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Abstract
Abnormal lipid metabolism plays an important role in the development and progression of almost all cancer 
types, especially hepatocellular carcinoma (HCC) as the liver is the central organ for lipid storage and metabolism. 
However, the underlying mechanisms are complex and have not been completely elucidated. By analyzing the 
proteomic sequencing and single cell RNA-sequencing (scRNA-seq) results of HCC patients, we herein reveal 
that acyl-CoA synthase long chain family member 3 (ACSL3) is predominately expressed in HCC cells and high 
ACSL3 expression is positively correlated with abnormal lipid metabolism and predicts the poor prognosis of HCC 
patients. Mechanically, ACSL3 could promote the synthesis of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC), which could activate peroxisome proliferator-activated receptor α (PPARα) pathway and enhance the 
transcription of downstream lipid metabolism-associated genes, thereby promoting HCC growth and metastasis 
via accelerating lipid catabolism and anabolism. Considering the lack of specific inhibitor for ACSL3, we further 
develop an endosomal pH-responsive nanoparticle (NP) platform for systemic delivery of ACSL3 siRNA (siACSL3) 
and demonstrate its ability to inhibit HCC tumor growth and metastasis. Our findings indicate that ACSL3 could be 
used to predict the prognosis of HCC patients and NPs-mediated ACSL3 silencing could be a promising strategy for 
effective HCC therapy.
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Introduction
Hepatocellular carcinoma (HCC) is one of the most com-
mon malignancies and the third leading cause of cancer-
related mortalities worldwide [1, 2]. In the past decade, 
although a great achievement has been made in HCC 
diagnosis and treatment, the prognosis of HCC patients 
is still far from expected due to the high probability of 
recurrence and metastasis. Clinical observations have 
shown that the 5-year overall survival rate of metastatic 
HCC patients is less than 12% because of the difficulty in 
surgical resection and frequently encountered resistance 
to other therapeutic modalities (e.g., chemotherapy and 
targeted therapy) [3–5]. In recent years, accumulating 
evidences have revealed that abnormal metabolism such 
as altered glucose metabolism from oxidative phosphory-
lation to aerobic glycolysis significantly contributes to 
cancer metastasis [6–10]. Therefore, uncovering the key 
factors regulating abnormal metabolism would have a 
broad range of implications from the understanding of 
pathogenic mechanisms to development of new thera-
peutic targets for effective cancer therapy.

As a hallmark of cancer, abnormal metabolism involves 
the altered glucose, amino acid, and lipid metabolism and 
has been observed in almost all cancer types [11–13]. In 
particular, abnormal lipid metabolism plays a crucial role 
in the development and progression of HCC as the liver 
is the central organ for lipid storage and metabolism [8, 
14–16]. It has been demonstrated that abnormal lipid 
metabolism such as increased de novo synthesis of fatty 
acids and enhanced fatty acid oxidation (FAO) could not 
only provide more nutrients for the survival, prolifera-
tion, and distant metastasis of tumor cells [8, 9], but also 
supply metabolic intermediates for cellular signal trans-
duction and formation of cell structures [17–19]. There-
fore, modulating lipid metabolism could be a promising 
strategy for effective HCC therapy. In the past decade, 
various animal models such as high fat diet (HFD)-
induced tumor-bearing mouse model have been used 
to evaluate the influence of abnormal lipid metabolism 
on cancer progression (e.g., therapeutic resistance and 
metastasis), and several lipid metabolism-associated fac-
tors such as sterol regulatory element-binding protein 1 
(SREBP-1) and acetyl-CoA carboxylase (ACC) have been 
uncovered as new therapeutic targets [20–24]. Never-
theless, the contribution of abnormal lipid metabolism 
to cancer development and progression remains largely 
unknown and much more efforts are still required to elu-
cidate the underlying mechanisms. In addition, because 
of the inherent heterogeneity and complexity of tumor 
tissues, the use of animal models may not acquire the 
full spectrum of lipid metabolism in cancer patients [25, 
26]. To overcome this limitation, recent advances have 
focused on the direct analysis of clinical tumor sam-
ples by high-throughput sequencing technology. This 

innovative strategy could not only gain a comprehensive 
view of the tumor genomic landscape, but also provide 
broader coverage, higher accuracy, and more clinically 
relevant insights into the key factors regulating cancer 
development and progression [27–29].

To extensively explore the influence of abnormal lipid 
metabolism on HCC metastasis, we herein examine the 
proteomic expression profiles of matched primary and 
lung metastatic tumors of HCC patients, and reveal that 
acyl-CoA synthase long chain family member 3 (ACSL3) 
is abnormally up-regulated in metastatic tumors of 
HCC patients. Further analyzing the single cell RNA-
sequencing (scRNA-seq) results of HCC patients shows 
that ACSL3 is predominately expressed in HCC cells and 
its high expression is positively correlated with abnor-
mal lipid metabolism and predicts the poor prognosis of 
HCC patients. Mechanical study indicates that ACSL3 
could promote the synthesis of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), which could act as a 
signaling transduction molecule to activate peroxisome 
proliferator-activated receptor α (PPARα) pathway and 
enhance the transcription of downstream lipid metabo-
lism-associated genes [30–33], thereby promoting HCC 
growth and metastasis via accelerating lipid catabolism 
and anabolism. As an important lipid metabolism-associ-
ated factor, the specific regulatory mechanism of ACSL3 
in HCC development and progression remains unclear. 
Our work first systemically uncovers the biological func-
tion and molecular mechanism of ACSL3 in promoting 
HCC growth and metastasis. Considering the lack of spe-
cific inhibitor for ACSL3, we further construct an endo-
somal pH-responsive nanoplatform for systemic delivery 
of ACSL3 siRNA (siACSL3), and demonstrate its ability 
to efficiently silence ACSL3 expression in vivo and inhibit 
HCC tumor growth and metastasis in both orthotopic 
and patient-derived xenograft (PDX) tumor models.

Materials and methods
Patients and tissue samples
Tumor samples of HCC patients (n = 124) were collected 
from the Department of Hepatobiliary Surgery of Sun 
Yat-Sen Memorial Hospital. Tumor samples include sur-
gically resected tumor tissues from 116 HCC patients and 
the matched adjacent tissues, primary tumor tissues and 
postoperative lung metastatic tumor tissues from 8 HCC 
patients. All samples were collected with the informed 
consent of the patients in accordance with the Interna-
tional Ethical Guidelines for Biomedical Research Involv-
ing Human Subjects (CIOMS). The study was approved 
by the Institutional Review Board (IRB) of Sun Yat-Sen 
Memorial Hospital.
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High-throughput proteomics
The matched primary tumor tissues and postoperative 
lung metastatic tissues from three HCC patients were cut 
into tiny pieces and then immersed into 10 mL of Dul-
becco’s Modified Eagle Medium (DMEM) containing 5% 
fetal bovine serum (FBS), 2 mg/mL collagenase I, 0.4 mg/
mL pronase, and 2 mg/mL hyaluronidase. After shaking 
at 37 oC for 2 h, the mixture was centrifuged (1000 rpm, 
10  min) and the obtained cell cluster was washed with 
cold phosphate-buffered saline (PBS) solution thrice. 
Subsequently, the cell cluster was dispersed in lysis buf-
fer and the supernatant was collected by centrifugation 
(12000  rpm, 10  min). The protein concentration in the 
obtained supernatant was determined by bicinchoninic 
acid (BCA) assay and equal amount of proteins was sub-
jected for proteomics analysis using the Data indepen-
dent acquisition (DIA) method, in which all ions within a 
selected m/z range are fragmented and analyzed in a sec-
ond stage of tandem mass spectrometry. The final protein 
expression profile was analyzed by Proteome Discov-
erer Software (ver. 2.4) containing a complex proteomic 
standard.

scRNA-seq data analysis
The scRNA-seq results of the public GSE146115 data-
set containing 3134 cells from four HCC patients were 
downloaded from the Tumor ImmunoSingle Cell Cen-
ter 2.0 (TISCH 2.0) database (​h​t​t​p​​:​/​/​​t​i​s​c​​h​.​​c​o​m​​p​-​g​​e​n​o​
m​​i​c​​s​.​o​r​g​/) [34, 35], which has been completed with a ​s​t​
a​n​d​a​r​d scRNA-seq workflow, including quality control, 
normalization, unsupervised clustering and cell type 
annotation. The cell classification and gene expression 
distribution maps were visualized using the functions 
such as hdf5r, Seurat, ggplot2, and readxl in R language 
version 4.4.2. Subsequently, the malignant cell popula-
tion was extracted, in which the cells expressing ACSL3 
higher than the mean ACSL3 expression level of total 
cells was defined as the high-expression group, while 
the cells expressing ACSL3 lower than the mean ACSL3 
expression level was defined as the low-expression group. 
The differentially expressed genes (DEGs) between these 
two groups were identified using the FindMarkers func-
tion (logfc.threshold = 0.25, min.pct = 0.1), and then 
were applied for Gene Ontology (GO) analysis. To fur-
ther examine ACSL3 expression in the subpopulation of 
malignant cells, the FindAllMarkers function was used 
to analyze the expression of the typical genes associ-
ated with each subpopulation (logfc.threshold = 1 and 
min.pct = 0.3). The top 2 genes in the avg_log2FC rank-
ing were identified as the typical genes of each cell sub-
population. Subsequently, the FetchData function was 
employed to analyze ACSL3 expression level in each cell 
subpopulation.

Online dataset
The correlation of ACSL3 expression in the tumor tissues 
of HCC patients with their survival outcome was down-
loaded from TCGA database. Kaplan-Meier curve and 
log-rank test were used to compare overall survival (OS) 
and disease-specific survival (DSS) in different patient 
groups.

Cell culture
HCC cells (MHCC-97H, MHCC-97L, HepG2, Huh7, 
HCC-LM3) were incubated in DMEM supplemented 
with 10% FBS and cultured at 37 °C in a humidified atmo-
sphere containing 5% CO2. The cells were tested every 
one month to ensure no Mycoplasma contamination 
using Mycoplasma Detection Kit (Solarbio, China).

ACSL3 silencing and up-regulation
MHCC-97H and Huh7 cells were respectively seeded 
in 6-well plates at a density of 50,000 cells/well and 
incubated in 2 mL of DMEM containing 10% FBS for 
24  h. Subsequently, Lipo3k/siACSL3 complexes or 
NPs(siACSL3) were added at a siRNA concentration of 
30 nM. After 24 h incubation, the cells were washed with 
PBS solution and further incubated in fresh medium for 
another 48  h. Thereafter, the total RNA was extracted 
using Trizol for reverse transcription quantitative poly-
merase chain reaction (qRT-PCR) analysis. The total pro-
tein was also extracted using lysis buffer supplemented 
with protease inhibitor cocktail and phosphatase inhibi-
tors for western blot analysis. To up-regulate ACSL3 
expression, HepG2 cells were seeded in 6-well plates at 
a density of 50,000 cells/well and incubated in 2 mL of 
DMEM containing 10% FBS for 24  h. Subsequently, 
Lipo3k/ACSL3-expressing plasmid complexes were 
added at a plasmid concentration of 1 µg/mL. After 24 h 
incubation, the cells were washed with PBS solution and 
further incubated in fresh medium for another 48 h. The 
total RNA and proteins were extracted for qRT-PCR and 
western blot analysis.

Transcriptome sequencing
MHCC-97H cells were seeded in 6-well plates at a density 
of 50,000 cells/well and ACSL3 expression was silenced 
with the Lipo3k/siACSL3 complexes using the method 
aforementioned. The total RNA was extracted with Trizol 
and then subjected for RNA sequencing analysis (Beijing 
Genomics Institution, China). Gene enrichment analysis 
was performed using the company’s online interaction 
analysis system.

Detection of intracellular metabolites
MHCC-97H and Huh7 cells were respectively seeded 
in 6-well plates at a density of 50,000 cells/well and 
ACSL3 expression was silenced with the Lipo3k/siACSL3 

http://tisch.comp-genomics.org/
http://tisch.comp-genomics.org/
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complexes using the method described above. Thereaf-
ter, the cells were trypsinized and collected by centrifu-
gation (1000  rpm, 3  min). After washing with PBS and 
then deionized water containing 5% mannitol, the cells 
were dispersed into the mixture of water, methanol, and 
acetonitrile (volume ratio, 1/2/2). After repeated freezing 
in the liquid nitrogen and thawing at room temperature, 
the mixture was centrifuged at 4 oC (12000 rpm, 30 min) 
and the NADH/NAD+, ATP/ADP and acetyl-CoA were 
detected using the commercially available kits. The 
amount of DAG, TAG, and POPC in the supernatant was 
also examined by liquid chromatography mass spectrom-
etry (LC-MS, Shimadzu LC-20AB, Japan).

Detection of intracellular lipid droplets
MHCC-97H and Huh7 cells were respectively seeded in 
round discs at a density of 50,000 cells/well and ACSL3 
expression was silenced with the Lipo3k/siACSL3 com-
plexes using the method described above. Subsequently, 
the cells were stained with BODIPY 493/503 (#D3922, 
Invitrogen, USA) and intracellular lipid droplets were 
observed under a ZEISS 800 confocal laser scanning 
microscope (CLSM).

Animals
BALB/c nude mice and NSG (NOD/SCID/IL2Rγnull) 
mice (4–5 weeks old) were purchased from the Sun Yat-
Sen University Experimental Animal Center (Guang-
zhou, China). All in vivo studies were performed by a 
protocol approved by the Institutional Animal Care and 
Use Committee at Sun Yat-Sen Memorial Hospital.

Inhibition of orthotopic tumor growth and metastasis
MHCC-97H orthotopic tumor-bearing mice were ran-
domly divided into four groups (n = 5) and given an intra-
venous injection of either (i) PBS; (ii) naked siACSL3; 
(iii) NPs(siCTL) or (iv) NPs(siACSL3) at a dose of 1 nmol 
siRNA per mouse once every two days. All the mice were 
administrated three consecutive injections and the tumor 
growth was monitored by bioluminescence imaging. The 
tumors and lungs were collected and sectioned for histo-
logical analysis.

Inhibition of PDX tumor growth
PDX tumor-bearing mice were randomly divided into 
four groups (n = 5) and given an intravenous injection of 
either (i) PBS; (ii) naked siACSL3; (iii) NPs(siCTL) or (iv) 
NPs(siACSL3) at a dose of 1 nmol siRNA per mouse once 
every two days. All the mice were administrated three 
consecutive injections and the tumor growth was moni-
tored every 2 days by measuring perpendicular diameters 
with a caliper. Tumor volume was calculated as V = W2 × 
L/2, where W and L are the shortest and longest diam-
eters, respectively. At the experimental endpoint, the 

tumors were collected and sectioned for histological 
analysis.

Statistical analysis
The in vitro data were presented as mean ± S.D. of three 
independent experiments. Statistical analysis was per-
formed using SPSS 16.0 statistical software package and 
Graphpad Prism 8. Unpaired two-sided Student’s t-test 
and one-way ANOVA were used to compare the cell and 
animal experiments with different treatments, and post 
hoc tests were employed to analyze difference between 
groups. In all cases, * p < 0.05, ** p < 0.01, and *** p < 0.001.

Results
High ACSL3 expression is positively correlated with 
metastasis and poor prognosis of HCC patients
To explore the key factors regulating HCC metastasis, we 
collected the matched primary tumor tissues and post-
operative lung metastatic tumor tissues from three HCC 
patients (Table S1), and analyzed their proteomics pro-
files. As shown in Fig.  1A, ACSL3 is particularly noted 
among the top five differentially expressed proteins (i.e., 
ACSL3, ATAD5, COBL, TIM9, and SKT), as hazard ratio 
(HR) for the overall survival of cancer patients in The 
Cancer Genome Atlas (TCGA) database indicates that 
ACSL3 is the key risk factor for various cancer types espe-
cially HCC (Fig.  1B). We also analyzed the scRNA-seq 
results of four HCC patients from the public GSE146115 
dataset [34], in which ACSL3 is predominately expressed 
in HCC cells (Fig.  1C and D, Fig. S1) and high ACSL3 
expression indicates active lipid metabolism (Fig.  1E) 
and strong proliferation and metastasis ability of HCC 
cells (Fig. 1F). The similar tendency could be also found 
in TCGA database, in which high ACSL3 expression is 
positively correlated with the expression of proliferation 
marker (Ki-67, Fig. S2A) and proliferating cell nuclear 
antigen (PCNA, Fig. S2B) in HCC patients. Moreover, the 
results in TCGA database also show that ACSL3 is highly 
expressed in the tumor tissues of HCC patients compared 
to normal liver tissues (Fig. 1G) and the expression level 
of ACSL3 shows an upward trend as the malignancy of 
HCC increases (Fig. S3). More importantly, HCC patients 
with high ACSL3 expression in TCGA database have 
poor overall survival (OS, Fig.  1H) and disease specific 
survival (DSS, Fig. 1I). To further explore the clinical cor-
relation between ACSL3 and HCC, we examined ACSL3 
expression in the matched adjacent, primary, and lung 
metastatic tumor tissues of HCC patients (n = 8). As pre-
sented in Fig. 1J and K, ACSL3 is highly expressed in the 
tumor tissues and its expression level further increases 
in the metastatic tumor tissues. With this information, 
we further examined ACSL3 expression in tumor tissues 
of 116 HCC patients (Table S2) and analyzed the influ-
ence of ACSL3 expression on their prognosis. Similar as 
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Fig. 1  ACSL3 is highly expressed in the metastatic tumor tissues of HCC patients and positively correlated with the activity of lipid metabolism and poor 
prognosis HCC patients. (A) Heatmap of differentially expressed proteins in the matched primary and postoperative lung metastatic tumor tissues of 
three HCC patients. (B) TCGA database showing the HR of top five genes (ACSL3, ATAD5, COBL, TIM9, and SKT) for the overall survival of cancer patients.
(C-E) UMAP visualization (C), ACSL3 expression level (D), and lipid metabolism level (E) of total cell types in the tumor tissues of four HCC patients in 
GSE146115 dataset. (F) GO analysis of DEGs in the tumor cells of four HCC patients in GSE146115 dataset. (G) TCGA database showing ACSL3 expression 
in normal liver tissues (n = 50) and tumor tissues (n = 369) of HCC patients. (H, I) TCGA database showing OS (H) and DSS (I) of HCC patients with different 
ACSL3 expression levels. (J) Immunohistochemistry (IHC) analysis of ACSL3 expression in the matched adjacent, primary, and postoperative lung meta-
static tumor tissues of one HCC patient. (K) ACSL3 score determined by IHC analysis of the matched adjacent, primary, and postoperative lung metastatic 
tumor tissues of HCC patients (n = 8). (L, M) OS (L) and DFS (M) of HCC patients (n = 116) with different ACSL3 expression levels. (N) RFP of HCC patients 
(n = 116) with different ACSL3 scores. *** p < 0.001

 



Page 6 of 17Huang et al. Molecular Cancer           (2025) 24:73 

the tendency in TCGA database, HCC patients with high 
ACSL3 expression show a poor prognosis, as demon-
strated by poor OS (Fig.  1L) and DFS (Fig.  1M). More-
over, high ACSL3 expression could be observed in the 
tumor tissues of HCC patients with short recurrence-free 
period (RFP) (Fig. 1N). All these results indicate that high 
ACSL3 expression is closely associated with the active 
lipid metabolism and positively correlated with the pro-
gression and poor prognosis of HCC patients.

High ACSL3 expression promotes proliferation, migration, 
and invasion of HCC cells
After validating the clinical significance of ACSL3 in 
HCC patients, we next investigated its function to regu-
late the biological behaviors of HCC cells. To this end, 
we chose MHCC-97H cells, a type of HCC cell line with 
high ACSL3 expression (Fig. S4), and then used siACSL3 
to silence ACSL3 expression (Fig.  2A and B). As shown 
in Fig. 2C and D, ACSL3 silencing could not only inhibit 
the proliferation and clone formation of MHCC-97H 

Fig. 2  High ACSL3 expression promotes the proliferation, migration, and invasion of HCC cells. (A, B) qRT-PCR (A) and western blot (B) analysis of ACSL3 
expression in MHCC-97H and Huh7 cells treated with siACSL3 at a concentration of 30 nM. (C) Proliferation profiles of MHCC-97H and Huh7 cells treated 
with siACSL3 at a concentration of 30 nM. (D, E) Clone formation, migration, invasion, anoikis and the statistic results of MHCC-97H (D) and Huh7 cells (E) 
treated with siACSL3 at a concentration of 30 nM. (F) Western blot analysis of ACSL3 expression in HepG2 cells treated with the ACSL3-expressing plasmid 
(OE-ACSL3) at a plasmid concentration of 1 µg/mL. (G-I) Proliferation profile (G) and clone formation, migration, invasion (H) and the statistic results (I) of 
HepG2 cells treated with the ACSL3-expressing plasmid at a plasmid concentration of 1 µg/mL. ns, no significance; ** p < 0.01; *** p < 0.001
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cells, but also significantly weaken their invasion, migra-
tion, and anoikis resistance ability. These results imply 
the important role of ACSL3 in regulating the growth 
and metastasis of HCC cells. To further demonstrate 
this statement, we silenced ACSL3 expression in another 
HCC cell line (i.e., Huh7 cells). Similarly, the proliferation, 
clone formation, invasion, migration, and anoikis resis-
tance ability of Huh7 cells is significantly impaired after 
silencing ACSL3 expression (Fig. 2C and E). In addition, 
we also chose HepG2 cells with low ACSL3 expression 
(Fig. S4) and evaluated the influence of ACSL3 up-reg-
ulation on their biological behaviors (Fig. 2F). From the 
results displayed in Fig. 2G-I, ACSL3 up-regulation could 

dramatically promote the proliferation, clone formation, 
migration, and invasion of HepG2 cells. Besides examin-
ing the function of ACSL3 in vitro, we also intravenously 
injected the luciferase (Luc)-expressed MHCC-97H 
cells with lentivirus-mediated stable ACSL3 silencing 
by shRNA into healthy mice to investigate the influence 
of ACSL3 on the growth and metastasis of HCC cells in 
vivo. As shown in Fig.  3A-C, much weaker biolumines-
cence could be observed in the whole body and collected 
lung tissues of mice received the injection of MHCC-97H 
cells with ACSL3 silencing, indicating that ACSL3 could 
indeed promote the proliferation and metastasis of HCC 
cells to form metastatic nodes. This tendency could be 

Fig. 3  High ACSL3 expression promotes HCC growth and metastasis. (A-C) Bioluminescence images of mice (A) and collected lung tissues (B) and the 
total radiance of tumor burden in the collected lung tissues (C) at day 42 post intravenous injection of Luc-MHCC-97H cells with ACSL3 silencing by 
shRNA. (D, E) Histological staining (D) and the statistic results of metastatic nodes in the collected lung tissues (E) shown in (B). ** p < 0.01
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also found in the results of histological analysis (Fig. 3D 
and E), in which much less and smaller metastatic nodes 
are formed in the lung tissues of mice injected with 
MHCC-97H cells with ACSL3 silencing. All these results 
clearly indicate that high ACSL3 expression could pro-
mote HCC growth and metastasis.

High ACSL3 expression promotes POPC synthesis to 
activate PPARα and enhance lipid metabolism
Having confirmed the important role of ACSL3 in regu-
lating HCC growth and metastasis, we next investigated 
the regulatory mechanism via examining the transcrip-
tional information. The heatmap of DEGs in MHCC-97H 
cells before and after ACSL3 silencing is shown in Fig. 4A. 
Gene cluster analysis using the Kyoto Encyclopedia of 

Fig. 4  High ACSL3 expression promotes lipid metabolism via enhancing the transcription of lipid metabolism-associated genes in HCC cells. (A) Heat-
map of mRNA expression profile of MHCC-97H cells treated with siACSL3 at a concentration of 30 nM. (B, C) KEGG (B) and GSEA (C) analysis of the DEGs 
in MHCC-97 H cells treated with siACSL3 at a concentration of 30 nM. (D) Heatmap of the DEGs in the PPAR signaling pathway enriched in KEGG analysis 
shown in (C). (E, F) qRT-PCR analysis of expression of the DEGs shown in (D) in MHCC-97H (E) and Huh7 cells (F) treated with 30 nM siACSL3 or 20 µM 
PPARα inhibitor GW6471. (G-J) Production of acetyl-CoA (G), NADH (H) and ATP (I) and formation of lipid droplets (J) in MHCC-97H and Huh7 cells treated 
with 30 nM siACSL3 or 20 µM PPARα inhibitor GW6471. ns, no significance; ** p < 0.01; *** p < 0.001
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Genes and Genomes (KEGG) reveals that these DEGs 
are mainly enriched in PPAR and metabolism-associ-
ated signaling pathways (Fig.  4B). In addition, GeneSet 
Enrichment Analysis (GSEA) analysis also indicates the 
negative regulation of PPAR pathway after ACSL3 silenc-
ing (Fig. 4C). With this information, we further analyzed 
the DEGs in the PPAR signaling pathway enriched in 
KEGG analysis. As presented in Fig.  4D, the DEGs are 
predominately associated with lipid metabolism includ-
ing catabolism and anabolism [9], and their expression 
level is dramatically down-regulated after ACSL3 silenc-
ing (Fig. S5). This similar tendency could be also found 
in the results of qRT-PCR analysis (Fig.  4E and F). It is 
known that PPARs include three subtypes (i.e., PPARα, 
PPARδ, and PPARγ) and PPARα plays a crucial role in 
regulating cellular lipid metabolism via promoting the 
transcription of various genes (e.g., FABP1, FABP3, SCD, 
etc.) involved in lipid metabolism in the liver [31–33, 36]. 
Therefore, we speculate that high ACSL3 expression may 
activate PPARα pathway to promote the transcription of 
downstream lipid metabolism-associated genes, thereby 
leading to the enhanced lipid catabolism and anabolism. 
To validate this speculation, we employed the chromatin 
immunoprecipitation (ChIP) assay to examine the bind-
ing of PPARα to bind with DNA. The results clearly reveal 
the ability of PPARα to bind with the promoter regions of 
various lipid metabolism-associated genes in HCC cells 
(Fig. S6). In addition, we also used the inhibitor GW6471 
to block PPARα activity in HCC cells and then examined 
the expression of lipid metabolism-associated genes. 
Similar as ACSL3 silencing, GW6471 treatment could 
also significantly down-regulate the expression of various 
lipid metabolism-associated genes in both MHCC-97H 
(Fig. 4E) and Huh7 cells (Fig. 4F). Due to the down-reg-
ulation of these genes, the level of lipid catabolism rep-
resented by acetyl coenzyme A (Acetyl-CoA, Fig.  4G), 
nicotinamide adenine dinucleotide (NADH, Fig. 4H), and 
ATP production (Fig. 4I) as well as lipid anabolism repre-
sented by lipid droplet formation (Fig. 4J) is dramatically 
suppressed in MHCC-97H and Huh7 cells treated with 
siACSL3 or GW6471.

After verifying the ability of ACSL3 to enhance lipid 
metabolism via activating PPARα pathway, we next 
explored how ACSL3 activates this pathway. We first 
examined PPARα expression in HCC cells before and 
after ACSL3 silencing. As shown in Fig. 5A and B, there 
is nearly no change in PPARα expression at both mRNA 
and protein level in MHCC-97H and Huh7 cells. It has 
been reported that PPARα is a nuclear hormone recep-
tor and its activity could be regulated at multiple lev-
els, including gene expression, protein translation, 
post-translational modifications, and ligand activation 
[32, 33]. Currently, the reported endogenous activat-
ing ligands of PPARα mainly includes fatty acids (e.g., 

arachidonic acid), eicosanoids (e.g., leukotrienes), phos-
phatidylcholines (e.g., POPC), and polyphenols (e.g., 
resveratrol) [33, 37]. As a classic enzyme, ACSL3 can 
catalyze free long-chain fatty acids into fatty acyl-CoA 
esters that can be converted into various lipids and their 
derivatives, such as lysophosphatidic acid (LPA), phos-
phatidic acid (PA), diacylglycerol (DAG), and triacylglyc-
eride (TAG) [24, 38, 39]. More importantly, in the ACSL 
family, only ACSL3 shows the specific function in pro-
moting the production of phosphatidylcholines includ-
ing POPC [38–40]. Furthermore, as the precursor for the 
synthesis of all the endogenous phosphatidylcholines, 
recent studies have revealed that DAG can be converted 
into POPC to activate PPARα pathway [31–33]. Inspired 
by these pioneered results, we speculate that high ACSL3 
expression may promote the synthesis of DAG and the 
subsequent POPC to activate PPARα and enhance the 
transcription of downstream genes. To verify our hypoth-
esis, we used mass spectrometry to detect the amount of 
DAG and POPC in HCC cells. Indeed, silencing ACSL3 
expression in MHCC-97H and Huh7 cells could induce 
around 2-fold decease in DAG production (Fig. 5C) and 
2-fold decrease in POPC production (Fig. 5D). With this 
encouraging result, we examined the expression of lipid 
metabolism-associated genes in HCC cells treated with 
siACSL3 followed by addition of exogenous POPC. As 
shown in Fig.  5E and F, addition of exogenous POPC 
could rescue the expression of various lipid metabolism-
associated genes, thus inducing increased ATP produc-
tion (Fig.  5G) and lipid droplet formation (Fig.  5H) in 
both MHCC-97H and Huh7 cells. Based on these results, 
we conclude that high ACSL3 expression could promote 
POPC synthesis to activate PPARα pathway and enhance 
the transcription of various downstream lipid metabo-
lism-associated genes, thereby leading to enhanced lipid 
catabolism and anabolism to promote HCC growth and 
metastasis (Fig. 5I).

NPs-mediated ACSL3 silencing inhibits proliferation, 
migration, and invasion of HCC cells
Based on the important role of ACSL3 in promoting 
HCC growth and metastasis, targeted inhibition of its 
expression could be a promising strategy for effective 
HCC therapy. Nucleic acid drugs such as siRNAs can 
be used to achieve this goal due to their unique charac-
teristic of silencing any target genes [41, 42]. However, 
naked siRNAs belong to negatively charged biomac-
romolecules and specific delivery tools are required to 
enhance their cytosolic transport [43–45]. To this end, 
we constructed an endosomal pH-responsive NP plat-
form for systemic siACSL3 delivery. The nanoplatform is 
made with a pH-responsive polymer Meo-PEG-b-PDPA 
with a pKa (~ 6.34, Fig. S7-S10) close to endosomal pH 
[46–48] and an amphiphilic cationic compound G0-C14 
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Fig. 5  High ACSL3 expression promotes POPC synthesis to activate PPARα and enhance the transcription of downstream lipid metabolism-associated 
genes. (A, B) qRT-PCR (A) and western blot (B) analysis of PPARα expression in MHCC-97H and Huh7 cells treated with siACSL3 at a concentration of 
30 nM. (C, D) Intracellular concentration of DAG (C) and POPC (D) determined by MS analysis of MHCC-97H and Huh7 cells treated with siACSL3 at a 
concentration of 30 nM. (E, F) qRT-PCR analysis of the expression of lipid metabolism-associated genes in MHCC-97H (E) and Huh7 cells (F) treated with 
30 nM siACSL3 followed by 50 µM POPC. (G, H) ATP production (G) and formation of lipid droplets (H) in MHCC-97H and Huh7 cells treated with 30 nM 
siACSL3 followed by 50 µM POPC. (I) Schematic illustration of the regulatory mechanism of ACSL3 in promoting HCC growth and metastasis. High ACSL3 
expression could promote POPC synthesis to activate PPARα and enhance the transcription of various downstream lipid metabolism-associated genes, 
which thereby accelerate lipid catabolism and anabolism to promote HCC growth and metastasis. ns, no significance; * p < 0.05; ** p < 0.01; *** p < 0.001
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we previously developed (Fig. S11) [49, 50]. As shown 
in Fig.  6A, the polymer Meo-PEG-b-PDPA can self-
assemble into stable NPs with hydrophilic PEG shells 
and hydrophobic PDPA cores, in which the charge-medi-
ated complexes of siACSL3 and G0-C14 are entrapped 
[49–51]. By adjusting the N/P molar ratio between 
G0-C14 and siACSL3, well-defined siACSL3-loaded 
NPs (denoted NPs(siACSL3)) with an average size of 
~ 70 nm could be formed at an N/P ratio of 20 (Fig. 6B 
and C). These NPs are stable at a physiological pH (Fig. 
S12), but could rapidly release the loaded siACSL3 at a 
pH of 6.0 (Fig. 6D) due to the protonation of PDPA poly-
mer and subsequent NP dissociation [46]. More impor-
tantly, the protonation of PDPA polymer could induce 
the “proton sponge” effect to enhance the endosomal 
escape of loaded siACSL3 (Fig. S13) [52], which thereby 
significantly improve the gene silencing efficacy of 
NPs(siACSL3). As shown in Fig. 6E and F, ACSL3 expres-
sion in MHCC-97 H cells treated with the NPs(siACSL3) 
could be down-regulated by ~ 80% at a siACSL3 concen-
tration of 30 nM. With this efficient ACSL3 silencing, 
the proliferation rate of MHCC-97H cells is dramatically 
suppressed (Fig. 6G). Similarly, MHCC-97 H cells treated 
with the NPs(siACSL3) show an impaired ability of clone 
formation, migration, invasion, and anoikis resistance 
(Fig. 6H) compared to the cells treated with the NPs load-
ing scrambled siRNA (denoted NPs(siCTL)).

NPs-mediated ACSL3 silencing inhibits HCC tumor growth 
and metastasis
Having validated the ability of NPs(siACSL3) to silence 
ACSL3 expression in vitro, we next evaluated whether 
these NPs could effectively silence ACSL3 expression in 
vivo and inhibit HCC growth and metastasis. The phar-
macokinetics was first investigated via intravenous injec-
tion of NPs(siACSL3) into healthy mice. As shown in 
Fig.  7A, because of surface PEG shells to impair blood 
clearance [53], the NPs could significantly prolong the 
blood circulation period of loaded siACSL3 and around 
6% of loaded siACSL3 could be detected in the blood 
at 12  h post the injection. Due to this prolonged blood 
circulation, the loaded siACSL3 shows more than 5-fold 
higher accumulation in the tumor tissues of MHCC-
97H xenograft tumor-bearing mice compared to naked 
siACSL3 (Fig. 7B and C), thereby leading to around 80% 
decrease in ACSL3 expression in the tumor tissues (Fig. 
S14). With these encouraging results, we finally estab-
lished a HCC orthotopic tumor-bearing mouse model 
using Luc-expressing MHCC-97  H cells and examined 
the ability of NPs(siACSL3) to inhibit HCC growth and 
metastasis. As shown in Fig.  7D, the less tumor burden 
clearly indicates the ability of NPs(siACSL3) to effectively 
inhibit the tumor growth (Fig. S15). More importantly, 
compared to the mice treated with the NPs(siCTL), the 

NPs(siACSL3) could dramatically improve the survival of 
tumor-bearing mice (Fig. 7E) and suppress the metastasis 
of HCC tumor (Fig. 7F and G). The stronger anti-tumor 
ability of NPs(siACSL3) than other therapeutic formulas 
could be also found in the results of histological analy-
sis (Fig.  7H), in which lower ACSL3 expression, more 
apoptosis (TUNEL), and less proliferation (Ki67) could 
be observed in the tumor tissues of mice treated with the 
NPs(siACSL3).

To further assess the therapeutic effect of 
NPs(siACSL3), we also established a PDX tumor-bearing 
mouse model using the surgically resected tumor tissues 
of HCC patients and then intravenously injected the NPs 
into mice (Fig.  8A). As presented in Fig.  8B and D, the 
NPs(siACSL3) could also significantly inhibit the growth 
of PDX tumors and there is around 3-fold increase in 
the tumor size within an evaluation period of 28 days. 
By contrast, the tumor size of mice treated with the 
NPs(siCTL) increases by around8-fold within the same 
evalution period (Fig. S16). In addtion, the results of 
histological analysis of tumor tissues (Fig. 8E) also dem-
onstrate the stronger ability of NPs(siACSL3) to inhibit 
tumor growth than other therapeutic formulas. Notably, 
the administration of NPs(siACSL3) does not induce the 
decrease in the mouse body weight in both orthotopic 
and PDX tumor models (Fig. S17) and apparent histo-
logical change in the main organs (Fig. S18). These results 
imply the low in vivo toxicity of NPs(siACSL3), which is 
further proven by the normal liver and kidney parame-
ters in the results of routine blood analysis (Fig. S19).

Discussion
Metastasis is the main cause of cancer mortality and 
accounts for 90% of cancer-associated deaths. Can-
cer metastasis is a complex process including multiple 
sequential and interrelated steps, in which epithelial-
mesenchymal transition (EMT), tumor stemness, epi-
genetic modifications, and immune evasion are widely 
involved [54–56]. In recent years, increasing evidences 
have revealed that abnormal lipid metabolism plays a 
crucial role in the development and progression of HCC 
as the liver is the central organ for lipid storage and 
metabolism [14, 15]. Therefore, identifying the key fac-
tors regulating abnormal lipid metabolism and uncov-
ering their regulatory mechanisms could facilitate the 
development of new therapeutic targets for effective 
HCC therapy. In this work, we examined the proteomics 
difference between the paired primary and metastatic 
tumor tissues of HCC patients and revealed the abnor-
mally high expression of ACSL3 in the metastatic tumor 
tissues. Further analyzing the scRNA-seq results of HCC 
patients indicates that ACSL3 is predominately expressed 
in HCC cells and its high expression predicts more active 
lipid metabolism and poor prognosis of HCC patients. 
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Fig. 6  NPs-mediated ACSL3 silencing inhibits the proliferation, migration, and invasion of HCC cells. (A) Schematic illustration of the endosomal pH-
responsive nanoplatform made with the polymer Meo-PEG-b-PDPA and cationic lipid-like compound G0-C14. (B, C) Size distribution (B) and morphology 
(C) of the NPs(siACSL3) in aqueous solution. (D) Cumulative siACSL3 release from the NPs(siACSL3) in aqueous solution at pH 7.4 or 6.0. (E, F) qRT-PCR (E) 
and western blot (F) analysis of ACSL3 expression in MHCC-97H cells treated with the NPs(siACSL3) at different siACSL3 concentrations. (G) Proliferation of 
MHCC-97H cells treated with naked siACSL3, NPs(siCTL), or NPs(siACSL3) at a siRNA concentration of 30 nM. The cells incubated in blank culture medium 
were used as Control. (H) Clone formation, migration, invasion, anoikis, and the statistic results of MHCC-97H cells treated with the formulas shown in (G). 
ns, no significance; * p < 0.05; *** p < 0.001
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Fig. 7  NPs-mediated ACSL3 silencing inhibits HCC growth and metastasis in MHCC-97H orthotopic tumor model. (A) Blood circulation profile of naked 
siACSL3 and NPs(siACSL3). (B, C) Overlaid fluorescence image of the tumors and main organs (B) and biodistribution of naked siACSL3 and NPs(siACSL3) 
in MHCC-97H xenograft tumor-bearing mice sacrificed at 24 h post injection (C). (D, E) Bioluminescence images (D) and survival rate (E) of MHCC-97H 
orthotopic tumor-bearing mice treated with PBS, naked siACSL3, NPs(siCTL), or NPs(siACSL3). (F, G) Histological staining (F) and statistic results of meta-
static nodes in the lung tissues (G) of MHCC-97H orthotopic tumor-bearing mice after systemic treatment in each group. (H) Expression of ACSL3, TUNEL, 
Ki67 and the statistical results determined by IHC staining analysis of the tumor tissues of mice after systemic treatment in each group. ns, no significance; 
*** p < 0.001
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As an important lipid metabolism-associated gene, 
ACSL3 can catalyze free long-chain fatty acids into fatty 
acyl-CoA esters, which can be converted into various lip-
ids and their derivatives (e.g., PA, LPA, DAG, and TAG) 
for nutrient supply, signal transduction, and formation of 
cell structures [24]. Several recent studies have revealed 
that high ACSL3 expression could induce therapeutic 
resistance and promote the metastasis of skin, breast, 
pancreatic, and colorectal cancer via different regulatory 
mechanisms [57–59]. However, the function of ACSL3 
in HCC remains elusive and the specific regulatory 

mechanism is also unclear. Our work indicates that high 
ACSL3 expression could promote the synthesis of POPC 
to activate PPARα, an important ligand-activated tran-
scription factor that can regulate the transcription of 
various lipid metabolism-associated genes. To the best 
of our knowledge, our work first systemically elucidates 
the crucial function of ACSL3 to promote HCC growth 
and metastasis. As an important lipid metabolism-asso-
ciated enzyme, ACSL3 may also promote HCC progres-
sion via other regulatory mechanisms as it has been 
demonstrated to regulate cancer progression via multiple 

Fig. 8  NPs-mediated ACSL3 silencing inhibits HCC growth in PDX tumor model. (A) Schematic illustration of PDX tumor inoculation and treatment of 
PDX tumor-bearing mice. 21 days after tumor inoculation, tumor-bearing mice were treated with PBS, naked siACSL3, NPs(siCTL), or NPs(siACSL3). (B-
D) Tumor growth (B), tumor weight (C), and the image of collected tumors (D) of PDX tumor-bearing mice treated with the formulas shown in (A). (E) 
Expression of ACSL3, TUNEL, Ki67 and the statistical results determined by IHC staining analysis of the tumor tissues of mice after systemic treatment in 
each group. ns, no significance; *** p < 0.001
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molecular mechanisms, such as the activiation of PPARγ 
in breast cancer and activiation of PPARδ in colorectal 
cancer. However, the results of our work indicate that 
the activation of PPARα pathway is the main reason for 
ACSL3 to promote HCC growth and metastasis.

At present, small molecule inhibitors are commonly 
used to inhibit the activity of target genes. As a polyun-
saturated acid (PUFA) analogue, triacsin C is a widely 
used inhibitor for acyl-CoA synthetases including 
ACSL3 [60], which however may induce potential risks 
when using for systemic cancer treatment as triacsin C 
is a small chemical compound with low specificity and 
potential toxicity. RNA interference (RNAi) technology 
has been demonstrated as a powerful strategy for disease 
treatment due to its unique characteristic of silencing the 
expression of any target genes [41, 42]. More importantly, 
the use of NPs for in vivo delivery of RNAi agents such 
as siRNA significantly promotes the clinical translation 
of RNAi technology and several RNAi nanotherapeutics 
(e.g., Onpattro) have been already marketed [61, 62]. In 
addition, some other anticancer RNAi nanotherapeutics 
(e.g., TKM-080301 and STP707) are under clinical tri-
als [63]. We had previously developed various stimuli-
responsive NPs for systemic siRNA delivery and cancer 
therapy. These NPs can employ their stimuli-responsive 
characteristics to promote intracellular siRNA deliv-
ery and thus enhance anticancer effect [46–51]. Among 
them, endosomal pH-responsive NPs are particularly 
beneficial for systemic delivery of biomacromolecules 
(e.g., siRNA, mRNA, and proteins) that function in the 
cytoplasm. Therefore, we used this endosomal pH-
responsive nanoplatform for systemic siACSL3 delivery 
and evaluated their ability to inhibit HCC growth and 
metastasis. Moreover, in order to impair the potential 
side effects of this siRNA delivery system, we used the 
BLAST test to choose the sequences matched with the 
transcript of ACSL3 gene and we designed three siACSL3 
sequences, in which the siACSL3 sequence with the high-
est gene silencing efficacy was encapsulated into the NPs. 
Our results demonstrate that this siRNA delivery system 
does not induce apparent in vivo toxicity and could sig-
nificantly inhibit HCC growth and metastasis. Notably, 
from the standpoint of clinical translation, although the 
NPs-mediated siACSL3 delivery shows a great potential 
for HCC therapy, especially the inhibition of HCC growth 
and metastasis, much more efforts are still needed to sys-
temically evaluate the chronic in vivo toxicity.

Conclusions
We have revealed the important role of ACSL3 in pro-
moting HCC growth and metastasis. Mechanically, 
ACSL3 could promote POPC synthesis to activate PPARα 
and enhance the transcription of various downstream 
lipid metabolism-associated genes, thereby promoting 

the growth and metastasis of HCC via accelerating lipid 
catabolism and anabolism. Systemic siACSL3 delivery 
with the endosomal pH-responsive NPs could effectively 
silence ACSL3 expression in vivo, leading to a signifi-
cant inhibition of HCC growth and metastasis in ortho-
topic and PDX tumor models. Collectively, ACSL3 could 
be used a biomarker to predict the prognosis of HCC 
patients and the strategy of NPs-mediated ACSL3 silenc-
ing could be employed as a useful tool for HCC therapy.
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