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E3 ubiquitin ligases (E3s) play a pivotal role in regulating the specificity of protein ubiquitination, and their
significant functions as regulators of immune responses against tumors are attracting considerable interest.
RBCK1—an RBR E3 ligase—is involved in immune regulation and tumor development. However, the potential
effect of RBCK1 on glioma remains enigmatic. In the present study, we performed comprehensive analyses of
multilevel data, which disclosed distribution characteristics of RBCK1 in pan-cancer, especially in glioma.
Functional roles of RBCK1 were further confirmed using immunohistochemistry, cell biological assays, and
xenograft experiments. Aberrant ascending of RBCK1 in multiple types of cancer was found to remodel the
immunosuppressive microenvironment of glioma by regulating immunomodulators, cancer immunity cycles, and
immune cell infiltration. Notably, the MES-like/RBCK 118" cell population, a unique subset of cells in the
microenvironment, suppressed T cell-mediated cell killing in glioma. Elevated expression levels of RBCK1 sug-
gested a glioma subtype characterized by immunosuppression and hypo-responsiveness to immunotherapy but
manifesting surprisingly increased responses to anti-angiogenic therapy. In conclusion, anti-RBCK1 target
therapy might be beneficial for glioma treatment. Moreover, RBCK1 assisted in predicting molecular subtypes of
glioma and response rates of patients to different clinical treatments, which could guide personalized therapy.

Glioma

1. Introduction treatment to boost antitumor immunity [3].
RANBP2-type and C3HC4-type zinc finger-containing 1 (RBCK1 or
HOIL-1L)—a member from the family of the RBR E3 ligases [4,5]—has

been found to participate in cell-cycle progression and immune regula-

Ubiquitination—a reversible post-translational modification—plays
a significant role in oncogenesis and immune responses, requiring three

enzyme complexes. Among them, E3 ubiquitin ligases (E3s) are the
primary regulators of specificity in protein ubiquitination, mainly by
recognizing substrates [1,2]. E3s function in various cellular processes,
such as DNA repair and metabolism, so dysfunctions of E3s could induce
multiple diseases, including cancer. Because of their vital role in cancer
immunotherapy, E3s are currently identified as important immune
system regulators. Targeting E3s has been considered a promising

tion [5-7]. RBCK1 forms the linear ubiquitin chain assembly complex
(LUBAC) with HOIP and SHARPIN, responsible for the Metl-linked
ubiquitination of substrates related to cell death and immune
signaling [8,9]. Remarkably, a genome-scale CRISPR-Cas9 screening
study revealed that RBCK1 took part in the resistance building of cancer
cells to attack by T cells [10]. Additionally, the deletion of RBCK1 in
cancer cells leads to better efficacy of immunotherapy [11,12]. These
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recent findings indicate that RBCK1 could function as a potential cancer
biomarker and therapeutic target. However, its roles in prognosis and
immune microenvironment in pan-cancer have not been thoroughly
investigated.

The tumor microenvironment (TME) is a complex cellular milieu in
which the development and progression of cancer usually involve
extensive remodeling [13]. TME is critical in regulating tumor patho-
genesis and has a notable effect on influencing therapy responses
because tumor-infiltrating immune cells have some crucial functions to
play in it [13,14]. Moreover, forming new blood vessels is a critical
process in tumor progression. Aberrant vasculatures in TME help neo-
plasms evade the surveillance and attack of the immune system by
establishing an immunosuppressive environment [15]. Therefore,
recent studies have sought to investigate the function of RBCK1 in the
TME.

Glioma is the most destructive and invasive primary brain tumor,
featuring a poor prognosis and limited treatment options [16,17].
Identification of isocitrate dehydrogenase (IDH) mutation, 1p19q
codeletion, O6-methylguanine-DNA methyltransferase (MGMT) pro-
moter methylation, and a thalassemia/intellectual disability syndrome
X-linked (ATRX) mutation status as prognostic biomarkers have been
the major breakthroughs in glioma treatment [18]. Nonetheless, despite
advances in therapeutic strategies, the prognosis of glioma remains
dismal, with high relapse rates. Unique pro-angiogenic and immune
microenvironment differentiates glioma from other solid cancers and
leads to great challenges for prognostication and treatment development
[19,20]. Therefore, it is urgent to explore relevant biological molecules,
which could aid in clinical treatment decision-making and improve
clinical outcomes.

The advances in high-throughput sequencing and comprehensive
bioinformatics technologies have facilitated the identification of critical
regulators and their potential functions in tumor progression. The pre-
sent study analyzed the expression patterns and immunological func-
tions of RBCK1 in diverse cancer types, especially glioma. Additionally,
RBCK1 promoted the formation of suppressive TME, which has the po-
tential to aid in assessing glioma patients’ responsiveness to different
treatments, which can contribute to tailored therapy design.

2. Materials and methods
Fig. S1 depicts the study’s workflow.
2.1. Data processing

The Cancer Genome Atlas Program (TCGA) and Genotype-Tissue
Expression (GTEx) project provided unified and standardized data,
which were obtained from the UCSC RNA-seq Compendium. Supple-
mentary Table S1 outlines the acronyms for different cancer types. To
validate the findings, we obtained RNA-seq and clinicopathological data
from the BrainBase database (https://ngdc.cncb.ac.cn/brainbase) and
the Chinese Glioma Genome Atlas (CGGA) database. The Gene Expres-
sion Omnibus (GEO) database was used to download glioma samples
with the scRNA-seq data of GSE131928. Data access policies of each
database were honored in this research. RBCK1 protein sequences were
gained from UniProt, and its protein domain features are shown in
Supplementary Table S2. The structure of RBCK1 was obtained using the
AlphaFold prediction. Single-cell RNA sequencing analyses were con-
ducted on four glioma cohorts (GSE102130, GSE148842, GSE89657,
and GSE70630) using the Tumor Immune Single-cell Hub (TISCH) [21].

2.2. Analysis of mutation and copy number difference

The UCSC Xena provides the copy number variation (CNV) data, and
the package “maftools” was used to acquire and display the mutation
data. Based on the GISTIC2 threshold, the copy number status of dele-
tion, normal, and amplification was ascertained [22].
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2.3. Tumor mutational burden (TMB), microsatellite instability (MSI),
neoantigen (NEO), and stemness Indices

TMB was the total count of somatic mutations, fragment insertions,
and deletions per million bases [23]. MSI and NEO data were acquired
from prior studies [24,25]. The relevance between RBCK1 expression
and TMB, MSI, and stemness indices was examined using Spearman’s
correlation method.

2.4. Analysis of tumor immune microenvironment characteristics

The ESTIMATE algorithm was used to determine the immune, stro-
mal, and ESTIMATE scores [26]. The abundance of tumor-infiltrating
immune cells was evaluated through the CIBERSOR and QUANTISEQ
algorithms. Charoentong et al.’s research was used to gather data on
major histocompatibility complexes (MHC), cytokines, and receptors
[27]. The cancer immunity cycle is a key to anti-cancer immune
response, consisting of seven steps, including cancer antigen release,
antigen presentation, activation, immune cell transport to the tumor,
immune cell infiltration of the tumor, T cell recognition by cancer cells,
and cancer cell destruction [28]. Gene data were obtained from the
Tracking Tumor Immune Phenotype website, and a single-sample gene
set enrichment analysis (ssGSEA) was performed to quantify the acti-
vation of these steps. TIDE scores were calculated for glioma patients
using the algorithm provided by Jiang et al., which assesses tumor im-
mune dysfunction and exclusion [29].

2.5. scRNA-seq data analysis

The analysis of the scRNA-seq data was performed using the “Seurat”
R package. Cells with a gene count of less than 200, a detection rate of
less than three cells, or a high proportion of mitochondrial genes were
removed from the analysis. Dimensionality reduction for visualizing
scRNA-seq data was performed using the Uniform Manifold Approxi-
mation and Projection (UMAP). The “FindAllMarkers” program was
used to identify cluster-specific marker genes. For each cell cluster, the
cell type was defined according to its marker gene. The CellChat package
was used to anticipate the communication among various kinds of cells
using scRNA-seq [30]. The Monocle3 package was applied to generate
cell pseudotime paths (https://cole-trapnell-lab.github.io/monocle3).
The DoRothEA package was used to calculate transcription factor (TF)
activity [31].

2.6. Identification of differentially expressed RNA

Differential expression gene (DEGs) selection was performed using
the “limma” package. The “ClusterProfiler” R package was used for
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. The
Hallmark gene set obtained from MSigDB was used to conduct GSEA.
Scores of enrichments for gene features were computed, each repre-
senting a well-known cancer-related pathway. Pathway score was
computed by adding the levels of positive regulatory members and
subtracting the levels of negative regulatory members within any given
pathway [32].

2.7. Assessment of the responsiveness of chemotherapeutics and the
effectiveness of immunotherapy

The Genomics of Drug Sensitivity in Cancer (GDSC) dataset was used
to predict the sensitivity of each sample to various anti-angiogenic
agents. A prediction procedure was executed using the “pRRophetic”
package. The response of the anti-angiogenic agents was estimated by
determining the IC50. We used the online tool Tumor Immune
Dysfunction and Exclusion (TIDE) to forecast the effectiveness of
immunotherapy at the transcriptome features. A lower TIDE score in-
dicates a better response to immunotherapy.
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2.7.1. Identification of candidate small molecules

We obtained data on certain genes-associated molecules and
chemotherapeutic drug sensitivity from the GSCALite ground on the
GDSC. The Connectivity Map (CMAP) database was used to search for
possible drugs based on a particular gene expression pattern [33]. The
list of potential agents and their scores was obtained by feeding the DEGs
into CMAP. Drugs with negative scores have the potential capability to
counteract desired biological features and could be therapeutically
valuable. All drugs with a score below —95.0 were assessed.

2.8. Cell culture

Human glioma cells and human umbilical vein endothelial cells
(HUVECs) were obtained from Wuhan Pu-Nuo-Sai Life Technology Co.
Ltd. (Wuhan, China) and the Chinese Academy of Sciences, respectively.
Glioma cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS), whereas RPMI 1640
medium containing 10% FBS was used to sustain HUVECs. These cells
were placed in a 5% CO; incubator and incubated at 37 °C.

2.9. Cell transfection

RBCK1 knockdown short hairpin RNA (shRNA) lentiviral plasmid
was conducted by Tsingke Biotechnology Co., Ltd. (Beijing, China).
Glioma cells (U87MG and A172) were transfected with these lentivi-
ruses with Lipofectamine 3000 (Thermo Fisher Scientific, Inc.) following
the manufacturer’s guidelines. Following shRNA-targeting sequences of
RBCK1 were used: shRNA-1, CCACAACACTCATCTGTCAAA; shRNA-2,
CCCTGAGGATTACCAGCGATT.

2.10. Tumor conditioned medium

The cells were cultured in six-well plates, and then the normal me-
dium was substituted with a serum-free medium. After a day, the su-
pernatant was harvested, centrifuged at 200g for 10 min, and filtered
through 0.22-pm syringe filters to obtain tumor-conditioned medium
(TCM). The TCM was used for conducting migration and apoptosis as-
says of HUVECs.

2.11. Western blot analysis

To lyse cells, we used RIPA buffer with protease and phosphatase
inhibitors (Beyotime, Shanghai, China). Protein content was quantified
using the BCA assay, and the samples were separated in 10% SDS-PAGE
gels. The proteins were moved onto a PVDF transfer membrane and later
blocked with a blocking solution. After that, primary antibodies were
incubated on the membrane at 4 °C overnight, followed by HRP-
conjugated secondary antibodies. A chemiluminescence kit was used
for protein visualization.

2.12. Real-time quantitative PCR assay

Total RNA was isolated with the TRIzol reagent (Invitrogen, USA)
and reversely transcribed. Following primer pairs were used for the RT-
qPCR assays: 5-GAGGGCAGAATCATC ACG AAG-3’ and 5-TGTGCT

GTAGGAAGCTCATCTCTC-3" for human VEGFA; 5-CGTCAC-
CAACTGGGACGA- and 5-ATGGGGGAGGGCATACC-3’ for human
B-ACTIN.

2.13. Wound healing assay

HUVECs were seeded in six-well plates and allowed to reach com-
plete confluency. Subsequently, the supernatant was discarded, and
TCM was added. Wound closure was observed and assessed under a
microscope after 48 h.
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2.14. Flow cytometry

HUVECs were seeded into 6-well plates and incubated with a tumor-
conditioned medium for 48 h. The cells were dissociated using trypsin
and resuspended. After washing with PBS, the cells were suspended in a
binding buffer. The cells were then exposed to Annexin V-APC and PI
and analyzed using flow cytometry. Cell apoptosis was assessed using
FlowJo software (FlowJo, LLC, Bethesda, USA).

2.15. Luciferase reporter assays

HIF-1a activity was measured using the hypoxia response element-
dependent (HRE-dependent) luciferase assay via the Dual-Luciferase
reporter assay system (Promega, Madison, WI). The HIF-1a-responsive
luciferase construct containing hypoxia response elements fused with a
firefly luciferase was obtained from Addgene (HRE-luciferase, plasmid
cat #26731).

2.16. Cell proliferation assay

HUVECs were seeded at 5 x 10° cells/mL in a 96-well plate and
incubated with a combination of TCM and Axitinib (0.1 pM) at 37 °C.
CCK-8 solution was added after 72 h, and the cells were incubated at
37 °C for 3 h. Absorbance was measured at 450 nm.

2.17. Clinical tissue samples, Hematoxylin and Eosin (HE) staining, and
immunohistochemistry (IHC) assay

The Hospital Ethics Committee of the Affiliated Cancer Hospital and
Institute of Guangzhou Medical University granted approval for using
patient samples following the Declaration of Helsinki. For HE staining,
tissue was fixed, paraffin-embedded, dewaxed, rehydrated, and then
stained with HE for histopathological analysis. Tissue sections were
subjected to deparaffinization, rehydration, and antigen retrieval before
undergoing IHC. Following blocking solution incubation, sections un-
derwent overnight incubation with the primary antibody at 4 °C, then
treated with biotinylated secondary antibody and HRP-polymer at 37 °C
for 30 min

2.17.1. Xenograft experiments

BALB/c nude mice aged 4-5 weeks were housed under stable con-
ditions of 25 °C and a 12-h light-dark cycle. The animal studies were
authorized by the Guangzhou Medical University Biomedical Research
Ethics Committee and were conducted according to the Guide for the
Care and Use of Laboratory Animals. The mice were arbitrarily divided
into two groups of six mice each. To establish U87 xenografts, we
injected mice subcutaneously with 1 x 1076 U87 cells stably transfected
with sh-RBCK1 or sh-NC. Tumor formation was monitored for approxi-
mately 3 weeks, and tumor sizes were measured every 5 days. Upon
completion of the processes, the mice were sacrificed, and tumors were
harvested and weighed to calculate tumor volume.

2.18. Statistical analysis

To assess the relationships between variables, we applied Pearson
and Spearman correlation coefficients, whereas pairwise comparisons
were conducted with either Student’s t-test or Wilcoxon rank-sum test.
One-way analysis of variance (ANOVA) and the Kruskal-Wallis test were
used to compare more than two groups. Kaplan-Meier estimator was
used to create survival curves for prognostic evaluations of categorical
variables. The R software (version 4.1.2) was used to perform bioin-
formatics analysis. Statistical differences for cell experiments were
determined using GraphPad Prism 8 software. Values are presented as
mean + standard error of means. P < 0.05 was deemed statistically
significant.
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3. Results

3.1. Pan-cancer expression pattern and prognostic significance correlation
of RBCK1

RBCK1 possesses an N-terminal LUBAC-tethering motif (LTM), a
Ubiquitin-like (UBL) domain, a RanBP2 (NZF) domain, and a canonical
RING1 domain is followed by two zinc-coordinating domains known as
IBR (In-between-RING) and RING2 (Fig. 1A-B). RING1, IBR, and RING2
are components of the RBR domain, which are essential for the efficient
functioning of RBCK1. LTM-mediated RBCK1/SHARPIN interaction
plays a critical role in trimeric LUBAC stabilization and function.

Compared with corresponding normal tissues, upregulation of
RBCK1 was observed in multiple cancer types, such as glioma
(GBMLGG) and breast invasive carcinoma (BRCA) (Fig. 1C). RBCK1 was
detected in multiple tumor cell lines, including glioma cells, upon
examining the gene expression data of The Human Protein Atlas
(Fig. S2A).

Based on the aforementioned results, we then analyzed the potential
prognostic relevance of RBCK1 in diverse types of cancer. Despite its
varying prognostic value, increased expression of RBCK1 was linked to
unfavorable prognosis among several cancer types (Fig. 1D). Similarly,
ascended level of RBCK1 led to poorer progression-free survival (PFS)
and disease-free survival (DFS) in various cancers, including glioma
(Figs. S2B-C).

The K-M plotter was used to plot survival curves based on RBCK1
expression in the TCGA glioma cohort (Fig. 1E-F, S2D). The expression
of RBCK1 was positively correlated with the World Health Organization
(WHO) grades of glioma (Fig. 1G). Furthermore, a significant upregu-
lation of RBCK1 was observed among patients with IDH-wildtype
(Fig. 1H). By contrast, the expression of RBCK1 was elevated in the
1p/19q codeletion group compared with the non-deletion group
(Fig. 1I) and did not exhibit an association with MGMT mutation status
(Fig. 1J). Moreover, based on the CGGA microarray datasets, the
expression of RBCK1 was found to be positively linked to survival rates,
WHO grades, and histological type of the glioma and enhanced in the
IDH-wildtype and 1p/19q non-deletion groups (Figs. S2E-H). RBCK1
expression showed significant relevance with tumor malignancy and
patient prognosis, particularly in cases of glioma.

3.2. Mutational analyses of RBCK1 in pan-cancer

First, we identified the primary somatic mutation signature associ-
ated with TCGA glioma patients. Missense mutations were the most
common mutation type, single nucleotide polymorphism (SNP) had the
highest frequency of variations, and C > T was the predominant muta-
tion type detected in TCGA glioma patients (Figs. S3A-E). The leading 10
genes with mutations in the TCGC glioma cohort are shown in Fig. S3F.

An analysis of different CNV states (neutral, loss, and gain) and
mRNA expression data was performed, revealing significant differences
in RBCK1 expression among CNV state subgroups in various cancers
(Fig. 2A). Further, significant differences in the CNV score of RBCK1
were observed among glioma WHO grades, IDH-status, 1p19q codele-
tion status, and MGMT promoter methylation status (Fig. 2B-E). Types
and locations of RBCK1 somatic mutation rates are presented in Fig. 2F,
and the missense mutation mainly in the IBR-type zinc finger domain is
an amino acid change at position 352 (p.Arg 352 Gln) from the TCGA
glioma cohorts (Fig. S3G). This sequence change replaces the basic and
polar arginine with the neutral and polar glutamine. Research has
demonstrated that the UbcH7(C86K)-Ub conjugate binds to the RBCK1
RBR-helix in the presence of the allosteric activator M1 di-Ub.
Furthermore, within the RBR module of RBCK1, there exists an allo-
steric ubiquitin (Ub) binding site at the RING1-IBR interface. Notably,
RBCK1 1358, in close proximity to the R352Q mutation site, plays a
central role in this allosteric Ub binding site. Compared with the wild-
type RBCK1, the RBCK1 I358R mutant exhibits weaker activation by

5215

Computational and Structural Biotechnology Journal 21 (2023) 5212-5227

M1-linked di-Ub. Additionally, the linked di-Ub fails to bind to RBCK1
I358R [34]. In the protein structure of the RBCK1/UbcH7-Ub/Ub com-
plex (PDB: 8EAZ) [34], R352 and I358 reside on the same helix. How-
ever, their side chains are oriented in opposite directions (Fig. S3H).
Unlike 1358, R352 does not reside on the interaction surface with the
allosteric Ub. Notably, the side chain of R352 in RBCK1 is close to D32 of
Ub in UbcH7-Ub (Fig. S3H). Therefore, the side chain of RBCK1 R352
has the potential to form hydrogen bonds and/or ionic bonds with the
main chain C=0 and the side chain of Ub D32, despite the weak electron
density of RBCK1 R352 in the RBCK1/UbcH7-Ub/Ub complex. The
interaction between RBCK1 R352 and Ub D32 may not be strong. These
interactions may enhance the affinity between RBCK1 and UbcH7-Ub.
Consequently, when the IBR domain of RBCK1 undergoes a point mu-
tation at R352Q, there is a possibility that this alteration could influence
the binding properties of the site. As a result, this mutation has the
potential to weaken the binding between RBCK1 and UbcH7-Ub.

As shown in Fig. 2G, the frequencies of the top 15 frequently mutated
genes in the RBCK1-high group differed from those in the RBCK1-low
group.

3.3. Pan-cancer genomic heterogeneity, immunomodulators, and immune
cell infiltration correlation of RBCK1

MSI is a type of genomic instability caused by the deficiency of
mismatch repair [35]. TMB is used to quantify non-synonymous somatic
mutations occurred in genomic coding regions [36]. These two factors
are considered not only involved in tumorigenesis but also as candidates
to predict immunotherapeutic responsiveness [35,37,38]. Here, we
found that the expression of RBCK1 exhibited varying degrees of sig-
nificant correlation with TMB, MSI, neoantigen, and stemness across
different types of cancers (Fig. 3A-B, S4A-B). Notably, RBCK1 was
positively correlated with TMB and stemness indices in glioma. How-
ever, the positive association between RBCK1 and neoantigen failed to
achieve statistical significance. Similarly, the negative association be-
tween RBCK1 and MSI was not statistically significant.

Immune checkpoint genes are crucial for immune cell infiltration,
which can influence the effectiveness of immunotherapy [39]. There-
fore, a pan-cancer analysis of immune-related effects of RBCK1 was
performed to identify patients who could potentially benefit from
RBCK1-targeted therapy. We found that RBCK1 expression was posi-
tively correlated with LAG3, an immune suppressor gene, in glioma.
However, there was a statistically nonsignificant positive relation be-
tween RBCK1 and PD-1 (PDCD1), CTLA4, and PD-L1 (CD274) (Fig. 3C).
Besides, no significant association was observed between RBCK1 and
immune stimulator genes, except for TNFRSF4 and CD40 (Fig. S4C).

Various chemokines have been deemed to modulate tumor immunity
[14]. The expression levels of RBCK1 were positively associated with
most chemokines and receptors in multiple cancers but inversely
correlated with CX3CL1/CX3CR1 in glioma (Fig. S5A), the
up-regulation of which would result in the activation and infiltration of
immune effector cells in TME [40]. Moreover, RBCK1 was observed to
be positively associated with HLA-G, a kind of MHC-I molecule that
cancer cells use to engineer a key immune escape mechanism (Fig. S5A)
[41].

We then estimated the correlation of RBCK1 with infiltration scores
of tumor stroma and immune cells (Supplementary Table S3, Fig. S5B).
In glioma, RBCK1 expression positively correlated with immune score
and ESTIMATE score but not stromal score. High RBCK1 expression was
related to elevated infiltration levels of regulatory T cells (Tregs), M2
macrophages, and neutrophil cells in glioma (Fig. 3D). An additional
QUANTISEQ algorithm analysis revealed a positive association between
RBCK1 and M2 macrophage infiltration (Fig. S5C). Nevertheless, RBCK1
was found to be negatively correlated with certain effector genes of
CD8 + T cells, T helper type 1 (Thl) cells, natural killer (NK) cells,
dendritic cells (DC) cells, and macrophages (Fig. 3E).

The chemokine system and other immunomodulators could directly
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Fig. 1. RBCK1 expression levels in pan-cancer. (A) Schematic diagram of the domains of the RBCK1 protein. (B) Three-dimensional structure of RBCK1 protein from
AlphaFold. AlphaFold produced a per-residue confidence score (pLDDT) between 0 and 100. Blue: Very high (pLDDT > 90), cyan: Confident (90 > pLDDT > 70),
gold: Low (70 > pLDDT > 50), coral: Very low (pLDDT < 50). (C) RBCK1 expression levels in pan-cancer tissues and corresponding normal tissue (t-test). T, tumor
tissue; N, normal tissue; TPM: transcript per million. (D) Correlation between RBCK1 expression levels in OS of pan-cancer. HR, hazards ratio; CI, confidence interval.
(E-F) The OS (E) and PFS (F) curves in the TCGA glioma cohort. L, low RBCK1 expression; H, high RBCK1 expression; OS, overall survival; PFS, progression-free
survival. (G-J) Expression analysis of RBCK1 in different WHO grades (G2-4, grade2-4) (G), IDH mutant-type and IDH wild-type (H), 1p/19q_codel and non-
codel (I), MGMT Methylated and Unmethylated (J) of TCGA glioma cohort using the Brainbase database. Data were analyzed using a t-test for two groups and
ANOVA with multiple comparisons. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, ns P > 0.05.
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Fig. 2. The mutation and CNV of RBCK1 in pan-cancer. (A) The relationship between different CNV patterns and mRNA expression levels of RBCK1. RBCK1 log2(CN/
2) was used to represent RBCK1 copy number variation. CN, copy number. (B-E) The CNV of RBCK1 in different WHO grade(B), IDH mutant and wild-type(C),
1p19q_nodel and non_codel (D), MGMT Methylated and Unmethylated (E) of glioma in the TCGA glioma cohort (G2-4, grade2-4). (F) Mutational landscape of
RBCK1 across pan-cancer. The numbers next to the cancer types indicate the mutation frequency of RBCK1. (G) Waterfall of the top 15 mutated genes of glioma
patients in the low- and high-RBCK1 groups. Data were analyzed using a t-test for two groups and the Kruskal-Wallis test with multiple comparisons. ***P < 0.001,

**P < 0.01, *P < 0.05, ns P > 0.05.
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Fig. 3. The effect of RBCK1 on immunological status in pan-cancer. (A-B) Relations between RBCK1 expression and TMB (A) and MSI (B) in pan-cancer (Spearman’s
correlation coefficient). (C) Heatmap of the correlation between RBCK1 and inhibitory immune checkpoints in pan-cancer. (D) Correlation of RBCK1 expression with
immune cell infiltrates based on the CIBERSORT algorithm in pan-cancer. The asterisks indicate statistical significance (P < 0.05). (E) Correlations between RBCK1
and the effector genes of five immune cells (Pearson correlation analysis). A stronger correlation is indicated by a thinner ellipse, and a weaker correlation by a
rounder oval. Negative correlations are represented by blue, and positive ones by red. (F) The thermogram shows the status of anti-cancer immunity steps among the
low- and high-RBCK1 groups. (G) Comparison of the proportion of tumor-infiltrating immune cells (Step 4) between low- and high-RBCK1 group (Wilcoxon test). Tm,
Memory T cells; Tregs, T regulatory cells; NK, natural killer cell; M1, M1_like macrophages; M2, M2 _like macrophages; DC, dendritic cell; Th, helper T cell; MDSC,
llllyeloid—derived suppressor cell. ****P < 0.0001, ***P < 0.001, *P < 0.05, ns P > 0.05.

influence the activities of different parts of the cancer immunity cycle
[28]. Infiltration of immune cells into tumors (Step 5) was observed to
be downregulated in the high-RBCK1 group. By contrast, the activity of
T cell recognition of cancer cells (Step 6) was downregulated in the
low-RBCK1 group (Fig. 3F). The differences in immune cell trafficking
among Step 4 were further investigated (Fig. 3G). We observed ascended
infiltration levels of immunosuppressive cells in the high-RBCK1 group,
including T regulatory cells (Tregs), Myeloid-derived suppressor cells
(MDSCs), and Th2 cells. Overall, we speculate that RBCK1 regulates
remodeling of the TME in glioma, shifting it from an immune-active to
an immune-suppressive state.

3.4. The single-cell localization analysis of RBCK1 in the TME of glioma

Besides TME, tumor heterogeneity is an important factor influencing
drug response and prognosis. We used four scRNA-seq databases to
examine whether RBCK1 expression varies in different subpopulations
of malignant cells upon a single-cell level (Figs. S6A-D). Glioma cells
were subdivided into four dynamic cell conditions: mesenchymal-like
(MES-like), neural-progenitor-like = (NPC-like), oligodendrocyte-
progenitor-like (OPC-like), and astrocyte-like (AC-like) states [42].
MES-like glioma cells could facilitate the transition of macrophages to a
mesenchymal program state and are susceptible to T-cell-mediated
killing [43]. Furthermore, UMAP dimensionality reduction was used to
visualize the distribution and dissimilarity of different cell types
(Fig. S7A), and the top differentially expressed genes from each pooled
population were identified (Fig. S7B). Using cluster-specific markers to
label different cell types, we divided MES-like cells into two groups
based on RBCK1 expression. We used cluster-specific markers to label
cell types (Fig. 4A), and MES-like/RBCK1"8" cells were shown to ex-
press high-level RBCK1 in the expression profile (Fig. 4B).

To investigate the interaction among different cell types, we per-
formed analyses with CellChat, in which MES-like/RBCK1" cells were
suggested to have stronger interactions with other cells than MES-like/
RBCK1"8" cells, both in number and probabilities of interactions
(Fig. 4C, S7C). We defined two outgoing and four incoming patterns
(Fig. 4D, S7D). Particularly, MES-like/RBCK118" in outgoing pattern2
was found to be associated with the secretion of MIF, PTN, MK, PSAP,
VISFATIN, ANGPTL (Angiopoietin-like), PARs, FGF, IL16, and PDGF.
The main ligand-receptor interactions were also identified (Fig. S7E).
Besides, paracrine signaling of COMPLEMENT from MES-like cells to
non-MES-like cells was observed mainly to be produced by MES-like/
RBCK1%" cells and target monocytes and macrophages (Fig. 4E), which
was in line with the findings by Hara T et al.[43], suggesting that
MES-like/RBCK1" cells may affect the pro-inflammatory status of
macrophages and exhibit a greater sensitivity to T-cell-mediated killing.
PDGFC and PDGFRA, the major players of PDGF singling, were highly
expressed in MES-like/RBCK1"8" cells, whereas MES-like/RBCK1*"
cells had high expression of C3, which has a significant effect on the
activation of the COMPLEMENT signaling (Fig. 4F).

Pseudotime trajectory analysis was performed on subpopulations of
MES-like cells, in which the development of MES-like/RBCK1" cells in
clusters 13 and 9 preceded MES-like/RBCK1™8 cells in clusters 0,6,7,
and 10, based on their temporal sequence in cell developmental tra-
jectory (Fig. 4G-H). On account of differentially expressed genes in MES-
like/RBCK118" we performed a KEGG analysis, which revealed that
upregulated genes were associated with VEGF, HIF-1, PD-L1 expression,
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and PD-1 checkpoint, PI3K-Akt signaling, and tumor transcriptional
misregulation (Fig. 4I). Further analyses of transcription factor activities
suggested that MES-like/RBCK1"8" cluster exhibited higher activity of
transcription factors SOX10. By contrast, the activity of SMAD3 was
increased in the MES-like/RBCK1Y cluster (Fig. 4J). Therefore, RBCK1
might affect the differentiation state of the glioma cells of origin and
alter the phenotypes of the subsequent tumors and antitumor immunity.

3.5. Differentially expressed genes and Functional enrichment analysis

Differentially expressed genes in RBCK1-high and RBCK1-low groups
were further screened for identifying the molecular function RBCK1
(Fig. S8A). Subsequent gene ontology (GO) analysis of DEGs was
enriched in pathways related to NF-kB activity, blood vessel morpho-
genesis, cell migration, and T cell differentiation (Fig. S8B). Addition-
ally, GSEA analysis revealed that the Hedgehog pathway was
significantly activated in the RBCK1-low group, whereas angiogenesis
and the TNF-a/NF-xB/Snail pathway were activated in the RBCK1-high
group (Figs. S8C-D).

Glioma is deemed a highly malignant solid tumor because of its
strong invasiveness and resistance to treatment. Dynamic imaging
studies have demonstrated that glioma cells frequently migrate through
tissue via blood vessels [44]. Notably, the DEG analysis between the
high and low RBCK1 groups identified 48 angiogenesis-related genes, 36
exhibiting increased expression in the high-RBCK1 group (Fig. S8E).

Next, we performed an analysis containing nine anti-angiogenic
agents to predict the IC50 values in different groups. The IC50 values
of four drugs (Axitinib, Masitinib, Pazopanib, and Sorafenib) were found
to be lower in the RBCK1-high group (Fig. 5A), indicating that RBCK1
expression was associated with sensitivity of patients to these drugs. We
also found that the expression of endothelial cell-specific genes,
including CLEC14A, PECAM1, CDH5, and CLDN5, were positively
correlated with RBCK1 (Fig. 5B-E). These findings suggest that RBCK1
assists in vascularizing glioma, making tumor cells more susceptible to
anti-angiogenic therapy.

3.6. Predictive value of RBCK1 on immunotherapeutic and anti-
angiogenic therapy responses in glioma

Given the characteristics of RBCK1 in building vascular micro-
environment, glioma patients with elevated levels of RBCK1 were
assumed to be responsive to anti-angiogenic treatment. Published bulk
RNA-seq data from the REGOMA trial, which evaluated the efficacy of
an anti-angiogenic agent termed regorafenib [45,46], was used to
perform analyses in which patients exhibiting high levels of RBCK1
expression displayed an increased responsiveness to anti-angiogenic
therapies (Fig. 6A-B).

Next, we analyzed a data set of PD-1-inhibitor-treated glioblastoma
[47]. We did not observe significant correlations between the expression
of RBCK1 and PFS or OS before accepting PD-1 inhibitor therapy; poor
PFS and OS after receiving PD-1 inhibitor treatment were related to high
expression of RBCK1 (Fig. 6C-D). However, statistical significance was
not achieved in the cases, possibly due to the limited number of samples
and the high variability within the group. We also noted that in the
post-treatment cohort, but not in the pre-treatment cohort, RBCK1
expression was negatively correlated with cytotoxic T cells (Fig. 6C-D),
which may be caused by T cells selectively targeting
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Fig. 4. RBCK1 expression in single-cell transcriptome analysis of glioma. (A) UMAP was used to visualize the distribution and dissimilarity of cell types in scRNA-seq
data (GSE131928) (B) UMAP plot showing expression of RBCK1. (C) Interactions between the different cell types were analyzed using CellChat with cells from MES-
like/RBCK1High (left) and MES-like/RBCK1“" (right). The line thickness indicates the number of ligand-receptor pairs for each interaction. (D) The alluvial plot
visualizes the outgoing signaling patterns of secreting cells, revealing the correspondence between the inferred latent patterns and cell types, as well as the signaling
pathways involved. (E) Hierarchical plot shows the inferred intercellular communication network for COMPLEMENT signaling. The left and right portions represent
the autocrine and paracrine signaling to MES-like cells and other cells, respectively. The source and target are represented by solid and open circles, respectively. The
edge width indicates the likelihood of communication. (F) Violin plot showing the expression of genes involved in the PDGF and COMPLEMENT signaling network
among each cell type. (G) A three-dimensional plot displays the pseudotime trajectory of cell clusters. The distribution of cell subsets in 3D space. The black lines
show the structure of the pseudotime trajectory. (H) Pseudotime analysis of MES-like glioma cells. (I) KEGG analysis of DEGs in MES-like/RBCK1High sub-
populations. (J) DoRothEA analysis on transcription factor activity in each of the cell clusters. MES-like, mesenchymal-like states; AC-like, astrocyte-like states; NPC-
14ike, neural-progenitor-like states; OPC-like, oligodendrocyte-progenitor-like states.

MES-like/RBCK1:°" tumor cells, and the residual MES-like/RBCK1i
population becoming resistant to immune therapy.

Furthermore, responses to immune checkpoint blockades (ICB)
therapy were analyzed in glioma patients with varying levels of RBCK1
expression. Patients with higher RBCK1 expression exhibited higher
TIDE scores, indicating poorer responses to immunotherapy (Fig. 6E).
Moreover, we also noticed significantly higher scores of T cell exclusion
programs and MDSCs in the RBCK1-high group (Fig. 6F-G). Besides,
patients with abnormally high expression of RBCK1 were shown to be
more prone to experiencing antitumor immune evasion, which led to a
decreased response rate to ICB therapy (Fig. 6H).

3.7. Screening of potential drugs for the treating Glioma

To screen out small molecule drugs for better conquering glioma, we
extracted the upregulated genes in bulk RNA-seq and scRNA-seq data
sets, regarded as the targeted gene set (Fig. S9A, Supplementary
Table S4). Most of the top 10 targeted genes showed significant acti-
vation in the endothelial-mesenchymal transition (EMT) signaling
pathway (Fig. S9B). Gene set variation analysis (GSVA) revealed that the
targeted gene set was primarily enriched in apoptosis and EMT path-
ways across different types of cancer (Fig. S9C).

Next, we screened 149 compounds from two drug response databases
(CMAP and GDSC) to identify potential therapeutic drugs for glioma in
which PD-0325901 and Selumetinib were identified as potential can-
didates (Figs. S9D-E). Notably, a recent study of the NCI-COG Pediatric
MATCH trial confirmed the effectiveness of Selumetinib in treating low-
grade glioma [48]. Additionally, PD0325901 was found to
down-regulate glioma cell proliferation and migration [49]. In the
RBCK1-high group, Selumetinib exhibited a lower IC50 than the low
RBCK1 expression group, whereas PD-0325901 exhibited a higher IC50
(Fig. S9F), suggesting that Selumetinib may be a promising candidate
drug for targeting RBCK1. The divergent effects on IC50 values between
PD-0325901 and Selumetinib in the context of different expressions of
RBCK1 could arise from the additional off-target effects or interactions
with other cellular components. Furthermore, RBCK1 could potentially
modulate the activation or expression of downstream effectors, leading
to different responses to PD-0325901 and Selumetinib.

3.8. Validation of the role of RBCK1 in glioma

To verify and support bioinformation data, we performed cell loss-of-
function experiments and immunocytochemistry studies. RBCK1 was
found to overexpression in cancer tissues compared to para-cancerous
brain tissues (Fig. 7A) and to be significantly upregulated in Grade IV
glioma (Fig. 7B). Protein levels of RBCK1 were relatively high in US87MG
and A172 cell lines (Fig. 7C).

Next, we knocked down RBCK1 in U118MG and A712 cells (Fig. 7D)
and collected tumor-conditioned medium from transfected cells to
conduct further assays on HUVECs. We found that TCM from shRBCK1
cells weakened migration capacity (Fig. 7E-F) and increased apoptosis of
HUVECs (Fig. 7G-H). Furthermore, the knockdown of RBCK1 reduced
the expression of the pro-angiogenic inducer, VEGFA (Fig. 7I). We then
overexpressed RBCK1 and found that endogenous VEGFA expression
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was subsequently increased (Fig. 7J-M). Luciferase reporter gene assay
was conducted with a vector including the promoter region of VEGFA, a
target gene of HIF-la. Results showed that upregulation of RBCK1
enhanced the activities of HIF-la luciferase reporter (Fig. 7N). To
explore whether RBCK1 contributes to the effectiveness of anti-
angiogenic therapy, we collected TCM from the control and RBCK1-
knockdown or overexpression cells and incubated HUVECs with
different TCM in the presence of Axitinib. Conditioned media of RBCK1-
overexpression cells enhanced the inhibitory effects of Axitinib on
HUVEC cell viability (Fig. S9G).

RBCK1 works with SHARPIN and HOIP to constitute LUBAC, which
participates in the canonical NF-kB activation [9]. We found that HOIP
and SHARPIN were expressed in both tumor and para-carcinoma tissues
of glioma, with higher expression levels observed in the tumor tissues
than in the para-carcinoma tissues (Fig. S9H). Additionally, the
expression of HOIP and SHARPIN showed no significant change in
RBCK1 knockdown or overexpression cells (Figs. S91-J). Fig. S8B shows
that the NF-kB transcription factor activity was upregulated in the
RBCK1-high expression group. Therefore, we investigated whether
RBCK1 affects the NF-xB pathway and found that IKBa phosphorylation
preceded its degradation and the liberation of NF-kB subunits. More-
over, RBCK1 knockdown decreased the expression of p-IkBa and p-p65
(Fig. 70).

3.9. Knockdown of RBCK1 suppressed glioma cell growth in vivo

As high levels of RBCK1 have been linked to unfavorable clinical
outcomes in glioma patients, we investigated the effect of RBCK1
depletion on glioma cell processes. Nude mice were subcutaneously
injected with RBCK1 knockdown or control tumor cells. The sh-RBCK1
group exhibited noticeably smaller tumor size, volume, and weight
than the control group (Fig. 8A-C). In summary, RBCK1 was found to
influence immune cell infiltrations, immunomodulatory factors, and
anti-angiogenic therapy, which reshaped an inhibitory immune micro-
environment. Moreover, RBCK1 participated in regulating the HIF-1o/
VEGFA pathway, which could affect vascular cells and angiogenic re-
sponses. Glioma with high RBCK1 expression was observed to be weaker
responsive to cancer immunotherapy but stronger to anti-angiogenic
therapy (Fig. 8D).

4. Discussion

RBCK1, an E3 ubiquitin ligase, has been found to function in immune
regulation and cancer progression [5,6,50]. In our pan-cancer analyses,
we observed that the expression of RBCK1 was elevated in various
cancers. Glioma is characterized by a unique pro-angiogenic and in-
flammatory microenvironment, facilitating immune escape, tumor ma-
lignant progression, and poor therapeutic efficacy. Therefore, we
focused on the functions of RBCK1 in glioma to improve its treatment
outcomes. Our findings suggest that RBCK1 shapes an immunosup-
pressive tumor microenvironment, as RBCK1 expression positively cor-
relates with immunosuppressive factors in glioma. RBCK1 was also
overexpressed, especially in the TME, indicating that anti-RBCK1
treatment may lead to fewer side effects. Therefore, anti-RBCK1
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immunotherapy could be a promising treatment approach for glioma.
The immune context within the TME is diverse and complex, influ-
encing tumor epigenetics, differentiation, metastasis, and immune
escape [13,51]. In the present study, upregulation of RBCK1 was found
to be positively associated with immune inhibitors, including CTLA4,
PD-1, and PD-L1, but inversely correlated with effector genes of NK cells

and CD8™ T cells, including CD8A, CD8B, CRTAM, and NCR1 in glioma.
The immune checkpoint prevents an overactive immune response,
which induces immune evasion in tumors. The cancer immunity cycle,
representing systemic immune recognition and elimination of cancer
cells, involves the trafficking of immune cells into tumors. The expres-
sion level of RBCK1 showed a positive correlation with the trafficking of
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Fig. 6. Association between RBCK1 expression on antitumor efficacy in glioma and potentially applicable drugs screen. (A-B) OS curves of patients with high (A) and
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Pie chart showing the ICB response rate in different groups. ****P < 0.0001, **P < 0.01.

Th2 cells, Tregs, and MDSCs. Moreover, RBCK1 was found to play an
immunosuppressive role by downregulating immunomodulator expres-
sion, such as CX3CL1/CX3CR1, leading to the downregulation of the
cancer-immunity cycle activities. These results suggested that glioma
with high RBCK1 expression was related to high immunosuppression of
TME.

At the single-cell level, a subset of cells characterized as MES-like/
RBCK1'¢" exhibited high expression of genes associated with VEGF,
HIF-1, and PI3K-Akt signaling. On the other hand, MES-like/RBCK1%"
cells were found to potentially affect the pro-inflammatory status of
macrophages and be more susceptible to T-cell-mediated killing. These
findings indicate that RBCK1 may involve modifying immune cell dis-
tribution and their interactions with cancer cells, which lead to distinct
prognoses for glioma patients.

A high degree of heterogeneity in gliomas poses a grand challenge to
treatment decisions and prognostic assessment [16]. Although targeted
inhibitors for mutant IDH have shown clinical efficacy, wild-type IDH
gliomas still lack reliable therapeutic targets, resulting in a poor overall
prognosis [52]. Our data indicated that RBCK1 expression was upre-
gulated in wild-type IDH gliomas, and relatively higher copy number
variations were observed in IDH-wild and MGMT unmethylated gli-
omas. Therefore, RBCK1 may serve as a potential molecular subtype for
glioma classification. Molecular subtyping can explain the molecular
heterogeneity observed in gliomas, allowing better prognosis prediction
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and response to various treatment options.

Our study also revealed that an increased level of RBCK1 was linked
to a decreased response rate to ICB treatment but a better response to
anti-angiogenic treatment. Additionally, we screened possible targets
and drugs for glioma patients with MES-like/RBCK1™€" cell subpopu-
lation or higher RBCK1 expression and identified two promising com-
pounds, PD-0325901 and Selumetinib. Targeted therapies, such as
blocking RBCK1 and anti-angiogenic therapy, could benefit glioma pa-
tients with high RBCK1 expression.

Despite conducting a comprehensive and systematic investigation of
RBCK1 in human cancers, there were still certain limitations that should
be acknowledged in this study. First, our study solely focused on bio-
informatic analyses to evaluate the immunological function of RBCK1 in
glioma. In our future studies, we intend to generate an orthotopic glioma
mouse model to investigate the roles of RBCK1 in glioma progression
and its potential immunomodulatory effects. Second, the results of
screening potential drug candidates are merely based on bioinformatics
analyses; a study with a larger sample size and experimental validation
is required.

5. Conclusion

Our study suggests that anti-RBCK1 immunotherapy may be a
promising treatment option for glioma. RBCK1 plays a role in shaping an
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Fig. 7. RBCK1 promotes angiogenesis by increasing HIF-1a transcriptional activity and VEGFA expression. (A) The HE staining and IHC analysis of para-cancerous
brain and glioma tissue. (B) RBCK1 protein expression in para-cancerous brain and glioma tissue. G1-4, gradel-4; T, tumor tissue; N, normal tissue. (C) RBCK1
expression level in four glioma cell lines. (D) Validation of the knockdown of RBCK1 in U87MG and A172 (left) and relative protein amounts were quantified via
ImageJ (right). WT, wild type; Ctrl, control. (E) The typical pictures of Scratch-wound healing assay of HU-VECs incubated with TCM. (F) The bar graph indicates the
quantification of the scratch test at T48h. (G-H) HUVEC apoptosis incubated with TCM was detected using flow cytometry (G) and bar-graph of associated quan-
tification (H). (I) RBCK1 knockdown reduced mRNA expression of VEGFA. (J) Validation of RBCK1 overexpression in HEK293 cells. (K-L) VEGFA expression level in
RBCK1 knockdown or overexpression cells (K) and relative protein amounts were quantified via ImageJ (L). (M) RBCK1 increased mRNA expression of VEGFA in
cells. (N) Dual luciferase analysis of transcription activation activity of HIF-1a in RBCK1-overexpression cells. (O) p65, p-p65, IkBa, and p-IkBa protein expression in
RBCK1 knockdown and corresponding control cells. RBCK1_OE, RBCK1 overexpression. Error bars denote mean +SD (n=3). ****P < 0.0001,
i*P < 0.01, *P < 0.05.
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