The above 
results suggested that the relationship between ACLY and 
SREBP1 in colorectal cancer cells was different from the 
“upstream and downstream” relationship described in most 
other tumors, especially in Caco-2 cells. The level of 
HMGCR reflects the degree of total lipid metabolism to 
some extent, and the HMGCR levels in both cell knock-
down groups decreased significantly. LDLR is located 
downstream of SREBP1 and is one of the important factors 
regulating cholesterol metabolism. Knockdown of ACLY 
and SREBP1 significantly decreased the level of LDLR in 
both cell lines. In Lovo cells, the decrease of LDLR in the 
ACLY knockdown group was more significant than that in 
the SREBP1 knockdown group. The results of most studies 
have shown that ACC1 is located downstream of ACLY and 

Figure 2 Knockout of ACLY/SREBP1 inhibited the proliferation of colorectal cancer cells. (A and B) The effect of shACLY or shSREBP1 on colony formation assay in Caco-2 
and Lovo cells. (C) CCK8 was used to detect the proliferation ability of cells in different groups at 24h, 48h and 120h after seeding plate. (D–F) Silencing ACLY or SREBP1 
decreased the replication of DNA in Caco-2 and Lovo cells. The percent of Edu-positive cells was recorded. The magnification is 40×. *P < 0.05, **P < 0.01, ***P < 0.001, or 
****P < 0.0001 vs control group.
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is one of the key substrate enzymes that regulate DNL. 
ACC1 levels were decreased significantly in the ACLY and 
SREBP1 knockdown groups in both cell lines.

Discussion
As mentioned in the introduction, SREBP1 is an important 
upstream molecule of lipid metabolism, and its involve-
ment in tumor metabolism has attracted increased research 
attention. ACLY has become a research hotspot of tumor 
lipid metabolism in recent years. DNL is the main lipid 
metabolism mechanism in tumors, and ACLY catalyzes 
the first key substrate reaction in DNL. Therefore, the 
present study chose ACLY and SREBP1 as the research 
objects.

In a pre-experiment, we detected the expression levels 
of ACLY and SREBP1 in four colorectal cancer cell lines 

(Caco-2, Lovo, HCT116, and SW480) and one normal 
colorectal cell (NCM460). These cell lines are immortal 
cells with a strong metabolic capacity; therefore, there was 
no significant difference in the expression of SREBP1 
among them, which was similar to the results of previous 
studies.18,19 ACLY was highly expressed in Caco-2, Lovo, 
and SW480 cell lines; however, SW480 cells are mostly 
used in colorectal cancer metastatic tumor models. 
Furthermore, HCT116 has been used in a variety of lipid 
metabolism models; however, the expression of SREBP1 
in HCT116 is relatively low, indicating low levels of lipid 
metabolism. Therefore, Caco-2 and Lovo cell lines were 
selected for further experiments.

We knocked down ACLY and SREBP1 expression in 
Caco-2 and Lovo cell lines using lentiviruses for subsequent 
experiments. The results of the CCK-8 assay indicated that 

Figure 3 ACLY/SREBP1 knockdown promoted apoptosis in colorectal cancer cells. (A) Caco-2 and Lovo cells were transfected with control shRNA, ACLY-siRNA or 
SREBP1-siRNA and subjected to an Annexin V-APC and 7AAD staining assay prior to flow cytometric analysis. Proportion of Annexin V-positive and 7AAD-positive cells 
post-shRNA transfection of (B) Caco-2 and (C) Lovo cells. (D–F) Results of an JC-1 assay showed that the knockdown of ACLY or SREBP1 in Caco-2 and Lovo cells 
reduced mitochondrial membrane potential. Red reflected normal membrane potential level of cells. Green fluorescence reflected the decline of mitochondrial membrane 
potential means apoptosis. The magnification is 200×. **P < 0.01, or ****P < 0.0001 vs control group.
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knockdown SREBP1 inhibited proliferation of Caco-2 and 
Lovo cells, while knockdown of ACLY had little effect on 
tumor cell growth at 24 h, but worked efficiently at 48 and 
120 h. We further verified that SREBP1 and ACLY facili-
tated the colony formation of CRC cells to varying degrees, 
but ACLY knockdown did not affect colony formation in 
Lovo cells. The above results suggested that both SREBP1 
and ACLY play important roles in tumor growth in the early 
stage of tumor formation. However, when the tumor grew to 
a certain extent, the decisive effect of ACLY on tumor 
proliferation decreased. Other compensative pathways 
might exist in colorectal cancer cells after ACLY knock-
down, such as the ACSS2 pathway and acetic acid metabo-
lism pathway.20,21 Considering the EdU results, ACLY and 
SREBP1 knockdown had already been shown to facilitate 
cell proliferation at the early stage of tumor development, 
which is related to the degree of DNA replication, although 

there was no notable increase in cell counts. The results of 
the cell proliferation assay showed that ACLY and SREBP1 
were the key proteins regulating CRC cell proliferation and 
both of them were closely related to the occurrence and 
development of CRC, in which ACLY might play a less 
important role in tumorigenesis.

The wound healing and Transwell invasion assay 
showed that knockdown of ACLY or SREBP1 had obvious 
effects on the migration ability of colorectal cancer cells 
and that SREBP1 played a more important role. This 
evidence suggested that SREBP1 might be located 
upstream of ACLY in the lipid metabolism pathway in 
CRC, which would agree with the results of previous 
studies of most other tumors; however, no authoritative 
conclusion has been made in the study of CRC.22,23

However, the apoptosis test yielded some different 
results. ACLY knockdown increased the proportion 

Figure 4 Silencing ACLY/SREBP1 suppressed the invasion and migration of colorectal cancer cells. (A–C) The effect of shACLY or shSREBP1 on transwell invasion assay in 
Caco-2 and Lovo cells. The magnification is 200× (D) Wound healing assay showed the ability of cell migration in each group at (E) 12h and (F) 24h compared to 0h. The 
magnification is 40×. *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001 vs control group.
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apoptotic Caco-2 cells more significantly compared with 
SREBP1 knockdown, which was contrary to the results of 
Lovo cells. These results suggested that ACLY plays 
a more important role in the apoptotic pathway in Caco- 
2 cells than in Lovo cells. In the JC-1 test, there was no 
significant difference in apoptosis between ACLY knock-
down and SREBP1 knockdown in Caco-2 cells, which was 

slightly different from the findings of flow cytometry in 
Caco-2 cells. The possible interpretation might be that the 
cells detected by flow cytometry included late apoptotic 
cells and dead cells, thus the results would be more com-
prehensive and accurate. The results of the above two 
apoptosis tests indicated that SREBP1 knockdown pro-
moted the apoptosis of CRC cells to a greater extent than 

Figure 5 ACLY/SREBP1 knockdown inhibited the production of lipid and total TG in cells. (B) Determination of intracellular triglycerides in each group. (A, C and D) The 
effects of shNC, shACLY and shSREBP1 on the ACLY, SREBP1, ACC1, LDLR and HMGCR expression levels were detected by Western blotting. GAPDH was used as an 
internal loading control. (E) Intracellular droplets in each group on oil red staining. The magnification is 400×. *P < 0.05, **P < 0.01, ***P < 0.001, ns no significant differences, 
or ****P < 0.0001 vs control group.
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ACLY knockdown. In Caco-2 cells, ACLY knockdown led 
to rapid apoptosis, suggesting immediate activation of 
apoptosis by ACLY knockdown in Caco-2 cells, in contrast 
to the somewhat slower activation of apoptosis in SREBP1 
knockdown cells.

After knocking down ACLY or SREBP1, the levels of 
certain lipid metabolism_related proteins (HMGCR, LDLR, 
and ACC1) decreased significantly, in which HMGCR 
reflects total lipid metabolism, LDLR responds to cholesterol 
synthesis in lipid metabolism, and ACC1 corresponds to 
DNL.24,25 The results in most tumor cells, such as glioma, 
breast cancer, and prostate cancer, have shown that SREBP1 
is upstream of ACLY in the tumor lipid metabolism pathway. 
However, our study found that when ACLY was knocked 
down in Lovo cells, SREBP1 levels decreased significantly, 
and the downregulated level of SREBP1 after ACLY knock-
down was similar to the decrease in ACLY after knocking 
down SREBP1. More interestingly, in Caco_2 cells, SREBP1 
levels decreased significantly after ACLY knockdown, while 
the downregulation of ACLY was not obvious after knock-
down of SREBP1. The results showed that in Caco-2 cells, 
ACLY was likely to act upstream of SREBP1; however, this 
was theoretically contrary to the observed level of ACC1, the 
third key substrate enzyme of DNL, which shows that the 
relationship between SREBP1 and ACLY is more complex in 
these cells.26,27

It is generally believed that SREBP1 an upstream 
regulatory protein in the tumor lipid metabolism path-
way, and most clinical studies28 have assessed com-
pounds that induce insulin_related genes and SREBP 
cleavage-activating protein, as well as affecting the 
synthesis of downstream cholesterol,29,30 and even tar-
geting ACLY as the first key substrate enzyme of 
DNL.31,32 ACLY and SREBP1 are also key factors con-
necting glucose metabolism and lipid metabolism.33 The 
significance of SREBP1 and ACLY in tumor lipid meta-
bolism is relatively clear, and knocking down both genes 
aimed to refine the study of tumor lipid metabolism and 
find more suitable therapeutic targets. Caco-2 is 
a commonly used cell model in the study of inflammatory 
colitis and other inflammatory diseases.34 Inflammation 
has been linked to the pathogenesis of multiple 
cancers.35,36 This study selected this cell line as the 
research object because on the one hand, considering 
the individual differences of patients with CRC, this 
novel CRC cell line can expand the therapeutic targets 
of mechanistic pathways; and on the other hand, this 
model may serve as a bridge between inflammation and 

tumors, allowing the exploration of the possible mechan-
isms of human diseases.

Based on the results of the present study, we concluded 
that knockdown of ACLY and SREBP1 restrained CRC 
cells’ proliferation, migration, and invasion capabilities 
via regulation of lipid metabolism. Overall, our data pro-
vide evidence that the ACLY/SREBP1 axis enhances the 
sensitivity of CRC cells to apoptosis. These findings sug-
gest that ACLY and SREBP1 could be used as dual targets 
for individualized therapy of colorectal cancer, with great 
prospects in gene, immunity, nutritional, and metabolic 
therapy; however, the detailed mechanism remains to be 
further studied.
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