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Abstract
We have mined public genomic datasets to identify genes coding for components of the ubiquitin proteasome system (UPS) 
that may qualify as potential diagnostic and therapeutic targets in the three major glioma types, astrocytoma (AS), glioblas-
toma (GBM), and oligodendroglioma (ODG). In the Sun dataset of glioma (GEO ID: GSE4290), expression of the genes 
UBE2S and UBE2C, which encode ubiquitin conjugases important for cell-cycle progression, distinguished GBM from AS 
and ODG. KEGG analysis showed that among the ubiquitin E3 ligase genes differentially expressed, the Notch pathway 
was significantly over-represented, whereas among the E3 ligase adaptor genes the Hippo pathway was over-represented. 
We provide evidence that the UPS gene contributions to the Notch and Hippo pathway signatures are related to stem cell 
pathways and can distinguish GBM from AS and ODG. In the Sun dataset, AURKA and TPX2, two cell-cycle genes coding 
for E3 ligases, and the cell-cycle gene coding for the E3 adaptor CDC20 were upregulated in GBM. E3 ligase adaptor genes 
differentially expressed were also over-represented for the Hippo pathway and were able to distinguish classic, mesenchy-
mal, and proneural subtypes of GBM. Also over-expressed in GBM were PSMB8 and PSMB9, genes encoding subunits of 
the immunoproteasome. Our transcriptome analysis provides a strong rationale for UPS members as attractive therapeutic 
targets for the development of more effective treatment strategies in malignant glioma.

Graphical abstract
Ubiquitin proteasome system and glioblastoma:
E1—ubiquitin-activating enzyme, E2—ubiquitin-conjugating enzyme, E3—ubiquitin ligase. Ubiquitinated substrates of 
E3 ligases may be degraded by the proteasome. Expression of genes for specific E2 conjugases, E3 ligases, and genes for 
proteasome subunits may serve as differential markers of subtypes of glioblastoma.
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Introduction

Gliomas derive from three main types of supporting glial 
cells within the brain, including astrocytes, ependymal 
cells, and oligodendrocytes, and account for 33% of all 
primary brain tumors or 78% of all malignant primary 
brain tumors. Astrocytomas grades I–III and glioblastoma 
(GBM), a grade IV highly aggressive astrocytoma, derive 
from astrocytes and constitute the largest group among the 
gliomas. Higher grade astrocytomas are found most com-
monly in the cerebrum of adults and GBM accounts for 
more than 50% of all gliomas. Oligodendrogliomas (ODG) 
originate mainly in younger adults from oncogenic oligo-
dendrocytic progenitors, account for 2–4% of all primary 
brain tumors, and have a better prognosis than most other 
malignant gliomas. Typically, ODG carry IDH1 (Watan-
abe et al. 2009) and TERT mutations (Lee et al. 2017) and 
a chromosomal 1p/19q co-deletion (Lee et al. 2018). The 
inclusion of molecular diagnostic markers has resulted in 
a major reclassification of CNS tumors which is summa-
rized in the 2021 fifth edition of the WHO classification of 
Tumors of the Central Nervous System (Louis et al. 2021).

The incidence of GBM is approx. 3.19/100,000 and 
reaches a peak at 75–84 years, with white males being 
affected more commonly. GBM is rare in children, consti-
tuting less than 3% of all pediatric primary brain.tumors, 
and, contrary to GBM in adults, children with GBM have a 
slightly higher 5 year survival time of 12% (Dolecek et al. 
2012). Despite surgery and radio-chemotherapy, GBM in 
adult patients have an average survival time of 1.5 years 
and a 5 year survival time of < 5% (Perry et al. 2007). 
Contributing factors to this fatal outcome are late diag-
nosis, considerable heterogeneity and plasticity of GBM 
cells, invasiveness, development of therapeutic resistance, 
and fatal GBM recurrences. Pre-operative stratification of 
patients is challenging, with age and Karnofsky perfor-
mance scale currently being the only established predictive 
clinical factors (Ening et al. 2015).To improve prospec-
tive stratification and better inform therapeutic strategies, 
additional demographic (Charlson comorbidity index) 
and clinical/imaging criteria (GBM size, location, MRI-
based methods) have emerged (Ening et al. 2015; Thomas 
et al. 2013; Jain et al. 2013). Large scale gene expres-
sion analysis has identified three distinct GBM subtypes, 
proneural, classical, and mesenchymal, while an additional 
neural subtype is controversial (Verhaak et al. 2010; Phil-
lips et al. 2006; Sidaway 2017; Piao et al. 2013). Despite 
distinct genetics in different GBM subtypes (Ening et al. 
2015; Thomas et al. 2013; Jain et al. 2013; Ludwig and 
Kornblum 2017; Karsy 2015; Wick and Platten 2014), dif-
ferentiation from a proneural to a mesenchymal GBM sub-
type occurs in drug-resistant cell lines (Piao et al. 2013) 

and so does the progression of lower grade AS into GBM 
(classical) (Ohgaki and Kleihues 2007). The genetic GBM 
subtype classification has had little impact on treatment 
options for GBM patients. The discovery of activating 
EGFR (Epidermal Growth Factor receptor) mutations, 
however, has resulted in improved treatment options for 
the classical GBM subtype (Hovinga et al. 2019).

Several clinical drug trials aimed at improving therapeu-
tic outcome in GBM have failed (Gilbert et al. 2013). Thus, 
there is an urgent need to find additional molecular pathways 
for more effective therapeutic targets. We view members of 
the ubiquitin–proteasome system (UPS) as attractive poten-
tial therapeutic targets because UPS proteins are integral to 
cellular homeostasis and critically important in regulating 
fate and function of proteins under cellular stress in cancer 
cells. Cell stress from exogenous and endogenous stimuli 
can result in the formation of misfolded proteins which 
eventually are removed by the UPS or can cause cell death 
(Houck et al. 2012). The UPS is highly conserved among 
eukaryotes and active in all cells where UPS mediated post-
translational protein ubiquitination involves the covalent 
attachment of a small 76 amino acid molecule ubiquitin 
(8.6 kDa) to a target protein. This is facilitated by a 3-step 
coordinated enzymatic cascade that is initiated by an ATP-
consuming ubiquitin-activating (E1) enzyme (Schulman and 
Harper 2009), followed by an ubiquitin-conjugating (E2) 
enzymatic step (Liu et al. 2020a), and completed by a ubiq-
uitin ligase (E3) (Medvar et al. 2016). Aiding the process are 
E3 ligase adaptors that serve as substrate recognition pro-
teins (Leon and Haguenauer-Tsapis 2009). The terminal gly-
cine residue of a single ubiquitin (mono-ubiquitination) or 
a poly-ubiquitin chain (poly-ubiquitination) covalently links 
to a lysine residue on a target protein. Covalent linkages 
among ubiquitins to form poly-ubiquitin chains can utilize 
any of the seven lysine residues of ubiquitin, or the initial 
methionine residue (Komander and Rape 2012). The most 
frequently used, K48- and K29-linked poly-ubiquitin chains, 
are canonical signals for 26S proteasomal degradation and 
endoplasmic reticulum (ER) associated degradation (ERAD) 
(Leto et al. 2019), whereas K63-linked poly-ubiquitin chains 
(and mono-ubiquitination) are the code enabling a diverse 
array of non-proteasomal functions, including protein trans-
lation, sorting, complex formation, and phosphorylation, as 
well as RNA splicing, DNA repair, endocytosis, autophagy, 
and transcription (Pickart 1997; Saeki et al. 2009; Wang 
et al. 2001; Deng et al. 2000; Doil et al. 2009; Huang et al. 
2013; Lauwers et al. 2009; Song et al. 2010; Spence et al. 
2000; Kodadek et al. 2006). Mono-ubiquitination of tran-
scriptional activators, followed by poly-ubiquitination, has 
been reported to regulate transcription cycling in the ‘timer’ 
or so called ‘black widow’ models (Kodadek et al. 2006). 
According to these models, mono-ubiquitination facili-
tates the action of transcription factors, while subsequent 
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poly-ubiquitination leads to their degradation by the protea-
some. Mono-ubiquitination of H2A histone also contributes 
to this regulation of transcription (Zhou et al. 2008).

The UUCD database currently assigns human ubiquitin 
related molecules to one human ubiquitin-activating (E1) 
enzyme (UBA), 43 E2 ubiquitin-conjugating enzymes, 468 
enzymes with E3 ligase activity, and 538 E3 ligase adaptors. 
This inflation of “ubiquitin writers” at the level of E2 ubiq-
uitin conjugases and E3 ubiquitin ligases reflects increasing 
functional diversification to enable these ubiquitin enzymes 
to regulate cellular homeostasis of diverse and selected 
regulatory functions and signaling processes. Additionally, 
the ubiquitination system includes over 100 deubiquitinases 
(DUBs) which are implicated in all cellular processes by 
enzymatically removing ubiquitin groups from proteins 
(Clague et al. 2019). This ensures that protein ubiquitina-
tion is reversible and unbound ubiquitin is recycled for the 
UPS and ERAD pathways (Verma et al. 2002). The mem-
bers of the seven evolutionarily conserved DUB families 
(USP, UCH, OTU, MJD/ Josephin, MINDY, ULP, JAMM/ 
MPN and the recently identify ZUP1/ ZUFSP (Kwasna et al. 
2018) interact with specific substrates and show specificity 
for selected ubiquitin linkages (Clague et al. 2019; Ambrog-
gio et al. 2004). The E1-3 ubiquitin enzymes, DUBs, and 
different proteasomal subunits are emerging as promising 
new drug targets in cancer treatment. Brain tumors remain 
challenging because of the limited ability of several UPS 
targeting drugs to penetrate the blood–brain barrier (BBB). 
Treatment failures may result from underappreciated differ-
ences in UPS gene expression profiles in different malig-
nant gliomas and within different genetically defined GBM 
subtypes.

Herein, we have investigated the expression profiles of 
genes encoding components of the UPS in human gliomas of 
astrocytic (AS), GBM, and oligodendroglial origin (ODG) 
as well as in classic, mesenchymal and proneural GBM sub-
types. Differences in the expression of selected UPS com-
ponents in a specific type of malignant glioma may identify 
suitable therapeutic UPS targets and/or foster the design of 
specifically tailored drugs. Using publicly available data-
sets, we compared the gene expression profiles for ubiquitin 
activators, ubiquitin ligases (E3 ligases), ubiquitin ligase 
adaptors (E3 adaptors), deubiquitinases (DUBs), and genes 
encoding proteasome subunits to identify potential new ther-
apeutic targets for these malignant glioma. KEGG (Kyoto 
Encyclopedia of Genes and Genomes) identified main path-
ways associated with differentially expressed UPS genes in 
subsets of gliomas and GBM subtypes. Our analysis of E3 
ligases and adaptors in GBM found a strong association 
with the NOTCH and HIPPO pathways. While the expres-
sion of NOTCH1 and its ligands affect glioma proliferation 
(Purow et al. 2005), the role of NOTCH signaling in glioma 
development appears context dependent and is incompletely 

understood (Parmigiani et al. 2020). This may explain con-
tradictory reports on the NOTCH system either promoting 
or suppressing glioma progression (Parmigiani et al. 2020). 
The HIPPO signaling pathway is important in various can-
cers and transcription of Hippo pathway genes are reported 
to form a set of potential tumor markers (Wang et al. 2018). 
KEGG pathway analysis in the gene ontology categories of 
stem cell differentiation and stem cell proliferation identified 
UPS genes that were differentially expressed in malignant 
glioma of astrocytic and oligodendroglial origin.

Methods

We analyzed two public gene expression datasets through 
R2: Genomic analysis and visualization platform (http://​
r2.​amc.​nl). The Sun glioma dataset (GEO ID: GSE4290; 
R2 ID: Sun Mixed Brain Glioma 180) was used to com-
pare expression of genes encoding UPS associated factors 
in 153 tumor samples classified as AS (n = 26, all grade 2 
or 3), GBM (n = 77, grade 4), ODG (n = 50) and non-tumor 
(NT) brain tissue obtained from epilepsy patients (n = 23) 
(Sun et al. 2006). Gene expression data from the non-tumor 
brain tissues had been added subsequently to the original 
Sun dataset (Tumor – glioma, GSE4290). We employed the 
appended Sun mixed glioma dataset (Tumor – mixed gli-
oma) with the NT brain tissue data to create figures depict-
ing differential expression of selected genes. The TCGA 
(Tumor Cancer Genomic Atlas) glioblastoma dataset (R2 
ID: Tumor Glioblastoma TCGA 540) was used to compare 
expression of UPS associated genes in 85 GBM samples 
classified as classical (n = 17), mesenchymal (n = 27), neu-
ral (n = 17), and proneural (n = 24) GBM subtypes (Verhaak 
et al. 2010). In the present study, we excluded the neural 
GBM subtype and, instead, focused on the other three GBM 
subtypes (Sidaway 2017). The Sun glioma study used the 
Affymetrix gene chip U133p2, while the GBM study used 
the Affymetrix chip U133a.

The datasets were scanned by the Ubiquitin and Ubiq-
uitin-like Conjugation database (UUCD) program (http://​
iuucd.​biocu​ckoo.​org) to identify genes for the following 
components of the UPS: ubiquitin activators, ubiqui-
tin conjugases, ubiquitin ligases, adaptors for ubiquitin 
ligases, deubiquitinases, and proteasome subunits. Dif-
ferential gene expression between the malignant gliomas 
studied (AS, GBM, ODG) and between the three GBM 
subtypes (classic, mesenchymal, and proneural) was deter-
mined by analysis of variance (ANOVA) through the R2 
Genomics site. Heatmaps and hierarchical cluster analysis 
of each dataset (Sun gliomas and TCGA GBM subtypes) 
were performed with the Morpheus program (Broad Insti-
tute. Cambridge, Massachusetts). For the heatmaps a sta-
tistical difference of p < 1.0 × 10−5 in the ANOVA between 

http://r2.amc.nl
http://r2.amc.nl
http://iuucd.biocuckoo.org
http://iuucd.biocuckoo.org
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subgroups was chosen. KEGG analysis was used to iden-
tify over-represented pathways among the UPS genes in 
the AS, GBM, and ODG malignant gliomas and in the 
GBM subtypes. KEGG analysis was also used to identify 
UPS genes over-represented in pathways of stem cell dif-
ferentiation and proliferation, and cell-cycle regulation in 
the SUN and TCGA datasets.

A third dataset, available through the R2 Genomics site, 
the French dataset (GEO ID: GSE16022; R2 ID; Tumor 
Glioma French 284), was used to study Kaplan–Meier 
survival curves associated with selected differentially 
expressed genes of the Sun glioma dataset.

Results and Discussion

Selected E2 Conjugases, but not E1 Activator, are 
Upregulated in GBM

Expression of the gene encoding the ubiquitin-activating 
enzyme, UBA1, in GBM was not significantly different 
from that of non-tumor tissue (NT), but AS and ODG 
means were significantly lower than NT, p < 0.01) (Fig. 1).

Figure 2 shows differential expression of two genes 
encoding ubiquitin conjugases, UBE2C and UBE2S. The 
association of these genes with cell-cycle regulation and 
the anaphase promoting complex/cyclosome (APC/c) has 
been well documented. APC/c is a ubiquitin ligase com-
plex that regulates the degradation of cell-cycle proteins 
during mitotic exit (Manchado et al. 2010) and subsequent 
re-initiation of transcription of cell-cycle genes (Manchado 
et al. 2010). We identified a highly significant upregulation 
of UBE2S and UBE2C in GBM tissues versus AS, ODG, 
and NT brain tissue (UBE2C, F = 16.397, p = 2.04 × 10−9; 
UBE2S, (F = 15.315, p = 7.09 × 10−9). UBE2T was also 
elevated in GBM (F = 5.684, p = 9.81 × 10−4) but to a 
lesser degree of statistical significance. UBE2C expression 
was significantly elevated when compared to the NT group 
by approximately fivefold (t = 5.62, p < 0.0001), whereas 
UBE2S approximately a twofold difference (t = 3.73, 
p < 0.001). These high statistical differences suggest a 
role for transcription of these genes in tumorigenesis of 
the GBM.

In summary, the data suggest that genes encoding E2 
conjugases are involved in the dysregulation of cell-cycle 
proteins in GBM.

Fig. 1   Differential expression of the gene encoding ubiquitin-activat-
ing enzyme, UBA1, in AS, GBM, and ODG glioma and in non-tumor 
(NT) brain tissues. By ANOVA, F = 9.47, p = 7.99 × 10−6. *t test 
revealed that UBA1 expression in GBM was not significantly different 
from NT, but AS and ODG were lower than in NT (t = 2.80, p < 0.01; 
t = 2.94, p < 0.01)

Fig. 2   Differential expression of ubiquitin conjugase genes. 
ANOVA identified UBE2C and UBE2S genes upregulated in GBM 
samples (UBE2C: F = 16.40, p = 2.04 × 10−9; UBE2S: F = 15.32, 
p = 7.09 × 10−9). *t test showed that UBE2C expression was signifi-
cantly greater in GBM than in all other tissue groups: (NT) (t = 5.62, 

p < 0.0001), AS (t = 3.86; p < 0.001), ODG (t = 4.19, p < 0.0001). 
UBE2S expression was also significantly greater in GBM than in all 
other tissue groups: NT (t = 3.73, p < 0.001), AS (t = 3.50, p < 0.001), 
ODG (t = 5.22, p < 0.0001)
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Expression of E3 Ligase Genes Distinguish GBM 
from AS and ODG and are Associated with Survival

A shortlist of differentially expressed genes coding for E3 
ligases and E3 ligase adaptors distinguishing GBM, AS, 
and ODG was identified by ANOVA of log2 data using the 
Sun glioma dataset (Tumor – glioma) and the R2 Genom-
ics Analysis and Visualization Platform. KEGG analysis 
identified pathways associated with these differentially 
expressed genes of the Sun dataset. A cutoff of p < 1.0 × 10−5 
was used for inclusion in the heatmap and cluster analysis. 
The results of the hierarchical cluster analysis, depicted in 
the heatmap (Fig. 3), illustrate differential gene expression 
(p < 1.0 × 10−5) of 48 genes encoding E3 ligases in GBM, 
AS, and ODG glioma. E3 ligases segregated into two major 
clusters with gene expression either higher or lower in GBM 
relative to the ODG group (Fig. 3). Intermediate levels of 
gene expression were noted in the AS group.

To study Kaplan–Meier survival curves associated with 
the E3 ligase genes in the heatmap of Fig. 3, we used the 
glioma dataset of French (44) in the R2 genomics site. Con-
trary to the Sun dataset, the French glioma dataset included 
survival data. We identified 22 E3 ligase genes in the heat-
map of Fig. 3 that were expressed higher in GBM than in 
ODG (red cluster in the GBM group). The Kaplan–Meier 

curves derived from the French dataset revealed that higher 
expression of each of these E3 ligase genes was associated 
with significantly shorter survival. Conversely, 26 of the E3 
ligase genes in the heatmap of Fig. 3 were identified as hav-
ing lower expression in GBM than in ODG (blue cluster in 
GBM group). In the French dataset, Kaplan–Meier curves 
showed that lower expression of each of these genes was also 
associated with significantly shorter survival.

The two E3 ligases genes with most significant (by 
ANOVA) over-expression in GBM were TTF2 and AURKA. 
The two E3 ligase genes with most significant relative higher 
expression in ODG were DTX4 and RNF170. Three of the 
TRIM genes whose expression was elevated in GBM (com-
pared to ODG), TRIM21, TRIM5, and TRIM38, encode pro-
teins that (i) regulate viral entry into the host cell, (ii) are 
involved in the innate immune response to viruses and (iii) 
respond to INF-gamma signaling with upregulated expres-
sion (Carthagena et al. 2009).

Gene Expression for E3 Ligases and the NOTCH 
Signaling Pathway in Glioma

KEGG pathways over-represented by the E3 ligase genes 
of Fig. 3 are shown in Table 1. The main pathway over-
represented in this group of genes was the Notch signaling 

Fig. 3   Heatmap showing relative expression of genes encoding E3 
ligases in the Sun glioma dataset (48 genes differentially expressed 
at p < 1.0 × 10−5). High expression of the top 22 genes (red in GBM) 

and low expression of the bottom 26 genes (blue in GBM) was asso-
ciated with lower survival in Kaplan–Meier curves derived from the 
French glioma dataset
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pathway, which was shown previously to be highly active 
in GBM and GBM stem cells (GSC) (Bazzoni and Ben-
tivegna 2019). The genes for E3 ligases significantly (at 
p < 1.0 × 10−5) associated with the Notch pathway included 
DTX3L, DTX4, CREBBP, and HDAC4. In the French 
dataset, high expression of DTX3L and low expression of 
DTX4, CREBBP, and HDAC4 was associated with shorter 
survival (p = 1.8 × 10−14, p = 2.8 × 10−4, p = 2.1 × 10−14, and 
p = 1.1 × 10−14, respectively).

Expression of several genes encoding ubiquitin E3 ligases 
associated with the Notch pathway distinguished GBM 
from AS and ODG in the Sun dataset (Fig. 3). The Deltex 
genes, DTX1 (aka RNF140), DTX2 (aka RNF58), DTX3 (aka 
RNF154), DTX3L (aka RNF143), and DTX4 (aka RNF155), 
belong to the RING family of E3 ligases and affect the Notch 
signal cascade (Takeyama et al. 2003). The expression of 
DTX2 and DTX3L was increased in GBM in the Sun data-
set (DTX2, F = 17.10, p = 9.15 × 10−10; DTX3L, F = 33.12, 
p = 6.03 × 10−17), relative to AS, ODG, and the NT groups, 
while the expression of DTX4 was relatively decreased 
in GBM when compared to the other groups (F = 22.34, 
p = 2.90 × 10−12) (Fig. 4). Steinbuck and Winandy (Stein-
buck and Winandy 2018) provide a model in which process-
ing of the Notch receptor requires endocytosis and cleavage 
of the receptor. In this model, Deltex proteins contribute to 
the regulation of Notch receptor endocytosis and regulate 
the release of the intracellular domain (NICD) of the Notch 
receptor (Steinbuck and Winandy 2018; Fuwa et al. 2006; 
Schnute et al. 2018).

The expression of three genes in the Notch pathway, 
KAT2B, EP300, and CREBBP, which encode histone 
acetyltransferases with E3 ubiquitin ligase domains, was 
also significantly different among the three gliomas in the 
Sun dataset (Fig. 5). Expression of CREBBP, KAT2B, and 
EP300 was significantly elevated in ODG compared to GBM 
(CREBBP, t = 5.36, p < 0.0001; KAT2B, t = 4.67, p < 0.0001; 
EP300, t = 4.31, p < 0.0001) and non-tumor (NT) brain tissue 
(CREBBP, t = 5.68, p < 0.0001; KAT2B, t = 3.66, p < 0.0005; 
EP300, t = 3.37, p < 0.01) (Fig. 5). These genes encode pro-
teins of the canonical Notch pathway (Lee et al. 2015) and 
modulate the activation of the NICD (Notch intracellular 
domain) transcription complex together with the transcrip-
tional regulator CSL (CBF-1, Suppressor of Hairless, Lag-2) 
(Fig. 6) (Maier 2006; Kopan and Ilagan 2009). The Epstein-
Barr virus nuclear antigen (EBNA2) has been reported to be 
partially exchangeable with NICD (Fig. 6) (Zimber-Strobl 
and Strobl 2001; Zimber-Strobl et al. 1994). Transcriptional 
targets of the Notch pathway include HES1, HES5, HES6, 
HES7, HEY1, HEY2, CD25, CCND1, CDKN1A, GATA3, 
DTX1, and NOTCH3 (Borggrefe and Oswald 2009; Natsui-
zaka et al. 2017).

In summary, the opposite regulation of ubiquitin E3 
ligase gene clusters (Fig. 3) in GBM and OGD suggests dif-
ferent underlying gene regulatory mechanisms that promote 
distinct E3 ligase biology in GBM and ODG. Genes encod-
ing proteins with an E3 ligase domain were involved in the 
dysregulation of the Notch signaling pathway in GBM. Sev-
eral of these gene products are known to interact with the 

Table 1   Over-represented 
KEGG pathways associated 
with differential expression of 
ubiquitin E3 ligases in the Sun 
glioma dataset

a Using gene expression (log 2) of genes in Fig. 3

KEGG pathway over-representationa p for pathway Genes

Notch signaling 3.4 × 10−10 CREBBP, DTX3L, DTX4
MicroRNAs in cancer 1.5 × 10−3 BRCA1, CREBBP, HDAC4
Viral carcinogenesis 4.6 × 10−3 CREBBP, HDAC4, TRAF5
Epstein-Barr virus infection 6.6 × 10−3 CREBBP, HDAC4, TRAF5

Fig. 4   Differential expression of Deltex genes in gliomas. (DTX2, 
F = 17.10, p = 9.15 × 10−10; DTX3L, F = 33.12, p = 6.03 × 10−17; 
DTX4, F = 22.34, p = 2.90 × 10−12). *By t test, expression of DTX2 

and DTX3L are elevated in GBM, while expression of DTX4 is 
depressed compared to other groups
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intracellular domain of the Notch receptor (NICD) to form a 
transcription complex that regulates the expression of Notch 
target genes (Fig. 6).

Gene Expression for E3 Ligase Adaptors: 
Upregulation of Cytokine Suppressor Genes 
and HIPPO Pathway Genes

Hierarchical clustering of genes encoding for E3 ligase adap-
tors showed opposite expression patterns in GBM versus 
ODG, with AS showing an intermediate expression pat-
tern (Fig. 7). The results of the cluster analysis, depicted 
in the heatmap (Fig. 7), show differential gene expression 
(p < 1.0 × 10−5) of 72 genes encoding E3 ligase adaptors in 
AS, GBM and ODG obtained from the Sun dataset. The two 
E3 ligase adaptor genes relatively most significantly differ-
ent (by ANOVA), ASB13 and KIF21B, were expressed lower 
in GBM.

Two major clusters were identified with gene expression 
either higher (35 genes) or lower (37 genes) in GBM relative 

to ODG (Fig. 7). This pattern of expression is associated 
with significantly shorter survival in the GBM subtype. Of 
the 35 E3 ligase adaptor genes identified as having high 
expression in GBM vs ODG, 34 are associated with signifi-
cantly shorter survival in the French dataset. Of the 37 genes 
with lower expression in GBM vs ODG, 36 are associated 
with significantly shorter survival in the French dataset.

The heatmap data suggest that co-regulation of tran-
scription of a large group of genes encoding for E3 ligase 
adaptors may occur. Of the 72 differentially expressed E3 
Cullin Ring ligase (CRL) adaptors in the Sun dataset (at 
p < 1.0 × 10−5), 23 were of the E3 adaptor/Cullin Ring DCX/
DWD subfamily.

The main KEGG pathways over-represented in the E3 
adaptor data were the Type II diabetes pathway (SOCS1, 
SOCS2, SOCS3, suppressor of cytokine signaling genes) 
(Fig. 8) and the Hippo signaling pathway (Fig. 9, Table 2). 
Expression of the SOCS genes were relatively elevated in 
the GBM group (Fig. 8). Kaplan–Meier survival curves cre-
ated from the French dataset show that in this dataset high 
expression of these genes is associated with shorter survival 
(SOCS1, p = 1.4 × 10−13; SOCS2, p = 6.0 × 10−8; SOCS3, 
p = 3.9 × 10−14).

SOCS proteins are involved in regulation of several 
pathways including regulation of insulin signaling, growth 
hormone receptors signaling, and innate immunity (Huang 
et al. 2020). Furthermore, the SOCS proteins play a role 
in modulating the activity of phosphatidylinositol 3-kinase 
(PI-3 K) activity (Shepherd 2005). Dysregulated control of 
PI-3 K signaling occurs in a variety of cancers and PI-3 K 
inhibitors have been developed as therapeutic molecules 
with anticancer activity (Alzahrani 2019; Zhao et al. 2017). 
GO analysis showed that regulation of PI-3 K was a major 
biological process related to SOCS expression in the Sun 
dataset.

The major components of the Hippo pathway are shown 
in Fig. 9. Genes coding for the kinase cascade of the Hippo 
pathway are dysregulated in several cancers (Wang et al. 

Fig. 5   Histone acetyltransferases with E3 ligase activity are differ-
entially expressed. (CREBBP, F = 18.93, p = 1.18 × 10−10; KAT2B, 
F = 11.21, p = 9.33 × 10−7; EP300, F = 8.27, p = 3.58 × 10−5). *By t 
test, all three genes were higher expressed in ODG compared to GBM 

(CREBBP, t = 5.36, p < 0.0001; KAT2B, t = 4.67, p = 0.0001; EP300, 
t = 4.35, p < 0.0001, and higher than in NT (CREBBP, t = 5.69, 
p < 0.0001; KAT2B, t = 3.68, p < 001; EP300, t = 3.40, p < 0.01), but 
not significantly different from AS

Fig. 6   Notch signaling pathway and E3 ligases. NICD – Notch intra-
cellular domain; HATS – Histone acetyltransferase with E3 ubiquitin 
ligase domain (KAT2B, EP300, CREBBP); EBNA2 – Epstein-Barr 
virus nuclear antigen
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2018). Six ubiquitin E3 ligase adaptor genes associated with 
the Hippo signaling pathway were differentially expressed 
in the Sun dataset. These included: BRTC​ (aka BTrCP1, 
aka FBXW1) F = 23.73, p = 1.11 × 10−9; BTRC2 (aka 
FBXW11) F = 19.56, p = 2.83 × 10−8, three PPP genes encod-
ing subunits of protein phosphatases with ubiquitin ligase 
E3 adaptor domains (PPP1CA F = 13.85, p = 3.03 × 10−6; 
PPP2R2C, F = 6.65, p = 1.71 × 10−3; PPP2R2D, F = 21.89, 
p = 4.57 × 10−9, and TGFB1, F = 15.08, p = 1.08 × 10−6. The 

statistical differences, as indicated by the F values, were also 
highly significant when the Sun Mixed Glioma dataset with 
the additional non-tumor group was analyzed (Fig. 10). 
These data led us to determine whether differential gene 
transcription of components other than E3 adaptors genes 
occurred in the Hippo signaling pathway.

In addition to the above ubiquitin ligase adaptors, the fol-
lowing genes-encoding components of the Hippo pathway 
were expressed significantly higher (p < 0.0001) in GBM 

Fig. 7   Heatmap showing relative expression of genes encoding ubiq-
uitin E3 ligase adaptors in the Sun Glioma dataset (72 genes dif-
ferentially expressed at p < 1.0 × 10−5). Relative higher expression 

of the 35 genes (red in GBM column) and lower expression of 37 
genes (blue in GBM column) were associated with lower survival in 
Kaplan–Meier curves derived from the French glioma dataset

Fig. 8   Overexpression of SOCS genes in GBM. SOCS1 (F = 13.763, 
p = 4.36 × 10−8), SOCS2 (F = 9.949, p = 4.40 × 10−6), SOCS3 (16.728, 
p = 1.40 × 10−9). *By t test, expression of the SOCS genes was signifi-

cantly greater in GBM than in ODG (p < 0.0001), AS (p < 0.05) and 
NT (p < 0.01)
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than ODG and the NT group, hence, contributing to GBM 
signature: STK3 (MST2), YAP1, TAZ (WWTR1), LATS2, 
MOB1A, TEAD2, TEAD3, and TEAD4 (Fig. 10). The altered 
expression of. Hippo pathway members YAP/TAZ, LATS2, 
TEAD2, TEAD3, and TEAD4 were also part of a unique sig-
nature for various other cancers (Wang et al. 2018).

The activity of the kinase cascade which phosphorylates 
and inactivates YAP/TAZ is regulated by phosphatase holo-
enzyme PP2A, a protein considered a regulator of tumo-
rigenesis (Fig. 9) (Ruvolo 2016). The PP2A holoenzyme 
consists of three components, a structural backbone, a cata-
lytic component and a regulatory component. According 
to the UUCD database, PPP2R2C and PPP2R2D encode 
isoforms of the B55 subfamily of PP2A regulatory com-
ponents and are identified as Cullin Ring ubiquitin ligase 
adaptors and members of the DWD (DDB1-binding WD40 
protein) subfamily. They serve as substrate recognition subu-
nits for the DCX (DDB1-CUL4-X-box) E3 ligase complex 

(Angers et al. 2006; Jackson and Xiong 2009) (Fig. 9), ODG 
expressed higher levels of the PPP2R2C and PPP2R2D 
isoforms as determined in the Sun dataset (Fig. 11). These 
genes qualify as strong markers of a Hippo signature that 
distinguishes the three types of glioma. PPP2R2C may be a 
tumor suppressor gene in gliomas (Fan et al. 2013). The Sun 
dataset provides additional evidence that both PPP2R2C and 
PPP2R2D may play a role in regulation of the Hippo path-
way in gliomas.

Because the genes for the transcriptional coactivators 
YAP/TAZ and TEAD were expressed higher in GBM than 
in AS, ODG, and NT samples (Fig. 10), we investigated 
whether this would translate into higher expression of YAP/
TAZ target genes in GBM..Indeed, several YAP/TAZ target 
genes (CTRG1, BIRC5, MCM3, MCM6, CDK1, CDC42, 
CDH2, SNAI1, SNAI2, VIM) were found upregulated in 
GBM samples in the Sun dataset, suggesting higher activity 
of these Hippo transcriptional coactivators in GBM.

Fig. 9   Components of the Hippo signaling pathway. Phosphorylation, 
ubiquitination, and TGFB/SMAD signaling converge on transcrip-
tional coactivator YAP/TAZ and regulate YAP/TAZ-induced target 
gene expression. The holoenzyme protein phosphatase 2A (PP2A) 
contains regulatory isoforms encoded by the genes PPP2R2A, 

PPP2R2B, PPP2R2C, and PPP2R2D, which function as ubiquitin 
ligase adaptors. Dephosphorylation enables YAP/TAZ to enter the 
nucleus, while phosphorylation facilitates YAP/TAZ ubiquitination 
and degradation by the proteasome. YAP/TAZ is a coactivator for 
transcription factors SMAD and TEAD (Guo and Teng 2015)

Table 2   Overexpressed 
KEGG pathways associated 
with differential expression of 
ubiquitin ligase adaptors in the 
Sun dataset

a Using gene expression (log2) of Fig. 7 (AS, GBM, and ODG groups)

KEGG Path over-representationa p for pathway Genes

Ubiquitin mediated proteolysis 5.8 × 10−31 BTRC, CDC20, DDB2, FBXO2, FBXO4, 
BXW11, HERC1, RHOBTB2, SOCS1, 
SOCS3

Type II diabetes mellitus 4.2 × 10−8 SOCS1, SOCS2, SOCS3
Hippo signaling 6.0 × 10−7 BTRC, FBXW11, PPP1CA, PPP2R2D, TGFB1
Oocyte meiosis 5.0 × 10−6 BTRC, CDC20, FBXW11, PPP1CA
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Wang et  al. reported a cancer signature of 22 YAP/
TAZ target genes (Wang et al. 2018). In the Sun dataset, 
14 of these genes were significantly elevated in the GBM 
group compared to the ODG group and, of those, 10 genes 
were also significantly elevated compared to the NT group 

(Table 3). Figure 12 shows the most significant changes of 
the 22 YAP/TAZ target genes. Overall, the data showed a 
role for ubiquitin ligases and their adaptors with YAP/TAZ/
TEAD-induced transcriptional upregulation of HIPPO path-
ways genes. The gene expression values suggest a sequence 

Fig. 10   Hippo pathway genes in glioma and non-tumor (NT) tissue. 
A Increased expression of YAP1, TAZ, and LATS in GBM, com-
pared to the ODG or NT group: YAP1 (F = 12.71, p = 1.52 × 10−7); 
WWTR1 (TAZ) (F = 19.46, p = 6.53 × 10−11); LATS2 (F = 20.07, 
p = 3.34 × 10−11); *By t test, GBM expression of YAP1, TAZ, 
and LATS2 was significantly higher than that of NT and ODG at 
p < 0.0001. Expression of these three genes in the AS group was not 
significantly different from GBM. B Upregulation of TEAD tran-

scription in GBM. The TEAD genes encode transcription factors in 
the Hippo signaling pathway: TEAD2 (F = 21.38, p = 8.04 × 10−12); 
TEAD3 (F = 28.64, p = 4.53 × 10−15); TEAD4 (F = 20.56, 
p = 1.97 × 10.−11). The role of TEAD proteins as oncoproteins, and 
potential therapeutic targets, has been reviewed by Pobbati and Hong 
(Pobbati and Hong 2020). *By t test, GBM expression of TEAD2, 
TEAD3, and TEAD4 was significantly higher than that of NT and 
ODG at p < 0.0001, and higher than AS at p < 0.01

Fig. 11   Expression of genes 
encoding Cullin Ring E3 ligase 
adaptors distinguish GBM 
from AS and ODG gliomas, 
and non-tumor tissue (NT) 
(PPP2R2C, F = 74.68, p = 5.63 
X 10−31; PPP2R2D, F = 74.31, 
p = 7.15 × 10−31; BTRC​ 
F = 57.58, p = 8.04 × 10−26; 
FBXW11, F = 41.50, 
p = 3.14 × 10−20). *By t test, 
PPP2R2C, PPP2R2D, BTRC​ 
and FBXW11 expression was 
lower in GBM than that of NT 
(p < 0.0001) and lower than in 
AS and ODG groups (p < 0.01)
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of events in which dephosphorylation of YAP/TAZ facili-
tates translocation to the nucleus, interaction with co-tran-
scription factors, and transcription of several Hippo target 
genes. Figure 12 shows the upregulation of a number of 
Hippo target genes in GBM compared to ODG, non-tumor 
brain tissue (NT), and to a lesser extent also to AS.

In summary, the segregation of the transcriptional 
datasets of genes encoding ubiquitin E3 ligase adaptors 
into clearly distinct high and low gene expression clusters 
and their opposite distribution in GBM versus ODG may 
reflect distinct epigenetic gene regulatory mechanisms. 
Intriguingly, AS had a gene expression pattern for E3 

ligase adaptor intermediate to GBM and ODG. This sug-
gest that E3 ligase adaptor genes become targets during the 
developmental process from lower grade AS to high-grade 
GBM. Notably, in GBM there was the increased expres-
sion of (i) cytokine signaling genes coding for proteins 
with an additional E3 ligase adaptor domain (Fig. 8) and 
(ii) genes related to the HIPPO pathway (Fig. 10A) that 
was not observed in ODG and non-tumor (NT) group. 
Associated with changes in the HIPPO pathway were 
decreased expression of phosphatase 2A regulatory genes 
PPP2R2C and PPP2R2D coding for proteins with an E3 
adaptor domain.

Table 3   Upregulation of various Hippo target genes in GBM, compared to OGD and NT

Gene AS n = 26 Means ± s.e GBM n = 77 Means ± s.e ODG n = 50 Means ± s.e NT n = 23 Means ± s.e F p

CYR61 431.29 ± 119.08 725.66 ± 74.48 322.90 ± 47.75 341.70 ± 51.91 7.23 1.34 × 10−4

CTGF 358.85 ± 126.60 447.64 ± 52.55 217.04 ± 29.57 161.31 ± 13.97 4.73 3.73 × 10−3

IGFBP3 381.18 ± 102.65 1244.47 ± 147.79 309.38 ± 110.69 81.27 ± 10.8 14.58 1.66 × 10−8

F3 634.91 ± 90.97 998.05 ± 64.25 454.21 ± 45.47 650.93 ± 35.70 15.74 4.33 × 10−9

NUAK2 70.55 ± 6.57 90.83 ± 3.98 54.76 ± 2.12 58.27 ± 2.71 19.54 6.00 × 10−11

LATS2 154.45 ± 32.28 222.43 ± 16.36 66.12 ± 7.51 87.80 ± 7.93 20.07 3.34 × 10−11

GADD45A 371.71 ± 65.69 711.09 ± 62.13 306.85 ± 54.18 231.95 ± 21.34 12.80 1.36 × 10−7

TGFB2 456.54 ± 56.30 720.18 ± 50.05 261.84 ± 40.32 256.27 ± 10.12 22.01 4.11 × 10 −12

PTPN14 72.71 ± 12.37 113.91 ± 7.99 55.13 ± 4.46 52.33 ± 2.58 14.94 1.10 × 10−8

MYOF 216.91 ± 40.79 320.35 ± 21.91 110.14 ± 7.49 86.89 ± 6.03 25.24 1.39 × 10−13

Fig. 12   Upregulation of Hippo target genes in GBM: MYOF, 
F = 25.24, p = 1.39 × 10−13; F3, F = 15.74, p = 4.33 × 10−9; TGFB2, 
F = 22.01, p = 4.11 × 10−12; GADD45A, F = 12.80, p = 1.36 × 10−7; 
NUAK2, 19.54, p = 6.00 × 10−11; CYR61, F = 7.23, p = 1.34 × 10−4. 
*By t test, the expression of these genes is significantly greater in the 
GBM (orange) group compared to the ODG group; MYOF, t = 7.54; 

F3, t = 6.19; TGFB2, t = 6.53; GADD45A, t = 4.56; NUAK2, t = 6.89; 
CYR61, t = 4.02, all highly significantly different, at p < 0.001. The 
differences observed for these genes between the GBM and the 
non-tumor (NT) group were also highly significant. The differences 
observed for these genes between the GBM and the AS group were 
less significant
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Chromosome 19 and Genes for E3 Ligases in Glioma 
Subtypes

Several E3 ligase adaptor genes (FBXO17, TGFB1, 
SHKBP1, GRWD1) differentially expressed in GBM, AS, 
and ODG gliomas are located on the long arm of chromo-
some 19 in a region associated with deletions in chromo-
some 19 (19q13.2 to 19q13.4) and linked to the progression 
of AS to secondary GBM (Nakamura et al. 2000; von Deim-
ling et al. 1994). Emerging evidence suggests the presence of 
a glioma tumor suppressor gene that maps within the dele-
tion region 19q13.3 (Smith et al. 1999; Barbashina et al. 
2005; Yong et al. 1995). NUP62 is an E3 ligase gene associ-
ated with chromosome 19q13.3 (Table 4). Relative expres-
sion levels of the four E3 ligase adaptor genes FBXO17, 
TGFB1, SHKBP1, GRWD1, and the E3 ligase NUP62 gene 
in the Sun dataset are shown in Table 4. With the exception 
of the E3 ligase adaptor gene GRWD1, the expression of the 
other four genes was increased in GBM relative to the ODG 
and NT groups (Table 4). The F-box protein FBXO17 is 
emerging as a new multifunctional regulator of tumorigene-
sis. Elevated FBXO17 expression in high-grade glioma coin-
cided with significantly shorter overall survival of patients 
(Du et al. 2018). We confirmed that high gene expression of 
FBXO17 was also significantly related to shorter survival 
(p < 6.8 × 10−21) in the French glioma dataset.

FBXO17 is a member of SKP1-Cullin1-F-box E3 ligase 
complexes that control downstream substrate stability to 
reduce inflammation and promote cell growth and survival. 
In glioma and epithelial lung cancer cells, FBXO17 targets 
the AKT/GSK/SNAIL signaling pathway to promote cell 
growth, migration, tissue invasion, and epithelial to mes-
enchymal transition (EMT). This may involve poly-ubiq-
uitination and degradation of glycogen synthase kinase-3β 
(GSK3β) to modulate AKT/SNAIL and ERK kinase pathway 
activation (Suber et al. 2018; Wang et al. 2021). FBXO17 
also interacts with proteins of the signalosome, a multi-pro-
tein complex that regulates ubiquitin ligases by removing 
Nedd8 from ubiquitin ligases (Wang et al. 2021). FBXO17 
acts as a negative regulator of inflammatory immune 

responses by reducing type-I interferon signaling and INF-
I-induced expression of Interferon-Stimulated Genes (ISGs) 
in immune responses to viral infections (Murira and Lamarre 
2016).

The expression of the suppressor of cytokine signaling 
(SOCS) E3 adaptor genes, SOCS1, SOCS2, and SOCS3 
(Fig. 8) are stimulated by IFN gamma (Song and Shuai 
1998) and SOCS1 protein contributes to the regulation of the 
INF-induced immune response to infections (Fenimore and 
Young 2016). The SOCs genes are dysregulated in several 
tumors including GBM (Zhou et al. 2007). The Sun dataset 
supports the view that SOCS1-3 and downstream signaling 
may contribute to GBM tumorigenesis (Fig. 8).

There is a role for TGFB signaling in tumorigenesis and 
HIPPO signaling (Liu et al. 2018; Zhu et al. 2017). TGFB1 
has a role in cell-cycle regulation by inhibiting entry into S 
phase (Mukherjee et al. 2010) and has been shown to pro-
vide therapeutic targets in glioma (Han et al. 2015). Anti-
sense oligonucleotides were used to target the TGFB path-
way in a mouse model of GBM (Han et al. 2015). Little is 
known regarding any role for GRWD1 (Takafuji et al. 2017), 
NUP62 (Nofrini et al. 2016), and SHKBP1 in glioma tumo-
rigenesis. The E3 ligase NUP62 interacts with the centro-
some and mitotic spindle during mitosis (Hashizume et al. 
2013; Borlido and D'Angelo 2014) (89, 90) and knockdown 
of NUP62 resulted in mitotic arrest and reduced cellular 
growth in several cancer cell lines.(Hashizume et al. 2013; 
Kinoshita et al. 2012).

Cell‑Cycle Gene Expression in Gliomas

Ubiquitin ligases and their adaptors have key roles in cell-
cycle control (Nakayama and Nakayama 2006). High-grade 
tumors, including GBM, tend to escape UPS mediated mech-
anisms that control cell-cycle progression (Vlachostergios 
et al. 2012). The APC/c complex and its activator CDC20 
are implicated as major regulators of the cell cycle in GBM. 
The APC/c complex controls mitotic exit and re-initiates 
gene transcription in the cell cycle (Oh et al. 2020; Vla-
chostergios et al. 2013). CDC20 is a key protein in control 

Table 4   Chromosome 19 and 
gene expression of E3 ligases 
and adaptors

* FBXO17, GBM vs AS, p < 0.05; GBM vs ODG, p < 0.0001; GBM vs NT, p < 0.001; by t test; *TGFB1, 
GBM vs AS, nsd; GBM vs ODG, p < 0.0001; GBM vs NT, p < 0.0001; *SHKBP1, GBM vs AS, nsd; GBM 
vs ODG, p < 0.0001, GBM vs NT, p < 0.01; *GRWD1, GBM vs AS, p < 0.01; GBM vs ODG, p < 0.001, 
GBM vs NT, p < 0.001; *NUP62, GBM vs AS, p < 0.01; GBM vs ODG, p < 0.0001, GBM vs NT, 
p < 0.0001

Gene AS n = 26 GBM n = 77 ODG n = 50 NT n = 23 F p

FBXO17 16.35 ± 4.39 30.69 ± 3.74* 8.66 ± 2.06 6.87 ± 0.39 10.596 1.98 × 10−6

TGFB1 179.53 ± 18.27 193.7 ± 10.39* 114.87 ± 6.95 78.06 ± 5.6 20.262 2.72 × 10−11

SHKBP1 52.27 ± 6.46 55.92 ± 2.47* 34.86 ± 2.54 31.51 ± 3.73 13.121 9.33 × 10−8

GRWD1 51.19 ± 2.67 64.1 ± 2.23* 51.05 ± 2.33 48.68 ± 2.57 9.189 1.13 × 10−5

NUP62 256.99 ± 16.65 318.3 ± 12.29* 198.27 ± 12.85 159.11 ± 8.3 25.958 6.68 × 10−14
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of the cell cycle by serving as an adaptor of the APC/c E3 
ligase complex which mediates spindle checkpoint and pro-
tects from genomic instability (Nakayama and Nakayama 
2006). The CDC20 gene was expressed several fold higher in 
GBM than AS and ODG in the Sun dataset (Fig. 13). Other 
genes encoding subunits of three ubiquitin ligase adaptors 
that have important roles in the control of cell cycle are 
among those most differentially expressed between the three 
gliomas in the Sun dataset. The two most significantly dif-
ferentially expressed cell-cycle genes for E3 ligases were 
AURKA and TPX2; the latter encodes an allosteric modulator 
of AURKA (Abdelbaki et al. 2020). The cell-cycle genes 
encoding E3 ligase adaptors with the most significantly dif-
ferent expression were CDC20 (Fig. 13), PPP2R2D and 
BTRC (Fig. 11). PPP2R2D is a regulatory component of the 
holoenzyme PP2A (protein phosphatase 2) described as a 
‘master regulator’ of the cell cycle (Wlodarchak and Xing 
2016). Expression of genes PPP2CA and PPP2CB encoding 
the catalytic subunits of PP2A, was not significantly dif-
ferent (p > 0.05) between AS, GBM, and ODG. Decreased 
activity of PPP2R2D is expected to regulate the availability 
of substrates to the PP2A holoenzyme.

In summary, over-expression of the gene encoding the E3 
ubiquitin ligase adaptor CDC20, an activator of the APC/C, 
or cyclosome, complex that targets cell-cycle proteins for 
degradation was noted in GBM. Also elevated was the gene 
encoding the serine/threonine kinase and E3 ligase AURKA, 
a protein that has a significant regulatory role in several 
mitotic events.

Regulation of Stem Cell Differentiation and Glioma

There were 47 genes differentially expressed in the gene 
ontology category of “Regulation of stem cell differentia-
tion” at p < 0.01 in the Sun dataset. Table 5 shows that sta-
tistically the most significant KEGG pathway associated 
with the ontology category of “Regulation of stem cell dif-
ferentiation” was the proteasome pathway (p = 8.6 × 10−175). 
Genes in this category all encoded subunits of the protea-
some. Expression of the 11 genes encoding proteasome 
subunits depicted in Table 5 were all significantly increased 
(p < 0.001) in GBM compared to AS and ODG. This is con-
sistent with increased transcription of genes encoding pro-
teasome subunits and increased number of proteasomes in 
GBM. High proteasomal activity has been associated with 
enhanced cancer cell survival in selected cancers (Soave 
et al. 2017).

The data of Table 5 suggest a link between increased 
proteasome activity and survival of GBM cells. PSMB8, 
PSMB9, and PSMB10 encode catalytic subunits of the 
immunoproteasome, a modified proteasome for the pro-
cessing of class I peptides of the major histocompatibility 
complex (MHC) and viral proteins (Hewitt 2003). The genes 
PSMB8 and PSMB9 are located in the MHC region of chro-
mosome 6.

There were 25 genes differentially expressed in the gene 
ontology category of “Regulation of stem cell prolifera-
tion” (p < 0.01). The main KEGG pathway associated with 
the gene ontology category of “Regulation of stem cell 

Fig. 13   Differential expression of cell-cycle genes in Sun dataset. CDC20 (F = 23.21, p = 1.15 × 10−12), AURKA (F = 24.76, p = 2.29 × 10−13), 
TPX2 (F = 24.73, p = 2.37 × 10−13). *By t test, GBM means are significantly higher than in the other groups for each gene at p < 0.0001

Table 5   Top KEGG pathways associated with ‘Regulation of stem cell differentiation’ in Sun dataset

a All differentially expressed genes (log2) in the Sun dataset

KEGG Pathway Over-representeda p value (for pathway) Genes of pathway

Proteasome 8.6 × 10−175 PSMA1, PSMA2, PSMA3, PSMA4, PSMA5, PSMA7, PSMB10, 
PSMB2, PSMB3, PSMB4, PSMB8, PSMB9, PSMC2, PSMC4, 
PSMD8

Hippo signaling pathway 5.4 × 10−5 BMP7, BMPR1A, TEAD2, TGFB2, YAP1
Notch signaling 5.8 × 10−5 HES1, HES5, JAG1
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proliferation” in the Sun dataset was the Hippo pathway 
(Table 6). The role of the Hippo signaling pathway in stem 
cell proliferation has been reviewed by Mo and colleagues 
(Mo et al. 2014). Among the differentially expressed genes 
contributing to this pathway was TGFB1, which is a gene 
on chromosome 19 encoding a Cullin Ring ubiquitin ligase 
adaptor (Table 4) and a cytokine involved in regulating 
immune response to cancer cells (Hargadon 2016).

Differential Expression of Deubiquitinases (DUBs) 
in Glioma Subtypes

DUBs in GBM are emerging targets for the treatment of 
GBM (Jin et al. 2017). The expression of several genes 
encoding DUBs was depressed in GBM compared to AS 
and ODG in the Sun glioma dataset. In the order of sta-
tistical significance, these genes were USP46 (F = 36.50, 
p = 1.22 × 10−13), USP54 (F = 28.48, p = 3.28 × 10−11) 

ZRANB1 (F = 25.37, p = 3.24 × 10−10, and OTUD7A 
(F = 9.94, p = 8.80 × 10−05). To the best of our knowledge, 
these genes are currently not associated with GBM in the 
literature. TNFAIP3, listed in the UUCD database as having 
both E3 ligase and deubiqutinase activity, was also differ-
entially expressed (F = 11.786, p = 1.76 × 10−5) with signifi-
cantly higher gene expression in GBM than in ODG and NT, 
but not AS.

Differential Expression of Genes Encoding 
Proteasomal Subunits

KEGG analysis of the gene ontology (GO) category of 
”Proteasome” indicated that the proteasome pathway signifi-
cantly differentiated GBM, AS, and ODG in the Sun dataset. 
The extremely high level of significance indicated for this 
pathway (p = 3.2 × 10−315) suggested the importance of this 
pathway for distinguishing these three gliomas. Expression 
of 20 genes encoding proteasome subunits was significantly 
elevated in GBM compared to ODG. Elevated expression 
was most apparent for genes encoding catalytic subunits of 
the immunoproteasome, PSMB8, PSMB9 (and to a lesser 
extent PSMB10), but no significant difference was observed 
for the genes encoding the catalytic subunits of the normal 
proteasome (PSMB5, PSMB6, and PSMB7) (Arellano-Gar-
cia et al. 2014) (Fig. 14).

We generated Kaplan–Meier survival curves with 
the French glioma dataset. High expression of PSMB8, 
PSMB9, and PSMB10 was associated with shorter sur-
vival (p = 3.9 × 10−10, p = 3.5 × 10−08, p = 1.403 × 10−13, 
respectively) (Fig. 15). Considering the data showing that 
high expression of immunoproteasome genes is associated 
with shorter survival (Fig. 15) it would be useful to test 
immunoproteasome-specific inhibitors in GBM. Because 
of the association of the immunoproteasome with various 

Table 6   Top KEGG pathways associated with ‘Regulation of stem 
cell proliferation’ in Sun dataset

a Differentially expressed genes (log2) at p < 0.001 (3 groups AS, 
GBM, and ODG)

KEGG Pathway Over-repre-
senteda

p (for pathway) Genes

Hippo signaling 6.5 × 10−15 CTNNA1, 
NF2, 
SNAI2, 
TGFB1, 
YAP1

Hedgehog signaling 2.0 × 10−6 GLI3, SMO
Basal cell carcinoma 8.8 × 10−6 GLI3, SMO
Pathways in cancer 1.7 × 10−5 CTNNA1, 

GLI3, 
TGFB1, 
VEGFA

Fig. 14   Increase in expression of PSMB8, PSMB9 and PSMB10 
in GBM. PSMB8, F = 26.01, p = 6.35 × 10−14; PSMB9, F = 16.62, 
p = 1.59 × 10−9; PSMB10, F = 6.90, p = 2.5 × 10−4. NT – Non-tumor 
group. *By t test, GBM is significantly elevated compared to ODG 
(PSMB8, t = 5.71, p < 0.0001; PSMB9, t = 4.85, p < 0.0001; PSMB10, 

t = 3.54, p < 0.001) and significantly elevated compared to NT 
(PSMB8, t = 7.05, p < 0.0001; PSMB9, t = 5.04, p < 0.0001; PSMB10, 
t = 3.68, p < 0.001). Expression levels of AS were of less significance 
or not significantly different from GBM (PSMB8, t = 2.89, p < 0.01; 
PSMB9, t = 2.11, p < 0.05; PSMB10, t = 0.398, p > 05)
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diseases immunoproteasome-specific inhibitors have been 
developed (Ettari et al. 2018; Morozov and Karpov 2019).

Additionally, GBM showed elevated expression of 
the PSME1 and PSME2 genes encoding proteins of the 
11S regulatory subunit of the immunoproteasome. Like 
PSMB8 and PSMB9, these immunoproteasome subunits 
are IFNγ target genes (Kohda et al. 1998). Masucci (2004) 
reviewed Epstein-Barr virus-induced (EBV) oncogenesis 
in relation to the UPS system and discussed the role of 
EBV latency proteins and the proteasome in oncogenesis 
(Masucci 2004). Frisan and colleagues, cited in the review 
by Masucci (2004), reported that the EBV latency mem-
brane protein, LMP-1, was associated with interferon-γ-
induced increase in proteasome subunits LMP7, LMP2, 
and MECL1 (proteins coded for by PSMB8, PSMB9, 
and PSMB10, respectively) (Masucci 2004; Frisan et al. 
1998). The proteasome ubiquitin receptor PSMD16 (aka 
adhesion regulating molecule 1) was among the genes 
encoding for proteasome subunits with elevated expres-
sion in GBM. This gene has been described as an onco-
gene over-expressed in several tumors and the PSMD16 
gene product has recently been identified as a potential 
therapeutic target of multiple myeloma and ovarian can-
cer (Fejzo et al. 2013; Song et al. 2021).

In summary, the major KEGG biological pathways 
associated with “Regulation of stem cell differentia-
tion” in the SUN dataset were the proteasome pathway, 
the HIPPO signaling pathway, and the Notch signaling 
pathway. The major KEGG pathway associated with 
‘Regulation of stem cell proliferation’ was the HIPPO 
signaling pathway. Overexpression of the genes for the 
immunoproteasome, PSMB8, PSMB9, and PSMB10, was 
noted in the GBM group compared to the OGD group and 
NT group. High expression of these genes was associated 
with shorter survival.

Differential Expression of UPS Genes in GBM 
Subtypes

Gene Encoding Ubiquitin‑Activating and Conjugating 
Proteins in GBM Subtypes

Expression of the gene for the ubiquitin activating 
enzyme UBA1 was not significantly different between 
classical, mesenchymal, and proneural GBM subtypes. 
However, GBM subtypes showed significant differences 
in the expression of genes encoding ubiquitin-conjugat-
ing enzymes in the TCGA dataset. Gene expression of 
ubiquitin conjugases UBE2O, UBE2E3, UBE2I, UBE2N, 
UBE2NL, UBE2C, and UBE2S was elevated in the proneu-
ral GBM subtype compared to classical and mesenchymal 
GBM subtypes (Table 7).

UBE2O encodes a protein that is an E2/E3 hybrid 
enzyme and has numerous substrates. UBE2O is involved 
in cancer and disease onset and Ullah et al. 2018 reported 
that high expression of UBE20 was associated with 
low survival in several cancer types (Ullah et al. 2019). 
UBE2O gene expression, along with increased expres-
sion of genes for several other ubiquitin conjugases, was 
relatively higher in the proneural than the other two GBM 
subtypes. The ubiquitin conjugases UBE2C and UBE2S 
are involved in cell-cycle regulation (Presta et al. 2020; 
Zhang et al. 2021) and have been proposed as therapeutic 
targets for several cancers. The current data suggest that 
selected conjugases are potentially lucrative targets for the 
treatment of proneural GBM.

In summary, genes for several E2 conjugases, includ-
ing UBE2C and UBE2S involved in the regulation of the 
cell cycle, were differentially expressed in the three GBM 
subtypes and are potential therapeutic targets.

Fig. 15   Kaplan–Meier survival curves from French dataset. Blue – high expression; Red – low expression. High expression of PSMB8, PSMB9, 
and PSMB10 is associated with shorter survival. The curves were generated using the R2 genomics and visualization platform
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Ubiquitin E3 Ligase Genes and GBM Subtypes

The results of the hierarchical cluster analysis, depicted in 
the heatmap (Fig. 16), show differential gene expression 
(with a cutoff of p < 1.0 × 10−4) of 52 genes encoding E3 

ligases in GBM subtypes (classical, mesenchymal, proneu-
ral) in the TCGA GBM dataset. E3 ligases segregated into 
two major clusters with gene expression either higher or 
lower in the mesenchymal subtype relative to the proneu-
ral GBM group (Fig. 16). No cluster of genes was detected 

Table 7   Differential expression 
of genes encoding ubiquitin 
conjugases in TCGA Dataset

TCGA​ Classical (Means ± se) Mesenchymal 
(Means ± se)

Proneural (Means ± se) F P

N = 17 N = 27 N = 24
UBE2O 28.90 ± 1.73 27.44 ± 1.42 41.99 ± 2.46 17.84 6.65 × 10−7

UBE2E3 665.19 ± 33.30 560.68 ± 25.09 801.15 ± 43.59 13.34 1.40 × 10−5

UBE2I 429.11 ± 23.49 467.84 ± 18.30 636.05 ± 41.99 12.84 2.00 × 10−5

UBE2N 855.45 ± 31.74 777.57 ± 26.87 992.43 ± 37.08 12.54 2.50 × 10−5

UBE2NL 70.11 ± 3.96 58.49 ± 3.11 86.25 ± 5.07 12.63 2.33 × 10−5

UBE2C 152.29 ± 14.25 132.69 ± 15.56 310.10 ± 42.37 12.08 3.47 × 10−5

UBE2S 225.11 ± 24.09 126.91 ± 14.27 322.08 ± 49.24 9.61 2.21 × 10−4

Fig. 16   Expression of E3 ubiquitin ligases in GBM subtypes (52 
genes with cutoff of p < 0.0001). Shorter survival times was associ-
ated with 13/15 E3 ubiquitin ligase genes with higher expression in 

the mesenchymal subtype (red in mesenchymal column) and 25/37 
genes with lower expression in the mesenchymal subtype (blue in 
mesenchymal column)
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in the AS group. Since the TCGA GBM dataset included 
survival data, we were able to relate gene expression to sur-
vival. High expression of 13/15 genes encoding E3 ubiquitin 
ligases in the mesenchymal subtype (red in mesenchymal 
column) was associated with significantly shorter survival. 
The most significant of these genes was BIRC3, which 
codes for a protein which contributes to regulation of NF-kB 
(Yamato et al. 2015).

The main KEGG category associated with differential 
expression of E3 ligases in the TCGA glioblastoma dataset 
is the NF-kB signaling pathway (Table 8). This pathway is 
involved in regulation of many aspects of immune responses 
(Hayden et al. 2006; Zhang et al. 2017). Several E3 ubiquitin 
ligase genes differentially expressed in GBM subtypes are 
involved in the regulation of the NF-kB signaling pathway. 
The BIRC3 gene product is not only a regulator of NF-kB, 
but also an inhibitor of apoptosis (Frazzi 2021) which is 
reported to facilitate progression of low-grade gliomas to 
higher grade gliomas (Gressot et al. 2017). MALT1 also 
encodes a protein involved in NF-kB signaling (Gressot et al. 
2017) and is a potential therapeutic target in GBM (Liu et al. 
2020b). Interestingly, BIRC3-MALT1 translocations have 
been reported in lymphomas (Schreuder et al. 2017). PIAS4 
encodes an inhibitor of NF-kB signaling (Wang et al. 2017) 
and TNFAIP3, listed as both an E3 ligase and a deubiquit-
inase in the UUCD database, regulates NF-kB activation and 
apoptosis (Das et al. 2018).

TRIM37 encodes a protein that inhibits inflammatory 
responses induced by virus infection (Zhao et al. 2021). 
WWP2 has been described as an oncogene whose expres-
sion is dysregulated in various tumors (Zhang et al. 2019). It 
has been reported to interact with one of the latent proteins 
of the EB virus (Ikeda et al. 2000).

In summary, two major clusters of E3 ligases genes dis-
tinguish the mesenchymal subtype from the proneural sub-
type (Fig. 16). Overexpression of genes in one cluster and 
under-expression in a second cluster was associated with 
shorter survival in the mesenchymal GBM subtype. KEGG 
pathway analysis indicated that the NF-kB pathway, which is 
involved in regulation of the immune response, was signifi-
cantly over-represented among these E3 ligase genes.

The results of the hierarchical cluster analysis, depicted 
in the heatmap (Fig. 17), illustrate differential gene expres-
sion (with an ANOVA cutoff of p < 1.0 × 10−4) of 48 genes 
encoding E3 ligase adaptors in classical, mesenchymal, and 
proneural GBM subtypes. Gene expression for E3 ligase 
adaptors segregated into two major clusters with gene 
expression either higher or lower in the mesenchymal GBM 
subtype relative to the proneural GBM subtype (Fig. 17). 
TCGA survival data showed that higher expression of 12/12 
genes in the mesenchymal subtype (red cluster in mesen-
chymal column) compared to proneural GBM and lower 
expression of 22/30 genes in the mesenchymal GBM sub-
type (blue cluster in mesenchymal column) compared to 
proneural GBM was associated with significantly shorter 
survival. These data are consistent with reports that patients 
with mesenchymal GBM subtype have a worse prognosis 
than patients with other GBM subtypes.

The main KEGG pathways associated with expression of 
these E3 adaptor genes were Ubiquitin mediated proteolysis, 
VP regulated water metabolism, Type II diabetes, Cell cycle, 
and Hippo signaling (Table 9). By removing one group at 
a time from the analysis we identified the Hippo signal-
ing pathway as the most likely pathway associated with 
the mesenchymal GBM subtype. FBXW11 and PPP2R2B 
expression were both significantly reduced in the MES group 
(F = 15.46, p = 3.22e−06), F = 13.07, p = 1.70e−05), while 
TGFB1 expression was significantly elevated in the mesen-
chymal GBM group (F = 19.22, p = 2.77 × 10−7). Decreased 
expression of the SOCS genes (SOCS1, SOCS2, SOCS3) 
and elevated expression of the cell-cycle genes BUB3 and 
ZBTB17 was associated with the proneural GBM subtype. 
CREB3L2 encodes a transcriptional factor reportedly upreg-
ulated in malignant glioma (Sampieri et al. 2019). Elevated 
CREB3L2 expression was associated with the mesenchymal 
subtype in the TCGA GBM dataset.

In summary, the ubiquitin E3 ligase adaptor heatmap 
data (Fig. 17) distinguished primarily the mesenchymal and 
proneural subtypes. Biological pathways over-represented 
among these genes include pathways involving the cytokine 
suppressor signaling genes, cell-cycle genes, and genes of 
the HIPPO signaling pathway.

The UPS and Regulation of Stem Cell Differentiation 
and Proliferation in GBM

Among the three GBM subtypes, 36 genes were significantly 
different (p < 0.01) in the gene ontology category of “Reg-
ulation of stem cell differentiation” in the TCGA dataset. 
The KEGG pathways statistically over-represented in this 
group of genes were the “Proteasome” and “Notch signaling 
pathways,” These data provide evidence that expression of 
proteasome genes could distinguish classic, mesenchymal, 
and proneural GBM subtypes (Table 10).

Table 8   Over-represented KEGG pathways associated with differen-
tial expression of ubiquitin ligases in TCGA dataset

* p < 0.0001 log2 transform for KEGG analysis

KEGG pathway over-repre-
sented*

p value Genes

NF-kB signaling 9.4 × 10−12 BIRC3, MALT1, PIAS4, 
TNFAIP3

Ubiquitin mediated proteolysis 6.7 × 10−8 BIRC3, 
PIAS4,TRIM37,WWP2
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Expression of PSMB7, which encodes a catalytic subunit 
of the standard proteasome, was relatively increased in the 
proneural GBM group. Expression of PSMB8, PSMB9, and 
PSMB10, which encode catalytic subunits of the immuno-
proteasome, and the proteasome activator genes, PSME1 

and PSME2, was relatively increased in the mesenchymal 
GBM subtype (Fig. 18). In addition to acting as protea-
some activators, the PSME1 and PSME2 proteins, also 
facilitate antigen presentation. Modulation of the ubiquitin 
proteasome system has been described as a mechanism by 

Fig. 17   Expression of E3 ligase adaptor genes in GBM subtypes. 
Forty eight genes were differentially expressed at p < 0.0001. Higher 
expression of 12/12 genes in the mesenchymal GBM subtype (red 
cluster in mesenchymal column) compared to proneural GBM and 

lower expression of 22/30 genes in the mesenchymal subtype (blue 
cluster in mesenchymal column) compared to proneural GBM sub-
type was associated with significantly shorter survival

Table 9   Over-represented 
KEGG pathways associated 
with differential expression 
of ubiquitin ligase adaptors in 
GBM subtypes (TCGA dataset)

KEGG Pathway over-represented p value for pathway Genes

Ubiquitin mediated proteolysis 1.3 × 10−5 DDB2, FBXW11, KEAP1, SOCS3
VP regulated water metabolism 5.5 × 10−4 CREB3L2,DYNC1I1
Type II diabetes mellitus 1.9 × 10−3 SOCS2, SOCS3
Cell cycle 2.8 × 10−3 BUB3, TGFB1, ZBTB17
Hippo signaling 6.4 × 10−3 FBXW11, PPP2R2B,TGFB1

Table 10   Top KEGG pathways 
associated with “Regulation 
of stem cell differentiation” in 
TCGA dataset

KEGG Pathway Over-repre-
sented

p (for pathway) Genes

Proteasome 2.4 × 10−92 PSMB10,, PSMB7, PSMB8, PSMB9, 
PSMC2, PSMD1, PSMD3, PSME1, 
PSME2, PSMF1

Notch signaling 1.5 × 10−07 HES1, JAG1, NOTCH1
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which EBV contributes to malignant transformation (Mas-
ucci 2004). Frisan and colleagues reported that the EBV 
latency membrane protein, LMP-1, is associated with IFN-
induced increase in proteasome subunits LMP7, LMP2, and 
MECL1; these proteins are encoded by PSMB8, PSMB9, 
and PSMB10, respectively (Frisan et al. 1998). Zavala-Vega 
et al. have raised the issue of whether the EBV association 
with GBM is a causative factor in oncogenesis but this issue 
has not been resolved (Zavala-Vega et al. 2019).

The data of Fig. 18 suggest a shift in gene expression 
towards genes associated with subunits of the immuno-
proteasome in the mesenchymal group. Like PSMB8, 
PSMB9, and PSMB10, the genes encoding the immuno-
proteasome 11S proteins, PSME1 and PSME2 are induced 
by interferon-γ (Kohda et al. 1998). Since the immunopro-
teasome contributes to antigen processing (McCarthy and 
Weinberg 2015), the data are consistent with increased 
antigen presentation in the mesenchymal GBM subtype. 
The immunoproteasome has been proposed as a therapeutic 
target in cancers and in neurological diseases (Zerfas et al. 
2020). This form of the proteasome generates peptides that 
combine with peptides of the major histocompatibility com-
plex (MHC) class 1 for the purpose of antigen presentation 
(McCarthy and Weinberg 2015; Ferrington and Gregerson 
2012). The immunoproteasome also processes virus derived 
peptides, but virus derived peptides may interfere with nor-
mal processing of MHC peptides by the immunoproteasome 
(Hewitt 2003; McCarthy and Weinberg 2015).

The Notch signaling pathway was the second most signifi-
cant pathway in the category of “Regulation of stem cell dif-
ferentiation” and included the three genes, HES1 (F = 6.00, 
p = 4.07 × 10−3), JAG1 (F = 14.37, p = 6.78 × 10−6), and 
NOTCH1 (F = 19.24, p = 2.73 10−7). The NOTCH1 gene 
encodes for the NOTCH1 receptor and JAG1 encodes for the 
Notch ligand Jagged-1, while HES1 encodes a Notch target 
gene. These data suggest the importance of the functionality 
of the Notch pathway in stem cell differentiation in at least 
one of the subtypes of GBM. Hai et al. 2018 reported that 
NOTCH1 expression was higher in GBM than in non-tumor 
brain tissue and that NOTCH1 expression was greater in 
classical and proneural GBM subtypes than in mesenchymal 
GBM, which is in agreement with our data from the Sun and 
TCGA datasets (Hai et al. 2018). NOTCH1 signaling and the 
interaction of the Notch and NF-kB pathways were shown to 
contribute to GBM growth and survival (Hai et al. 2018; Yi 
et al. 2019). While NOTCH1 may be a potential therapeutic 
target for various tumors (Guo et al. 2014), one or more of 
the HATS proteins, which also act as E3 ligases (Fig. 6) and 
transcription regulators of the NICD intracellular domain 
(NICD) transcription complex, may also be considered as 
therapeutic targets for GBM subtypes. The distribution of 
NOTCH1 and KAT2B expression in the TCGA glioblastoma 
dataset is show in Fig. 19.

In summary, the major KEGG biological pathways asso-
ciated with ‘Regulation of stem cell differentiation’ were the 
proteasome pathway (genes for proteasome subunits) and the 

Fig. 18   Gene expression of proteasome subunits in GBM sub-
types. PSMB7, F = 11.12, p = 7.03 × 10−5; PSMB8, F = 14.61, 
p = 5.74 × 10−6; PSMB9, F = 9.23, p = .08 × 10−4; PSMB10, F = 10.61, 
p = 1.03e−4; PSME1, F = 5.84, p = 4.64e−3; PSMB2, F = 10.55, 
p = 1.08e−4). *By t test, genes coding for the immunoproteasome 

subunits, PSMB8, PSMB9, PSMB10, PSEME1, and PSME2, but not 
PSMB7, are significantly elevated (at p < 0.001) in the mesenchymal 
group compared to the proneural group. PSMB7 expression in the 
mesenchymal group is significantly lower than that of the proneural 
group
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Notch signaling pathway. Genes coding for the immunopro-
teasome and the HIPPO pathway were elevated in mesen-
chymal versus proneural GBM subtype, with intermediate 
expression in the classical GBM subtype.

Similar to the results with the Sun dataset, the pathway 
statistically most associated with “Regulation of stem cell 
proliferation” in the TGGA dataset was the Hippo signal-
ing pathway (Table 11). In both cases, expression of three 
genes, SNAI2, TGFB1, and YAP1, contributed to the differ-
ential expression in GBM subtypes (Fig. 20). Expression of 
these three genes was significantly greater in the mesenchy-
mal versus the proneural GBM subtype (t = 3.50, p < 0.001; 
t = 5.68, p < 0.0001; t = 5.41, p < 0.0001, respectively).

Differential Expression of Deubiquitinases (DUBs) 
in GBM Subtypes

The expression of several DUB genes was significantly 
elevated in the proneural GBM subtype (USP11, F = 22.24, 
p = 4.38 × 10−8; USP22, F = 14.79, p = 5.9 × 10−6; USP7, 

F = 13.97, p = 8.98 × 10−6; USP33, F = 7.57, p = 1.11 × 10−3). 
The gene encoding human dual E3 ligase and deubiquitinase 
TNFAIP3 was significantly elevated in mesenchymal GBM 
subtype compared to classical and proneural GBM subtypes 
(F = 19.77, p = 1.96 × 10−7). The TNFAIP3 gene product A20 
regulates NF-kB signaling in response to DNA damage and 
serves as a predictor of GBM patient survival and therapeu-
tic target of GBM (Bredel et al. 2006).

Upregulation of key UPS Genes Correlates 
with Protein Detection in Brain Tumor Tissues

Several UPS genes with elevated transcription in GBM in 
the Sun glioma dataset were reported in the literature with 
increased protein levels as well. These include UBE2C and 
UBE2S (Fig. 2). Elevated protein of UBE2C and UBE2S 
have been shown to occur in high-grade gliomas (Ma et al. 
2016; Hu et al. 2021). These two genes encode E2 conju-
gase proteins involved in regulation of the APC/c complex 
during the cell cycle. As such these proteins would be good 

Fig. 19   NOTCH1 and KAT2B 
expression are elevated in 
classical and proneural GBM 
subtypes. NOTCH1 (F = 19.24, 
p = 2.73 10−7); KAT2B 
(F = 10.96, p = 7.91 10−5). *By 
t test, mesenchymal average is 
significantly less (at p < 0.001) 
than that of classical and 
proneural

Table 11   Top KEGG pathways 
associated with “Regulation of 
stem cell proliferation” in the 
TGCA dataset

KEGG pathway over-represented p value for pathway Genes

Hippo signaling 1.13 × 10−13 FZD3, SNAI2, TGFB1, YAP1
Renal cell carcinoma 9.4 × 10−6 HIF1A, TGFB1
Proteogylcans in cancer 3.3 × 10−5 FZD3, HIF1A, TGFB1

Fig. 20   Hippo pathway gene expression was significantly elevated 
in the mesenchymal GBM subtype compared to proneural GBM 
subtype. SNAI2 (F = 8.195, p = 6.70 × 10−4); TGFB1 (F = 19.218, 

p = 2.77 × 10−7); YAP1 (F = 18.225, p = 5.21 × 10−7). *By t test means 
in mesenchymal GBM were significantly greater (p < 0.0001) than 
that for each of the three genes in proneural GBM
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candidates as therapeutic targets in GBM. The E3 adap-
tor gene, CDC20, whose expression is elevated in GBM 
(Fig. 13), encodes another key regulator of the APC/c com-
plex during the cell cycle. The CDC20 protein has been 
shown to be elevated in GBM stem cells (Gujar et al. 2016). 
Elevated expression of the genes AURKA and TPX2 (Fig. 13) 
and their respective proteins have also been noted in high-
grade gliomas and have been proposed as therapeutic tar-
gets (Barton et al. 2010; Samaras et al. 2009). AURKA and 
TPX2 also contribute to regulation of the cell cycle.

Pathways in addition to those involved in regulation of 
the cell cycle may be over-expressed in GBM. A role for 
SOCS proteins as biomarkers has been recently reviewed 
(Dai et al. 2022). The Sun dataset also shows elevated gene 
expression of the SOCS genes, SOCS1, SOCS2, and SOCS3 
in GBM (Fig. 8). Another protein elevated in gliomas com-
pared to normal brain is the immunoproteasome protein, 
LMP7, encoded for by the gene PSMB8 (Min et al. 2019). 
We noted elevated expression of several immunoproteasome 
genes, including PSMB8 and PSMB9, in GBM (Fig. 14), 
particularly in the mesenchymal subtype (Fig. 18). The cor-
relation of gene expression and protein levels can be further 
determined for other biological pathways that are dysregu-
lated in GBM, including the Notch signaling pathway (Baz-
zoni and Bentivegna 2019).

Ubiquitin Ligases and Their Adaptors Include 
Autophagy Related Genes

Autophagy is a mechanism for eliminating proteins and 
cellular organelles to maintain homeostasis under cellular 
stress (Torrisi et al. 2022). The role of the UPS in regu-
lating autophagy has been reviewed recently (Chen et al. 
2019; Kocaturk and Gozuacik 2018). However, the interac-
tion of the UPS and autophagy in gliomas and the role of 
autophagy in cancer is still emerging (Yun and Lee 2018). 
We determined the list of differentially expressed genes 
in the heatmaps of E3 ligases and adaptors in the Sun and 
TCGA datasets associated with apoptosis, using the R2 
genomics platform, and identified genes associated with 

the GO category of autophagy. Four genes encoding E3 
ligases (HERC1, TRIM5, TRIM21, and RNF41) and three 
genes encoding E3 ligase adaptors (WDFY3, WDR41, 
WIPI1) were identified in the Sun dataset in the GO cat-
egory of autophagy. Among the E3 ligases and adaptors in 
the TCGA GBM dataset, five genes encoding for E3 ligases 
(TRIM21, TRIM22, TRIM5, RNF5, and FYCO1) and four 
genes encoding E3 adaptors (WIPI1, ZBTB17, PLAA, and 
WDR6) were associated with autophagy.

GO network analysis of the autophagy related genes 
among the E3 ligase and E3 adaptor genes above, showed 
that the GO pathways of “Regulation of symbiont entry 
into host and regulation of viral entry into host” were over-
expressed. The E3 ligase genes contributing to these cat-
egories were TRIM5, TRIM21, and TRIM22. These genes 
were also associated with the GO category of “Interferon 
stimulated genes”; the role of type 1 and type 2 interferons 
in antiviral immune response is well documented (Koca-
turk and Gozuacik 2018; Lee and Ashkar 2018). TRIM 
proteins have been reported to regulate autophagy (Mandell 
et al. 2014; Kimura et al. 2017) and TRIM5, TRIM 21, and 
TRIM22 are among the TRIM proteins associated with anti-
viral responses (Carthagena et al. 2009). Expression of these 
genes was greater in the gliomas (particularly in the GBM 
group) than in NT samples in the Sun dataset (Fig. 21). 
These data suggest the possibility that apoptosis can be 
induced in cells infected with viruses (Nainu et al. 2017) in 
GBM. TRIM ubiquitin ligases warrant further investigations 
as to their role in autophagy and GBM (Yun and Lee 2018).

Summary and Conclusions

Our analysis of the Sun and TCGA glioma datsets identi-
fied significant changes in the expression of selected genes 
encoding E2 conjugases, E3 ligases and their adaptors, pro-
teasome subunits, and DUBs. These transcriptional changes 
implicate major components of the UPS pathway in glioma 
pathogenesis and suggest specific UPS functions in AS, 
GBM, ODG, and different GBM subtypes. Over-expression 

Fig. 21   Increased expression of TRIM genes in glioblastoma (TRIM5 
F = 29.14, p = 2.78e−15; TRIM21 F = 31.53e−16, p = 2.72e−16; 
TRIM22 F = 13.68, p = 4.78e−08). *significantly different from all NT 

groups at p < 0.0001, from ODG groups at least p < 0.01, from AS 
groups at least p < 0.05)
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of the genes encoding the ubiquitin conjugases, UBE2C and 
UBE2S, was noted in GBM.

In addition to the UPS pathway, Cytoscape GO biological 
pathway analysis of the differentially expressed genes encod-
ing E3 ligases and adaptors in the Sun dataset highlighted 
the biological processes PI-3 K regulation, mitotic spindle 
organization, histone ubiquitination, interferon beta produc-
tion, and regulation of viral entry into host cells (Fig. 22).

The cluster analysis illustrated in the heatmaps of Figs. 3 
and 7 suggest the probability of a single factor regulating 
the activity of numerous ubiquitin ligases. One biological 
pathway that regulates E3 ligases is neddylation. Protein 
conjugation of NEDD8 leads to the activation of many 
Cullin Ring ligases (Merlet et al. 2009). Inhibition of ned-
dylation has anticancer effects by stimulating apoptosis and 
autophagy (Zhou et al. 2019). The neddylation inhibitor 
MLN4924, also known as pevonedistat, is currently being 
investigated as a therapeutic agent in cancer treatment (Zhao 
et al. 2014). In vitro studies, and a xenograft mouse model, 
suggest that MLN4924 is a promising therapeutic agent in 
GBM (Hua et al. 2015). We suggest that the neddylation 
inhibitor MLN4924 may be efficacious in the treatment of 
at least one of the GBM subtypes.

KEGG analysis, and Reactome analysis, of differentially 
expressed genes for E3 ubiquitin ligases, identified differen-
tial expression of genes associated with the Notch signaling 
pathway in AS, GBM, and ODG glioma and in GBM sub-
types. Differentially expressed genes for E3 ubiquitin ligase 
adaptors showed over-expression of the SOCS (Suppressor 
of cytokine) signaling genes and genes of the Hippo signal-
ing pathway in GBM. The Sun data showed upregulated 
HIPPO target genes via YAP/ TAZ/ TEAD-induced tran-
scription in the GBM group, with an epigenetic regulatory 
role for E3 ubiquitin ligases and their adaptors. The selective 
transcriptional downregulation of ubiquitin ligase adaptors 
and PP2A phosphatase regulatory isoforms PPP2R2C and 
PPP2R2D in GBM versus AS, ODG, and non-tumor brain 
samples suggested an intricate role of the ubiquitination 

machinery on Hippo signaling. By regulating the dephos-
phorylation YAP/TAZ, protein phosphatase 2A can control 
nuclear entry of the transcriptional coactivators (Sarmasti 
Emami et al. 2020).

In GBM, the over-expression of genes encoding immu-
noproteasome subunits PSMB8 and PSMB9 emphasized 
the importance of the immunoproteasome for GBM biol-
ogy. Several genes associated with the GO category of 
“Regulation of viral entry into host cells,” TRIM5, TRIM21, 
TRIM22, and TRIM38 were over-expressed in GBM com-
pared to ODG and non-tumor samples. These genes encode 
proteins involved in antigen processing and regulation of 
interferon mediated immune responses. These data suggest 
the immunoproteasome as a promising therapeutic target in 
GBM.

In summary, the major pathways associated with differen-
tial expression of E3 ligases and adaptors identified among 
gliomas in this study are shown in Fig. 23

The complex biological functions of the many UPS 
components remain largely unknown in glioma. Our results 

Fig. 22   Cytoscape analysis 
of GO biological processes 
represented by differentially 
expressed E3 ligase and ligase 
adaptor genes in the Sun dataset

Fig. 23   Biological pathways associated with differential expression of 
E3 ligases and adaptors distinguish gliomas of astrocytic and oligo-
dendroglial origin
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indicate that effective therapeutic targeting of components 
of the UPS should include considerations on the glioma and 
GBM subtype-specific differences in gene expression of 
UPS members and the effects thereof on major downstream 
signaling cascades.

Author Contributions  Conceptualization, JV and TK; methodology, 
JV; formal analysis, JV; data curation, JV; writing – original draft 
preparation, JV; writing – review and editing, JV and TK; visualiza-
tion, JV and TK; and project administration, JV. All authors have read 
and agreed to the published version of the manuscript.

Funding  T Klonisch is grateful to the Natural Sciences and Engineer-
ing Council of Canada (NSERC) and the Cancer Research Society 
(CRS) for funding.

Data Availability  The data referred to in this manuscript are publicly 
available at the R2 Genomics Analysis and Visualization Platform 
(http://​r2.​amc.​nl) and GSE4290.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethics Approval  Not applicable.

Consent to Participate  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abdelbaki A, Akman HB, Poteau M, Grant R, Gavet O, Guarguaglini 
G, Lindon C (2020) AURKA destruction is decoupled from its 
activity at mitotic exit but is essential to suppress interphase 
activity. J Cell Sci. https://​doi.​org/​10.​1242/​jcs.​243071

Alzahrani AS (2019) PI3K/Akt/mTOR inhibitors in cancer: at the 
bench and bedside. Semin Cancer Biol 59:125–132. https://​doi.​
org/​10.​1016/j.​semca​ncer.​2019.​07.​009

Ambroggio XI, Rees DC, Deshaies RJ (2004) JAMM: a metallopro-
tease-like zinc site in the proteasome and signalosome. PLoS 
Biol 2(1):E2. https://​doi.​org/​10.​1371/​journ​al.​pbio.​00200​02

Angers S, Li T, Yi X, MacCoss MJ, Moon RT, Zheng N (2006) Molec-
ular architecture and assembly of the DDB1-CUL4A ubiquitin 
ligase machinery. Nature 443(7111):590–593. https://​doi.​org/​10.​
1038/​natur​e05175

Arellano-Garcia ME, Misuno K, Tran SD, Hu S (2014) Interferon-
gamma induces immunoproteasomes and the presentation of 
MHC I-associated peptides on human salivary gland cells. PLoS 
ONE 9(8):e102878. https://​doi.​org/​10.​1371/​journ​al.​pone.​01028​
78

Barbashina V, Salazar P, Holland EC, Rosenblum MK, Ladanyi M 
(2005) Allelic losses at 1p36 and 19q13 in gliomas: correlation 
with histologic classification, definition of a 150-kb minimal 
deleted region on 1p36, and evaluation of CAMTA1 as a candi-
date tumor suppressor gene. Clin Cancer Res 11(3):1119–1128

Barton VN, Foreman NK, Donson AM, Birks DK, Handler MH, Vib-
hakar R (2010) Aurora kinase A as a rational target for therapy in 
glioblastoma. J Neurosurg Pediatr 6(1):98–105. https://​doi.​org/​
10.​3171/​2010.3.​PEDS1​0120

Bazzoni R, Bentivegna A (2019) Role of notch signaling pathway 
in glioblastoma pathogenesis. Cancers (basel). https://​doi.​org/​
10.​3390/​cance​rs110​30292

Borggrefe T, Oswald F (2009) The Notch signaling pathway: tran-
scriptional regulation at Notch target genes. Cell Mol Life Sci 
66(10):1631–1646. https://​doi.​org/​10.​1007/​s00018-​009-​8668-7

Borlido J, D’Angelo MA (2014) Nup62: a novel regulator of centro-
some integrity and function. Cell Cycle 13(1):14. https://​doi.​
org/​10.​4161/​cc.​27299

Bredel M, Bredel C, Juric D, Duran GE, Yu RX, Harsh GR, Vogel 
H, Recht LD, Scheck AC, Sikic BI (2006) Tumor necrosis fac-
tor-alpha-induced protein 3 as a putative regulator of nuclear 
factor-kappaB-mediated resistance to O6-alkylating agents in 
human glioblastomas. J Clin Oncol 24(2):274–287. https://​doi.​
org/​10.​1200/​JCO.​2005.​02.​9405

Carthagena L, Bergamaschi A, Luna JM, David A, Uchil PD, Mar-
gottin-Goguet F, Mothes W, Hazan U, Transy C, Pancino G, 
Nisole S (2009) Human TRIM gene expression in response to 
interferons. PLoS ONE 4(3):e4894. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00048​94

Chen RH, Chen YH, Huang TY (2019) Ubiquitin-mediated regula-
tion of autophagy. J Biomed Sci 26(1):80. https://​doi.​org/​10.​
1186/​s12929-​019-​0569-y

Clague MJ, Urbe S, Komander D (2019) Breaking the chains: 
deubiquitylating enzyme specificity begets function. Nat 
Rev Mol Cell Biol 20(6):338–352. https://​doi.​org/​10.​1038/​
s41580-​019-​0099-1

Dai L, Li Z, Liang W, Hu W, Zhou S, Yang Z, Tao Y, Hou X, Xing Z, 
Mao J, Shi Z, Wang X (2022) SOCS proteins and their roles in 
the development of glioblastoma. Oncol Lett 23(1):5. https://​doi.​
org/​10.​3892/​ol.​2021.​13123

Das T, Chen Z, Hendriks RW, Kool M (2018) A20/Tumor Necrosis 
Factor alpha-Induced Protein 3 in Immune Cells Controls Devel-
opment of Autoinflammation and Autoimmunity: Lessons from 
Mouse Models. Front Immunol 9:104. https://​doi.​org/​10.​3389/​
fimmu.​2018.​00104

Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaughter C, 
Pickart C, Chen ZJ (2000) Activation of the IkappaB kinase com-
plex by TRAF6 requires a dimeric ubiquitin-conjugating enzyme 
complex and a unique polyubiquitin chain. Cell 103(2):351–361. 
https://​doi.​org/​10.​1016/​s0092-​8674(00)​00126-4

Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok 
R, Ellenberg J, Panier S, Durocher D, Bartek J, Lukas J, Lukas 
C (2009) RNF168 binds and amplifies ubiquitin conjugates on 
damaged chromosomes to allow accumulation of repair proteins. 
Cell 136(3):435–446. https://​doi.​org/​10.​1016/j.​cell.​2008.​12.​041

Dolecek TA, Propp JM, Stroup NE, Kruchko C (2012) CBTRUS sta-
tistical report: primary brain and central nervous system tumors 
diagnosed in the United States in 2005–2009. Neuro Oncol 
14(Suppl 5):v1-49. https://​doi.​org/​10.​1093/​neuonc/​nos218

Du D, Yuan J, Ma W, Ning J, Weinstein JN, Yuan X, Fuller GN, Liu 
Y (2018) Clinical significance of FBXO17 gene expression in 

http://r2.amc.nl
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1242/jcs.243071
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1371/journal.pbio.0020002
https://doi.org/10.1038/nature05175
https://doi.org/10.1038/nature05175
https://doi.org/10.1371/journal.pone.0102878
https://doi.org/10.1371/journal.pone.0102878
https://doi.org/10.3171/2010.3.PEDS10120
https://doi.org/10.3171/2010.3.PEDS10120
https://doi.org/10.3390/cancers11030292
https://doi.org/10.3390/cancers11030292
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.4161/cc.27299
https://doi.org/10.4161/cc.27299
https://doi.org/10.1200/JCO.2005.02.9405
https://doi.org/10.1200/JCO.2005.02.9405
https://doi.org/10.1371/journal.pone.0004894
https://doi.org/10.1371/journal.pone.0004894
https://doi.org/10.1186/s12929-019-0569-y
https://doi.org/10.1186/s12929-019-0569-y
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.1038/s41580-019-0099-1
https://doi.org/10.3892/ol.2021.13123
https://doi.org/10.3892/ol.2021.13123
https://doi.org/10.3389/fimmu.2018.00104
https://doi.org/10.3389/fimmu.2018.00104
https://doi.org/10.1016/s0092-8674(00)00126-4
https://doi.org/10.1016/j.cell.2008.12.041
https://doi.org/10.1093/neuonc/nos218


1448	 Cellular and Molecular Neurobiology (2023) 43:1425–1452

1 3

high-grade glioma. BMC Cancer 18(1):773. https://​doi.​org/​10.​
1186/​s12885-​018-​4680-3

Ening G, Osterheld F, Capper D, Schmieder K, Brenke C (2015) 
Charlson comorbidity index: an additional prognostic param-
eter for preoperative glioblastoma patient stratification. J Can-
cer Res Clin Oncol 141(6):1131–1137. https://​doi.​org/​10.​1007/​
s00432-​014-​1907-9

Ettari R, Zappala M, Grasso S, Musolino C, Innao V, Allegra A (2018) 
Immunoproteasome-selective and non-selective inhibitors: 
a promising approach for the treatment of multiple myeloma. 
Pharmacol Ther 182:176–192. https://​doi.​org/​10.​1016/j.​pharm​
thera.​2017.​09.​001

Fan YL, Chen L, Wang J, Yao Q, Wan JQ (2013) Over expression 
of PPP2R2C inhibits human glioma cells growth through the 
suppression of mTOR pathway. FEBS Lett 587(24):3892–3897. 
https://​doi.​org/​10.​1016/j.​febsl​et.​2013.​09.​029

Fejzo MS, Anderson L, von Euw EM, Kalous O, Avliyakulov NK, 
Haykinson MJ, Konecny GE, Finn RS, Slamon DJ (2013) Ampli-
fication target ADRM1: role as an oncogene and therapeutic tar-
get for ovarian cancer. Int J Mol Sci 14(2):3094–3109. https://​
doi.​org/​10.​3390/​ijms1​40230​94

Fenimore J, Young HA (2016) Regulation of IFN-gamma Expres-
sion. Adv Exp Med Biol 941:1–19. https://​doi.​org/​10.​1007/​
978-​94-​024-​0921-5_1

Ferrington DA, Gregerson DS (2012) Immunoproteasomes: struc-
ture, function, and antigen presentation. Prog Mol Biol Transl 
Sci 109:75–112. https://​doi.​org/​10.​1016/​B978-0-​12-​397863-​9.​
00003-1

Frazzi R (2021) BIRC3 and BIRC5: multi-faceted inhibitors in cancer. 
Cell Biosci 11(1):8. https://​doi.​org/​10.​1186/​s13578-​020-​00521-0

Frisan T, Levitsky V, Polack A, Masucci MG (1998) Phenotype-
dependent differences in proteasome subunit composition and 
cleavage specificity in B cell lines. J Immunol 160(7):3281–3289

Fuwa TJ, Hori K, Sasamura T, Higgs J, Baron M, Matsuno K (2006) 
The first deltex null mutant indicates tissue-specific deltex-
dependent Notch signaling in Drosophila. Mol Genet Genomics 
275(3):251–263. https://​doi.​org/​10.​1007/​s00438-​005-​0087-3

Gilbert MR, Wang M, Aldape KD, Stupp R, Hegi ME, Jaeckle KA, 
Armstrong TS, Wefel JS, Won M, Blumenthal DT, Mahajan 
A, Schultz CJ, Erridge S, Baumert B, Hopkins KI, Tzuk-Shina 
T, Brown PD, Chakravarti A, Curran WJ Jr, Mehta MP (2013) 
Dose-dense temozolomide for newly diagnosed glioblastoma: a 
randomized phase III clinical trial. J Clin Oncol 31(32):4085–
4091. https://​doi.​org/​10.​1200/​JCO.​2013.​49.​6968

Gressot LV, Doucette T, Yang Y, Fuller GN, Manyam G, Rao A, Latha 
K, Rao G (2017) Analysis of the inhibitors of apoptosis identi-
fies BIRC3 as a facilitator of malignant progression in glioma. 
Oncotarget 8(8):12695–12704. https://​doi.​org/​10.​18632/​oncot​
arget.​8657

Gujar AD, Yano H, Kim AH (2016) The CDC20-APC/SOX2 sign-
aling axis: An achilles’ heel for glioblastoma. Mol Cell Oncol 
3(3):e1075644. https://​doi.​org/​10.​1080/​23723​556.​2015.​10756​44

Guo L, Teng L (2015) YAP/TAZ for cancer therapy: opportunities and 
challenges (review). Int J Oncol 46(4):1444–1452. https://​doi.​
org/​10.​3892/​ijo.​2015.​2877

Guo H, Lu Y, Wang J, Liu X, Keller ET, Liu Q, Zhou Q, Zhang J 
(2014) Targeting the notch signaling pathway in cancer thera-
peutics. Thorac Cancer 5(6):473–486. https://​doi.​org/​10.​1111/​
1759-​7714.​12143

Hai L, Zhang C, Li T, Zhou X, Liu B, Li S, Zhu M, Lin Y, Yu S, Zhang 
K, Ren B, Ming H, Huang Y, Chen L, Zhao P, Zhou H, Jiang T, 
Yang X (2018) Notch1 is a prognostic factor that is distinctly 
activated in the classical and proneural subtype of glioblastoma 
and that promotes glioma cell survival via the NF-kappaB(p65) 

pathway. Cell Death Dis 9(2):158. https://​doi.​org/​10.​1038/​
s41419-​017-​0119-z

Han J, Alvarez-Breckenridge CA, Wang QE, Yu J (2015) TGF-beta 
signaling and its targeting for glioma treatment. Am J Cancer 
Res 5(3):945–955

Hargadon KM (2016) Dysregulation of TGFbeta1 activity in cancer 
and its influence on the quality of anti-tumor immunity. J Clin 
Med. https://​doi.​org/​10.​3390/​jcm50​90076

Hashizume C, Moyori A, Kobayashi A, Yamakoshi N, Endo A, Wong 
RW (2013) Nucleoporin Nup62 maintains centrosome homeo-
stasis. Cell Cycle 12(24):3804–3816. https://​doi.​org/​10.​4161/​cc.​
26671

Hayden MS, West AP, Ghosh S (2006) NF-kappaB and the immune 
response. Oncogene 25(51):6758–6780. https://​doi.​org/​10.​1038/​
sj.​onc.​12099​43

Hewitt EW (2003) The MHC class I antigen presentation pathway: 
strategies for viral immune evasion. Immunology 110(2):163–
169. https://​doi.​org/​10.​1046/j.​1365-​2567.​2003.​01738.x

Houck SA, Singh S, Cyr DM (2012) Cellular responses to misfolded 
proteins and protein aggregates. Methods Mol Biol 832:455–461. 
https://​doi.​org/​10.​1007/​978-1-​61779-​474-2_​32

Hovinga KE, McCrea HJ, Brennan C, Huse J, Zheng J, Esquenazi Y, 
Panageas KS, Tabar V (2019) EGFR amplification and classical 
subtype are associated with a poor response to bevacizumab in 
recurrent glioblastoma. J Neurooncol 142(2):337–345. https://​
doi.​org/​10.​1007/​s11060-​019-​03102-5

Hu L, Cheng X, Binder Z, Han Z, Yin Y, O’Rourke DM, Wang S, Feng 
Y, Weng C, Wu A, Lin Z (2021) Molecular and clinical charac-
terization of UBE2S in glioma as a biomarker for poor prognosis 
and resistance to chemo-radiotherapy. Front Oncol 11:640910. 
https://​doi.​org/​10.​3389/​fonc.​2021.​640910

Hua W, Li C, Yang Z, Li L, Jiang Y, Yu G, Zhu W, Liu Z, Duan S, 
Chu Y, Yang M, Zhang Y, Mao Y, Jia L (2015) Suppression of 
glioblastoma by targeting the overactivated protein neddylation 
pathway. Neuro Oncol 17(10):1333–1343. https://​doi.​org/​10.​
1093/​neuonc/​nov066

Huang F, Zeng X, Kim W, Balasubramani M, Fortian A, Gygi SP, 
Yates NA, Sorkin A (2013) Lysine 63-linked polyubiquitination 
is required for EGF receptor degradation. Proc Natl Acad Sci U 
S A 110(39):15722–15727. https://​doi.​org/​10.​1073/​pnas.​13080​
14110

Huang S, Liu K, Cheng A, Wang M, Cui M, Huang J, Zhu D, Chen 
S, Liu M, Zhao X, Wu Y, Yang Q, Zhang S, Ou X, Mao S, Gao 
Q, Yu Y, Tian B, Liu Y, Zhang L, Yin Z, Jing B, Chen X, Jia 
R (2020) SOCS proteins participate in the regulation of innate 
immune response caused by viruses. Front Immunol 11:558341. 
https://​doi.​org/​10.​3389/​fimmu.​2020.​558341

Ikeda M, Ikeda A, Longan LC, Longnecker R (2000) The Epstein-
Barr virus latent membrane protein 2A PY motif recruits 
WW domain-containing ubiquitin-protein ligases. Virology 
268(1):178–191. https://​doi.​org/​10.​1006/​viro.​1999.​0166

Jackson S, Xiong Y (2009) CRL4s: the CUL4-RING E3 ubiquitin 
ligases. Trends Biochem Sci 34(11):562–570. https://​doi.​org/​
10.​1016/j.​tibs.​2009.​07.​002

Jain R, Poisson L, Narang J, Gutman D, Scarpace L, Hwang SN, Holder 
C, Wintermark M, Colen RR, Kirby J, Freymann J, Brat DJ, Jaffe 
C, Mikkelsen T (2013) Genomic mapping and survival predic-
tion in glioblastoma: molecular subclassification strengthened by 
hemodynamic imaging biomarkers. Radiology 267(1):212–220. 
https://​doi.​org/​10.​1148/​radiol.​12120​846

Jin WL, Mao XY, Qiu GZ (2017) Targeting deubiquitinating enzymes 
in glioblastoma multiforme: expectations and challenges. Med 
Res Rev 37(3):627–661. https://​doi.​org/​10.​1002/​med.​21421

https://doi.org/10.1186/s12885-018-4680-3
https://doi.org/10.1186/s12885-018-4680-3
https://doi.org/10.1007/s00432-014-1907-9
https://doi.org/10.1007/s00432-014-1907-9
https://doi.org/10.1016/j.pharmthera.2017.09.001
https://doi.org/10.1016/j.pharmthera.2017.09.001
https://doi.org/10.1016/j.febslet.2013.09.029
https://doi.org/10.3390/ijms14023094
https://doi.org/10.3390/ijms14023094
https://doi.org/10.1007/978-94-024-0921-5_1
https://doi.org/10.1007/978-94-024-0921-5_1
https://doi.org/10.1016/B978-0-12-397863-9.00003-1
https://doi.org/10.1016/B978-0-12-397863-9.00003-1
https://doi.org/10.1186/s13578-020-00521-0
https://doi.org/10.1007/s00438-005-0087-3
https://doi.org/10.1200/JCO.2013.49.6968
https://doi.org/10.18632/oncotarget.8657
https://doi.org/10.18632/oncotarget.8657
https://doi.org/10.1080/23723556.2015.1075644
https://doi.org/10.3892/ijo.2015.2877
https://doi.org/10.3892/ijo.2015.2877
https://doi.org/10.1111/1759-7714.12143
https://doi.org/10.1111/1759-7714.12143
https://doi.org/10.1038/s41419-017-0119-z
https://doi.org/10.1038/s41419-017-0119-z
https://doi.org/10.3390/jcm5090076
https://doi.org/10.4161/cc.26671
https://doi.org/10.4161/cc.26671
https://doi.org/10.1038/sj.onc.1209943
https://doi.org/10.1038/sj.onc.1209943
https://doi.org/10.1046/j.1365-2567.2003.01738.x
https://doi.org/10.1007/978-1-61779-474-2_32
https://doi.org/10.1007/s11060-019-03102-5
https://doi.org/10.1007/s11060-019-03102-5
https://doi.org/10.3389/fonc.2021.640910
https://doi.org/10.1093/neuonc/nov066
https://doi.org/10.1093/neuonc/nov066
https://doi.org/10.1073/pnas.1308014110
https://doi.org/10.1073/pnas.1308014110
https://doi.org/10.3389/fimmu.2020.558341
https://doi.org/10.1006/viro.1999.0166
https://doi.org/10.1016/j.tibs.2009.07.002
https://doi.org/10.1016/j.tibs.2009.07.002
https://doi.org/10.1148/radiol.12120846
https://doi.org/10.1002/med.21421


1449Cellular and Molecular Neurobiology (2023) 43:1425–1452	

1 3

Karsy M (2015) Erratum: a practical review of prognostic correla-
tions of molecular biomarkers in glioblastoma. Neurosurg Focus 
38(6):E13. https://​doi.​org/​10.​3171/​2015.4.​FOCUS​14755a

Kimura T, Jain A, Choi SW, Mandell MA, Johansen T, Deretic V 
(2017) TRIM-directed selective autophagy regulates immune 
activation. Autophagy 13(5):989–990. https://​doi.​org/​10.​1080/​
15548​627.​2016.​11542​54

Kinoshita Y, Kalir T, Rahaman J, Dottino P, Kohtz DS (2012) Altera-
tions in nuclear pore architecture allow cancer cell entry into or 
exit from drug-resistant dormancy. Am J Pathol 180(1):375–389. 
https://​doi.​org/​10.​1016/j.​ajpath.​2011.​09.​024

Kocaturk NM, Gozuacik D (2018) Crosstalk Between Mammalian 
Autophagy and the Ubiquitin-Proteasome System. Front Cell 
Dev Biol 6:128. https://​doi.​org/​10.​3389/​fcell.​2018.​00128

Kodadek T, Sikder D, Nalley K (2006) Keeping transcriptional acti-
vators under control. Cell 127(2):261–264. https://​doi.​org/​10.​
1016/j.​cell.​2006.​10.​002

Kohda K, Ishibashi T, Shimbara N, Tanaka K, Matsuda Y, Kasa-
hara M (1998) Characterization of the mouse PA28 activa-
tor complex gene family: complete organizations of the three 
member genes and a physical map of the approximately 150-kb 
region containing the alpha- and beta-subunit genes. J Immu-
nol 160(10):4923–4935

Komander D, Rape M (2012) The ubiquitin code. Annu Rev Bio-
chem 81:203–229. https://​doi.​org/​10.​1146/​annur​ev-​bioch​
em-​060310-​170328

Kopan R, Ilagan MX (2009) The canonical Notch signaling pathway: 
unfolding the activation mechanism. Cell 137(2):216–233. 
https://​doi.​org/​10.​1016/j.​cell.​2009.​03.​045

Kwasna D, Abdul Rehman SA, Natarajan J, Matthews S, Madden R, 
De Cesare V, Weidlich S, Virdee S, Ahel I, Gibbs-Seymour I, 
Kulathu Y (2018) Discovery and characterization of ZUFSP/
ZUP1, a distinct deubiquitinase class important for genome 
stability. Mol Cell. https://​doi.​org/​10.​1016/j.​molcel.​2018.​02.​
023

Lauwers E, Jacob C, Andre B (2009) K63-linked ubiquitin chains 
as a specific signal for protein sorting into the multivesicular 
body pathway. J Cell Biol 185(3):493–502. https://​doi.​org/​10.​
1083/​jcb.​20081​0114

Lee AJ, Ashkar AA (2018) The Dual Nature of Type I and Type II 
Interferons. Front Immunol 9:2061. https://​doi.​org/​10.​3389/​
fimmu.​2018.​02061

Lee HJ, Kim MY, Park HS (2015) Phosphorylation-dependent regu-
lation of Notch1 signaling: the fulcrum of Notch1 signaling. 
BMB Rep 48(8):431–437. https://​doi.​org/​10.​5483/​bmbrep.​
2015.​48.8.​107

Lee Y, Koh J, Kim SI, Won JK, Park CK, Choi SH, Park SH (2017) 
The frequency and prognostic effect of TERT promoter muta-
tion in diffuse gliomas. Acta Neuropathol Commun 5(1):62. 
https://​doi.​org/​10.​1186/​s40478-​017-​0465-1

Lee J, Putnam AR, Chesier SH, Banerjee A, Raffel C, Van Ziffle 
J, Onodera C, Grenert JP, Bastian BC, Perry A, Solomon 
DA (2018) Oligodendrogliomas, IDH-mutant and 1p/19q-
codeleted, arising during teenage years often lack TERT 
promoter mutation that is typical of their adult counterparts. 
Acta Neuropathol Commun 6(1):95. https://​doi.​org/​10.​1186/​
s40478-​018-​0598-x

Leon S, Haguenauer-Tsapis R (2009) Ubiquitin ligase adaptors: regu-
lators of ubiquitylation and endocytosis of plasma membrane 
proteins. Exp Cell Res 315(9):1574–1583. https://​doi.​org/​10.​
1016/j.​yexcr.​2008.​11.​014

Leto DE, Morgens DW, Zhang L, Walczak CP, Elias JE, Bassik MC, 
Kopito RR (2019) Genome-wide CRISPR analysis identifies 
substrate-specific conjugation modules in ER-associated degra-
dation. Mol Cell. https://​doi.​org/​10.​1016/j.​molcel.​2018.​11.​015

Liu S, Chen S, Zeng J (2018) TGFbeta signaling: A complex role in 
tumorigenesis (Review). Mol Med Rep 17(1):699–704. https://​
doi.​org/​10.​3892/​mmr.​2017.​7970

Liu W, Tang X, Qi X, Fu X, Ghimire S, Ma R, Li S, Zhang N, Si H 
(2020a) The ubiquitin conjugating enzyme: an important ubiq-
uitin transfer platform in ubiquitin-proteasome system. Int J Mol 
Sci. https://​doi.​org/​10.​3390/​ijms2​10828​94

Liu X, Yue C, Shi L, Liu G, Cao Q, Shan Q, Wang Y, Chen X, Li H, 
Wang J, Gao S, Niu M, Yu R (2020b) MALT1 is a potential ther-
apeutic target in glioblastoma and plays a crucial role in EGFR-
induced NF-kappaB activation. J Cell Mol Med 24(13):7550–
7562. https://​doi.​org/​10.​1111/​jcmm.​15383

Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger 
D, Hawkins C, Ng HK, Pfister SM, Reifenberger G, Soffietti 
R, von Deimling A, Ellison DW (2021) The 2021 WHO Clas-
sification of tumors of the central nervous system: a summary. 
Neuro Oncol 23(8):1231–1251. https://​doi.​org/​10.​1093/​neuonc/​
noab1​06

Ludwig K, Kornblum HI (2017) Molecular markers in glioma. 
J Neurooncol 134(3):505–512. https://​doi.​org/​10.​1007/​
s11060-​017-​2379-y

Ma R, Kang X, Zhang G, Fang F, Du Y, Lv H (2016) High expression 
of UBE2C is associated with the aggressive progression and 
poor outcome of malignant glioma. Oncol Lett 11(3):2300–
2304. https://​doi.​org/​10.​3892/​ol.​2016.​4171

Maier D (2006) Hairless: the ignored antagonist of the Notch signal-
ling pathway. Hereditas 143(2006):212–221. https://​doi.​org/​10.​
1111/j.​2007.​0018-​0661.​01971.x

Manchado E, Eguren M, Malumbres M (2010) The anaphase-pro-
moting complex/cyclosome (APC/C): cell-cycle-dependent and 
-independent functions. Biochem Soc Trans 38(Pt 1):65–71. 
https://​doi.​org/​10.​1042/​BST03​80065

Mandell MA, Jain A, Arko-Mensah J, Chauhan S, Kimura T, Dinkins 
C, Silvestri G, Munch J, Kirchhoff F, Simonsen A, Wei Y, 
Levine B, Johansen T, Deretic V (2014) TRIM proteins regu-
late autophagy and can target autophagic substrates by direct 
recognition. Dev Cell 30(4):394–409. https://​doi.​org/​10.​1016/j.​
devcel.​2014.​06.​013

Masucci MG (2004) Epstein-Barr virus oncogenesis and the ubiqui-
tin-proteasome system. Oncogene 23(11):2107–2115. https://​
doi.​org/​10.​1038/​sj.​onc.​12073​72

McCarthy MK, Weinberg JB (2015) The immunoproteasome and 
viral infection: a complex regulator of inflammation. Front 
Microbiol 6:21. https://​doi.​org/​10.​3389/​fmicb.​2015.​00021

Medvar B, Raghuram V, Pisitkun T, Sarkar A, Knepper MA (2016) 
Comprehensive database of human E3 ubiquitin ligases: appli-
cation to aquaporin-2 regulation. Physiol Genomics 48(7):502–
512. https://​doi.​org/​10.​1152/​physi​olgen​omics.​00031.​2016

Merlet J, Burger J, Gomes JE, Pintard L (2009) Regulation of cullin-
RING E3 ubiquitin-ligases by neddylation and dimerization. 
Cell Mol Life Sci 66(11–12):1924–1938. https://​doi.​org/​10.​
1007/​s00018-​009-​8712-7

Min L, Zeng X, Li B, Tao B, Shi J, Zhang W, Sun Q, Jing C, Wang X 
(2019) Overexpression of immunoproteasome low-molecular-
mass polypeptide 7 and inhibiting role of next-generation pro-
teasome inhibitor ONX 0912 on cell growth in glioma. Neu-
roReport 30(15):1031–1038. https://​doi.​org/​10.​1097/​WNR.​
00000​00000​001320

Mo JS, Park HW, Guan KL (2014) The Hippo signaling pathway 
in stem cell biology and cancer. EMBO Rep 15(6):642–656. 
https://​doi.​org/​10.​15252/​embr.​20143​8638

Morozov AV, Karpov VL (2019) Proteasomes and several aspects 
of their heterogeneity relevant to cancer. Front Oncol 9:761. 
https://​doi.​org/​10.​3389/​fonc.​2019.​00761

Mukherjee P, Winter SL, Alexandrow MG (2010) Cell cycle arrest 
by transforming growth factor beta1 near G1/S is mediated by 

https://doi.org/10.3171/2015.4.FOCUS14755a
https://doi.org/10.1080/15548627.2016.1154254
https://doi.org/10.1080/15548627.2016.1154254
https://doi.org/10.1016/j.ajpath.2011.09.024
https://doi.org/10.3389/fcell.2018.00128
https://doi.org/10.1016/j.cell.2006.10.002
https://doi.org/10.1016/j.cell.2006.10.002
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1016/j.molcel.2018.02.023
https://doi.org/10.1016/j.molcel.2018.02.023
https://doi.org/10.1083/jcb.200810114
https://doi.org/10.1083/jcb.200810114
https://doi.org/10.3389/fimmu.2018.02061
https://doi.org/10.3389/fimmu.2018.02061
https://doi.org/10.5483/bmbrep.2015.48.8.107
https://doi.org/10.5483/bmbrep.2015.48.8.107
https://doi.org/10.1186/s40478-017-0465-1
https://doi.org/10.1186/s40478-018-0598-x
https://doi.org/10.1186/s40478-018-0598-x
https://doi.org/10.1016/j.yexcr.2008.11.014
https://doi.org/10.1016/j.yexcr.2008.11.014
https://doi.org/10.1016/j.molcel.2018.11.015
https://doi.org/10.3892/mmr.2017.7970
https://doi.org/10.3892/mmr.2017.7970
https://doi.org/10.3390/ijms21082894
https://doi.org/10.1111/jcmm.15383
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1007/s11060-017-2379-y
https://doi.org/10.1007/s11060-017-2379-y
https://doi.org/10.3892/ol.2016.4171
https://doi.org/10.1111/j.2007.0018-0661.01971.x
https://doi.org/10.1111/j.2007.0018-0661.01971.x
https://doi.org/10.1042/BST0380065
https://doi.org/10.1016/j.devcel.2014.06.013
https://doi.org/10.1016/j.devcel.2014.06.013
https://doi.org/10.1038/sj.onc.1207372
https://doi.org/10.1038/sj.onc.1207372
https://doi.org/10.3389/fmicb.2015.00021
https://doi.org/10.1152/physiolgenomics.00031.2016
https://doi.org/10.1007/s00018-009-8712-7
https://doi.org/10.1007/s00018-009-8712-7
https://doi.org/10.1097/WNR.0000000000001320
https://doi.org/10.1097/WNR.0000000000001320
https://doi.org/10.15252/embr.201438638
https://doi.org/10.3389/fonc.2019.00761


1450	 Cellular and Molecular Neurobiology (2023) 43:1425–1452

1 3

acute abrogation of prereplication complex activation involving 
an Rb-MCM interaction. Mol Cell Biol 30(3):845–856. https://​
doi.​org/​10.​1128/​MCB.​01152-​09

Murira A, Lamarre A (2016) Type-I Interferon Responses: From 
Friend to Foe in the Battle against Chronic Viral Infection. 
Front Immunol 7:609. https://​doi.​org/​10.​3389/​fimmu.​2016.​
00609

Nainu F, Shiratsuchi A, Nakanishi Y (2017) Induction of apoptosis 
and subsequent phagocytosis of virus-infected cells as an antivi-
ral mechanism. Front Immunol 8:1220. https://​doi.​org/​10.​3389/​
fimmu.​2017.​01220

Nakamura M, Yang F, Fujisawa H, Yonekawa Y, Kleihues P, Ohgaki H 
(2000) Loss of heterozygosity on chromosome 19 in secondary 
glioblastomas. J Neuropathol Exp Neurol 59(6):539–543. https://​
doi.​org/​10.​1093/​jnen/​59.6.​539

Nakayama KI, Nakayama K (2006) Ubiquitin ligases: cell-cycle con-
trol and cancer. Nat Rev Cancer 6(5):369–381. https://​doi.​org/​
10.​1038/​nrc18​81

Natsuizaka M, Whelan KA, Kagawa S, Tanaka K, Giroux V, Chan-
dramouleeswaran PM, Long A, Sahu V, Darling DS, Que J, 
Yang Y, Katz JP, Wileyto EP, Basu D, Kita Y, Natsugoe S, 
Naganuma S, Klein-Szanto AJ, Diehl JA, Bass AJ, Wong KK, 
Rustgi AK, Nakagawa H (2017) Interplay between Notch1 and 
Notch3 promotes EMT and tumor initiation in squamous cell 
carcinoma. Nat Commun 8(1):1758. https://​doi.​org/​10.​1038/​
s41467-​017-​01500-9

Nofrini V, Di Giacomo D, Mecucci C (2016) Nucleoporin genes in 
human diseases. Eur J Hum Genet 24(10):1388–1395. https://​
doi.​org/​10.​1038/​ejhg.​2016.​25

Oh E, Mark KG, Mocciaro A, Watson ER, Prabu JR, Cha DD, Kamp-
mann M, Gamarra N, Zhou CY, Rape M (2020) Gene expres-
sion and cell identity controlled by anaphase-promoting com-
plex. Nature 579(7797):136–140. https://​doi.​org/​10.​1038/​
s41586-​020-​2034-1

Ohgaki H, Kleihues P (2007) Genetic pathways to primary and second-
ary glioblastoma. Am J Pathol 170(5):1445–1453. https://​doi.​
org/​10.​2353/​ajpath.​2007.​070011

Parmigiani E, Taylor V, Giachino C (2020) Oncogenic and tumor-sup-
pressive functions of NOTCH signaling in glioma. Cells. https://​
doi.​org/​10.​3390/​cells​91023​04

Perry J, Laperriere N, Zuraw L, Chambers A, Spithoff K, Cairncross 
JG, Neuro-oncology Disease Site G, Cancer Care Ontario Pro-
gram in Evidence-Based C (2007) Adjuvant chemotherapy for 
adults with malignant glioma: a systematic review. Can J Neurol 
Sci 34(4):402–410. https://​doi.​org/​10.​1017/​s0317​16710​00072​65

Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, 
Misra A, Nigro JM, Colman H, Soroceanu L, Williams PM, 
Modrusan Z, Feuerstein BG, Aldape K (2006) Molecular sub-
classes of high-grade glioma predict prognosis, delineate a pat-
tern of disease progression, and resemble stages in neurogenesis. 
Cancer Cell 9(3):157–173. https://​doi.​org/​10.​1016/j.​ccr.​2006.​02.​
019

Piao Y, Liang J, Holmes L, Henry V, Sulman E, de Groot JF (2013) 
Acquired resistance to anti-VEGF therapy in glioblastoma 
is associated with a mesenchymal transition. Clin Cancer 
Res 19(16):4392–4403. https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​12-​1557

Pickart CM (1997) Targeting of substrates to the 26S proteasome. 
FASEB J 11(13):1055–1066. https://​doi.​org/​10.​1096/​fasebj.​11.​
13.​93673​41

Pobbati AV, Hong W (2020) A combat with the YAP/TAZ-TEAD 
oncoproteins for cancer therapy. Theranostics 10(8):3622–3635. 
https://​doi.​org/​10.​7150/​thno.​40889

Presta I, Novellino F, Donato A, La Torre D, Palleria C, Russo 
E, Malara N, Donato G (2020) UbcH10 a major actor in 

cancerogenesis and a potential tool for diagnosis and therapy. 
Int J Mol Sci. https://​doi.​org/​10.​3390/​ijms2​10620​41

Purow BW, Haque RM, Noel MW, Su Q, Burdick MJ, Lee J, Sunda-
resan T, Pastorino S, Park JK, Mikolaenko I, Maric D, Eberhart 
CG, Fine HA (2005) Expression of Notch-1 and its ligands, 
Delta-like-1 and Jagged-1, is critical for glioma cell survival 
and proliferation. Cancer Res 65(6):2353–2363. https://​doi.​org/​
10.​1158/​0008-​5472.​CAN-​04-​1890

Ruvolo PP (2016) The broken “Off” switch in cancer signaling: PP2A 
as a regulator of tumorigenesis, drug resistance, and immune 
surveillance. BBA Clin 6:87–99. https://​doi.​org/​10.​1016/j.​bbacli.​
2016.​08.​002

Saeki Y, Kudo T, Sone T, Kikuchi Y, Yokosawa H, Toh-e A, Tanaka 
K (2009) Lysine 63-linked polyubiquitin chain may serve as a 
targeting signal for the 26S proteasome. EMBO J 28(4):359–371. 
https://​doi.​org/​10.​1038/​emboj.​2008.​305

Samaras V, Stamatelli A, Samaras E, Arnaoutoglou C, Arnaoutoglou 
M, Stergiou I, Konstantopoulou P, Varsos V, Karameris A, 
Barbatis C (2009) Comparative immunohistochemical analysis 
of aurora-A and aurora-B expression in human glioblastomas. 
Associations with proliferative activity and clinicopathological 
features. Pathol Res Pract 205(11):765–773. https://​doi.​org/​10.​
1016/j.​prp.​2009.​06.​011

Sampieri L, Di Giusto P, Alvarez C (2019) CREB3 Transcription Fac-
tors: ER-Golgi Stress Transducers as Hubs for Cellular Homeo-
stasis. Front Cell Dev Biol 7:123. https://​doi.​org/​10.​3389/​fcell.​
2019.​00123

Sarmasti Emami S, Zhang D, Yang X (2020) Interaction of the hippo 
pathway and phosphatases in tumorigenesis. Cancers (basel). 
https://​doi.​org/​10.​3390/​cance​rs120​92438

Schnute B, Troost T, Klein T (2018) Endocytic Trafficking of the Notch 
Receptor. Adv Exp Med Biol 1066:99–122. https://​doi.​org/​10.​
1007/​978-3-​319-​89512-3_6

Schreuder MI, van den Brand M, Hebeda KM, Groenen P, van Krieken 
JH, Scheijen B (2017) Novel developments in the pathogenesis 
and diagnosis of extranodal marginal zone lymphoma. J Hematop 
10(3–4):91–107. https://​doi.​org/​10.​1007/​s12308-​017-​0302-2

Schulman BA, Harper JW (2009) Ubiquitin-like protein activation 
by E1 enzymes: the apex for downstream signalling pathways. 
Nat Rev Mol Cell Biol 10(5):319–331. https://​doi.​org/​10.​1038/​
nrm26​73

Shepherd PR (2005) Mechanisms regulating phosphoinositide 3-kinase 
signalling in insulin-sensitive tissues. Acta Physiol Scand 
183(1):3–12. https://​doi.​org/​10.​1111/j.​1365-​201X.​2004.​01382.x

Sidaway P (2017) CNS cancer: glioblastoma subtypes revisited. Nat 
Rev Clin Oncol 14(10):587. https://​doi.​org/​10.​1038/​nrcli​nonc.​
2017.​122

Smith JS, Alderete B, Minn Y, Borell TJ, Perry A, Mohapatra G, Hosek 
SM, Kimmel D, O’Fallon J, Yates A, Feuerstein BG, Burger PC, 
Scheithauer BW, Jenkins RB (1999) Localization of common 
deletion regions on 1p and 19q in human gliomas and their asso-
ciation with histological subtype. Oncogene 18(28):4144–4152. 
https://​doi.​org/​10.​1038/​sj.​onc.​12027​59

Soave CL, Guerin T, Liu J, Dou QP (2017) Targeting the ubiquitin-
proteasome system for cancer treatment: discovering novel 
inhibitors from nature and drug repurposing. Cancer Metastasis 
Rev 36(4):717–736. https://​doi.​org/​10.​1007/​s10555-​017-​9705-x

Song MM, Shuai K (1998) The suppressor of cytokine signaling 
(SOCS) 1 and SOCS3 but not SOCS2 proteins inhibit interferon-
mediated antiviral and antiproliferative activities. J Biol Chem 
273(52):35056–35062. https://​doi.​org/​10.​1074/​jbc.​273.​52.​35056

Song EJ, Werner SL, Neubauer J, Stegmeier F, Aspden J, Rio D, 
Harper JW, Elledge SJ, Kirschner MW, Rape M (2010) The 
Prp19 complex and the Usp4Sart3 deubiquitinating enzyme 
control reversible ubiquitination at the spliceosome. Genes Dev 
24(13):1434–1447. https://​doi.​org/​10.​1101/​gad.​19250​10

https://doi.org/10.1128/MCB.01152-09
https://doi.org/10.1128/MCB.01152-09
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.3389/fimmu.2016.00609
https://doi.org/10.3389/fimmu.2017.01220
https://doi.org/10.3389/fimmu.2017.01220
https://doi.org/10.1093/jnen/59.6.539
https://doi.org/10.1093/jnen/59.6.539
https://doi.org/10.1038/nrc1881
https://doi.org/10.1038/nrc1881
https://doi.org/10.1038/s41467-017-01500-9
https://doi.org/10.1038/s41467-017-01500-9
https://doi.org/10.1038/ejhg.2016.25
https://doi.org/10.1038/ejhg.2016.25
https://doi.org/10.1038/s41586-020-2034-1
https://doi.org/10.1038/s41586-020-2034-1
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.2353/ajpath.2007.070011
https://doi.org/10.3390/cells9102304
https://doi.org/10.3390/cells9102304
https://doi.org/10.1017/s0317167100007265
https://doi.org/10.1016/j.ccr.2006.02.019
https://doi.org/10.1016/j.ccr.2006.02.019
https://doi.org/10.1158/1078-0432.CCR-12-1557
https://doi.org/10.1158/1078-0432.CCR-12-1557
https://doi.org/10.1096/fasebj.11.13.9367341
https://doi.org/10.1096/fasebj.11.13.9367341
https://doi.org/10.7150/thno.40889
https://doi.org/10.3390/ijms21062041
https://doi.org/10.1158/0008-5472.CAN-04-1890
https://doi.org/10.1158/0008-5472.CAN-04-1890
https://doi.org/10.1016/j.bbacli.2016.08.002
https://doi.org/10.1016/j.bbacli.2016.08.002
https://doi.org/10.1038/emboj.2008.305
https://doi.org/10.1016/j.prp.2009.06.011
https://doi.org/10.1016/j.prp.2009.06.011
https://doi.org/10.3389/fcell.2019.00123
https://doi.org/10.3389/fcell.2019.00123
https://doi.org/10.3390/cancers12092438
https://doi.org/10.1007/978-3-319-89512-3_6
https://doi.org/10.1007/978-3-319-89512-3_6
https://doi.org/10.1007/s12308-017-0302-2
https://doi.org/10.1038/nrm2673
https://doi.org/10.1038/nrm2673
https://doi.org/10.1111/j.1365-201X.2004.01382.x
https://doi.org/10.1038/nrclinonc.2017.122
https://doi.org/10.1038/nrclinonc.2017.122
https://doi.org/10.1038/sj.onc.1202759
https://doi.org/10.1007/s10555-017-9705-x
https://doi.org/10.1074/jbc.273.52.35056
https://doi.org/10.1101/gad.1925010


1451Cellular and Molecular Neurobiology (2023) 43:1425–1452	

1 3

Song Y, Du T, Ray A, Chauhan K, Samur M, Munshi N, Chauhan D, 
Anderson KC (2021) Identification of novel anti-tumor thera-
peutic target via proteomic characterization of ubiquitin recep-
tor ADRM1/Rpn13. Blood Cancer J 11(1):13. https://​doi.​org/​10.​
1038/​s41408-​020-​00398-9

Spence J, Gali RR, Dittmar G, Sherman F, Karin M, Finley D (2000) 
Cell cycle-regulated modification of the ribosome by a variant 
multiubiquitin chain. Cell 102(1):67–76. https://​doi.​org/​10.​1016/​
s0092-​8674(00)​00011-8

Steinbuck MP, Winandy S (2018) A Review of notch processing with 
new insights into ligand-independent notch signaling in T-cells. 
Front Immunol 9:1230. https://​doi.​org/​10.​3389/​fimmu.​2018.​
01230

Suber TL, Nikolli I, O’Brien ME, Londino J, Zhao J, Chen K, Mal-
lampalli RK, Zhao Y (2018) FBXO17 promotes cell proliferation 
through activation of Akt in lung adenocarcinoma cells. Respir 
Res 19(1):206. https://​doi.​org/​10.​1186/​s12931-​018-​0910-0

Sun L, Hui AM, Su Q, Vortmeyer A, Kotliarov Y, Pastorino S, Passaniti 
A, Menon J, Walling J, Bailey R, Rosenblum M, Mikkelsen T, 
Fine HA (2006) Neuronal and glioma-derived stem cell factor 
induces angiogenesis within the brain. Cancer Cell 9(4):287–
300. https://​doi.​org/​10.​1016/j.​ccr.​2006.​03.​003

Takafuji T, Kayama K, Sugimoto N, Fujita M (2017) GRWD1, a new 
player among oncogenesis-related ribosomal/nucleolar proteins. 
Cell Cycle 16(15):1397–1403. https://​doi.​org/​10.​1080/​15384​101.​
2017.​13389​87

Takeyama K, Aguiar RC, Gu L, He C, Freeman GJ, Kutok JL, Aster JC, 
Shipp MA (2003) The BAL-binding protein BBAP and related 
Deltex family members exhibit ubiquitin-protein isopeptide 
ligase activity. J Biol Chem 278(24):21930–21937. https://​doi.​
org/​10.​1074/​jbc.​M3011​57200

Thomas L, Di Stefano AL, Ducray F (2013) Predictive biomarkers 
in adult gliomas: the present and the future. Curr Opin Oncol 
25(6):689–694. https://​doi.​org/​10.​1097/​CCO.​00000​00000​
000002

Torrisi F, Alberghina C, D’Aprile S, Pavone AM, Longhitano L, Gial-
longo S, Tibullo D, Di Rosa M, Zappala A, Cammarata FP, 
Russo G, Ippolito M, Cuttone G, Li Volti G, Vicario N, Parenti 
R (2022) The hallmarks of glioblastoma: heterogeneity, inter-
cellular crosstalk and molecular signature of invasiveness and 
progression. Biomedicines. https://​doi.​org/​10.​3390/​biome​dicin​
es100​40806

Ullah K, Zubia E, Narayan M, Yang J, Xu G (2019) Diverse roles of 
the E2/E3 hybrid enzyme UBE2O in the regulation of protein 
ubiquitination, cellular functions, and disease onset. FEBS J 
286(11):2018–2034. https://​doi.​org/​10.​1111/​febs.​14708

Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, 
Miller CR, Ding L, Golub T, Mesirov JP, Alexe G, Lawrence 
M, O’Kelly M, Tamayo P, Weir BA, Gabriel S, Winckler W, 
Gupta S, Jakkula L, Feiler HS, Hodgson JG, James CD, Sarkaria 
JN, Brennan C, Kahn A, Spellman PT, Wilson RK, Speed TP, 
Gray JW, Meyerson M, Getz G, Perou CM, Hayes DN, Cancer 
Genome Atlas Research N (2010) Integrated genomic analysis 
identifies clinically relevant subtypes of glioblastoma character-
ized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Can-
cer Cell 17(1):98–110. https://​doi.​org/​10.​1016/j.​ccr.​2009.​12.​020

Verma R, Aravind L, Oania R, McDonald WH, Yates JR 3rd, Koonin 
EV, Deshaies RJ (2002) Role of Rpn11 metalloprotease in deu-
biquitination and degradation by the 26S proteasome. Science 
298(5593):611–615. https://​doi.​org/​10.​1126/​scien​ce.​10758​98

Vlachostergios PJ, Voutsadakis IA, Papandreou CN (2012) The ubiq-
uitin-proteasome system in glioma cell cycle control. Cell Div 
7(1):18. https://​doi.​org/​10.​1186/​1747-​1028-7-​18

Vlachostergios PJ, Voutsadakis IA, Papandreou CN (2013) The role 
of ubiquitin-proteasome system in glioma survival and growth. 

Growth Factors 31(3):106–113. https://​doi.​org/​10.​3109/​08977​
194.​2013.​799156

von Deimling A, Nagel J, Bender B, Lenartz D, Schramm J, Louis 
DN, Wiestler OD (1994) Deletion mapping of chromosome 19 
in human gliomas. Int J Cancer 57(5):676–680. https://​doi.​org/​
10.​1002/​ijc.​29105​70511

Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ (2001) 
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature 
412(6844):346–351. https://​doi.​org/​10.​1038/​35085​597

Wang R, Huang S, Fu X, Huang G, Yan X, Yue Z, Chen S, Li Y, Xu A 
(2017) The conserved ancient role of chordate PIAS as a multi-
level repressor of the NF-kappaB pathway. Sci Rep 7(1):17063. 
https://​doi.​org/​10.​1038/​s41598-​017-​16624-7

Wang Y, Xu X, Maglic D, Dill MT, Mojumdar K, Ng PK, Jeong KJ, 
Tsang YH, Moreno D, Bhavana VH, Peng X, Ge Z, Chen H, 
Li J, Chen Z, Zhang H, Han L, Du D, Creighton CJ, Mills GB, 
Camargo F, Liang H, Cancer Genome Atlas Research N (2018) 
Comprehensive molecular characterization of the hippo signal-
ing pathway in cancer. Cell Rep. https://​doi.​org/​10.​1016/j.​celrep.​
2018.​10.​001

Wang N, Song Q, Yu H, Bao G (2021) Overexpression of FBXO17 
promotes the proliferation, migration and invasion of glioma 
cells through the Akt/GSK-3beta/snail pathway. Cell Trans-
plant 30:9636897211007396. https://​doi.​org/​10.​1177/​09636​
89721​10073​95

Watanabe T, Nobusawa S, Kleihues P, Ohgaki H (2009) IDH1 muta-
tions are early events in the development of astrocytomas and 
oligodendrogliomas. Am J Pathol 174(4):1149–1153. https://​
doi.​org/​10.​2353/​ajpath.​2009.​080958

Wick W, Platten M (2014) Understanding and targeting alkylator 
resistance in glioblastoma. Cancer Discov 4(10):1120–1122. 
https://​doi.​org/​10.​1158/​2159-​8290.​CD-​14-​0918

Wlodarchak N, Xing Y (2016) PP2A as a master regulator of the cell 
cycle. Crit Rev Biochem Mol Biol 51(3):162–184. https://​doi.​
org/​10.​3109/​10409​238.​2016.​11439​13

Yamato A, Soda M, Ueno T, Kojima S, Sonehara K, Kawazu M, Sai 
E, Yamashita Y, Nagase T, Mano H (2015) Oncogenic activity 
of BIRC2 and BIRC3 mutants independent of nuclear factor-
kappaB-activating potential. Cancer Sci 106(9):1137–1142. 
https://​doi.​org/​10.​1111/​cas.​12726

Yi L, Zhou X, Li T, Liu P, Hai L, Tong L, Ma H, Tao Z, Xie Y, 
Zhang C, Yu S, Yang X (2019) Notch1 signaling pathway pro-
motes invasion, self-renewal and growth of glioma initiating 
cells via modulating chemokine system CXCL12/CXCR4. 
J Exp Clin Cancer Res 38(1):339. https://​doi.​org/​10.​1186/​
s13046-​019-​1319-4

Yong WH, Chou D, Ueki K, Harsh GR IV, Von Deimling A, Gusella 
JF, Mohrenweiser HW, Louis DN (1995) Chromosome 19q 
deletions in human gliomas overlap telomeric to D19S219 and 
may target a 425 kb region centromeric to D19S112. J Neu-
ropathol Exp Neurol 54(5):622–626. https://​doi.​org/​10.​1097/​
00005​072-​19950​9000-​00002

Yun CW, Lee SH (2018) The roles of autophagy in cancer. Int J Mol 
Sci. https://​doi.​org/​10.​3390/​ijms1​91134​66

Zavala-Vega S, Palma-Lara I, Ortega-Soto E, Trejo-Solis C, de Arel-
lano IT, Ucharima-Corona LE, Garcia-Chacon G, Ochoa SA, 
Xicohtencatl-Cortes J, Cruz-Cordova A, Luna-Pineda VM, 
Jimenez-Hernandez E, Vazquez-Meraz E, Mejia-Arangure JM, 
Guzman-Bucio S, Rembao-Bojorquez D, Sanchez-Gomez C, 
Salazar-Garcia M, Arellano-Galindo J (2019) Role of Epstein-
Barr Virus in Glioblastoma. Crit Rev Oncog 24(4):307–338. 
https://​doi.​org/​10.​1615/​CritR​evOnc​og.​20190​32655

Zerfas BL, Maresh ME, Trader DJ (2020) The Immunoproteasome: 
An Emerging Target in Cancer and Autoimmune and Neuro-
logical Disorders. J Med Chem 63(5):1841–1858. https://​doi.​
org/​10.​1021/​acs.​jmedc​hem.​9b012​26

https://doi.org/10.1038/s41408-020-00398-9
https://doi.org/10.1038/s41408-020-00398-9
https://doi.org/10.1016/s0092-8674(00)00011-8
https://doi.org/10.1016/s0092-8674(00)00011-8
https://doi.org/10.3389/fimmu.2018.01230
https://doi.org/10.3389/fimmu.2018.01230
https://doi.org/10.1186/s12931-018-0910-0
https://doi.org/10.1016/j.ccr.2006.03.003
https://doi.org/10.1080/15384101.2017.1338987
https://doi.org/10.1080/15384101.2017.1338987
https://doi.org/10.1074/jbc.M301157200
https://doi.org/10.1074/jbc.M301157200
https://doi.org/10.1097/CCO.0000000000000002
https://doi.org/10.1097/CCO.0000000000000002
https://doi.org/10.3390/biomedicines10040806
https://doi.org/10.3390/biomedicines10040806
https://doi.org/10.1111/febs.14708
https://doi.org/10.1016/j.ccr.2009.12.020
https://doi.org/10.1126/science.1075898
https://doi.org/10.1186/1747-1028-7-18
https://doi.org/10.3109/08977194.2013.799156
https://doi.org/10.3109/08977194.2013.799156
https://doi.org/10.1002/ijc.2910570511
https://doi.org/10.1002/ijc.2910570511
https://doi.org/10.1038/35085597
https://doi.org/10.1038/s41598-017-16624-7
https://doi.org/10.1016/j.celrep.2018.10.001
https://doi.org/10.1016/j.celrep.2018.10.001
https://doi.org/10.1177/09636897211007395
https://doi.org/10.1177/09636897211007395
https://doi.org/10.2353/ajpath.2009.080958
https://doi.org/10.2353/ajpath.2009.080958
https://doi.org/10.1158/2159-8290.CD-14-0918
https://doi.org/10.3109/10409238.2016.1143913
https://doi.org/10.3109/10409238.2016.1143913
https://doi.org/10.1111/cas.12726
https://doi.org/10.1186/s13046-019-1319-4
https://doi.org/10.1186/s13046-019-1319-4
https://doi.org/10.1097/00005072-199509000-00002
https://doi.org/10.1097/00005072-199509000-00002
https://doi.org/10.3390/ijms19113466
https://doi.org/10.1615/CritRevOncog.2019032655
https://doi.org/10.1021/acs.jmedchem.9b01226
https://doi.org/10.1021/acs.jmedchem.9b01226


1452	 Cellular and Molecular Neurobiology (2023) 43:1425–1452

1 3

Zhang Q, Lenardo MJ, Baltimore D (2017) 30 Years of NF-kappaB: 
A Blossoming of Relevance to Human Pathobiology. Cell 
168(1–2):37–57. https://​doi.​org/​10.​1016/j.​cell.​2016.​12.​012

Zhang R, Zhang J, Luo W, Luo Z, Shi S (2019) WWP2 Is One 
Promising Novel Oncogene. Pathol Oncol Res 25(2):443–446. 
https://​doi.​org/​10.​1007/​s12253-​018-​0506-5

Zhang RY, Liu ZK, Wei D, Yong YL, Lin P, Li H, Liu M, Zheng 
NS, Liu K, Hu CX, Yang XZ, Chen ZN, Bian H (2021) UBE2S 
interacting with TRIM28 in the nucleus accelerates cell cycle 
by ubiquitination of p27 to promote hepatocellular carcinoma 
development. Signal Transduct Target Ther 6(1):64. https://​
doi.​org/​10.​1038/​s41392-​020-​00432-z

Zhao Y, Morgan MA, Sun Y (2014) Targeting Neddylation path-
ways to inactivate cullin-RING ligases for anticancer therapy. 
Antioxid Redox Signal 21(17):2383–2400. https://​doi.​org/​10.​
1089/​ars.​2013.​5795

Zhao W, Qiu Y, Kong D (2017) Class I phosphatidylinositol 3-kinase 
inhibitors for cancer therapy. Acta Pharm Sin B 7(1):27–37. 
https://​doi.​org/​10.​1016/j.​apsb.​2016.​07.​006

Zhao L, Hao Y, Song Z, Fan Y, Li S (2021) TRIM37 negatively regu-
lates inflammatory responses induced by virus infection via con-
trolling TRAF6 ubiquitination. Biochem Biophys Res Commun 
556:87–92. https://​doi.​org/​10.​1016/j.​bbrc.​2021.​03.​147

Zhou H, Miki R, Eeva M, Fike FM, Seligson D, Yang L, Yoshimura 
A, Teitell MA, Jamieson CA, Cacalano NA (2007) Recipro-
cal regulation of SOCS 1 and SOCS3 enhances resistance to 
ionizing radiation in glioblastoma multiforme. Clin Cancer 
Res 13(8):2344–2353. https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​06-​2303

Zhou W, Zhu P, Wang J, Pascual G, Ohgi KA, Lozach J, Glass 
CK, Rosenfeld MG (2008) Histone H2A monoubiquitination 
represses transcription by inhibiting RNA polymerase II tran-
scriptional elongation. Mol Cell 29(1):69–80. https://​doi.​org/​10.​
1016/j.​molcel.​2007.​11.​002

Zhou L, Jiang Y, Luo Q, Li L, Jia L (2019) Neddylation: a novel mod-
ulator of the tumor microenvironment. Mol Cancer 18(1):77. 
https://​doi.​org/​10.​1186/​s12943-​019-​0979-1

Zhu HY, Ge TX, Pan YB, Zhang SY (2017) Advanced Role of Hippo 
Signaling in Endometrial Fibrosis: Implications for Intrauterine 
Adhesion. Chin Med J (engl) 130(22):2732–2737. https://​doi.​
org/​10.​4103/​0366-​6999.​218013

Zimber-Strobl U, Strobl LJ (2001) EBNA2 and Notch signalling in 
Epstein-Barr virus mediated immortalization of B lymphocytes. 
Semin Cancer Biol 11(6):423–434. https://​doi.​org/​10.​1006/​scbi.​
2001.​0409

Zimber-Strobl U, Strobl LJ, Meitinger C, Hinrichs R, Sakai T, Furu-
kawa T, Honjo T, Bornkamm GW (1994) Epstein-Barr virus 
nuclear antigen 2 exerts its transactivating function through inter-
action with recombination signal binding protein RBP-J kappa, 
the homologue of Drosophila Suppressor of Hairless. EMBO 
J 13(20):4973–4982. https://​doi.​org/​10.​1002/j.​1460-​2075.​1994.​
tb068​24.x

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Authors and Affiliations

Jerry Vriend1   · Thomas Klonisch1 

 *	 Jerry Vriend 
	 Jerry.Vriend@umanitoba.ca

1	 Department of Human Anatomy and Cell Science, Max 
Rady College of Medicine, Max Rady Faculty of Health 

Sciences, University of Manitoba, Rm34, BMSB, 745 
Bannatyne Ave, Winnipeg, MB R3E0J9, Canada

https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1007/s12253-018-0506-5
https://doi.org/10.1038/s41392-020-00432-z
https://doi.org/10.1038/s41392-020-00432-z
https://doi.org/10.1089/ars.2013.5795
https://doi.org/10.1089/ars.2013.5795
https://doi.org/10.1016/j.apsb.2016.07.006
https://doi.org/10.1016/j.bbrc.2021.03.147
https://doi.org/10.1158/1078-0432.CCR-06-2303
https://doi.org/10.1158/1078-0432.CCR-06-2303
https://doi.org/10.1016/j.molcel.2007.11.002
https://doi.org/10.1016/j.molcel.2007.11.002
https://doi.org/10.1186/s12943-019-0979-1
https://doi.org/10.4103/0366-6999.218013
https://doi.org/10.4103/0366-6999.218013
https://doi.org/10.1006/scbi.2001.0409
https://doi.org/10.1006/scbi.2001.0409
https://doi.org/10.1002/j.1460-2075.1994.tb06824.x
https://doi.org/10.1002/j.1460-2075.1994.tb06824.x
http://orcid.org/0000-0001-6435-755X
http://orcid.org/0000-0003-0448-6741

	Genes of the Ubiquitin Proteasome System Qualify as Differential Markers in Malignant Glioma of Astrocytic and Oligodendroglial Origin
	Abstract
	Graphical abstract

	Introduction
	Methods
	Results and Discussion
	Selected E2 Conjugases, but not E1 Activator, are Upregulated in GBM
	Expression of E3 Ligase Genes Distinguish GBM from AS and ODG and are Associated with Survival
	Gene Expression for E3 Ligases and the NOTCH Signaling Pathway in Glioma
	Gene Expression for E3 Ligase Adaptors: Upregulation of Cytokine Suppressor Genes and HIPPO Pathway Genes
	Chromosome 19 and Genes for E3 Ligases in Glioma Subtypes
	Cell-Cycle Gene Expression in Gliomas
	Regulation of Stem Cell Differentiation and Glioma
	Differential Expression of Deubiquitinases (DUBs) in Glioma Subtypes
	Differential Expression of Genes Encoding Proteasomal Subunits
	Differential Expression of UPS Genes in GBM Subtypes
	Gene Encoding Ubiquitin-Activating and Conjugating Proteins in GBM Subtypes

	Ubiquitin E3 Ligase Genes and GBM Subtypes
	The UPS and Regulation of Stem Cell Differentiation and Proliferation in GBM
	Differential Expression of Deubiquitinases (DUBs) in GBM Subtypes
	Upregulation of key UPS Genes Correlates with Protein Detection in Brain Tumor Tissues
	Ubiquitin Ligases and Their Adaptors Include Autophagy Related Genes

	Summary and Conclusions
	References




