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Abstract

Background and Aims: Sterol regulatory element-binding
protein 1 (SREBP1), a key regulator of lipogenesis, is highly
expressed in tumors, but the mechanisms sustaining its el-
evated levels remain unclear. The role of UFMylation, a post-
translational modification, in modulating SREBP1 stability
and tumor progression has not been explored. This study
aimed to investigate the role of UFMylation in the progression
of liver cancer. Methods: Liquid chromatography-tandem
mass spectrometry was employed to investigate the inter-
acting proteins of ubiquitin-fold modifier 1-specific ligase 1
(UFL1). Knockdown of UFL1 and DDRGK domain-containing
protein 1 (DDRGK1) was performed to assess SREBP1 sta-
bility. In vitro and in vivo models of hepatocellular carcino-
ma (HCC) were used to evaluate tumor progression. Clini-
cal correlations between UFL1/DDRGK1 and SREBP1 levels
were analyzed in HCC patient samples. Results: SREBP1
undergoes UFMylation, which synergizes with ubiquitina-
tion to reduce its stability. Depletion of UFL1 or DDRGK1 in-
creased SREBP1 stability, driving HCC progression. Clinically,
UFL1 and DDRGK1 levels were reduced in HCC tissues and
inversely correlated with SREBP1 expression. Fatostatin (an
SREBP1 inhibitor) enhanced the therapeutic effect of Len-
vatinib in HCC models with low UFL1 expression. Conclu-
sions: UFMylation is a critical posttranslational modification
that destabilizes SREBP1, and its dysregulation contributes
to HCC progression. Targeting the UFMylation-SREBP1 axis,
particularly through Fatostatin and Lenvatinib combination
therapy, represents a novel therapeutic strategy for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the most prevalent liver
cancer globally, ranking as the sixth most common cancer
and the third deadliest.! Some patients with early-stage HCC
can receive curative treatments, including liver resection,
liver transplantation, and radiofrequency ablation, among
others. However, most patients are diagnosed with advanced
HCC, resulting in a five-year survival rate of approximately
12%. This low rate is largely due to limited treatment options
and the poor effectiveness of first-line therapies.2
UFMylation is a ubiquitin-like posttranslational modifica-
tion in which ubiquitin-fold modifier 1 (UFM1) is conjugated to
target proteins. Since its initial discovery in 2004, UFMylation
has been found to be closely associated with a wide range of
diseases, including diabetes, ischemic heart disease, heart
failure, hematologic disorders, atherosclerosis, and tumors.3
Like other modifications, UFMylation requires a three-step
enzyme system consisting of E1, E2, and E3 enzymes.* How-
ever, to date, only one E1 enzyme: ubiquitin like modifier
activating enzyme 5 (UBA5S), one E2 enzyme: ubiquitin-fold
modifier conjugating enzyme 1 (UFC1), and one E3 enzyme
(UFL1) have been identified in the UFMylation system. Ma-
ture UFM1 is activated by UBA5 in an ATP-dependent man-
ner and then transferred to UFC1. Finally, UFM1 is covalently
conjugated to target proteins via UFL1.> DDRGK1 (UFBP1),
the first identified target of the UFM1 system, plays an es-
sential role as a substrate for UFL1 as well as in the UFMyla-
tion of other proteins.6-° In addition, DDRGK1 can enhance
the anchoring of UFL1 to the endoplasmic reticulum, thereby
facilitating its function.1? Several studies have demonstrated
that the UFM1 system plays a critical role in maintaining en-
doplasmic reticulum homeostasis and in embryonic develop-
ment.11-15 Emerging evidence extends the functional scope
of UFMylation to fatty acid metabolism, with recent studies
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demonstrating that DDRGK1 UFMylation exerts suppres-
sive effects on hepatic lipogenesis.3 Recently, an increasing
number of UFMylation substrates, including programmed cell
death protein 1, programmed cell death 1 ligand 1, and tu-
mor protein 53, have been identified.®7:° To date, the bio-
logical significance of the UFM1 system, particularly in tumor
development, remains poorly understood.

Metabolic abnormalities are key characteristics of tumor
development. To acquire more nutrients, tumors often gen-
erate an abundance of blood vessels and compete with sur-
rounding cells for these essential resources. The metabolic
pathways that change mainly include glucose, amino acid,
and lipid metabolism.16-18 In recent years, increasing atten-
tion has been given to the role of metabolism, particularly
lipid metabolism, in tumor development.9.20 The liver plays
a crucial role in lipid metabolism, and abnormalities in lipid
metabolism are often present throughout the entire process
of HCC development.2! However, the effects of UFMylation on
tumor metabolism are not yet fully understood.

Enhanced lipid metabolism is one of the most significant
characteristics of cancer.22 SREBP1, a well-known master
regulator of lipogenesis, plays a crucial role in the progression
of various tumors.23-25 SREBP1 is synthesized and resides in
the endoplasmic reticulum as an inactive precursor. When
sterol levels are deficient, the SREBP1 precursor undergoes
two proteolytic cleavages, allowing it to enter the nucleus as
the mature protein. This active form promotes the transcrip-
tion of target genes, thereby activating lipid synthesis and
uptake. Interestingly, tumors often exhibit high expression
levels of SREBP1, leading to enhanced lipid metabolism.

Here, we report that SREBP1 is a substrate of UFMylation.
Reduced expression of UFL1 or DDRGK1 decreases the UF-
Mylation of SREBP1, which enhances its stability by counter-
acting its ubiquitination. This process activates lipid synthesis
and promotes the progression of HCC. Furthermore, SREBP1
may serve as a potential therapeutic target for HCC patients
with low UFMylation levels.

Methods

Patients and specimens

For the construction of the tissue microarray, 98 tumor tis-
sues and adjacent nontumor tissues certified by pathologists
were obtained from patients with HCC who underwent treat-
ment at Zhongshan Hospital between January 1, 2009, and
January 1, 2010 (cohort 1). The inclusion criteria and follow-
up procedures were performed as previously described.26
The clinicopathologic characteristics of these patients are
summarized in Supplementary Tables 1 and 2. We randomly
selected 30 paired frozen samples from cohort 1 to detect
messenger RNA (mRNA) expression of UFL1 and DDRGK1,
and 30 paired samples to detect protein expression of UFL1,
DDRGK1, and SREBP1. Overall survival was calculated as the
time interval between the date of hepatectomy and death
or last follow-up. Recurrence-free survival was determined
from the date of hepatectomy to tumor recurrence or last fol-
low-up.2? The prognosis of HCC patients in tissue microarray
(TMA) is summarized in Supplementary Table 3. The study
protocol was thoroughly reviewed and approved by the Re-
search Ethics Committee of Zhongshan Hospital, Fudan Uni-
versity, and adhered strictly to the ethical principles outlined
in the Declaration of Helsinki. All patients provided written
informed consent prior to therapy and inclusion in the study.

Cell lines and cell culture
HEK293T cells and HCC cell lines MHCC97H, SNU-449, PLC/
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PRF/5, HCCLM3, Huh7, and HepG2 were obtained from the
Liver Cancer Institute, Fudan University, Shanghai, China.
The Hep3B cell line was purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All of these
cells were cultured in high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin and 100 pg/mL streptomycin
in a humidified incubator containing 5% CO2 at 37°C.28

Plasmids and establishment of stable cell lines

The short hairpin RNAs (shRNAs) targeting UFL1 and
DDRGK1 were inserted into the LV3 (H1/GFP-Puro) plasmid
by GenePharma (Shanghai, China). The shRNAs targeting
SREBP1 were inserted into the LV3 (H1/GFP-Hyg) plasmid
by GenePharma (Shanghai, China). HA-UFC1, HA-UBAS,
HA-UFL1, MYC-DDRGK1, and Flag-SREBP1c plasmids were
purchased from Youbio Company (Hunan, China). To con-
struct stable cell lines with downregulation of UFL1, DDRGK1,
and SREBP1, lentiviral vectors were constructed based on
the above plasmids and transfected accordingly. The plasmid
was transfected into cells and selected with 2 pg/mL puromy-
cin or puromycin (2 pg/mL) + hygromycin B (50 pg/mL).2°
The sequences of the shRNAs used were as follows:

e UFL1-1, 5'-CCAGTAAGCATAAGTCATATT-3’

UFL1-2, 5'-GTGGTCGAGTAAACATTGT-3’

UFL1-3, 5'-GCAGCCATTACAAGTGATA-3’

DDRGK1-1, 5'- GGCTCTGCTAGTCGGCTTTAT-3’
DDRGK1-2, 5’- GCCTACGCACTCAGGACACCA-3’
DDRGK1-3, 5'- GGACTATAACAGGTGTGATTG-3’

SREBP1, 5'-GCUCUGCGAGUGGAUGCUATT-3"

Antibodies and reagents

The following antibodies were used in the present study:
anti-UFL1 (Proteintech, 26087-1-AP, China), anti-DDRGK1
(Proteintech, 21445-1-AP), anti-UFM1 (Proteintech, 15883-
1-AP), anti-SREBP1 (HUABIO, HA500210 and HA722160,
China), anti-B-ACTIN (Abmart, P60035S, China), anti-ubig-
uitin (Abmart, T55965), anti-HA (Beyotime, AF2861, China),
anti-MYC (Beyotime, AF2867), and anti-Flag (Beyotime,
AF2855). The following reagents were used in the experi-
ments: Fatostatin (HY-14452), Cycloheximide (CHX; HY-
12320), MG-132 (HY-13259), Chloroquine (HY-17589A), and
Lenvatinib (HY-10981), all purchased from MedChemExpress
(USA).

Western blot analysis and immunoprecipitation

Proteins were extracted by lysing cultured cells in RIPA buffer
containing protease inhibitors and quantified using a BCA as-
say kit. Heat-denatured proteins mixed with 5x loading buff-
er were separated by SDS-PAGE and then transferred onto
PVDF or NC membranes (Millipore, USA). The membrane
was blocked with 5% skim milk. Bands were exposed with
enhanced chemiluminescence reagents using ImageQuant™
LAS 4000 after incubation with the indicated primary anti-
bodies followed by HRP-conjugated secondary antibody.30
Western blot analysis of target proteins was performed us-
ing Imagel. Band intensities were quantified in Image] us-
ing the Gel Analyzer. For each lane, regions of interest were
defined with identical dimensions, and local background was
subtracted. Target protein signals were normalized to the
corresponding loading control (B-ACTIN). Data were further
referenced to the mean of the control group, which was set
to 1.0.

For immunoprecipitation, cell lysates were incubated with
the indicated antibodies at 4°C overnight on a vertical rotator
and then rotated for 2 h at 4°C in the presence of protein A/G
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beads. The beads were washed five times with lysis buffer
and mixed with SDS-PAGE loading buffer for immunoblot-
ting.3!

RNA isolation and quantitative real-time polymerase
chain reaction (PCR)

Total mMRNA was isolated with a total RNA isolation kit (Bi-
oTeke Corporation, Beijing, China) and reverse transcribed
into cDNA using a HiScript Q RT SuperMix for quantitative
PCR kit (Vazyme Biotech, Nanjing, China) according to the
manufacturer’s instructions. PCR amplification products were
quantified with SYBR Green PCR Master Mix (Vazyme Bio-
tech) following a standard procedure. The expression of the
target gene was normalized to that of the housekeeping gene
B-ACTIN and quantified using the AACt method.32 The se-
quences of the primers used for quantitative real-time PCR
were shown in Supplementary Table 4.

Immunohistochemistry

After deparaffinization, rehydration, and antigen retrieval,
slides were incubated with the indicated primary antibod-
ies, followed by staining with an HRP-conjugated second-
ary antibody.33 Then, slides were scanned and viewed in the
KF-Viewer software. The staining results were assessed in-
dependently by two pathologists who were unaware of the
patients’ clinical characteristics, using the H-score method.34

Colony formation and 5-bromo-2’-deoxyuridine
(EdU) incorporation assays

For colony formation assays, cells were seeded in six-well
plates (1 x 103 cells per well) and maintained in complete
medium containing 10% FBS for 14 days. Colonies were
fixed with 4% paraformaldehyde solution and stained with
0.1% crystal violet.35

EdU incorporation assays were performed using an EdU
kit (Beyotime, C0078) to validate the cell proliferation ability.
Cells were plated in 24-well plates (1 x 10° cells per well),
and the experimental procedures were conducted in accord-
ance with the manufacturer’s instructions.36

Wound healing assays

HCC cells were seeded in six-well plates. When the cells
formed a compact monolayer, a 200-pL tip was used to cre-
ate a scratch. The wells were then washed three times with
phosphate-buffered saline (PBS). Afterward, DMEM contain-
ing 1% FBS was added to each well.3” The progression of
wound closure was evaluated by imaging at specified inter-
vals using an IX71 inverted microscope (Olympus Corpora-
tion, Japan). Finally, images were analyzed using Imagel
software.

Transwell-migration and invasion assays

Transwell assays were performed to evaluate migration and
invasion activities. For migration assays, 5 x 10* cells were
seeded in the upper chamber with a non-coated membrane
(24-well insert, pore size 8 ym; Corning, USA) in DMEM
containing 1% FBS. For invasion assays, 5 x 10% cells were
seeded in the upper chamber with a Matrigel-coated (Beyo-
time, C037) membrane. In both assays, the lower chambers
contained DMEM with 10% FBS as a chemoattractant. Cells
were incubated at 37°C for 48 h. Cotton swabs were carefully
used to remove the cells remaining in the upper chambers,
while the cells that had migrated to the bottom surface of the
membrane were fixed using 4% paraformaldehyde solution,
stained with 0.1% crystal violet, and then counted under a

microscope.38

Multiplex immunofluorescence (mIF) assay

Cells were plated on glass coverslips and fixed with 4% para-
formaldehyde for 15 m. After permeabilization using 0.5%
Triton X-100 for 15 m, 5% BSA was used to block nonspecific
binding sites. The cells were incubated with specific primary
antibodies at 4°C overnight in a humidified box. After wash-
ing five times with TBST, the corresponding secondary horse-
radish peroxidase-conjugated antibody was used to incubate
the cells. The coverslips were then washed with PBS in the
dark and stained with 4’,6-diamidino-2-phenylindole (Beyo-
time, C1005).33 Images were captured using a laser confocal
microscope (Olympus LV3000, Tokyo, Japan).

Oil Red staining

Cells were counted and plated into a six-well plate (1 x 10°
cells per well). Twenty-four hours later, Oil Red O (Beyotime,
C0158) staining was performed according to the manufac-
turer’s instructions. Briefly, cells were gently aspirated to re-
move the culture medium and washed once with PBS, then
fixed with 4% paraformaldehyde for 10 m at room tempera-
ture. After fixation, samples were rinsed twice with PBS. A
staining rinse solution was added to cover the cells for 20 s,
followed by its removal. Cells were subsequently incubated
with freshly prepared Oil Red O working solution for 15 m at
room temperature. After staining, the Oil Red O solution was
discarded, and cells were briefly washed with the staining
rinse solution for 30 s. Residual dye was removed by wash-
ing with PBS for 20 s. For nuclear counterstaining, cells were
incubated with hematoxylin (Beyotime, C0107) for 8 m, fol-
lowed by rinsing with distilled water to remove excess stain.
Finally, PBS was added to cover the cells evenly.3° Images
were acquired using a light microscope.

Nile Red staining

Cells were counted and plated into a six-well plate (1 x 10°
cells per well). Twenty-four hours later, Nile Red (Applygen
Technologies Inc, C0009, China) staining was performed ac-
cording to the manufacturer’s instructions. Briefly, cells were
gently aspirated to remove the culture medium and washed
once with PBS, then fixed with 4% paraformaldehyde for 10
m at room temperature. Cells were incubated with Nile Red
working solution for 10 m at room temperature. After stain-
ing, samples were rinsed once with distilled water.4® Fluo-
rescence was observed immediately under a fluorescence
microscope.

Triglyceride (TG), cholesterol (CHOL), and free fatty
acid (FFA) measurement

Intracellular and intratumoral TG, CHOL, and FFA contents
were assayed using kits purchased from Nanjing Jiancheng
Bioengineering Institute and Applygen Technologies Inc.41-43
According to the manufacturer's recommended protocols.
The values were normalized to cellular protein, and the pro-
tein concentration was determined using the BCA Protein As-
say Kit (Beyotime, P0010).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis

LC-MS/MS analysis was used to detect the potentially inter-
acting proteins of the target protein. To identify the UFL1-
interacting proteins, HA-UFL1 and vector controls were
transfected into Huh-7 cells. Immunoprecipitates of UFL1 in
Huh-7 cells were separated by SDS-PAGE and observed us-
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ing Coomassie Blue staining. The gels were cut into slices
and enzymatically digested according to a pre-stained pro-
tein marker. Next, LC-MS/MS was performed on an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific) according
to the manufacturer’s instructions.** The peptides were then
evaluated using a fragment spectra search against the Uni-
Prot protein database (https://www.uniprot.org/) employing
the Mascot search engine (version 2.3.0, Matrix Science).

In vivo tumor growth and metastasis assays

All procedures using four- to six-week-old male BALB/c nude
mice were approved by the Institutional Animal Care and
Use Committee of Zhongshan Hospital, Fudan University
(2024-034). All mice were purchased from the Charles River
Laboratory (Beijing, China) and housed in a temperature-
controlled, specific-pathogen-free animal laboratory. For
the establishment of subcutaneous xenograft models, 1 x
107 cells were injected into the right inguinal fold regions
of BALB/c nude mice. Subsequently, tumors were resected
and cut into 1 mm3 pieces. Sections of these subcutaneous
tumors were orthotopically implanted into the livers of nude
mice to establish orthotopic xenograft models.*> Finally, the
mice were euthanized four weeks after the experiments.

To establish pulmonary metastasis models, approximately
5 x 106 cells were injected into the tail vein of the mice.
After four weeks, the mice were euthanized, and their lungs
were excised and prepared for H&E staining.4> Microscopic
counting was conducted to accurately determine the average
number of metastatic foci in each group.

In vivo drug studies

One week after implantation, the mice were treated with Len-
vatinib (30 mg/kg/day, intragastric administration) or Fato-
statin (25 mg/kg, three times per week, intraperitoneal injec-
tion),46:47 all purchased from MedChemExpress. After three
weeks, the mice were sacrificed, and the tumors were col-
lected for further study (photography, weighing, measuring).

Statistical analysis

Statistical analyses were conducted using SPSS version 27.0
software. Graphical representations were generated with
GraphPad Prism 9 and R Studio 4.4.0 software. The chi-
square test or Fisher’s exact test was used to compare quali-
tative variables, and Student’s t-test was used to compare
continuous variables. Kaplan—-Meier analysis was applied to
assess survival, and the log-rank test was utilized to compare
patient survival between subgroups. Multivariate analyses
were conducted using a multivariate Cox proportional haz-
ards regression model. The data are presented as means %
standard deviations, and a difference was considered signifi-
cant when the P-value was less than 0.05.

Results

Low expression of UFL1 or DDRGK1 is associated
with poor prognosis in HCC patients

To clarify the role of UFMylation in HCC, we conducted TMA
analysis and found that the expression levels of UFL1 and
DDRGK1 in cancer tissues were lower than those in adja-
cent normal tissues (Fig. 1A and B), and low expression
of UFL1 and DDRGK1 was associated with poor prognosis
(Fig. 1C). In addition, the results of quantitative real-time
PCR and Western blot analyses of HCC tissue and adjacent
normal tissue also revealed that the expression of UFL1 and
DDRGK1 in cancer tissue was lower than that in adjacent
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normal tissue (Fig. 1D and E). We also measured UFMyla-
tion levels in tumor tissues and adjacent non-tumor tissues.
The results demonstrated that UFMylation levels were sig-
nificantly lower in tumor tissues compared to matched ad-
jacent tissues (Fig. 1F). Therefore, UFMylation levels are
reduced in HCC, and this decrease is associated with the
prognosis of HCC patients.

Dysregulation of UFMylation in SREBP1 antagonizes
its proteasome-mediated degradation

Here, we aimed to determine how UFL1 influences the de-
velopment of HCC. Given that UFL1 is an E3 enzyme, we
performed mass spectrometry to identify the proteins modi-
fied by UFL1. Notably, SREBP1, a well-known transcriptional
regulator involved in lipid metabolism, was detected in the
immunoprecipitates by mass spectrometry and received the
highest scores (Fig. 2A-C). We then validated the mass spec-
trometry results in 293T cells, confirming that SREBP1, UFL1,
and DDRGK1 can bind each other (Fig. 2D and Supplementa-
ry Fig. 1A). Our coimmunoprecipitation results in Huh-7 cells
further revealed that SREBP1, UFL1, and DDRGK1 can bind
each other (Fig. 2E and Supplementary Fig. 1B). Addition-
ally, our multiplex immunofluorescence results demonstrated
that SREBP1, UFL1, and DDRGK1 are co-expressed and have
the potential to interact (Fig. 2F). These data suggest that
SREBP1 may serve as a substrate for UFMylation.

To determine whether SREBP1 undergoes UFMylation, we
co-expressed SREBP1 with UFMylation components, includ-
ing UBA5, UFC1, UFL1, DDRGK1, and UFM1, in 293T cells.
Previous studies revealed that the UFM1 precursor is an
85-amino acid protein. In humans, UFM1 specific peptidase
1/ UFM1 specific peptidase 2 cleaves off the two C-terminal
residues (Ser84 and Cys85) to expose Gly83 as the new
C-terminus, forming mature UFM1 (83 amino acids).* Since
Gly83 is essential for UFM1 functionality, we generated three
mutants: AC2 (deletion of residues 84-85), AC3 (deletion
of residues 83-85), and G83A (substitution of Gly83 with
Ala). We found that SREBP1 can be UFMylated by wild-type
UFM1 (UFM1YT) and UFM1 with an exposed carboxy (C)-
terminal glycine 83 residue (UFM1AC2), but that UFMylation
does not occur when UFM1 lacking the C-terminal glycine 83
residue (UFM1246€3) or Gly83 of UFM1 is mutated to Ala (UFM-
1G83A) (Fig. 2G).* Moreover, we confirmed that UFMylation of
SREBP1 can also occur in Huh-7 cells (Supplementary Fig.
1C). In summary, SREBP1 can bind to UFL1 and DDRGK1,
leading to UFMylation.

To determine the effect of UFMylation on SREBP1, we first
investigated the expression of UFL1 and DDRGK1 in HCC cell
lines (Supplementary Fig. 1D). Next, we knocked down UFL1
and DDRGK1 in Huh-7 and HepG2 cells via shRNA. We found
that knockdown of UFL1 or DDRGK1 significantly increased
SREBP1 protein levels but did not affect SREBP1 messenger
RNA levels (Fig. 2H and Supplementary Fig. 1E-G). Then,
we examined the expression levels of SREBP1 in eight paired
cancer tissues and adjacent normal tissues from patients
with HCC (related to Fig. 1E). The results revealed that
SREBP1 was more highly expressed in tumor tissue than in
adjacent normal tissue (Supplementary Fig. 1H). These find-
ings suggest that UFMylation may affect the protein stability
of SREBP1. To further confirm this, we assessed the effect of
UFMylation on SREBP1 stability in cells treated with cyclohex-
imide and found that SREBP1 stability increased following the
knockdown of UFL1 or DDRGK1 (Fig. 2I and Supplementary
Fig. 1I). We subsequently inhibited the ubiquitin-proteasome
pathway and the lysosomal pathway via MG132 and chlo-
roquine, respectively. The results indicated that dysregula-
tion of UFMylation may antagonize the proteasome-mediated
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Fig. 1. UFL1 and DDRGK1 expression in HCC and their relationship with clinical outcomes. (A) Representative immunohistochemical staining for UFL1 and
DDRGK1 in 98 pairs of HCC and adjacent normal tissues from tissue microarrays. Scale bars, 50 pm (left) and 5 pm (right). (B) Quantification of the relative IHC scores
for UFL1 and DDRGK1. Statistical analysis was performed via an unpaired two-sided Student’s t-test. *P < 0.05, ***P < 0.001, ****P < 0.0001. n = 98. (C) Kaplan-
Meier analysis of overall survival rates and recurrence-free survival rates in patients with HCC based on high and low expression levels of UFL1 and DDRGK1 (log-rank
test). The median value was used as a cut-off value. (D) mRNA levels of UFL1 and DDRGK1 in 30 pairs of HCC tissues and adjacent normal tissues. (E) Western blot
analysis of UFL1 and DDRGK1 in eight pairs of HCC tissues and adjacent normal tissues. (F) Western blot analysis of UFMylation levels in eight pairs of HCC tissues and
adjacent normal tissues. T, tumor; P, para-tumor; mRNA, messenger RNA; HCC, hepatocellular carcinoma.
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Fig. 2. The impact of DysUFMylation on SREBP1 degradation. (A) Mass spectrometry analysis of proteins that interact with UFL1. UFL1 was immunoprecipitated
from the lysates of Huh-7 cells expressing HA-UFL1 or vector. The immunoprecipitates were subjected to mass spectrometry analysis. (B) List of the top ten proteins
among the 146 unique proteins that interact with UFL1 according to mass spectrometry analysis. (C) Peptide spectrum of SREBP1 identified by mass spectrometry in
the immunoprecipitates of HA-UFL1. (D) Western blot analysis of the interactions between SREBP1, UFL1, and DDRGK1 in HEK293T cells expressing HA-UFL1, MYC-
DDRGK1, and Flag-SREBP1 via co-immunoprecipitation with an anti-Flag antibody. (E) Western blot analysis of the interactions between UFL1, DDRGK1, and SREBP1
in Huh-7 cells, conducted via co-immunoprecipitation with an SREBP1 antibody. IgG was used as a control. (F) Immunofluorescence image of the colocalization of
UFL1 and DDRGK1 with SREBP1 in Huh-7 cells. Scale bar, 5 ym. (G) UFMylation of SREBP1 was analyzed by Western blotting with an anti-UFM1 antibody in HEK293T
cells expressing components of the UFMylation system. UFM124€2 and UFM1AC3 were chosen as active and defective UFM1 variants, respectively, whereas UFM1G83A
represents a mutation in which Gly83 of HA-UFM1 was changed to Ala. (H) Western blot analysis of SREBP1 expression in Huh-7 cells following UFL1 knockdown. (I)
SREBP1 stability was compared between UFL1-knockdown Huh-7 cells and control cells. The cells were treated with 100 pg/mL cycloheximide (CHX) for the indicated
times. Data are representative of three independent experiments. (J) UFL1 knockdown cells were treated with MG132 (20 puM) or CQ (100 pM) for the indicated times,
followed by Western blot analysis with an anti-SREBP1 antibody. Data are representative of three independent experiments. (K) Ubiquitination of endogenous SREBP1
was analyzed by immunoprecipitation using an SREBP1 antibody, followed by Western blot analysis in Huh-7 cells with UFL1 or DDRGK1 knockdown in the presence of
MG132 (20 pM). Data are representative of three independent experiments. (L, M) Western blot analysis of the binding domains between UFL1 and SREBP1. (N) After
knockdown of UFL1 in Huh-7 cells, the level of TRIM21-bound SREBP1 was measured by Western blot. IP, Immunoprecipitation; E1, UBA5; E2, UFC1; E3, UFL1; CHX,
cycloheximide; CQ, Chloroquine; IB, Immunoblotting; +, with; -, without.
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degradation of SREBP1 (Fig. 2] and Supplementary Fig. 1J).
Indeed, the ubiquitination of SREBP1 was significantly re-
duced following the knockdown of UFL1 or DDRGK1 in Huh-7
cells (Fig. 2K). Here, we further characterized the domains
required for the interaction between UFL1 and SREBP1
and revealed that residues 200-400 of UFL1 and residues
561-1147 of SREBP1 are critical for their interaction (Fig.
2L and M). Moreover, prior studies have reported that Tri-
partite motif-containing protein 21 (TRIM21) promotes the
ubiquitin-mediated degradation of SREBP1.4® Therefore, we
investigated whether UFL1 regulates the ubiquitination of
SREBP1 in a TRIM21-dependent manner. Our results dem-
onstrate that knockdown of UFL1 significantly reduces the
binding of SREBP1 to TRIM21, indicating that UFL1-mediated
UFMylation is essential for TRIM21-dependent ubiquitination
of SREBP1 (Fig. 2N and Supplementary Fig. 1K). Collectively,
these data suggest that dysregulation of UFMylation pro-
motes SREBP1 stability by antagonizing TRIM21-mediated
ubiquitination.

Dysregulation of UFMylation in SREBP1 enhances its
downstream lipid metabolism

SREBP1 is a critical transcription factor involved in lipid
metabolism.*® Therefore, we sought to identify the down-
stream changes associated with SREBP1. First, we observed
that the levels of enzymes downstream of SREBP1, includ-
ing Stearoyl-Coenzyme A Desaturase 1 (SCD1), ATP-citrate
lyase (ACLY), Acetyl-CoA Carboxylase 1 (ACC1), and Fatty
Acid Synthase (FASN), increased following the knockdown
of UFL1 or DDRGK1 (Fig. 3A and B; Supplementary Fig. 2A
and B). We subsequently performed Oil Red O and Nile Red
staining to observe changes in lipid levels within the cells.
We found that the knockdown of UFL1 or DDRGK1 increased
the lipid content in both Huh-7 and HepG2 cells, and this ef-
fect was partially offset by the knockdown of SREBP1 (Fig.
3C and D; Supplementary Fig. 2C). Furthermore, we used
assay kits to measure the intracellular levels of TG, CHOL,
and FFA, all of which were significantly increased, and this
increase was attenuated by SREBP1 knockdown (Fig. 3E and
Supplementary Fig. 2D). To investigate whether this phe-
nomenon occurs within tissue, we conducted immunohisto-
chemistry and Oil Red O staining on HCC tissue samples. The
results indicated that patients with low expression of UFL1
and DDRGK1 had higher levels of SREBP1 and lipids, and
vice versa (Fig. 3F). In addition, we measured the levels of
TG, CHOL, and FFA in 30 HCC tissues, and our Western blot
results revealed that UFL1 and DDRGK1 in HCC tissues were
negatively correlated with SREBP1 and lipid contents (Fig.
3G and Supplementary Fig. 2E). Moreover, our TMA results
further confirmed that UFL1 and DDRGK1 are negatively cor-
related with SREBP1 in HCC (Supplementary Fig. 2F). Taken
together, our findings suggest that following the knockdown
of UFL1 or DDRGK1, SREBP1 becomes more stable, thereby
enhancing downstream lipid metabolism.

The decrease in UFMylation levels to promote HCC
progression is SREBP1-dependent in vitro

According to previous reports, accumulated lipids can pro-
mote tumor growth and metastasis.23:50.51 Therefore, we
aimed to determine whether the knockdown of UFL1 or
DDRGK1 could promote tumor cell progression. Our colony
formation assays demonstrated that the knockdown of UFL1
or DDRGK1 promoted the proliferation of Huh-7 and HepG2
cells. Moreover, this proliferation-promoting effect was coun-
teracted by SREBP1 knockdown (Fig. 4A and Supplementary
Fig. 3A). The results of the EdU assay were similar (Fig. 4B
and Supplementary Fig. 3B). The knockdown efficiency of

SREBP1 was verified by Western blotting (Supplementary
Fig. 3C). To assess cell migration and invasion abilities, we
conducted wound healing and Transwell assays. The results
showed that after UFL1 or DDRGK1 was knocked down, cell
migration and invasion abilities were enhanced, but these ef-
fects were counteracted by SREBP1 knockdown (Fig. 4C and
D; Supplementary Fig. 3D and E). These data suggest that
SREBP1 is critical for HCC cell growth and metastasis in vitro
after UFL1 or DDRGK1 knockdown.

Knockdown of UFL1 or DDRGK1 promotes HCC cell
growth and metastasis through SREBP1-related lipid
metabolism in vivo

To further investigate the impact of UFL1 or DDRGK1 knock-
down on HCC development, we established an orthotopic tu-
mor model in nude mice. Similar to the results of the cell ex-
periments, the knockdown of UFL1 or DDRGK1 significantly
promoted HCC growth, and this effect was at least partially
neutralized by the knockdown of SREBP1 (Fig. 5A and B;
Supplementary Fig. 4A and B). Accordingly, immunohisto-
chemical staining of tumor tissues revealed that, when UFL1
or DDRGK1 was knocked down, the expression of SREBP1
increased (Fig. 5C). Oil Red O staining further corroborated
these findings (Fig. 5C). Further studies revealed that the
levels of TG, CHOL, and FFA in tumors increased after UFL1
or DDRGK1 was knocked down, and this increase was par-
tially blocked by SREBP1 knockdown (Fig. 5D). To determine
the effect of dysUFMylation on HCC metastasis in vivo, we
constructed a lung metastasis model in nude mice. The re-
sults indicated that dysUFMylation promoted lung metastasis
in HCC, and knockdown of SREBP1 partially reversed this
pro-metastatic effect (Fig. 5E).

Taken together, these data suggest that dysUFMylation
promotes the growth and metastasis of HCC in an SREBP1-
dependent manner.

Targeting SREBP1 can enhance the efficacy of len-
vatinib in HCC patients with low UFL1 expression

Research suggests that lenvatinib, as a first-line treatment,
may be noninferior to combination therapy with immune
checkpoint inhibitors.>2 However, many patients develop
drug resistance, and the mechanisms involved are multifac-
eted. Reports indicate that CHOL biosynthesis supports the
expansion of cancer stem cell populations to drive resistance
to tyrosine kinase inhibitor therapy in hepatocellular carcino-
ma, and the combined use of Fatostatin and lenvatinib has a
higher treatment efficacy when SLP2 is highly expressed.>3:54
Therefore, we aimed to investigate whether targeting SREBP1
and inhibiting lipogenesis could increase the efficacy of len-
vatinib in the context of UFL1 knockdown. Fatostatin is an
SREBP1 inhibitor that prevents the translocation of SREBP1
to the nucleus, thereby blocking its activation process and
inhibiting lipogenesis. Dosing begins one week after the es-
tablishment of orthotopic xenografts, with a strategy that
includes fatostatin monotherapy, lenvatinib monotherapy,
and a combination of fatostatin and lenvatinib (Fig. 6A). Our
orthotopic xenograft results indicated that fatostatin mitigat-
ed the protumor effects associated with UFL1 knockdown.
Moreover, when combined with lenvatinib, tumor growth was
effectively controlled (Fig. 6B and Supplementary Fig. 4C).
In addition, fatostatin weakened lung metastasis caused by
UFL1 knockdown, and the combination of fatostatin and len-
vatinib further reduced lung metastasis in this context (Fig.
6C). In summary, dysUFMylation of SREBP1 enhances its
protein stability, thereby promoting downstream fatty acid
synthesis and ultimately driving tumor progression (Fig. 6D).

Journal of Clinical and Translational Hepatology 2025 vol. 13(11) | 949-963 955



Gao X. et al: DysUFMylation promotes the progression

i

As = shNC s 3
g =3 shUFL1-1 8
g =1 shUFL1-2 s ,
H 3
< =3 shUFL1-3 <
z b4
o 3
£ E 1
H 2
k] s
] ]
o« '3
B N v ] \'\ ,} .?
& F &
S &S &S
@ L) ) @ S £ S P
SCD1 | = D GND G SCD1 |e=e G o= e
E Acly | " e — — Acly | "= ———
E ACCY | ™= amn e s—— ACCH [ w=n ame -
FASN| == Sm Gmp & | . (-~ == o= o
B-ACTIN | MNS www i B-ACTIN — — ——
shNC shUFL1-1 shUFL1-2 shUFL1+shBP1

DAPI

Nile red

Merge

shNC

" - ---

Ni'ered- ---

- - ---
" .

shNC
shDDRGK1-1

ShDDRGK1-2
ShDDRGK1+s
hSREBP1

Huh-7

shNC

bl
34 ShUFL1-1
] shUFL1-2
5 shUFL1+s
2> hSREBP1
B2
2
£
£
£
5
5
&

E Huh-7

3 254 z 3 s—

H & R -

g 201 — s 20 —/

H 8

1.54 ® 8

% g s

E 1.0 g 104

2 o5 2 os

5 5

& o0 2 oo

H —— 3 —

E 3.09 o g 259 —

$ 2 —5 3 20

g 204 8

= G 15

15 H

= 2 104

® 104 o

2 os £ osq

i £

@ 00t g oo

Fig. 3. The effects of SREBP1 DysUFMylation on downstream lipid metabolism

Relative intensity of Nile red

°

shDDRGK1-1

shDDRGK1-2 shDDRGK1+shBP1

—_—

shNC
shUFL1-1
shUFL1-2
shUFL1+s
hSREBP1

204 T
1.5
1.0
054
0.0

3.0

Relative Free fatty acid level

shNC
shDDRGK1-1

25

|

hSREBP1
204
15
104
05

Rolative Free fatty acid level

004

shDDRGK1-2
shDDRGK1+s

sco1

C

Huh-7

HepG2

Huh-7

HepG2

HCC

G

level

Cholesterol level

Froe Fatty acid level (umol/gprot)

shUFL1+shBP1

= shNC
== ShDDRGK1-1
1 shDDRGK1-2
=1 ShDDRGK1-3

.
SE
g ém A
o ; i.
H
¥ Ep
gl
Oil Red UFL1 DDRGK1 SREBP1
©
€
K]
®
o
o
]
o
=
5
o
©
B
K]
®
o —
.. .
R r=-0.8164 r=-0.8822
N .o P=00073 F.o P=0.0016
% os. ~ L . o
. e .
00 08 10 1. 20 o1 iy 12 14 1. 1.
L oteie DORGK intensies
3004 n=30 3004 n=30
. R=0.1437 . R=0.2185
2009 . P=0.0388 297 P=0.0092
. b he .
.~ o, o=
100 %o g 100 .
RN A
,. ® . ®
———————— ———————
0.0 0.2 04 0.6 08 10 0.0 0.2 04 0.6 08 10
UFL1/B-actin DDRGK1/p-actin
2004 n=30 2004 n=30
R=0.1565 R=0.3113
150+ . .
. P=0.0305 . P=0.0014
. .
1004 1004
. .
bt e
i e " . .
* R YA ° IR
0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0
UFL1/B-actin DDRGK1/B-actin
800- n=30 800- . n=30
R=0.1777 R=0.1932
600 -
> P=0.0203 . ;" P=0.0151
400 400 ¢ f'.o
L d
. p .
2004 2004 .
————————— ———————
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 08 1.0
UFL1/B-actin DDRGK1/B-actin

of HCC

. (A) The mRNA levels of SCD1, ACC1, FASN, and ACLY were measured after

UFL1 or DDRGK1 was knocked down in Huh-7 cells. (B) The protein levels of SCD1, ACC1, FASN, and ACLY were assessed after UFL1 or DDRGK1 was knocked down in
Huh-7 cells. (C) Oil Red O staining of Huh-7 and HepG2 cells in the indicated groups. Scale bar, 20 um. Data are representative of three independent experiments. (D)
Nile red staining of Huh-7 cells in the indicated groups. Scale bar, 10 um. Data are representative of three independent experiments. (E) The levels of triglyceride (TG),
cholesterol (CHOL), and free fatty acids (FFA) in Huh-7 cells in the indicated groups. n = 3. Data are representative of three independent experiments. (F) Representa-
tive sections from corresponding patients subjected to immunohistochemical staining for UFL1, DDRGK1, and SREBP1, along with Oil Red O staining. Statistical analysis
of the correlation between UFL1 or DDRGK1 and Oil Red. Scale bars, 10 pm (left) and 5 pm (right). (G) Levels of TG, CHOL, and FFA in relation to UFL1 and DDRGK1
expression in 30 HCC patients. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mRNA, messenger RNA; HCC, hepatocellular carcinoma.
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Fig. 4. The effects of UFL1 or DDRGK1 knockdown on the in vitro growth and metastasis of HCC. (A) Colony formation assay of Huh-7 cells following knock-
down of UFL1 or DDRGK1. A rescue assay was conducted by subsequently knocking down SREBP1. Data are representative of three independent experiments. (B) EdU
assay of Huh-7 cells following knockdown of UFL1 or DDRGK1. Scale bar, 20 pm. Data are representative of three independent experiments. (C) Wound-healing assay
of Huh-7 cells following knockdown of UFL1 or DDRGK1. Scale bar, 50 pm. Data are representative of three independent experiments. (D) Transwell migration and
invasion assays of Huh-7 cells following knockdown of UFL1 or DDRGK1. Scale bar, 10 um. Data are representative of three independent experiments. *P < 0.05, **pP
< 0.01, ***P < 0.001, ****p < 0.0001. EDU, 5-Ethynyl-2’-deoxyuridine; HCC, hepatocellular carcinoma.
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Fig. 5. The effects of UFL1 or DDRGK1 knockdown on HCC growth and metastasis in vivo. (A, B) Tumor volume and weight were measured in the indicated
groups. The data were analyzed via unpaired Student’s t-tests (n = 4 for each experimental group). (C) Immunohistochemistry of UFL1, DDRGK1, and SREBP1 in
tumor sections as described in (A, B). Oil Red O staining of the indicated tumors. Statistical analysis of the levels of UFL1, DDRGK1, SREBP1, and Oil Red in the cor-
responding groups. Scale bar, 5 pm. (D) Levels of TG, CHOL, and FFA in the tumors described above. Data are representative of three independent experiments. n = 4.
(E) Microscopy images of lung metastases in mice injected with the indicated cells (n = 4 for each experimental group). The lung sections were stained with H&E. The
number of metastatic nodules in individual mice was determined via microscopy. Scale bars, 50 um (top) and 10 pm (bottom). *P < 0.05, **P < 0.01, ***P < 0.001,

*¥**p < 0.0001. HCC, hepatocellular carcinoma.
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Fig. 6. The effects of the combination of SREBP1 inhibitor with lenvatinib in HCC. (A) Workflow for the construction of the HCC orthotopic mouse model. (B)
Tumor volume and weight in the indicated groups (n = 4 for each experimental group). (C) Microscopy images of lung metastases in mice from different groups. The
lung sections were stained with H&E, and the number of metastatic nodules in individual mice was determined via microscopy (n = 4 for each experimental group). (D)
Schematic diagram of the proposed model of UFMylation in HCC progression. *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001. HCC, hepatocellular carcinoma;
i.g., intragastric administration; i.p., intraperitoneal injection; qd, once a day; tiw, three times a week.
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Additionally, fatostatin can synergize with lenvatinib in HCC
patients with low UFL1 expression.

DysUFMylation promotes AGS, HCT116, and MCF7
cell proliferation, migration, and invasion via
SREBP1

We have demonstrated that dysUFMylation can promote tu-
mor progression through SREBP1 in HCC. Thus, we aimed to
explore whether this phenomenon also occurs in other tu-
mor types. AGS, HCT116, and MCF7 cells were selected for
this investigation. The results indicated that UFL1 knockdown
induces the accumulation of SREBP1 (Fig. 7A). In addition,
phenotypic experiments confirmed that UFL1 knockdown
promotes the proliferation, migration, and invasion abili-
ties of these cells, and this promotion can be attenuated by
SREBP1 knockdown (Fig. 7B and C). To further investigate
whether SREBP1 is subject to UFMylation, similar to what we
observed in HCC, we conducted coimmunoprecipitation and
obtained consistent results (Fig. 7D).

Collectively, these findings suggest that dysUFMylation
promotes cancer progression via SREBP1 in various tumor
types, including but not limited to hepatocellular carcinoma,
gastric adenocarcinoma, colorectal carcinoma, and breast
cancer.

Discussion

The present study establishes a direct mechanistic link be-
tween UFMylation and lipid metabolism in cancer. Although
UFMylation has been implicated in diverse physiological pro-
cesses such as endoplasmic reticulum homeostasis, hemat-
opoiesis, and embryonic development, its contribution to tu-
mor biology has remained insufficiently characterized. Here,
we propose that UFMylation acts as a critical regulator of lipid
metabolism by controlling the stability of SREBP1, a master
transcriptional factor of lipogenesis. This is consistent with
the previously reported role of UFMylation.6 The functional
significance of this regulation is highlighted by the central
role of lipid metabolism in tumor development. Accumulated
evidence suggests that aberrant lipogenesis contributes to
immune evasion and therapeutic resistance.2%:55 This find-
ing integrates two essential aspects of tumorigenesis, post-
translational modification and metabolic reprogramming, into
a unifying model. The mechanism illustrates how ubiquitin-
like modifiers may serve not simply as independent signals
but as regulatory layers that interface with ubiquitination
to fine-tune protein stability. Moreover, the identification of
SREBP1 as a UFMylation substrate expands the catalog of
known targets, which already includes immune checkpoint
molecules such as programmed cell death protein 1 and pro-
grammed cell death 1 ligand 1, as well as tumor suppressors
like tumor protein 53.67:° This suggests that UFMylation may
intersect with diverse oncogenic and immunologic pathways,
with implications extending beyond metabolism. Under-
standing how UFMylation selects its substrates and whether
distinct cofactors direct its specificity are important questions
for future research.

Importantly, single-cell transcriptomic and multi-omic ap-
proaches could refine our understanding of how the SREBP1-
UFMylation axis operates within heterogeneous HCC. scRNA-
seq may identify hepatocyte subpopulations with differential
UFMylation activity and distinct SREBP1-driven metabolic
programs, while spatial transcriptomics could reveal how
these cells interact with immune or stromal compartments.
Integration with single-cell ATAC-seq may further uncover
cell type-specific chromatin changes downstream of UFMyla-
tion. Together, these approaches would validate our model at
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single-cell resolution and highlight therapeutic vulnerabilities
masked in bulk analyses.

Our findings also offer translational implications. Thera-
peutic strategies targeting the UFMylation-SREBP1 axis
may enhance the efficacy of existing therapies and provide
an avenue to overcome drug resistance. In addition, re-
cent evidence suggests that panaxatriol may function as an
agonist of UFL156; therefore, we speculate that pharmaco-
logical activation of UFL1 by panaxatriol could potentially
suppress tumor progression, and its combination with len-
vatinib warrants further exploration as an intriguing thera-
peutic strategy.

Nevertheless, our study has certain limitations. Although
we demonstrated the role of UFMylation in regulating SREBP1
stability, the precise molecular mechanism by which UFMyla-
tion facilitates TRIM21 binding warrants further structural
and biochemical investigation. In addition, while fatostatin
served as a proof-of-concept inhibitor, more specific and clin-
ically applicable SREBP1 inhibitors are needed to validate the
therapeutic potential of targeting this pathway. Furthermore,
our study primarily focused on the UFL1-DDRGK1 complex,
but whether other UFMylation components or substrates con-
tribute to HCC progression remains to be explored. Finally,
clinical validation in larger patient cohorts is required to es-
tablish UFMylation as a prognostic marker and therapeutic
target.

Conclusions

Our study uncovers a novel regulatory mechanism at the in-
tersection of UFMylation and lipid metabolism, provides new
insights into the metabolic vulnerabilities of HCC, and sug-
gests that targeting the UFMylation-SREBP1 axis could be a
promising therapeutic strategy for HCC and potentially other
cancers.
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