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Introduction
Hepatocellular carcinoma (HCC) is the predominant 
form of primary liver cancer, is a considerable global 
health challenge and is a predominant factor in cancer-
associated mortality, ranking third worldwide.1 By 2040, 
liver cancer is projected to affect approximately 0.9 
million males and 0.4 million females, with mortality rates 
expected to rise to 0.8 million in males and 0.38 million in 
females, representing a 55% overall increase.2 This rising 
incidence is attributed to several risk factors, comprising 

chronic hepatitis B (HBV) or hepatitis C (HCV) infections, 
exposure to aflatoxin-contaminated food, excessive 
alcohol use or alcohol-related liver disease (ALD), and the 
increasing incidence of metabolic dysfunction-associated 
steatotic liver disease (MASLD).3 Notably, the incidence 
of MASLD is projected to increase from 83.1 million in 
2015 to 100.9 million by 2030, with an estimated 20% 
progressing to HCC, underscoring its growing clinical 
significance.4,5 Despite advancements in hepatocellular 
carcinoma (HCC) screening and treatment modalities 
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Abstract
Introduction: Hepatocellular carcinoma 
(HCC) remains a major cause of cancer 
mortality, and effective therapeutic 
options are limited. MicroRNA‑372‑3p 
(miR‑372‑3p) has been implicated in 
HCC, yet its exact role is unclear.
Methods: We established 
miR‑372‑3p‑overexpressing HCC 
cell lines (HepG2, SNU‑449, JHH‑4) 
via lentiviral transduction. Malignant 
phenotypes were assessed with MTT, 
transwell migration/invasion, and 
colony‑formation assays. Transcriptomic changes were analyzed by RNA‑sequencing followed by Gene 
Set Enrichment Analysis. Lipid metabolism was examined using BODIPY/Oil Red O staining, triglyceride 
quantification, FAOBlue assays, and organelle colocalization imaging. Candidate targets of miR‑372‑3p 
were computationally predicted and validated by dual‑luciferase reporter assays.
Results: miR‑372‑3p overexpression significantly reduced cell proliferation by more than 50%, 
migration by over 30%, invasion by over 30%, and colony formation by more than 50%, supporting its 
tumor-suppressive role. Transcriptomic analysis identified 1,759 downregulated genes, significantly 
enriched in pathways associated with fatty acid oxidation (FAO). miR‑372‑3p‑overexpressing cells 
exhibited increased lipid droplet accumulation, with triglyceride levels elevated by more than 50% 
and an approximate 50% reduction in FAO activity, indicating defective use under glucose-deprived 
conditions. High-resolution organelle imaging further revealed diminished physical contacts between 
lipid droplets and mitochondria, as well as a similar disruption in lipid droplet–lysosome interactions. 
Dual-luciferase reporter assays confirmed CPT1A and ACSL4 as direct targets of miR‑372‑3p.
Conclusion: miR‑372‑3p functions as a tumor suppressor in HCC by directly downregulating CPT1A 
and ACSL4, thereby inhibiting FAO and disrupting lipid metabolism. Targeting this miRNA and FAO 
axis may offer a novel therapeutic strategy for HCC.
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including computed tomography, magnetic resonance 
imaging, liver biopsy, surgery, liver transplantation, 
radiation, and chemotherapy, the prognosis for advanced 
HCC remains poor. The situation underscores the urgent 
need for innovative therapeutic strategies.6 

In recent years, molecular targeted therapy has surfaced 
as a viable approach for cancer treatment. Among the 
various molecular targets, microRNAs (miRNAs) have 
attracted significant attention owing to their crucial 
function in post-transcriptional gene regulation.7,8 These 
small non-coding RNAs are ~22 nucleotides long. They 
regulate gene expression by binding to mRNAs, causing 
degradation or translational repression. miRNAs can act 
as tumor suppressors or oncogenes, contingent upon the 
target genes and signaling pathways they modulate.9-11 An 
increasing amount of information suggests that miRNAs 
are essential in regulating various biological processes 
involved in HCC development and progression.11,12 

MicroRNA-372-3p (miR-372-3p), a small non-coding 
RNA originating from the miR-371-373 gene cluster 
located on chromosome 19q13.42,13 has emerged as a key 
player in HCC. miR-372-3p regulates cell proliferation, 
apoptosis, and metastasis, and enhances chemotherapy 
response by acting as a tumor suppressor targeting the 
anti-apoptotic gene Mcl-1.14 Moreover, miR-372-3p 
is negatively correlated with the oncogenic long non-
coding RNA (lncRNA) OSER1-AS1, which promotes 
Rab23 expression and drives tumor progression.15 miR-
372-3p also regulates rapamycin-induced triglyceride 
accumulation via the lncRNA NEAT1/miR-372-3p/
AGPS/APOC4 axis, further emphasizing its potential as 
a therapeutic target in HCC.16 Although miR-372-3p has 
been implicated in diverse aspects of HCC progression, 
its precise function remains contentious, with studies 
reporting both tumor-suppressive and oncogenic 
activities.17 To resolve this ambiguity, we employed a 
transcriptomic approach to define the mechanistic role 
of miR-372-3p in HCC cells. Our findings demonstrate 
that miR-372-3p directly impacts lipid metabolism by 
inhibiting fatty acid oxidation (FAO), thereby revealing 
a novel metabolic vulnerability in HCC and suggesting 
its potential as a therapeutic target for this devastating 
malignancy.

Materials and Methods 
Cell culture and lentiviral transduction
The human hepatocellular carcinoma cell lines HepG2 
(Cat # HB-8065) and SNU-449 (Cat # CRL-2234), along 
with the non-tumorigenic human hepatocyte cell line 
THLE-2 (Cat # CRL-2706), were procured from the 
American Type Culture Collection (ATCC; Rockville, 
MD, USA), while the JHH-4 cell line (Cat # JCRB0435) 
was sourced from the Japanese Collection of Research 
Bioresources Cell Bank (JCRB; Tokyo, Japan). Cells were 
cultured in complete growth media (CGM) according to 

the manufacturers’ protocols and kept at 37 °C in a 5% 
CO₂ incubator. To establish miR-372-3p-overexpressing 
(372-OE) HCC cells, we employed a lentiviral vector. 
The pre-miRNA sequence of miR-372-3p was amplified 
and cloned into an EcoRI/BamHI-digested pLVX-
EF1α-IRES-Puro vector (Addgene plasmid #85132). 
Lentivirus was generated using second-generation 
packaging plasmids (pMD2.G, Addgene plasmid #12259, 
and psPAX2, Addgene plasmid #12260), as previously 
described.18 Successfully transduced cells were selected 
with puromycin, and miR-372-3p expression levels were 
verified by qRT-PCR. The primers used for cloning are 
listed in Table S1.

Cell proliferation and colony formation assays
Cell proliferation was evaluated by the MTT assay 
(Invitrogen, Carlsbad, CA, USA). Briefly, HCC cells were 
cultured in basal medium with 0.5 µg/mL MTT for 60 
minutes. Formazan crystals formed during incubation 
were dissolved in DMSO, and absorbance at 570 nm was 
measured using a BioTek Synergy HTX Multi-Mode 
Microplate Reader (Thermo Scientific, Carlsbad, CA, 
USA). For the colony formation assay, a total of 500–
2,000 cells were seeded in 6-well plates, incubated for 2 
to 3 weeks, subsequently fixed with methanol, and then 
stained with crystal violet, and counted for visible colonies 
containing at least 50 individual cells.

Cell migration and invasion assays 
Cell migration and invasion evaluates were conducted 
with transwell inserts with an 8 μm pore diameter in 24-
well plates (Corning, Corning, NY, USA, Cat # 3428). 
For the invasion assay, the inserts were pre-coated with 
200 μg/mL. Matrigel matrix (Corning, Cat #354234) in 
basal medium. A total of 1 × 105 cells in serum-free media 
were added into the upper chamber, while cell growth 
medium was added into the well. Following a duration of 
24 hours for SNU-449 and JHH-4, or 96 hours for HepG2, 
the inserts were fixed with methanol. and subsequently 
stained with crystal violet. Images were obtained utilizing 
an EVOS FL Auto 2 Imaging System (Invitrogen). in 
automated mode, acquiring 10 random fields per insert at 
a 10X objective. Cell counts in each field were quantified 
using CELLCOUNTER software19 to evaluate migrated 
and invaded cells.

RNA sequencing analysis
Total RNA from control and miR-372-3p overexpressing 
HCC cells was evaluated for quality and integrity utilizing 
the Agilent Bioanalyzer 2100 system, and RNA libraries 
were produced with the NEBNext® Ultra™ RNA Library 
Preparation Kit for Illumina®, proceeded by sequencing 
on the Illumina NovaSeq 6000 platform. Data visualization 
and analysis were conducted utilizing GraphPad Prism 
version 10. (GraphPad, San Diego, CA, USA), generating 
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volcano plots and heat maps, with differentially expressed 
genes (DEGs) selected based on an FDR-adjusted P 
value < 0.05 and |log2(fold change)| > 0.5. Downregulated 
DEGs were then analyzed using Gene Ontology 
Biological Process (GOBP) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) databases via ShinyGO 
0.77 (http://bioinformatics.sdstate.edu/go77/).20 Gene 
set enrichment analysis (GSEA) (version 4.3.2)21,22 was 
employed to explore associations pathway, with the 
Pathview maps (https://pathview.uncc.edu/)23-25 used to 
visualize expression localization within identified KEGG 
pathways. Furthermore, the Search Tool for the Retrieval 
of Interacting Genes (STRING) database (version 12)26 
was utilized to analyze protein–protein interactions 
among the ten core enrichment genes involved in fatty 
acid metabolism, applying a default medium confidence 
score of 0.4.

qRT-PCR analysis 
Total and small RNA were isolated using the GeneAll 
Hybrid-R miRNA kit (General Biosystems, Seoul, 
Korea, Cat # 325-150). cDNA was synthesized using the 
RevertAid First Strand cDNA Synthesis Kit (Thermo 
Scientific, Cat # K1622). Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) was performed 
using a QuantStudio™ 3 Real-Time PCR System 
(Thermo Scientific) and CAPITAL™ qPCR Green Mix 
HRox (biotechrabbit; Cat # BR0501902). Gene expression 
levels were measured using the 2−ΔΔCt method, with RPL19 
serving as the reference gene. Primer sequences are 
provided in Table S1.

Lipid droplet induction
Lipid droplet (LD) accumulation was induced by 
supplementing the CGM with fatty acids (FAs). A 5 mM 
stock solution of palmitic acid (PA) (Sigma-Aldrich, 
Cat # 57-10-3) was prepared in ethanol. Oleic acid (OA) 
(Sigma-Aldrich, Cat # O3008) was added to the PA stock 
solution to achieve a 2:1 OA:PA molar ratio.27 Cells were 
treated with the FA mixture at final concentrations of 0 
mM (vehicle control, ethanol only), 0.5 mM, or 1 mM for 
48 hours.

BODIPY and oil red O staining 
Cells were fixed in 4% paraformaldehyde (PFA), 
permeabilized with 0.1% Triton X-100 for 10 minutes, 
then stained with Boron-dipyrromethene 493/503 
(BODIPY™ 493/503; Sigma-Aldrich; Cat # 790389) and 
4′,6-Diamidino-2-phenylindole (DAPI; Invitrogen; Cat # 
00-4959-52) in PBS for 15 minutes. For oil red O (ORO) 
staining, cells were rinsed with PBS, fixed in 4% PFA, 
washed with PBS, fixed in 60% isopropanol, and stained 
with a 0.5% ORO solution for 10 minutes. Excess stains 
were removed by additional PBS washes. Images were 
acquired in automated mode using an EVOS FL Auto 2 

Imaging System (Invitrogen), capturing nine areas per well 
at 40X with GFP and DAPI channels imaged at equivalent 
exposures. Each condition was analyzed in triplicates. For 
image analysis, BODIPY/DAPI staining was quantified to 
determine LDs per cell using CellProfiler (Broad Institute, 
Cambridge, MA, USA), as previously described.28 while 
LDs per field in ORO staining was analyzed using Fiji 
software as previously described.29

Triglyceride assay 
Triglyceride levels were quantified with the Triglyceride 
Assay Kit (Abcam, Cat # ab65336) in compliance with 
the manufacturer's specifications. Cells were rinsed, 
subjected to trypsinization, centrifuged, and subsequently 
resuspended in 5% NP-40. The samples were frozen at 
-80°C, heated to 100°C for 5 minutes, then centrifuged 
at full speed for 2 minutes. The supernatant was diluted 
and mixed with the triglyceride reagent. After 60 minutes 
of incubation at room temperature, absorbance was 
measured at 570 nm. Triglyceride levels were calculated 
after subtracting background signal from blank wells. 

Fatty acid oxidation assay
FAO was measured using FAOBlue (Funakoshi, Tokyo, 
Japan, Cat # FDV-0033). Briefly, cells were seeded in 
a 96-well plate, rinsed with PBS, then incubated with 5 
µM FAOBlue. in Hank's Balanced Salt Solution (HBSS). 
Fluorescence intensity was measured using the Varioskan 
LUX Multimode Microplate Reader (Thermo Scientific, 
Waltham, MA, USA) continuously at 37 °C, used (λex/

em = 380/650 nm), every 1 minute and 30 seconds for a 
total duration of 90 minutes. The data were plotted as 
fluorescence intensity versus time, with corrections made 
by subtracting the signal from control wells. Subsequently, 
linear regression was employed to ascertain the slope of 
fluorescence intensity over time. 

Glucose deprivation assay 
HCC cells were treated with the FA mixture (0.5 mM for 
SNU-449 cells and 1 mM for JHH-4 cells) for 48 hours 
to induce lipid droplet accumulation and separated into 
two groups. The first group was rinsed with PBS and 
subsequently fixed with 4% PFA. and served as baseline 
control. The second group was carried on for the glucose 
deprivation condition where the FA-containing medium 
was replaced with glucose-free DMEM (Gibco, Cat # 
11966025) supplemented with 10% dialyzed FBS (Gibco, 
Cat # A33820011X). After 24-48 hours, glucose-deprived 
cells were collected, rinsed with PBS, and fixed with 4% 
PFA. All fixed samples were subsequently stained with 
BODIPY and DAPI and analyzed as above described.

Confocal microscopy 
HCC cells were seeded on 13 mm poly-D-lysine (PDL)-
coated coverslips within a 24-well plate and treated with 
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FA at concentrations of 0 mM, 0.5 mM, and 1 mM for 
48 hours in HepG2, SNU-449, and JHH-4 cell lines, 
respectively. Following treatment, cells were stained 
with 1X BODIPY, 500 nM MitoSpy Red CMXRos 
(BioLegend, San Diego, CA, USA, Cat # 424805), and 
1X LysoView 633 (Biotium, Fremont, CA, USA, Cat # 
70058) for 30 minutes at 37 °C. Following labeling, cells 
were rinsed with PBS, fixed in 4% PFA for 15 minutes, 
and mounted using Fluoromount-G containing DAPI 
(Invitrogen, Cat # 00-4959-52). Images were captured 
using a Zeiss-LSM-980 confocal microscope with a 63X 
oil-immersion objective, acquiring z-stacks at 1 µm 
intervals across four channels (Cy5, MitoTracker Red, 
AF488, and DAPI) using separate tracks to generate a 
Maximum Intensity Projection (MIP). Image analysis 
and processing were conducted using the ZEN 2.3 Lite 
(Zeiss) and ImageJ Fiji (National Institutes of Health), 
with individual cells manually selected. For colocalization 
analysis, interactions between LD, mitochondria (MT), 
and lysosomes (LS) were identified using the BIOP JACoP 
plugin, with thresholding applied via the Costes method, 
and colocalization was reported using Manders' overlap 
coefficient (M1), where values greater than 0.1 indicated 
colocalization.30 MT morphology and dynamics were 
assessed using the Mitochondria Analyzer plugin, with 
cells segmented and thresholding applied based on the 
weighted mean method.31 

Transmission electron microscopy 
SNU-449 cells were treated with a 0.5 mM FA mixture for 
48 hours and subsequently fixed with 3% glutaraldehyde 
for 2 hours. Fixed cells were rinsed three times with 
PBS, mechanically scraped, resuspended in PBS, and 
collected in PBS. The cell suspension was subsequently 
centrifuged at 1100 × g for 10 minutes.32 Post-fixation was 
performed with osmium tetroxide at room temperature 
(RT) for 45 minutes, followed by PBS washes. Cells were 
dehydrated using a graded ethanol series (50%, 70%, 85%, 
90%, 95%, and 100%) with a 10-minute incubation at 
each concentration. Infiltration was carried out through 
sequential treatments with propylene oxide for 3 minutes, 
repeated twice, after which the cells were embedded in 
resin. Ultrathin sections (60–100 nm) were cut parallel 
to the cellular monolayer using a transmission electron 
microscope (JEOL JEM-1400Plus) at 15kX magnification. 
For image analysis, LD-MT contacts,33 as well as 
mitochondrial area and Feret diameter, were quantified 
as previously described.34

miRNA-mRNA target prediction and dual luciferase 
reporter assay 
The interactions between ten downregulated core 
enrichment genes and their predicted miRNA-mRNA 
targets were analyzed using the multiMiR R package35 with 
a scoring threshold of ≥ 1, and binding sites were predicted 

using RNA hybrid tools (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid).36 The three genes with the lowest 
minimum free energy (MFE) including CPT1A, ACSL4, 
and CPT2 were chosen for confirmation using the dual 
luciferase reporter experiment. The wild-type (WT) and 
mutant (MUT) sequences of the 3′ untranslated region 
(3' UTR) of these genes were inserted into p multiMiR 
GLO vectors (Promega; Cat # E133A) via SacI and XhoI 
digestion, whereas miR-372-3p was independently cloned 
using BamHI/HindIII-cut pSilencer (Addgene plasmid; 
Cat # 85132). The primers used for the cloning are 
provided in Supplemental table 1. HEK293FT cells were 
co-transfected with these constructs, Luciferase activity 
was assessed after 48 hours using the BioTek Synergy 
HTX Multi-Mode Microplate Reader. The activity of 
Firefly luciferase was adjusted to that of Renilla luciferase 
to determine relative luciferase activity.

Statistical analysis 
Data are presented as mean ± standard deviation (SD). 
Statistical analysis was performed using GraphPad Prism 
version 10 (GraphPad Software, San Diego, CA, USA). 
An unpaired, two-tailed Student's t-test was employed 
for comparisons between two groups. One-way analysis 
of variance (ANOVA) was conducted for comparisons 
involving three or more groups. A P value less than 0.05 
was deemed statistically significant. All experiments were 
independently replicated a minimum of two times, with at 
least three replicates for each condition.

Results 
miR-372-3p expression is downregulated in HCC cells 
and overexpression impairs malignant phenotypes
To explore the functional relevance of miR-372-3p, we 
initially assessed its expression levels in three HCC cell 
lines. (HepG2, SNU-449, and JHH-4) compared to the 
non-tumorigenic human hepatocyte cell line, THLE-2. 
Quantitative RT-PCR (qRT-PCR) analysis revealed a 
significant downregulation of miR-372-3p in all HCC cell 
lines compared to THLE-2 cells (Fig. 1A), suggesting a 
potential tumor-suppressive function. To further explore 
this hypothesis, we generated miR-372-3p-overexpressing 
(372-OE) HCC cell lines using a lentiviral expression 
system. Following transduction with a miR-372-3p-
expressing lentivirus and selection with puromycin, stable 
372-OE cell lines were established. qRT-PCR confirmed 
significant upregulation of miR-372-3p expression in 
the 372-OE cell lines in comparison to control cells 
transduced using an empty vector (Fig. 1B).

We then assessed the impact of miR-372-3p overexpression 
on several malignant phenotypes of HCC cells. MTT 
assays demonstrated that miR-372-3p overexpression 
significantly suppressed cell proliferation (Fig. 1C and 
Fig. S1A). Furthermore, miR-372-3p overexpression 
significantly reduced cell migration and invasion (Figs. 1D, 

https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid
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E). Consistent with these findings, 372-OE cells exhibited 
a reduced capacity for colony formation (Fig. S1B). These 
results collectively indicate that miR-372-3p functions as a 
tumor-suppressive microRNA in HCC cells.

Transcriptomic analysis reveals that miR-372-3p 
regulates fatty acid metabolism in HCC cells.
To elucidate the molecular mechanisms that govern the 
functioning of miR-372-3p in HCC, we performed RNA 
sequencing (RNA-seq) on 372-OE HCC cells. Differential 
gene expression analysis identified 17,026 genes, of which 
1,579 were significantly upregulated and 1,759 were 
significantly downregulated (FDR-adjusted P < 0.05 and 
|log2 fold change| > 0.5) (Fig. 2A and Supplemental file 
1). Given that miRNAs typically repress target mRNA 
expression, we focused on the downregulated DEGs for 
further analysis.

Gene Ontology Biological Process (GOBP) analysis 
using ShinyGO 0.77 revealed significant enrichment of 
downregulated DEGs in lipid metabolism and cellular 
lipid processes (Fig. 2B). Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis further indicated 
involvement in metabolic pathways (Fig. S2A). Gene Set 
Enrichment Analysis (GSEA) corroborated the significant 
association of miR-372-3p with fatty acid metabolism 
pathways (FDR < 0.05). Ten core genes involved in FAO 

were identified, including CPT1A, ACSL1, ACSL4, ACSL3, 
CPT2, ALDH3A2, ACADVL, ECI2, ACSL5, and HADH 
(Figs. 2C, 2D). Pathview analysis further demonstrated 
downregulation of fatty acid biosynthesis, elongation, 
and degradation pathways within this regulatory network 
(Figs. S2B-D). STRING network analysis revealed that 
these ten FAO genes are enriched in GOBP terms related 
to positive regulation of long-chain fatty acid import 
across plasma membrane, carnitine shuttle, and long-
chain fatty acyl-CoA biosynthetic process (Fig. S2E).

To validate the RNA-seq findings, we performed qRT-
PCR analysis of the FAO genes in two HCC cell lines. The 
results confirmed significant downregulation of these 
genes in 372-OE cells compared to control cells (Fig. 2E). 
These data collectively demonstrate that miR-372-3p 
regulates fatty acid metabolism in HCC cells.

miR-372-3p overexpression promotes lipid accumulation 
and suppresses fatty acid oxidation in HCC cells
Given the crucial role of FAO in cancer metabolism and the 
link between impaired FAO and lipid accumulation,37-40 we 
investigated the effect of miR-372-3p overexpression on 
these pathways in HCC cells. BODIPY staining revealed 
a significant increase in the number of lipid droplets 
(LDs) per cell in 372-OE cells compared to control cells 
under the basal medium conditions (Fig. 3A). While FA 

Fig. 1. Overexpression of miR-372-3p impairs malignant phenotypes of HCC cells. (A) qRT-PCR analysis of miR-372-3p expression in the non-tumorigenic 
human hepatocyte cell line (THLE-2) compared to three independent HCC cell lines (HepG2, SNU-449, and JHH-4) (n = 3). (B) Lentiviral transduction-
mediated miR-372-3p-overexpression (372-OE) in HCC cell lines compared to the control (n = 3). (C) MTT assay assessing the effect of miR-372-3p on 
HCC cell proliferation (n = 3). (D-E) Transwell migration and invasion assays of control and 372-OE HCC cells with representative images and quantification 
of relative migrated/invaded cells per field (n = 10). All experiments were quantified using Fiji software, normalized to the control group, and analyzed using 
one-way ANOVA or Student’s t-test. Data are presented as mean ± SD, with significance levels indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0. 
0001. OD: optical density.
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treatment accentuated lipid accumulation in both groups, 
the effect was more pronounced in 372-OE cells (Fig. 3B). 
These results were corroborated by oil red O staining (Fig. 
S3A).

We next measured triglyceride levels, the primary 
storage form of lipids, in 372-OE and control cells. 
Triglyceride levels were significantly higher in 372-OE 
cells, suggesting impaired lipid utilization (Fig. 3C). To 
directly assess FAO activity, we utilized the FAOBlue 
assay. 372-OE cells exhibited a significant reduction 
in FAO activity, as demonstrated by a decrease in the 
relative mean fluorescence intensity and a decline in 
the rate of FAO (Relative Slope: 1.00 ± 0.02, 1.00 ± 0.11, 
and 1.00 ± 0.05 in control vs. 0.65 ± 0.11, 0.67 ± 0.06, and 
0.61 ± 0.03 in 372-OE for HepG2, JHH-4, and SNU-449, 
respectively) (Fig. 3D). 

Since miR-372-3p inhibits FAO, this disruption may 
impair the cell’s ability to utilize LD for cellular energy 
production. To further confirm this observation, we 

subjected the cells to glucose deprivation to assess 
whether 372-OE or control cells could utilize LDs as 
an energy source under metabolic stress. Under these 
conditions, cancer cells typically shift their metabolism 
from glycolysis to FAO.41 

The results demonstrated that 372-OE HCC cells 
poorly utilized LDs, as their number remained relatively 
unchanged in comparison to the initial glucose deprivation 
condition. In contrast, control cells efficiently utilized 
storage lipids, as indicated by a significant reduction in 
the number of LDs (Fig. 4). These findings demonstrate 
that miR-372-3p directly suppresses FAO, and its 
downregulation in HCC cells enhances lipid utilization 
for energy production, promoting cell proliferation and 
survival under metabolic stress.

miR-372-3p overexpression disrupts lipid droplet 
interactions with mitochondria and lysosomes.
STRING network analysis of GOBP revealed 

Fig. 2. RNA-sequencing analysis of HCC cells with miR-372-3p overexpression. (A) Volcano plot displaying differentially expressed genes (DEGs) in 372-
OE compared to control cells. Gray nodes represent not significant genes, while red and blue nodes indicate upregulated (n = 1,579) and downregulated 
(n = 1,759) genes, respectively. DEGs were identified using an FDR-adjusted P value < 0.05 and a log₂fold change threshold of |0.5|. (B) Enrichment analysis 
of downregulated DEGs using the Gene Ontology Biological Process (GOBP) performed via ShinyGO, with an FDR cutoff of 0.05. (C) Gene Set Enrichment 
Analysis (GSEA) identified a downregulation of DEGs involved in fatty acid metabolism. (D) The heatmap visualizes the core enrichment genes expression 
patterns of fatty acid metabolism, where red and blue represent upregulated and downregulated genes. (E) qRT-PCR validation of fatty acid metabolism 
genes identified in RNA-seq analysis (n = 3). All experiments were normalized to the control group and analyzed using Student’s t-test. Data are presented 
as mean ± SD, with significance levels indicated as *p < 0.05. NES: Normalized enrichment score, FDR: False discovery rate, proc: process.
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Fig. 3. Overexpression of miR-372-3p promotes lipid accumulation and impairs fatty acid oxidation (FAO) in HCC cells. (A-B) BODIPY (green)/ DAPI 
(blue) staining of control and 372-OE HCC cells under basal and fatty acid (FA)-treated conditions with representative images and quantification of lipid 
accumulation (n = 27). (C) Triglyceride assay measuring intracellular triglyceride levels in control and 372-OE HCC cells (n = 3). (D) FAO blue staining used 
to measure color development, with a kinetic representation of relative mean fluorescence intensity (arbitrary units; a.u.) at EX420/EM460, indicating FAO 
activity in control and 372-OE cells (n = 3). All experiments were quantified using quantified using CellProfiler software, normalized to the control group, 
and analyzed using Student’s t-test. Data are presented as mean ± SD, with significance levels indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0. 
0001. BODIPY: Boron-Dipyrromethene 493/503, DAPI: 4′,6-Diamidino-2-phenylindole, EX: Excitation, EM: Emission.

Fig. 4. Overexpression of miR‑372‑3p impairs lipid droplet utilization under glucose deprivation in HCC cells. BODIPY (green)/DAPI (blue) staining of control 
and 372‑OE HCC cells under glucose-deprived conditions, with representative images and quantification of lipid accumulation (n = 27). In contrast to control 
cells. All experiments were quantified using CellProfiler software, normalized to the control group, and analyzed using Student’s t-test. Data are presented 
as mean ± SD, with significance levels indicated ****P < 0.0001. BODIPY: Boron-Dipyrromethene 493/503; DAPI: 4′,6-Diamidino-2-phenylindole.
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downregulation of genes involved in the carnitine shuttle 
and fatty acid transport, including CPT1A, ACSL1, 
ACSL4, ACSL3, CPT2, and ACSL5, suggesting a potential 
impact on LD trafficking (Fig. S2E). To investigate this 
further, we examined the interaction between LDs and 
mitochondria (MT), which is crucial for transferring 
fatty acids from LDs to MT for FAO under conditions 
of high energy demand.42 In 372-OE cells, we observed a 
significant rise in the distance between LDs and MT, as 
shown by BODIPY and MitoSpy staining. Furthermore, 
the Manders' coefficient (M1), a measure of colocalization, 
was reduced, indicating decreased LD-MT association 
and reduced contact between these organelles in 372-OE 
HCC cells (Fig. 5).

We also examined the interaction between LDs and 
lysosomes (LS), as lipophagy, the autophagic degradation 
of LDs, involves fusion with lysosomes.43 Similar to our 
findings with mitochondria, we observed a significant 
increase in the distance between LDs and LS in 372-OE 

cells, as indicated by BODIPY and LysoView staining. 
The reduced M1 value further suggests decreased 
colocalization and impaired lipophagy (Fig. 6). Consistent 
with these observations, Pathview analysis of the lysosome 
pathway in the KEGG database revealed downregulation 
of LIPA (Fig. S4), which encodes a lysosomal lipase 
involved in triglyceride breakdown.44 Downregulation of 
LIPA may hinder the degradation of triglycerides into free 
fatty acids contributes to the noted decrease of FAO. 

Transmission electron microscopy (TEM) analysis of 
372-OE cells corroborated the fluorescence microscopy 
findings, revealing a dramatic decrease in LDs contact 
with MT (Fig. S5A). Given that mitochondrial dynamics 
play a crucial role in regulating fatty acid metabolism, 
especially when CPT1 expression is altered,45 we 
investigated the impact of miR-372-3p overexpression 
on mitochondrial morphology and network. 372-OE 
cells exhibited significant alterations in mitochondrial 
dynamics, including a reduction in mitochondrial 

Fig. 5. Colocalization between lipid droplets (LDs) and mitochondria (MT) was assessed in control and miR‑372‑3p overexpressing (372‑OE) HCC cells. 
Representative maximum intensity projection (MIP) images are shown (left panel). Distance and relative intensity profiles within the indicated regions were 
measured and plotted in arbitrary units (a.u., middle panel). The extent of colocalization was quantified using Manders’ colocalization coefficient (M1, right 
panel; n = 15–33). Quantification was performed using ZEN 2.3 Lite and Fiji software, normalized to the control group, and analyzed using Student’s t-test. 
Data are presented as mean ± SD. Statistical significance is indicated as *P < 0.05, ***P < 0.001, ****P < 0.0001.
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number, area, branching, and branch length (Fig. S5B), 
coupled with an increase in mitochondrial fragmentation 
(Fig. S5C). 

These findings, along with a reduction in mitochondrial 
area and Feret's diameter, suggest that miR-372-3p induces 
mitochondrial fission, leading to fragmentation and a 
decrease in both mitochondrial number and size. These 
findings collectively suggest that miR-372-3p disrupts 
FAO, prompting HCC cells to adapt by undergoing 
mitochondrial fragmentation in response to lipid excess. 
The impaired FAO caused by miR-372-3p contributes to 
this mitochondrial adaptation, further altering cellular 
energy metabolism.

miR-372-3p Directly Targets CPT1A and ACSL4
To determine whether miR-372-3p directly regulates 
fatty acid metabolism genes, we analyzed potential miR-
372-3p targets within the 3' UTRs of the ten core genes 

identified from our RNA-seq data. Using the multiMiR 
tool, five genes were predicted as potential direct targets 
(Fig. 7A). We selected CPT1A, ACSL4, and CPT2, which 
exhibited the lowest minimum free energy binding sites 
predicted by RNAhybrid, for further validation using 
luciferase reporter assays (Fig. 7A). Wild-type (WT) and 
mutant (MUT) constructs of the 3' UTRs were generated 
(Fig. 7B). Co-transfection of miR-372-3p plasmids with 
the WT 3' UTR constructs significantly reduced luciferase 
activity for CPT1A and ACSL4, but not CPT2, confirming 
direct interaction and target repression (Fig. 7C). 
Importantly, mutations within the miR-372-3p binding 
sites in the MUT constructs abolished this repressive 
effect, demonstrating target specificity (Fig. 7C). These 
findings indicate that miR-372-3p directly modulates the 
expression of CPT1A and ACSL4., thereby controlling 
FAO in HCC cells.

Fig. 6. Colocalization between lipid droplets (LDs) and lysosomes (LS) was evaluated in control and miR‑372‑3p overexpressing (372‑OE) HCC cells. 
Representative MIP images are shown (left panel). Distance and relative intensity profiles were plotted in arbitrary units (a.u., middle panel). Colocalization 
was quantified using Manders’ colocalization coefficient (M1, right panel; n = 15–33). All data were analyzed using ZEN 2.3 Lite and Fiji software, normalized to 
the control condition, and evaluated using Student’s t-test. Results are expressed as mean ± SD. Statistical significance is denoted ***P < 0.001, ****P < 0.0001.
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Discussion
This study reveals that miR-372-3p functions as a 
tumor suppressor in HCC by directly targeting and 
repressing two key fatty acid metabolism genes, CPT1A 
and ACSL4. Consequently, miR-372-3p overexpression 
inhibits FAO, disrupting the utilization of lipid droplets 
(LDs) as an energy source and impairing LD trafficking 
to mitochondria and lysosome. This disruption is 
accompanied by increased mitochondrial fission and 
decreased lipophagy, ultimately leading to excessive 
LD accumulation. Based on these findings, we propose 
a model depicting how miR-372-3p disrupts lipid 
metabolism in HCC cells by inhibiting FAO (Fig. 8). 
Importantly, the observed LD accumulation and FAO 
impairment suggest a potential therapeutic vulnerability 
in HCC, highlighting miR-372-3p as a promising target 
for modulating FAO and suppressing tumor progression. 

In agreement with previous reports, we discovered a 
notable downregulation of miR-372-3p expression in 
HCC cell lines in comparison to the non-tumorigenic 
human hepatocyte cell line, corroborating findings 
in normal and HCC tissues and in situ hybridization 
analyses.46 Our finding that miR-372-3p inhibits HCC 
cell migration and invasion aligns with prior work in 
Huh7 and HCCLM3 cells, which reported reduced 
proliferation and suppressed invasion upon miR-
372-3p overexpression.15,46 Moreover, miR-372-3p 

overexpression also reduced colony formation in Huh7 
and HCCLM3 cell lines, further supporting its tumor-
suppressive function. 

Although miR-372-3p has been implicated in 
HCC, its role remains controversial. Some studies 
report tumor-suppressive effects, while others suggest 
oncogenic functions.15-17,46 For example, it was reported 
that miR-372-3p impaired triglyceride accumulation 
by suppressing AGPS, an enzyme involved in either 
lipid synthesis.16 Conversely, our transcriptomic 
analysis identified miR-372-3p as a negative regulator 
of FAO, with its overexpression leading to increased 
lipid accumulation. Although both findings relate to 
miR-372-3p's influence on triglyceride metabolism, 
the discrepancy in the observed effects may stem from 
differences in the experimental models employed. 
Further investigation is warranted to reconcile these 
contrasting observations.

Our study demonstrates that miR-372-3p regulates 
FAO by directly targeting CPT1A and ACSL4. While 
CPT2, another key enzyme in the carnitine shuttle system 
essential for FAO, was not a direct target of miR-372-3p, 
we observed its downregulation in 372-OE cells from 
both RNA-seq and qRT-PCR analyses. Both CPT1A and 
CPT2 play critical roles in lipid homeostasis, and their 
reduced expression has been consistently linked to LD 
accumulation and increased triglyceride levels.47-49 Given 

Fig. 7. miR-372-3p directly regulates genes in fatty acid metabolism. (A) MultiMiR analysis for putative miR-372-3p target genes involved in fatty acid 
oxidation (FAO), with predicted minimum free energy (MFE) values (kcal/mol) calculated using RNAhybrid. (B) Hybridization patterns showing predicted 
binding sites of miR-372-3p with wild-type (WT) and mutant (MUT) 3′ UTRs of CPT1A, CPT2, and ACSL4. (C) Dual luciferase reporter assay for miR-372-
3p and the 3′ UTRs of FAO genes. Relative luciferase activity was normalized to the no-insert group and analyzed using Student’s t-test (n = 3). Data are 
presented as mean ± SD, with significance levels indicated as **P < 0.01 and ***P < 0.001. 3’ UTR; 3’ untranslated region.
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their importance in lipid metabolism, CPT1A and CPT2 
have emerged as potential therapeutic targets in HCC.50-58 
CPT2 has been reported to demonstrate both tumor-
suppressive and carcinogenic functions in various cancer 
settings, highlighting the complexity of its function.57-60

In addition to CPT1A, our study identified ACSL4 as 
a direct target of miR-372-3p. ACSL4, one of five ACSL 
isoforms, is localized to peroxisomes and mitochondria-
associated membranes, where it catalyzes the formation of 
fatty acyl-CoA, a crucial step in fatty acid metabolism.61,62 
Inhibition of ACSL4 has been shown to align with 
FAO suppression and contribute to tumor progression 
inhibition.63-65 Intriguingly, previous studies have also 
suggested that ACSL4 suppression can induce lipotoxicity 
and ferroptosis,66-71 indicating a complex interplay 
between ACSL4 and cellular metabolism. Collectively, our 
findings, along with these previous reports, suggest that 
miR-372-3p-mediated FAO suppression could represent 
a potential metabolic-targeted therapy for cancer and 

metabolic diseases such as MASLD, warranting further 
investigation.

Our research offers new perspectives on the regulation 
of fatty acid metabolism. under stress conditions, 
particularly during glucose deprivation, and highlights 
the crucial role of organelle dynamics in modulating 
lipolysis and FAO. We demonstrate, for the first 
time, that miR-372-3p disrupts FAO while impacting 
LD trafficking. Specifically, miR-372-3p impairs LD 
transport to mitochondria by modulating CPT1A, 
leading to alterations in mitochondrial dynamics 
characterized by increased fission. This observation is 
consistent with a study in glioblastoma stem cells linking 
CPT1A suppression to increased mitochondrial fission.72 
Mechanistically, CPT1A silencing has been shown to 
enhance DRP1 phosphorylation, a modification that 
facilitates mitochondrial fission72 However, the precise 
role of CPT1A in regulating mitochondrial dynamics 
remains complex, as conflicting evidence suggests that 
CPT1A silencing can also promote mitochondrial fusion 
in ovarian cancer.73 Mitochondrial fission promotes lipid 
droplet accumulation by enhancing lipogenesis. It also 
suppresses FAO via CPT1A inhibition.74 Furthermore, a 
previous study has shown that palmitic acid, under lipid-
excess conditions, enhances DRP1 expression, triggering 
mitochondrial fission and increased LD accumulation, 
and impairs lipophagy through lysosomal dysfunction.75 
Additionally, CPT1A has been implicated in promoting 
autophagy by activating the ATG12-ATG5-ATG16L1 
complex, suggesting that CPT1A inhibition may also 
suppress lipophagy.76 While our study highlights the 
tumor-suppressive role of miR‑372‑3p through direct 
targeting of CPT1A and ACSL4, several limitations 
remain. Most notably, the broader regulatory impact of 
miR‑372‑3p on lipid metabolism and its downstream 
effects on organelle dynamics and cellular adaptation 
are not fully understood. As our findings are primarily 
based on in vitro models, further in vivo validation is 
necessary to confirm the clinical relevance of targeting the 
miR‑372‑3p–FAO axis. Future studies should investigate 
how disrupted FAO affects mitochondrial function, 
autophagy, and tumor metabolism under physiological 
and pathological conditions, which will enhance our 
understanding of HCC pathogenesis and guide the 
development of novel miRNA-based therapies.

Conclusion
In conclusion, our study establishes miR-372-3p as 
a tumor suppressor in HCC, revealing a critical link 
between this microRNA and fatty acid metabolism. 
We demonstrate that miR-372-3p directly targets and 
represses CPT1A and ACSL4, two key regulators of 
FAO. This repression triggers a cascade of metabolic 
reprogramming events, including increased lipid 
accumulation, impaired lipid droplet interaction 

Fig. 8. miR-372-3p suppresses hepatocellular carcinoma (HCC) 
progression by targeting fatty acid oxidation (FAO). miR-372-3p 
overexpression in HCC cell lines impairs FAO by directly targeting the 
3' untranslated regions (3' UTRs) of carnitine palmitoyltransferase 1A 
(CPT1A) and acyl-CoA synthetase long-chain family member 4 (ACSL4) 
transcripts, leading to their downregulation. This suppression of FAO 
results in increased lipid droplet (LD) accumulation and triglyceride 
(TG) levels, disrupting LD contact with mitochondria and lysosomes, 
and impairing lipid utilization, particularly under glucose deprivation. 
Collectively, these metabolic changes contribute to the observed tumor-
suppressive effects of miR-372-3p, including impaired proliferation, 
migration, invasion, and colony formation.
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with mitochondria, altered mitochondrial dynamics, 
and decreased lipophagy. Consequently, miR-372-3p 
overexpression disrupts cellular adaptation to metabolic 
stress, ultimately contributing to tumor suppression. 
These findings highlight the potential of miR-372-3p as 
a therapeutic target for metabolic intervention in HCC, 
offering a promising avenue for future research and 
treatment strategies.
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