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Abstract

Background: Tumor metastasis is a major factor for poor prognosis of hepa-
tocellular carcinoma (HCC), but the relationship between ubiquitination and
metastasis need to be studied more systematically. We analyzed the ubiquitinome
of HCC in this study to have a more comprehensive insight into human HCC
metastasis.

Methods: The protein ubiquitination levels in 15 HCC specimens with vascular
invasion and 15 without vascular invasion were detected by ubiquitinome. Pro-
teins with significantly different ubiquitination levels between HCCs with and
without vascular invasion were used to predict E3 ubiquitin ligases associated
with tumor metastasis. The topological network of protein substrates and corre-
sponding E3 ubiquitin ligases was constructed to identify the key E3 ubiquitin lig-
ase. Besides, the growth, migration and invasion ability of LM3 and HUH?7 hep-
atoma cell lines with and without SYVN1 expression interference were measured
by cell proliferation assay, subcutaneous tumor assay, umphal vein endothelium
tube formation assay, transwell migration and invasion assays. Finally, the
interacting proteins of SYVN1 were screened and verified by protein interaction
omics, immunofluorescence, and immunoprecipitation. Ubiquitin levels of
related protein substrates in LM3 and HUH?7 cells were compared in negative
control, SYVN1 knockdown, and SYVNI overexpression groups.

Results: In this study, our whole-cell proteomic dataset and ubiquitinomic
dataset contained approximately 5600 proteins and 12,000 ubiquitinated sites.
We discovered increased ubiquitinated sites with shorter ubiquitin chains dur-
ing the progression of HCC metastasis. In addition, proteomic and ubiquitinomic
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analyses revealed that high expression of E3 ubiquitin-protein ligase SYVN1 is
related with tumor metastasis. Furthermore, we found that SYVNI interacted
with heat shock protein 90 (HSP90) and impacted the ubiquitination of eukary-
otic elongation factor 2 kinase (EEF2K).

Conclusions: The ubiquitination profiles of HCC with and without vascu-
lar invasion were significantly different. SYVN1 was the most important E3
ubiquitin-protein ligase responsible for this phenomenon, and it was related with
tumor metastasis and growth. Therefore, SYVN1 might be a potential therapeutic

target for HCC.

KEYWORDS

1 | BACKGROUND

Hepatocellular carcinoma (HCC) is the dominant subtype
of liver cancer and a common malignant tumor worldwide.
The incidence of liver cancer has rapidly increased by 2%-
3% annually from 2007 to 2016 [1]. The 5-year relative sur-
vival rate of liver cancer (18%) is one of the lowest among
all cancers [1]. Vascular invasion, including macro- and
micro-invasion, was found to be an aggressive biological
behavior and a prerequisite for systemic tumor dissemina-
tion [2,3]. The angiogenic, invasive, and metastatic potency
of cancer vary widely, and integrative multi-omics analyses
could help identify the subtypes of HCC [4]. These pheno-
typic differences might result from the complicated, multi-
protein and highly precisely regulated molecular machines
that are subjected to posttranslational modification [5].
Ubiquitination is the conjugation of protein substrates
with the 76-amino acid protein ubiquitin. Ubiquitina-
tion touches upon all aspects of eukaryotic biology [6]
and plays important roles in many essential cellular pro-
cesses, including protein-protein interactions, protein traf-
ficking, and transcriptional modification [7,8]. Ubiquitina-
tion involves multistep enzymatic reactions sequentially
catalyzed by Ub-activating enzyme (E1), Ub-conjugating
enzyme (E2), and Ub-ligated protein (E3) [9,10]. Gallo et al.
[11] described how various cancers take advantage of the
misregulated expression of the members of the ubiquiti-
nation cascade for proliferation, survival, and metastasis.
Of the three ubiquitylating enzymes, E3 ubiquitin ligases
are of particular concern. Acting as the specific substrate-
recognizing element, E3s play an essential role in cancer
development and associated tightly with the clinical prog-
nosis of cancer [12]. For instance, the E3 ubiquitin lig-
ase tripartite motif-containing 7 (TRIM7) induced Lys48-
linked polyubiquitination of Src protein, which further
led to the suppression of its downstream mechanistic tar-

cancer, E3 ubiquitin-protein ligase, eukaryotic elongation factor 2 kinase, heat shock protein
90, hepatocellular carcinoma, liver, metastasis, proteomics, synoviolin, ubiquitin

get of rapamycin complex 1- ribosomal protein S6 kinase
(mTORC1-S6K1) signaling pathway and acted as a tumor
suppressor in HCC [13].

Synoviolin (SYVN1), an evolutionarily conserved endo-
plasmic reticulum-resident E3 ligase, is the central com-
ponent of a complex facilitating degradation of misfolded
proteins during the ubiquitin-proteasome-dependent pro-
cess of endoplasmic reticulum-associated degradation
[14,15]. SYVNI participates in biological events in several
cancer types by regulating the ubiquitination and degra-
dation of P53 [16], insulin-like growth factor-I receptor [17],
and Sirtuin 2 [18]. Heat shock proteins (HSPs), which could
help cancer cells survive and obtain an invasive pheno-
type, always function as molecular chaperones. A study
demonstrated that HSP70 picked up and subsequently
escorted mutant Blimp-1 proteins to SYVNI, resulting in
the ubiquitination-dependent degradation of Blimp-1 [19].
Various E3 ligases are responsible for the regulation of
many cancer-related kinases, such as Akt and eukaryotic
elongation factor 2 kinase (EEF2K) [20,21]. However, the
mechanisms by which SYVNI affects kinases are unclear.

In this study, we combined the whole-cell proteome
and ubiquitinome for analysis of HCC tumorigenesis and
metastasis. Besides, we systematically studied the inter-
action proteome of SYVNI and investigated the potential
roles and mechanisms of SYVN1 in HCC metastasis.

2 | MATERIALS AND METHODS

2.1 | Clinical tissue sample collection

Clinical tissue samples were collected from 15 HCC
patients with and 15 patients without vascular invasion
who underwent surgical resection between October 12th,
2017 and July 2, 2018 at the First Affiliated Hospital of
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Zhejiang University. Clinical tissue samples were snap-
frozen in liquid nitrogen and stored at -80°C until use.
All patients did not receive any preoperative anticancer
treatments, and no parasitic eggs were found in the liver
through computed tomography. Vascular invasion was
classified as macrovascular invasion in 6 patients with the
invasion identified by gross examination and as microvas-
cular invasion in 9 patients with the invasion only visible
under a microscope using the reported criteria [22,23].

The ethical committee of the First Affiliated Hospital of
Zhejiang University approved this study. Informed consent
was obtained from all patients, allowing the use of their
data in researches.

2.2 | Cell culture and animal experiments
HUH?7, LM3, 293T, and human umbilical vein endothe-
lial cells (HUVECs) from the National Collection of
Authenticated Cultures (Shanghai, China) were cultured
in Dulbecco’s modified eagle medium (DMEM) or mod-
ification of minimum essential medium (a-MEM) con-
taining 10% dialyzed fetal bovine serum and tested for
mycoplasma contamination prior to the experiments. Spe-
cific pathogen-free BALB/c male nude mice (4 weeks old)
were obtained from Zhejiang Laboratory Animal Cen-
ter (Hangzhou, Zhejiang, China) and housed according
to rules for raising laboratory animals released by Zhe-
jiang University in 2009. The experimental procedures
were reviewed and approved by the Ethical Committee
of Zhejiang University and were performed according to
the Guide for the Care and Use of Laboratory Animals
released by Zhejiang University in 2009. Nude mice were
randomly divided into three groups with 7 mice in each
group, and a subcutaneous tumor-bearing nude mouse
model was established by inoculating 5 x 10° lentiviral
shNC-, sh1SYVNI1-, or sh2SYVNI1-infected LM3 and 1 x 107
HUH?7 cells in 100 4L phosphate buffer solution (PBS) into
the subcutaneous tissue of the right hind limbs of nude
mice. Their body weight and tumor volume were mea-
sured every two days. Tumor volume was calculated as
(length x width?) / 2. When approximately half of the nude
mice displayed cachexia (significant weight loss), the mice
were euthanized and their tumors were weighed and pho-
tographed.

2.3 | Protein extraction and digestion

Before the frozen samples were ground into powder using
a bead-shocker at a speed of 5 m/s for 30-s pulses, we
added freshly prepared 4°C lysis buffer [8 mol/L urea,
150 mmol/L NaCl, 50 mmol/L Tris-HCI (pH = 8.0), 1 X

phosphorylase inhibitor (Cat#P1049, Beyotime, Shanghali,
China), 1 X ethylene diamine tetraacetic acid, 50 umol/L
(2,6-diamino-5-thiocyanatopyridin-3-yl) thiocyanate (PR-
619) (Cat#S7130, Selleck, Houston, TX, USA), 1 X protease
inhibitor] and ceramic beads to each sample. The pro-
tein concentration of the supernatant was estimated using
the bicinchoninic acid (BCA) protein assay (Cat#23227,
Thermo Scientific, Waltham, MA, USA). Proteins were
reduced with 10 mmol/L dithiothreitol for 45 min at 30°C
and subsequently carbamidomethylated with 30 mmol/L
iodoacetamide for 30 min at room temperature in the dark.
Next, the liquid was replaced with 50 mmol/L ammo-
nium bicarbonate using Zeba Spin Desalting Columns
(Cat#89892, Thermo Scientific). All the samples were
digested overnight at 37°C with a trypsin-to-substrate ratio
of 1:40 (wt/wt) and shaken at 150 rpm. After digestion,
peptides were acidified with trifluoroacetic acid (TFA) to
a final concentration of 1% (pH < 3.0). Acidified pep-
tides were centrifuged at 1800 X g for 10-20 min at
4°C to remove lipids, and the supernatant was desalted
using a 500 mg preconditioned C18 Sep-Pak SPE cartridge
(Cat#WAT043395, Waters, Milford, MA, USA). C18 car-
tridges were conditioned with 4 mL acetonitrile (ACN) fol-
lowed by one wash with 4 mL of the mixture of 50% ACN
and 0.1% TFA, and two washes with 0.1% TFA. The sam-
ple was loaded onto the conditioned C18 cartridge, washed
thrice with 0.1% TFA, and finally eluted with 50% ACN
and 0.1% FA. Desalted peptides were lyophilized over 48 h
in a vacuum lyophilizer (LABCONCO, Kansas City, MO,
USA). The amount of peptides was accurately estimated
by using Pierce Quantitative Colorimetric Peptide Assay
(Cat#23227, Thermo Scientific), and 7 mg peptides from
each sample were needed for our study.

2.4 | Chemical cross-linking of
anti-diGly-modified peptides antibody

For antibody cross-linking, we washed the antibody-bound
beads, which were obtained from the PTMScan ubiqui-
tin remnant motif kit (Cat#5562, Cell Signaling Technol-
ogy, Boston, MA, USA), thrice with 1 mL cold antibody
cross-linking wash buffer (100 mmol/L sodium borate, pH
= 9.0). After washing, beads were resuspended in 1 mL
antibody cross-linking buffer (20 mmol/L dimethyl pime-
limidate in antibody cross-linking wash buffer) and incu-
bated at room temperature for 30 min with gentle end-
over-end rotation. To stop the cross-linking reaction, we
washed the beads twice with blocking buffer (200 mmol/L
ethanolamine, pH = 8.0) and incubated the beads in 1 mL
blocking buffer for 2 h at 4°C with end-over-end rotation.
To test the cross-linking efficiency, we eluted pre- and post-
cross-linking antibody from the same amount of beads
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using 0.15% TFA and completely dried the eluates. The
cross-linking antibody beads were washed thrice with 1 mL
cold 1 x PBS and stored for several weeks at 4°C.

2.5 | Enrichment of diGly-modified
peptides

Seven milligrams of dried peptides were resuspended in
cold 1 X immunoaffinity purification (IAP) buffer and
incubated with 50 ug washed cross-linked antibody beads
in an immunoprecipitation (IP) tube for 2 h at 4°C with
end-over-end rotation. Subsequently, the IP tube was cen-
trifuged at 100 X g for 30 s at 4°C to gather beads. Beads
were washed thrice with ice-cold 1 X IAP buffer and twice
with ice-cold mass spectrum (MS) water. diGly-modified
peptides (also known as K-e-GG peptides) were eluted by
adding 50 uL 0.15% TFA twice. The eluate was dried com-
pletely by vacuum centrifugation and then used in the fol-
lowing steps.

2.6 | Tandem mass tag (TMT) isobaric
labeling

Immediately before use, we equilibrated the TMT Label
Reagents (Cat#90111, Thermo Scientific) to room tempera-
ture. To 0.8-mg vials, we added 84 uL anhydrous acetoni-
trile and dissolved the reagent for 5 min with occasional
vortexing. Each post-IP peptide sample was dissolved in
20 uL 100 mmol/L tetraethylammonium bromide (pH =
8.0), and 8 uL. TMT Label Reagent was carefully added. The
reaction was incubated for 1 h at room temperature. Sub-
sequently, 2 uL 5% hydroxylamine was added to each sam-
ple, and the sample was incubated for 15 min to quench the
reaction. The supernatant was desalted using a homemade
C18 stage tip and dried by vacuum centrifugation.

2.7 | Pipette tip-based strong anion
exchange (SAX) fractionation of
diGly-modified peptides

SAX chromatography with tip columns was per-
formed wusing Empore Anion-SR Extraction Disks
(Cat#98060402298, 3M, Saint Paul, MN, USA). Wash
solutions were applied sequentially, including 80 uL ACN,
80 uL SAX B, 80 uL SAX C twice, and 80 uL SAX A
twice. The combined TMT10plex-labeled diGly-modified
peptides were resuspended in 80 uL SAX A and loaded
on the preconditioning SAX tips. The flow-through was
labeled as SAX fraction 0. We eluted the loaded SAX tips
with 80 uL SAX buffers 1, 2, 3, 4, and 5 in sequence, and

eluates were labeled as SAX fractions 1, 2, 3, 4, and 5,
respectively. The formulations of SAX reagents are listed
in Supplementary Table S1. Before vacuum centrifugation,
SAX fraction 0 was combined with fraction 1.

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

All peptide samples were dried by vacuum centrifugation
and resuspended in 2% ACN and 0.1% formic acid (FA).
Then, the peptides were separated by nanoLC-MS/MS
using an UltiMate 3000 RSLCnano system (Thermo Sci-
entific) and analyzed by Q Exactive HF-X (Thermo Scien-
tific). Solvent A contained 2% ACN and 0.1% FA, and sol-
vent B contained 98% ACN and 0.1% FA. Gradient elution
was performed at 32°C using linear gradients of 120 min
at a flow rate of 400 nL/min: 1-4 min with 3% (v/v) of sol-
vent B, 4-6 min with 3%-5% solvent B, 6-70 min with 5%-
15% solvent B, 70-90 min with 15%-30% solvent B, 90-100
min with 30%-80% solvent B, 100-110 min with 80% solvent
B, and 110-120 min with 3% solvent A. MS spectra were
acquired using 120,000 resolutions with a mass range of
300-1500 m/z and an automatic gain control (AGC) tar-
get of 3E6. MS2 spectra were acquired using 45,000 reso-
lutions, and higher energy collision induces dissociation
fragmentation was performed with a collision energy of
approximately 32% normalized collisional energy. In addi-
tion, we used a method of data-dependent top 20 on MS2
with an AGC target of 2E5. The isolation window was
1.0 m/z. Charge exclusion was < 2 and > 7, and dynamic
exclusion was set to 30 s. The fixed first mass was 100 m/z.
Peptide match was preferred, and the exclude isotope fea-
ture was on.

2.9 | Immunoprecipitation and Western
blotting

Cells and tissue samples were lysed with urea lysis buffer
or nonidet P-40, and protein concentrations were quanti-
fied. The extracts were incubated with rabbit polyclonal
anti-ubiquitin (Cat#3933, Cell Signaling Technology), rab-
bit monoclonal anti-SYVN1 (Cat#14773, Cell Signaling
Technology), rabbit polyclonal anti-actin (Cat#ab8227,
Abcam, Cambridge, UK), mouse monoclonal anti-HSP90
(Cat#sc-13119, Santa, Dallas, TX, USA), rabbit poly-
clonal anti-EEF2K (Cat#3692S, Cell Signaling Technol-
ogy), mouse monoclonal anti-Flag (Cat#sc-51590, Santa),
or mouse monoclonal anti-CD31 (Cat#3528, Cell Signal-
ing Technology) at 4°C for 2 h. Then, protein A/G beads
were added to samples and incubated for 2 h. After incu-
bation, protein A/G beads were washed four times with
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ice-cold 1 X PBS and heated in boiling water for 5 min with
loading buffer. Then, samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on a 4%-15% gradient gel (Cat#4561085, Bio-Rad,
Hercules, CA, USA). A polyvinylidene fluoride membrane
was incubated with the indicated antibodies after trans-
fer and subsequently incubated with corresponding sec-
ond antibodies and detected using a chemiluminescence
kit (Cat#P0018M, Beyotime).

2.10 | Cell proliferation

We constructed lentiviruses containing two shRNA
sequences of SYVN1 (shSYVNI1) and negative control
ShRNA (shNC) and transfected LM3 and HUH7 cells
to obtain stable knockdown cell lines of SYVNI. Both
shNC- and shSYVNI-transfected cells were inoculated
into a 96-well cell culture plate. Cell proliferation was
detected every 12 h using the cell counting kit 8 (CCK-8)
kit (Cat#CKO04, DOJINDO, Shanghai, China) according to
specification.

2.11 | Tube formation

Briefly, 1.5 x 10* HUVECs were transferred to 96-well
plates coated with 10 mg/mL Matrigel and cultured for
12 h with conditioned media collected from LM3 and
HUH?7 cells, which was diluted 1:1 with normal cell cul-
ture media. Mesh areas of cellular networks were quanti-
fied using ImagePro-Plus software (https://www.mediacy.
com/, Media Cybernetics, Rockville, MD, USA).

2.12 | Cell migration and invasion

LM3 and HUH?7 cells infected with shSYVN1 or shNC
lentivirus were suspended in a medium without serum and
transferred to Matrigel-uncoated or Matrigel-coated upper
chambers of a Transwell insert. Medium without serum
was added to the lower chamber for 12 h and then replaced
with medium containing 20% FBS for another 24-48 h,
and the cells were incubated at 37°C in 5% CO,. The aver-
age number of cells that migrated or invaded through the
membrane in five fields was photographed and counted
per chamber.

2.13 | Immunohistochemistry

Frozen sections of liver cancer and subcutaneous tumor
tissues of nude mice were fixed with 4% paraformalde-

hyde and stained with anti-SYVNI antibody (1:1000 dilu-
tion). Images were captured using a digital automatic slide
scanner (Hamamatsu, Iwata, Japan) and quantified using
ImagePro-Plus.

2.14 | Immunofluorescence

LM3 and HUH7 cells were cultured in 24-well plates
overnight at 37°C in 5% CO,. The attached slides with
cells were fixed, membrane broken, sealed, and incubated
with anti-SYVNI1 (1:1000 dilution) and anti-HSP90 (1:1000
dilution) primary antibodies overnight at 4°C followed
by Alexa Fluor 555-conjugated donkey anti-rabbit IgG
antibody and Alexa Fluor 483-conjugated donkey anti-
mouse IgG antibody for 2 h at room temperature. Then,
4-6-diamidino-2-phenylindole (DAPI) was used to stain
nuclei.

2.15 | Plasmid transfection and lentiviral
infection

Briefly, 293T cells were transfected with an HA-tagged
ubiquitin plasmid containing a point mutation [wild
type (WT), K6, K11, K27, K29, K33, K48, and K63] and
SYVN1 plasmid according to the manufacturer’s instruc-
tions (Cat#TF20121201, NEOFECT, San Francisco, CA,
USA). LM3 and HUH7 cells were infected with shSYVN1
(target sequences: 5-GCTCACGCCTACTACCTCAAA-3’
and 5-GGAGACTGCCACTACAGTTGT-3") or shNC
(target sequence: 5-TTCTCCGAACGTGTCACGT-3’)
lentivirus according to the manufacturer’s instructions
(Genomeditech, Shanghai, China). The infection effi-
ciency was observed using a fluorescence microscope.

2.16 | Real-time PCR

Total RNA from LM3 and HUH?7 cells was extracted
using a rapid total RNA extraction kit (Cat#220011,
Fastagen Biotech, Shanghai, China) according to the
manufacturer’s instructions. mRNA was quantified
using a reverse transcription kit (Cat#RR036A, Takara,
Kyoto, Japan) and fast qPCR mix (Cat#RR820A, Takara)
according to the manufacturer’s instructions. Primer
sequences were as follows: basic fibroblast growth factor

(bFGF), forward 5'-AGAAGAGCGACCCTCACATCA-
3, reverse 5'- ACTGCCCAGTTCGTTTCAGTG-
3’; granulocyte-colony stimulating factor (GCSF),
forward 5'-GCTGCTTGAGCCAACTCCATA-3/,
reverse 5-GAACGCGGTACGACACCTC-3'; platelet-
derived growth factor AA (PDGFAA), forward
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5'-CCAGCGACTCCTGGAGATAGA-3', reverse 5'-

CGTCCTGGTCTTGCAGACAG-3’; PDGFBB, forward
5'-CCAGGTGAGAAAGATCGAGATTG-3’, reverse 5'-
ATGCGTGTGCTTGAATTTCCG-3’; placental growth

factor (PLGF), forward 5'-GAACGGCTCGTCAGAGGTG-
3/, reverse 5'-ACAGTGCAGATTCTCATCGCC-3’;
vascular endothelial growth factor (VEGF), forward
5'-AGGGCAGAATCATCACGAAGT-3', reverse 5'-
AGGGTCTCGATTGGATGGCA-3’;  B-actin, forward
5'-CATGTACGTTGCTATCCAGGC-3’, reverse 5'-
CTCCTTAATGTCACGCACGAT-3'.

2.17 | Peptide-protein identification and
quantification

MaxQuant (version 1.6.2.10, https://www.maxquant.org)
was used for protein identification and quantification.
The human UniProtKB database (October 2018) and
viral hepatitis type B (HBV)-b/-c database (October 2018)
were utilized as the search database, while the automatic
reverse database and known contaminants were used for
decoy searches. Variable modifications included oxidation
(M) (+15.99491 Da) and acetylation (protein N-term)
(442.01056 Da) for both ubiquitinome and whole-cell
proteome but GlyGly(K)_10plex_TMT (+343.20586 Da)
for only ubiquitinome. Carbamidomethyl (C) (+57.02146
Da) was set as the fixed modification, and the max number
of modifications per peptide was set as 5. Trypsin was
set as the specificity of digestion, and the maximum
number of missed cleavage sites was 2. We used 20 parts
per million (ppm) in the first search ion tolerance and
4.5 ppm in the main search ion tolerance. Both pep-
tide and protein identification were performed at false
discovery rate (FDR) < 1%. Except for the abovemen-
tioned settings, the default parameters of MaxQuant were
adopted.

2.18 | Functional annotation enrichment

analysis

To identify the top enriched pathways during the occur-
rence and development of HCC, we ranked the diGly
sites according to f-statistics and fold change. Proteins
containing diGly sites with fold changes >2 and P <
0.05 were selected for functional annotation enrichment
analysis in a database for annotation, visualization and
integrated discovery (DAVID) (https://david.ncifcrf.gov/)
[24,25]. Fisher’s exact test and Hochberg’s FDR method
were chosen for significance determinations. The heat
map was generated using the heatmap3 package in R
software.

2.19 | E3enrichment analysis

To identify the E3s that contributed to changes in ubiqui-
tination between different groups, we ran some searches
using substrate proteins containing obviously changed
ubiquitination sites on UbiBrowser (http://ubibrowser.
ncpsb.org) [26]. The four most likely E3s from each search
result and their corresponding substrate proteins were
imported into Cytoscape (https://cytoscape.org/).

2.20 | Statistical analyses

R framework (version 3.5.1, https://www.r-project.org/),
Perseus (https://maxquant.net/perseus/) [27], and Graph-
Pad Prism (https://www.graphpad.com/, GraphPad Soft-
ware, San Diego, CA, USA) were utilized to analyze all
statistical and bioinformatics data. The P value threshold
was set to 0.05, and the relative fold change threshold was
set to +1 after log, transformation. Boxplots were gener-
ated using GraphPad or the ggplot2 package of R environ-
ment. The lower hinge, upper hinge, lower whisker, upper
whisker, and bar in the box represented the 25% percentile,
75% percentile, 1.5 times less than the lower interquartile
range (IQR) hinges, 1.5 times more than the upper IQR
hinges, and the median, respectively. The Pearson corre-
lation between different proteins was calculated using R
software (“cor” function in the basic package). Principal
component analysis (PCA) was performed using R soft-
ware (“principal” function in psych package). Heatmap3
was used to plot the heat map and clustering for quanti-
tative changes in ubiquitination sites. Transcriptome data
were obtained from the GEPIA database [28].

2.21 | Data availability

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the
iProX partner repository [29] with the dataset identifiers
PXDO011895 and PXD018593. All other data that can support
our findings are available in the article and supplemental
information.

3 | RESULTS

3.1 | Ubiquitinome and whole-cell
proteome in HCC

Clinicopathological characteristics of the 30 HCC patients
are summarized (Table 1 and Supplementary Table S2).


https://www.maxquant.org
https://david.ncifcrf.gov/
http://ubibrowser.ncpsb.org
http://ubibrowser.ncpsb.org
https://cytoscape.org/
https://www.r-project.org/
https://maxquant.net/perseus/
https://www.graphpad.com/
http://proteomecentral.proteomexchange.org

fErAL CommunicaTions_ L 103
TABLE 1 Baseline clinical characteristics of the 30 HCC patients
Vascular invasion
Characteristic Whole cohort Present Absent Pvalue
Total (cases) 30 15 15
Age (years; mean + SD) 56.9 +11.2 54.4 +10.0 59.4 +11.7 0.234
Etiology [cases (%)] 1.000
HBV 17 (56.7) 8(26.7) 9(30.0)
HBV + alcohol 13 (43.3) 7(23.3) 6 (20.0)
Gender [cases (%)] 1.000
Male 28 (93.3) 14 (46.7) 14 (46.7)
Female 2(6.7) 1(3.3) 1(3.3)
Tumor size (cm; mean + SD) 7.0 +2.7 8.4 +31 5.6 1.3 0.004
AFP (IU/mL; mean + SD) 9400 + 20856 17593 + 26768 1208 + 4384 0.039
Edmondson grade [cases (%)] 0.709
I-1I 18 (60.0) 8(26.7) 10 (33.3)
-1V 12 (40.0) 7(23.3) 5(16.7)

Abbreviations: HCC, hepatocellular carcinoma; HBV, hepatitis B virus; AFP, alpha fetal protein; SD, standard deviation.

15 patients with and 15 patients without vascular invasion
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We discovered that SAX combined with TMT10plex label-
ing was an efficient method for mapping endogenous
ubiquitination (Figure 1). By applying the method from
Udeshi et al. [30], we cross-linked the antibody with beads
before IP which prevented antibody loss and improved
IP efficiency (Supplementary Figure SIA). Consequently,
diGly-modified peptides accounted for approximately 50%
of the total identified peptides in almost every fraction
(Supplementary Figure S1B), and greater than 60% diGly-
modified peptides were separated into only one fraction

(Supplementary Figure S1C). Other findings of the iden-
tified diGly-modified peptides and proteins included the
distribution of charge, intensity, molecular weight, MS/MS
count, sequence length, and number of diGly-modified
sites (Supplementary Figures S1D-I). Remarkably, we suc-
cessfully identified a total of 11,913 diGly-modified sites
(9800 in HCC with vascular invasion, 7241 in HCC with-
out vascular invasion) and 4317 diGly-modified proteins
(3909 in HCC with vascular invasion, 3259 in HCC with-
out vascular invasion) from HCC (Table 2). PCA and heat
maps showed the difference between HCC with and with-
out vascular invasion in both the ubiquitinome and whole-
cell proteome (Figures 2A and 2B, Supplementary Figures
S2A and S2B). Briefly, 7532 diGly-modified sites and 3465
diGly-modified proteins were identified in at least 10 HCCs
(Figure 2C). Although extensive overlaps of both diGly-
modified sites and diGly-modified proteins were observed
between HCC with and without vascular invasion, we dis-
covered a small portion of diGly-modified proteins that
only existed in one group (Supplementary Figure S2C). We
assumed that these diGly-modified proteins might have a
potential impact on the occurrence of vascular invasion in
HCC.

3.2 | Increased ubiquitination sites with
shorter ubiquitin chains in HCC with
vascular invasion

Compared with peritumoral tissues, we observed a signifi-
cant upregulation of diGly-modified sites in tumor tissues,
and this phenomenon was more obvious in HCC with
vascular invasion than in HCC without vascular invasion
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TABLE 2 The identified diGly-modified sites and proteins in proteome
diGly-modified diGly-modified WCP
HCC sample sites proteins proteins
Total 11,913 4317 5573
With vascular invasion 9800 3909 5382
Without vascular invasion 7241 3259 5227
Abbreviations: HCC, hepatocellular carcinoma; WCP, whole-cell proteome.
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FIGURE 2 Quantitative profiling of ubiquitinome and whole-cell proteome in HCC. (A) Principal component analysis (PCA) analysis of

HCC whole-cell proteome. Red dots represent HCC samples with vascular invasion, and green dots represent HCC samples without vascular
invasion. (B) Heat map shows the regulation pattern of proteins in HCC with and without vascular invasion in the whole-cell proteome. (C)
The outer circle represents the number of all identified diGly-modified sites and proteins in at least 1 HCC sample. The inner circle represents
the number of quantified diGly-modified sites and proteins in at least 10 HCC samples. Upregulated or downregulated peptides or proteins
refer to those with a fold change > 1.5 and P < 0.05. Abbreviations: HCC, hepatocellular carcinoma; EM, HCC with vascular invasion; NO,

HCC without vascular invasion; T, tumor tissue; Pt, peritumoral tissue

(Figure 3A and Supplementary Figure S3A). Further anal-
ysis revealed that the percentages of significantly changed
(fold change > 2) diGly-modified sites increased from
15.6% in HCC without vascular invasion to 18.0% in HCC
with vascular invasion (Figure 3B). Regarding ubiquitin
itself, diGly-modified sites (such as K63) were increased
in cancer tissues in both HCC with and without vascular
invasion, and the upregulation of diGly-modified sites

in ubiquitin itself was more observable in HCC without
vascular invasion (Figure 3C and Supplementary Figure
S3B). This phenomenon was validated by Western blotting
(Figure 3D and Supplementary Figure S3C). The combi-
nation of these two discoveries prompted us to conclude
that HCC formation was accompanied with an increase
in ubiquitination sites and longer ubiquitin chains. The
diGly-modified sites for ubiquitin reflect the length of
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Ubiquitination sites are increased while ubiquitin chains are shortened in HCC with vascular invasion. (A) The distribution

of total diGly-modified sites in tumor and peritumoral tissues (left) and the ratio of total diGly-modified sites in tumor tissues to those in
peritumoral tissues in EM and NO groups (right). The lower, median, and upper lines in each box correspond to 25%, 50%, and 75%,
respectively. (B) diGly-modified site changes between HCC with and without vascular invasion. The proportions of diGly-modified sites that
are at least 2-fold decreased or increased in abundance are marked in blue or red, respectively. (C) The intensity of ubiquitinated lysine
residues on ubiquitin itself (left: tumor tissues vs. peritumoral tissues; right: HCC with vascular invasion vs. HCC without vascular invasion).

Error bars represent the standard error of the mean. (D) Lysates from tumor and peritumoral tissues in HCC with and without vascular
invasion were subjected to ubiquitin and K48-Ub detection by SDS-PAGE. (E) Intensity ratio of diGly-modified sites in ubiquitin itself to total
diGly-modified sites in each patient. (F) Pattern diagram shows the dynamic change in ubiquitination in HCC genesis and metastasis. ** P <
0.01. Abbreviations: HCC, hepatocellular carcinoma; K48-Ub, K48-ubiquitin; EM, HCC with vascular invasion; NO, HCC without vascular

invasion; T, tumor tissue; Pt, peritumoral tissue

the ubiquitin chain, while the total diGly-modified sites
reflect the quantity of the ubiquitination. Comparing the
relationship between the length of ubiquitin chain and the
quantity of ubiquitination, we can recognize polyubiquiti-
nation and monoubiquitination in samples. Therefore, we
speculate that vascular invasion and HCC metastasis were
followed by increased ubiquitination sites and shorter
ubiquitin chains (Figures 3E and 3F).

3.3 | E3ubiquitin ligase SYVN1 was
associated with tumor metastasis

Protein ubiquitination levels are regulated by two oppos-
ing systems: ubiquitination and deubiquitination. E3
ubiquitin ligase is a major functional enzyme of the ubiq-
uitination system, which mainly transfers ubiquitin from
E2 to the substance. For a comprehensive understanding
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FIGURE 4 The E3 ubiquitin ligase SYVNI1 plays an important role in HCC with vascular invasion. (A) Differentially regulated
diGly-modified sites in HCC with vascular invasion versus HCC without vascular invasion. Blue dots represent fold change > 2 and P < 0.05.
(B) The most significantly regulated diGly-modified sites (the number after protein name indicates the position of lysine residues) in HCC
with vascular invasion. (C) Prediction of E3 ligases from proteins containing significantly regulated diGly-modified sites in HCC with vascular
invasion versus HCC without vascular invasion. The circles represent E3 ligases. The squares represent substrates. Red represents

upregulation. Green represents downregulation. The size of a colored circle or square represents the amount of regulated diGly-modified

sites. (D) SYVN1 protein expression in tumor tissues and peritumoral tissues quantified by whole-cell proteome. Error bars represent the
standard deviation. (E) SYVNI protein expression in tumor tissues and peritumoral tissues quantified by immunohistochemistry. Error bars
represent the standard deviation. (F) Kaplan-Meier survival overall survival curves of HCC patients with high and low SYVN1 mRNA
expression using data from TCGA. * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: HCC, hepatocellular carcinoma; EM, HCC with
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of the ubiquitination modification in tumor development
and metastasis, we focused on several diGly-modified
sites with significant changes. Comparing HCC with
vascular invasion to HCC without vascular invasion,
the top upregulated diGly-modified sites were K255 of
thioredoxin reductase 1 (TXNRD1), K17 of Ras association
domain family member 4 (RASSF4), K375 of epoxide
hydrolase 1 (EPHX1), K257 of sulfotransferase family 1E
member 1 (SULTIEL), K447 of EEF2K, K64 of mothers
against decapentaplegic homolog 5 (SMADS5), K230 of
serine palmitoyltransferase long chain base subunit 1
(SPTLC1), and K254 of pyridoxal phosphate binding pro-
tein (PLPBP); the top downregulated diGly-modified sites
were K1059 of structural maintenance of chromosomes 3
(SMC3), K64 of high mobility group nucleosomal binding
domain 2 (HMGN2), K207 of leucine-rich repeat con-
taining 59 (LRRC59), K164 of tryptophan 2,3-dioxygenase

(TDO2), K685 of the ankyrin repeat and KH domain
containing 1 (ANKHD1), K420 of sodium voltage-gated
channel alpha subunit 7 (SCN7A), K7 of sequestosome
1 (SQSTM1), and K51 of cytidine deaminase (CDA)
(Figures 4A and 4B). We predicted that SYVN1 was the
most important E3 ubiquitin ligase increasing vascular
invasion in HCC based on differentially ubiquitinated
proteins between HCC with and without vascular invasion
(Figure 4C). We also compared tumor tissues with peri-
tumoral tissues and predicted that the E3 ubiquitin ligase
was critical in the occurrence of HCC (Supplementary
Figures S4A-C).

In-depth inspection of our whole-cell proteomic data
showed that SYVN1 expression was increased in tumor
tissues compared with peritumoral tissues in HCC with
vascular invasion, but no differences were found for HCC
without vascular invasion (Figure 4D). Similar findings
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were observed on immunohistochemical analysis (Fig-
ure 4E). Transcriptome data from the GEPIA database
also showed that SYVN1 was highly expressed in most
tumor tissues, including HCC (Supplementary Figure
S4D). Overall survival curves of HCC patients from the
TCGA database indicated that high SYVNI expression
was associated with poor prognosis in HCC (Figure 4F).
In summary, high SYVN1 expression in HCC tissues
may affect prognosis by promoting tumor metastasis. To
further understand the role of ubiquitination in HCC, we
performed functional annotation analysis using proteins
containing significantly regulated diGly-modified sites in
HCC. Three pathways were found enriched: regulation
of cellular response to heat, proteasome, and ubiquitin
binding (Supplementary Figure S4E).

3.4 | SYVNI1 promoted cancer cell
proliferation in serum-deficient cases

To clarify the role of SYVNI1 in HCC metastasis, we first
determined its effect on cancer cell proliferation. The
results showed that low SYVN1 expression did not affect

cell proliferation in LM3 and HUH7 cell lines under serum-
deficient condition (Figure 5A). Surprisingly, when those
cell lines were inoculated subcutaneously in nude mice,
and grown 3-4 weeks, the volume and weight of subcuta-
neous tumors derived from cells with low SYVN1 expres-
sion were significantly smaller than those from cells with
normal SYVNI1 expression (Figures 5B-D and Supplemen-
tary Figure S5A). SYVNI1 expression was decreased in
SYVNI-knockdown cell xenografts (Figure 5E). The effects
of SYVN1 on the proliferation of LM3 and HUH?7 cell lines
were different in in vivo and in vitro experiments, suggest-
ing that the promoting effect of SYVN1was conditional due
to the complex microenvironment in vivo. In serum-free
conditions, low SYVN1 expression inhibited the prolifera-
tion of LM3 and HUH?7 cell lines (Figure 5F).

3.5 | SYVN1 affected cell migration and
angiogenesis

Cancer cell migration and invasion in the tumor microen-
vironment under the condition of serum and nutrient defi-
ciency are crucial to tumor metastasis. We found that when
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LM3 and HUHY cells in a serum-deficient environment
were stimulated by serum, the migration and invasion
capacities of shSYVNI-transfected cells were decreased
(Figures 6A and 6B, Supplementary Figures S5B and S5C).
The ability of cancer cells to promote angiogenesis affects
tumor growth and metastasis. We found that the mesh
area of HUVECs cultured in the medium from shSYVNI-
transfected LM3 and HUH7 cells was significantly smaller
than that noted in the shNC group (Figures 6C and 6D).
We also examined the mRNA expression of angiogenesis-
related molecules in LM3 and HUH?7 cells. In the LM3 cell
line, bFGF, PDGFBB, and PLGF mRNA levels in cells with
low SYVNI1 expression were significantly reduced com-
pared with the shNC group; in the HUH7 cell line, bFGF,
GCSF, PDGFAA, and VEGF mRNA levels in cells with low
SYVNI expression were significantly reduced (Figure 6E).

3.6 | SYVNI1 interacted with HSP90 and
increased EEF2K ubiquitination

To determine the mechanism of the influence of SYVN1
on HCC metastasis, we preliminarily screened various
molecules interacting with SYVN1 using MS in both LM3
and HUH?7 cell lines. The results showed that HSP90OAA1,
HSP90ABI, and HSP90B1 exhibited a very high proba-
bility of interacting with SYVN1 (Figure 7A and Supple-
mentary Figure S6A). In addition, HSP90AA1, HSP90ABI,
and HSP90BLI protein levels were highly correlated with
SYVN1 protein levels in our whole-cell proteomic data
(Figure 7B and Supplementary Figure S6B). Co-IP and
laser confocal experiments also confirmed the interaction
between HSP90 family members and SYVNI (Figures 7C
and 7D, Supplementary Figure S6C). HSP90 is used in the
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diagnosis of liver cancer and plays an important role in
the development of liver cancer. CDC37 and STIP1 are the
molecular chaperones of HSP90 which are used to indicate
the activity of HSP90. In the whole-cell proteomic data,
HSP90 family proteins and their co-chaperones exhibited
significantly increased expression in tumor tissues than in
corresponding peritumoral tissues in HCC with vascular
invasion, but this difference was not significant in HCC
without vascular invasion (Figure 7E and Supplementary
Figure S6D). Thus, we considered that the HSP90 fam-
ily potentially promoted HCC metastasis. Transcriptome
data from the GEPIA database also indicated that these
proteins were highly expressed in tumor tissues compared

with the normal tissues, but the differences in HSP90AA1I,
HSP90BI1, and CDC37 were not significant (Supplemen-
tary Figure S6E). However, IP and Western blotting exper-
iments showed that SYVNI did not affect the ubiquitina-
tion of the HSP90 family (Supplementary Figures S6F-G).
The relationship between SYVN1 and HSP90 may be more
complex, and SYVN1 may influence liver cancer metastasis
via the ubiquitination of other proteins.

EEF2K plays an important role in angiogenesis and
tumor metastasis. In our ubiquitinome data, the ubiquiti-
nation of EEF2K was significantly increased in HCC with
vascular invasion than in HCC without vascular inva-
sion (Figure 4C). We used UbiBrowser to predict the E3
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ubiquitin ligase of EEF2K and found that SYVNI had the
highest score (Figure 4C). Western blotting experiments
showed that EEF2K, CD31 (a marker of vascular endothe-
lial cells), and SYVN1 were highly expressed in tumor
tissues (Figure 7F). Transcriptome data from the GEPIA
database also indicated increased EEF2K expression in
tumor tissues compared with normal tissues (Figure 7G).
Therefore, we hypothesized that SYVN1 plays a role in
promoting liver cancer metastasis via the ubiquitination
of EEF2K. Finally, IP and Western blotting experiments
revealed that SYVNI increased EEF2K ubiquitination
(Figure 7H). Surprisingly, HSP90 inhibition did not affect
the expression of SYVNI and EEF2K (Supplementary
Figure S6H), the relationship between the three might be
complicated.

4 | DISCUSSION

In the present study, more than 10,000 protein ubiqui-
tination modification sites were identified in HCC sam-
ples using ubiquitinome analysis. HCC tumor tissues had
higher ubiquitination modification level than peritumoral
tissues. The ubiquitination modification levels of EEF2K,
TXNRD1, RASSF4, and other proteins were significantly
increased in HCC with vascular invasion. SYVNI promoted
the proliferation of hepatoma cell lines both in vitro and
in vivo. SYVNI1 promoted angiogenesis and enhanced the
migration and invasion of hepatoma cell lines. SYVNI pro-
moted the ubiquitination of EEF2K.

Ubiquitinome profiles are significantly different
between tumor tissues and peritumoral tissues. The
whole-cell proteome has been well investigated in both
HCC [31, 32]. Besides, ubiquitinome in HCC cell lines with
different metastasis potentials have been investigated, and
Ku80 was confirmed to be closely associated with invasion
and migration of HCC cells [33]. Therefore, we profiled
the global ubiquitination using a method for quantitative
proteomics of diGly-modified peptides and performed an
integrative analysis of the ubiquitinome and whole-cell
proteome in patients with HCC to have a deeper under-
standing of HCC metastasis. Quantitative proteomics indi-
cated that many proteins exhibited dysregulated ubiquiti-
nation; in general, ubiquitination was upregulated. Ubiq-
uitination plays an important role in tumors, particularly
in cell cycle pathways. For example, the polyubiquitination
of P53 leads to its degradation and results in the reduction
of tumor-suppressive function [34]. The globally increased
ubiquitination level in cancer tissues might be the result of
increased cancer cell metabolism given their faster protein
turnover rate. The total number of diGly-modified sites
was upregulated, but the diGly-modified sites of ubiquitin
itself were downregulated in HCC with vascular invasion

compared with HCC without vascular invasion. We
hypothesized that this phenomenon might have resulted
from the upregulation of monoubiquitination, which
remains to be proven by further research. Monoubiqui-
tination is widespread in cells and has biological signifi-
cance [35]. In addition, tumor-suppressor genes, such as
p53, forkhead box protein O (FOXO), and phosphatase
and tensin (PTEN), depend on monoubiquitination for
their correct localization and consequently proper tumor-
suppressor function [36]. The upregulation of polyubig-
uitination and monoubiquitination during tumorigenesis
and the increase in global monoubiquitination during
metastasis are beneficial to cancer cell survival by ensuring
their rapid and efficient metabolism because the assembly
of ubiquitin chains requires a significant amount of energy
and monoubiquitination is sufficient for most functions.
E3 ubiquitin ligase SYVNI plays an important role in
HCC metastasis. Significant differences in the ubiquitina-
tion of some proteins, such as EEF2K, between HCC with
and without vascular invasion suggest that the ubiquitina-
tion of these proteins contributes to HCC metastasis. E3
ubiquitin ligase is a key enzyme in the ubiquitination sys-
tem that determines the specific recognition of substrate
proteins. Using UbiBrowser, we predicted the E3 ubiqui-
tin ligases of these proteins whose ubiquitination was sig-
nificantly regulated and constructed the network diagram
to identify the core enzyme SYVNI. In addition, SYVN1
was verified to be highly expressed in HCC with vascular
invasion but not in HCC without vascular invasion. The
changes of substrates and E3 ubiquitin ligases invariably
suggested that SYVN1 played an indispensable role in HCC
metastasis. Subsequently, we performed functional analy-
sis on SYVN1 in HCC cell lines. Interestingly, SYVNI did
not affect the proliferation of HCC cells cultured in vitro
but significantly promoted the growth of HCC cells in nude
mice. Considering the differences in serum, oxygen, and
carbon dioxide concentrations in in vivo and in vitro cul-
ture environments, we hypothesized that the influence of
SYVNI on HCC cell proliferation was restricted by one
of the above factors. The proliferation-promoting effect of
SYVN1in HCC cellsin a low serum environment suggested
that SYVNI1 enhanced the tolerance of cancer cells to nutri-
ent deficiency, thus, promoting tumor malignancy. This
notion might be similar to the role of LLGL scribble cell
polarity complex component 2 (LLGL2) protein in breast
cancer in promoting leucine uptake under conditions of
nutritional deficiency [37]. Interestingly, SYVN1 affects the
proliferation of Hep3B cells both in vitro and in vivo [38],
and the contradictory results need further study. In addi-
tion, the vascular metastasis of tumor requires abundant
blood vessels and a strong migration and invasion abil-
ity of tumor cells in the tumor microenvironment. Our
experimental data demonstrated that SYVNI promoted the
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vascular metastasis of tumor based on all of the above
aspects, which was consistent with ubiquitinome and
whole-cell proteome results.

SYVNI1 enhanced the ubiquitination of EEF2K. To clar-
ify the mechanism of SYVN1, we screened and confirmed
its interaction with HSP90. HSP90 is a member of the heat
shock protein family, and many HSP90 inhibitors have
been developed to treat cancer [39,40]. Therapy targeting
HSP90 is used for cholangiocarcinoma [41], non-small cell
lung cancer [42], acute lymphoblastic leukemias [43], and
prostate cancer [44]. Unfortunately, we did not identify
any effect of SYVN1 on HSP90 ubiquitination. The interac-
tion patterns between these two molecules might be com-
plex. To identify the substrates of SYVN1, we shifted focus
to another molecule, namely, EEF2K. EEF2K ubiquitina-
tion was increased in HCC with vascular invasion, and
SYVN1 was predicted to be its E3 based on UbiBrower anal-
ysis. Furthermore, EEF2K was reported to protect cancer
cells from energy depletion or nutrient deprivation and
promote angiogenesis [45-47], which was consistent with
our experimental results. Inhibition or genetic deletion of
EEF2K was also reported to promote tumor growth [48,49].
We confirmed that SYVNI affected the ubiquitination of
EEF2K. Interestingly, the interaction between HSP90 and
EEF2K has been previously reported [50,51]. However, the
relationships among SYVNI, HSP90, and EEF2K and the
role of EEF2K in HCC metastasis were not investigated in
this study.

5 | CONCLUSIONS

We integrated quantitative proteomics of ubiquitination
and the whole-cell proteome in HCC, recognized robust
changes in the ubiquitin-proteasome system in the process
of carcinogenesis and metastasis, and demonstrated that
SYVNI could be used as a new drug target for future can-
cer therapies.
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