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Abstract
Background  The relationship between hepatocellular carcinoma (HCC) metastasis and cancer metabolism 
reprogramming is becoming increasingly evident. Ubiquitin-specific protease 11 (USP11), a member of the 
deubiquitinating enzyme family, has been linked to various cancer-related processes. While USP11 is known to 
promote HCC metastasis and proliferation, the precise mechanisms, especially those related to cancer metabolism, 
remain unclear.

Methods  Through mass spectrometry, co-immunoprecipitation, immunofluorescence, and ubiquitination assays, 
we identified USP11 as the key deubiquitinase for SREBF1.Lipogenesis was evaluated using Oil Red O and Nile Red 
staining, along with the detection of triglycerides and cholesterol. To assess HCC cell proliferation, migration, and 
invasion in vitro, Transwell assays, EDU, colony formation, and CCK-8 were conducted. Xenograft models in nude mice 
were developed to verify the role of the USP11/SREBF1 axis in lipogenesis and tumor growth in vivo.

Results  USP11 directly interacts with SREBF1, and its silencing leads to the disruption of SREBF1 stabilization through 
K48-linked deubiquitination and degradation. Importantly, the truncated mutant USP11 (503–938 aa) interacts 
with the truncated mutant SREBF1 (569–1147aa), with K1151 playing a crucial role in this interaction. Higher levels 
of USP11 enhance lipogenesis, proliferation, and metastasis in HCC cells. Importantly, the knockdown of SREBF1 
weakened the effects of USP11 in enhancing lipogenesis and tumorigenesis. Futhermore, the elevated expression of 
USP11 and SREBF1 in HCC tissue serves as an indicator of poor prognosis in HCC patients.

Conclusions  In summary, our study reveals that USP11 promotes HCC proliferation and metastasis through SREBF1-
induced lipogenesis. These findings provide a foundation for novel therapies targeting lipid metabolism in HCC.
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Introduction
Hepatocellular carcinoma (HCC) is a highly heteroge-
neous tumor within the digestive system, with increasing 
global incidence and mortality rates [1]. Tumor hetero-
geneity in HCC results in diverse signaling pathways and 
phenotypic variations, posing challenges for personal-
ized cancer therapies [2].HCC is recognized as a typical 
metabolism-related tumor, marked by abnormalities in 
amino acid, lipid, and carbohydrate metabolism [3]. The 
liver, a crucial organ for human lipid metabolism, under-
goes significant lipid compositional changes during the 
malignant progression of HCC. This suggests targeting 
abnormal lipid metabolism may be a promising thera-
peutic strategy for treating HCC. However, the molecular 
mechanisms regulating lipid metabolism in HCC remain 
poorly understood.

Sterol regulatory element-binding transcription fac-
tor 1 (SREBF1) is a critical regulator of lipid metabolism, 
primarily involved in biosynthesizing and metabolizing 
endogenous cholesterol, fatty acids, phospholipids, and 
triglycerides [4]. It significantly impacts the lipid metabo-
lism processes of cancer cells by transcriptionally regulat-
ing the expression of a series of key metabolic enzymes.
Numerous studies have reported that SREBF1, acting 
as a transcription factor, promotes the mRNA expres-
sion of metabolic enzymes such as ACLY [5], FASN [6], 
ACACA [7], and SCD1 [8].Studies have identified aber-
rant SREBF1 expression in cancers like colorectal cancer, 
HCC, prostate cancer, and endometrial cancer, closely 
linked to poor patient prognosis, underscoring its piv-
otal role in tumor progression [8–11]. Furthermore, Liu 
et al. demonstrated that Treg cells promote the SREBF1-
dependent metabolic adaptation of tumor-supporting 
macrophages by suppressing interferon-γ production 
from CD8+ T cells [12]. However, the upstream role of 
SREBF1 in cancer biology remains undefined. Therefore, 
a thorough exploration of the specific mechanisms of 
SREBF1 in HCC development may provide new insights 
for the diagnosis and treatment of this disease.

The ubiquitin-proteasome pathway is pivotal for intra-
cellular protein degradation, essential for regulating cell 
cycle dynamics, division signaling pathways, protein 
quality maintenance, and clearing aberrant proteins due 
to misfolding or damage [13, 14].Ubiquitination and 
deubiquitination are critical post-translational modi-
fications of metabolic enzymes, intricately regulating 
their degradation, subcellular localization, and activa-
tion, profoundly influencing metabolic reprogramming 
in tumors [15, 16].Recent research highlights the role of 
TRIM21 in renal cell carcinoma (RCC), where it curtails 
lipid accumulation by regulating the ubiquitination and 
subsequent degradation of SREBF1 [17]. Dysregulation 
of ubiquitination and deubiquitination is closely associ-
ated with altered cellular lipid metabolism, promoting 

the development and progression of various cancers, 
including HCC [18, 19]. Recent studies across multiple 
cancers highlight deubiquitinating enzymes (DUBs) due 
to their potential in stabilizing oncogenic proteins [20]. 
For example, USP22 significantly enhances lipid accu-
mulation in HCC cells by bolstering the deubiquitination 
stability of PPARγ [21].This study utilized comprehensive 
approaches such as Co-IP, LC-MS, and ubiquitination 
modification omics, identifying USP11 as a potent DUB 
within the expansive cysteine protease DUB subfam-
ily.USP11 emerges as an effective regulator of SREBF1 
through targeted deubiquitination. Despite previous 
characterization of USP11 as an oncogenic driver in 
HCC, its role in modulating cancer lipid metabolism 
remains unexplored. Therefore, our investigation delves 
deeper into understanding how USP11 impacts HCC 
progression via its interaction with SREBF1.

Our study reveals a novel pathway wherein USP11 
promotes lipid metabolism in HCC cells. USP11 is iden-
tified as a novel deubiquitinase of SREBF1, mediating 
its ubiquitination degradation in a k48-linked manner. 
Reduced ubiquitination of SREBF1 leads to increased 
transcriptional expression of downstream lipid metab-
olism-related genes, thereby further promoting lipid 
metabolism in HCC cells. Furthermore, the expression 
of SREBF1 is positively correlated with the expression of 
USP11 in clinical tissue samples.

Materials and methods
Cell cultures
The human normal liver cell line LO2 and HCC cell 
lines Huh7, MHCC97H, HCC-LM3, and HepG2 were 
obtained from the Cell Bank of the Chinese Academy 
of Sciences. The cell lines were cultured in high-glucose 
DMEM supplemented with 10% fetal bovine serum in a 
37 °C incubator with 5% CO2.

Western blot analysis and antibodies
Cells were lysed using RIPA buffer (Solarbio Biotechnol-
ogy, China) supplemented with protease inhibitors and 
phosphatase inhibitors (Solarbio Biotechnology, China). 
Protein concentrations were detected using a BCA pro-
tein assay reagent (Beyotime Biotechnology, China). Cel-
lular extracts were separated by SDS-PAGE, transferred 
to PVDF membranes (Millipore, Billerica, USA), and 
then incubated with the corresponding primary antibod-
ies. The specific antibody signals were analyzed using 
an enhanced chemiluminescent substrate kit (Solarbio 
Biotechnology, China). Relative protein abundance was 
quantified by gray-scale scanning using Image Lab anal-
ysis software (version 4.0, Bio-Rad) and ImageJ (ImageJ 
1.53). Antibodies used in this study were shown in Table 
S1.



Page 3 of 18Xu et al. Cell Communication and Signaling          (2024) 22:550 

Co-immunoprecipitation (Co-IP) and LC-MS/MS analysis
In the Co-IP experiment, cells were lysed using Western 
and IP cell lysis buffer (Beyotime Biotechnology, China). 
The cell lysates were incubated overnight at 4  °C with 
specific primary antibodies, followed by incubation with 
protein A/G sepharose beads (Santa Cruz, USA). The 
coprecipitated proteins were then detected using immu-
noblotting with the specified antibodies.

For anti-SREBF1 immunoprecipitation from HCC-
LM3 cell lysates, the same Co-IP method was employed. 
Immunoprecipitates were mixed with electrophoresis 
sample buffer and subjected to SDS-PAGE. SDS-PAGE 
gels were stained with Coomassie blue staining for 3  h 
and washed with eluent overnight. The gels were ana-
lyzed by liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) (Jikai Gene (Shanghai) Life Technology 
Co., Ltd.). The results for the LC-MS/MS are provided in 
Table S2.

Immunofluorescence staining
Cells were seeded into 6-well plates and cultured for 12 h. 
The cells were then fixed with 4% paraformaldehyde for 
30 min and permeabilized with 0.5% Triton-X for 10 min. 
Blocking was performed using 5% BSA at room tempera-
ture for 60  min. Primary antibodies were applied and 
incubated with the cells overnight at 4 °C. Subsequently, 
the cells were washed three times with cold PBS, followed 
by incubation with secondary antibodies in the dark for 
1 h. Finally, DAPI-containing mounting medium (P0131, 
Beyotime) was used to stain the nuclei, and fluorescence 
images were acquired using a confocal microscope (Leica 
TCS SP8).

Plasmids and siRNA/shRNAs transfection and lentiviral 
transduction
HA-tagged USP11 expression vectors (including 1-963aa, 
1-938aa, 1-284aa, 503-963aa, and 285-963aa), siRNA 
sequences targeting USP11, SREBF1 mutants (K617R, 
K705R, K954R, K1100R, K1151R) and mutated ubiqui-
tin vectors (His-Ub K6, His-Ub K48, and His-Ub K63), 
were custom synthesized by Hanbio Biotechnology Co., 
Ltd. (Shanghai, China). Similarly, FLAG-tagged SREBF1 
expression vectors (1-1147aa, 1-568aa, 488-1147aa) and 
siRNA/shRNA sequences targeting SREBF1 were syn-
thesized by GENERAL Biotechnology Co., Ltd. (Anhui, 
China). Lipofectamine 3000 transfection reagent (Invi-
trogen, USA) was used for introducing these plasmids 
into cells following the manufacturer’s protocol. The 
specific sequences of the siRNA/shRNAs are provided in 
Table S1.

To establish cell lines with stable downregulation of 
USP11 and upregulation of SREBF1, lentiviral vectors 
expressing USP11, SREBF1, and puromycin resistance 
genes were employed. HCC cells were transfected with 

lentiviral vectors carrying USP11 (MOI = 10) and SREBF1 
(MOI = 15). After 48  h of infection, the medium was 
replaced with fresh medium containing puromycin to 
select stably infected clones.

Quantitative real-time PCR
Total RNA was extracted from HCC cells and tissue 
samples using TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA). RNA was then reversetranscribed into comple-
mentary DNA (cDNA) with the PrimeScript™ RT reagent 
kit, which includes a gDNA Eraser (RR047A, TaKaRa, 
China). Quantitative PCR was carried out using TB 
Green® Premix Ex Taq™ II (RR820A, TaKaRa, China) on 
a CFX96 real-time PCR system. The amplification con-
ditions were set at 94  °C for 30  s, followed by 40 cycles 
of 94 °C for 4 s, 58 °C for 15 s, and 72 °C for 15 s. Rela-
tive mRNA levels in HCC cells were quantified using the 
2 − ΔΔCt method. Primer sequences are detailed in Table 
S3.

In vivo ubiquitination assays
For in vivo ubiquitination analysis, HCC or HEK-293T 
cells were transfected with specific shRNAs or plasmids. 
After transfection, cells were treated with 15 µM MG132 
for 6-8  h to inhibit proteasomal degradation. Subse-
quently, cells were lysed using the Co-IP assay protocol, 
followed by immunoprecipitation and Western blot anal-
ysis of the samples.

Patients and specimens
A total of 78 pairs of primary hepatocellular carcinoma 
(HCC) specimens were collected from patients who had 
not received radiotherapy or chemotherapy before their 
surgery. Clinical data for these patients were retrieved 
from the medical records at the Second Affiliated Hos-
pital of Nanchang University. This research adhered to 
the Declaration of Helsinki and received approval from 
the Ethics Committee of the Second Affiliated Hospital of 
Nanchang University.

Bioinformatics analysis
The RNA sequencing data from various tumors were 
sourced from the TIMER2.0 (Tumor IMmune Estima-
tion Resource 2.0) database ​(​​​h​t​​t​p​:​​/​/​t​i​​m​e​​r​.​c​o​m​p​-​g​e​n​o​m​i​c​
s​.​o​r​g​/​​​​​)​. We downloaded and organized the RNAseq data 
processed by the STAR pipeline from the TCGA-LIHC 
project via the TCGA database ​(​​​h​t​​t​p​s​​:​/​/​p​​o​r​​t​a​l​.​g​d​c​.​c​a​n​c​e​
r​.​g​o​v​​​​​)​, extracting data in FPKM format along with corre-
sponding clinical data.

Immunohistochemistry (IHC) staining
Fresh tissue samples were collected immediately after 
resection and fixed in 10% formalin. The samples were 
then embedded in paraffin, sectioned into 3–4 μm thick 

http://timer.comp-genomics.org/
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slices, mounted on glass slides, and baked at 60 °C for 2 h. 
All tissue sections were deparaffinized with xylene, rehy-
drated with ethanol, and subjected to antigen retrieval 
with EDTA. Endogenous enzyme activity was blocked 
with 0.3% hydrogen peroxide. The sections were incu-
bated overnight at 4  °C with the primary antibody of 
interest (1:200 dilution). Subsequently, the sections were 
incubated at room temperature for 30 min with a second-
ary antibody (polyperoxidase-anti-rabbit IgG) conjugated 
with horseradish peroxidase, then stained with diamino-
benzidine (DAB) and counterstained with hematoxylin. 
The staining intensity was assessed using the ImageJ.

Nile red staining
HCC cells were cultured in a 96-well plate, washed with 
PBS, fixed with 4% paraformaldehyde, and then stained 
with Nile Red dye (Beyotime, China, Cat. No. C2053S). 
Images were captured using a fluorescence microscope. 
Cellular fluorescence intensity was analyzed and quanti-
fied using ImageJ software, with the average fluorescence 
intensity normalized to the cell number.

Oil red O staining
HCC cells were seeded into 6-well plates and cultured 
overnight. The cells were stained using a cell-specific 
Oil Red O solution (Solarbio, Beijing, China, Cat. No. 
G1262), following the manufacturer’s instructions. The 
average cellular staining intensity was analyzed and 
quantified using ImageJ software and normalized to the 
cell number. Additionally, frozen sections from mouse 
xenograft tumors were stained with Oil Red O, first 
fixed with formalin for 30 min. Subsequently, they were 
stained with the Modified Oil Red O Stain Kit (Solarbio, 
Beijing, China, Cat. No. G1261) for 15 min. After stain-
ing, the sections were washed with water for 2 min and 
rinsed with 60% isopropanol for 1 min to remove excess 
dye. The nuclei were then stained with hematoxylin for 
1 min.

Triglyceride and cholesterol detection
Cellular and tumor triglyceride (TG) and cholesterol 
(TC) levels were quantified using tissue TG and TC con-
tent assay kits from Applygen Technologies Inc. (Bei-
jing, China, Cat. No. E1013-50,E1015-50), following the 
manufacturer’s instructions. Protein concentrations were 
measured using a BCA Protein Assay Kit from Beyotime 
Biotechnology (Shanghai, China). The TG and TC levels 
were then normalized to the protein concentration.

Cell proliferation and 5-Ethynyl-2’-deoxyuridine (EdU) 
assay
For assessing cell proliferation, HCC cells were plated at 
a density of 3000 cells/well in a 96-well format, followed 
by the addition of 10 µL CCK-8 reagent. The plates were 

then incubated at 37 °C for 2.5 h, after which the absor-
bance at 450 nm was determined to quantify cell growth. 
The cells were incubated with EdU staining solution (Epi-
zyme, CX003,China) for 2  h at 37  °C, followed by fixed 
with 4% paraformaldehyde for 30 min at room tempera-
ture. After fixation, the cells were washed with 3% bovine 
serum albumin (BSA) and permeabilized with 0.1% Tri-
ton X-100. EdU staining reagents were then applied fol-
lowing the manufacturer’s guidelines. Then the cells were 
stained with 100 µL of 1× Hoechst 33,342 solution for 
30 min. Positive EdU staining was examined under a fluo-
rescence microscope, and the percentage of proliferating 
cells was quantified using ImageJ software.

Migration and invasion assays, colony formation and flow 
cytometry analysis
For the migration assay, 200 µL of serum-free medium 
with 2 × 10^4 HCC cells was placed in the upper chamber 
of Transwell inserts, and the lower chamber was filled 
with 700 µL medium containing 20% FBS. After incuba-
tion for 24–48 h, the cells were stained with crystal violet.

In the invasion assay, the Transwell membrane was pre-
coated with a 1:8 dilution of Matrigel and left to solidify 
for 3 h. Then, 200 µL of serum-free medium with 2 × 10^4 
cells was added to the upper chamber, and 700 µL of 
medium with 20% FBS was added to the lower chamber. 
The cells were incubated for 48–96 h at 37 °C, and inva-
sive cells were stained with crystal violet.

For the colony formation assay, HCC-LM3 cells were 
seeded at 500 cells/well, and Huh7 and HepG2 cells at 
1000 cells/well in six-well plates. Cultures were grown 
for 10–14 days until colonies exceeded 50 cells, and then 
stained with methyl violet for 30 min.

To assess cell apoptosis, we used the FITC-annexin V 
and PI apoptosis detection kits (UElandy, Suzhou, China) 
according to the manufacturer’s protocol. Transfected 
cells grown in 6-well plates were harvested with EDTA-
free trypsin (Solarbio Biotechnology, Beijing, China) and 
washed three times with PBS. The cells were then resus-
pended in 100  µL of mixed buffer to achieve a concen-
tration of 1 × 10^5 cells/ml. Next, 5 µL of FITC-annexin V 
and 5 µL of PI were added. After a 15-minute incubation 
in the dark at 4  °C, 400  µL of mixed buffer was added. 
The percentage of apoptotic cells, including early and late 
stages, was analyzed using Beckman CytoFLEX.

Xenograft tumorigenicity assay
To establish subcutaneous xenograft models, 3-4week old 
female BALB/c nude mice were purchased from Hang-
zhou Ziyuan Biotechnology Co., Ltd. Each mouse was 
subcutaneously injected with 3 × 10^6 HCC-LM3 cells 
that stably express shNC, shUSP11, Vector and SREBF1. 
Tumor growth was recorded every 7 days. Tumor volume 
was calculated using the formula: Tumor volume (mm³) 
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= (length × width²) / 2. When significant differences in 
tumor growth between groups were observed, the mice 
were euthanized, tumors were excised and weighed, and 
the tumor tissues were sliced for further experiments.

Statistical analysis
All data are expressed as mean ± standard deviation 
from at least three independent experiments. Compari-
son between two groups was performed using Student’s 
t-test, while comparisons among multiple groups were 
analyzed with one-way ANOVA followed by Tukey’s 
multiple comparison test. The Chi-square test was uti-
lized to evaluate the association between the target genes 
expression and clinicopathological features. Kaplan–
Meier survival curves were assessed using the log-rank 
test. Pearson correlation analysis was used to assess the 
correlation. All data analysis was conducted by Prism 9.0 
(GraphPad Software, CA, USA) or SPSS 26.0(SPSS Inc., 
Chicago, IL, USA). Statistical significance was defined as 
* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001, ns: 
no significance.

Results
USP11 interacts with SREBF1
To elucidate the molecular mechanism by which SREBF1 
promotes the development and metastasis of HCC, 
researchers used immunoaffinity purification to extract 
SREBF1-interacting proteins in HCC-LM3 cells and 
identified them through LC-MS/MS (Table S2). Among 
the identified proteins was the deubiquitinating enzyme 
USP11 (Fig.  1A). Consistent with the mass spectrom-
etry results, Co-IP assays demonstrated interactions 
between endogenous SREBF1 and USP11 in HCC-LM3, 
HepG2, and Huh7 cells (Fig.  1B). Importantly, HA-
tagged USP11 and Flag-tagged SREBF1 were co-detected 
when expressed ectopically, indicating their interaction 
(Fig. 1C). Next, immunofluorescence staining confirmed 
that they are primarily colocalized in the cytoplasm, with 
a small portion distributed in the nuclei of HCC-LM3, 
HepG2, and Huh7 cells (Fig.  1D). To identify the spe-
cific interaction regions between USP11 and SREBF1, 
researchers generated truncated mutant fragments 
of both proteins and determined their binding sites 
(Fig.  1E). Transfection experiments in HEK-293T cells 
showed that deleting amino acids 1-284 in USP11 weak-
ened its binding capacity with SREBF1. This indicates 
that the crucial binding region for SREBF1 lies between 
amino acids 503–938 of USP11(Fig.  1F). For SREBF1, 
deletion of amino acids 1-568 resulted in loss of binding 
with USP11. These findings highlight the critical binding 
region with USP11 lying between amino acids 569–1147 
of SREBF1(Fig. 1F). Collectively, these data demonstrate 
that USP11 is a bona fide interacting protein of SREBF1.

USP11 stabilizes SREBF1
To explore the regulatory influence of USP11 on SREBF1, 
researchers conducted USP11 knockdown experiments 
in HCC-LM3 and HepG2 cells. The results revealed a 
notable reduction in SREBF1 protein levels, despite no 
significant changes in SREBF1 mRNA expression, indi-
cating that USP11 affects SREBF1 post-transcriptionally 
(Fig.  2A/D). Further investigation showed that the sup-
pression of USP11 led to proteasome-dependent desta-
bilization of the SREBF1 protein, which was effectively 
counteracted by the application of the proteasome inhibi-
tor MG132, underscoring the role of the proteasome in 
this process (Fig.  2B-C). To further examine the effect 
of USP11 on SREBF1 protein stability, CHX was used 
to block protein synthesis. In USP11 knockdown cells, 
rapid degradation of SREBF1 was observed, emphasiz-
ing the critical role of USP11 in protecting SREBF1 from 
proteasomal degradation. Moreover, SREBF1 exhibited 
a significantly longer half-life in Huh7 cells overexpress-
ing USP11(Fig. 2D-G). These results indicate that USP11 
tightly controls the stability of the SREBF1 protein.

USP11 deubiquitinates SREBF1
Researchers observed that knocking down USP11 in 
HCC-LM3 and HepG2 cells increased the endogenous 
ubiquitination levels of SREBF1(Fig.  3A/B). Conversely, 
transfecting overexpression of USP11 decreased ubiqui-
tination levels of SREBF1 in Huh7 cells (Fig. 3C). Addi-
tionally, in vitro experiments have also demonstrated 
that HA-USP11 can significantly promote the deubiqui-
tination of Flag-SREBF1(Fig.  3D). To determine which 
type of SREBF1 ubiquitination is influenced by USP11, 
researchers co-transfected HA-USP11, Flag-SREBF1, 
and seven lysine-specific ubiquitin mutants (K6, K48 and 
K63) into HEK-293T cells. USP11 was found to specifi-
cally cleave the K48-linked polyubiquitin chains on the 
SREBF1 protein (Fig.  3E). Through ubiquitination site 
prediction, researchers identified 11 potential USP11 
target sites on the SREBF1 protein. Based on the previ-
ous functional regions, they selected 5 amino acid sites 
(K617, K705, K954, K1100, K1151) for mutation. Overex-
pression of USP11 with K617R, K705R, K954R, K1100R 
resulted in a reduced level of SREBF1 protein ubiquiti-
nation. However, overexpression of USP11 with K1151R 
had little effect on the ubiquitination level of the SREBF1 
protein. Thus, lysine-1151 may be an important site for 
USP11 regulation of SREBF1 deubiquitination (Fig. 3F).

USP11 deficiency inhibits lipogenesis and proliferation of 
HCC cells in vivo and in vitro
The aforementioned studies demonstrate an interaction 
between USP11 and the key lipid metabolism regulator 
SREBF1, with previous research suggesting that USP11 
may be associated with cancer metabolism. To further 
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Fig. 1  USP11 interacts with SREBF1. A. In HCC-LM3 cells, anti-SREBF1 antibodies were used for immunoprecipitation. The co-immunoprecipitated pro-
teins was stained with Coomassie blue staining and analyzed by mass spectrometry. B. Co-IP revealed interactions between endogenous USP11 and 
SREBF1 in HCC-LM3, HepG2, and Huh7 cells. C.HA-USP11 and Flag-SREBF1 were co-transfected into HEK-293T cells. Co-IP was performed to demonstrate 
interactions between exogenous USP11 and SREBF1. D. Confocal microscopy was used to analyze the localization of USP11 (red) and SREBF1 (green) 
in HCC-LM3, HepG2, and Huh7 cells, with nuclei stained with DAPI (blue). Scale bar: 10 μm. E. Diagrammatic presentation of USP11 and SREBF1 protein 
full length and various deletion mutants. F. Co-IP assays were performed using anti-HA or anti-Flag antibodies with HA-USP11 and Flag-SREBF1 or their 
deletion mutants
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clarify the crucial role of USP11 in lipid metabolism, 
we performed USP11 knockdown or overexpression 
experiments. Oil Red O staining and Nile red detec-
tion methods showed that siRNA knockdown of USP11 
reduced lipid synthesis in the HCC-LM3 (Fig.  4A) and 
HepG2 cells (Fig. S2A), whereas overexpression of USP11 
enhanced lipid synthesis (Fig.  4B) in Huh7 cells. Addi-
tionally, knockdown of USP11 resulted in decreased 
levels of triglycerides and cholesterol in the HCC-LM3 
(Fig.  4C) and HepG2 cells (Fig. S2B), whereas overex-
pression of USP11 enhanced lipid synthesis (Fig. 4D) in 
Huh7 cells. Western blot and RT-qPCR analysis revealed 
reduced levels of ACLY, FASN, ACACA and SCD1 in 
USP11-deficient HCC cells (Fig.  4E/G, Fig. S2C-D), 
which differs from the results observed with USP11 over-
expression in Huh7 cells (Fig. 4F/H).

Due to lipid metabolism dysregulation potentially driv-
ing malignant progression in HCC, we subsequently 
assessed the impact of USP11 on the malignancy of 
HCC cells. Notably, we established the oncogenic role of 
USP11 through bioinformatics analysis as well as clinical 
tissue samples and HCC cell lines (Fig. S1). Researchers 
investigated the biological functions of USP11. Transwell 
assays indicated that silencing USP11 inhibited the inva-
sion and migration of HCC cells (Fig.  5A, Figure S2E), 
while overexpressing USP11 promoted these processes 
(Fig.  5B). EdU and CCK-8 assays were used to assess 
cell proliferation and viability. The results showed that 
knocking down USP11 with siRNA significantly reduced 
cell proliferation and viability (Fig.  5C/E, Fig. S2E-F), 
whereas overexpressing USP11 enhanced both prolif-
eration and viability (Fig.  5D/E). Cell apoptosis assays 

Fig. 2  USP11 regulates SREBF1 stability. A. Western blot was used to assess the expression of SREBF1 in HCC-LM3 and HepG2 cells transfected with USP11 
siRNA. B, C. Western blotting showed that the proteasome inhibitor MG132 reversed SREBF1 protein levels in USP11 knockdown HCC-LM3 and HepG2 
cells. D. The mRNA expression level of SREBF1 in HCC-LM3 and HepG2 cells transfected with USP11 siRNA. E, F. USP11 was knocked down by siRNA in 
HCC-LM3 and HepG2 cells, followed by treatment with CHX (40 µM) for the indicated times. USP11 and SREBF1 protein levels were determined by West-
ern blot. G. Huh7 cells were transfected with USP11 overexpression plasmid or empty vector, followed by treatment with CHX (40 µM) for the indicated 
times. USP11 and SREBF1 protein levels were determined by Western blot. *p < 0.05; ** p < 0.01; *** p < 0.001; ns: no significance
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Fig. 3  USP11 deubiquitinates SREBF1. A, B. HCC-LM3 and HepG2 cells transfected with shNC or shUSP11#1/2 were immunoprecipitated, and SREBF1 
ubiquitination was detected by Western blotting. C. Huh7 cells overexpressing USP11 and transfected with Vector or USP11 were immunoprecipitated, 
and SREBF1 ubiquitination was detected by Western blotting. D. In vitro deubiquitination assay of ubiquitinated Flag-SREBF1 protein using purified HA-
tagged USP11. E. HA-USP11, Flag-SREBF1, His-Ub, or Ub mutants (K6R, K48R, K63R) plasmids were co-transfected into HEK-293T cells, which were then 
treated with 15 µM MG132 for 6-8 h. Co-IP revealed the polyubiquitination of SREBF1 in HEK-293T cells. F. Ubiquitination assay of SREBF1 in HEK-293T 
cells co-transfected with His-Ub, HA-USP11, and FLAG-SREBF1 mutants (K617R, K705R, K954R, K1100R, K1151R) and treated with 15 µM MG132 for 6-8 h
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Fig. 4  USP11 deficiency attenuates lipogenesis in HCC cells. A. Oil red O staining (Upper) and Nile red staining (Lower) were used to evaluate the forma-
tion of lipids in HCC-LM3 cells transfected with control siRNA or USP11 siRNA. Scale bars, 20 μm. B. Oil red O staining (Upper) and Nile red staining (Lower) 
were employed to assess lipid formation in Huh7 cells transfected with Vector or USP11. Scale bars, 20 μm. C. Triglycerides (Left panel) and cholesterol 
(Right panel) in HCC-LM3 cells transfected with control siRNA or USP11 siRNA were quantified using tissue-cell assay kits for triglycerides and total cho-
lesterol. D. Triglycerides (Left panel) and cholesterol (Right panel) in Huh7 cells with USP11 overexpression were quantified using tissue-cell assay kits for 
triglycerides and total cholesterol. E. Western blot detection of USP11, ACLY, FASN, ACACA, and SCD1 protein expression in USP11-knockdown HCC-LM3 
cells. F. Western blot detection of USP11, ACLY, FASN, ACACA, and SCD1 protein expression in Huh7 cells with USP11 overexpression. G, H. RT‒qPCR were 
utilized to measure the mRNA levels of ACLY, FASN, ACACA, and SCD1 in HCC-LM3 and Huh7 cells. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001
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Fig. 5  USP11 deficiency attenuates the proliferation, migration and invasion of HCC cells. A. Representative images of Transwell assays in HCC-LM3 cells 
transfected with control siRNA or USP11 siRNA. Scale bar: 100 μm. B. Representative images of Transwell assays in Huh7 cells transfected with Vector or 
USP11. Scale bar: 100 μm. C. Representative images of EDU in HCC-LM3 cells transfected with control siRNA or USP11 siRNA. Scale bar: 20 μm. D. Repre-
sentative images of EDU in Huh7 cells transfected with Vector or USP11. Scale bar: 20 μm. E.CCK-8 assays were used to assess the viability of HCC-LM3 
and Huh7 cells. F. Expression of proteins associated with cell proliferation, apoptosis, migration, and invasion in HCC-LM3 and Huh7 cells. G. Overview of 
tumor formation in nude mice following subcutaneous injection of HCC-LM3 cells. H. Tumor size comparison between the shNC and shUSP11 groups. I. 
Measurement of tumor volume in both the shNC group and shUSP11 group at 6, 12, 18, 24,30 and 36 days. **p < 0.01, ***p < 0.001, **** p < 0.0001
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Fig. 6 (See legend on next page.)
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showed that silencing USP11 increased the apoptosis rate 
of HCC cells (Fig. S4A/C), while overexpressing USP11 
inhibited these processes (Fig. S4B). Western blot analy-
sis revealed that the expression levels of proteins related 
to cell proliferation, apoptosis, migration, and invasion 
were reduced in the experimental group compared to 
the control group, whereas overexpressing USP11 altered 
this phenomenon (Fig.  5F, Fig. S2G). In the subcutane-
ous tumor model, researchers observed that the tumor 
weight and volume in the USP11 knockdown group were 
smaller compared to the control group, further confirm-
ing the oncogenic role of USP11 in vivo (Fig. 5G-I).

USP11 accelerates HCC lipogenesis and progression by 
up-regulating SREBF1
Researchers conducted a complementation experiment 
to investigate whether the carcinogenic effect of USP11 
depends on the stability of SREBF1 in HCC. Knock-
ing down USP11 significantly reduces the lipogenesis, 
while these effects could also be reversed by upregulat-
ing SREBF1 expression in HCC-LM3(Fig.  6A/B/E/F) 
and HepG2 cells (Fig. S3A-C). Upregulating USP11 pro-
moted the lipogenesis, while these effects could also be 
reversed by knocking SREBF1 expression in Huh7 cells 
(Fig.  6C-F). Additionally, inhibiting USP11 impeded 
migration, invasion, proliferation and colony formation 
in HCC-LM3(Fig.  7A-B) and HepG2 cells (Fig. S3D-E), 
while upregulating USP11 promoted these processes in 
Huh7 cells (Fig. 7C-D). Similarly, these effects could also 
be reversed by knocking down SREBF1 expression. In 
the apoptosis assays, overexpression of SREBF1 reduced 
the increased apoptosis caused by USP11 suppression 
(Fig. S4D-E), whereas the opposite effect was observed in 
Huh7 cells (Fig. S4F). Our research findings confirm that 
USP11 promotes tumor lipogenesis and progression by 
upregulating SREBF1.

The USP11/SREBF1 axis accelerates HCC lipid synthesis and 
growth in vivo
To assess the role of the USP11/SREBF1 axis in the 
malignant progression of HCC in vivo, HCC-LM3 cells 
transfected with lentiviruses carrying the corresponding 
genes were injected into nude mice to establish subcuta-
neous xenograft model (Fig. 8A). In the shUSP11 group, 
both the volume and weight of subcutaneous tumors 
were significantly reduced compared to the shNC group. 
Nevertheless, the reintroduction of SREBF1 substantially 

promoted tumor growth in HCC-LM3 cells, even with-
out USP11 (Fig.  8B-C).Knockdown of USP11 disrupted 
lipid synthesis in subcutaneous tumors, but overexpres-
sion of SREBF1 reversed this effect, as evidenced by mea-
surements of triglycerides and cholesterol in the tumor 
tissues (Fig. 8D).Moreover, immunohistochemical analy-
sis showed that USP11 suppression resulted in lower lev-
els of the proliferation marker Ki67 and reduced Oil Red 
O staining in subcutaneous tumors. Conversely, the over-
expression of SREBF1 reversed these effects (Fig.  8E). 
Additionally, the elevated expression of SREBF1 sig-
nificantly reversed the reduction in lung metastasis trig-
gered by USP11 knockdown (Fig. 8E). In summary, these 
findings suggest that USP11 modulates lipid synthesis, 
growth, and metastasis in HCC cells via SREBF1.

Elevated USP11 expression is correlated with increased 
SREBF1 levels and serves as an indicator of poor prognosis 
in HCC patients
To evaluate the clinical relevance of USP11 and SREBF1 
in HCC patients, we analyzed the expression of USP11 
and SREBF1 in 78 HCC samples. The results showed 
that, compared to normal liver tissue, the mRNA levels 
of USP11 and SREBF1 were significantly elevated in HCC 
tissue (Fig.  9A-B). Similarly, the expression of USP11 
and SREBF1 proteins was also upregulated in HCC tis-
sue (Fig. 9C-F). Additionally, the protein levels of USP11 
positively correlated with those of SREBF1, which was 
verified by the Pearson correlation analysis (Fig.  9G). 
Importantly, patients with higher levels of USP11 or 
SREBF1 protein had lower overall survival rates com-
pared to those with lower protein levels (Fig. 9H-I). Nota-
bly, these clinical data support our preclinical discovery 
that USP11 regulates the deubiquitination and stabiliza-
tion of SREBF1, thereby driving the progression of HCC.

Discussion
Hepatocellular carcinoma (HCC) remains a major chal-
lenge due to its high incidence and poor prognosis [1]. 
Late-stage diagnosis hampers the effectiveness of exist-
ing treatments, such as sorafenib and lenvatinib [22, 
23]. To improve therapeutic strategies, a deeper under-
standing of the molecular mechanisms driving HCC 
is essential. In recent years, the role of dysregulated 
lipid metabolism in the occurrence and development of 
HCC has garnered significant attention [24–26]. Explor-
ing the connection between HCC and lipid metabolism 

(See figure on previous page.)
Fig. 6  USP11 accelerates HCC lipogenesis by up-regulating SREBF1. A. Oil red O staining (Upper) and Nile red staining (Lower) were used to evaluate the 
formation of lipids in HCC-LM3 cells. Scale bars, 20 μm. B. The levels of ACLY, ACACA, FASN and SCD1 were detected by western blotting in HCC-LM3 cells. 
C. Oil red O staining (Upper) and Nile red staining (Lower) were used to evaluate the formation of lipids in Huh7 cells. Scale bars, 20 μm. D. The levels of 
ACLY, ACACA, FASN and SCD1 were detected by western blotting in Huh7 cells. E. Triglycerides (Left panel) and cholesterol (Right panel) in HCC-LM3 cells 
were quantified using tissue-cell assay kits for triglycerides and total cholesterol. F. Triglycerides (Left panel) and cholesterol (Right panel) in Huh7 cells 
were quantified using tissue-cell assay kits for triglycerides and total cholesterol. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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has revealed it as a promising new target for developing 
anti-HCC medications [27, 28].Our study reveals that 
USP11 is a critical oncoprotein in HCC, crucial for tumor 
progression by stabilizing SREBF1, a key transcription 

factor involved in lipogenesis. Significantly, the truncated 
mutant USP11 (503–938 aa) interacts with the truncated 
mutant SREBF1 (569–1147 aa), with K1151 playing a 
crucial role in this interaction. This interaction supports 

Fig. 7  USP11 accelerates HCC progression by up-regulating SREBF1. A. Representative images of Transwell assay (Upper), EDU(Middle) and colony forma-
tion (Lower) in HCC-LM3 cells. Scale bar: 100 μm; 20 μm. B.CCK-8 assays were utilized to measure the viability of HCC-LM3 cells. C. Representative images 
of Transwell assays (Upper), EDU(Middle) and colony formation (Lower) in Huh7 cells. Scale bar: 100 μm; 20 μm. D.CCK-8 assays were utilized to measure 
the viability of Huh7 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 8  The USP11/SREBF1 axis regulates HCC cell lipogenesis and tumorigenesis in vivo. A. Images of resected subcutaneous tumors from the HCC-LM3 
cell in nude mice. B. Tumor weight C. Tumor size D. The levels of triglycerides and cholesterol in subcutaneous tumors, respectively. E. Expression of 
USP11, SREBF1, Ki67 and Oil Red O in subcutaneous tumors, and representative images of H&E staning of lung. Scale bars: 20 μm. * p < 0.05; *** p < 0.001; 
**** p < 0.0001
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Fig. 9  USP11 is positively correlated with SREBF1 in HCC patients. A. Assessment of mRNA expression levels of USP11 in paired HCC and adjacent non-
tumor tissues. B. Assessment of mRNA expression levels of SREBF1 in paired HCC and adjacent non-tumor tissues. C. Quantification of USP11 protein 
expression in tissues. D. The expression of USP11 and SREBF1 at the protein level in HCC compared to normal tissues. E. Quantification of SREBF1 protein 
expression in tissues. F. Immunohistochemical assay performed on HCC and adjacent normal tissue microarrays (n = 78), showing representative images 
of USP11 and SREBF1. G. The correlation between USP11 and SREBF1 protein levels in HCC. H. Kaplan-Meier survival curves for HCC patients with low and 
high USP11expression. I. Kaplan-Meier survival curves for HCC patients with low and high SREBF1 expression. J. Graphical summary of USP11-regulated 
lipid synthesis and proliferation in HCC. * p < 0.05; *** p < 0.001; **** p < 0.0001
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the stability of SREBF1, thereby promoting the transcrip-
tion of key enzymes in lipid metabolism processes such 
as ACLY, FASN, ACACA, and SCD1, and facilitating 
lipid synthesis and tumorigenesis in HCC. Moreover, the 
alterations in mRNA and Western blot levels of key lipid 
metabolism enzymes such as ACLY, FASN, ACACA, and 
SCD1, which are influenced by USP11, depend on the 
involvement of SREBF1.In addition, we demonstrated 
clinical evidence of upregulation and positive correla-
tion between USP11 and SREBF1 in HCC samples. The 
discovery of the USP11-SREBF1 axis presents promis-
ing therapeutic targets for HCC, potentially broadening 
the development of new DUB inhibitors and introduc-
ing cancer treatment strategies focused on lipid-related 
pathways.

SREBF1, a key regulator of lipid metabolism, has 
recently been implicated in cancer development [29]. In 
eukaryotic cells, SREBF1 influences various cellular pro-
cesses beyond lipid biosynthesis, including cell growth, 
migration, and drug resistance [4, 30]. SREBF1 is upreg-
ulated in colorectal cancer, enhancing cell invasion and 
metastasis by mediating MMP7 expression and activat-
ing the NF-κB pathway [31]. It also boosts ROS-induced 
killing of melanoma cells and inhibits BRAF-mediated 
drug resistance [32].In this study, we identified SREBF1 
as a potential binding protein of USP11 through immu-
noprecipitation and mass spectrometry analysis. We 
further demonstrated that USP11 directly binds to and 
stabilizes SREBF1. The decrease in SREBF1 protein levels 
due to USP11 deficiency was significantly prevented by 
the proteasome inhibitor MG132, indicating that SREBF1 
degradation is regulated by the ubiquitin-proteasome 
pathway. The deubiquitination activity of USP11 results 
in elevated SREBF1 protein levels, promoting the tran-
scription of lipid synthesis-related target genes, such as 
ACLY, ACACA, FASN, and SCD1. Consistent with our 
findings, recent studies have reported that DDX39B and 
TRIM21 also contribute to in tumor lipid metabolism by 
regulating SREBF1 [17, 29]. Additionally, we observed 
that USP11 deficiency in knockdown HCC cells down-
regulates key lipid metabolism enzymes controlled by 
SREBF1. Similarly, DDX39B enhances lipid synthesis 
and malignant progression in HCC by augmenting the 
transcription factor function of nuclear SREBF1 [29]. 
Furthermore, USP11 has been shown to interact with 
HIF-1α, promoting the expression of glycolysis-related 
genes and cell proliferation in HCC [33]. These studies 
further support the critical role of USP11 in regulating 
the interplay between glucose and lipid metabolism in 
cancer cells. Therefore, developing small molecule inhibi-
tors targeting USP11 could offer an effective therapeutic 
strategy for HCC.

In recent years, DUBs have been extensively studied 
for their potential role in stabilizing oncoproteins. USP11 

is one of the largest members of cysteine protease DUB 
family members and is involved in regulating cell cycle, 
DNA repair, signal transduction, tumor development, 
and other important biological processes [34]. Zhang 
et al. found that USP11 functions as a tumor suppres-
sor in kidney cancer by deubiquitinating and stabilizing 
VGLL4 protein [35]. Wang et al. reported that the inter-
action between HK2 and CD133 promotes the binding of 
USP11 to CD133, inhibiting its polyubiquitination and 
degradation, thereby facilitating tumor immune evasion 
and cancer stemness [36]. However, the role of USP11 
in HCC remains to be clarified. There are currently few 
studies reporting how USP11 binds to downstream target 
proteins through specific binding sites to exert its func-
tion. By dividing the USP11 sequence into four peptide 
segments (M1: 1-938aa, M2: 1-284aa, M3: 503–963aa, 
and M4: 285–963aa), we found that only M2 does not 
bind to SREBF1. Additionally, K1151 was identified as a 
key ubiquitination site of USP11 in regulating the ubiqui-
tination level of SREBF1.

Increasing evidence suggests that lipid metabolism 
is involved in tumorigenesis and is associated with the 
prognosis of cancer patients. Identifying key proteins 
or regulatory genes in the complex pathways of lipid 
metabolism and targeting pathways that promote tumor 
cell proliferation may provide new therapeutic targets for 
cancer [37]. Our study found that the loss of the USP11-
SREBF1 axis significantly reduced lipid synthesis and 
malignant proliferation in HCC cells. As a transcription 
factor, SREBF1 activates metabolic reprogramming by 
regulating multiple downstream genes such as ACLY, 
ACACA, FASN, and SCD1 [38]. Our data indicate that 
upregulation of the USP11-SREBF1 axis is associated 
with reduced overall survival and relapse-free survival 
in HCC patients. However, there are several limitations 
to our study. On one hand, only a single animal model 
was established to assess the in vivo role of the USP11-
SREBF1 axis. On the other hand, further research is 
needed to explore how SREBF1 regulates the expres-
sion of downstream metabolic enzymes ACLY, ACACA, 
FASN, and SCD1 as a transcription factor. Additionally, 
there is an urgent need to develop effective inhibitors tar-
geting the USP11-SREBF1 axis and evaluate their impact 
on HCC proliferation and metastasis in preclinical and 
clinical studies.

In conclusion, our study highlights that USP11 
enhances lipogenesis and tumorigenesis in HCC by reg-
ulating SREBF1 stability. Targeting the USP11-SREBF1 
axis represents a promising approach for novel therapeu-
tic interventions in advanced HCC.
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