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Abstract

Relevance Proteasome, a cylindrical complex containing 19S regulatory particle lid, 19S regulatory particle base, and 20S
core particle, acted as a major mechanism to regulate the levels of intracellular proteins and degrade misfolded proteins,
which involved in many cellular processes, and played important roles in cancer biological processes. Elucidation of protea-
some alterations across multiple cancer types will directly contribute to cancer medical services in the context of predictive,
preventive, and personalized medicine (PPPM / 3P medicine).

Purpose This study aimed to investigate proteasome gene alterations across 33 cancer types for discovery of effective bio-
markers and therapeutic targets in the framework of PPPM practice in cancers.

Methods Proteasome gene data, including gene expression RNAseq, somatic mutation, tumor mutation burden (TMB),
copy number variant (CNV), microsatellite instability (MSI) score, clinical characteristics, immune phenotype, 22 immune
cells, cancer stemness index, drug sensitivity, and related pathways, were systematically analyzed with publically available
database and bioinformatics across 11,057 patients with 33 cancer types.

Results Differentially expressed proteasome genes were extensively found between tumor and control tissues. PSMB4
occurred the top mutation event among proteasome genes, and those proteasome genes were significantly associated with
TMB and MSI score. Most of proteasome genes were positively related to CNV among single deletion, control copy number,
and single gain. Kaplan—Meier curves and COX regression survival analysis showed proteasome genes were significantly
associated with patient survival rate across 33 cancer types. Furthermore, the expressions of proteasome genes were signifi-
cantly different among different clinical stages and immune subtypes. The expressions of proteasome genes were correlated
with immune-related scores (ImmuneScore, StromalScore, and ESTIMATEScore), 22 immune cells, and cancer stemness.
The sensitivities of multiple drugs were closely related to proteasome gene expressions. The identified proteasome and
proteasome-interacted proteins were significantly enriched in various cancer-related pathways.

Conclusions This study provided the first landscape of proteasome alterations across 11,057 patients with 33 cancer types
and revealed that proteasome played a significant and wide functional role in cancer biological processes. These findings
are the precious scientific data to reveal the common and specific alterations of proteasome genes among 33 cancer types,
which benefits the research and practice of PPPM in cancers.

Keywords Proteasome - Pan-cancer - Mutation - Immune - Stemness - Drug sensitivity - Related pathways - Biomarker -
Therapeutic targets - Predictive preventive personalized medicine (PPPM / 3P medicine)
Introduction

The structure and functions of ubiquitin-

proteasome system
P4 Xianquan Zhan The proteasome was an abundant multi-enzyme complex
yjzhan2011@gmail.com that is located both in the nucleus and cytoplasm of eukary-
Extended author information available on the last page of the article otic cells [1]. The ubiquitin—proteasome system provided the
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main approach to degrade intracellular proteins. Before the
discovery of the ubiquitin—proteasome system, it was com-
monly thought that protein degradation mainly depended on
lysosomes [2]. The proteasome was named as 26S protea-
some in mammals and contained 19S regulatory particle
lid (Rpn3, Rpn10, Rpn7, Rpn8, Rpn12, Rpn6, RpnS, Rpn9,
Rpnll, Rpn4, Rpnl5, PA28a, PA28f, and PA28r), 195
regulatory particle base (Rpn2, Rpnl, Rpnl3, Rpt2, Rptl,
Rpt5, Rpt3, Rpt6, Rpt4, and PA200), and 20S core particle
(inner two rings, B1, B2, p3, p4, pS, p6, and P7; outer two
rings, al, a2, a3, a4, aS, ab, and «7). Additionally, 1, p2,
and PS5 in the standard 20S core particle were replaced with
B1i, and B21i, and B5i to form immunoproteasome, and 5 in
the standard 20S core particle was replaced with 5t to form
thymoproteasome [3]. When proteins were tagged for deg-
radation with a single ubiquitin molecule, this signal acti-
vated other ubiquitin ligases to form a polyubiquitin chain
binding with proteasome to degrade the tagged proteins [4].
The 19S regulatory subunit contained ATPase active sites
and ubiquitin-binding sites to recognize polyubiquitinated
proteins. The 20S core particle was hollow and allowed
the tagged protein with ubiquitin to be degraded [5]. The
proteasome was responsible for the degradation of most
proteins and involved in almost all life activities. Abnormal
functions of the proteasome could cause many diseases [6].
The scientists—Aaron Ciechanover, Avram Hershko, and
Irwin Rose—who discovered ubiquitin—proteasome path-
way-mediated protein degradation were awarded the Nobel
Prize for Chemistry in 2004 [7]. Although structure of the
proteasome became clear with the development of electron
microscopy, X-ray crystallography [8], and cryogenic elec-
tron microscopy [9], it was essential to systematically ana-
lyze proteasome and reveal the deubiquitylated, unfolded,
and degraded mechanisms in human diseases.

Proteasome dysfunctions in cancers

Proteasome was involved in virtually most cell processes,
including cell cycle, cell growth, apoptosis, immune system,
cancer stemness, oxidative stress, gene transcription, signal
transduction, and differentiation [10]. Subsequently, dys-
functional proteasome can lead to various diseases, such as
neurodegenerative diseases, cardiovascular diseases, inflam-
matory responses and autoimmune diseases, and malignan-
cies [11]. The accumulating evidence demonstrated that
these proteasome-related processes were closely associated
with cancers, so proteasome was one of key protein machines
for carcinogenesis and development [12]. For example, the
proteasome showed diverse roles in the process of apopto-
sis. In advance of apoptosis, increased protein ubiquitination
and the related ubiquitin ligases (E1, E2, E3) were observed
[13]. During apoptosis, many proteasomes in nucleus tended
to translocate from nucleus to outer membrane bleb [14].
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Proteasome inhibition was also observed to have different
effects on apoptosis among different disease models. In gen-
eral, when proteasome was inhibited, pro-apoptotic status
would be occurred in most cell types [15]. However, cells in
quiescent states or primary cultured cells were quite insen-
sitive to proteasome inhibitions [16]. In terms of cellular
stresses, proteasomal degradation pathway responded in
time to degrade misfolded or unfolded proteins. When cells
were subjected to stresses, such as heat shock, infection, or
oxidative damage, heat shock proteins identified misfolded
proteins and increased the activities of ubiquitin—protea-
some system [17]. In particular, inappropriately oxidized
histones could be degraded directly by the 20S core particle
of proteasome in the nucleus [18]. The proteasome played
a critical and straightforward role in the adaptive immune
system [19]. When pathogens invaded the organism, protea-
some monitored them and activated proteasomal degradation
to produce peptide antigens, which were displayed by the
major histocompatibility complex class I (MHC) proteins
on the surface of antigen-presenting cells [20]. During the
immune response, immunoproteasome was formed with
immunoproteasomal subunits (B1i, f2i, and B5i). Those
specialized p subunits had physiological characteristics of
altered substrate specificity [21]. Cell cycle progression was
controlled by cyclin-dependent kinases (CDKs) and specific
cyclins. When a CDK-cyclin complex completed its func-
tion, the specific CDKs were polyubiquitinated and degraded
by proteasome to mediate directionality of cell cycle [22].
All those biological processes were involved in important
mechanisms of tumorigenesis and progression. Proteasome
showed a decreased function in the cellular processes of
cancer stem cells compared to the rest of cancer cells [23].
To study transcriptional regulation of proteasome subunit
proteins, complex assembly, and pluripotency of proteasome
would develop more therapeutic opportunities targeted pro-
teasome for target therapeutics in cancers [24]. Even some
studies found circulating proteasomes, which indicated that
proteasome had potentiality to be clinical biomarkers [25]
for cancers.

Working hypothesis

We hypothesized that proteasome genes played important
roles in cancers, and the altered proteasome genes were the
potential targets to develop therapeutic drugs for targeted
prevention and personalized therapy and construct biomark-
ers for predictive diagnostics, patient stratification, and per-
sonalized medical services in cancers [26, 27].

Study design

The data of proteasome genes from The Cancer Genome
Atlas (TCGA) database, including gene expression
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RNAseq, somatic mutation, tumor mutation burden
(TMB), copy number variant (CNV), microsatellite insta-
bility (MSI) score, clinical characteristics, immune phe-
notype, 22 immune cells, and cancer stemness index, were
systematically analyzed across 11,057 patients with 33
cancer types. The widespread genetic alterations (includ-
ing gene expressions, somatic mutations, and CN'Vs) were
found in proteasome genes across 11,057 patients with 33
cancer types. The close correlations between proteasome
gene expressions and TMB, MSI, immunity system, cancer
stemness, and clinical relevance were also assessed. The
proteasome-related activated and inhibited pathways help
to further study the molecular mechanism of proteasome in
the context of PPPM in cancers. This study highlighted the
importance of proteasome in cancers and provided some
potential targets on the ubiquitin—proteasome system to
develop target therapeutic strategies for cancers.

Expected impacts in the framework of predictive,
preventive, and personalized medicine

We expect the altered proteasome genes and pathways will
be the important targets to develop effective therapeutic
drugs for targeted prevention and personalized therapy
and clinical biomarkers for predictive diagnosis or dis-
ease prognosis, patient stratification, and guiding clinical
therapy to personalize management of cancer patients in
the framework of predictive, preventive, and personalized
medicine (PPPM / 3P medicine) [24, 26, 27].

Materials and methods
Collection of proteasome genes

The proteasome genes in proteasome complex were 19S
regulatory particle lid (n=14 genes), containing PSMD3,
PSMD4, PSMD6, PSMD7, PSMD8, PSMD9, PSMD11,
PSMD12, PSMDI13, PSMD14, SEM1, PSME1, PSME2,
and PSME3; 19S regulatory particle base (n=10 genes),
containing PSMD1, PSMD2, ADRM1, PSMC1, PSMC2,
PSMC3, PSMC4, PSMCS5, PSMC6, and PSME4; and
20S core particle (n=14), containing PSMA1, PSMA2,
PSMA3, PSMA4, PSMAS, PSMA6, PSMA7, PSMBI1,
PSMB2, PSMB3, PSMB4, PSMB5, PSMB6, and PSMBY7.
For immunoproteasome, PSMB1, PSMB2, and PSMB5
were replaced with PSMBS8, PSMB9, and PSMB10. For
thymoproteasome, PSMBS5 was replaced with PSMB11
(Supplementary Table 1).

Genome-wide omics data across 33 cancer types

Genome-wide omics data were based on UCSC Xena
datasets (https://xenabrowser.net/datapages/). A total of
11,057 patients (10,327 cancer samples and 730 control
samples) with 33 different cancer types were analyzed
(Table 1), including adrenocortical carcinoma (ACC;
tumor =79), bladder urothelial carcinoma (BLCA; tumor
vs. control=411 vs. 19), breast cancer (BRCA; tumor vs.
control=1104 vs. 113), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC; tumor vs. con-
trol=306 vs. 3), cholangiocarcinoma (CHOL; tumor vs.
control =36 vs. 9), colon adenocarcinoma (COAD; tumor
vs. control =471 vs. 41), lymphoid neoplasm diffuse
large b-cell lymphoma (DLBC; tumor=48), esophageal

Table 1 A total of 11,057

. Cancer type Tumor Control

patients (10,327 cancers and

730 controls) with 33 cancer ACC 79 0

types were analyzed BLCA 411 19
BRCA 1104 113
CESC 306 3
CHOL 36 9
COAD 471 41
DLBC 48 0
ESCA 162 11
GBM 168 5
HNSC 502 44
KICH 65 24
KIRC 535 72
KIRP 289 32
LAML 151 0
LGG 529 0
LIHC 374 50
LUAD 526 59
LUSC 501 49
MESO 86 0
ov 379 0
PAAD 178
PCPG 183 3
PRAD 499 52
READ 167 10
SARC 263 2
SKCM 471
STAD 375 32
TGCT 156 0
THCA 510 58
THYM 119 2
UCEC 548 35
UCS 56 0
UvM 80 0
Total 10,327 730
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carcinoma (ESCA; tumor vs. control=162 vs. 11), glio-
blastoma multiforme (GBM; tumor vs. control =168 vs.
5), head and neck squamous carcinoma (HNSC; tumor vs.
control =502 vs. 44), kidney chromophobe (KICH; tumor
vs. control = 65 vs. 24), kidney renal clear cell carcinoma
(KIRC; tumor vs. control =535 vs. 72), kidney renal pap-
illary cell carcinoma (KIRP; tumor vs. control =289 vs.
32), acute myeloid leukemia (LAML; tumor=151), brain
lower grade glioma (LGG; tumor =529), liver hepatocel-
lular carcinoma (LIHC; tumor vs. control =374 vs. 50),
lung adenocarcinoma (LUAD; tumor vs. control =526 vs.
59), lung squamous cell carcinoma (LUSC; tumor vs. con-
trol =501 vs. 49), mesothelioma (MESQO; tumor = 86), ovar-
ian serous cystadenocarcinoma (OV; tumor =379), pancre-
atic adenocarcinoma (PAAD; tumor vs. control=178 vs. 4),
pheochromocytoma and paraganglioma (PCPG; tumor vs.
control =183 vs. 3), prostate adenocarcinoma (PRAD; tumor
vs. control =499 vs. 52), rectum adenocarcinoma (READ;
tumor vs. control=167 vs. 10), sarcoma (SARC; tumor vs.
control =263 vs. 2), skin cutaneous melanoma (SKCM;
tumor vs. control=471 vs. 1), stomach adenocarcinoma
(STAD; tumor vs. control =375 vs. 32), testicular germ cell
tumors (TGCT; tumor = 156), thyroid carcinoma (THCA;
tumor vs. control =510 vs. 58), thymoma (THYM; tumor vs.
control=119 vs. 2), uterine corpus endometrial carcinoma
(UCEC; tumor vs. control =548 vs. 35), uterine carcino-
sarcoma (UCS; tumor=56), and uveal melanoma (UVM;
tumor = 80). Genome-wide omics data included gene expres-
sion RNAseq (HTSeq-FPKM GDC Hub, Supplementary
Table 2), somatic mutation (VarScan2 Variant Aggregation
and Masking, Supplementary Table 3), CNV (GISTIC-focal
score by gene GDC Hub), clinical characteristics (Curated
clinical data by Pan-Cancer Atlas Hub), immune phenotype
(Immune subtype by Pan-Cancer Atlas Hub), and cancer
stemness index (Stemness score-RNA based by Pan-Cancer
Atlas Hub). Maftools R package (https://www.bioconduct
or.org/packages/release/bioc/html/maftools.html) was used
to calculate the TMB distribution according to somatic
mutation data, which also generated result for waterfall of
mutation genes (Supplementary Table 4). MSI scores were
obtained from published data (PMID: 30,211,344, and Sup-
plementary Table 5) that were generated by TCGA Research
Network (http://cancergenome.nih.gov/).

Determination of differentially expressed genes
(DEGs) between tumors and control tissues in each
cancer type

DEGs were determined in tumors compared to control
tissues with the ggpubr R package (https://rpkgs.datan
ovia.com/ggpubr/) across 33 cancer types (adjusted p
value < 0.05) (Supplementary Table 6; Supplementary
Fig. 1). An empirical Bayesian algorithm approach was
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used to estimate gene expression alterations with Wilcox
test. The Benjamini—-Hochberg multiple testing was used
to calculate the adjusted p value. The heatmap of DEGs
was plotted by pheatmap R package (https://www.rdocu
mentation.org/packages/pheatmap/versions/1.0.12/topics/
pheatmap).

Correlations of proteasome gene expressions
with TMB, MSI, or CNV

Corrplot R package (https://cran.r-project.org/web/packa
ges/corrplot/vignettes/corrplot-intro.html) was used to
perform the correlation analysis between proteasome
gene expression and TMB or MSI with the Spearman
method (p <0.05). The fmsb R package (https://cran.r-
project.org/web/packages/fmsb/index.html) was used to
plot the correlation between proteasome gene expression
and TMB (Supplementary Fig. 2) or between proteasome
gene expression and MSI (Supplementary Fig. 3) by radar
chart. The correlation between proteasome gene expres-
sion and CNV was calculated with Kruskal test (p <0.05),
and boxplots were plotted with barplot R package (https://
www.rdocumentation.org/packages/graphics/versions/3.
6.2/topics/barplot). The chromosome localization circle
was plotted with RCircos R package (https://www.rdocu
mentation.org/packages/RCircos/versions/1.2.1).

The associations between proteasome gene
expressions and clinical features

The samples were divided into high- and low-expression
groups of proteasome genes by median value of each pro-
teasome gene across 33 cancer types. The Kaplan—-Meier
method by survminer R package (https://cran.r-project.
org/web/packages/survminer/index.html) was used for
overall survival (OS) analysis, which was compared to
the log-rank test, with statistical significance of p <0.05.
Cox regression analysis was also performed with survival
R package (https://www.rdocumentation.org/packages/
survival/versions/3.2-3) to select survival-related protea-
some genes. The hazard ratio (HR) was calculated for Cox
proportional hazard regression models (Supplementary
Table 7), and the survival data of proteasome genes across
33 cancer types (n=10,121) were listed (Supplementary
Table 8). Further, the associations between clinical char-
acteristics and proteasome genes were analyzed across 33
cancer types. The clinical data of 33 cancer types were
listed (Supplementary Table 9), including pathologic stage
(stages I, II, III, and IV), pathologic metastasis, pathologic
node, and pathologic tumor size.
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The expressions of proteasome genes
among immune phenotypes across 33 cancer types

Samples of TCGA Pan-Cancer data were divided into five
clusters, including wound healing (Immune C1), IFN-
gamma dominant (Immune C2), inflammatory (Immune C3),
lymphocyte depleted (Immune C4), and immunologically
quiet (Immune C5) based on subtypes of immune model.
The different expressions of proteasome genes among sub-
types of immune model with Kruskal test (p <0.05) were
plotted with ggplot2 R package (https://cran.r-project.org/
web/packages/ggplot2/index.html).

Estimation of immune-related scores across 33
cancer types

ESTIMATE R package (https://bioinformatics.mdanderson.
org/estimate/rpackage.html) was used to estimate the pres-
ence of infiltrating stromal and immune cells in malignant
tumor tissues with gene expression data. ESTIMATE algo-
rithm based on ssGSEA analysis generated three types
of scores: (i) StromalScore that captured the presence of
stroma in tumor tissue, (ii) ImmuneScore that represented
the infiltration of immune cells in tumor tissue, and (iii)
ESTIMATEScore, (Supplementary Table 10), which were
positively correlated with the ratio of stromal cells, immune
cells, and the sum of both, respectively. Also, for each score,
the higher score means the larger ratio of the corresponding
component in tumor microenvironment (TME). Corrplot R
package (https://cran.r-project.org/web/packages/corrplot/
vignettes/corrplot-intro.html) was used to determine the cor-
relations of proteasome gene expression with ImmuneScore,
StromalScore, and ESTIMATEScore with the Spearman
method (p <0.05) (Supplementary Fig. 4).

Calculation of the proportions of immune cells
across 33 cancer types

The CIBERSORT algorithm and LM22 gene signature
were used to determine the proportions of immune cells
across 33 cancer types. This algorithm can discriminate 22
human immune cell phenotypes with high sensitivity and
high specificity. Gene expression profiles in the format of
standard annotation files were input to the CIBERSORT web
portal (http://cibersort.stanford.edu/), and its algorithm was
run with LM22 signature and 1,000 permutations (Supple-
mentary Table 11). Corrplot R package (https://cran.r-proje
ct.org/web/packages/corrplot/vignettes/corrplot-intro.html)
was used to determine the correlation of proteasome gene
expressions with different immune cells with the Spear-
man method (p <0.05) (Supplementary Fig. 4), including
B cells naive, B cells memory, plasma cells, T cells CDS8, T
cells CD4 naive, T cells CD4 memory resting, T cells CD4

memory activated, T cells follicular helper, T cells regula-
tory (Tregs), T cells gamma delta, NK cells resting, NK cells
activated, monocytes, macrophages M0, macrophages M1,
macrophages M2, dendritic cells resting, dendritic cells acti-
vated, mast cells resting, mast cells activated, eosinophils,
and neutrophils.

The associations of proteasome gene expression
with cancer stemness, and with drug sensitivity

RNA expression-based (all sets of available genes) stemness
scores (RNAss) were derived from the stemness group
based on epigenetically regulated RNA expression of 103
stemness-related genes. Corrplot R package (https://cran.r-
project.org/web/packages/corrplot/vignettes/corrplot-intro.
html) was used to determine the correlation between pro-
teasome gene expression and RNAss with the Spearman
method (p <0.05). The CellMiner (https://discover.nci.nih.
gov/cellminer/) was a web-based genomic and pharmaco-
logic tool to explore transcript and drug patterns in the NCI-
60 cell line set. The NCI-60 cell set was used to effectively
screen anti-cancer drug efficacy, which was developed by the
Developmental Therapeutics Program (DTP), US National
Cancer Institute (NCI). The NCI-60 cell set has been used
to screen many thousands of compounds. The association
between proteasome gene expression and drug sensitivity
was performed with Corrplot R package plus Spearman
method (p <0.05) based on the corresponding data from
CellMiner (Supplementary Table 12).

Functional characteristics and pathways
of proteasome and its interacted proteins

The co-expressions between proteasome genes were plotted
with Corrplot R package plus Spearman method (p < 0.05).
The interactions between proteasome proteins and non-
proteasome proteins were analyzed with String website
(https://string-db.org/) to obtain proteasome-interacted
proteins with combined score more than 0.9 (Supplemen-
tary Table 13). Gene Set Variation Analysis (GSVA) is a
non-parametric, unsupervised method to estimate variation
of gene set enrichment via the samples of an expression
dataset. Proteasome proteins and proteasome-interacted
proteins were used to enrich statistically significant Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways
(»<0.05 and FDR < 0.05), and these KEGG pathways were
further analyzed with GSVA to compare the pathway dif-
ference between tumor and control tissues across 33 cancer
types (Supplementary Table 14). Also, proteasome proteins
and proteasome-interacted proteins were used to enrich
statistically significant Gene Ontology (GO) terms with
Cytoscape ClueGO (two-sided hypergeometric test, adjusted
p value < 0.05 corrected with Benjamini—Hochberg multiple

@ Springer


https://cran.r-project.org/web/packages/ggplot2/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
https://bioinformatics.mdanderson.org/estimate/rpackage.html
https://bioinformatics.mdanderson.org/estimate/rpackage.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
http://cibersort.stanford.edu/
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://cran.r-project.org/web/packages/corrplot/vignettes/corrplot-intro.html
https://discover.nci.nih.gov/cellminer/
https://discover.nci.nih.gov/cellminer/
https://string-db.org/

EPMA Journal (2021) 12:605-627

19 S regulatory particle

PA2S- P23
i (hetero l\z;fmzx;) (bomo heyamer)
%

Rp3 | Rynd [ RpnS | Rpmé | Rpu? or heptae: 7
(R [ Rend [ ot 1 | Rent2 | Rent3 | [Pazza [ pazss |

s
PAT00 (Base) PA200

Rpnl | Rpn2 | Rypmi3 i3
[CRott T Ro | R | Rota [ Rots [ o | ‘%5
o

20 S core particle g
Standard proteasore suburits 94
T I - 7 i - I
[pr T p2 [ p3 [ pa [ p5 | p6 | p7 | %3
Ianunoproteasome suburits Thymoprotasome suburits

[Ceii ] 2

19 S regulatory particle

Type | Normal ES Tumor
" o
H . . .
. £ .l. ol
. H s . 3 it
- . e ° o
X o[l 218 - :
1 ] = -
. = 1 | .
H ar O B s gl 8T ST @l = = =
& T . [N ? o |
"8 iy o2 [% s ] il Higgtie
I r s *g
. 4 s & ® .
e 8
. .
YT X L O TS O T LOPR L O YWD U9 9 9 W
O PLPL P EPFSFT S K POV EEEITITFxF » T IR LKL
TEESTSEFFEEEITITIITFLSELLELS

—0.5

Translational Effect

. Synonymous
. Non Synonymous

I'I¥RY ' TN i
PSME4 |
PSMD1 Elll-F
PSMD2
PSMC2 L]
PSM | 111 ] "
PSMB11 ! i) I- Mutation Type
PSMC6 | | | Il_
P g‘sﬂmz 1 1 | |I\ | l- 3_prime_UTR_variant
PSMD11 [ U] m i i
PSMD3 I | ] 5_prime_UTR_variant
Zg%ﬁ ‘H | ][ I I “- downstream_gene_variant
‘;gm; ‘l‘ I “‘|‘ ‘[ I | \ | l“lﬂ frameshift_variant
|
BRGRACA™ ACC uvm ucs P‘g%DS |‘| H’ | W | ‘ Il i lllll inframe_deletion
E oESE o yorer zﬁ%@g ‘I 1l ‘\ ‘f 1 ‘ I‘| | [..| inframe_insertion
CHOL THYM™* i | -
PSME3 I 1 W B [ | | ; .
" THOA PSMD4 | |\‘ Il [ | | .III intron_variant
PSMB5 (VLAY | | || i "
TacT SEM1 il H TN | Il m missense_variant
PSMD7 ' [ 1 | | | i | ’ ;
— PSMC1 | iu Il || P I ‘ | splice_acceptor_variant
PSMAG H J11 I | | n " .
PSMAS I | | splice_donor_variant
skom PSMD14 [ | 4 Ll ‘ || c " N
Feuds g o i A ‘ i ki
‘SARC*
PSMD13 | | | | 1 start_lost
B PSMB "\,IP | |1 | | [l II 1 )
PSMBY | | 1 I 1 | stop_gained
S PSMA7 I[ ‘I L] | | | | | L} 1
PSME1 I III | | | | | 1 stop_lost
o ADRM1 1] | | | l. ! i
PSMB10 [ | | | | stop_retained_variant
LAmL PAAD™ PSMB3 \I‘ | | | | | il L}
o PSME2 , s | I | . synonymous_variant
e ESD) PSMB2 1| |1 TR | |
LUAD"*"LUSC PSMB6 N | | | | | upstream_gene_variant
PSMB1 (I NI |
15105 0
% Mutant Sample (n=1537)

@ Springer



EPMA Journal (2021) 12:605-627

611

«Fig. 1 Pan-cancer expression and mutation alterations of protea-
some genes. A The components of proteasome. B The expressions
of PMSAS5 between tumor and control tissues across 21 cancer types.
C The expression alterations of proteasome genes across 21 cancer
types. The heat map shows the fold changes, with red representing
up-regulated genes and green representing down-regulated genes. D
The mutation frequency of proteasome genes across 33 cancer types.
E The association between PSMAS5 expression and TMB across 33
cancer types. TMB, tumor mutation burden. BLCA, bladder urothe-
lial carcinoma. BRCA, breast cancer. CESC, cervical squamous cell
carcinoma and endocervical adenocarcinoma. CHOL, cholangiocarci-
noma. COAD, colon adenocarcinoma. ESCA, esophageal carcinoma.
GBM, glioblastoma multiforme. HNSC, head and neck squamous
carcinoma. KICH, kidney chromophobe. KIRC, kidney renal clear
cell carcinoma. KIRP, kidney renal papillary cell carcinoma. LIHC,
liver hepatocellular carcinoma. LUAD, lung adenocarcinoma. LUSC,
lung squamous cell carcinoma. PAAD, pancreatic adenocarcinoma.
PCPG, pheochromocytoma and paraganglioma. PRAD, prostate
adenocarcinoma. READ, rectum adenocarcinoma. STAD, stomach
adenocarcinoma. THCA, thyroid carcinoma. UCEC, uterine corpus
endometrial carcinoma. *p <0.05, **p <0.01, and ***p <0.001

testing), including cellular components (CCs), molecular
functions (MFs), and biological processes (BPs) (Supple-
mentary Table 15).

Results

Proteasome genes expressed differentially
between tumor and control tissues across different
cancer types

The proteasome was named as 26S proteasome in mammals,
which contained 19S regulatory particle lid, 19S regulatory
particle base, and 20S core particle. Additionally, protea-
somal subunits 1, p2, and B5 in 20S core particle were
replaced with p1i, p2i, and p5i for immunoproteasome, and
B5 in 20S core particle was replaced with p5t for thymo-
proteasome (Fig. 1A and Supplementary Table 1). The
mRNA expression levels of each proteasome gene were
analyzed between tumor and control tissues in each can-
cer. For example, PSMAS was differentially expressed
between tumor and control tissues across 21 cancer types
(Fig. 1B), and the mRNA differential expressions of the
rest 41 proteasome genes between tumor and control tis-
sues across 21 cancer types were collected (Supplementary
Table 6 and Supplementary Fig. 1), and these 21 cancer
types included BLCA, BRCA, CESC, CHOL, COAD,
ESCA, GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD,
LUSC, PAAD, PCPG, PRAD, READ, STAD, THCA, and
UCEC (Fig. 1C), while mRNA differential expressions of
each proteasome gene were not analyzed in the other 11
cancer types without the corresponding control tissues. Most
of proteasome genes were significantly down-regulated in
KICH and PCPG (p <0.05), for example, PSMAS, PSMD4,

PSMCS5, PSMB1, PSMB6, PSMB3, and PSMB2 in KICH,
and PSMAS, PSME2, PSMB7, PSMD7, PSMD6, PSME,
PSMD2, PSME4, ADRM1, and PSMAG6 in PCPG. Some of
proteasome genes were significantly up-regulated in vari-
ous cancer types (p <0.05), for example, PSMD14 in cancer
types STAD, READ, COAD, CESC, HNSC, BLCA, BRCA,
UCEC, ESCA, LUAD, LUSC, CHOL, and LIHC; SEM1
in cancer types CHOL, READ, COAD, STAD, HNSC,
LUAD, KICH, UCEC, LIHC, BLCA, KIRP, GBM, ESCA,
and LUSC; PSMAS in cancer types STAD, READ, HNSC,
LUAD, KIRP, BRCA, LIHC, LUSC, CHOL, CESC, GBM,
BLCA, UCEC, and ESCA; PSMB3 in cancer types STAD,
READ, HNSC, LUAD, KIRP, BRCA, LIHC, LUSC, CHOL,
CESC, GBM, BLCA, UCEC, and ESCA; PSMB4 in cancer
types READ, HNSC, BRCA, UCEC, BLCA, LUAD, GBM,
ESCA, LUSC, LIHC, and CHOL; PSMB8 in cancer types
LIHC, UCEC, THCA, STAD, BLCA, HNSC, CESC, ESCA,
KIRP, KIRC, CHOL, and GBM; and PSMB9 in cancer types
BLCA, LIHC, STAD, READ, KIRP, CESC, HNSC, CHOL,
ESCA, KIRC, and GBM.

The overall average mutation frequency
of proteasome genes across 33 cancer types

The overall average mutation frequency of proteasome genes
was low, ranging from 0.01 to 20%. The proteasome genes
PSME4, PSMD1, PSMD2, PSMC2, PSMC4, PSMB11,
PSMC6, PSMD12, PSMA2, PSMD11, PSMD3, PSMCS,
PSMB4, PSMA1, PSMA4, PSMD6, and PSMBS8 were iden-
tified to have higher mutation frequencies (more than 5%)
across 33 cancer types (Fig. 1D and Supplementary Table
3). Moreover, the correlations between proteasome gene
expressions and TMB score (Supplementary Table 4) were
evaluated across 33 cancer types (Supplementary Fig. 2); for
example, the expression of PSMAS was significantly nega-
tively correlated with TMB scores of cancer types PCPG
and THYM and positively correlated with TMB scores of
cancer types ESCA, KIRC, BLCA, COAD, LIHC, PRAD,
SARC, UCEC, BRCA, KIRP, LGG, LUAD, PAAD, SKCM,
and STAD (Fig. 1E). Similarly, the correlations of the other
proteasome genes and TMB scores were collected in Sup-
plementary Fig. 2.

The CNV and MSI alterations of proteasome genes
across different cancer types

CNV was the repeated sections of the genome that varied
between individuals. Whether the CNV affected the expres-
sion of proteasome genes, the expression perturbations of
proteasome genes were therefore explored across 33 cancer
types. The CNV alteration frequencies of proteasome genes
were widespread positively correlated with the expressions
of proteasome genes, which were prevalent in cancer types
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BLCA, BRCA, CESC, HNSC, COAD, ESCA, LGG, LIHC,
LUAD, LUSC, OV, PAAD, PRAD, SARC, SKCM, STAD,
and UCEC (Fig. 2A). CNV alterations were likely one of
the gene-driving mechanisms leading to perturbations in
the expressions of proteasome genes. For example, PSMAS5
was significantly down-regulated in single deletion CNV
group and up-regulated in single gain CNV group, com-
pared to control CNV group in BRCA (Fig. 2B). PSMAS5
also showed the same positive correlation results in other
cancer types, such as LUSC (Fig. 2C), BLCA, BRCA,
CESC, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KICH,
KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC, MESO,
OV, PAAD, PCPG, PRAD, READ, SARC, SKCM, STAD,
TGCT, THCA, THYM, and UCEC (Fig. 2A). Moreover, the

proteasome genes are mainly located in chromosome (chr)1,
chr2, chr3, chr6, chr7, chr9, chrll, chr12, chrl4, chrl5,
chrl6, chrl7, chr19, and chr20 (Fig. 2D). Microsatellites
were the repeated DNA sequences, and MSI indicated dys-
function of DNA mismatch repair (MMR) [28]. The correla-
tions between proteasome genes expressions and MSI score
(Supplementary Table 5) were evaluated across 33 cancer
types, which showed the widespread positive correlations
between the expression and MSI of proteasome genes. Here
showed the correlations between PSMAS expression and
MSTI across 33 cancer types (Fig. 2E), and the significant
correlations between PSMAS expression and MSI were pre-
sented in cancer types BRCA, LUAD, SARC, UCEC, CESC,
KIRC, KIRP, OV, THCA, COAD, DLBC, HNSC, LUSC,

Gene Protien ACC BLCA BRCA CESC CHOL COAD DLBC ESCA GBM HNSC KICH KIRC KIRP LAML LGG LHC LUAD LUSC MESO OV PAAD PCPG PRAD READ SARC SKCM STAD TGCT THCA THYM UCEC UCS UVM
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Fig.2 Pan-cancer CNV and MSI alterations of proteasome genes.
A The correlations between mRNA expressions and CNV alteration
frequency of proteasome genes across 33 cancer types. B The cor-
relations between mRNA expression and CNV alteration frequency
of PSMAS in BRCA. C The correlations between mRNA expression
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and CNV alteration frequency of PSMAS in LUSC. D The chromo-
some localization of proteasome genes. E The associations between
PSMAS mRNA expression and MSI across 33 cancer types. CNV,
copy number variant. MSI, microsatellite instability. *p<0.05,
*#p <0.01, and ***p <0.001
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and STAD. The correlations of all other proteasome gene
expressions and MSI were listed (Supplementary Fig. 3).

Clinical relevance of proteasome genes
across different cancer types

Overall survival of each proteasome gene was analyzed
across 33 cancer types, and many of them were signifi-
cantly related to patient survival rates (Fig. 3A). (i) The
high expressions of proteasome genes showed as consist-
ent risky factors in some cancer types. For example, the
high expressions of proteasome genes PSMD4, PSMDI11,
PSMD13, PSMD14, PSME2, PSMC1, PSMC3, PSMC4,
PSMC6, PSME4, PSMA1, PSMA2, PSMA4, PSMAS,
PSMA7, PSMB1, PSMB2, PSMB4, PSMBS5, and PSMB7
showed a poor survival in ACC. The high expressions of
proteasome genes PSMD3, PSMD7, PSME1, PSME3,
PSMD1, PSMC2, PSMB3, PSMB8, PSMB10, PSMD4,
PSMD13, PSMD14, PSME2, PSMC4, PSMA4, PSMA7,
PSMBI1, PSMB2, and PSMB5 showed a poor survival in
LAML. The high expressions of proteasome genes PSMD6,
PSMDS, PSMD2, PSMC5, PSMA3, PSMD11, PSMC1,
PSMC3, PSMC6, PSME4, PSMA1, PSMA2, PSMAS,
PSMB4, PSMD3, PSMD1, PSMD4, PSMD13, PSMD14,
PSMA7, PSMB2, and PSMBS5 showed a poor survival in
LICH. The high expressions of proteasome genes PSMD2,
PSMCI1, PSMC6, PSMA1, PSMA2, PSMAS, PSMDI,
PSMBS5, PSMB6, PSMB7, PSME3, and PSMC4 showed a
poor survival in LUAD. (ii) The high expression of protea-
some genes showed as consistent protective factors in some
cancer types. For example, the high expressions of protea-
some genes PSMAS, PSMB6, PSMD6, PSMD14, PSMB2,
ADRM1, PSMA6, PSMB9, PSMD12, PSMB3, PSME2, and
PSMA4 showed a better survival in OV. The high expres-
sions of proteasome genes PSME2, SEM1, PSMEI1, and
PSMBS8 showed a better survival in BRCA. Here, we also
provided Kaplan—Meier survival analysis curves of PSMAS5
in ACC (Fig. 3B), ESCA (Fig. 3C), KIRC (Fig. 3D), LGG
(Fig. 3E), LIHC (Fig. 3F), LUAD (Fig. 3G), OV (Fig. 3H),
and PAAD (Fig. 3I), as an example, which clearly demon-
strated that the high expressions of PSMAS in these cancers
showed a poor survival.

Further, the expressions of proteasome genes were
acted as continuous variable for Cox regression analysis
to obtain hazard ratio (HR) across 33 cancer types (risky
factor: HR > 1 and protective factor: HR < 1). Most of the
results were consistent with Kaplan—Meier survival analysis
(Fig. 4 and Supplementary Table 7). For example, except
for PSMB 10, all other proteasome genes acted as risky fac-
tors (HR> 1) in ACC. Most of proteasome genes acted as
risky factors (HR > 1) in KICH, including PSMA1, PSMA3,
PSMA4, PSMAS, PSMA6, PSMA7, PSMB1, PSMB2,
PSMB3, PSMB4, PSMB5, PSMB6, PSMBS, PSMBOY,

PSMC2, PSMC3, PSMC4, PSMC5, PSMC6, PSMD,
PSMD3, PSMD4, PSMD9, PSMD11, PSMD12, PSMD13,
PSMD14, PSME2, PSME3, and PSME4. All other Cox
regression analysis of proteasome genes in other cancers
was listed (Fig. 4 and Supplementary Table 7).

Moreover, the associations between pathologic stages
(stages I, II, III, and IV) and proteasome genes were ana-
lyzed across 33 cancer types (Fig. SA). Many proteasome
genes were significantly expressed differentially among dif-
ferent pathologic stages in the same cancer; for example, the
significantly differential expressions of proteasome genes
PSMD13, PSMA4, PSMA1, ADRM1, PSME2, PSMB4,
PSMB3, PSMAS5, PSMB10, PSMC4, PSMB2, PSMBO9,
SEM1, PSMC3, PSMD4, PSMBS8, PSMC1, PSMD14,
PSMDS8, PSMA7, PSMA2, PSMC5, PSMB6, PSMBI,
PSMD11, PSMC2, PSMD3, PSMD2, PSMBS5, and PSMC6
among different pathological stages in KIRC. The same
proteasome gene was significantly expressed differentially
among different pathological stages in various cancers;
for example, PSMDS8 was significantly expressed differ-
entially among pathological stages in cancer types ACC,
BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA,
GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC,
MESO, OV, PAAD, READ, SKCM, STAD, TGCT, THCA,
THYM, and UCEC. PSMDI11 was significantly expressed
differentially among pathological stages in cancer types
ACC, BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA,
GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC,
MESO, OV, PAAD, READ, SKCM, STAD, TGCT, THCA,
THYM, and UCEC. SEM1 was significantly expressed
differentially among pathological stages in cancer types
BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA,
GBM, HNSC, KICH, KIRC, KIRP, LIHC, LUAD, LUSC,
MESO, OV, PAAD, READ, SKCM, STAD, TGCT, THCA,
THYM, and UCEC. Here, we also provided an example to
present the associations between pathologic stages and pro-
teasome gene expressions in KICH, which clearly showed
that proteasome genes PSMAS, PSMD11, PSMB2, PSMBS,
PSMD14, PSMD3, PSME4, PSMD8, PSMD12, PSMC2,
PSMAL1, and SEM1 were significantly expressed differen-
tially among pathologic stages in KICH (Fig. 5B).

Association of proteasome gene expressions
with immune microenvironment

To explore associations of proteasome gene expressions with
immune microenvironment, an overall analysis showed that
all proteasome gene expressions were significantly related
to immune subtypes C1, C2, C3, C4, and C5 (Fig. 6A). For
further detailed analysis of associations of proteasome gene
expressions with immune microenvironment, the associa-
tions of proteasome gene expressions with immune-related
sores (ImmuneScore, StromalScore, and ESTIMATEScore)
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Fig.3 Overall survival-related proteasome genes across 33 can-
cer types. A Summary of the correlations between proteasome gene
expressions and patient overall survival across 33 cancer types. Red
represents a higher expression of proteasome genes associated with
worse survival, and green represents an association with better sur-
vival. Only p values<0.05 are shown. B Kaplan—-Meier survival
curve of PSMAS expression in ACC. C Kaplan—Meier survival
curve of PSMAS expression in ESCA. D Kaplan—-Meier survival
curve of PSMAS expression in KICR. E Kaplan-Meier survival
curve of PSMAS expression in LGG. F Kaplan—Meier survival curve

(Supplementary Table 10) and immune cells (Supplemen-
tary Table 11) were analyzed. Some results were obvious and
consistent; for example, PSME1, PSME2, PSMBS§, PSMB9,
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of PSMAS expression in LIHC. G Kaplan—Meier survival curve of
PSMAS expression in LUAD. H Kaplan—Meier survival curve of
PSMAS expression in OV. I Kaplan—-Meier survival curve of PSMAS
expression in PAAD. The patients were grouped by median value of
global expression pattern of proteasome genes. ACC, adrenocortical
carcinoma. ESCA, esophageal carcinoma. KICR, kidney renal clear
cell carcinoma. LGG, brain lower grade glioma. LIHC, liver hepato-
cellular carcinoma. LUAD, lung adenocarcinoma. OV, ovarian serous
cystadenocarcinoma. PAAD, pancreatic adenocarcinoma

and PSMB10 were positively related to ESTIMATEScore
(Fig. 6B), ImmuneScore, CD8 T cell (Fig. 6C), macrophages
M1, NK cells activated, and T cells CD4 memory activated
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Fig.4 The distribution of hazard ratios (HR) of proteasome genes across different cancer types using COX regression survival analysis. HR > 1:

risk factor. HR < 1: protective factor

in various cancer types (Supplementary Fig. 4). Most of
proteasome genes showed widespread negative associations
with B cells naive, mast cells activated, mast cells resting,
and T cells CD4 memory resting (Supplementary Fig. 4).
In addition, some cancer types showed different trends from
others in the same association plot. For example, most of
proteasome genes in ACC group were negatively associ-
ated with ESTIMATEScore, including PSMA6, PSMC6,
PSMBS5, PSMC1, PSMB7, PSME2, PSMD6, PSMD12,
PSMD14, PSMB11, PSMD8, PSMC4, PSMA3, PSMDI1,
PSMEI1, PSMD11, PSMA4, PSMD3, PSME4, and PSMC
(Fig. 6B), while most of proteasome genes in UVM group
were positively associated with ESTIMATEScore, includ-
ing PSMB4, PSMB1, PSMA6, PSMA3, PSMAS, PSMD13,
PSMB6, PSME3, SEM1, PSMCS5, PSMD11, PSMBS5,
PSMD3, PSMB2, PSME1, PSMC3, PSMB3, PSMDS,

PSMC4, PSME2, PSMBS, PSMB10, and PSMB9 (Fig. 6B).
The consistent phenomenon was also observed in associa-
tion plot of immune cells, such as CD8 T cell (Fig. 6C; Sup-
plementary Fig. 4).

Associations of proteasome gene expressions
with stemness score RNAss, and with drug
sensibility

Most of proteasome genes showed widespread positive
associations with stemness score RNAss in many kinds of
cancers; for example, the expressions of proteasome genes
PSMD9, PSMB11, PSMC5, PSMA3, PSMD3, PSMAG,
PSMBY9, PSMD6, PSMD2, PSMB1, PSMA2, PSMD14,
PSME2, SEM1, PSMD7, PSMB6, PSMC4, PSMB10,
PSMBS, PSMB4, PSMA7, PSMB7, PSME1, PSMD4,
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PSMC3, PSMB3, PSMDS8, PSMA1, PSMD13, PSMAA4,
PSMAS, and PSMB2 were significantly positively related to
RNAss in THYM (Fig. 7A). PSMB9 and PSMB10 showed
significantly negatively associations with RNAss in various
cancer types; for example, PSMB9 was significantly nega-
tively related to RNAss in cancer types KICH, LGG, PRAD,
and TGCT; and PSMB 10 was significantly negatively related
to RNAss in cancer types LGG, ACC, PRAD, TGCT, KICH,
PCPG, LUSC, and LAML (Fig. 7A).

Moreover, the associations of proteasome gene expres-
sions with drug sensibility were investigated. Some protea-
some genes showed positive associations with drug sensi-
bility, including PSMB10 and hydroxyurea, PSMA6 and
chelerythrine, PSMB10 and asparaginase, PSMB10 and
pipobroman, PSMB10 and uracil mustard, PSMB10 and
thiotepa, PSMB10 and triethylenemelamine, PSMB10 and
chlorambucil, PSMB10 and cyclophosphamide, PSMB10
and melphalan, PSMB10 and LMP-400, PSMB10 and chel-
erythrine, PSMB9 and hydroxyurea, PSMB9 and aspara-
ginase, PSMB9 and chlorambucil, PSMB9 and LMP-400,
PSMD3 and 5-fluoro deoxy uridine 10mer, PSMB10 and
cladribine, PSMB10 and nitrogen mustard, PSMB7 and
chelerythrine, PSME1 and chelerythrine, PSMB10 and
nelarabine, PSMB10 and cytarabine, PSMB9 and uracil
mustard, PSMAG6 and nelarabine, PSMB1 and chelerythrine,
PSMD9 and hydroxyurea, PSMB10 and imexon, PSMB10
and carmustine, PSMB10 and XK-469, PSMD7 and cheler-
ythrine, PSMB 10 and idarubicin, PSMB10 and bendamus-
tine, PSMA7 and chelerythrine, PSME1 and hydroxyurea,
and PSMEI and nelarabine (Fig. 7B and Supplementary
Table 12). The expression of PSMB10 showed negative
association with kahalide f (Supplementary Table 12). These
findings indicated that those drug sensibility-associated pro-
teasome genes were the potential drug therapeutic targets.

Functional characteristics and signaling pathways
of proteasome-interacted proteins revealed
the crucial mechanisms of proteasome

The co-expression network of proteasome genes showed that
they worked together well and existed widespread positive
correlations (Fig. 8A). To explore potential mechanism of
proteasome, protein—protein interaction (PPI) network was
constructed to obtain proteasome-interacted proteins with
combined score more than 0.9 (Fig. 8B and Supplementary
Table 13). Those identified proteasome-interacted proteins
(n=165) and proteasome proteins (n=42) across 33 can-
cer types were used to enrich statistically significant KEGG
pathways, and these KEGG pathways were further analyzed
with GSVA to obtain altered KEGG pathways between
tumor and control tissues (Fig. 8C). A total of 31 altered
significant KEGG pathways was identified across 33 cancer
types between tumor and control tissues; 9 of them were

inhibited (ECM receptor interaction, GAP junction, p53
signaling pathway, cell cycle, regulation of autophagy, natu-
ral killer cell-mediated cytotoxicity, antigen processing and
presentation, apoptosis, and VEGF signaling pathway), and
22 of them were activated (B cell receptor signaling path-
way, intestinal immune network for IgA production, WNT
signaling pathway, leukocyte transendothelial migration,
notch signaling pathway, T cell receptor signaling pathway,
ubiquitin-mediated proteolysis, TGF beta signaling pathway,
focal adhesion, cell adhesion molecules cams, chemokine
signaling pathway, ABC transporters, hedgehog signaling
pathway, tight junction, NOD-like receptor signaling path-
way, endocytosis, proteasome, dorso ventral axis formation,
inositol phosphate metabolism, and phosphatidylinositol
signaling system) (Fig. 8D and Supplementary Table 14).

GO enrichment analysis revealed the functional charac-
teristics of those proteasome-interacted proteins and protea-
some proteins, including 57 statistically significant BPs, 47
CCs, and 75 MFs (Supplementary Table 15). Those pro-
teasome proteins and their interacted proteins were further
clustered into 8 groups according to BPs (Fig. 8E), includ-
ing endopeptidase regulator activity, transcription initia-
tion from RNA polymerase II promoter, ubiquitin-protein
transferase activity, regulation of protein serine/threonine
kinase activity, regulation of mitotic sister chromatid sepa-
ration, regulation of ubiquitin-dependent protein catabolic
process, cyclin-dependent protein serine/threonine kinase
activity, and anaphase-promoting complex-dependent cata-
bolic process; 11 groups according to CCs (Fig. 8F) includ-
ing spermatoproteasome complex, PML body, SCF ubiquitin
ligase complex, centrosome, cullin-RING ubiquitin ligase
complex, P-body, spindle, proteasome complex, proteasome
accessory complex, cyclin-dependent protein kinase holo-
enzyme complex, and chromosomal region; and 13 groups
according to MFs (Fig. 8G), including protein phosphatase
binding, ubiquitin protein ligase binding, histone kinase
activity, regulation of DNA binding, tumor necrosis factor
receptor superfamily binding, thiol-dependent ubiquitin-
specific protease activity, telomerase activity, ubiquitin pro-
tein ligase activity, threonine-type endopeptidase activity,
regulation of protein kinase activity, endopeptidase activity,
protein serine/threonine kinase activity, and regulation of
protein serine/threonine kinase activity.

Discussion

The role of proteasome in cancers

Proteins could keep dynamic balance in the protein syn-
thesis and degradation system. In terms of degradation,

the assembly, activity, and abundance of proteasome were
essential [11]. The ubiquitin—proteasome system mediated
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«Fig. 6 The immune relevance of proteasome genes across 33 cancer
types. A Box plots showing the expression distribution of protea-
some genes among different immune subtypes (C1, C2, C3, C4, C5,
and C6) across 33 cancer types. B The correlations between protea-
some gene expressions and ESTIMATEScore across 33 cancer types.
C The correlations between proteasome gene expressions and CD8 T
cells across 33 cancer types. Red dots represent positive correlation,
and blue dots represent negative correlation. ***p <0.001

degradation of thousands of half-life of short-lived, dam-
aged, aged, and misfolded proteins, to regulate various cel-
lular processes, including cell cycle, cell survival, apopto-
sis, cellular metabolism, and protein quality control [29].
The involved proteins contained cancer-related ones, such
as transcription factors, oncogenes, tumor suppressor pro-
teins, and signaling molecules [30]. Many previous studies
have shown that the levels of proteasome in cancer cells
were higher compared to their normal counterparts because
of high oxidative stress levels [31]. For example, the total
chymotrypsin-like activity of proteasomes in colon cancer
patients with metastasis was 1.6-fold higher compared to
those in patients without metastasis. The high level of chy-
motrypsin-like proteasome activity was unfavorable factor
in terms of metastasis-free survival [32]. The 20S and 26S
proteasome activities were also shown to be significantly
higher in tumors of female reproductive system than control
tissues. The increasing activities of total proteasome and
20S proteasome were observed as the depth of myometrial
invasion in endometrial cancer tissues. Those data clearly
demonstrate that proteasome is significantly involved in the
process of carcinogenesis [33]. The dysregulated proteasome
in human cancer cells played a crucial role in the growth and
development of cancer cells. Therefore, the study of protea-
some targets for the treatment of various cancer types has
been one of the major focuses in the PPPM practice of can-
cer research. For example, bortezomib, a proteasome inhibi-
tor, was approved for the treatment of multiple myeloma in
clinical practice, and various preclinical and clinical models
has been studied on lung cancer [34]. A potent proteasome
inhibitor, marizomib, showed the strong inhibitory effect on
multiple proteasome catalytic activities and induced a bet-
ter anti-tumor response in triple-negative breast cancer cell
lines and patient-derived xenografts alone in breast cancer
[35]. Therefore, exploration of the functions and underly-
ing mechanisms of proteasome would contribute more
well-identified therapeutic targets for personalized cancer
treatment.

The associations between proteasome gene
expression and different altered parameters (TMB,
CNV, and MSI)

In this study, the data of proteasome genes, including gene
expression RNAseq, somatic mutation, TMB, CNV, MSI,

immune phenotype, 22 immune cells, cancer stemness index,
drug sensitivity, and signaling pathways across 33 cancer
types, were systematically analyzed. Some of the obtained
results were consistent with the previous studies. (i) In terms
of proteasome gene expressions, PSMD9 was analyzed with
immunohistochemistry in 102 patients with cervical can-
cer [36], which found that PSMD9 was overexpressed in
tumor tissues compared to the adjacent peritumoral tissues,
and was significantly correlated with proliferation. PSMD9
expression correlated significantly with the expression of the
proliferation marker MIB-1. Patients with higher PSMD9
expression tended to poor survival rate and more recur-
rence diseases [36]. ADRM1 was up-regulated in various
cancers. The potential prognostic and predictive values of
ADRMI expression have been evaluated on 19 independ-
ent breast cancer microarray datasets. The mRNA expres-
sion of ADRM1 was significantly associated with tumor
size, histologic grade, survival rate, lymph node status, and
molecular subtypes (estrogen receptor status and progester-
one receptor status) in patients with breast cancer [37]. So
many differentially expressed proteasome genes identified in
our study were consistent with previously reported literature,
and some new changes were also identified, which provided
proteasome gene expression profile across 33 cancer types
to help further studies. (ii) In terms of somatic mutation of
proteasome genes, like the importance of BRCA2 depletion
in breast cancer, SEM1 depletion also led to hypersensitiv-
ity to DNA damage. It was proved that nearly all BRCA2
in human cell lines was associated with SEM1, which indi-
cated the stability of BRCA2 protein in mammalian cells
depended on the presence, deletion, or mutation of SEM1
[38]. PSMB5 Q62P, as a novel mutation form, induced bort-
ezomib resistance in acute myeloid leukemia cells and was
associated with the proteasome 5 subunit high expression
[39]. The crystal structure of the PSMEI subunit heptamer
occurred a mutation site (N146Y) binding with proteasome
as tightly as wild-type; however, the mutate PSMEI subunit
inhibited proteasome activation and could not activate pep-
tide hydrolysis [40]. Many mutations of proteasome genes
influenced the functions and activation of proteasome. Thus,
all the information we provided in the study would be mean-
ingful for proteasome. Recent discoveries have observed
that patients with the higher number of tumor mutations
might have better outcome. The TMB may be a good pre-
dictor for cancer therapy, especially for patients treated with
immune checkpoint inhibitors [41]. In the present study, the
expressions of many proteasome genes were significantly
correlated with TMB across different cancer types. Those
TMB-related proteasome genes might be useful in the
field of predictor for cancer therapy. (iii) In terms of CNV,
genetic amplification was also one kind style of identified
driver gene among genetic disorder. Copy number gained
always proved to be positively related to elevated expression
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Fig.7 Pan-cancer analysis of RNAss and drug sensitivity associa-
tions with proteasome genes. A The correlations between proteasome
gene expressions and RNAss across 33 cancer types. Red dots repre-

in cancer. PSMB4 amplification elevated expression of
PSMB4, which was identified to be the first oncogenic pro-
teasomal subunit that associated with cancer cell survival,
tumor growth, and poor prognosis [42]. The association of
PSMBY genetic variability with the metastasis risk of ovar-
ian cancer was investigated in the Chinese population. The
results showed that the sequence variants in PSMB9 would
increase the risk of the lymph node metastasis and tumor
distant metastasis in ovarian cancer [43]. In this study, a lot
of CNV-driving proteasome genes were identified. Those
would be one of potential mechanisms that result in dysfunc-
tion of proteasome. (iv) In terms of MSI, microsatellites
were the repeated DNA sequences (one to six base pairs).
Microsatellite variation contributes to the individual DNA
“fingerprint.” MSI resulted from impaired DNA mismatch
repair (MMR), which indicated dysfunction of MMR [28].
In the present study, the expressions of many proteasome
genes were significantly correlated with MSI across various
cancer types. Those MSI-related proteasome genes might be
useful in the field of predictor for cancer therapy.

The associations between proteasome gene
and immune

This study also found that proteasome genes were univer-
sally associated with immune subtypes and immune-related
scores across different cancers. Furthermore, the associa-
tions between proteasome gene expressions and immune
cells were significant and meaningful. PSMB8 ($5i),
PSMB9 (p1i), and PSMB10 (p2i) were important subunits
of immunoproteasome and increased in most cancer types.

@ Springer

sent positive correlation, and blue dots represent negative correlation.
RNAss means RNA expression-based stemness scores. B The drug
sensitivity relevance of proteasome gene expression

The expressions of immunoproteasome genes were proved
to be related to the abundance of tumor infiltrating lympho-
cytes and protective survival rate [44]. This study found that
PSMBS, PSMB9, and PSMB10 were positively related to
ESTIMATEScore, ImmuneScore, CD8 T cell, macrophages
M1, NK cells activated, and T cells CD4 memory activated,
in various cancer types. Those results were consistent with
previous studies. For example, a total of 668 breast can-
cers were retrospectively analyzed to test immunoprotea-
some subunit PSMB8 ($51), which showed that high level
of PSMBS8 had more tumor-infiltrating lymphocytes and
had better disease-free survival outcomes [45]. PSMB9
(B1i) performed a critical role in the antigen processing via
the major histocompatibility complex-I (MHC-I) complex
CD8(+) cytotoxic T lymphocytes (CTL) pathway [46].
Importantly, one study also found that mRNA expression
levels of PSMBS (p51) and PSMB9 (f1i) were much better
predictors of immune response to checkpoint inhibitors than
the TMB in melanoma patients [47].

The associations between proteasome gene
and stemness

The hypothesis of cancer stem cells (CSC) proposed that
CSC was small population but most important contribu-
tors in development and propagation of tumor. CSCs con-
tain some essential properties to keep cancer development
and maintenance, such as resistance to apoptosis, dormant
invasion and metastasis potential, avoidance of immune
recognition, evasion from growth suppressors, genome
instability, induction of angiogenesis, and destruction
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Fig.8 The functional characteristics and signaling pathways enriched
with proteasome genes and their interacted genes. A The co-expres-
sion network of proteasome genes. Blue dots represent positive corre-
lation, and red dots represent negative correlation. B Protein—protein
interaction (PPI) networks based on proteasome genes and proteas-
ome-interacted genes (combined score >0.9). C The heat map of pro-
teasome-related pathway alterations between tumor and control tis-
sues across 21 cancer types. Red represents activated pathways, and

and metabolism adjustments [23]. The previous findings
suggested that proteasome could mediate stem cell-like
phenotype; for example, proteasome 2 (PSMB2) and p5
(PSMB)S) subunit activities were down-regulated during
epithelial-mesenchymal transition (EMT), and the selec-
tive down-regulation could help mammary epithelial cells
acquire a cancer stem cell-like phenotype. As proteasome
inhibitors become widely studied in cancer treatment, it
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was suggested that targeting proteasome might be a pos-
sible mechanism to solve sluggishness CSCs in treatment
of cancer. For example, the overexpression of PSME3
induced the process of EMT and contributed to increase
the expression of cancer stem cell markers of the MDA-
MB-231 breast cell line, thus enhancing the migration
and invasion of cancer cells [48]. The deubiquitinase
PSMD14 took part in PSMD14-ALK2-BMP6 signaling
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pathway axis to contribute to the decreased tumorigenesis
of HCT116 colorectal cancer cells and cancer stemness of
colorectal cancers [49].

The associations between proteasome gene
and drug sensitivity

This study also explored the associations between protea-
some gene expressions and drug sensitivity, and some drugs
were significantly related to proteasome genes, including
drugs hydroxyurea, chelerythrine, asparaginase, pipobro-
man, uracil mustard, thiotepa, triethylenemelamine, chlo-
rambucil, cyclophosphamide, melphalan, LMP-400, 5-fluoro
deoxy uridine 10mer, cladribine, nitrogen mustard, nelara-
bine, cytarabine, imexon, carmustine, XK-469, idarubicin,
bendamustine, triapine, and kahalide f. Some of the drugs
have been proven to have contributions in proteasome path-
way. For example, hydroxyurea could inhibit protein degra-
dation in purified 20S proteasome lysates in dose-dependent
manner. In this process, the induced nitric oxide (NO) in
endothelial cells might be mediated by inhibition of the pro-
teasome activity [50]. Recent phase 2 clinical study on the
efficacy of combination chemotherapeutic agents l-aspara-
ginase with bortezomib (a proteasome inhibitor) for acute
lymphoblastic leukemia demonstrated favorable clinical out-
comes. Bortezomib showed only marginal cross-resistance
when combined with l-asparaginase. It indicated that the
study of association between proteasome gene expressions
and drug sensitivity would be applied to guide drug com-
bination [51]. Some emerging new drugs were based on
similar mechanisms or pathways; for example, proteasome
inhibitors and bendamustine were based on the control of
cell cycle and apoptotic pathways. The monotherapy of those
agents had been demonstrated to be as safe and effective,
but combination strategies were being investigated in clini-
cal trials [52]. The association between the expression of
proteasome genes and drug sensitivity might systematically
provide some clues for cancer therapy based on proteasome
or guidance for drug combination.

The potential mechanisms of proteasome in cancers

To clarify the potential mechanisms of proteasome in can-
cers, a total of 31 cancer-related activated and inhibited
KEGG pathways were analyzed between tumor and control
tissues across 33 cancer types; and of them, 9 pathways were
inhibited, and 22 pathways were activated. Actually, the
functions of proteasome were profoundly influenced in can-
cer development, and various pathways would be changed
according to proteasome and proteasome-interacted genes.
For example, there was a certain cooperation and crosstalk
between ubiquitin—proteasome system and autophagy-lys-
osome pathway, and some molecules might act as initiate
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compensatory effects to prevent cancer progression. Some-
times ubiquitin—proteasome system and autophagy-lysosome
pathway worked hand-in-hand to degrade a common sub-
strate. For instance, monomeric and soluble substrates could
be degraded by the ubiquitin—proteasome system, whereas
their aggregates and insoluble complexes should depend on
autophagy to remove [53]. The p53 tumor suppressor pro-
tein and its oncoproteins (MDM?2 and MDMX) could form
MDM2/MDMX-p53 circuitry that had an important function
in cancer malignant behaviors, such as angiogenesis, growth
and proliferation, cell cycle progression, senescence, apop-
tosis, and immune response. Recent studies have shown that
the stabilities of MDM2/MDMX-p53 circuitry were tightly
mediated by the ubiquitin—proteasome system through the
degradation of oncoproteins to activate the p53 signal-
ing and induce cell cycle arrest and apoptosis [54]. In this
direction, proteasome inhibition received very good results
to cause apoptosis in various tumor cell types, including
ovarian cancer, leukemia, lung cancer, Hodgkin’s and non-
Hodgkin’s, colorectal cancer, gastric cancer, glioblastoma,
pancreatic cancer, lymphoma, and prostate cancer [55]. The
essential steps for antigen processing for direct presentation
on MHC class I molecules involved the concerted activity
of several cellular complexes, such as protein synthesis via
the ribosome and protein degradation via the proteasome
[56]. Most of MHC class I alleles preferred hydrophobic
C-terminal residues, which had a better interaction with
hydrophobic C-termini that is generated by immunoprotea-
some complex [57]. The proteasome degradation machinery
was also essential for cellular process of T-cell immunity.
Proteasome dysfunction induced senescence-associated
phenotypes of CD4 +T cells by T-cell receptor signaling
via IKK-, MEK-, and calcineurin-dependent pathways. The
hallmark of CD4 + T-cell senescence included damaged
cytokine production, defective proliferation, and increased
biomarker of PD-1* CD44"€" CD4 + T cells [58]. The clini-
cal responses of expanded activated autologous lymphocyte
treatment depended on the levels of high-affinity-specific
T-cell receptors to recognize tumor cells in patients and
contribute to CTL-delivered apoptotic death signals. The
proteasome inhibitor bortezomib could restore some high-
affinity-specific T-cell receptor expression by decreasing
phospho-ERK1/2, inhibiting NF-kB activity, and increas-
ing phospho-c-jun-NH(2)-kinase(p-JNK) levels. These
findings suggested that proteasome inhibition might have
ability to improve cancer-related antigen expression and
restore pro-apoptotic pathway [59]. The Wnt, Notch signal-
ing, and TGF-p signaling pathways were essential for the
regulation of proliferation, cellular polarity, differentiation,
invasion, and migration. These pathways were vulnerable to
somatic mutations to initiate cell proliferation and precan-
cerous condition, which ultimately induced the development
into cancer in the mutation-accumulation process [60]. Wnt
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signaling pathway was initially identified for the develop-
ment of cancers. The expressions of key signaling molecule
CTNNBI1 (B-catenin) and Wnt ligand-proteins (Wntl, Wnt2,
and Wnt7A) were universally tested in various cancers,
such as breast cancer, esophageal cancer, melanoma, ovar-
ian cancer, prostate cancer, colorectal cancer, glioblastoma,
and lung cancer [61]. The key proteins in the Wnt signaling
pathway, including pB-catenin and GSK3, were identified to
be regulated by the proteasome under the condition of the
endoplasmic reticulum stress using label-free quantitative
proteomics [62]. Axin protein contributed to the formation
of the p-catenin destruction complex in Wnt/B-catenin sign-
aling pathway. The ubiquitin—proteasome system also proved
to have a profound effect on Wnt/B-catenin signaling through
regulating stability and cellular concentration of Axin pro-
tein [63]. Role of Notch signaling was a driver of some kinds
of cancer types, and many notch inhibitors as cancer treat-
ments, which were currently in different phases of clinical
trials; for example, MK-0752, one of notch inhibitors, has
obtained promising results in an early clinical trial for breast
cancer [64]. Notch signaling pathway could be activated by
Notch gene mutation itself and inactivated by gene muta-
tions of FBXW7. FBXW7 was one of the most important
tumor suppressors in deregulated ubiquitin—proteasome
system and controlled proteasome-mediated degradation of
oncoproteins, including Notch [65]. The positive and nega-
tive of TGF-beta signaling mainly relied on several key com-
ponents of TGF-beta receptors and ligands. The degradation
of those receptors could be mediated by the ubiquitin—pro-
teasome system in a gene-specific and time-dependent way
in various cancers. These findings indicated that dysregu-
lated proteasomal degradation would take part in silencing
TGF-beta signaling [66]. For example, the TGF-beta family
ligands-Smad proteins, as crucial signal transducers, were
commonly interacted with various subunits of the 26S pro-
teasome system with different ubiquitin E3 ligases, such as
APC complex, HECT family, and SCF; thereby forming an
extremely TGF-beta pathway-related complex signaling net-
work to regulate multiple biological activities [67].

In summary, the prevalent genetic and expression altera-
tions of proteasome genes across 11,057 patients with 33
cancer types were presented in this study. The proteasome
genes were demonstrated to closely associate with immunity,
stemness, and survival of cancers. The activation and inhibi-
tion of pathway alterations gave promising clues for further
mechanism study underlying proteasome. This systematic
landscape of genetic alterations and clinical relevance of
proteasome genes laid a basic foundation to explore the
dysregulation of cellular biological process. However, more
general mechanisms underlying proteasome dysregulation
should be further studied, such as epigenetic regulation
and post-translational modifications in proteasome self-
proteins. This study would also provide great advance to

our understanding in the development of proteasome-based
combination treatment for various kinds of cancers in the
context of PPPM practice.

Conclusions and expert recommendations
in the framework of 3P medicine

Proteasome machinery was the major mechanism to degrade
proteins and regulate the levels of intracellular proteins and
closely associated with different cancers. This study pro-
vided the first landscape of proteasome alterations across
11,057 patients with 33 cancer types, with systematic analy-
sis of proteasome genes in these aspects, including differ-
ential expressions, somatic mutation, copy number variant,
microsatellite instability, clinical characteristics, tumor
immunity, cancer stemness, drug sensitivity, and the related
pathways. This pan-cancer analysis of proteasome altera-
tions provided the scientific evidence to comprehensively
reveal the important roles and mechanisms of proteasome
machinery in cancer pathogenesis and its clinically relevant
outcomes and systematically reveal the scientific merit of
proteasome machinery as drug targets in cancer treatment.
We strongly recommend to strengthen pan-cancer studies
of proteasome machinery for discovery of the common and
different alterations of proteasome genes among 33 cancer
types in the framework of 3P medicine. (i) This study just
focused on the analysis of proteasome genes at the levels
of DNAs and RNAs, including gene expression RNA data,
somatic mutation, tumor mutation burden (TMB), copy
number variant (CNV), microsatellite instability (MSI)
score, clinical characteristics, immune phenotype, 22
immune cells, cancer stemness index, drug sensitivity, and
related pathways. The findings provide the scientific data to
systematically in-depth understand the common and specific
molecular mechanisms and functional roles of proteasome
genes in different types of cancers, which will be helpful for
targeted therapeutic and personalized medical services of
different types of cancers. (ii) Alternative RNA splicing is an
important molecular event and is extensively associated with
different disease including cancers. The alternative splicing
status of proteasome genes remains unclear among different
cancer types. In future, it is necessary to investigate the alter-
native splicing of proteasome genes across different cancer
types to discover alternative splicing-related biomarkers of
proteasome genes for personalized medical services of dif-
ferent cancer types. (iii) Proteins, exactly proteoforms, are
the final functional performer of genes; also post-transla-
tional modifications (PTM) are one of major factors to cause
the diversity of proteins—proteoforms. We should integrate
proteomics data and PTMomics data to completely under-
stand molecular mechanisms and biological functions of
proteasome genes in different types of cancers. PTMs and
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proteoforms of proteasome will be an important aspect in
precise regulation of proteasome functions. (iv) Proteasome
machinery-based therapeutic targets and drugs for cancers
are a very promising area; especially studies on PTMs and
proteoforms of proteasome protein machinery might lead
to more precise and reliable biomarkers and new effective
therapeutic targets/drugs for PPPM practice in cancers.

Actually, proteasome alterations are involved in the entire
healthcare process of a cancer patient, including prediction/
prevention, early-stage diagnosis/therapy, late-stage diagno-
sis/therapy, and prognostic assessment [27, 68]. Proteasome
alterations across different cancer types are the promising
source to develop effective biomarkers and proteasome-
based drugs for individualized predictive diagnosis, targeted
prevention, patient stratification, targeted therapy, and indi-
vidualized prognostic diagnosis for healthy individuals and
pre-cancer and cancer patients in the framework of PPPM/3P
medicine [27, 68].
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