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Abstract

Renal cancer incidence has been increasing across the world, clear cell renal cell carcinoma (ccRCC)
represents the major subtype of renal cancer. The proteasome is involved in onset, metabolism and
survival of tumor and has been recognized as a therapeutic target for various malignancies, while the role
of 3 subunits of proteasome, PSMB gene family, in ccRCC has not been fully unveiled. Herein we
investigated the expression and the prognostic role of PSMBs in ccRCC by analyzing a series of databases,
including ONCOMINE, UALCAN, cBioPortal, STRING, GEPIA, GO and KEGG. Over-expressions of
PSMB1/2/4/7/8/9/10 mRNA were found in ccRCC tissues compared to normal tissues, transcriptional
levels of PSMB2/3/4/6/8/9/10 were significantly positively associated with patients’ individual cancer stages
and grades. Similar or higher levels of proteins encoded by PSMB1/2/3/7/8/9/10 were observed in tumor
tissues compared to normal renal tissues. Further, high mRNA levels of PSMB1/2/3/4/6/10 were
correlated with shorter overall survival in univariate analysis. Taken together, the results of our analysis
implied that overexpression of PSMB1/2/3/4/6/8/9/10 were indicative of worse prognosis of ccRCC.

However, further researches were required to validate our findings.
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Introduction

Renal cell carcinoma (RCC) originates from the
renal tubular epithelium and makes up more than
90% of cancers in the kidney [1]. Worldwide, RCC
represents the sixth most frequently diagnosed cancer
among males and the tenth among females, resulting
in 5% and 3% of all cancer diagnoses, respectively [2].
Clear cell renal cell carcinoma (ccRCC) is the most
common histological subtype of RCC, accounting for
approximately 75% of cases and the majority of
metastasis as well as kidney cancer deaths [1, 3].
Localized RCC are best treated with surgery whereas
metastatic RCC is refractory to conventional
chemotherapy [1]. Moreover, despite nephrectomy
with curative intent, 30% of patients diagnosed with
localized ccRCC eventually develop metastases [4-7].
Though smaller renal tumors are being detected with
the help of more sensitive abdominal imaging, locally
advanced cases continues to be diagnosed in a
considerable proportion of patients [8]. According to

the latest statistics provided by the World Health
Organization, RCC was ranked the 13th most lethal
carcinoma worldwide [8]. Therefore, efforts have been
made in improving the prognosis of the diagnosed
patients. For instance, The Cancer Genome Atlas
(TCGA) denoted the somatic genetic and genomic
alterations in RCC, biomarkers of poor prognosis
were also identified [3]. Targeted agents such as
sorafenib, sunitinib, bevacizumab which inhibit
vascular endothelial growth factor and its receptor
and everolimus and temsirolimus which inhibit
mTOR complex I were approved clinically [1].
However, ccRCC is a highly genetically hetero-
geneous disease, in a study of four patients with
ccRCC who had multiple tumors were subjected to
multi-region genetic analysis, common driver events
such as SETD2 , PBRM1, MTOR , PIK3CA, PTEN and
KDM5C mutations were observed heterogeneously
within the primary tumour and metastatic sites - in
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some regions but not others [9]. Therefore, there is
good reason to suppose distinct effective therapies
and prognosis for different individuals. However, a
majority of molecules that have potential prognostic
values remain unexplored. PSMBs gene family might
be a good candidate.

PSMBs gene family encodes 3 subunits of the
proteasome which is in charge of post- ubiquitination
proteasomal degradation of aberrantly folded or
typically short-lived intracellular proteins. The
proteasome is the central player of the ubiquitin-
proteasome system (UPS) which degrades more than
80% of intracellular proteins [10]. Dysregulation of
UPS is closely related to tumor, cancer cells have been
found to utilize the UPS to achieve aberrant
proliferation and resistance to apoptosis as well as
degradation of tumor suppressive proteins that
would otherwise impede their growth and division
[10, 11]. For instance, the VHL tumor suppressor gene
is inactivated in greater than 60% of RCC cases. The
VHL protein (pVHL) serves as an ubiquitin activating
enzyme (E3 ligase) that targets HIF-1, the hypoxia
inducible transcription factor, inactivated pVHL thus
leads to aberrant upregulation of HIF-1 and
hypervascularity of renal tumors [12]. Besides,
proteasome inhibitors bortezomib and carfilzomib
have been observed to cause apoptosis of kidney
cancer cell lines [13-16].

The proteasome is a multicatalytic proteinase
complex with a highly ordered ring-shaped 20S core
structure. The core structure is composed of 4 rings of
28 non-identical subunits; 2 rings are composed of 7 a
subunits and another 2 rings are composed of 7
subunits [17]. B-rings form a proteolytic chamber and
a-rings serve as a gate for entry into the chamber. Of
these 14 subunits, 1, p2 and p5 subunits (encoded by
PSMB6, PSMB7, and PSMB5 respectively) carry out
the hydrolysis as Thr proteases for the cleavage of
peptide bonds at the carboxyl-terminal side after
acidic, basic and hydrophobic residues, respectively
[18]. To date, 11 PSMBs have been identified in
human genomes and numbered in the order of their
discovery (PSMB1, PSMB2, PSMB3, PSMB4, PSMB5,
PSMB6, PSMB7, PSMB8, PSMB9, PSMB10, PSMB11).
Four non-catalytic subunits 33, 4, p6 and P7 are
encoded by PSMB3, PSMB2, PSMB1 and PSMB4,
respectively. By the replacement of the subunits 1, 2
and (35 with alternate catalytic subunits B1i, f2i and
51 (encoded by PSMB9, PSMB10, and PSMBS8
respectively) which is induced by interferon (IFN),
another  subtype  which is named the
immunoproteasome is formed [19]. The subunit B5t,
which is encoded by PSMBI11, is expressed in
approximately 80% of human thymic cortex. By
replacing subunits f1, p2 and p5 with subunits p1i,

B2i and P5t, thymoproteasomes are formed [20].

Increased aberrant expressions of PSMBs have
been reported in several human malignancies, some
might act as molecular therapeutic target [21, 22].
However, expressions of the majority of the PSMBs
gene family in renal cancer have not been sufficiently
elucidated. Due to the complexity of various subunits’
functions and potential interrelationships among
different subunits [23, 24], it is helpful to summarize
the expressions of PSMB family members in RCC
patients. In the present study, we conducted
comprehensive analysis on the expression and
prognostic value of genes PSMB1-10 in ccRCC based
on a series of large databases, the newly found gene
PSMB11 was not included in the analysis due to the
absence of data in the majority of database.

Materials and methods

Oncomine database

Oncomine database (www.oncomine.org) is a
cancer microarray database and a web-based
data-mining platform aimed at facilitating discovery
from genome-wide expression analyses [25]. In this
study, mRNA levels of PSMB1-10 of renal cancer
tissues and their corresponding adjacent normal
control tissues were obtained from ONCOMINE
database. Student’s t-test was used to compare the
differences between transcriptional expressions of
cancer tissues and normal samples. Cut-off of p value
and fold change were as following: p value: 0.01, gene
rank: 10%, data type: mRNA.

UALCAN

UALCAN is an interactive web-portal
(http:/ /ualcan.path.uab.edu) to perform in-depth
analyses of TCGA gene expression data. It uses level 3
RNA-seq and clinical data of 31 cancer types to
perform analysis, allowing users to analyze relative
expression of genes of interest across tumor and
normal samples as well as in various tumor
subgroups based on individual cancer stages, tumor
grade or other clinicopathologic parameters [26]. In
this study, UALCAN was used to analyze the mRNA
expressions of PSMBI1-10 in subgroups of ccRCC
tissues and their adjacent normal renal tissues.
Difference in transcriptional expressions was
compared by Student’s t test and p <0.01 was
considered as statically significant.

Human Protein Atlas

The Human Protein Atlas (HPA) (https://www.
proteinatlas.org) is an information database of protein
expression patterns in normal human tissues, in cells,
and in cancer for nearly 20 kinds of cancers [27]. Users
can identify tumor-type specific proteins expression
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patterns in a given type of cancer. The single cell RNA
sequencing (scRNA seq) dataset of the HPA website is
based on meta-analysis of literature on scRNA seq
and single cell databases that include healthy human
tissue. The total read counts for all genes in each cell
cluster was calculated by adding up the read counts of
each gene in all cells belonging to the corresponding
cluster. And the read counts were normalized to
transcripts per million (n'TPM) protein coding genes
for each of the single cell clusters. Z-score is when you
normalize a variable such that the standard deviation
is 1 and the mean is 0. Thus, all the genes are easier to
compare, as they have the same center and
distribution. In this study, immunohistochemistry
images of proteins encoded by PSMB1-10 in the
glomeruli and tubules of human normal tissues and
ccRCC tissues were obtained from the website to
perform a comparison. The heatmap shows
expression of PSMB1-10 in different single cell type
clusters of the kidney.

TCGA database

TCGA database is a public funded project that
aims to provide publicly available datasets to help
improve diagnostic methods, treatment standards,
and finally to prevent cancer. Large-scale genome
sequencing and integrated multi-dimensional
analyses in large cohorts of over 30 human tumors can
be used to discover major cancer-causing genome
alterations [28]. TCGA portal (http://tumorsurvival.
org/) is an interactive web-portal aimed at facilitating
the TCGA-based data analysis. In our analysis, TCGA
portal was used to draw survival curves to compare
the overall survival of patients with higher and lower
expressions of PSMB1-10. Clinicopathological features
of 537 ccRCC patients and mRNA expression of
PSMBs of 533 ccRCC patients were downloaded from
the Firebrowse website (http://firebrowse.org/
api-docs/). 4 of 537 ccRCC patients were excluded
due to the absence of PSMBs mRNA expression data.
Ultimately, 533 ccRCC patients with clinicopatho-
logical information and mRNA expression of PSMBs
were included in our analysis. Clinical characteristics
of the included patients, including gender, age, race,
ethnicity, hemoglobin result, serum calcium, white
cell count, pathologic stage, T, N, M, histologic grade
were summarized in Table S1.

cBioPortal

The cBioPortal (www.cbioportal.org) is an
open-access resource for interactive exploration of
multidimensional cancer genomics data sets,
providing information regarding the integrative
analysis of complex cancer genomics and clinical
profiles from 105 cancer studies in the TCGA pipeline.
The frequency of PSMBI1-10 alterations (missense

mutation, truncating mutation, amplification, deep
deletion, mRNA high, mRNA low), copy number
variance obtained from Genomic Identification of
Significant Targets in Cancer, and mRNA expression
z-scores were assessed using the cBioPortal for Cancer
Genomics database and TCGA [29]. Genetic
mutations in PSMBs and their associations with OS of
ccRCC patients were displayed as Kaplan-Meier plots
and log-rank test was performed to identify the
significance of the difference between the survival
curves. When the p value <0.05, the difference was
considered statistically significant.

STRING

The Search Tool for Retrieval of Interacting
Genes/Proteins (STRING) database is an interaction
database that is dedicated to protein interactions at a
wide scope, integrating both experimental interaction
evidence and computational interaction prediction
information, often including annotated pathway
knowledge, text-mining results, inter-organism
transfers or other accessory information [30, 31]. In
this study, we searched proteins that interact with
PSMB1-10 using the “multiple proteins” channel, the
minimum required interaction score was set as 0.4,
with no more than 5 interactors shown in the first
shell.

GEPIA

Gene Expression Profiling Interactive Analysis
(GEPIA) is an interactive web application for gene
expression analysis based on RNA sequencing
expression data of 9736 tumors and 8587 normal
samples from the TCGA and the Genotype-Tissue
Expression databases [32]. GEPIA provides
customizable functions such as tumor/normal
differential analysis, survival analysis, similar gene
detection, correlation analysis, and dimensionality
reduction analysis. In this study, 50 similar genes of
the gene set PSMB1-10 were identified using the
GEPIA2 (http:/ / gepia2.cancer-pku.cn) website.

GO and KEGG analysis

Database for Annotation, Visualization, and
Integrated Discovery (DAVID) (https://david.ncifcrf.
gov/summary.jsp) bioinformatics resources consist of
an integrated biological knowledgebase and analytic
tools and provide functional interpretation of large
lists of genes derived from genomic studies [33, 34].
Gene ontology (GO) enrichment analysis, including
biological processes (BP), cellular components (CC),
and molecular functions (MF) were conducted for
PSMB1-10 mutations and the other 50 selected genes
to predict the functional roles of PSMBs mutations.
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses can define the pathways related to
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the PSMBs alterations and other selected genes
associated with PSMBs mutations.

Statistical methods

Bioinformatic statistics analyses were carried out
using R v 4.1.1. Univariate and multivariate Cox
regression analyses were applied to examine the
prognostic value of PSMBs mRNA levels and
clinicopathological parameters (including age,
gender, histologic grade, pathologic stage, pathologic
T,N, M).

Results

mRNA and protein expressions of PSMBs in
patients with ccRCC

Transcriptional levels and protein expressions of
PSMB1-10 in RCC and normal renal tissues were
retrieved using the Oncomine, UALCAN, and HPA
database. As were shown in Figure 1, transcriptional
expressions of PSMB1-10 in 20 different types of
cancers were compared to normal samples by
Oncomine database. The mRNA levels of PSMB1-4
and PSMB7-10 were significantly upregulated in
patients with kidney cancer in multiple datasets

(Figure 1). Significant overexpression PSMB1, PSMB4,
PSMBS8, PSMB9 and PSMB10 in different types of RCC
tissues were observed (Table 1). In Jones’ dataset,
PSMB1, PSMB4, PSMB9, PSMB10 were overexpressed
in ccRCC versus normal renal tissue with a fold
change of 1.763, 1.610, 5.267 and 2.595, respectively
[35]. In Lenburg's dataset, PSMB8, PSMB9, PSMB10
were overexpressed in ccRCC with a fold change of
2.980, 5.044 and 2.330, respectively [36]. Similarly, in
Yusenko’s dataset, PSMB8, PSMB9, PSMB10 were
overexpressed in ccRCC with a fold change of 2.980,
5.044 and 2.330, respectively [37]. In Beroukhim’s
dataset, the mRNA levels of PSMB8, PSMB9 and
PSMB10 were higher in non-hereditary ccRCC with a
fold change of 4.678, 5.890 and 3.808, in hereditary
ccRCC with a fold change of 5.235, 6.592 and 5.009,
respectively, PSMB8 was overexpressed in ccRCC
with a fold change of 15.139 [38]. In Gumz's dataset,
PSMB9 and PSMB10 were overexpressed in ¢ccRCC
with a fold change of 4.688 and 2.829, respectively
[39]. In Higgins” dataset, PSMBS8 was overexpressed in
ccRCC versus normal renal tissue with a fold change
of 2.765 [40].

Cancer Cancer Cancer

VS, vS. VS.
Normal | Normal Normal

Analysis Type by Cancer

Cancer

vs.
Normal

Bladder Cancer 1
Brain and CNS Cancer
Breast Cancer 6 0
Cervical Cancer 1 1
Colorectal Cancer | 1

Esophageal Cancer
Gastric Cancer
Head and Neck Cancer
Kidney Cancer
Leukemia 1 1

Liver Cancer 1
Lung Cancer
Lymphoma
Melanoma
Myeloma
Other Cancer
Ovarian Cancer 6 6 2
Pancreatic Cancer 2 3

Prostate Cancer

Cancer Cancer Cancer Cancer Cancer Cancer
vs. vs. Vs, vs. Vs, Vs,
Normal Normal Normal Normal Normal Normal
PSMBI1|PSMB2|PSMB3| PSMB4| PSMB5|PSMB6| PSMB7] PSMB8&| PSMBO[PSMB 1 (]

1 1
0 8 1
S35
1 3
1 2 2
1 0
1 1 1
1

Sarcoma 1
Significant Unique Analyses 37 6 |91 1471 6 |78 10 2 |27 S |44 8 |69 4 |72 15]|44 11
Total Unique Analyses 362 343 354 318 115 356 358 313 326 359
1 5 10 10 5 1
%

Figure 1. Transcriptional expression of PSMB1-10 in 20 different types of cancers (ONCOMINE database). Difference of transcriptional levels was compared by
Student’s t-test. Cut-off of p value and fold change: p value: 0.01, fold change: 1.5, data type: mRNA.
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Figure 2. mRNA expression of PSMBs in ccRCC tissues and adjacent normal renal tissues (UALCAN). mRNA expressions of PSMB1, PSMB2, PSMB4, PSMB7-10
were found to be significantly elevated in RCC tissues compared to normal samples while mRNA expressions of PSMB5, PSMB6 were significantly reduced, no statistically
differences of PSMB3 mRNA expressions were observed between cancer tissues and normal tissues. *** p<0.001.

Table

1. Significant differences of PSMBs expression in

transcription level between different types of RCC tissues and
normal renal tissues (ONCOMINE)

Types of RCC vs. Kidney Fold Change P value

t-test Ref

PSMB1

ccRCC 1.763
PSMB4

ccRCC 1.610
PSMB8

ccRCC 2.980
ccRCC 2.765
Non-Hereditary ccRCC  4.678
Hereditary ccRCC 5.235
ccRCC 15.139
ccRCC 9.429
PSMB9

ccRCC 5.044
ccRCC 4.688
Non-Hereditary ccRCC  5.890
Hereditary ccRCC 6.592
ccRCC 5.267
ccRCC 12.722
PSMB10

Non-Hereditary ccRCC  3.808
Hereditary ccRCC 5.009
ccRCC 6.000
ccRCC 2.330
ccRCC 2.595
ccRCC 2.829

5.15E-10  8.034 Jones Renal
6.94E-09  7.150 Jones Renal
2.37E-08  11.319 Lenburg Renal
292E-09  15.193 Higgins Renal
258E-13  13.127 Beroukhim Renal
2.65E-12  16.332 Beroukhim Renal
1.08E-06  8.416 Beroukhim Renal
6.91E-05 11.121 Yusenko Renal
3.11E-09  11.645 Lenburg Renal
1.88E-08  10.627 Gumz Renal
229E-09 9496 Beroukhim Renal
3.79E-09  11.072 Beroukhim Renal
1.70E-14  12.295 Jones Renal
725E-04  6.878 Yusenko Renal
1.83E-09  8.547 Beroukhim Renal
3.17E-10  12.130 Beroukhim Renal
5.74E-07  11.706 Yusenko Renal
424E-04  4.098 Lenburg Renal
549E-10  9.048 Jones Renal
6.21E-05 4.886 Gumz Renal

We used UALCAN, an interactive web-portal

performing

in-depth analyses

of TCGA gene

expression data to measure the mRNA expression
patterns of PSMB1-10 [26]. As was shown in Figure 2,
mRNA expressions of PSMB1, PSMB2, PSMB4,
PSMB7-10 were found to be significantly elevated in
ccRCC tissues compared to normal samples while
mRNA expressions of PSMB5 PSMB6 were
significantly lower, no statistically difference being
observed between cancer tissues and normal tissues
with regards to PSMB3.

Next, HPA was utilized to explore the
expression levels of proteins encoded by PSMB1-10.
As was shown in Figure 3, PSMB9 proteins were not
detected in normal renal tissues, whereas their
expressions were observed high in ccRCC tissues.
Lower PSMB1/2/3/7/8 proteins expressions were
observed in normal glomeruli compared with cancer
tissues, and lower PSMB8/10 proteins levels were
observed in normal tubules compared with cancer
tissues. PSMB5 proteins were detected staining
medium in normal renal tissues and were not
detected in cancer tissues, which was consistent with
the lower mRNA expression of PSMB5 observed in
Figure 2. Staining of PSMB4/6 proteins was observed
as medium in both normal tissues and cancer tissues.

Furthermore, the RNA levels of PSMBs in
healthy kidney tissues were investigated using the
scRNA seq dataset of the HPA website. As was shown
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in Figure 4, PSMB1-7 mRNAs were significantly = T-cells and macrophages, which might be explained
higher in proximal tubular cells, but were lower in by the fact that PSMB8-10 encode subunits of the
B-cells and T-cells. By contrast, PSMB8-10 mRNAs  immunoproteasome.

were significantly higher in immune cells as B-cells,
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Figure 3. Representative immunohistochemistry images of PSMBI1-10 in ccRCC tissues and normal tissues (glomeruli and tubules) (Human Protein
Atlas). PSMB9 proteins were not detected in normal renal tissues, whereas their expressions were observed high in ccRCC tissues. Lower PSMB1/2/3/7/8 proteins expressions
were observed in normal glomeruli compared with cancer tissues, lower PSMB8/10 proteins levels were observed in normal tubules compared with cancer tissues. PSMB5
proteins were detected staining medium in normal renal tissues and were not detected in cancer tissues. Staining of PSMB4/6 proteins was observed as medium in both normal
tissues and cancer tissues.
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Figure 4. RNA levels of PSMBI-10 in different single cell type clusters of the kidney (Human Protein Atlas). PSMBI-7 levels are higher in proximal tubular cells in
kidney tissues, while PSMB8-10 are higher expressed in immune cells such as T cells, B cells and macrophages.

Association of mMRNA expression of PSMBs
with pathological characteristics of ccRCC
patients

To evaluate the association between mRNA
levels of PSMBs and the pathological parameters of
ccRCC patients, we conducted an analysis using
UALCAN, tumor stage and histological grade chosen
as two major parameters. As was shown in Figure 5A,
mRNA expressions of PSMB1/2/3/4/6/8/9/10 were
remarkably related to tumor stages, as the stage
increased, an elevated tendency was observed in the
mRNA expressions of PSMBs. Exceptionally, the
mRNA expressions of PSMB1/2 in stage 2 were lower
compared to those in stage 1, the mRNA levels of
PSMB9 in stage 3 were lower than those in stage 2.
Although the mRNA levels in PSMB6 saw a
significant increase as tumor stage increased, the
mRNA levels in tumors of either stage were lower
than those expressed in normal renal tissues. From the
figures, no significant correlations of PSMB7 mRNA
levels and tumor stage were obtained, but a
significant decrease in PSMB5 expression was found
as the tumor stage increased.

As was shown in Figure 5B, mRNA levels of
PSMB2/3/4/6/8/9/10 were remarkably related to
tumor grade, as the grade progressed, the mRNA
levels of PSMBs tended to be higher. However, the

mRNA expressions of PSMB2 in grade 3 were lower
compared to those in grade 1 and grade 2; similar to
the lower mRNA expressions of PSMB10 in grade 2 in
contrast to those in grade 1. Besides, mRNA levels of
PSMB3 and PSMB6 in normal renal tissues were
found to be higher than those in cancer tissues.
Similar to the correlations of PSMBs and tumor stages
in Figure 5A, the mRNA levels of PSMB1/7 did not
increase while PSMBS5 level decreased with the tumor
grade.

Prognostic value of mMRNA PSMBI1-10 in
patients with ccRCC

We then evaluated the prognostic value of
PSMBs in c¢cRCC by analyzing the associations of
PSMB1-10 mRNA expression levels and overall
survival (OS) of ccRCC patients using the TCGA
portal. 538 cases were included in the analysis, the
cases divided into two groups based on PSMB mRNA
levels: the top half 269 cases with higher PSMB
mRNA levels and the bottom half 269 cases with
lower PSMB mRNA levels. As was shown in Figure 6,
survival curves showed that higher mRNA levels of
PSMB1/2/3/4/6/7/10 were significantly associated
with shorter OS, whereas no statistically significant
correlations were observed between mRNA
expressions of PSMB5/8/9 and OS of the patients.
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Figure 5. Relationship between mRNA expression of PSMBI1-10 and cancer stages and grades of ccRCC patients. A: Higher mRNA levels of
PSMB1/2/3/4/6/8/9/10 were associated with higher tumor stages significantly. B: Higher mRNA levels of PSMB2/3/4/6/8/9/10 were associated with higher tumor grades

significantly. ¥p<0.05, **p<0.01, ***p<0.001.

For an in-depth exploration of the correlations
between PSMBs mRNA levels and patients’
prognosis, we performed univariate and multivariate
analysis based on data of the gene counts of
PSMB1-10 of 533 ¢ccRCC patients and corresponding
clinicopathological =~ parameters =~ which  were
downloaded from TCGA database from the
Firebrowse website. As was shown in Table S2, for the
univariate analysis, age, histological grade,
pathological stage, pathologic T, N, and M were
positively associated with shorter OS with statistical
significance. Higher transcriptional levels of PSMBI,

2, 3, 4, 6, 7 were found to be related to poorer OS.
However, in the multivariate analysis, as was shown
in Table S3-12, no significant correlations were
observed between mRNA expressions of PSMB1-10
and OS of the 533 ccRCC patients.

Genetic mutations in PSMBs and their
associations with OS of ccRCC patients

We analyzed genetic alteration in PSMBs and
their associations with OS of ccRCC patients using
cBioPortal. As was shown in Figure 7A, high mutation
rate of PSMBs was observed in ccRCC patients
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samples. Genetic alterations were found in 141 of the
510 sequenced ccRCC patients, accounting for a
mutation rate of 28%. PSMB1, PSMB6, PSMB4 and
PSMB5 ranked the highest four genes with genetic
alterations, their mutation rates being 10%, 9%, 8%
and 7%, respectively. Moreover, the Kaplan-Meier
curve and log-rank test showed that genetic
alterations in PSMBs were correlated with shorter OS
(Figure 7B, p=0.0311) of ccRCC patients. These results
indicated that genetic alterations of PSMBs could also
have a significant influence on the prognosis of ccRCC
patients.

Exploration of PSMBs molecular functions and
regulation pathways

For functional enrichment analysis of PSMB
family in ccRCC, we input PSMB1-10 as a gene set to
detect similar genes using the expression analysis
functions of GEPIA 2, obtaining top 50 genes (after
getting rid of PSMB1-10) with highest Pearson
correlation coefficient. Then, PSMB1-10 and the 50
similar genes were subjected to GO and KEGG
analysis in DAVID. Figure 7C-F showed enriched
pathways of BP, CC, MF and KEGG analysis, the top
column of each chart represented pathway with the
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Figure 6. Prognostic value of mMRNA PSMBI1-10 in patients with ccRCC. Higher mRNA expressions of PSMB1/2/3/4/6/10 were significantly associated with shorter
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KEGG pathway analysis can define the molecular
pathways in which PSMBs and other interacted genes
were involved. The results showed 11 pathways that
were related to the functions of PSMBs in c¢cRCC
found through KEGG analysis (Figure 7F), including
proteasome, Epstein-Barr virus infection, antigen
processing and presentation, and phagosome. The top
GO enrichment item “antigen processing and
presentation of exogenous peptide antigen via MHC
class I, TAP-dependent”, and the top KEGG
enrichment pathway item “proteasome” were shown

in Figure 8A, B.

Finally, we explored the STRING database to
search for genes that interacted with PSMBs, as were
shown in Figure 8C, PSMB1-10 were input to draw a
protein-protein interaction network, no more than 5
clusters were set to show in the first shell. Ultimately,
15 proteins including PSMB1-10, PSMA3, PSMAA4,
PSMC4, PSMD7 and PSMDS8 constructed the network.
Active interaction sources included textmining,
experiments, databases, co-expression, neighborhood,
gene fusion and co-occurrence.
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Discussion

The proteasome, the main proteolysis machinery
in human cells, plays a novel role in the regulation of
cell cycle, cell survival and apoptosis, signal
transduction, gene transcription and translation, and
protein quality control [41]. Emerging evidence
reveals that the proteasome has a critical role in
regulating proliferative signaling and anti-apoptotic
pathways in many kinds of malignancies, including
renal cancer [11, 41, 42]. For instance, proteasomal
degradation of two major tumor suppressors p53 and
p27 has been observed in many types of cancers [10].
The proteasome has been identified as a therapeutic
target for a variety of malignancies. Bortezomib which
strongly inhibit chymotrypsin-like and trypsin-like
activity of the proteasome’s B subunit was identified
as an effective drug in malignancies such as multiple
myeloma [17]. However, the role of p subunit of
proteasome, PSMB gene family, which is in charge of
the major catalytic function of proteasome, in RCC has
not been thoroughly unveiled. Notably, each member
of PSMB gene family encodes subunit that occupies
different position of the f-ring and possesses
extremely different function [18]. Yet, the distinct
roles of specific PSMB family member played in the
development and progression of RCC have not yet
been completely elucidated either. In the present
study, we have tried to assess the expressions of
PSMB family members in RCC systematically by
analyzing the mRNA, proteins in tumor tissue,
correlation with tumor stage and grade, and overall
survival. We also elaborated on the roles of distinct
PSMB gene members in other malignancies. Finally,
results from our study showed that higher mRNA
expressions of PSMB1/2/4/7/8/9/10 were found in
ccRCC tissues compared to normal tissues,
transcriptional levels of PSMB2/3/4/6/8/9/10 were
significantly ~ positively related with patients’
individual cancer stages and grades. Similar or higher
levels of proteins encoded by PSMB1/2/3/7/8/9/10
were observed in tumor tissues compared to normal
renal tissues. Higher levels of PSMB1/2/3/4/6/10
were significantly associated with shorter OS. The
mutation of PSMB1, PSMB6, PSMB4 and PSMB5
ranked the four highest among the PSMBs family.
While high levels of PSMB1/2/3/4/6/8/9/10 did not
retain their prognostic significance in multivariate
analysis, the consistent findings obtained through
other analysis were predictive of their oncogenic
activities.

PSMBL1 encodes the subunit 6. This subunit has
no known direct catalytic activity, but has been
proposed to contribute to the assembly and structural
stability of the proteasomes, enhancing the proteolytic

environment on their inner surface [43]. Ansar et al.
reported that the incorporation of a small amount of
the 6 mutant into proteasomes affected the
chymotrypsin-like activity which was mediated by
the P5 subunit of proteasome. Besides, the
incorporation of impaired PSMB1 into 20S
proteasomes resulted in lower proteasome amounts
[44]. Significant up-regulation of PSMB1 had been
found in several malignancies, including lung
adenocarcinoma, multiple myeloma and metastatic
gastric cancer [21, 43, 45]. Studies from Zhang et al.
revealed that PSMC6 promoted cell growth and
metastasis of lung adenocarcinoma by activating
WNT signaling via degrading the AXIN, and PSMB1
and PSMB3 were positively correlated with PSMC6 in
the gene set enrichment analysis [45]. Varga et al.
confirmed that patients with multiple myeloma
carrying the variant allele of the PSMB1 P11A
polymorphism had a  significantly  shorter
progression-free survival [43]. Similarly, subunits
PSMB1 and PSMB6 were significantly enriched in
serum exosomes derived from metastatic gastric
cancer patients [21]. In this study, higher mRNA
expression of PSMB1 was found in ccRCC tissues
compared to normal tissues, and was significantly
related with patients” individual cancer stages. PSMB1
was also significantly related with shorter OS. The
mutation of PSMB1 ranked the highest among the
PSMBs family. All these results showed that PSMB1
played a role in the tumor development of ccRCC.
PSMB2 encodes the 4 subunit, a constitutive
subunit which has no known direct proteolytic
activity. PSMB2 overexpression is an oncogenic event
in many kinds of malignancies, such as ovarian
cancer, chronic myelogenous leukemia (CML),
osteosarcoma, hepatocellular carcinoma (HCC) [22,
46-48]. Wada et al. screened for genetic abnormalities
by constructing retroviral expression libraries with
the human ovarian cancer cell lines SHIN-3 and
identified PSMB2 as ovarian cancer-related oncogenes
[46]. Similarly, Bruzzoni-Giovanelli et al. reported
that single nucleotide polymorphisms (SNPs)
identified in PSMB2 and PSMB10 were significantly
associated with a predisposition to CML [22].
Moreover, Zhou et al. had revealed that highly
expressed PSMB2 was associated with poor
osteosarcoma survival based on the bioinformatic
analysis of four microarray data sets [47]. Tan et al.
showed that highly expressed PSMB2 predicted
poorer prognosis of HCC, and that knockdown of
PSMB2 suppressed HCC cell proliferation and
invasion [48]. In our study, significantly higher
mRNA expression of PSMB2 was found in ccRCC
tissues compared to mnormal tissues, and was
positively related with patients’ individual cancer
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stages and tumor grades. High PSMB2 expression was
also correlated with poor OS in all and RCC patients,
indicating its oncogenic role in renal cancer.

PSMB3 encodes the 33 subunit, a subunit which
has no known direct proteolytic activity. In a human
astrocytic cell line, siRNA-mediated knockdown of
PSMB3 reduced proteasome expansions [49, 50].
Overexpression of PSMB3 was also found to take part
in tumor development [45, 51, 52]. As previously
mentioned, PSMB3 was involved in the cell growth
and metastasis of lung adenocarcinoma [45].
Moreover, Blijlevens et al. showed that PSMB3
overexpression promoted lung adenocarcinoma
progression and corresponded to worse survival [51].
Besides, PSMB3 has been reported to be positively
correlated with ERBB2 in gene expression profiling of
breast biopsies, the gene ERBB2 being an oncogene
that was amplified in 10-40% of breast tumors [52]. In
the present study, no significant overexpression of
PSMB3 mRNA was found in ccRCC tissues compared
to normal tissues, but a positive correlation between
the PSMB3 mRNA levels and patients’ individual
cancer stages and tumor grades was confirmed.
Further, high PSMB3 expression was also correlated
with worse OS in all RCC patients, indicating that
PSMB3 took part in the tumorigenesis of RCC.

PSMB4, which encodes the P7 subunit, is the
most frequently studied proteasomal subunit as well
as the first identified subunit with oncogenic activities
promoting tumor cell survival and tumor
proliferation in vivo [53]. During the assembly of
B-ring, the B7 subunit is the last subunit incorporated
in the precursor proteasomes [54] and has been found
to play a key role in dimerization: its extended
C-terminus being embedded in the channel between
subunits Pl and B2 on the opposite ring, which
facilitates a strong coupling of the two
half-proteasomes [55, 56]. Increased expression of the
7 subunit leads to a decrease in the level of precursor
complex, indicating that the 7 subunit acts as
rate-limiting subunit for their assembly [56]. Deletion
of the C-terminus of subunit 7 greatly decreased the
efficiency of proteasome formation [55]. For instance,
significant decreases in protein levels of the three
catalytic subunits 1, p2, and p5 were observed after
knockdown of PSMB4 [57]. An increased level of
PSMB4 has been observed in several solid cancers
such as breast cancer, ovarian cancer, multiple
myeloma, pulmonary neuroendocrine tumors and
glioblastoma [58-63]. A recent study revealed that
PSMB4 overexpression in breast cancer cell lines and
tissues enhanced the cell growth and viability and
resulted in a poor prognosis [58]. Mechanistically,
Wang et al. proposed a PSMB4/NF-xB signaling
pathway in breast cancer, suggesting that siRNA gene

silencing of PSMB4 decreased NF-xB activity and cell
viability, and caused cell cycle arrest at the G1/S
phase [58]. Cui et al. discovered that PSMB4 exhibited
higher levels in both the tumors of transgenic mice
and HCCs of human and functioned as an oncogene
in HCC [62]. Studies from Liu et al. showed that the
mRNA level of PSMB4 was significantly associated
with tumor grade, clinical stage, and lymphatic
metastasis of epithelial ovarian cancer [60]. Zhang et
al. reported a significant promoting function of
PSMB4 in multiple myeloma cell growth by activating
NF-kB-miR-21 = signaling [61]. In this study,
overexpression of PSMB4 mRNA and higher levels of
proteins encoded by PSMB4 were found in ¢ccRCC
tissues compared to normal tissues, and was
significantly related with patients’ individual cancer
stages and tumor grades. PSMB4 was also
significantly related with shorter OS. The mutation of
PSMB4 ranked the third highest among the PSMBs
gene family. All these results showed that PSMB4
participated in the tumor development of ccRCC and
could be identified as promising prognostic targets of
RCC.

PSMBS (also named X) encodes the 5 subunit, a
subunit that contains the catalytic centers of
chymotrypsin-like activity (hydrolyzes the peptide
bond after large hydrophobic amino acid residues) of
the proteasome [17]. The PSMB5 has been reported to
play a crucial role in facilitating the formation of
functional proteasome and act as the step-limiting
regulator in the process of proteasome-mediated
protein degradation [64, 65]. Overexpression and
mutations of PSMB5 have been reported to contribute
to drug resistance to proteasome inhibitors in several
malignancies, such as multiple myeloma, breast
cancer, and prostate cancer [66-68]. In response to
IFN-y signaling, the three subunits PSMB5, PSMB6
and PSMB7 could be transformed into three very
similar but different genes, PSMBS, PSMBY, and
PSMB10, respectively, forming the so-called
immunoproteasome. Overexpressions of PSMB5,
PSMB6 and PSMB7 have been proposed to promote
tumor development through inhibiting the activities
of antigen-presenting MHC class I molecules which
was partially performed by immunoproteasome [23,
69]. As was reported by Wang et al., overexpression of
PSMB5 suppressed the transformation of immune
cells and promoted cell growth and migration of
breast cancer. Furthermore, bioinformatics analysis
revealed that up-regulation of PSMB5 was observed
in breast cancer tissues and that overexpression of
PSMBS5 was predictive of worse survival [69]. Beside,
a recent study showed that PSMB5 was involved in
the prostate cancer bone metastasis [70]. However, the
research conducted by Murakami et al. showed no
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significant correlation between the levels of PSMBS5,
PSMB6, PSMB7 and tumor grade, stage and survival
of RCC [24]. In the present study, no tumorigenic
activities of PSMB5 were observed in RCC
development. Down-regulated expression of PSMB5
mRNA and lower levels of proteins encoded by
PSMB5 were found in ccRCC tissues compared to
normal tissues, and no significant associations
between PSMB5 transcriptional levels and patients’
individual cancer stages and tumor grades and
overall survival were observed. The mutation rate of
PSMB5 ranked the fourth highest among the PSMBs
gene family. All these results showed that PSMB5
might play a protective role in the tumor
development of ccRCC, further researches are needed
to add to the evidences and investigate the potential
mechanisms. The functional role of PSMB5 in RCC
awaits further experimental investigation.

PSMB6 (also named Y) encodes the 1 subunit, a
subunit that contains the catalytic centers of
caspase-like activity (hydrolyzes the peptide bond
after negatively charged amino acid residues) of the
proteasome [17]. As was previously mentioned, the
amounts of 1 which was encoded by PSMB6 and that
of Bli which was encoded by PSMB9 were regulated
by IFN-y. At protein level, it was hypothesized that
the regulation of PSMB6 and PSMB9 were likely to be
reciprocal, that was, when PSMB6 was
down-regulated, PSMB9 was up-regulated and vice
versa. Therefore, overexpression of PSMB6 might
promote tumor growth through immunosuppression
induced by the insufficiency of PSMB9. In previous
researches, PSMB6 was found to be up-regulated in
metastatic gastric cancer but was not correlated with
RCC development [21]. In the present study,
decreased expression of PSMB6 mRNA was found in
ccRCC tissues compared to normal tissues, but a
positive correlation between the PSMB6 mRNA levels
and patients’ individual cancer stages and tumor
grades was confirmed. Moreover, high PSMB6
expression was also correlated with worse OS in all
and RCC patients. Taken together, the oncogenic
activity of PSMB6 in ccRCC was proposed despite the
decreased PSMB6 mRNA expressions in ccRCC
tissues compared with normal tissues. Further
researches are needed to test the hypothesis.

PSMB?7 encodes the B2 subunit, a subunit that
contains the catalytic centers of trypsin-like activity
(hydrolyzes the peptide bond mostly after positively
charged amino acid residues) of the proteasome [17].
PSMB?7 also played an essential role in the assembly
and structural stability of proteasome. Loss of 2
propeptide was reported to result in the failure of 3
recruitment and was therefore fatal [18]. Similar to
PSMB5, PSMB7 was found to contribute to

anthracycline resistance and was predictive of
significantly shorter survival in breast cancer [71].
Furthermore, Rho et al. and Yoon et al. found that the
level of PSB7 (the protein encoded by PSMB7) was
increased in colorectal cancer tissues through
proteomic expression analysis of surgical cancer
tissues [23, 72]. Whereas, similar to PSMB5 and
PSMB6, no correlation between PSMB7 and RCC
development was found in Murakami'’s research [24].
In the present study, up-regulated PSMB7 mRNA was
observed in ccRCC tissues compared to normal
tissues. However, high PSMB7 expression was
correlated with longer OS in all and RCC patients. No
higher PSMB7 proteins were observed in RCC
patients. Moreover, the results did not show a
correlation between PSMB7 mRNA levels and the
patients” individual cancer stages and tumor grades.
All these results were insufficient to indicate a
potential role of PSMB7 in the development of RCC.
Therefore, further researches are still required to
illustrate the exact role of PSMB7 in RCC.

PSMBS8 (also known as LMP7) encodes the [35i
subunit which has chymotrypsin-like activity. The
stimulation of cells by IFN-y activates the synthesis of
three proteasomal subunits (B1i, 32i, and [5i), which
during proteasome assembly are inserted instead of
subunits 1, B2, and 5 [17]. The peptides generated
by the immunoproteasome are not subjected to
further degradation by proteolysis but are used for
antigen presentation. The three immunoproteasomes
PSMBS8, PSMB9 and PSMB10 have been reported to
play a dominant role in the surface display of
peptide-MHC complexes. Low levels of the three
subunits were established to cause a disorder in the
antigen presentation system and thereby help the
tumor cells to escape recognition and rejection by
anti-tumor T cells in patients with RCC [24]. Atkins et
al. also showed down-regulations of PSMB8 and
PSMB9 in RCC which were explained by reduced
antigen presenting [73]. Seliger et al. identified
significant defects and down-regulations of PSMBS8
and PSMB9 in RCC lesions, but the down-regulation
was not associated with tumor grading [74]. In
Seliger’s earlier research, down-regulated PSMBS8 and
PSMB9 were also observed in RCC cell lines and
lymph node metastatic tissues compared to normal
epithelial kidney cells [75]. Whereas, Zhu et al. and
Piotrowska et al. showed increased expression of the
PSMBS8 gene in RCC human tissues, with the ccRCC
presenting highest PSMB8 levels among all
histological types [76, 77]. Besides, the aberrant
expression of PSMB8 was observed in various
malignancies, such as malignant melanoma, breast
cancer, gastric cancer, esophageal squamous cell
carcinoma, colorectal cancer and cervical cancer [72,
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78-84]. In our study, overexpression of PSMB8 mRNA
and higher levels of proteins encoded by PSMB8 were
found in ccRCC tissues compared to normal tissues,
and was significantly related with patients” individual
cancer stages and tumor grades. All these results
showed that PSMBS played a role in the development
of RCC and could be identified as promising
therapeutic targets of RCC.

PSMB9 (also known as LMP2) encodes the pli
subunit, another immunoproteasomal subunit which
has caspase-like activity. As was previously
mentioned, the low level of PSMB9 mRNA expressed
in RCC and the possible mechanisms were similar to
that of PSMB8. Van et al. constructed a mice model
that harbored a disruption in PSMB9 gene and
observed reduced antigen processing generated from
CD8* T lymphocytes [85]. What was different from
PSMBS8 was that no up-regulation of PSMB9 was
found in RCC in previous researches. Lack of PSMB9
was reported to trigger the malignant transformation
from benign leiomyoma to uterine leiomyosarcoma
[86-88]. Previous studies that centered on the
correlations between malignant tumors and PSMB9
mRNA expressions came to consistent conclusions.
Lower PSMB9 mRNA level was observed in the late
stage of malignant melanoma, breast cancer,
esophageal carcinoma, pancreatic cancer and colon
cancer [78, 79, 81, 83]. In the present study, similar to
PSMBS8, up-regulated PSMB9 transcriptional levels
and higher PSMB9 encoding protein levels were
found in ccRCC tissues compared to normal tissues,
and PSMBY9 mRNA expression was significantly
related with patients’ individual cancer stages and
tumor grades. To conclude, the results of our analysis
showed that PSMB9 contributed to the development
of ccRCC which conflicted with the lower expression
of PSMB9 in RCC in published researches. Therefore,
the exact role of PSMB9 in RCC was still unclear,
further investigations of the underlying mechanisms
are required.

PSMB10 (also known as LMP10) encodes the 2i
subunit, one of the immunoproteasome catalytic
subunits with trypsin-like activity. SNP of PSMB10
gene was found to increase the risk of CML, as was
above mentioned [22]. PSMB10 was also reported to
be lower in metastatic breast cancer compared to
primary breast cancer [79]. Lower level of PSMB10
was shown to be strongly associated with shortened
survival in RCC, loss of immune surveillance
provided as an explanation [24]. In our study,
overexpression of PSMB10 mRNA and higher levels
of proteins encoded by PSMB10 were found in ccRCC
tissues compared to normal tissues, and was
significantly related with patients’ individual cancer
stages and tumor grades. PSMB10 was also

significantly related with shorter OS. Although
published researches established a lower expression
of PSMBI10 in RCC, our analysis showed consistency
in oncogenic activities of PSMB10 in RCC. Therefore,
we believed that PSMB10 played a crucial role in the
tumor development of RCC and could be identified as
promising therapeutic targets of RCC.
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