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Abstract: Objectives: Cancer cells exhibit altered metabolic profiles. Glutaminase 1 (GLS1), a key enzyme in cancer 
cells, promoting glutamine catabolism to glutamate and ammonia, is strongly associated with various human malig-
nancies. Methods: GLS1 promotes lipid accumulation and cell proliferation by upregulating the expression of sterol 
regulatory element-binding protein 1 (SREBP-1) and SREBP cleavage-activating protein (SCAP). Mechanistically, 
GLS1 promotes lipid metabolism in HCC cells through the activation of the PI3K/AKT/mTORC pathway. Results: 
GLS1’s role in lipid metabolism in hepatocellular carcinoma (HCC) remains unexplored. Our findings indicate that 
GLS1 is not only significantly overexpressed in HCC but also negatively correlates with clinical prognosis. Further 
investigation revealed that GLS1 drives lipid accumulation and de novo fatty acid synthesis in HCC. Conclusions: Our 
study suggests that GLS1 mediates SREBP-1 to drive lipid metabolism in HCC via the phosphatidylinositol-3-kinase/
protein kinase B/mammalian target of rapamycin complex 1 (PI3K/AKT/mTORC1) signaling pathway, thus we pres-
ent GLS1 as a potential biomarker and therapeutic target for HCC.
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Introduction 

Hepatocellular carcinoma (HCC) accounts for 
approximately 80% of all primary liver cancers 
[1]. In China, HCC has an annual incidence of 
nearly 466,000 cases, leading to around 
422,000 deaths each year. Surgical resection 
is feasible for only 10-15% of patients due to 
the advanced stage at which the disease is 
often diagnosed [2]. The etiology of HCC is mul-
tifactorial, involving variables such as hepatitis 
C virus (HCV), metabolic factors like severe 
obesity, hepatitis B virus (HBV), aflatoxins, and 
lifestyle factors including alcohol and tobacco 
use [3]. Early-stage HCC often presents with 
non-specific symptoms, resulting in late-stage 
diagnosis and limited treatment options. 
Despite advances in HCC prevention and treat-
ment, long-term survival remains poor due to 

late detection and a high rate of recurrence and 
metastasis [4]. The pathogenesis and molecu-
lar mechanisms underlying HCC are still not 
fully understood [5]. Consequently, identifying 
effective therapeutic targets and understand-
ing the molecular drivers of HCC are critical 
areas of research.

Upon ingestion, compounds such as nutrients 
and drugs undergo hepatic metabolism before 
entering systemic circulation, thereby control-
ling their bioavailability and maintaining their 
levels within the body [6]. The liver metabolizes 
dietary components, including lipids and carbo-
hydrates, to generate energy and regulate phys-
iological processes essential for homeostasis. 
However, impaired hepatic metabolism can 
lead to various liver diseases, including acute 
liver failure, viral hepatitis from HBV or HCV 
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infection, fibrosis/cirrhosis, non-alcoholic fatty 
liver disease (NAFLD), and, in some cases, 
hepatocellular carcinoma [7].

Glutamine, a versatile nutrient, plays an essen-
tial role in energy production, macromolecule 
synthesis, and cellular signaling while providing 
NADPH (nicotinamide adenine dinucleotide 
phosphate) and GSH (glutathione) to sustain 
redox balance [8]. Glutamine catabolism begins 
with the conversion by glutaminase (GLS) into 
two isozymes, GLS1 and GLS2, in mammalian 
cells. GLS1 mRNA produces two isoforms that 
vary only in their C-terminal regions due to alter-
native splicing. The longer isoform is known as 
kidney-type glutaminase (KGA), while the short-
er is referred to as glutaminase C (GAC) [9]. 
GLS1 has been identified as a tumor promoter 
across multiple cancers, whereas GLS2 func-
tions as a tumor suppressor [10]. GLS1 is 
strongly linked to various human cancers, such 
as intrahepatic cholangiocarcinoma, ovarian 
carcinoma, colorectal cancer, and hepatocellu-
lar carcinoma, and is associated with poor clini-
cal outcomes [11-14]. The regulatory mecha-
nism of GLS1 remains insufficiently under-
stood, with limited information available. Spe- 
cifically, the exact mechanism governing GLS1 
regulation is still unclear. Previous studies have 
offered some insights into specific regulatory 
pathways. For example, Gao et al. demonstrat-
ed that c-myc can increase GLS1 levels by tran-
scriptionally repressing miR-23a and miR-23b, 
leading to elevated glutamine metabolism [15]. 
Thangavelu et al. reported that epidermal grow- 
th factor (EGF) activates GLS1 activity through 
the phosphorylation-dependent Raf-Mek-Erk 
signaling pathway [16]. Additionally, Liu HY et 
al. observed that the autophagy inducer rapa- 
mycin could counteract the inhibitory impact of 
GLS1 depletion on the proliferation, colony for-
mation, and migration of DLD1 and SW480 
CRC cells [11]. Despite these findings, our un- 
derstanding of the complex interactions be- 
tween GLS1’s tumor-promoting properties and 
the broader metabolic network is still emerg-
ing. Moreover, whether GLS1 plays other signifi-
cant roles in regulating metabolism during 
tumor progression remains an open question.

Lipids contribute to biofilm formation by provid-
ing essential lipid components, regulating cell 
membrane fluidity, promoting lipid-mediated 
signal transduction, and promoting malignant 
biological behaviors such as tumor cell growth, 

invasion, and metastasis. Many tumor cells 
exhibit increased expression and activity of 
lipid metabolism-related enzymes, driving fatty 
acid synthesis within cancer cells. Numerous 
studies suggest that increased fatty acid syn-
thesis within tumor cells is a critical factor in 
cancer initiation and progression, with activa-
tion of de novo synthesis correlating negatively 
with prognosis and disease-free survival in vari-
ous tumors. This phenotype primarily arises 
from upregulated expression of adipogenesis-
related genes at multiple levels, including  
transcriptional, translational, post-translation-
al, and enzymatic modifications. Furthermore, 
alterations in these genes or in lipid metabo-
lism influence oncogene expression. The surge 
in lipid production largely supports the rapid 
proliferation of cancer cells and their increased 
energy demands, necessitating the generation 
of additional cell membrane lipids. Targeting 
genes involved in lipogenesis, such as stearoyl-
CoA desaturase (SCD), acetyl-CoA carboxylase 
(ACC), fatty acid synthase (FASN), ATP-citrate 
lyase (ACLY), and the key transcriptional regula-
tor SREBP-1, has shown promise in inhibiting 
tumor angiogenesis, as these genes regulate 
lipid synthesis. Silencing these genes or apply-
ing pharmacological inhibitors can effectively 
suppress malignant cell growth. Despite the 
established role of fatty acid synthesis in can-
cer cell biology, the regulatory mechanisms 
driving this process in cancer cells remain 
largely unexplored.

Our research demonstrates that GLS1 pro-
motes HCC cell proliferation by activating the 
AKT/GSK3/CyclinD1 signaling pathways [17]. 
We also observed a significant increase in lipid 
accumulation with GLS1 overexpression, sug-
gesting its influence on lipid metabolism in can-
cer progression. Additionally, our study reveals 
that persistent activation of the PI3K-AKT-
mTORC1 signaling pathway promotes cancer 
cell proliferation by upregulating SREBP1-
mediated adipogenesis. Collectively, our find-
ings highlight an overlooked regulatory mecha-
nism of SREBP-1, indicating that GLS1 drives 
de novo fatty acid synthesis and promotes can-
cer progression.

Materials and methods

Bioinformatics analysis

Several bioinformatics websites are being uti-
lized to analyze gene expression and survival 
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outcomes in cancer research, such as Kaplan-
Meier Plotter (https://kmplot.com/analysis/), 
the Human Protein Atlas (HPA) (https://www.
proteinatlas.org/ENSG00000115419-GLS/
pathology/liver+cancer), UALCAN (http://ual-
can.path.uab.edu/index.html), GEPIA (http://
gepia.cancer-pku.cn/detail.php?gene=GLS1), 
and Linked Omics (http://www.linkedomics.
org/admin.php).

Cell culture

The Shanghai Institutes of Biological Sciences 
in Shanghai, China, provided normal LO2 cells 
and human HCC cell lines (MHCC97-H, HepG2, 
and SMMC-7721). Cells were grown in Dulbe- 
cco’s modified Eagle’s medium (DMEM) with 
10% fetal bovine serum (FBS) at 37 degrees 
Celsius and 5% carbon dioxide in a humidified 
incubator. Gibco was the provider of DMEM, 
FBS, and trypsin (Carlsbad, CA, USA).

Plasmid transfection

The overexpressed plasmid pCDH-CMV-MCS-
EF1-copGFP-T2A-Puro was generated by gener-
al biol. Plasmid sh-EGFP, pLKO.1-EGFP-puro-
sh1-GLS1, and plko.1-EGFP-puro-sh2-GLS1 
were generated by general biol. Plasmids were 
transfected into HCC cells using Lipofectamine 
2000 (Invitrogen) according to the manufactur-
er’s instructions. After 4-6 h, the original liquid 
in the Petri dish was pipetted off and incuba-
tion was continued in the incubator for 24-48 h.

Western blotting

The cells were washed with cold PBS, and then 
treated with RIPA lysis buffer at 4°C for 10 min-
utes to extract total cellular proteins. The dena-
tured proteins were boiled for 5 minutes and 
separated on 10% SDS-PAGE gels before being 
transferring onto PVDF membranes. After 
blocking with 5% skim milk powder at room 
temperature for one hour, the membranes were 
incubated overnight at 4°C with primary anti-
bodies. Subsequently, secondary antibodies 
were added after washing off excess primary 
antibodies. For Western blotting, primary anti-
bodies against GLS1, FASN, SCD1, ACC1, ACLY, 
FABP1, FABP5, FATP2, CD36, CPT1A, MCAD, 
SREBP-1, SCAP, ChREBP, PI3K, p-AKT (ser473), 
AKT, and mTOR (abclonal; 1:1,000) were used, 
with β-Actin (1:5000, Sangon Biotech) as a 
loading control.

Colony formation

Cells were harvested and suspended in medi-
um in 6-well plates, followed by culturing for 
10-14 days until the emergence of visible colo-
nies. Subsequently, the colonies were fixed and 
stained with 0.05% crystal violet for 30 min-
utes, and images of the colonies were 
captured.

Cell proliferation

To evaluate cell viability, the Cell Counting Kit-8 
(CCK-8; Dojindo, Kumamoto, Japan) was 
employed. Specifically, 2×103 cells per well 
were seeded in 96-well plates for cell prolifera-
tion assays. The microplate reader was used to 
measure the absorbance (optical density value) 
at 490 nm after 24, 48, 72, and 96 h of cell 
growth.

Real-time RT-PCR

Total RNA was extracted using RNAiso Plus 
(Takara, Shiga, Japan), followed by reverse tran-
scription using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo, Waltham, MA, USA) 
according to the manufacturer’s instructions. 
Real-time PCR was performed in triplicate using 
SYBR-green-based detection and the CFX-96 
sequence detection system (Bio-Rad Labo- 
ratories), with expression levels normalized to 
GAPDH. The PCR execution protocol and data 
processing methods were described in a previ-
ous publication. All primers synthesized by gen-
eral biol are shown in Table 1.

Nile red staining and triglyceride measurement

To observe lipid deposition, cells were fixed in 
4% paraformaldehyde in 6-well plates, stained 
with 0.05 g/ml Nile Red dye (Sigma) for 10 min, 
and nuclei were stained with DAPI. Using immu-
nofluorescence microscopy, the pictures were 
visualized. For triglyceride determination, cells 
were lysed for 30 minutes in RIPA buffer con-
taining 1% NP-40, and then a Biochemical 
Triglyceride Determination Kit was applied to 
cell lysates to quantify triglycerides (Sangon 
Biotech). Normalized to cellular protein levels.

Statistical analysis

By utilizing GraphPad Prism 5 software and an 
ANOVA or Student’s t-test, the data were 
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presented as the mean ± standard error of at 
least three independent experiments. Diffe- 
rences with P values under 0.05 were deemed 
statistically significant.

Results

GLS1 was highly-expressed in HCC and corre-
lated with poor survival

We explored the relationship between GLS1 
expression and clinical prognosis by analyzing 
public databases. Our findings demonstrated 
significant upregulation of GLS1 in HCC tissue 
samples compared to normal liver tissues at 
the mRNA level, as shown in the GEPIA and 
UALCAN databases (Figure 1A, 1B). Notably, 
GLS1 expression was significantly elevated in 
advanced and high-grade HCC tissues, while its 
expression was relatively low in early and low-
grade HCC tissues (Figure 1C, 1D). Additionally, 
survival analysis conducted using three bioin-
formatics databases, GEPIA, HPA, and Kaplan-
Meier Plotter, indicated that high GLS1 expres-
sion was associated with lower survival rates 
compared to low GLS1 expression (Figure 
1E-G).

GLS1 promotes lipid accumulation in hepato-
cellular carcinoma

Our study provided evidence that GLS1 enhanc-
es HCC cell proliferation through activation of 
the AKT/GSK3/CyclinD1 signaling pathway 
[17]. However, the influence of GLS1 on lipid 
metabolism in HCC cells remains unclear. To 
investigate, we first assessed GLS1 expression 
levels in four cell lines: LO2, HepG2, SMMC-
7721, and MHCC97-H, using real-time PCR and 

Western blotting. As depicted in Figure 2A and 
2B, GLS1 levels were significantly higher in the 
three HCC cell lines, HepG2, SMMC-7721, and 
MHCC97-H, compared to the normal human 
hepatocyte line (LO2). Furthermore, GLS1 ex- 
pression was higher in HepG2 cells than in 
SMMC-7721 and MHCC97-H cells. We then 
examined whether GLS1 could stimulate lipid 
accumulation in HCC cells. GLS1 was either 
knocked down or overexpressed in HCC cells, 
and Nile red staining along with triglyceride 
measurement assays were performed. Re- 
sults indicated that overexpression of GLS1 in 
SMMC-7721 and MHCC97-H cells led to in- 
creased cellular lipid accumulation and triglyc-
eride (TG) levels (Figure 2C and 2D). Conversely, 
GLS1 knockout reduced cellular lipid accumu-
lation and decreased TG levels (Figure 2E and 
2F). These findings suggest that GLS1 pro-
motes lipid accumulation in HCC.

GLS1 promotes de novo fatty acid synthesis in 
hepatocellular carcinoma

The mechanism through which GLS1 regulates 
lipid metabolism has attracted significant inter-
est. Researchers have identified several key 
enzymes involved in de novo fatty acid synthe-
sis, fatty acid β-oxidation, and fatty acid uptake. 
Notably, Western blot analysis revealed that 
the expression of de novo fatty acid synthetic 
enzymes, including FASN, SCD1, ACC1, and 
ACLY, was upregulated in SMMC-7721 and 
MHCC97-H cells treated with GLS1 (Figure 3A). 
In contrast, these enzymes showed reduced 
expression in HepG2 and SMMC-7721 cells 
treated with sh-GLS1 compared to the sh-EGFP 
group (Figure 3B). The changes observed in de 
novo fatty acid synthetic enzymes were further 

Table 1. Synthesized primers
Gene Forward primer 5’-3’ Reverse primer 5’-3’
GAPDH GGTGAAGGTCGGTGTGAACG CTCGCTCCTGGAAGATGGTG
GLS1 AGTTGCTGGGGGCATTCTTTTAGTT CCTTTGATCACCACCTTCTCTTCGA
FASN AACTCCAAGGACACAGTCACCAT CAGCTGCTCCACGAACTCAA
SCD1 CCGGACACGGTCACCCGTTG CGCCTTGCACGCTAGCTGGT
ACC1 AATGTCCTTCTCCTCCAA GAGTGAATGAGTTGTCCAA
ACLY AACGCCAGCGGGAGCACATC TTGCAGGCGCCACCTCATCG
SREBP-1 GACCACTGTCACTTCCAGCTA CGCCGGTCTTAGGGTCAAGA
SCAP TATCTCGGGCCTTCTACAACC GGGGCGAGTAATCCTTCACA
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase, GLS1: Glutaminase 1, FASN: fatty acid synthase, SCD1: stearoyl-CoA 
desaturase1, ACC1: acetyl-CoA carboxylase 1, ACLY: ATP-citrate lyase, SREBP-1: sterol regulatory element-binding protein 1, 
SCAP: SREBP cleavage-activating protein.
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confirmed at the mRNA level, aligning with the 
protein-level data (Figure S1). However, GLS1 
overexpression did not impact the protein lev-
els of fatty acid β-oxidase enzymes, such as 
carnitine palmitoyl transferase 1A (CPT1A), me- 
dium-chain acyl-CoA dehydrogenase (MCAD), 
and short-chain acyl-CoA dehydrogenase (SC- 
AD), nor fatty acid uptake proteins, including 

fatty acid binding protein 1 (FABP1), fatty acid 
binding protein 2 (FATP2), fatty acid binding 
protein 5 (FABP5), and Cluster of differentiation 
36 (CD36) (Figure 3A).

Given that GLS1 significantly influences de 
novo fatty acid synthesis and brings about dis-
tinct changes in related metabolic enzymes, it 

Figure 1. Bioinformatics analysis indicated that Glutaminase 1 (GLS1) was high-expressed in hepatocellular car-
cinoma (HCC) and was correlated with poor survival. (A, B) Gene Expression Profiling Interactive Analysis (GEPIA) 
(A) and UALCAN (http://ualcan.path.uab.edu/index.html) (B) Two databases were used to analyze the mRNA level 
of GLS1 in HCC samples and normal liver samples. (C) UALCAN database was used to analyze the mRNA level of 
GLS1 in different stages of HCC. (D) The mRNA level of GLS1 in different grades of HCC was analyzed in the UALCAN 
database. (E-G) GEPIA, The Human Protein Atlas (HPA), and Kaplan-Meier Plotter databases were used for survival 
analysis to evaluate the influence of GLS1 on the overall survival of HCC patients. *P<0.05, ***P<0.001, NS: no 
significance.
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is likely that GLS1 regulates this pathway by 
modulating critical regulatory factors. To inves-
tigate this possibility, we examined the effect of 
GLS1 on the principal regulators of de novo 
fatty acid synthesis, including SREBP-1, SCAP, 
and carbohydrate-responsive element-binding 
protein (ChREBP). Interestingly, overexpression 
of GLS1 in SMMC-7721 and MHCC97-H cells 
led to a pronounced increase in both SREBP-1 
and SCAP protein levels (Figure 3C), while GLS1 
interference resulted in an opposite effect 
(Figure 3D). The effects of GLS1 overexpres-
sion or interference on SREBP-1 and SCAP 
mRNA levels were consistent with those 
observed at the protein level (Figure S1). These 
findings indicate that GLS1 promotes de novo 
fatty acid synthesis in hepatocellular carcino-
ma cells.

GLS1 promotes lipid accumulation and cell 
proliferation via SREBP-1 and SCAP

To investigate whether GLS1 regulates de novo 
fatty acid synthesis and cell proliferation 
through SREBP-1 and SCAP, we assessed the 
effects of suppressing these regulatory factors 
using shRNAs. Western blot analysis showed 
that knockdown of SREBP-1 or SCAP signifi-
cantly inhibited the expression of de novo fatty 
acid synthesis enzymes FASN, SCD1, ACC1, 
and ACLY in SMMC-7721 cells (Figure 4A). 
Interestingly, SREBP-1 or SCAP knockdown also 
notably reduced the GLS1-induced increase in 
fatty acid synthetic enzyme protein levels in 
SMMC-7721 cells (Figure 4B). Conversely, over-
expression of SREBP-1 or SCAP in SMMC-7721 
cells yielded the opposite outcome, as expect-
ed (Figure S2). Additionally, knockdown of 
SREBP-1 or SCAP significantly reduced the 
GLS1-induced rise in cellular lipid accumulation 
and TG levels (Figures 4C, 5A, 5B). These 
results confirm that inhibition of SREBP-1 or 
SCAP via shRNAs can significantly reduce fatty 
acid synthase expression in HCC cells. More- 
over, knockdown of SREBP-1 or SCAP effective-
ly suppressed the GLS1-driven increase in fatty 

acid synthetic enzyme levels and mitigated 
GLS1’s stimulatory effect on neutral lipid accu-
mulation and TG levels. Our findings suggest 
that SREBP-1 and SCAP are essential media-
tors of GLS1-induced fatty acid synthase pro-
duction and lipid metabolism.

In a previous study, we demonstrated that 
GLS1 promotes both proliferation and colony 
formation in HCC cells [17]. To further confirm 
these findings, a rescue assay was conducted 
to evaluate cell proliferation and colony forma-
tion abilities. As shown in Figure 5C and 5D, 
knockdown of SREBP-1 or SCAP significantly 
reduced the GLS1-mediated promotion of pro-
liferation and colony formation in SMMC-7721 
cells. Collectively, these results indicate that 
SREBP-1 and SCAP are crucial for GLS1’s role 
in promoting de novo fatty acid synthesis, ulti-
mately influencing the proliferation of HCC 
cells.

GLS1 affects PI3K-AKT-mTORC1 signaling me-
diated SREBP-1 in HCC cells

Recent studies have connected mTORC1 (mam-
malian target of rapamycin complex 1) with 
lipogenesis through SREBP-1. As illustrated in 
Figure 6, GLS1 knockdown reduced levels of 
PI3K, p-AKT, and p-mTOR in HepG2 and SMMC-
7721 cells, whereas GLS1 overexpression 
increased these proteins in SMMC-7721 and 
MHCC97-H cells. Total AKT and mTOR protein 
levels remained unaffected by GLS1 knock-
down or overexpression. These results suggest 
that GLS1 modulates the PI3K-AKT-mTORC1 
signaling pathway, which regulates SREBP-1 in 
HCC cells.

Discussion

Our study reveals a significant role of GLS1 in 
driving lipid accumulation in hepatocellular car-
cinoma (HCC). Specifically, GLS1 promotes de 
novo fatty acid synthesis by modulating key 
metabolic enzymes. Our findings demonstrate 
that SREBP-1 and SCAP are essential for GLS1-

Figure 2. GLS1 promotes lipid accumulation in hepatocellular carcinoma. A, B. Relative expression levels of GLS1 
protein and mRNA were assessed in LO2, HepG2, SMMC-7721, and MHCC97-H. C. Cellular neutral lipids were 
measured in SMMC-7721 and MHCC97-H cells overexpressing GLS1 by Nile red staining. Scale bars, 50 μm. D. 
Cellular triglyceride (TG) was measured in SMMC-7721 and MHCC97-H cells overexpressing GLS1 by Biochemical 
Triglyceride Determination Kit. E. Cellular neutral lipids were measured in HepG2 and SMMC-7721 cells expressing 
sh-EGFP, sh1-GLS1, or sh2-GLS1 by Nile red staining. Scale bars, 50 μm. F. Cellular TG was measured in SMMC-
7721 and MHCC97-H cells expressing sh-EGFP, sh1-GLS1, or sh2-GLS1 by Biochemical Triglyceride Determination 
Kit. The data are shown as the mean ± s.d. of three independent experiments, **P<0.01, ***P<0.001.
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Figure 3. GLS1 promotes de novo fatty acid synthesis in hepatocellular car-
cinoma. A. Protein levels of metabolic enzymes were determined by West-
ern blot in SMMC-7721 and MHCC97-H cells overexpressing GLS1. β-Actin 
served as loading control. B. Protein levels of metabolic enzymes in de novo 
fatty acid synthesis were determined by Western blot in HepG2 and SMMC-
7721 cells expressing sh-EGFP, sh1-GLS1, or sh2-GLS1. β-Actin served as 
loading control. C. Protein levels of a transcription factor in de novo fatty 
acid synthesis and SCAP were determined by Western blot in SMMC-7721 
and MHCC97-H cells overexpressing GLS1. β-Actin served as loading control. 
D. Protein levels of SREBP-1 and SCAP were determined by Western blot in 
HepG2 and SMMC-7721 cells expressing sh-EGFP, sh1-GLS1, or sh2-GLS1. 
β-Actin served as loading control. Each experiment was examined in tripli-
cate. 

mediated upregulation of fatty acid synthase 
expression and subsequent lipid metabolism. 

lipid production in cancer cells is primarily driv-
en by the need for increased cell membrane 

To our knowledge, this is the 
first study to offer detailed 
insights into how GLS1 coordi-
nates both proliferation and 
lipid metabolism in HCC cells. 
By identifying the mechanism 
through which the oncoge- 
nic PI3K-AKT-mTORC1 path-
way promotes de novo fatty 
acid synthesis via SREBP-1-
mediated enzyme activity, we 
establish a critical link be- 
tween GLS1 and lipid metabo-
lism. These findings, com-
bined with our previous work, 
suggest that targeting GLS1 
may provide new avenues for 
the diagnosis and treatment 
of HCC.

Metabolic abnormalities play 
a central role in carcinogene-
sis, allowing tumors to adapt 
to the local microenvironment, 
which in turn supports cancer 
cell survival [18, 19]. This ada- 
ptive process, often referred 
to as “metabolic reprogram-
ming”, encompasses a series 
of clonal adaptations during 
carcinogenesis, producing me- 
tabolites with various func-
tions at multiple levels [20, 
21]. Increasing evidence sug-
gests that elevated de novo 
fatty acid synthesis is a promi-
nent feature in cancer devel-
opment, with activation of this 
pathway negatively correlat- 
ed with disease-free survival 
across multiple tumor types. 
This phenotype largely results 
from the upregulation of lipid-
related genes through tran-
scriptional, translational, po- 
st-translational modifications, 
and enzyme activity improve-
ment. These gene alterations, 
along with changes in lipid 
metabolism, influence oncoge- 
ne expression, further suppor- 
ting tumor progression [22]. 
Furthermore, the increased 
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synthesis to meet the rapid 
proliferation and energy de- 
mands of these cells. This 
activation of lipid synthesis is 
strongly associated with tu- 
mor progression and poor 
prognosis across various can-
cer types, highlighting its neg-
ative correlation with disease-
free survival.

Hepatocellular carcinoma (HC- 
C) is often characterized by 
the upregulation of genes in- 
volved in fatty acid (FA) syn-
thesis, including ACLY, ACC, 
and FASN, which promote the 
conversion of citrate to acetyl-
CoA, malonyl-CoA, and FA, 
respectively. Targeting key ge- 
nes involved in lipogenesis, 
such as FASN, ACC, ACLY, and 
the primary transcriptional 
regulator SREBP1, can effec-
tively suppress tumor neogen-
esis and reduce tumor cell 
growth, either through gene 
knockdown or chemical inhibi-
tors. For example, inhibiting 
FASN has been shown to 
deactivate AKT and induce 
apoptosis in non-small cell 
lung cancer (NSCLC) cells at 
the EC1 and EC5 growth-inhi- 
bitory concentrations [23]. Si- 
milarly, ACLY inhibitors can 
trigger apoptosis and increa- 
se the cytotoxic effects of 
sorafenib in thyroid cancer 
cells [24]. The desaturase 
SCD1 is a vital enzyme in lipid 
metabolism, responsible for 
converting saturated fatty 
acids (SFA) to monounsatu-
rated fatty acids (MUFA), and 
is closely linked to cancer pro-
gression. Dysregulated SCD1 

Figure 4. GLS1 promotes fatty acid synthetic enzymes protein and lipid 
accumulation via SREBP-1 and SCAP. A. Protein levels of SREBP-1, SCAP, 
and metabolic enzymes in de novo fatty acid synthesis were determined by 
Western blot in SMMC-7721 expressing sh-EGFP, sh-SREBP-1, or sh-SCAP. 
β-Actin served as loading control. B. Protein levels of GLS1 and metabolic 
enzymes in de novo fatty acid synthesis were determined after knocking 
down SREBP-1 or sh-SCAP in SMMC-7721 overexpressing GLS1 by West-

ern blot. β-Actin served as load-
ing control. C. Cellular neutral 
lipids were measured after over-
expressing GLS1 and knocking 
down SREBP-1 in SMMC-7721 
cells by Nile red staining. Scale 
bars, 50 μm. Each experiment 
was examined in triplicate. 
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expression is commonly observed across vari-
ous cancers. Recent studies indicate that SCD1 

functions as an oncogene in gastric cancer, 
promoting metastasis, anti-ferroptotic cell 

Figure 5. GLS1 promotes lipid accumulation and cell proliferation via SREBP-1 and SCAP. A. Cellular neutral lipids 
were measured after overexpressing GLS1 and knocking down SCAP in SMMC-7721 cells by Nile red staining. Scale 
bars, 50 μm. B. Cellular TG was measured after knocking down SREBP-1 or sh-SCAP in SMMC-7721 overexpressing 
GLS1 by Biochemical Triglyceride Determination Kit. C. Relative cell proliferation rate was measured after knocking 
down SREBP-1 or sh-SCAP in SMMC-7721 overexpressing GLS1 by CCK-8 assay. D. Colony forming assay was per-
formed after knocking down SREBP-1 or sh-SCAP in SMMC-7721 overexpressing GLS1. The data are shown as the 
mean ± s.d. of three independent experiments, **P<0.01, ***P<0.001, NS: no significance.

Figure 6. GLS1 affects PI3K-AKT-mTORC1 signaling mediated SREBP-1 in HCC cells. A. Protein levels of PI3K, p-AKT, 
AKT, p-mTOR, and mTOR were determined in HepG2 and SMMC-7721 cells expressing sh-EGFP, sh1-GLS1, or sh2-
GLS1. β-Actin served as loading control. B. Protein levels of PI3K, p-AKT, AKT, p-mTOR, and mTOR were determined 
in SMMC-7721 and MHCC97-H cells overexpressing GLS1. β-Actin served as loading control. C. Schematic model 
illustrating the effect of GLS1 on PI3K-AKT-mTORC1 signaling and lipid metabolism in HCC. Each experiment was 
examined in triplicate. 
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death, and the proliferation of gastric cancer 
cells both in vitro and in vivo [25]. Several lipid 
synthesis inhibitors have shown promising anti-
cancer effects in preclinical research [23, 24]. 
However, developing cancer therapies that tar-
get variations in lipid metabolism poses signifi-
cant challenges, primarily due to a limited 
understanding of the lipid metabolic mecha-
nisms in cancer cells.

Sterol regulatory element-binding proteins 
(SREBPs) are essential nuclear transcription 
factors. The HUMAN GENOME encodes two 
SREBP genes, SREBP-1 and srebp-2, which 
directly regulate the transcription of over 30 
genes involved in fatty acid, triglyceride, cho-
lesterol, and phospholipid synthesis and uptake 
[26]. Research has demonstrated a strong 
association between SREBP-1 and various can-
cers. Abnormal expression of SREBP-1 has 
been identified in multiple tumors, including 
colorectal, prostate, breast, and hepatocellular 
cancers [27]. As one of the primary transcrip-
tion factors governing endogenous lipid synthe-
sis, SREBP-1, along with its downstream target 
gene FASN, has been referred to as a metabolic 
proto-oncogene in some studies. Stimulated by 
growth factors such as insulin, EGF, and plate-
let-derived growth factor (PDGF), SREBP-1 
directly activates a range of target genes relat-
ed to lipid synthesis, including FASN, ACLY, ACC, 
and SCD1. This activation promotes endoge-
nous lipid production, supports energy supply 
for membrane signaling lipids and membrane 
structures, and drives tumor initiation and pro-
gression [28]. SCAP is a critical maturation fac-
tor for SREBP-1. Under normal conditions, 
SCAP binds to SREBP-1 in the endoplasmic 
reticulum. In sterol-deficient conditions, SREBP-
1 is transported to the Golgi for maturation, 
after which the mature SREBP-1 is delivered to 
the nucleus to function as a transcription factor 
[29]. In our study, GLS1 overexpression not only 
significantly increased SREBP-1 and SCAP pro-
tein expression but also enhanced SCAP-
mediated protein maturation. This dual regula-
tion strengthens the link between GLS1 and 
SREBP-1, leading to robust control of fatty acid 
synthesis by GLS1 and ultimately resulting in 
lipid accumulation. Thus, our findings suggest 
that GLS1 promotes lipid accumulation through 
SREBP-1, which holds significant implications 
for cancer cell proliferation.

Lipids are fundamental components of cellular 
membranes and play critical roles as signaling 

molecules. Among these, phosphatidylinositol 
(3,4,5)-triphosphate (PIP3) acts as an essential 
second messenger, produced by phosphati-
dylinositol 3-kinase (PI3K) in response to 
growth factor signals, which facilitates AKT 
recruitment and activation. Studies have shown 
that activation of the proto-oncogene RAS or 
loss of the tumor suppressor protein phospha-
tase (PTEN) can activate the PI3K-AKT path-
way, increasing SREBP-1 maturation. Conse- 
quently, the AKT-mTORC1 signaling pathway is 
activated through SREBP-1-mediated lipogene-
sis. Notably, inhibition of upstream factors such 
as the epidermal growth factor receptor (EGFR), 
PI3K, and AKT significantly reduces SREBP-1 
nuclear content and nitrogen terminal levels 
[30]. mTORC1, a major downstream effector of 
AKT, is regulated by specific amino acids and 
also requires mature nuclear SREBP-1 to drive 
hepatic lipid production by regulating SREBP-1 
expression [31]. Additionally, our findings indi-
cate that activation of de novo fatty acid syn-
thesis enzymes is a key pathway within the 
PI3K-AKT-mTORC1 axis in human HCC. How- 
ever, the precise molecular mechanism by 
which GLS1 contributes to this pathway 
requires further exploration.

In summary, our study establishes a link 
between GLS1 and lipid metabolism in HCC 
through the PI3K-AKT-mTORC1 signaling path-
way (Figure 6C). Our results indicate that tar-
geting the regulation of de novo fatty acid syn-
thesis and lipid homeostasis may offer a prom-
ising therapeutic strategy for malignancies with 
abnormal GLS1 expression, as suggested by 
ongoing clinical trials investigating fatty acid-
blocking agents [32, 33]. Overall, our findings 
highlight the potential clinical implications of 
GLS1-targeted therapies and highlight the need 
for further investigation into GLS1 and its relat-
ed pathways for cancer treatment.
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Figure S1. A, B. Relative mRNA levels of fatty acid synthase (FASN), stearoyl-CoA desaturase1 (SCD1), acetyl-CoA 
carboxylase 1(ACC1), ATP-citrate lyase (ACLY), SREBP-1 and SCAP were determined in SMMC-7721 and MHCC97-H 
cells overexpressing GLS1. C, D. Relative mRNA levels of FASN, SCD1, ACC1, ACLY, SREBP-1 and SCAP were deter-
mined in HepG2 and SMMC-7721 cells expressing sh-EGFP, sh1-GLS1, or sh2-GLS1. The data are shown as the 
mean ± s.d. of three independent experiments, **P<0.01, ***P<0.001.
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Figure S2. Protein levels of GLS1 and metabolic enzymes in de novo fatty acid synthesis were determined after 
overexpressing SREBP-1 or sh-SCAP in SMMC-7721 knocking down GLS1 by Western blot. β-Actin served as loading 
control. Each experiment was examined in triplicate. 


