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Abstract Uveal melanoma (UM) poses a significant lethality, with approximately 50% of those

developing metastases surviving less than one year. In the progression of UM, vasculogenic mimicry

(VM) induced by hypoxia plays a pivotal role, which also partially explains the resistance of UM to

anti-angiogenic therapies. Nevertheless, the crucial molecular mechanisms underlying VM in the progres-

sion of UM remain unclear. We identified ubiquitin conjugating enzyme E2 G2 (UBE2G2) as a critical

suppressor through transcriptomic sequencing and metastasis correlation screening. In UM, hypoxia-

induced VM and metastasis are markedly exacerbated by UBE2G2 knockdown and significantly allevi-

ated by its overexpression. Mechanistically, UBE2G2 directly binds to galectin 3 binding protein

(LGALS3BP) and forms a complex with the E3 ubiquitin ligase tripartite motif containing 38

(TRIM38), facilitating ubiquitination-mediated degradation of LGALS3BP at the K104 residue. Further-

more, UBE2G2 inhibits oncogenic phenotypes by inactivating intracellular PI3K/AKT signaling and re-

programming the tumor microenvironment. Therefore, targeting intercellular and intracellular molecular

mechanisms of the hypoxiaeUBE2G2eLGALS3BP axis may contribute to developing various therapeu-

tic strategies for UM.
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1. Introduction
Uveal melanoma (UM) is the most common primary intraocular
malignancy in adults1. Although enucleation or plaque radio-
therapy can control the primary eye tumor, about half of the pa-
tients still develop metastases2. Once distant metastasis has
occurred, the mean survival time of patients drops to less than one
year3. Therefore, comprehending the mechanisms of metastasis in
uveal melanoma is a crucial step towards enhancing the outcomes.

Recent studies have shown that vasculogenic mimicry (VM) is
emerging as a critical factor in metastasis4e6. Due to the imbal-
ance between abnormal vascularization and hypoxic microenvi-
ronment, tumor cells induce the formation of vascular-like
structures to facilitate the supply of nutrients and oxygen delivery.
This phenomenon, initially reported by Maniotis et al.7 in 1999, is
called VM. The occurrence of VM correlates with a higher tumor
grade, shorter survival, increased invasion, and metastasis. Formed
by plastic tumor cells independently mimicking vascular endo-
thelial cells, VM represents a distinct pattern of tumor neo-
vascularization without endothelial cell participation. Given the
presence of VM, the efficacy of anti-angiogenic agents is limited
in controlling the progression of UM8. Therefore, unraveling the
mechanistic link behind VM holds the potential to enhance the
current landscape of UM treatment and long-term prognosis.

A hypoxic environment is commonly recognized as the most
potent inducer of VM, a phenomenon frequently observed in the
microenvironment of solid tumors, including uveal melanoma. In
UM, our understanding of the impact of hypoxia on tumor pro-
gression remains limited despite some previous investigations9e11.
Furthermore, previous research primarily focused on stabilizing
the hypoxia inducible factor 1 subunit alpha (HIF1a) family and
its role as a transcription factor regulating the expression of
downstream target genes. Nevertheless, it is worth noting that
protein destabilization through hypoxia-regulated ubiquitination
has also been documented12e14.

Ubiquitination, a post-translational modification process, is
pivotal in mediating protein degradation in eukaryotic cells15. This
highly dynamic and reversible mechanism is mediated by the
ubiquitin-proteasome system (UPS), including E1 ubiquitin-
activating enzymes, E2 ubiquitin-conjugating enzymes, and E3
ubiquitin ligases16. Accumulated evidence suggests that the
dysfunction of the UPS is implicated in multiple aspects of tumor
progression, including cell proliferation, migration, invasion, and
metastasis17e19. Recent studies also indicated the potential of the
UPS in developing novel regimens for UM17. However, there is a
deficiency of studies on hypoxia that facilitate vasculogenicmimicry
and promote tumor cell invasiveness through ubiquitin signaling.

This study explores the role of the UPS in hypoxia-induced
VM and metastasis in UM. Our findings indicate that ubiquitin-
conjugating enzyme E2 G2 (UBE2G2) expression inhibits VM
and metastasis, accompanied by a decreased desmoplastic
response. Targeting intercellular and intracellular aspects of the
hypoxiaeUBE2G2egalectin 3 binding protein (LGALS3BP) axis
may inform diverse therapeutic strategies for UM.

2. Materials and methods

2.1. Human specimens and cell lines

A total of 7 ocular melanoma tissues and 7 human normal melano-
cyte tissues were acquired with signed informed consent from First
Affiliated Hospital of Nanjing Medical University. Fresh specimens
were immediately stored at �80 �C until use. The study was
approved by theHumanEthics Committee of theHospital (Approval
number: 2022-SRFA-334), and each patient signed informed consent
before the research started. The clinicopathological characteristics
are provided in Supporting Information Table S1.

Human UM cell lines (Mel270, MUM2B, Omm2.5), as well as
human embryonic kidney cell line (HEK293T), and the mouse
melanoma cell line (B16F10) were purchased from the Cell Bank
of Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured under previously described
conditions at 37 �C in a humidified atmosphere with 5% CO2

20.
For hypoxia experiments, cells were placed in an anaerobic bag
with an oxygen indicator (AnaeroPack™, Mitsubishi gas chemi-
cal, Japan).

2.2. Cell transfection

Recombinant lentiviruses carrying the full-length sequence, short
hairpin RNAs (shRNAs) and related negative control were syn-
thesized by Obio (China).

A series of mutant plasmids of UBE2G2, LGALS3BP, and
ubiquitin were synthesized by Obio. According to the manufac-
turer’s instructions, Lipofectamine 3000 (Invitrogen, USA) was
utilized to transfer shRNAs and plasmid vectors into the cells. The
infection’s effectiveness was verified through real-time quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR)
and western blotting.

2.3. Quantitative real-time PCR

RNA samples from this study’s UM tissue specimens and cell
lines were extracted with TRIzol reagent (Invitrogen, USA). Total
RNA was reversely transcribed to cDNA using HiScript RT Mix
(Vazyme, China). Relative RNA levels determined by qRT-PCR
were measured using the SYBR Green PCR kit (Vazyme, China)
on a Q7 Real-Time PCR System (Applied Biosystems, USA). The
relative levels of RNA were calculated using the comparative CT
(2�DDCT) method, and b-actin was employed as an internal con-
trol. Primers used for this analysis are listed in Supporting
Information Table S2.

2.4. Western blotting

Proteins were extracted from UM tissues and cells using RIPA lysis
buffer (Beyotime, China) containing protease inhibitors (Beyotime,
China). The proteins were resolved by electrophoresis in SDS-
PAGE gels, transferred to PVDF membranes (0.45 mm, Solarbio,
China), and blocked in a blocking buffer (Beyotime, China) for
30 min. The PVDF membranes were incubated with primary anti-
bodies overnight at 4 �C, and an anti-b-actin monoclonal antibody
was used as loading controls and normalization. Afterwards, at
room temperature, immune blotting was conducted using HRP-
conjugated secondary antibodies for 2 h. Finally, the protein
bands were detected by chemiluminescence using an electro-
chemiluminescence system (YEASEN,China). The antibodies used
in this assay are listed in Supporting Information Table S3.

2.5. Wound healing and transwell assays

Wound healing and transwell assays were performed to evaluate
cell migration and invasion abilities. For wound-healing assays,
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the transfected UM cells were cultured in a 6-well plate until
confluence, and a linear wound was scraped with a 200-mL pipette
tip. The plate was imaged at the same position, the gap distance
was evaluated at 0 h (s1) and 24 h (s2), and the Migration ability
(%) was calculated as Eq. (1):

Migration ability (%) Z (s1es2)/s1�100 (1)

For Transwell assays, 200 mL of serum-free medium con-
taining 2 � 104 transfected cells were seeded in the upper
chamber of a Transwell plate (Corning, USA), and 800 mL of
serum-containing medium was added to the lower part of the
Transwell unit. After 24 h of incubation, the cells in the upper
chamber were fixed, stained with crystal violet (Beyotime, China)
for 20 min, and observed using an inverted optical microscope
(Olympus, Japan). Three fields of view were randomly selected
for cell counting. Matrigel (BD Biosciences, USA) was pre-coated
onto the plate surface for the invasion assay to explore the invasive
ability of the cells.

2.6. In vitro vascular mimicry assay

The 96-well plate wells were covered with 50 mL of ice-cold
growth factor-reduced Matrigel (Corning, USA), and plates were
placed in a cell incubator at 37 �C for 30 min MUM2B cells
(1 � 104 cells per well), Mel270 cells (1.5 � 104 cells per well), or
Omm2.5 cells (1.5 � 104 cells per well) were seeded on Matrigel.
All cells were incubated under normoxia for 1 h before incubating
in normoxia or hypoxia conditions for 24 h. Tube formation of
vascular mimicry was visualized under an Olympus light micro-
scope (10 objective magnification).

2.7. RNA sequencing

MUM2B cells were treated with normoxia (21% O2) and hypoxia
(1% O2) for 24 h, respectively, and total RNAwas extracted using
TRIzol reagent (Beyotime, China). The integrity of the RNA was
verified using the Agilent 2100 Bioanalyzer (Genesky, China).
Next, mRNAwas purified and fragmented to lengths between 100
and 300 bp using Oligo-dT magnetic beads. The synthesis of both
the first and second strands of cDNA followed thisdsubsequent
steps involved end repair, adenylating the 30 ends and ligating
adapters. After selecting fragment sizes and amplifying them via
PCR, the HiSeq system by Illumina, carried out high-throughput
RNA sequencing in Pair End mode. To identify differentially
expressed genes (DEGs) between the two sample groups, we
utilized the Deseq2 package in R (version 3.6.3). DEGs were
pinpointed using a threshold of an absolute fold change (FC) value
(|log2FC|) > 2 and a P-value <0.01.

2.8. Co-immunoprecipitation (Co-IP) assay with label-free
proteomics analysis

Co-IP assays were performed to validate the physical interactions
with the target protein with the IP/Co-IP Kit (Thermo Fisher
Scientific, USA). Cells were lysed with lysis buffer; lysates were
incubated with a specific antibody at 4 �C overnight. The immune
complex was incubated with A/G-agarose beads for 1 h at room
temperature, and then magnetic beads were washed twice with
lysis buffer to remove non-specifically bound proteins. The
products dissolved in 1 � SDS lysis buffer, denatured at 95 �C for
10 min, and finally run on a gel to separate by size. Western blot or
mass spectrometry (Biotree, China) was used to detect or visualize
the immunoprecipitated protein.

Label-free proteomics analysis was used to analyze the protein
abundance between UBE2G2-overexpressing and control groups.
A Student’s t-test identified significant differences. Peptides that
met the following criteria were considered to be differentially
expressed: FC � 1.2 or FC � 0.83 and P-value <0.05.

2.9. Glutathione S-transferase (GST)-fusion pull-down assay

FLAG-tagged UBE2G2 expression plasmids were transfected into
E. coli, purified using a Ni2þ-NTA-chelating column (Thermo
Fisher Scientific, USA). GST-fusion assays were performed ac-
cording to the manufacturer’s instructions. Briefly, 50 mg of GST-
LGALS3BP or GST was Equilibrate glutathione Sepharose beads
(Sigma, USA) and incubated with 20 mg of purified Flag-
UBE2G2. Following overnight incubation, unbound proteins
were eliminated, while bound proteins were extracted from the
beads with SDS sample buffer. The bound proteins were separated
through SDS-PAGE gel and pinpointed with Western blotting
using anti-FLAG and GST antibodies.

2.10. Ubiquitination assay

Cells were transfected with indicated plasmids or shRNAs, treated
with proteasome inhibitor MG132 (Beyotime, China) for 6 h and
then lysed to extract proteins. The anti-Myc antibody was used to
perform immunoprecipitation to isolate the protein and its modi-
fied forms. After washing, elution, neutralization, and boiling, the
status of protein ubiquitination was analyzed by immunoblotting
with an antibody against ubiquitin.

2.11. Animal studies

As previously described11, twelve-week-old female C57BL/6 (10
mice/group) or BALB/c nude mice (10 mice/group) were used for
the suprachoroidal tumor formation and liver and lung metastasis
model. All experiments were under IACUC approval and adher-
ence to the institutional guidelines of the Committee on the Ethics
of Animal Experiments of Nanjing Medical University (Approval
number: IACUC-2303037). On Day 0, transfected melanoma cells
(1 � 106 cells/100 mL) were inoculated into the suprachoroidal
space of the right murine eye using a trans-scleral technique. The
eyes with tumors were removed on the 7th (B16F10) or 9th day
(MUM2B) after inoculation, and livers with metastases were
collected at the time of sacrifice 4 (B16F10) to 8 weeks (MUM2B)
after injection. In the KaplaneMeier survival experiments, the
mice were kept alive until they met the IACUC criteria for
termination (usually >20% of body weight loss) after undergoing
enucleation. Eyes, livers, and lung tissues were surgically
removed, fixed, and assessed using hematoxylin staining.

2.12. Histological analyses

For immunohistology analysis, tumor tissues were fixed with 4%
paraformaldehyde, embedded in paraffin, cut into 5 mm-thick-
sections, and then deparaffinized, followed by hematoxylin and
eosin staining according to standard procedures.

For the immunofluorescent assay, tissue samples were
embedded in the optimal cutting temperature compound and
sliced into 10-mm-thick frozen sections. The tissue sections were
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permeabilized using 0.3% Triton X-100, blocked with 1% BSA at
room temperature and then incubated with primary antibodies at
4 �C overnight. After washing three times with PBS, each spec-
imen was incubated with a secondary antibody labeled with a
fluorescent dye. The cell nuclei were stained with DAPI (Beyo-
time, China) for 5 min at room temperature. Finally, the stained
cells and tissues were observed and imaged using a fluorescent
microscope (Thunder Image, LEICA, Germany).

2.13. Statistical analysis

The statistical analyses and graphing were performed using
Graph-Pad Prism 8.0 (GraphPad, USA). Differences between two
groups were calculated using Student’s t-test and three or more
groups using one-way ANOVA. For the survival studies, the
KaplaneMeier method and the log-rank test were applied for
statistical comparisons in survival distributions. The expression
levels of various genes were correlated using Spearman’s rank
correlation test. Differences were considered significant for P
values < 0.05.

3. Results

3.1. UBE2G2 is significantly downregulated in UM and
correlated with advanced clinicopathological features and poor
prognosis

To validate whether hypoxia promotes the malignant phenotypes
of UM cells, transwell and vascular mimicry assays were per-
formed under both normoxic (21% O2) and hypoxic (1% O2)
conditions based on previous literature9,21,22. The Western blot
assay measured the expression of HIF1a under the hypoxic con-
dition at 0, 6, 12, and 24 h (Supporting Information Fig. S1A).
Results showed that hypoxia promotes migration (Fig. S1B) and
tube formation (Fig. 1A) of UM cell lines. Subsequently, we
conducted RNA sequencing to identify the differently expressed
genes between normoxic and hypoxia conditions for 24 h in
MUM2B (Fig. 1B). To gain an insight as to which ones might
underlie UM development, we screened genes expressed differ-
entially both in RNA sequence (|log2FC| > 2, P value < 0.01) and
in a publicly available database of primary melanoma patients
who either developed metastasis or did not [GSE27831 (|
log2FC| > 1, P value < 0.05)]. Then, outcome analysis using the
iUUCD 2.0 database evidenced that the gene expression of 5 of
these was correlated with ubiquitination, which was summarized
in a Venn diagram (Fig. 1C). Among them, expression differences
of 4 genes (CASS4, NEDD9, TRIM59 and UBE2G2) in GSE27831
were consistent with the change trends in hypoxia (Fig. 1D and
Fig. S1C). Since qRT-PCR and Western blot demonstrated that
UBE2G2 downregulated consistently and most dramatically by
hypoxia in 4 UM cell lines, it was chosen for subsequent research
(Fig. 1E and F). UBE2G2 protein expression was remarkably
lower in the Omm2.5 cell line (originating from metastatic le-
sions) compared with the Mel270 cell line (generated from pri-
mary uveal melanoma tumors) (Fig. 1F)23. Re-analyzing a
recently published single-cell dataset, the distribution indicated
UBE2G2 was generally lowly expressed in UM (Fig. S1D).
Consistently, UM tissues had lower UBE2G2 protein levels than
normal tissues in our samples (Fig. 1G). KaplaneMeier analyses
on two datasets (GSE22138 and GSE27831) showed that
decreased mRNA expression of UBE2G2 strongly correlates with
patient distant metastasis-free survival (Fig. 1H). Furthermore,
immunofluorescent staining confirmed that the hypoxic region,
labelled with a hypoxia probe pimonidazole (green), was corre-
lated with the lower expression levels of UBE2G2, especially in
samples collected from UM patients compared with health con-
trols (Fig. 1I). These results show that UBE2G2 expression was a
valuable marker for predicting UM metastatic progression and
prognostic for patient outcome. They also suggest that UBE2G2
may play an essential role in the metastatic process in UM.

3.2. UBE2G2 inhibits UM cell metastasis and tube formation
especially in hypoxia

We performed a series of cell functional assays to assess whether
UBE2G2 could modulate metastasis and tube formation ability of
UM cells caused by hypoxia. According to our detection of
UBE2G2 expression across four UM cell lines, we utilized
lentivirus-mediated infection to knock down UBE2G2 in
MUM2B, Mel270, and B16F10 while overexpressing it in
MUM2B, Omm2.5, and B16F10. The transfection efficiency of
the four cell lines was assessed via qRT-PCR and Western blot
assay. Sh-UBE2G2#3 demonstrated the highest knockdown effi-
ciency across all cell lines and was used for further experiments
(Fig. S1E and S1F).

Next, we utilized the transwell and scratch wound healing
assays to evaluate cell migration and invasion capability. UBE2G2
knockdown prominently promoted the invasion and migration
ability of Mel270 and MUM2B cells, especially in hypoxic con-
ditions. In contrast, overexpressed UBE2G2 suppressed this abil-
ity in Omm2.5 and MUM2B cells, notably under hypoxia
(Fig. 2AeD, Supporting Information Fig. S2AeS2D). Further-
more, the vascular mimicry assay to measure the VM formation
ability of UM cells. After suppressed UBE2G2 expression, the
overall morphology of the tube network appeared more regular
and presented a better tube structure, whereas UBE2G2 over-
expression abated this ability in hypoxia. These changes were
quantitatively reflected in total branching points (Fig. 2E and F,
Fig. S2E and S2F). Similarly, the expression of VE-cadherin, a
master gene of vasculogenic mimicry, also reveals an improve-
ment in MUM2B and Mel270 after UBE2G2 decreased, while a
visible reduction in Omm2.5 and MUM2B with upregulated
UBE2G2 (Fig. 2G and H, Fig. S2G and S2H). These results show
that hypoxia enhances UM cell migration, invasion and VM
ability at least in part through UBE2G2 reduction, while overex-
pressed UBE2G2 can potently antagonize this response.

Then, we investigated whether UBE2G2 affects primary and
metastatic UM growth in vivo. Two complementary orthotopic
UM models in mice were established to mimic the human UM
disease process. The first entailed injecting mouse melanoma cells
(B16F10) into the immunocompetent syngeneic C57BL/6 mice. In
the second model, human UM cells (MUM2B) were injected into
the immunodeficient BALB/c nude mice (Fig. 3A). The injection
of UBE2G2 knockdown and overexpression cells into the sub-
uveal area of the mouse eye can lead to the formation of mela-
nomas, which can then spontaneously metastasize to the liver and
lung. UBE2G2 and LGALS3BP (downstream of UBE2G2) pro-
tein levels were verified by immunofluorescence analysis of eye
tumor sections (Fig. 3B; Supporting Information Fig. S3A). Both
models showed that cells with depleted UBE2G2 had a promoting
eye tumor formation, reflected in more tumor weight than control
7 or 9 days post-inoculation, while overexpression of UBE2G2
exhibited an opposite effect (Fig. 3C and D, Fig. S3B and S3C).



Figure 1 UBE2G2 is downregulated by hypoxia in uveal melanoma (UM) and correlated with metastasis. (A) Four melanoma cell lines

(MUM2B, Mel270, Omm2.5, B16F10) were cultured on Matrigel under normoxia or hypoxia for 24 h (Left). Branching points of tube formation

were quantified (Right). (B) Volcano plot showing the transcriptome data of MUM2B cultured under hypoxia for 24 h. (C) Venn diagram showing

the number of overlapping genes. (D) RNA-Seq quantified the relative expression of five identified genes. (E) Heatmap of qRT-PCR data probing

expression of five identified genes in melanoma cell lines under hypoxia. b-Actin was used as internal control, and results are expressed as fold

change over normoxic control. Data are presented as relative expressions. (F) The protein level of UBE2G2 in five melanoma cell lines under

normoxia or hypoxia for 24 h. (G) Protein level of UBE2G2 in seven UM tissues and normal uveal tissues. (H) KaplaneMeier Metastasis-free

survival curves of UM patients with high and low expression of UBE2G2 genes from GSE22138 and GSE27831 UM cohorts. (I) Representative

images of the hypoxic region (hypoxia probe: pimonidazole staining) and UBE2G2 expression in UM tissues and normal control. All data are

presented as the mean � SD of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2 UBE2G2 inhibits UM cell metastasis and vasculogenic mimicry (VM) induced by hypoxia in vitro. (A, B) Transwell assays were

performed to evaluate the migration and invasion abilities of UM cells. (C, D) Wound healing assays were used to assess cell migration ability. (E,

F) Matrigel tube formation was performed to evaluate the vasculogenic mimicry abilities of UM cells. (G, H) The mRNA and protein level of VE-

cadherin (a marker of VM) were used to assess cell vasculogenic mimicry ability. All data are presented as the mean � SD of three independent

experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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To further examine whether it could affect metastasis in vivo, we
quantified micrometastases in liver and lung sections after mice
reached IACUC criteria for termination (Fig. 3E and Fig. S3D and
S3E). UBE2G2 silenced group showed a noticeable increase in
hepatic as well as pulmonary metastatic foci, whereas a
diminished number of hepatic as well as pulmonary metastatic
nodules in the UBE2G2-overexpressed group (Fig. 3F and G, Fig.
S3F and S3G). Based on a recent article, the presence of VM
in vivo was determined through co-immunofluorescence staining
using CD34 as an endothelial-specific marker, S100B as a



Figure 3 UBE2G2 inhibits UM cell metastasis and VM in vivo. (A) Schematic showing the timeline and procedure for the animal experiments.

(BeD) MUM2B cells (1 � 106/eye) were injected in the sub-uveal area of BALB/c nude mice eyes, where they form melanomas in the uvea. On

Day 9, tumor-bearing eyes were enucleated, fixed, and stained to evaluate tumor burden. Representative images of hematoxylin and eosin staining

and co-immuno staining of tumor-bearing eyes (B), along with quantification of eye tumor size (C) and tumor weight (D). (EeG) Mice were

sacrificed on Day 28, and hematoxylin and eosin stainings of liver and lung metastases were obtained from nude mice (E). The number of

pulmonary metastasis (F) and hepatic metastasis (G). (H) MUM2B-derived tumor sections were co-immunostained for CD34, VE-cadherin, and

S100B. VM channels: CD34e/VEecadherinþ/S100Bþ, endothelial vessels: CD34þ/VEecadherinþ/S100Be. (I) Statistical analysis of VE-

cadherin/CD34 expression ratio in UM orthotopic xenografts. (J) After eye enucleation, mice were euthanized when reaching the IACUC

endpoint criteria. KaplaneMeier analysis was used to measure the survival of mice burdened with metastatic melanoma. All data are pre-

sented as the mean � SD of independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.

UBE2G2 inhibits progression of uveal melanoma 5207



Figure 4 UBE2G2 interacts with galectin 3 binding protein (LGALS3BP) and negatively regulates its protein level. (A) Scheme displaying the

procedure used for identifying the specific target of UBE2G2. (B) Heatmap showing dysregulated proteins (red, upregulated proteins; blue,

downregulated proteins) identified by proteomics assays. nZ 3 replicates per group. (C) Silver staining of UBE2G2 immunoprecipitation lysates.

Arrows show different bands in co-immunoprecipitation (Co-IP) assays between the UBE2G2 group and IgG group. (D) The Venn diagram shows

the intersection of the results from the proteomics and IP/MS analyses. (E) Mel270 and Omm2.5 cells were cultured under normoxia and then

treated with MG132 (10 mmol/L) for 6 h before harvesting. Cell lysates were analyzed by Co-IP followed by Western blotting. (F) HEK293T cells

transfected with indicated plasmids for 24 h were treated with MG132 (10 mmol/L) for 6 h. Co-IP and Western blotting assay detected the

exogenous interaction between UBE2G2 and LGALS3BP. (G) glutathione S-transferase (GST) fusions of LGALS3BP were expressed in E. coli

and assayed. (H) Binding analysis of UBE2G2 and LGALS3BP in vitro with GST pull-down assays. Fusion protein beads were used for pull-down

and detected with anti-GST and anti-FLAG antibodies. (I, J) Mel270 (I) and Omm2.5 (J) cells were transfected with plasmids encoding

5208 Andi Zhao et al.
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melanoma cell marker, and VE-cadherin as a dual marker for
endothelial vessels and VM pseudo vessels22. The CD34e/VE-
cadherinþ/S100Bþ structures represented the VM channel, and the
ratio between VE-cadherin and CD34 staining represented the
overall presence of VM. Interestingly, the VE-cadherin/CD34
ratio decreased in the UBE2G2-overexpressed group and
increased in the silenced group (Fig. 3H and I, Fig. S3H and S3I).
Similarly, KaplaneMeier curves indicate that UBE2G2 over-
expression significantly extended mice’s lifespan, while UBE2G2
exerted the opposite effect (Fig. 3J and Fig. S3J).

These data illustrated that UBE2G2 suppresses UM cell
metastasis and tube formation both in vitro and in vivo.

3.3. UBE2G2 interacts with LGALS3BP and negatively
regulates its protein level

To further uncover the specific target of UBE2G2 responsible for
its enzyme-independent function in UM progression, we per-
formed label-free proteomic analysis and Co-immunoprecipitation
coupled with mass spectrometry (Co-IP/MS) analyses in the
MUM2B cell line (Fig. 4A). The label-free proteomic analysis
detected a total of 118 upregulated and 191 downregulated pro-
teins in the UBE2G2-upregulated group compared with the cor-
responding control cells (FC � 1.2 or FC � 0.83, P value < 0.05;
Fig. 4B, Supporting Information Table S4). Silver staining assay
showed that the UBE2G2 immunoprecipitated group was
observed with several specific bands of proteins compared to the
IgG group. The differential proteins identified by Co-IP/MS were
listed in Supporting Information Table S5 (Fig. 4C). We then in-
tegrated the UBE2G2-interacting proteins obtained from the Co-
IP/MS experiment and the downregulated proteins revealed by
proteomics analysis. We identified LGALS3BP as the protein that
interacts with and is regulated by UBE2G2 (Fig. 4D and
Supporting Information Fig. S4A). Immunofluorescent staining
showed that LGALS3BP was more highly expressed in UM tis-
sues than in normal tissues, contrary to the characteristics of
UBE2G2 (Fig. S4B). Similarly, according to the Human Protein
Atlas, LGALS3BP protein levels were high or medium in ma-
lignant melanoma but low in normal melanocytes (Fig. S4C).
KaplaneMeier plot revealed that patients with high LGALS3BP
expression exhibited reduced distant metastasis-free survival
based on the two databases (GSE22138 and GSE27831), as well
as overall survival based on TCGA (Fig. S4D). Next, Co-IP ex-
periments were employed to verify the physical binding between
UBE2G2 and LGALS3BP. Results confirmed that endogenous
UBE2G2 and LGALS3BP are associated with each other in UM
cells, and hypoxia had no influence on their interaction (Fig. 4E
and Fig. S4E). Then, we investigated exogenous interaction by
overexpressing Flag-tagged UBE2G2 and Myc-tagged
LGALS3BP in 293T cells (Fig. 4F). The interaction between
UBE2G2 and LGALS3BP was also observed in GST pull-down
assays and confirmed by Western blot analysis of the pull-down
(Fig. 4G and H). In our proteomics results and eye tumor sec-
tion staining, we found a negative correlation between the protein
levels of LGALS3BP and UBE2G2. Per these, we speculated that
the UBE2G2 might downregulate LGALS3BP. As expected, there
Myc-tagged LGALS3BP and the indicated amounts of Flag-tagged UBE2G

antibodies. (K, L) UM cells with knockdown (K) or ectopic (L) expression

then subjected to Western blotting. All data are presented as the mean �
appears to be a negative correlation and a dose-dependent rela-
tionship between LGALS3BP and UBE2G2 (Fig. 4I and J).
Consistent with this idea, hypoxia inhibited the expression of
UBE2G2 and subsequently upregulated endogenous LGALS3BP
expression (Fig. 4K). On the other hand, ectopic expression of
UBE2G2 significantly reduced the LGALS3BP protein levels
increased by hypoxia (Fig. 4L). However, changing the oxygen
concentration or manipulating UBE2G2 expression exogenously
did not affect LGALS3BP mRNA levels, indicating that UBE2G2
regulates LGALS3BP stability through posttranscriptional mech-
anisms (Fig. S4F and S4G). These results demonstrated that
UBE2G2 interacts with LGALS3BP and regulates its protein
levels.

3.4. UBE2G2 downregulates LGALS3BP by promoting
ubiquitination degradation via residue

It is unclear to which post-translational modifications partici-
pated in UBE2G2 regulating the stability of LGALS3BP. Thus,
we next treated cells with CHX, a protein synthesis inhibitor,
and monitored LGALS3BP expression. Results showed that the
protein expression of LGALS3BP was increased in the presence
of CHX, especially in UBE2G2-knockdown cells (Fig. 5A and B
and Supporting Information Fig. S5A and S5B). In addition, the
proteasome inhibitor MG132 reversed the decrease in
LGALS3BP levels induced by UBE2G2 overexpression, sug-
gesting that UBE2G2 regulates LGALS3BP stability through
proteasome-mediated mechanisms (Fig. 5C). We thus speculated
that UBE2G2 might degrade the stability of LGALS3BP uti-
lizing ubiquitination. As depicted in Fig. 5D, the in vitro ubiq-
uitination assay supported the hypothesis that UBE2G2 induces
ubiquitination (Fig. S5C). In agreement, the ubiquitination of
LGALS3BP was increased by the upregulation of UBE2G2 but
decreased by the downregulation of UBE2G2 and hypoxia
(Fig. 5E, Fig. S5D). However, it was not affected solely by
hypoxia (Fig. S5E). To further gain insight into the ubiquitina-
tion sites of LGALS3BP essential for UBE2G2-mediated ubiq-
uitination, we tested the effect of four domains separately on the
ubiquitination of LGALS3BP. The molecular mapping revealed
that the C-terminal domain (Del1: residues 1e125) was essential
for the ubiquitination of LGALS3BP (Fig. 5F and G, Fig. S5F).
Considering ubiquitin-modified lysine residues are highly
conserved across eukaryotes, we subsequently generated lysine
(K) to arginine (R) mutants of LGALS3BP (K104R and K110R)
to verify our speculation. Significantly abolished ubiquitination
was observed in the absence of LGALS3BP-K104R, indicating
that LGALS3BP-K104R was the primary site for ubiquitination
by UBE2G2 (Fig. 5H). Next, we investigated whether these
mutations affect the degradation of LGALS3BP and found that
only mutations of K104R abolished the degradation of
LGALS3BP induced by UBE2G2 (Fig. S5G). In agreement with
these findings, the mutant form of LGALS3BP K104R has a
longer half-life compared to the WT form (Fig. 5I and
Fig. S5H). These data suggested that UBE2G2 promotes the
degradation of LGALS3BP by inducing its polyubiquitination at
K104. Our next goal was to gain insight into the mechanism by
2 for 24 h. Cell lysates were analyzed by Western blot with indicated

of UBE2G2 cultured under normoxia and hypoxia were collected and

SD of independent experiments.



Figure 5 UBE2G2 promotes the polyubiquitination and degradation of LGALS3BP at K104 residue. (A, B) LGALS3BP expression levels in

UM cells treated with cycloheximide (CHX) for the indicated times. (C) LGALS3BP protein levels in UBE2G2-knockdown or UBE2G2-

overexpression UM cells treated with or without MG132. (D) HEK-293T cells were transiently transfected with plasmids expressing

LGALS3BP and UBE2G2, along with HA-tagged ubiquitin. Ubiquitination of LGALS3BP in HA-tagged ubiquitin transfected cells. (E) UM cells

were transfected with knockdown or ectopic UBE2G2 and cultured under normoxia and hypoxia. Cell lysates were analyzed by immunoblotting

with indicated antibodies. (F) The schematic diagram of LGALS3BP truncations. (G) HEK-293T cells were transiently transfected with plasmids

expressing Myc-tagged the deletion of the indicated domain of LGALS3BP and HA-tagged ubiquitin, along with plasmid expressing UBE2G2.

Cell lysates were analyzed by immunoblotting with indicated antibodies. (H) HEK-293T cells were transiently transfected with plasmids

expressing Myc-tagged indicated LGALS3BP mutant plasmids and HA-tagged ubiquitin plasmids, along with plasmid expressing UBE2G2. Cell

lysates were analyzed by immunoblotting with indicated antibodies. (I) HEK-293T cells were transfected with Myc-LGALS3BP-WT or
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which UBE2G2 facilitates the ubiquitination and subsequent
degradation of LGALS3BP. Since the catalytic cysteine 89 (C89)
residue is necessary to form UBE2G2-linked ubiquitin chains24,
we analyzed the poly-ubiquitination of LGALS3BP using
UBE2G2 C89A mutant. The results showed that ubiquitination
of LGALS3BP induced by ectopic UBE2G2 was significantly
abolished upon UBE2G2 C89A mutant (Fig. 5J). Meanwhile, the
UBE2G2 C89A mutant possessed an extended half-life of
LGALS3BP compared to the WT form (Fig. S5I). Our data
verified that UBE2G2 promotes K48-linked poly-ubiquitination
of LGALS3BP but not K63-linked poly-ubiquitination
(Fig. S5J). These findings confirm that UBE2G2 induces the
poly-ubiquitination of LGALS3BP at K104 residue, leading to
its degradation.

3.5. UBE2G2 cooperates with ubiquitin E3 ligase TRIM38 to
enhance the ubiquitination of LGALS3BP and inactivates the
PI3K/AKT signaling pathway

As the E2 targeting substrate for ubiquitination and degradation
relies heavily on an E3 ligase, we speculated that an E3 ligase
mediates UBE2G2-regulated LGALS3BP expression. After
analyzing the mass spectrometry data, we identified tripartite
motif containing 38 (TRIM38), an E3 ligase with a high abun-
dance of UBE2G2-binding proteins (Supporting Information
Fig. S6A). Based on published reports, TRIM38 acts as a link
between E2s and substrates25,26. Endogenous and exogenous
Co-IP experiments showed that UBE2G2 and TRIM38 were
reciprocally immunoprecipitated (Fig. 6A and B). Moreover,
overexpression of UBE2G2 and TRIM38 together led to a more
significant promotion of LGALS3BP degradation and poly-
ubiquitination than their individual ectopic expression (Fig. 6C
and D, Fig. S6B). In contrast, knockdown TRIM38 significantly
diminished the degradation of LGALS3BP and poly-
ubiquitination induced by UBE2G2 (Fig. 6E and F). These
results suggest that UBE2G2 promotes TRIM38-mediated ubiq-
uitination and degradation of LGALS3BP, leading to down-
regulation of LGALS3BP. In addition, LGALS3BP was reported
to stimulate AKT, ERK and JNK signaling in melanoma27e29.
Thus, we asked whether LGLAS3BP could induce these pathways
to promote cancer metastasis and vascular mimicry in UM. When
LGALS3BP was overexpressed in Omm2.5 cells, there was an
increase in P-AKT, but no effect on P-ERK1/2, and a slight in-
crease in P-JNK was observed. The opposite was observed as well
(Fig. 6G and Fig. S6C). Next, we inquired if TRIM38 could
enhance the potency of UBE2G2 in reducing LGALS3BP
expression and inhibiting the PI3K/AKT signaling pathway.
Depletion of UBE2G2 alone did not activate the PI3K/AKT
signaling pathway as much as the simultaneous knockdown of
TRIM38 and UBE2G2. However, these effects were reversed with
LGALS3BP knockdown (Fig. 6H). Oppositely, The TRIM38 and
UBE2G2 overexpression groups exhibited contrasting outcomes
(Fig. 6I). Therefore, we confirmed that TRIM38 works together
with UBE2G2, creating an E2eE3 duo that leads to the ubiq-
uitination and degradation of LGALS3BP, suppressing the PI3K/
AKT signaling pathway.
Myc-LGALS3BP-K104R plasmid and then treated with CHX for the ind

noblotting with indicated antibodies. (J) HEK-293T cells were transfec

ubiquitin plasmids, along with plasmids expressing Myc-tagged LGALS

antibodies. All data are presented as the mean � SD of three independen
3.6. UBE2G2 regulates the generation of an SPP1þ

macrophage population through UBE2G2eLGALS3BP axis

As mentioned above, our results found that UBE2G2 induces the
ubiquitination and degradation of LGALS3BP in UM cells in the
presence of TRIM38. LGALS3BP is a secreted protein reported to
modulate cell communication and immune responses. Therefore, we
hypothesized that the UBE2G2eLGALS3BP axis influences the
surrounding microenvironment to promote tumor progression and
metastasis. To gain valuable insights into the potential role of the
UBE2G2 in the cellular compartments involved in UM, we con-
ducted single-cell transcriptomics on orthotopic tumors established
by C57BL/6 mice (Fig. 7A and B). Major cellar compartments were
identified based on knownmarkers (Fig. 7C; Supporting Information
Fig. S7A). LGALS3, the ligand of LGALS3BP, was upregulated in
tumor-associated macrophages (TAMs) from oeUBE2G2 tumors
(Fig. 7D and Fig. S7B). Results of qPCR analysis further established
the Lgals3 mRNA upregulation in TAMs after UBE2G2-
overexpressing UM cell injection, and the downregulation in
TAMs after injection of UBE2G2-depleted UM cells (Fig. 7E and
Fig. S7C). Immunostaining showed that macrophages in the ortho-
topic tumors of the UBE2G2 overexpressed group expressed a high
level of LGALS3 compared to the negative controls (Fig. 7F and
Fig. S7D). Research has highlighted the significance of LGALS3 in
facilitating macrophage migration and activation30e32. We then
assessed the correlation between LGALS3 expression and gene
signatures of M1/M2-like macrophages. The UM TCGA database
showed a more significant positive correlation between LGALS3
mRNA expression and M1-like macrophages (Fig. S7E).

Next, we isolated the macrophages in silico and identified 4
distinct subpopulations (clusters 2, 12, 18, 21; Fig. 7G). We
observed a decrease in macrophage clusters 12 and 21 and an
increase in clusters 2 and 18 in the tumor of the UBE2G2 over-
expressed group (Fig. 7G and H). In cluster 12, the top four
biomarkers were Spp1, Ctsd, Cpnmb, and Apoe (Fig. 7I). SPP1,
which encodes osteopontin, is a prognostic and metastasis marker
for melanoma33e36. Upon injection of UBE2G2 overexpressed
UM cells, macrophages showed a suppressed expression of Spp1
mRNA, while the injection of UBE2G2 deletion UM cells pro-
moted the upregulation of Spp1 in macrophages (Fig. 7J and
Fig. S7F). Previous research has demonstrated that SPP1 has the
ability to increase collagen expression in fibroblasts, which can
lead to the promotion of fibrosis37e40. Consistent with prior
literature, the oeUBE2G2 group with fewer SPP1þ macrophages
demonstrated a significant decrease in the proportion of fibroblasts
(Fig. 7C). After re-clustering the fibroblasts, we observed a switch
in the populations of fibroblasts, where cluster 7 was the major
subpopulation in the control group, while cluster 15 became the
predominant subpopulation in the UBE2G2-overexpressed group
(Fig. 7K and L). Cluster 7 exhibited a collagen phenotype with
Col1a2 and Ccn2 as top gene biomarkers (Fig. S7G and S7H). The
transplantation of UM cells that overexpressed UBE2G2 resulted
in the suppression of mRNA expression of CAF markers in fi-
broblasts and vice versa (Fig. 7M and Fig. S7I), which also led to
an increase in fibrosis, as demonstrated by Masson trichrome
staining (Fig. 7N). Instead, the deletion of UBE2G2 provoked
icated times before harvesting. Cell lysates were analyzed by immu-

ted with UBE2G2-WT or UBE2G2-C89A plasmid and HA-tagged

3BP. Cell lysates were analyzed by immunoblotting with indicated

t experiments.



Figure 6 TRIM38 cooperates with UBE2G2 to enhance the poly-ubiquitination and degradation of LGALS3BP and suppress the PI3K/AKT

signaling pathway. (A) Co-IP and Western blotting assay in Mel270 and Omm2.5 cells tested the endogenous interaction of UBE2G2 and

TRIM38. (B) HEK-293T cells were transfected with indicated plasmids, and Co-IP and Western blotting assay detected the exogenous interaction

between UBE2G2 and TRIM38. (C, D) Western blotting assay was used to detect the effect of TRIM38 cooperating with UBE2G2 on regulating

LGALS3BP expression. (E, F) The effect of TRIM38 cooperating with UBE2G2 on poly-ubiquitination of RPS3. HEK-293T cells expressing the

indicated plasmids were treated with MG132 (10 mmol/L) for 6 h. Cell lysates were immunoprecipitated with an anti-Myc antibody, followed by

immunoblotting against indicated antibodies. (G) After transfected with knockdown or ectopic LGALS3BP, the protein levels of p-PI3K, PI3K, p-

Erk, Erk, p-AKT, AKT, LGALS3BP and b-actin in UM cells were measured by Western blot analysis. (H, I) After transfected with knockdown

(H) or ectopic (I) lentiviruses of UBE2G2, TRIM38 and LGALS3BP, the protein levels of p-PI3K, PI3K, p-AKT and AKT in UM cells were

measured by Western blot analysis. All data are presented as the mean � SD of three independent experiments.
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Figure 7 scRNA-Seq identifies UBE2G2-induced transcriptional signature in macrophages and fibroblasts. (A) Experimental design of

orthotopic inoculation for scRNA-Seq. (B, C) Uniform Manifold Approximation and Projection (UMAP) plot with clustering results colored by

sample (B) and by the major cellular compartments (C). (D, E) The distribution (D) and relative expression (E) of Lgals3bp in macrophages of the

indicated groups. (F) Representative IF image showing F4/80 (a marker of macrophage) and LGALS3 staining in sections from orthotopic tumors

from indicated groups. yellow arrow: LGALS3þ; white arrow: LGALS3e. (G) UMAP plot with reclustering of macrophages, split by sample. (H)

Stacked bar plots show the percentage of macrophages in each cluster. (I) Heatmap of the top-5 genes for each cluster. (J) The relative expression

of Spp1 in macrophages of the indicated groups. (K) UMAP plot with reclustering of fibroblasts, split by sample. (L) Stacked bar plots showing

the percentage of fibroblasts in each cluster. (M) The relative expression of Col1a2 in fibroblasts of the indicated groups. (N) Masson trichrome

staining in sections from orthotopic tumors from indicated groups. All data are presented as the mean � SD of three independent experiments.

*P < 0.05, **P < 0.01, ***P < 0.001.
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opposite results (Fig. S7J). These data confirm that the
UBE2G2eLGALS3BP axis also affected the composition of the
extracellular matrix (ECM) in the context of uveal melanoma
invasion.

3.7. UBE2G2 suppresses tumor progression by improving the
immunosuppressed microenvironment

Emerging evidence suggests that the tumor microenvironment
(TME) plays a crucial role in vasculogenic mimicry and tumor
Figure 8 UBE2G2 reprograms the immune microenvironment in viv

compartments. (B) UMAP plot of the immune compartment from orthoto

cells occupied by immune cell types described in (B), except macrophag

occupied by CD4þ T cells, CD8þ T cells, and other subtypes. (E) The sche

form a protein-binding complex that induces the ubiquitination and degra

the tumor microenvironment against tumor progression, which is negative
metastasis41e43. The high quantity of stromal components in the
TME poses a significant challenge for immune effector cells to
infiltrate the tumor tissue, ultimately forming an immunosup-
pressive microenvironment and promoting metastatic progres-
sion44,45. Thus, we observed changes in the proportions by using
known markers to classify the scRNA-seq data into three primary
cellular compartments. The results showed decreased stroma cells
and increased immune cells in the UBE2G2 overexpressed group
(Fig. 8A). However, no alterations were observed in the pro-
portions of the epithelial compartment or its subpopulations
o. (A) Stacked bar plots showing the percentage of major cellular

pic tumors. (C) The stacked bar plot illustrates the percentage of total

es. (D) The stacked bar chart displays the percentage of total T cells
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between two groups (Supporting Information Fig. S8A and S8B).
As described above, the significant drop in fibroblastic cell count
is the primary cause of the stromal reduction observed in the
oeUBE2G2 group (Fig. 7K). Concomitant with the reduced con-
tent of fibroblasts, there was a consistent increase in the number of
immune cells infiltrating in the oeUBE2G2 group, primarily
attributed to the presence of neutrophils and T cells (Fig. 8B and
C). Further analysis of the scRNA-seq data discovered that these
tumors exhibited a shift in their neutrophil population, with cluster
5 being the predominant subpopulation in the UBE2G2 overex-
pressed tumor (Fig. S8C and S8D). The top biomarkers in cluster
5 were S100a9 and S100a8, which agree with their dual effect in
cancer (Fig. S8E). Specifically, a low concentration of S100A8/A9
has been shown to promote tumor growth, while a high concen-
tration may have the opposite effect46. In agreement with the
overexpression of UBE2G2 in tumors that exhibit a more
immune-activated phenotype, an increased proportion of CD8þ T
cells was observed within these tumors (Fig. 8D). These findings
suggest that overexpression of UBE2G2 can trigger a robust
antitumor immune response and improve the tumor microenvi-
ronment in tumor-bearing mice. Collectively, all these data sup-
port that UBE2G2 acts as a crucial inhibitor in the oncogenetic
UBE2G2/TRIM38/LAGALS3BP axis to suppress high steady-
state levels of UM cell vascular mimicry and metastasis under
hypoxic conditions (Fig. 8E).

4. Discussion

Growing evidence indicates that the involvement of VM in UM
underscores its crucial role in the disease’s progression and clin-
ical outcomes. Notably, UM cases exhibiting VM often correlate
with heightened invasiveness and metastatic potential, indicating
that VM is a potential mechanism for the acquisition of aggressive
phenotypes. Understanding the molecular intricacies of VM in
UM holds significant therapeutic implications, offering a prom-
ising avenue for targeted interventions to impede UM progression
and enhance patient outcomes. While the mechanisms of VM
remain incompletely understood, growing research on the tumor
microenvironment implies an inherent connection between the
initial hypoxic conditions in solid tumors and the occurrence of
VM. Our results demonstrate the presence of VM in hypoxic
microenvironments, suggesting its adaptive significance as a sur-
vival strategy for tumor cells. Therefore, we selected MUM2B
cells as a hypoxia model in vitro due to their robust representation
of VM and high invasiveness, followed by identifying functionally
relevant genes for detailed molecular studies.

Transcriptional regulation, especially HIF1a-dependent tran-
scriptional regulation, has long been recognized as canonical,
favoring cell survival regulation in response to the hypoxic
response. However, relatively little is known about the role of
posttranscriptional modification under hypoxic conditions. Ubiq-
uitination serves as a pivotal post-translational modification pro-
cess, regulating protein stability. In this study, we first established
the molecular mechanism for the UBE2G2-dependent ubiquitin
modification in tumor progression induced by hypoxia. Previous
reports have highlighted UBE2G2 as a human E2 enzyme critical
in mediating the ubiquitination and subsequent degradation pro-
cess47. However, limited research reported that UBE2G2, as a
ubiquitin-conjugating enzyme, promotes the occurrence and pro-
gression of cancer. To date, only one documentation reveals that
non-small cell lung cancer patients exhibiting elevated UBE2G2
expression are associated with a relatively poor prognosis48.
Clinically, we observed a significant downregulation of UBE2G2
expression in hypoxic domains of UM. Furthermore, our findings
indicate that UBE2G2 inhibits the formation of VM and metas-
tasis in UM induced by tumor hypoxia. These findings suggest
that UBE2G2 may function as a tumor suppressor protein, exert-
ing constraints on UM development and progression.

Gaining a comprehensive understanding of the mechanisms
through which UBE2G2 exerts tumor suppressor effects is
imperative for devising viable treatment strategies to enhance the
prognosis of patients with UM. The convergence of findings from
proteomics and IP/MS analyses revealed that UBE2G2 negatively
regulates LGALS3BP, a modulator of cell communication and
immune responses. Several studies have documented that
LGALS3BP plays a role in downregulating target proteins through
ubiquitination-mediated proteasomal degradation49e51. However,
there is limited knowledge of LGALS3BP functions as a ubiq-
uitination substrate involved in biological processes. A recent
study reported that LGALS3BP enhances the ubiquitination of
TRAF6 and TRAF3 and serves as a specific ubiquitination sub-
strate for TRAF6, producing interferon and pro-inflammatory
responses52. In the present study, we identified a ubiquitin-
conjugating enzyme, UBE2G2, as an interacting upstream pro-
tein of LGALS3BP. Furthermore, MS results suggest that
TRIM38, a ubiquitin ligase, may interact with UBE2G2, thereby
facilitating the ubiquitin-dependent proteasomal degradation of
LGALS3BP. Subsequent experiments demonstrated that the pri-
mary form of ubiquitination mediated by the collaboration of
TRIM38 with UBE2G2 on LGALS3BP appears to be K48-linked
ubiquitination, as opposed to other ubiquitin linkages.

LGALS3BP, also known as MAC-2BP or 90K, is a glycoprotein
and a ligand of galectin-3. Belonging to the scavenger receptor
cysteine-rich domain family of proteins, LGALS3BP is a secreted
glycoprotein found in both intracellular and extracellular compart-
ments. It is widely distributed in various body fluids. In recent years,
significant attention has been directed towards understanding the
potential role of LGALS3BP in human cancer progression. Elevated
LGALS3BP expression is associated with increased growth in oral
squamous cell carcinoma through PI3K/AKT pathway activation,
and it contributes to lung cancer metastasis by enhancing integrin-
mediated adhesion29,53. In breast cancer, endometrial cancer and
cutaneous melanoma, LGALS3BP promotes angiogenesis through
the galectin-3-dependent stimulation of the PI3K/AKT
pathway27e29. Moreover, in cases of oxygen-induced retinopathy,
LGALS3BP plays a role in microglia-mediated angiogenesis by
upregulating angiogenesis-related factors54. This study underscored
the significance of LGALS3BP in UBE2G2-mediated vasculogenic
mimicry and the progression of tumors associated with VM.
Consistentwith previous studies, increased LGALS3BPactivated the
PI3K/AKT signaling pathway to regulate downstream cellular bio-
logical functions.

Increasing lines of evidence indicate that ECM remodelling
induced by hypoxia is crucial for cancer metastasis and the phe-
nomenon of vasculogenic mimicry11,55. The ECM stands out as one
of the most vital components in shaping the TME. As a secreted
protein, LGALS3BP binds to LGALS3, thereby facilitating cell-cell
adhesion through bridging between galectin molecules attached to
ECM components56. Therefore, we assumed that when UBE2G2
induces ubiquitination degradation of LGALS3BP to inhibit VM
formation, ECM remodelling and TME may be involved in this
process. Using single-cell RNA sequencing, we identified the entire
transcriptional profile of UMcells with overexpressed UBE2G2. The
results revealed that macrophages derived from the overexpressed
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UBE2G2 group exhibit an elevated transcript of LGALS3, which is
the binding partner of LAGLS3BP. According to the immunofluo-
rescence results, there was a noticeable elevation in LGALS3
expression accompanied by the accumulation of intracellular pro-
tein aggregates. These phenomena could be attributed, at least in part,
to diminished LGALS3BP binding. The research findings suggests
that both LGALS3BP and LGALS3 can regulate macrophage
polarity57e59, thereby providing mechanistic support for the hy-
pothesis that hypoxia induces SPP1þ macrophage. Further investi-
gation is necessary to elucidate the mechanisms underlying
UBE2G2eLGALS3BP modulation of the microenvironment,
particularly its impact on the SPP1þ macrophage population.

Our findings also demonstrated that the overexpression of
UBE2G2 in cancer cells leads to a downregulation in generating an
SPP1þ TAM population, reportedly responsible for the enhanced
malignancy40. Prior studies have shown that LGALS3BP and SPP1
possess the capability to enhance collagen expression in fibroblasts,
potentially contributing to ECM remodelling37,38,60. Here, we
observed that overexpressing UBE2G2 in UM cells led to ECM
remodelling, characterized by a reduction in the proportion of fi-
broblasts and a promotion of a shift towards subpopulations that
exhibit lower reactivity and are less enriched in collagen phenotype.
Notably, a recent study reported that hypoxia in UM could induce
extracellular collagen matrix formation11. Hence, our data might
provide mechanistic support for the idea that hypoxia contributes to
ECM remodelling by downregulating UBE2G2, subsequently pro-
moting the level of LGALS3BP and SPP1 in UM. Furthermore,
UBE2G2-overexpressed cancer cells contribute to inhibiting
metastasis andVMwithin the tumor and enhance the generation of an
immunosuppressive tumor microenvironment by activating the im-
mune system. This alteration is marked by notable changes in im-
mune cell populations, including an increased number of neutrophils
and T cells. Moreover, the T cells undergo a shift towards a more
immune-activated phenotype.

Admittedly, it is important to acknowledge certain limita-
tions of our study. While we have provided valuable insights
into the role of UBE2G2 in UM, focusing solely on
ubiquitination-associated genes may overlook the contribu-
tions of other genes and pathways in tumor development. The
mechanism responsible for the downregulation of UBE2G2
under hypoxic conditions remains unknown and requires
further investigation.

5. Conclusions

In summary, we demonstrated that UBE2G2 expression is
downregulated in the uveal melanoma and inhibits VM and
metastasis phenotype both in vitro and vivo, accompanied by a
decreased desmoplastic response. At the mechanistic level, the
reduction of UBE2G2 induced by hypoxia inhibits the ubiquiti-
nation and degradation of LGALS3BP, leading to the reprog-
ramming of macrophages and promoting a switch to an SPP1-
positive population. Our data demonstrate that targeting both
intercellular and intracellular molecular mechanisms of the
hypoxiaeUBE2G2eLGALS3BP axis may contribute to devel-
oping various therapeutic strategies for UM.
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