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Abstract
Background: Liver cancer is a malignancy with high morbidity and mortality
rates. Serpin family E member 2 (SERPINE2) has been reported to play a key
role in the metastasis of many tumors. In this study, we aimed to investigate the
potential mechanism of SERPINE2 in liver cancer metastasis.
Methods: The Cancer Genome Atlas database (TCGA), including DNA methy-
lation and transcriptome sequencing data, was utilized to identify the crucial
oncogene associated with DNAmethylation and cancer progression in liver can-
cer. Data from the TCGA and RNA sequencing for 94 pairs of liver cancer tissues
were used to explore the correlation between SERPINE2 expression and clin-
ical parameters of patients. DNA methylation sequencing was used to detect
the DNA methylation levels in liver cancer tissues and cells. RNA sequencing,
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cytokine assays, immunoprecipitation (IP) and mass spectrometry (MS) assays,
protein stability assays, and ubiquitination assays were performed to explore the
regulatory mechanism of SERPINE2 in liver cancer metastasis. Patient-derived
xenografts and tumor organoid models were established to determine the role of
SERPINE2 in the treatment of liver cancer using sorafenib.
Results: Based on the public database screening, SERPINE2 was identified as
a tumor promoter regulated by DNA methylation. SERPINE2 expression was
significantly higher in liver cancer tissues and was associated with the dismal
prognosis in patients with liver cancer. SERPINE2 promoted liver cancer metas-
tasis by enhancing cell pseudopodia formation, cell adhesion, cancer-associated
fibroblast activation, extracellular matrix remodeling, and angiogenesis. IP/MS
assays confirmed that SERPINE2 activated epidermal growth factor receptor
(EGFR) and its downstream signaling pathways by interacting with EGFR.
Mechanistically, SERPINE2 inhibited EGFR ubiquitination and maintained its
protein stability by competing with the E3 ubiquitin ligase, c-Cbl. Additionally,
EGFR was activated in liver cancer cells after sorafenib treatment, and SER-
PINE2 knockdown-induced EGFR downregulation significantly enhanced the
therapeutic efficacy of sorafenib against liver cancer. Furthermore, we found that
SERPINE2 knockdown also had a sensitizing effect on lenvatinib treatment.
Conclusions: SERPINE2 promoted liver cancer metastasis by preventing EGFR
degradation via c-Cbl-mediated ubiquitination, suggesting that inhibition of the
SERPINE2-EGFR axis may be a potential target for liver cancer treatment.
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1 BACKGROUND

Liver cancer remains a global health challenge, and its
annual incidence is expected to exceed 1 million cases
worldwide by 2025 [1]. Frequent intrahepatic and extra-
hepatic metastasis is the main reason for the poor thera-
peutic effect and prognosis of patients with liver cancer [2].
DNAmethylation is an important epigenetic modification
mainly mediated by DNA methylases including DNA-
methyltransferase 1 (DNMT1), DNA-methyltransferase 3A
(DNMT3A), and DNA-methyltransferase 3B (DNMT3B),
and it plays important roles in gene regulation, structure
maintenance, and other biological processes [3], including
liver cancer [4].
Serpin family E member 2 (SERPINE2), also known as

PN-1, has anti-serine protease activity against thrombin,
urokinase, and plasminogen [5, 6]. Previous studies have
demonstrated the potential role of SERPINE2 in tumor
metastasis. SERPINE2 has been identified as an impor-
tant marker of advanced tumor metastasis in renal cell
carcinoma using single-cell sequencing [7]. In esophageal

squamous cell carcinoma, SERPINE2 promotes tumor
metastasis by activating bone morphogenetic protein 4
(BMP4) [8]. Additionally, SERPINE2 has been shown
to promote angiogenesis and lymphangiogenesis in oral
squamous cell carcinoma [9]. However, the effect of SER-
PINE2 on liver cancer progression has not yet been
demonstrated.
Epidermal growth factor receptor (EGFR), a member of

the surface receptor tyrosine kinase family, contributes to
tumor angiogenesis and metastasis [10]. More than 50%
of patients with liver cancer demonstrate EGFR overex-
pression [11]. Wild-type EGFR can activate multiple signal
transduction pathways, including the mitogen-activated
protein kinase (MAPK) and janus kinase (JAK)-signal
transducers and activators of transcription (STAT) sig-
naling pathways [12]. As a classical E3 ubiquitin ligase
of EGFR [13], c-Cbl mediates the ubiquitination, inter-
nalization, and lysosomal degradation of EGFR [14]. In
gallbladder cancer, the inhibition of c-Cbl-mediated EGFR
ubiquitination leads to activation of the EGFR signaling
pathway and promotes the migration, invasion, and liver
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metastasis of gallbladder cancer cells [15]. Sorafenib is
widely used as a multikinase inhibitor for the treatment
of patients with advanced liver cancer [16]. Previous stud-
ies have suggested that EGFR is closely related to sorafenib
treatment sensitivity [17–20], but the specificmechanism is
still under investigation.
In this study, we further clarified the important

role of SERPINE2 in liver cancer metastasis and
explored its potential molecular mechanisms, aiming
to provide new therapeutic strategies for liver cancer
treatment.

2 MATERIALS ANDMETHODS

2.1 Patient samples

All specimens were obtained from patients with liver can-
cer who underwent surgery at the First Affiliated Hospital
of Zhejiang University School of Medicine, Hangzhou,
China. All cases included in our study had histology
indicative of liver cancer. Patients with other advanced
diseases, active secondary malignancies, or those who
had previously undergone any form of treatment (includ-
ing radiotherapy, chemotherapy, or targeted therapy) were
excluded from this study. Written informed consent was
obtained from each patient. This study was approved by
the Ethics Committee of the First Affiliated Hospital of
Zhejiang University School of Medicine (Ethics Code:
2021-384).
Six independent cohorts were included in this study.

Cohort 1 consisted of 8 paired liver cancer samples col-
lected between April 2018 and January 2020 and were
used to examine the DNAmethylation level of SERPINE2.
Cohort 2 comprised 94 pairs of liver cancer and adjacent
tissues collected between June 2015 and December 2019,
which were used for RNA sequencing. Cohort 3 included
6 paired liver cancer and adjacent normal tissues collected
between September 2015 and June 2019, which were used
to detect the protein level of SERPINE2. Cohort 4 con-
sisted of 6 liver cancer tissues collected between March
2020 and November 2020, which were used to explore the
relationship between SERPINE2 and liver cancer metas-
tasis. Cohort 5 included 113 paired liver cancer samples
obtained from January 2012 to July 2017 and were used
to examine the expression levels of SERPINE2 and EGFR
in liver cancer. Cohort 6 included 2 liver cancer patients
collected between January 2019 and December 2019 and
were used to examine the effect of SERPINE2 expression
level on sorafenib and lenvatinib sensitivity. The clinical
information for patients is listed in Supplementary Tables
S1-S6.

2.2 Cell culture

Human liver cancer cell lines (Huh-7, SK-Hep-1, Hep 3B,
and Hep G2), murine liver cancer cell line (Hepa 1-6),
and HEK-293T cells were purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China).
The human umbilical vein endothelial cell (HUVEC) was
purchased from the American Type Culture Collection
(Manassas, VA, USA). The human immortalized liver cell
line Hep Li5 was kindly donated by Professor Lanjuan
Li (State Key Laboratory for Diagnosis and Treatment
of Infectious Diseases, Hangzhou, Zhejiang, China) [21].
The cancer-associated fibroblasts (CAFs) were kindly
donated by Zhentao Yang (the First Affiliated Hospital
of Zhejiang University School of Medicine, Hangzhou,
Zhejiang, China) [22]. All cells in this study were cultured
in the recommended medium (Dulbecco’s Modified Eagle
Medium; Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (Gibco, Waltham, MA,
USA) and maintained at 37◦C in a 5% CO2 incubator. A
MycAway Plus-Color Mycoplasma Test Kit (YEASEN,
Shanghai, China) was used to detect mycoplasma
contamination.

2.3 Cell co-culture experiments

Hepa 1-6/CAFs co-culture experiments were performed by
seeding liver cancer cells (5 × 104) in the lower chamber
and CAFs (3 × 104) in the upper chamber of a 24-well
transwell apparatus (Corning, NY, USA). Liver cancer cells
(3 × 105) were seeded in 6-cm culture dishes. After 48 h,
the cell supernatant was collected and centrifuged at 845
× g for 10 min to remove cell debris. The medium was
then filtered through a 0.22 μmmicrowell filter membrane
(BIOFIL, Guangzhou, Guangdong, China). Subsequently,
the filtered medium was mixed 1:1 with fresh medium to
culture the CAFs or HUVECs.

2.4 Transfection and lentivirus
infection

For transfection, the cells were seeded in 6-well plates
at a density of 3 × 105 cells/well. The anti-SERPINE2
small interfering RNAs (siRNAs) were constructed by
Sunya Biological (Hangzhou, Zhejiang, China) and all
plasmids were constructed by REPOBIO (Hangzhou,
Zhejiang, China). Liver cancer cells or HEK-293T cells
were transfected with a JetPRIME transfection agent
(Polyplus, Illkirch, France) according to the manufac-
turer’s instructions. SERPINE2-overexpression and short
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hairpin RNA (shRNA) knockdown lentivirus (Zorin
Biological Company, Shanghai, China) were used to infect
liver cancer cell lines, and 10 μg/mL puromycin (Thermo
Fisher Scientific, Waltham, MA, USA) was used to screen
stable liver cancer cell lines. The specific sequences of
the siRNAs and shRNAs are listed in Supplementary
Table S7.

2.5 Immunoblotting,
immunoprecipitation (IP), and mass
spectrometry

For immunoblotting, radioimmunoprecipitation assay
lysis buffer (RIPA; Thermo Fisher Scientific, Waltham,
MA, USA) with 1% protease inhibitor (Thermo Fisher
Scientific,Waltham,MA,USA)was used to lyse cells for 30
min at 4◦C. The protein concentration was detected using
a BCA Protein Assay Kit (Pierce, Waltham, MA, USA).
The extracted proteins were separated by electrophoresis
at 80 V and transferred onto polyvinylidene fluoride mem-
branes (Millipore, Billerica, MA, USA). After blocking for
1 h with western blocking buffer (Beyotime, Shanghai,
China), the membranes were incubated with primary
antibodies overnight at 4◦C, followed by incubation with
secondary antibodies for 1 h. The primary antibodies
used in these experiments are listed in Supplementary
Table S8. Signals were detected using chemiluminescence
reagents (EZ-ECL chemiluminescence detection kit;
Thermo Fisher Scientific, Waltham, MA, USA), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a control.
An endogenous IP assay was performed according

to the manufacturer’s instructions, using a Dynabeads
Co-Immunoprecipitation Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Exogenous IP assays were per-
formed using magnetic beads (Bimake, Houston, Texas,
USA) precoated with anti-Flag/HA antibodies, according
to the manufacturer’s instructions. The magnetic beads
were eluted with 50 μL of sodium dodecyl sulfate load-
ing buffer after washing, and the eluted protein complexes
were detected by immunoblotting.

2.6 Quantitative real time polymerase
chain reaction (qRT–PCR)

RNA was extracted and purified using an RNA extraction
kit (Shanghai Yishan Biotechnology Co. Ltd., Shanghai,
China), and converted into cDNA using a reverse tran-
scription kit (Vazyme, Nanjing, Jiangsu, China). The
QuantStudio5 real-time PCR System (Thermo Fisher Sci-
entific, Waltham, MA, USA) was utilized for performing

qRT-PCR. △△Ct values were used to analyze relative
gene expression levels, and GAPDH was used as an inter-
nal control. The specific primer sequences are listed in
Supplementary Table S9.

2.7 Colony formation assay

Cells were seeded into 6-well plates (2,500 cells per well)
and cultured for 2 weeks. Subsequently, the colonies
were stained with 0.5% crystal violet (Beyotime, Shanghai,
China), and the number of colonies formed was counted.

2.8 Tumor sphere formation assay

For the tumor sphere assay, 1,000 cells were prepared in a
serum-freemediumwith a single-cell suspension and then
seeded in ultralow attachment 6-well plates (Corning, NY,
USA) for 10 days before observing microscopically (Zeiss,
Oberkochen, Germany) for sphere formation, photograph-
ing, and analysis.

2.9 Cell migration and invasion assays

Filters with or without aMatrigel coating (BD Biosciences,
Franklin Lakes, NJ, USA) were used for invasion or migra-
tion assays, respectively. Initially, 200 μL of serum-free
medium containing 2 × 104 cells was added to the upper
chamber, and Dulbecco’s modified Eagle medium con-
taining 10% fetal bovine serum was added to the bottom
chamber. After 3 (for migration assay) or 5 (for inva-
sion assay) days of incubation, the cells were stained
with 0.5% crystal violet, photographed (Zeiss, Oberkochen,
Germany), and counted.

2.10 Wound-healing assay

Cells were seeded in culture inserts (Ibidi, Martinsried,
Germany) for 24 h, before generating cell-free gaps by
removing the culture inserts. Images were photographed
using amicroscope (Zeiss, Oberkochen, Germany) at 0 and
24 h after removing the culture inserts.

2.11 Adhesion assay

Cell adhesion assays were performed using a Cell Adhe-
sion Kit (BestBio, Shanghai, China). Briefly, 100 μL of
coating solution was added to 96-well plates and incubated
overnight at 4◦C. The coated solution was then removed,
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and the plates were washed 3 times with a washing solu-
tion. The cells were seeded in 96-well plates (1 × 105 cells
per well) and incubated for 30min in an incubator at 37◦C.
After washing 3 times, cell-staining solution B was added
and the cells were incubated at 37◦C for 2 h. The optical
density was measured at 450 nm.

2.12 Trypsin digestion assay

A total of 8 × 105 liver cancer cells were seeded in each
well of 6-well plates. The next day, the cells were treated
with or without 0.25% trypsin- ethylenediaminetetraacetic
acid (EDTA; Gibco, Waltham, MA, USA) for 1-2 min
in a cell incubator at 37◦C. After removing the isolated
cells, the remaining liver cancer cells were fixed with
4% paraformaldehyde (Beyotime, Shanghai, China) and
stained with 0.5% crystal violet.

2.13 HUVEC tube formation assay

Matrigel (Corning, NY, USA) was added to a pre-chilled
96-well plate and incubated at 37◦C for 30 min until a gel
formed. Subsequently, 2× 105 cells/mLHUVECswere sus-
pended in the conditioned medium obtained from liver
cancer cells, before seeding 100 μL of the HUVEC sus-
pension in 96-well plates and incubating at 37◦C for 6-18
h. Finally, tube formation in each well was monitored
using amicroscope (Zeiss,Oberkochen,Germany), and the
number of junctions was analyzed using ImageJ (National
Institutes of Health, Bethesda, MD, USA).

2.14 Dual-luciferase reporter system

A full-length mutated SERPINE2 promoter and other
related plasmids were purchased from REPOBIO
(Hangzhou, Zhejiang, China). HEK-293T cells (1 ×

105 cells/well) were seeded in 24-well plates for 1 day
before transfection. The SERPINE2 promoter plasmid
and pcDNA3.1-DNMT1 plasmid (REPOBIO, Hangzhou,
Zhejiang, China) were co-transfected. Mutant SER-
PINE2 promoter plasmids were co-transfected with
anti-DNMT1 siRNA (Supplementary Table S7), and thymi-
dine kinase promoter-Renilla luciferase reporter plasmid
(pRL-TK; REPOBIO, Hangzhou, Zhejiang, China) was
transfected as a control luciferase plasmid. Forty-eight
hours later, luciferase activity was measured using a
Dual Luciferase Reporter Assay Kit (Promega, Madison,
WI, USA).

2.15 Immunofluorescence

A total of 1 × 104 cells were seeded in confocal cell culture
dishes (NEST, Wuxi, Jiangsu, China) and fixed with 4%
paraformaldehyde (Beyotime, Shanghai, China). Cell cul-
tures were incubated in the blocking buffer (0.5% TritonX-
100 and 4% bovine serum albumin in phosphate-buffered
saline) for 1 h. Next, the cultures were incubated with the
appropriate primary antibodies (Supplementary Table S8)
overnight at 4◦C, followed by incubation with appropriate
secondary antibodies (EarthOx,Millbrae, CA,USA) for 1 h.
Finally, the cultures were washed 3 times before incubat-
ing with 4’,6-diamidino-2-phenylindole (Sigma-Aldrich,
St. Louis, MO, USA) for 5min. Images were captured using
a confocal microscope (Olympus, Tokyo, Japan).

2.16 Pseudopodia staining

For the experiment of pseudopodia formation, 1 × 104 cells
were seeded in confocal cell culture dishes (NEST, Wuxi,
Jiangsu, China) and fixedwith 4% paraformaldehyde (Bey-
otime, Shanghai, China) for 15 min, and then incubated
with phalloidin (Abcam, Cambridge, British) for 1 h,
and then incubated with 4’,6-diamidino-2-phenylindole
(Sigma-Aldrich, St. Louis, MO, USA) for 5 min. Images
were captured using a confocal microscope (Olympus,
Tokyo, Japan).

2.17 Immunohistochemistry and
Masson’s trichrome staining

Paraffin-embedded tissues were sectioned. Antigen
retrieval (citrate buffer; Beyotime, Shanghai, China; heat-
mediated epitope retrieval) was performed after dewaxing
and dehydration of the sections. A blocking solution
(Beyotime, Shanghai, China) was added to the sections for
30 min. Subsequently, the sections were incubated with
different primary antibodies (Supplementary Table S8)
overnight at 4◦C, followed by incubation with secondary
antibodies (ZSGB-BIO, Beijing, China) for 30 min. Next,
the sections were subjected to diaminobenzidine color
rendering and then redyed, dehydrated, and sealed. The
staining intensity score was defined as 0 (no color reac-
tion), 1 (mild reaction), 2 (moderate reaction), or 3 (intense
reaction). The proportion of positive cells was defined as
0 (0%), 1 (1%-25%), 2 (26%-50%), 3 (51%-75%), or 4 (> 75%).
The staining score (low, < 4; high, ≥ 4) was calculated as
the intensity × positive rate. Two independent researchers
evaluated the staining scores. Masson’s trichrome staining
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was performed according to the instructions of Masson’s
trichrome staining kit (Solarbio, Beijing, China).

2.18 Reagents and drugs treatment

A total of 3 × 105 liver cancer cells were seeded in 6-cm
dishes. Following 24 h of culture, decitabine (5 μmol/L;
MedChemExpress, Monmouth Junction, NJ, USA) was
added to each well. After 48 h of treatment, the cells were
collected for immunoblotting and qRT-PCR.
To explore whether SERPINE2 knockdown-induced

EGFR downregulation is mediated by the proteasome or
lysosomal pathway, a total of 3 × 105 liver cancer cells
were seeded in 6-cm dishes and treated with MG132
(10 μmol/L; MedChemExpress, Monmouth Junction, NJ,
USA) or chloroquine (20 μmol/L;MedChemExpress,Mon-
mouth Junction, NJ, USA). The liver cancer cells were
collected for immunoblotting after 24 h of treatment.
Liver cancer cells transfected with control (LV-Ctrl;

ZorinBiological Company, Shanghai, China) or SERPINE2
overexpression lentivirus (LV-SERPINE2; Zorin Biological
Company, Shanghai, China) were seeded in 6-cm dishes (3
× 105 cells per well), and CHX (10 μmol/L; MedChemEx-
press, Monmouth Junction, NJ, USA) was added to each
well. The cells were collected for immunoblotting after 0,
2, 4, 8, 16, and 24 h of treatment. Liver cancer cells trans-
fected with control (sh-Ctrl) or SERPINE2 knockdown
lentivirus (sh-SERPINE2; Supplementary Table S7) were
seeded in 6-cm dishes (3× 105 cells per well), and sorafenib
(5 μmol/L; MedChemExpress, Monmouth Junction, NJ,
USA) or lenvatinib (5 μmol/L; MedChemExpress, Mon-
mouth Junction, NJ, USA) was added to each well. The
cells were collected for experiments after 48 h of treatment.

2.19 Apoptosis analysis

Liver cancer cell apoptosis was analyzed by staining
with fluorescein isothiocyanate (FITC)-labeled annexin V
and propidium iodide according to the manufacturer’s
instructions (Dojindo Molecular Technologies, Rockville,
MD, USA). The apoptosis rate was analyzed using flow
cytometry (Becton, Dickinson and Company, Franklin, NJ,
USA), and apoptotic populations were quantified using
FlowJo-V10 software (BD Biosciences, Franklin Lakes, NJ,
USA).

2.20 Animal experiments

We obtained the mice used in this study from the Shang-
hai Experimental Animal Center of the Chinese Academy
of Sciences (Shanghai, China). Mice were maintained

in a controlled pathogen-free environment with a 12-h
light-dark cycle at 24◦C, 50% humidity. At the end of
the experiment, the mice were sacrificed by carbon diox-
ide anesthesia asphyxia. All animal experiments were
approved by the Animal Care Committee of Zhejiang
University (Ethics Code: 2019-1218).
For the subcutaneous xenograft model, we randomly

divided BALB/c nude mice (male, 5-week-old, 20-25 g)
into 4 groups: sh-Ctrl, sh-SERPINE2, sorafenib, and sh-
SERPINE2 + sorafenib. Huh-7 cells transfected with
sh-Ctrl and sh-SERPINE2 were injected subcutaneously
into nude mice and treatment was initiated 1 week later.
Sorafenib (30 mg/kg/day, 1.2 mg/mL, 5% dimethyl sulfox-
ide [DMSO]) or vehicle (5% DMSO dissolved in saline) was
administered intragastrically for 4weeks. After 4weeks, all
mice were sacrificed, and tumor tissues were collected to
measure the tumor weight.
For the lung colonization model, 2 × 106 tumor cells

were injected into the tail vein for each mouse. After 2
months, all mice were sacrificed, and the lungs were care-
fully excised, fixed in 4% paraformaldehyde, and stained
with hematoxylin and eosin. The number of nodules in the
total lung lobe was counted in hematoxylin-eosin-stained
images.

2.21 DNAmethylation and RNA
sequencing

DNA methylation levels in different samples were ana-
lyzed using methyl-target sequencing (Genesky Biotech-
nology Inc., Shanghai, China) on a MiSeq platform (Illu-
mina, San Diego, CA, USA). The bisulfite sequencing PCR
assay was used to detect the methylation levels in different
cell lines and was performed by Cosmos Wisdom Biotech-
nology Co., Ltd (Hangzhou, Zhejiang, China). Ninety-four
pairs of liver cancer tissues and paired adjacent tissues
were collected for RNA sequencing, which was performed
by Applied Protein Technology Co. (Shanghai, China). SK-
Hep-1 cells (si-Ctrl, si-SERPINE2) were collected for RNA
sequencing, which was performed by Genedenovo Co.
Ltd (Guangzhou, Guangdong, China) using a HiSeq 2500
(Illumina). Differential expression analysis was performed
using DEseq2 (v3.14.0) in the R statistical environment
(v3.5). Gene ontology (GO) analysis was performed using
Genedenovo’s online data processing platform, available at
https://www.omicsmart.com.

2.22 Public database analysis

TCGA (http://www.cbioportal.org) and GEO
(https://www.ncbi.nlm.nih.gov/geo/) databases were

https://www.omicsmart.com
http://www.cbioportal.org
https://www.ncbi.nlm.nih.gov/geo/
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F IGURE 1 SERPINE2 is regulated by DNA methylation and negatively correlated with patient prognosis. (A) Process of SERPINE2
screening based on TCGA database and literature review. TCGA DNAmethylation: (1) The DNA methylation sites are on the promotor
region; (2) |Log2FC| > 0.25; (3) FDR < 0.001; (4) P < 0.05 for OS and P < 0.05 for DFS. TCGA RNA sequencing: (1) RNA sequencing Log2FC
has opposite signs compared to DNA methylation; (2) FDR < 0.05; (3) P < 0.05 for OS or P < 0.05 for DFS. (B-C) The hypomethylation levels
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used to validate the potential roles of SERPINE2 in
liver cancer. EMBOSS (https://www.ebi.ac.uk/Tools/
seqstats/emboss_cpgplot/) database was used to predict
the CpG islands in the SERPINE2 promoter region.
STRING (https://string-db.org/) database was used
to predict interactions between proteins. UbiBrowser
(http://ubibrowser.bio-it.cn/ubibrowser_v3/) database
was used to predict the E3 ubiquitin ligase of EGFR.

2.23 Patient-derived tumor organoid
(PDO) and patient-derived xenograft (PDX)
models

Cells derived from the liver cancer tissues of patients
were extracted, and PDOs were cultured using suspended
hydrogel capsule technology [23]. In brief, hydrogels con-
sisting of 0.5% alginate (Sigma-Aldrich, St. Louis, MO,
USA) and 0.25% gelatin (Sigma-Aldrich, St. Louis, MO,
USA) were chosen and cross-linked using a 75 mmol/L
CaCl2 solution (Solarbio, Beijing, China). Before crosslink-
ing, cells or multicellular clusters were introduced into
the hydrogels. Once the hydrogels were solidified, the
PDOs were successfully established and cultured for 5
days before commencing drug administration. Following
that, an additional 7-day culture period was conducted. A
calcein acetoxymethyl/propidium iodide (Calcein-AM/PI)
double staining kit (Dojindo Molecular Technologies) was
used to stain the live/dead cells. PDX experiments were
approved by the Ethics Committee of the First Affili-
ated Hospital of Zhejiang University School of Medicine.
PDX tumors in cold Dulbecco’s Modified Eagle Medium
(ThermoFisher Scientific,Waltham,MA,USA)were diced
into fragments with volume of 1-2 mm3. Subsequently,

each PDX tumor fragment was subcutaneously implanted
into the dorsal side of NOD-scid IL2Rgnull (NSG) mice.

2.24 Statistical analysis

Experimental data were analyzed using GraphPad Prism
9.0 software (Graph Pad, San Diego, CA, USA). The data
are presented as the means± standard deviation. Compar-
isons between the 2 groups were performed using paired
or unpaired Student’s t-tests. Pearson’s correlation test was
used to determine the correlation between the 2 groups. All
experimental conclusionswere based on at least 3 indepen-
dent experiments, and P< 0.05 was considered statistically
significant.

3 RESULTS

3.1 SERPINE2 expression was regulated
by DNAmethylation

Based on the combined analysis of DNA methylation and
RNA sequencing data of liver cancer patients obtained
from TCGA database, SERPINE2 was identified as an
oncogene related to DNA methylation (Figure 1A).
Analysis of TCGA database showed that SERPINE2
was hypomethylated in liver cancer tissues (Supple-
mentary Figure S1A), and 5 methylation sites were
identified, all of which showed hypomethylation levels
(Figure 1B, Supplementary Figure S1B). The hypomethy-
lation level of SERPINE2 in liver cancer tissues was
further confirmed using data from the GEO database
(Figure 1C, Supplementary Figure S1C), and patients

of probe cg23055236 in TCGA (B) and GSE-83691 (C) databases (mean ± SD, unpaired Student’s t-test). (D) The OS curves showed that the
hypomethylation level of SERPINE2 predicted a poor prognosis for liver cancer patients (TCGA database). (E) DNA methylation sequencing
of 8 pairs of liver cancer and paired adjacent tissues at 5 probe sites of SERPINE2 CpG island (mean ± SD, paired Student’s t-test). (F) The
results of DNA methylation sequencing showed that DNMT1 but not DNMT3A and DNMT3B knockdown decreased the methylation level of
SERPINE2 (mean ± SD, paired Student’s t-test). (G-H) DNMT1 knockdown (G) or stimulation with decitabine (H) promoted SERPINE2
expression as measured by immunoblotting analysis. (I) Relative luciferase activity of the SERPINE2 promoter after DNMT1 overexpression
(mean ± SD, unpaired Student’s t-test). (J) Relative luciferase activity of SERPINE2 and mutant-SERPINE2 promoter after DNMT1
knockdown (mean ± SD, unpaired Student’s t-test). (K) The results of RNA sequencing showed that the expression of SERPINE2 was higher
in liver cancer tissues than in paired adjacent noncancerous tissues (Cohort 2, n = 94, mean ± SD, paired Student’s t-test). (L) The expression
of SERPINE2 in metastatic was higher than in non-metastatic liver cancer tissues (RNA sequencing, mean ± SD, unpaired Student’s t-test).
(M) Immunohistochemical analysis was used to detect the expression of SERPINE2 in liver cancer tissues with (patient 8) or without (patient
7) metastasis. Representative MRI images of patients with liver cancer were shown in the bottom row. White arrow: liver cancer lesions. (N)
The OS curves showed that high SERPINE2 expression predicted a poor prognosis for liver cancer (TCGA database). (O) Association between
SERPINE2 expression and the prognosis of patients with liver cancer with vascular invasion in TCGA database. *P <0.05, **P <0.01, ***P
<0.001, ****P <0.0001. Abbreviations: DFS, disease free survival; DNMT, DNA-methyltransferase; FC, fold change; FDR, false discovery rate;
MRI, magnetic resonance imaging; Mut, mutant; N, normal; NC, normal control; ns, no significance; OS, overall survival; P, patient; RHL,
right hepatic lobectomy; SD, standard deviation; SERPINE2, serpin family E member 2; si-Ctrl, si-Control; T, tumor; TCGA, The Cancer
Genome Atlas; WT, wild type.

https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/
https://www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/
https://string-db.org/
http://ubibrowser.bio-it.cn/ubibrowser_v3/
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F IGURE 2 SERPINE2 knockdown inhibits the migration and invasion of liver cancer in vitro and in vivo. (A) Immunoblotting and
quantitative results of SERPINE2 expression in SERPINE2 knockdown and control liver cancer cells (means ± SD, unpaired Student’s t-test).
(B) SERPINE2 knockdown reduced cell pseudopodia formation in SK-Hep-1 and Huh-7 liver cancer cells. (C-D) Transwell assays confirmed
that SERPINE2 knockdown inhibited the migration and invasion of liver cancer cells (C). Histogram represents the numbers of cell migration
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with SERPINE2 hypomethylation tended to have a poor
prognosis (Figure 1D, Supplementary Figure S1D). The
SERPINE2 promoter was evaluated using EMBOSS and an
unreported CpG (UR_CpG) island was predicted (Supple-
mentary Figure S1E-F). Hypomethylation of SERPINE2
in liver cancer tissues was confirmed by methyl-target
DNA methylation sequencing analysis in 8 liver cancer
tissue samples and paired adjacent normal tissues (Cohort
1, Figure 1E, Supplementary Figure S1G). In addition,
only DNMT1 knockdown significantly inhibited the
methylation level of SERPINE2 (Figure 1F). The expres-
sion level of SERPINE2 was upregulated in liver cancer
cells following DNMT1 knockdown or stimulation with
decitabine (Figure 1G-H, Supplementary Figure S1H-J).
The dual-luciferase reporter system showed that DNMT1
inhibited the promoter activity of SERPINE2 (Figure 1I).
Furthermore, we constructed a mutant SERPINE2 pro-
moter luciferase reporter system and found that DNMT1
knockdown failed to enhance the promoter activity of the
mutant SERPINE2 promoter compared to the wide-type
SERPINE2 promoter (Figure 1J). These results suggested
that SERPINE2 is regulated by DNA methylation.

3.2 High SERPINE2 expression levels in
liver cancer were closely related to the
malignancy grade and prognosis

DNA methylation sequencing was used to determine
the methylation levels of SERPINE2 in different cell
lines and we found that SK-Hep-1 and Huh-7 cell lines
showed hypomethylation (Supplementary Figure S2A)
and high SERPINE2 protein expression levels (Supple-
mentary Figure S2B) compared to Hep Li5 cells. RNA
sequencing of liver cancer tissues and paired adjacent non-
cancerous tissues (Cohort 2, n = 94) was performed to
explore the potential dysregulation of SERPINE2 in liver
cancer. The results showed that liver cancer tissues had
significantly higher transcription levels of SERPINE2 than
paired adjacent normal tissues (Figure 1K), which was in
agreementwith the result of TCGAdatabase analysis (Sup-
plementary Figure S2C). Immunoblotting was performed
to determine the protein levels of SERPINE2 (Cohort 3,
n = 6), which conformed to the increased expression
levels of SERPINE2 in most liver cancer tissues (Supple-

mentary Figure S2D). Furthermore, RNA sequencing and
immunohistochemical analysis (Cohort 4, n = 6) con-
firmed that the expression levels of SERPINE2were higher
in patients with liver cancer metastasis (Figure 1L-M,
Supplementary Figure S2E), and early intrahepatic metas-
tasis was observed in patients with liver cancer and high
SERPINE2 expression levels (Figure 1M, Supplementary
Figure S2E). Moreover, survival analysis using data from
TCGA database showed that patients with liver cancer
with high SERPINE2 expression levels tended to have a
dire prognosis (Figure 1N). Of note, we also found that
SERPINE2 was highly expressed in liver cancer patients
with vascular invasion (Supplementary Figure S2F), and
the high SERPINE2 expression levels predicted a poor
prognosis in liver cancer patients with vascular invasion
(Figure 1O). The expression levels of SERPINE2 were sig-
nificantly related with AFP levels (Supplementary Figure
S2G-H) and tumor pathological stage (Supplementary
Figure S2I). Taken together, our findings suggested that
high SERPINE2 expression plays an important role in pro-
moting the malignant progression of liver cancer and is
strongly associated with poor prognosis.

3.3 SERPINE2 knockdown inhibited the
migratory and invasive abilities of liver
cancer cells

To explore the potential mechanism by which SER-
PINE2 promotes the migration and invasion of liver
cancer cells, we generated SERPINE2-knockdown and
SERPINE2-overexpression liver cancer cell lines using
Huh-7 and SK-Hep-1 cells. The siRNA transfection effi-
ciency was determined using fluorescence microscopy
(Supplementary Figure S3A), and the knockdown
and overexpression efficiencies were confirmed by
immunoblotting (Figure 2A, Supplementary Figure S3B).
Given that pseudopodia formation plays an important role
in cancer cell motility, we sought to determine whether
SERPINE2 is involved in this process. Pseudopodia
staining analysis revealed that compared to the control
group, fewer pseudopodia were observed in the SERPINE2
knockdown group (Figure 2B). Additionally, transwell
and wound healing experiments showed that SERPINE2
knockdown significantly inhibited tumor migration and

and invasion (D; mean ± SD, unpaired Student’s t-test). (E-F) Wound healing assays confirmed that SERPINE2 knockdown inhibited the
motility of liver cancer cells (E). Histogram represents the relative areas of the scratch (F; mean ± SD, unpaired Student’s t-test). (G)
Representative H&E images of the lung colonization foci in the SERPINE2-knockdown group and its control group. (H) Number of metastatic
nodules in the sh-Ctrl group and sh-SERPINE2 group (mean ± SD, unpaired Student’s t-test). (I) Rate of lung metastases between the sh-Ctrl
and sh-SERPINE2 groups. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Abbreviations: SD, standard deviation; SERPINE2, serpin family
E member 2; sh-Ctrl, sh-Control; si-Ctrl, si-Control.
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F IGURE 3 SERPINE2 knockdown inhibits cell adhesion, ECM remodeling, and angiogenesis. (A) RNA sequencing suggested that
SERPINE2 was closely related to cell adhesion, ECM, and angiogenesis. (B-C) Trypsin digestion assays and the Cell Adhesion Kit were
performed to confirm that SERPINE2 knockdown inhibited cell adhesion (mean ± SD, unpaired Student’s t-test). (D-E) The CAFs activity was
inhibited after SERPINE2 knockdown as confirmed by transwell and cell adhesion assays (mean ± SD, unpaired Student’s t-test). (F) TGF-β
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invasion (Figure 2C-F), whereas the opposite tendency
was observed in the SERPINE2-overexpression group
(Supplementary Figure S3C-E). sh-SERPINE2 was con-
structed to explore the function of SERPINE2 in vivo
(Supplementary Figure S3F), and the lung colonization
experiments demonstrated that SERPINE2 knockdown
reduced the size and number of metastatic nodules
(Figure 2G-H), and decreased the rate of metastasis in the
lung (Figure 2I). In conclusion, SERPINE2 knockdown
significantly inhibited the migratory and invasive abilities
of liver cancer cells both in vitro and in vivo, which may
be due to the attenuation of pseudopod formation.

3.4 SERPINE2 knockdown inhibited
liver cancer cell adhesion, extracellular
matrix (ECM) remodeling, and
angiogenesis

RNA sequencing of SK-Hep-1 cells treated with si-
SERPINE2 was used to explore the potential role of SER-
PINE2 in liver cancer metastasis (Supplementary Figure
S4A). In total, 626 differentially expressed genes were
detected (false discovery rate < 0.05, |log2 fold change| >
1.2; Supplementary Figure S4B). GO analysis revealed that
SERPINE2wasmainly associated with cell adhesion, ECM
remodeling, and angiogenesis (Figure 3A, Supplementary
Figure S4C-D). SERPINE2 knockdown significantly accel-
erated cell detachment after trypsin digestion in conven-
tional cell culture (Figure 3B, Supplementary Figure S4E),
implying an important role of SERPINE2 in regulating
cell adhesion. To confirm this hypothesis, we performed
cell adhesion assays, and the results showed that SER-
PINE2 knockdown significantly inhibited cell adhesion
(Figure 3C, Supplementary Figure S4F). Remodeling of the
ECM, mediated by CAFs, enables tumor cells to acquire
stronger motility and invasion abilities [24]. To investigate
the relationship between SERPINE2, ECM, and CAFs, we
used a Hepa 1-6/CAFs co-culture system (Supplementary
Figure S4G) and found that SERPINE2 knockdown inhib-
ited the migration (Figure 3D) and adhesion (Figure 3E)
abilities of CAFs. To further explore how SERPINE2 acti-

vates and recruits CAFs, we examined cytokines that may
cause CAFs activation, such as transforming growth fac-
tor beta (TGF-β), C-C motif chemokine ligand 5 (CCL5),
C-X-C motif chemokine ligand 12 (CXCL12), C-C motif
chemokine ligand 2 (CCL2), tumor necrosis factor alpha
(TNF-α), and interleukin 1 beta (IL-1β), in Hepa 1-6 cell
supernatants and found that TGF-β secretion was signif-
icantly decreased in SERPINE2-knockdown Hepa 1-6 cells
(Figure 3F). Additionally, the CCL5 levels were slightly
reduced (Supplementary Figure S4H), whereas no con-
sistent decrease was observed for the other cytokines
(Supplementary Figure S4I). Moreover, many studies have
reported that tumor cells can promote the activation of
CAFs by secreting TGF-β [25–28]. We hypothesized that
TGF-β plays an important role in the activation of CAFs,
and the rescue experiments with exogenous TGF-β fur-
ther confirmed that SERPINE2 knockdown inhibited the
activation of CAFs, while TGF-β treatment rescued the
above inhibitory effects (Figure 3G, Supplementary Figure
S4J). Therefore, the above results suggested that SER-
PINE2 mediated CAFs activation via TGF-β (Supplemen-
tary Figure S4K).Masson’s trichrome staining showed that
the levels of collagen, the major component of ECM, were
significantly reduced in SERPINE2-knockdown subcuta-
neous tumor tissues, and the levels of α-SMA, the main
marker of CAFs and angiogenesis, were also significantly
decreased (Figure 3H). We also examined the expression
levels of CAF-related markers (S100 calcium binding pro-
tein A2 [S100A2], and actin alpha 2 [ACTA2]) and ECM-
relatedmarkers (integrin subunit alpha 3 [ITGA3], laminin
subunit alpha 3 [LAMA3], and integrin subunit alpha 2
[ITGA2]) in SERPINE2-knockdown subcutaneous tumors
and found that the expression levels of these markers were
significantly reduced (Figure 3I-J). Additionally, the co-
culture of liver cancer cells with HUVECs showed that
SERPINE2 knockdown inhibited angiogenesis (Figure 3K,
Supplementary Figure S4L). Immunohistochemical anal-
ysis further suggested that the expression levels of CD31
were significantly reduced in SERPINE2-knockdown sub-
cutaneous tumors (Figure 3L). Interestingly, we found that
SERPINE2 overexpression significantly promoted angio-
genesis, which was attenuated by sorafenib treatment

secretion level was decreased in SERPINE2 knockdown Hepa 1-6 cells. (G) TGF-β treatment rescued CAFs activity in the
SERPINE2-knockdown group, as determined by the transwell assay. (H) Masson and immunohistochemical staining of α-SMA in xenograft
tumors of SERPINE2-knockdown group and control group. (I-J) mRNA levels of CAF-related genes (I) and ECM-related genes (J) in
SERPINE2 knockdown xenograft tumors (mean ± SD, unpaired Student’s t-test). (K) An angiogenesis assay confirmed that SERPINE2
knockdown inhibited angiogenesis, and the histogram represented the relative number of junctions (mean ± SD, unpaired Student’s t-test).
(L) Immunohistochemical staining of CD31 and SERPINE2 in xenograft tumors of SERPINE2-knockdown group and control group. (M)
Sorafenib inhibited SERPINE2-induced proangiogenesis. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Abbreviations: α-SMA, alpha
smooth muscle actin; CAF, cancer-associated fibroblast; ECM, extracellular matrix; LV, lentivirus; ns, no significance; SD, standard deviation;
SERPINE2, serpin family E member 2; sh-Ctrl, sh-Control; si-Ctrl, si-Control; Sora, sorafenib.
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F IGURE 4 SERPINE2 combines with EGFR to promote liver cancer metastasis. (A-C) EGFR was identified as a potential
SERPINE2-binding protein by IP/MS analysis. Flowchart of IP/MS analysis showed in A. Seven candidate genes that interacted with
SERPINE2 were screened by IP/MS and STRING database analysis (B). Secondary mass spectra of IP/MS analysis showed in C. (D)
Immunofluorescence assay for the colocalization of SERPINE2 and EGFR. (E) Immunoblotting analysis of the endogenous interaction
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(Figure 3M, Supplementary Figure S4M). Taken together,
these results suggested that SERPINE2 promotes tumor
metastasis by increasing cell adhesion, ECM remodeling,
and angiogenesis.

3.5 EGFR was identified as an
interacting protein of SERPINE2

To identify the SERPINE2-associated proteins and explore
the potential molecular mechanisms of SERPINE2 in
liver cancer metastasis, IP/mass spectrometry analysis
(Figure 4A) combined with data from the STRING
database identified 7 potential SERPINE2-interacting pro-
teins, including EGFR (Figure 4B-C). Finally, we focused
on EGFR as the key SERPINE2-associated protein because
it is a powerful oncogene that promotes tumor progression.
The colocalization and binding of SERPINE2 and EGFR in
liver cancer cells were further verified by immunofluores-
cence (Figure 4D) and IP assays (Figure 4E), respectively.
We explored the relationship between SERPINE2 and
EGFR by generating truncation constructs (Figure 4F).
The IP experiment showed that compared to other
SERPINE2 truncations, Flag-SERPINE2-Δ321-398 had a
weaker ability to bind to EGFR (Figure 4G). Further-
more, domainmapping of EGFR indicated that SERPINE2
interacted with the intracellular domain (ICD, 645-1186
aa) of EGFR (Figure 4H). Additionally, compared with
wild-type SERPINE2, the truncated mutant protein, Flag-
SERPINE2-Δ321-398 failed to promote liver cancer metas-
tasis (Figure 4I-J). Taken together, these results suggested
that the interaction between SERPINE2 and EGFR affects
liver cancer metastasis.

3.6 SERPINE2 maintained EGFR
protein stability by protecting EGFR from
lysosomal degradation

We further explored the relationship between SERPINE2
and EGFR and found that SERPINE2 overexpression did
not significantly change EGFR mRNA levels (Figure 5A,
Supplementary Figure S5A) but significantly increased
EGFR protein levels (Figure 5B, Supplementary Figure
S5B), suggesting possible post-transcriptional regulation of

EGFR by SERPINE2. We also examined the downstream
signaling pathway of EGFR, and the results showed that
SERPINE2 overexpression caused activation of the STAT3
and ERK1/2 pathways. Conversely, the STAT3 and ERK1/2
pathways were inhibited after SERPINE2 knockdown in
Huh-7 and SK-Hep-1 cells (Figure 5B, Supplementary
Figure S5B). We next performed immunohistochemical
staining, which revealed a significant positive correlation
between SERPINE2 and EGFR expression levels (Cohort
5, Figure 5C, Supplementary Figure S5C). Immunofluores-
cence analysis further confirmed that the EGFRexpression
levels decreased after SERPINE2 knockdown (Supplemen-
tary Figure S5D). SERPINE2 knockdown inhibited cell
migration and adhesion, which were fully rescued by
EGFRoverexpression (Figure 5D-E, Supplementary Figure
S5E-G). Additionally, we found that, of the truncation
mutants tested, only Flag-SERPINE2-Δ321-398 inhibited
EGFR activation caused by SERPINE2 overexpression
(Figure 5F). Taken together, these results suggested that
the stimulatory effect of SERPINE2 on liver cancer metas-
tasis depends on its interaction with EGFR.
Given the lack of the effect of SERPINE2 overexpres-

sion on EGFR transcription in Huh-7 and SK-Hep-1
cells, we hypothesized that SERPINE2 regulates EGFR
degradation. Next, we determined the protein stability
of EGFR and found that SERPINE2 overexpression
significantly extended the half-life of EGFR in liver
cancer cells (Figure 5G-H, Supplementary Figure S6A).
Additionally, we found that the downregulation of EGFR
induced by SERPINE2 knockdown was inhibited by
the lysosomal inhibitor chloroquine, but not by the
proteasome inhibitor MG132 (Figure 5I, Supplemen-
tary Figure S6B-C). EGFR ubiquitination is essential
for EGFR stability. SERPINE2 overexpression reduced
EGFR ubiquitination in liver cancer cells (Figure 5J,
Supplementary Figure S6D), which was further confirmed
in HEK-293T cells (Figure 5K). Conversely, SERPINE2
knockdown promoted EGFR ubiquitination in SK-Hep-1
and Huh-7 cells (Figure 5L, Supplementary Figure S6E).
Furthermore, the ubiquitin assay provided compelling
evidence that SERPINE2 could remove K63-linked ubiq-
uitin chains from EGFR in HEK-293T cells (Figure 5M).
In conclusion, SERPINE2 maintains EGFR protein sta-
bility by inhibiting EGFR ubiquitination and lysosomal
degradation.

between SERPINE2 and EGFR after IP in SK-Hep-1 and Huh-7 cells. (F) SERPINE2 and EGFR truncations were constructed according to
UniProt. (G) The interaction between different SERPINE2 truncations and EGFR in HEK-293T cells was evaluated by IP assays. (H) The
interaction between different truncations of EGFR and SERPINE2 in HEK-293T cells was evaluated by IP assays. (I-J) Transwell assays
confirmed that Flag-SERPINE2-Δ321-398 could not promote the migration (I) and invasion (J) of liver cancer cells. **P <0.01, ***P <0.001.
Abbreviations: ECD, extracellular domain; EGFR, epidermal growth factor receptor; ICD, intracellular domain; IP, immunoprecipitation; MS,
mass spectrum; ns, no significance; SERPINE2, serpin family E member 2; WT, wild type.
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F IGURE 5 SERPINE2 maintains EGFR stability and activates EGFR downstream pathways by inhibiting lysosomes. (A) The mRNA
level of EGFR after SERPINE2 overexpression was detected by qRT-PCR. (B) The protein levels of EGFR and its downstream signaling
pathways were determined by immunoblotting after SERPINE2 overexpression (left) or knockdown (right). (C) Immunohistochemical
analysis was used to explore the relationship between SERPINE2 and EGFR (Pearson’s correlation test). (D-E) Ectopic expression of EGFR
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3.7 SERPINE2 interacted with EGFR to
inhibit c-Cbl-mediated EGFR
ubiquitination and degradation

E3 ubiquitin ligases are the enzymes responsible for trans-
ferring ubiquitin molecules to specific target proteins.
The UbiBrowser database was used to explore the related
upstream E3 ubiquitin ligase of EGFR, and 12 previously
reported E3 ubiquitin ligases, including c-Cbl, were identi-
fied (Figure 6A). The STRING database further confirmed
that c-Cbl was the only E3 ubiquitin ligase among the
top 10 EGFR-binding genes (Supplementary Figure S7A).
Therefore, we investigated the role of c-Cbl in regulating
EGFR expression in liver cancer cells. c-Cbl overexpres-
sion decreased EGFR protein levels in liver cancer cells
(Supplementary Figure S7B). The binding of EGFR and c-
Cbl in HEK293T cells (Figure 6B) and liver cancer cells
(Supplementary Figure S7C) were further verified using
IP assays. Immunofluorescence analysis suggested that c-
Cbl colocalized with EGFR, mainly in the intracellular
region (Supplementary Figure S7D). c-Cbl overexpression
increased EGFR ubiquitination in liver cancer cells (Sup-
plementary Figure S7E). EGFR overexpression induced
the activation of cell motility and adhesion, whereas c-
Cbl overexpression inhibited these effects (Supplementary
Figure S7F-G). We confirmed that the c-Cbl interacted
with the ICD of EGFR in HEK293T cells (Figure 6C).
We further found that c-Cbl mainly interacted with the
carboxyl terminal (CT) of the ICD (Figure 6D-E). More-
over, previous studies have reported that c-Cbl is directly
recruited to Tyr1045 of ICD for EGFR ubiquitination [14,
29]. We constructed an EGFRmutant plasmid (EGFR-HA-
Y1045F) and found that the binding ability of c-Cbl to the
EGFR mutant plasmid was decreased (Figure 6F). The c-
Cbl-mediated ubiquitination of EGFR was also impaired
when Tyr1045 of ICD was mutated (Figure 6G).
To further clarify the role of SERPINE2 in c-Cbl-

mediated EGFR regulation, we overexpressed SERPINE2
and found that it promoted EGFR expression, but did
not affect c-Cbl (Supplementary Figure S7H). An IP-Flag

assay showed that the CT, juxta membrane (JM), and
tyrosine kinase (TK) domains of ICD interacted with
SERPINE2, with the CT domain exhibiting the strongest
binding affinity (Figure 6H). The Y1045F mutation in ICD
inhibited the interaction between SERPINE2 and EGFR
(Figure 6I). SERPINE2 overexpression significantly inhib-
ited the interaction between EGFR and c-Cbl in liver
cancer cells (Figure 6J, Supplementary Figure S7I). In addi-
tion, the binding between c-Cbl and EGFR was gradually
suppressed by SERPINE2 in HEK293T cells (Figure 6K).
Moreover, overexpression of SERPINE2 significantly res-
cued c-Cbl-mediated EGFR ubiquitination (Figure 6L,
Supplementary Figure S7J). Overall, these results sug-
gested that SERPINE2 is essential for the inhibition of
c-Cbl-mediated EGFR ubiquitination and degradation.

3.8 SERPINE2 knockdown sensitized
liver cancer to sorafenib in vitro and in vivo

Sorafenib is a first-line treatment for advanced liver cancer
and previous studies have shown that EGFR-targeted ther-
apy enhances the efficacy of sorafenib in liver cancer cells
[17, 30, 31]. The sensitivity of liver cancer cells to sorafenib
can be reduced by activating the ras proto-oncogene
(RAS)/ raf proto-oncogene (Raf)/mitogen-activated pro-
tein kinase kinase (MEK)/extracellular signal-regulated
kinase (ERK) signaling pathway, which is a downstream
signaling pathway of EGFR [32]. Thus, we speculated
that SERPINE2-knockdown-induced EGFR downregula-
tion contributes to the sensitivity of liver cancer cells to
sorafenib treatment. We found that EGFR was activated
after sorafenib treatment of Huh-7 and SK-Hep-1 cells
(Figure 7A, Supplementary Figure S8A), and knockdown
of SERPINE2 in liver cancer cells resulted in a consistently
lower half-maximal inhibitory concentration (IC50) after
sorafenib treatment than in the control group (Figure 7B;
Supplementary Figure S8B). Transwell, tumor sphere, and
colony-formation assays demonstrated that the combina-
tion of SERPINE2 knockdown and sorafenib treatment

reversed SERPINE2 knockdown-induced inhibition of metastasis in SK-Hep-1 cells, as detected using cell migration (D) and adhesion assays
(E; mean ± SD, unpaired Student’s t-test). (F) EGFR protein levels were measured by immunoblotting in SK-Hep-1 cells transfected with
different SERPINE2 truncations. (G) SERPINE2 overexpression extended the half-life of EGFR. SK-Hep-1 cells were transfected with the
indicated lentivirus and treated with CHX (10 μg/mL) for the indicated times. (H) Quantification of CHX assay in G. (I) Immunoblotting
detected the expression of EGFR in SERPINE2 knockdown liver cancer cells with or without chloroquine treatment (20 μmol/L). (J-L)
SERPINE2 affected EGFR ubiquitination in SK-Hep-1 (J and L) and HEK-293T cells (K) as measured by ubiquitin analysis. (M) HEK-293T
cells were co-transfected with UB-Myc (UB-WT-Myc, UB-K63-Myc, or UB-K48-Myc) and EGFR-HA with or without SERPINE2-Flag.
Immunoblotting was used to detect the EGFR ubiquitination level. **P <0.01, ***P <0.001, ****P <0.0001. Abbreviations: CHX,
cycloheximide; CQ, chloroquine; EGFR, epidermal growth factor receptor; IP, immunoprecipitation; LV, lentivirus; M, marker; ns, no
significance; qRT-PCR, quantitative real time polymerase chain reaction; SERPINE2, serpin family E member 2; sh-Ctrl, sh-Control; si-Ctrl,
si-Control; UB, ubiquitin.
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F IGURE 6 SERPINE2 interacts with EGFR to inhibit c-Cbl-mediated EGFR ubiquitination and degradation. (A) The UbiBrowser
database was used to analyze the upstream E3 ubiquitin ligase of EGFR. (B) Immunoblotting analysis of the exogenous interaction between
c-Cbl and EGFR in HEK-293T cells. (C) The interaction between different truncations of EGFR and c-Cbl in HEK-293T cells was evaluated by
IP assay. (D) The EGFR ICD truncations were constructed according to UniProt. (E) The interaction between different truncations of EGFR
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was significantly more effective than sorafenib treatment
alone (Figure 7C-E, Supplementary Figure S8C-D). Fur-
thermore, the results of flow cytometry analysis suggested
that when SERPINE2 knockdown was combined with
sorafenib treatment, apoptosis of liver cancer cells was
significantly increased (Supplementary Figure S8E). The
liver cancer xenograft model further supported our in
vitro results, showing that the volume and weight of
tumors in the SERPINE2-knockdown + sorafenib and
sorafenib groups were lower than those in the SERPINE2-
knockdown and control groups. Moreover, SERPINE2
knockdown combined with sorafenib treatment inhibited
tumor growth more significantly than sorafenib alone
(Figure 7F-G), and the immunohistochemical analysis
results further suggested that the expression levels of Ki-67
were significantly reduced in the SERPINE2-knockdown
+ sorafenib group (Figure 7H). Additionally, 2 patient-
derived liver cancer tissues were collected (Figure 7I) and
divided into high- and low-SERPINE2 expression groups
(Figure 7J). The results of the immunohistochemical anal-
ysis showed that the levels of SERPINE2 in PDXs were
partially upregulated after sorafenib treatment (Supple-
mentary Figure S8F), suggesting that SERPINE2 plays
an important role in the response of liver cancer cells
to sorafenib. PDXs and PDOs from patients (Cohort 6)
with low SERPINE2 expression levels were more sensitive
to sorafenib (Figure 7K-L). Therefore, SERPINE2 knock-
down contributed to the sensitization of patients with
liver cancer to sorafenib treatment. To verify the effect
of SERPINE2 on sorafenib treatment through regulating
EGFR, we first constructed siRNA-3 to target the 3’-
untranslational region (UTR) in human SERPINE2mRNA
(Supplementary Figure S8G). We exogenously overex-
pressed SERPINE2 in SERPINE2-knockdown cells and
found that SERPINE2 knockdown increased sorafenib sen-
sitivity, and this was rescued by Flag-SERPINE2 but not
Flag-SERPINE2-Δ321-398 (Supplementary Figure S8H-J).
The tyrosine kinase inhibitor lenvatinib is another first-
line therapeutic agent for patients with advanced liver
cancer. However, feedback activation of the EGFR-protein
activated kinase 2 (PAK2)-ERK5 signaling pathway after
lenvatinib treatment reduces the sensitivity of liver cancer
cells to lenvatinib [33]. To determine the potential role of

SERPINE2 in liver cancer treatment, we further attempted
to explore whether SERPINE2 could regulate the effi-
cacy of lenvatinib and found that SERPINE2 knockdown
in SK-Hep-1 and Huh-7 cells resulted in a reduced IC50
value after lenvatinib treatment, as comparedwith the con-
trol cells (Supplementary Figure S9A). Furthermore, the
results of transwell and colony-formation assays demon-
strated that SERPINE2 knockdown significantly enhanced
the inhibitory effect of lenvatinib on tumor metastasis and
growth (Supplementary Figure S9B-C). Moreover, patients
with low levels of SERPINE2 expression showed a higher
sensitivity to lenvatinib in the PDO model (Supplemen-
tary Figure S9D). Based on these results, we propose the
hypothetical model shown in Figure 8.

4 DISCUSSION

In the current study, we conducted an in-depth explo-
ration of the effect of SERPINE2 on liver cancer metastasis
through in vitro and in vivo experiments and clinical
specimen analyses. As a result, we identified an impor-
tant tumor metastasis-promoting gene regulated by DNA
methylation in liver cancer and revealed that SERPINE2
regulated EGFR ubiquitination, maintained EGFR stabil-
ity, and promoted liver cancer metastasis by competing
with c-Cbl. Collectively, our results suggest that targeting
the SERPINE2-EGFR axis may provide a basis for novel
therapeutic strategies against liver cancer metastasis.
Based on the combined analysis of TCGA and GEO

databases, SERPINE2 was found to be closely related to
DNA methylation. However, the role of SERPINE2 in
the metastasis of liver cancer remains unclear. Our study
demonstrated that SERPINE2 expression levels were sig-
nificantly higher in liver cancer tissues compared with
normal tissues and its levels were negatively correlated
with the prognosis of patients with liver cancer. SERPINE2
significantly promoted liver cancermetastasis both in vitro
and in vivo.
As a form of DNA modification, DNA methylation can

alter genetic performance and regulate gene expression
without changing the DNA sequence [34]. Disruption of
DNA methylation is associated with multiple common

ICD and c-Cbl in HEK-293T cells was evaluated by IP assays. (F) c-Cbl bound to the Tyr1045 of EGFR ICD by IP assay. (G) The c-Cbl-mediated
ubiquitination of EGFR was impaired when Tyr1045 of the ICD was mutated by ubiquitin assays. (H) The interaction between different
truncations of EGFR ICD and SERPINE2 in HEK-293T cells was evaluated by IP assays. (I) EGFR-HA-Y1045F impaired the interaction
between SERPINE2 and EGFR. (J-K) The ectopic expression of SERPINE2 affected endogenous (J) and exogenous (K) interactions between
c-Cbl and EGFR. (L) Ectopic expression of SERPINE2 inhibited c-Cbl-induced EGFR ubiquitination in Huh-7 cells as measured by ubiquitin
analysis. Abbreviations: c-Cbl, c-casitas B-lineage lymphoma; CT, carboxyl terminal; EGFR, epidermal growth factor receptor; ICD,
intracellular domain; IP, immunoprecipitation; JM, juxtamembrane domain; SERPINE2, serpin family E member 2; TK, tyrosine kinase
domain; UB, ubiquitin.
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F IGURE 7 SERPINE2 knockdown increases the sensitivity of liver cancer cells to sorafenib treatment. (A) The results of
immunoblotting showed that EGFR was activated after sorafenib (Sora) treatment. (B) IC50 of sorafenib in the SERPINE2-knockdown group
and its control group. (C) Cell migration assays confirmed that SERPINE2 knockdown enhanced the inhibitory effect of sorafenib (Sora) on
tumor cell motility (mean ± SD, unpaired Student’s t-test). (D-E) SERPINE2 knockdown enhanced the inhibitory effect of sorafenib (Sora) on
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human diseases, including cancer [35]. In general, tumors
are characterized by dysregulated DNA methylation,
which mainly targets the CpG islands [36]. Our previous
study explored the relationship between CpG island
methylation and the expression of the tumor suppressor
ASGR1, mediated by DNA methylase [37]. In this study,
we identified an UR_CpG island in the promoter region
of SERPINE2 and found that the UR_CpG island was

significantly hypomethylated in liver cancer tissues,
similar to the findings from TCGA database. Additionally,
using methyl-target sequencing, we confirmed that the
expression of SERPINE2 was regulated by DNA methy-
lation, and DNMT1 was further confirmed as the most
critical methylase mediating this process.
The ECM is an interstitial element in biological tissues

or organs and it plays a crucial role in all biological

tumor cell growth, as confirmed by tumor sphere (D) and colony formation assays (E; mean ± SD, unpaired Student’s t-test). (F) Photographs
of subcutaneous tumors in the SERPINE2-knockdown group, sorafenib group, SERPINE2-knockdown + sorafenib group, and control group.
(G) The weight of subcutaneous tumors in the SERPINE2-knockdown group, sorafenib group, SERPINE2-knockdown + sorafenib group, and
control group (mean ± SD, unpaired Student’s t-test). (H) Immunohistochemical staining of Ki-67 in the SERPINE2-knockdown group,
sorafenib group, SERPINE2-knockdown + sorafenib group, and control group. (I) Patient-derived tumor culture flowchart. (J)
Immunohistochemical staining of SERPINE2 in patient-low and patient-high groups. (K-L) PDXs (K) and PDOs (L) from patients with low
SERPINE2 expression levels were more sensitive to sorafenib (Sora) than patients with high SERPINE2 expression levels. *P <0.05, **P <0.01,
***P <0.001, ****P <0.0001. Abbreviations: EGFR, epidermal growth factor receptor; IC50, lower half-maximal inhibitory concentration; PDO,
patient-derived organoid; PDX, patient-derived xenograft; SD, standard deviation; SERPINE2, serpin family E member 2; sh-Ctrl, sh-Control;
Sora, sorafenib.

F IGURE 8 Graphical schematic shows the role of SERPINE2 in liver cancer metastasis. SERPINE2 competes with c-Cbl for binding
EGFR and stabilizes EGFR protein in liver cancer cells, which promotes the activation of STAT3 and ERK1/2 signaling pathways, leading to
liver cancer cell migration and invasion, ECM remodeling and angiogenesis, and ultimately promotes liver cancer metastasis (upper panel).
SERPINE2 expression is regulated by DNA methylation (lower left panel), and SERPINE2 knockdown can increase the sensitivity of liver
cancer cells to sorafenib/lenvatinib (lower right panel). Abbreviations: c-Cbl, c-casitas B-lineage lymphoma; ECM, extracellular matrix;
EGFR, epidermal growth factor receptor; ERK, extracellular regulated MAP kinase; ICD, intracellular domain; P, phosphorylation;
SERPINE2, serpin family E member 2; STAT3, signal transducer and activator of transcription 3; Ub, ubiquitin.
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processes by providing structural and growth factor
support, anchoring cell adhesion, and inducing intra-
cellular signaling pathways [38, 39]. CAFs are the most
important component of the tumor microenvironment.
Activated CAFs can promote tumor development and
ECM remodeling through multiple pathways [40, 41]. It
has been reported that overexpression of SERPINE2 in
pancreatic tumors significantly promotes tumor invasion
and the production of ECM in tumor tissues [42]. Our
results confirmed that ECM- and CAF-related genes
were significantly downregulated following SERPINE2
knockdown. Moreover, using a cell co-culture system, we
found that the migration and adhesion abilities of CAFs
were significantly inhibited after SERPINE2 knockdown,
and the cytokine assays further confirmed that SERPINE2
promoted CAFs activation through TGF-β secretion, sug-
gesting that SERPINE2 is closely related to ECM and CAFs
regulation.
EGFR is an important oncogene in various tumors, such

as breast and non-small cell lung cancers [43]. In a pre-
vious study, 50 of 76 (66%) liver cancer tissue samples
showed moderate-to-high EGFR expression levels [44].
Activation of EGFR and its downstream signaling pathway
are closely related to liver cancer metastasis [45]. Rescue
assays have confirmed that SERPINE2 mediated tumor
metastasis by promoting EGFR expression in liver cancer.
Furthermore, mass spectrometry and IP analysis revealed
an interaction between SERPINE2 and EGFR and con-
firmed that SERPINE2 interacts with the ICD of EGFR.
Ubiquitin and its related ubiquitin ligases play important
roles in the precise regulation of key genes in all important
biological processes, and dysregulation of ubiquitination
may lead to tumorigenesis [46]. Ubiquitination of EGFR
is a post-translational modification that regulates EGFR
levels and activity. Dysregulation of EGFR ubiquitination
has been implicated in the development and progression
of various cancers, including liver cancer [47]. Ubiquitin
analysis revealed that SERPINE2 significantly inhibited
EGFR ubiquitination, thereby maintaining EGFR protein
stability. EGFR ubiquitination plays an important role in
the pathogenesis of liver cancer, and targeting this path-
way may have therapeutic implications for the treatment
of liver cancer.
c-Cbl, a member of the RING family, is normally

expressed in cells. Previous studies have confirmed that
c-Cbl is involved in signal transduction and has E3 ubiq-
uitin ligase activity [48]. As a classical E3 ubiquitin ligase
of EGFR, c-Cbl participates in EGFR internalization and
degradation [49]. Previous studies have shown that c-Cbl
can be directly recruited to Tyr1045 of the ICD to promote
ubiquitination [14, 29], and IP assays confirmed that the
binding ability of c-Cbl to EGFR was weakened when the
Tyr1045 site of the ICD was mutated, which also attenu-

ated c-Cbl-mediated ubiquitination and the degradation of
EGFR. However, the potential relationship between c-Cbl
and SERPINE2 is still not fully understood, and further
studies are required to determine the precise interactions
between c-Cbl and SERPINE2 in liver cancer. Of note,
the results of the IP assay showed that consistent with
the findings for c-Cbl, SERPINE2 also binds to Tyr1045
of the ICD. Furthermore, we found that SERPINE2
overexpression significantly inhibited the interaction
between c-Cbl and EGFR in a dose-dependent manner.
These results suggest that SERPINE2 interacts with EGFR
to attenuate c-Cbl-mediated EGFR ubiquitination and
degradation.
Sorafenib is considered as a standard first-line agent

for advanced liver cancer [50]; however, the insensitiv-
ity of some patients to sorafenib limits its efficacy [11].
Therefore, increasing the sensitivity to sorafenib is cru-
cial for the treatment of liver cancer. The EGFR inhibitor
erlotinib, alone or in combination with sorafenib, has
shown some benefits in patients with liver cancer [51, 52].
Inhibitors of the EGFR and sorafenib enable a coordinated
regulation of the RAF-MEK-ERK kinase cascade in liver
cancer cells and increase sensitivity to sorafenib treatment
[53]. Additionally, sorafenib alone inhibited phosphory-
lation of STAT3, while maintaining or even increasing
phospho-ERK and/or phospho-AKT levels. However, the
effects of sorafenib were prevented by gefitinib [54]. More-
over, hypoxia-inducible factor-2α (HIF-2α) is considered
to be the preferred target for individualized liver cancer
therapy and sorafenib resistance. HIF-2α activation subse-
quently leads to enhanced activation of VEGF, cyclin D1,
and TGF-α/EGFR pathways, which mediate liver cancer
development and reduce sorafenib sensitivity [55]. EGFR
inhibitors block the TGF-α/EGFR pathway and reduce the
activation of STAT3, AKT, and ERK, which synergistically
inhibit the proliferation and induce the apoptosis of liver
cancer cells treated with sorafenib [31]. Thus, we inves-
tigated whether EGFR downregulation caused by SER-
PINE2 knockdown plays an important role in increasing
sorafenib sensitivity. Interestingly, SERPINE2 knockdown
significantly reduced the IC50 value of sorafenib in liver
cancer cells. Furthermore, we demonstrated that SER-
PINE2 knockdown enhanced the pro-apoptotic effects of
sorafenib in liver cancer cells. Therefore, we hypothe-
sized that SERPINE2 knockdown increased the sensitivity
of liver cancer cells to sorafenib by inhibiting the EGFR
signaling pathway. Furthermore, lenvatinib is another
first-line therapeutic agent for patients with advanced liver
cancer, and it was reported that the level of phospho-EGFR
was significantly upregulated in liver cancer cells after
lenvatinib treatment [33]. Consistent with our hypothesis,
we found that SERPINE2 knockdown can also increase
lenvatinib sensitivity.
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However, our study also has some limitations, such
as the absence of clinical or preclinical targeting agents
against SERPINE2. In recent years, there are been thera-
peutic strategies for targeted tumor therapy with siRNA
encapsulated by nanocarriers [56, 57], which is worthy
of further exploration. In addition, we found that the
expression of SERPINE2 was upregulated after sorafenib
treatment in our study. Further exploration of the mecha-
nism of SERPINE2 upregulation after sorafenib treatment
in the next study may provide further insights into the role
of SERPINE2 in sorafenib resistance.

5 CONCLUSIONS

We identified SERPINE2 as a novel metastasis-promoting
gene regulated by DNA methylation in liver cancer. SER-
PINE2 promoted the metastasis of liver cancer cells by
inhibiting EGFR ubiquitination and maintaining EGFR
protein stability. We also demonstrated the interaction
between SERPINE2 and EGFR. We further explored the
potential mechanism by which SERPINE2 competed with
c-Cbl to bind to EGFR. Moreover, SERPINE2 knockdown
significantly increased the sensitivity of liver cancer cells to
sorafenib and lenvatinib. Therefore, the SERPINE2-EGFR
axis may be a promising therapeutic target for liver cancer
treatment.
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