
Am J Cancer Res 2017;7(11):2103-2120
www.ajcr.us /ISSN:2156-6976/ajcr0065888

Original Article 
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Abstract: Tumor progression and metastasis are dependent on the intrinsic properties of tumor cells and the influ-
ence of microenvironment including the immune system. It would be important to identify target drug that can in-
hibit cancer cell and activate immune cells. Proteasome β subunits (PSMB) family, one component of the ubiquitin-
proteasome system, has been demonstrated to play an important role in tumor cells and immune cells. Therefore, 
we used a bioinformatics approach to examine the potential role of PSMB family. Analysis of breast TCGA and 
METABRIC database revealed that high expression of PSMB5 was observed in breast cancer tissue and that high 
expression of PSMB5 predicted worse survival. In addition, high expression of PSMB5 was observed in M2 mac-
rophages. Based on our bioinformatics analysis, we hypothesized that PSMB5 contained immunosuppressive and 
oncogenic characteristics. To study the effects of PSMB5 on the cancer cell and macrophage in vitro, we silenced 
PSMB5 expression with shRNA in THP-1 monocytes and MDA-MB-231 cells respectively. Knockdown of PSMB5 
promoted human THP-1 monocyte differentiation into M1 macrophage. On the other hand, knockdown PSMB5 
gene expression inhibited MDA-MB-231 cell growth and migration by colony formation assay and boyden chamber. 
Collectively, our data demonstrated that delivery of PSMB5 shRNA suppressed cell growth and activated defensive 
M1 macrophages in vitro. Furthermore, lentiviral delivery of PSMB5 shRNA significantly decreased tumor growth 
in a subcutaneous mouse model. In conclusion, our bioinformatics study and functional experiments revealed that 
PSMB5 served as novel cancer therapeutic targets. These results also demonstrated a novel translational approach 
to improve cancer immunotherapy.
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Introduction

According to a report of WHO, 2017, there is  
8.8 million of deaths in 2015 caused by cancer 
in which top 5 cancer are breast, lung, liver, 
colorectal and stomach cancer. In the US, it is 
estimating of 252,710 malignant and 63,410 
benign new cases of breast cancer (WHO, Fact 
Sheet, Feb 2017). As the growth of death rate 
due to breast cancer has increased steadily, 
studying of cancer biology, understanding of 
cancer mechanism, and developing therapeu-
tic treatments and drugs became an important 
issue for breast cancer research.

Systemic therapy is used for patients who have 
multiple tumor metastases [1], a tumor with 
portal vein involvement, which limits the usage 
of locoregional therapies. Systemic therapies, 
including chemotherapy (doxorubicin, epirubi-
cin, cisplatinum, etc.), hormonal compounds 
(anti-estrogens and anti-androgens) and immu-
notherapy (interferon). However, the negative 
side of traditional chemotherapeutic drugs is 
that they are toxic by nature and therefore influ-
ence the human body in adverse ways. For ex- 
ample, doxorubicin which is used as a potent 
chemotherapeutic agent has a wide range of 
toxicity such as cardiotoxicity at optimal thera-
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peutic dosing [2]. A deeper understanding of 
cancer turned the focus of cancer research 
toward a more selective, targeted approach 
that would eventually produce anticancer ther-
apies with fewer side effects and with improv- 
ed efficacy. For instance, Bevacizumab (Avas- 
tin), a monoclonal anti-VEGF antibody [3], is 
another option for antiangiogenic therapy [4]. 
Bevacizumab showed a significant disease-sta-
bilizing effect in HCC patients [5]. Neverthe- 
less, Bevacizumab decreased white blood cells 
and attenuated immunity to diseases [6] and 
increased risk of bleeding as a potentially li- 
fe-threatening complication limits the usage  
of bevacizumab [7]. In addition, possible side 
effects of some targeted therapy drugs are 
immune-attenuation, following an increased 
defenselessness to infections and decreased 
cancer immunosurveillance. On the other hand, 
STAT3 signaling in macrophages and neutro-
phils might negatively affect immune progress 
[8], and the STAT3 signaling induced tumor cell 
proliferation, survival, angiogenesis, and me- 
tastasis. Kortylewski’s group found that STA- 
T3 antagonists can induce tumor cell apopto- 
sis and modify the tumor microenvironment by 
reducing the immunosuppressive effects of 
STAT3 [9]. Therefore, it is important to design a 
target drug to boost the immune system and 
decrease the growth of tumor cells, functioning 
similarly to a STAT3 antagonist. 

Macrophages present one of the most impor-
tant cell types of the innate immune system for 
executing different functions including phago-
cytosis of the invading microorganisms, the for-
eign particles, or debris left behind after cell 
destruction. Moreover, macrophages were the 
sites for expression of different proteins or 
enzymes, the release of reactive oxygen spe-
cies, chemokines, and pro-inflammatory or an- 
ti-inflammatory cytokines. In addition, macro-
phages are able to present antigen to T lympho-
cytes for activation of cellular immunity. In gen-
eral, macrophages can be classified by M1 
(classically activated macrophages) and M2 
macrophages (alternatively activated macro-
phage). Classical immune activation of ma- 
crophages (M1) depends on the products of 
specifically activated T helper 1 (TH1)- type ly- 
mphocytes and natural killer (NK) cells- in par-
ticular, interferon-γ (IFN-γ). On the other hand, 
the alternative activation of macrophages (M2) 
depends on cytokines that are generally pro-

duced in TH2-type responses including inter-
leukin-4 (IL-4), IL10 and IL-13 [10]. In addition 
to the differential dependence on cytokine, M1 
and M2 macrophages have distinct biological 
functions in the immune system. M1 macro-
phages can activate TH1 immune response 
thus have stronger effects on viral or bacterial 
clearance and tumor-cell cytotoxicity (type I). 
M2 macrophages can induce TH2 response 
and the biological functions are prone to tis- 
sue repair thus somehow promote the growth 
of tumor cells. M2 macrophage was infiltrated 
to tumor tissue after chemotherapy, especially 
in breast cancer and glioblastoma [11-13]. 
Thus, target M2 macrophage could be a prom-
ising therapy for breast cancer patients. The 
predominance of STAT3 activation results in 
M2 macrophage polarization, associated with 
immune suppression and tumor progression.  
A similar M2 toward M1 switch has been repor- 
ted for treating STAT3 inhibitor in breast can- 
cer.

The ubiquitin-proteasome system (UPS) is an 
essential mechanism involved in the cellular 
processes such as degradation, antigen pro-
cessing, cell cycle regulation, and signal trans-
duction [14]. UPS functions in ubiquitin protea-
some-dependent degradation of proteins and 
presentation of the pathogen peptide or oncop-
rotein peptide to T cell. The 26S proteasome is 
composed of two 19S regulatory particles (RP) 
and the barrel-shaped catalytic core particle 
(CP), termed the “20S proteasome”. These 
complexes are composed of four stacked rin- 
gs which contained seven subunits either of  
the α (PSMA1-7) or the β type (PSMB1-7). Pro- 
cessing of protein antigens within inducible 
subunits of the proteasome is important in su- 
bsequent conjugation with the class I major his-
tocompatibility complex (MHC) in antigen pre-
senting cell (APC) such as dendritic cell (DCs)  
or macrophage [15]. A previous study reported 
that the mRNA expression of PSMB4 and 
PSMB7 were significantly increased in cancer 
tissue compared to normal tissues [16, 17]. In 
addition, the PSMB8 is overexpressed in gas-
tric cancer tissue [18] and PSMB2 was signifi-
cantly associated with chronic myelogenous 
leukemia [19]. These studies suggest that PS- 
MBs are involved in multiple human cancers, 
but a comprehensive analysis of these PSMB 
subunit genes, which might act as potential 
therapeutic targets or prognostic biomarkers is 
still absent. 
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Meanwhile, emerging evidence has indicated 
that these proteasome β subunits were impli-
cated in regulating the biological progression of 
the immune system. For instance, matrix pro-
tein interferes with the immunoproteasome 
PSMB6 assembly and permits infected cells to 
escape detection and ejection by the immune 
system [20]. Zebrafish maintain much higher 
diversity in their antigen processing genes th- 
an other vertebrate species, especially MHC-
linked antigen processing genes such as PS- 
MB2 and PSMB3 [21]. Additionally, chronic 
atypical neutrophilic dermatosis with lipodys-
trophy and elevated temperature (CANDLE) 
was caused by mutations in PSMB8 [22]. The- 
se evidences indicated that PSMBs subunits 
are involved in regulating immune-related di- 
sease. 

High-throughput technology such as RNA-se- 
quence and microarray for determining global 
changes in gene expression is an important 
developmental paradigm that facilitates ad- 
vances in functional genomics and systems 
biology. We have successfully used meta-anal-
ysis to predict the biological functions of ACSL, 
THBS, and VGCCs family genes [23-25], and 
many of these predictions have been confirm- 
ed by other research groups [26]. Meanwhile, 
we also used data mining strategy to explore 
the potential cancer therapeutic targets via  
bioinformatics approach and defined their ch- 
aracteristics for cancer development [27]. Sin- 
ce no systematic study has been performed  
to link PSMB member genes with both cancer 
and tumor immune system, we aimed to use  
a bioinformatics approach to screen PSMB me- 
mber genes for a protein having dual roles for 
oncogenic and immune suppressive character-
istics in public high-throughput database. We 
combined public NCBI GEO database, Oncomi- 
ne [28], CCLE [29] as well as kmplot database 
to screen candidate genes which may have 
immunosuppressive and oncogenic character 
and used a variety of experimental approach 
for validating the hypothesis. 

Materials and methods

ONCOMINE analysis 

The mRNA levels of distinct PSMB subunits in 
different types of cancers were determined 
through analysis of ONCOMINE database, whi- 
ch is a publicly accessible tumor microarray 
database to facilitate discovery from genome-

wide expression analyses. In current study, stu-
dents’ t-test was used to calculate a p-value for 
comparison between cancer specimens and 
normal control datasets. The fold change was 
defined as 1.5 and p-value was set up at 0.05.

CCLE analysis 

In order to investigate on PSMB subunits ex- 
pression in different cancer cell lines, we ob- 
tained normalized mRNA expression and DNA 
copy-number data of human cancer cell lines in 
the Cancer Cell Line from Encyclopedia. Of the 
947 human cancer cell lines in the CCLE data-
base, gene expression data on subunits mem-
ber across a panel of 947 cancer cell lines were 
downloaded and analyzed from the Cancer Cell 
Line Encyclopedia.

The Kaplan-Meier plotter survival analysis 

Prognostic values of featured PSMB subunits 
with highly expressed in breast cancer samples 
were assessed by displaying the overall surviv-
al by using the Kaplan-Meier plotter database. 
Kaplan-Meier survival curve, log-rank P value 
and HR with 95% confidence intervals were cal-
culated and plotted with the default setting.

Cells and cell culture

The human monocytic THP-1 cell line was 
obtained from Dr. Chiou-Feng Lin (National 
Cheng Kung University Medical College, Tai- 
wan). THP-1 cells are referred to as THP-1 
monocytes; for PMA-differentiated adhesion 
macrophage-like THP-1 cells are referred to as 
PMA-differentiated human THP-1 macrophages 
or human THP-1; for PMA (Sigma-Aldrich, MO, 
USA), LPS (Sigma-Aldrich, MO, USA) and IFN-γ 
(PeproTech, NJ, USA) differentiated macro-
phage are referred to as M1-polarized macro-
phages [30]. Before stimulation, 4 × 105 cells/
ml cells were seeded into 6-well cell culture 
dishes in the presence of PMA (320 μM). Cells 
were incubated for another 6 hr before stimula-
tion. After 24 hr stimulation, cells were collect-
ed. The human cancer cell lines were main-
tained in DMEM (Dulbecco’s Modified Eagle 
Medium) supplemented with 10% fetal bovine 
serum, 100 U/ml penicillin and 100 mg/ml 
streptomycin under 5% CO2 at 37°C.

Xenograft tumor model

Eight weeks Female NOD/SCID mice were 
obtained from the Laboratory Animal Center at 
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National Cheng Kung University and housed in 
barrier facilities on twelve hours light and dark 
cycle. All experimental procedures were ap- 
proved by the Animal Welfare Committee of 
National Cheng Kung University. The NOD/SCID 
mice were subcutaneously injected with MDA-
MB-231 (1 × 106 cells) into the flank region and 
then shPSMB5 and luciferase control lentivirus 
were delivered into transplant tumor once a 
week (n=5 for each group). At eight-week po- 
st-transplantation, animals were sacrificed and 
tumors were collected for further analysis. Tu- 
mor sizes were measured with calipers every 
week and the tumor volume was calculated 
using the following formula: tumor volume = L × 
W2/2, where L means tumor length and W is 
the tumor width.

shRNA and antibody

For shRNA-mediated signaling, shRNAs target-
ing PSMB5 and luciferase were purchased fr- 
om the National RNAi Core Facility (Academia 
Sinica, Taiwan; http://rnai.genmed.sinica.edu.
tw) according to the accession number TR- 
CN0000003920 and target sequence 5’-CC- 
CATCCTCCATCCTATTTAT-3’. A control construct 
(pLKO.1 containing a luciferase non-silencing 
shRNA) was also purchased from National RNAi 
Core Facility as an expression control. Anti-
CD68 FITC-conjugated and anti-TLR4 PE-con- 
jugated antibodies were purchased from eBio-
science (San Diego, CA, USA). Anti-GAPDH (GTX- 
100118), Anti-HA (GTX115044) and Anti-PSM- 
B5 (GTX104687) were purchased from Gene- 
Tex (Irvine, CA, USA).

RNA isolation and RT-PCR

Total RNA was isolated from the cells by using 
Trizol reagent (MDBIO, ROC) according to the 
manufacturers’ instructions. The concentration 
and purity were determined by measuring the 
absorbance at 260 and 280 nm, respectively, 
with a Nanodrop (ThermoFisher, MA). Total RNA 
was reverse transcribed into cDNA. The cDNA 
was synthesized using 2 μg of total RNA, 50 ng 
of primer, 0.5 mM dNTP mix, 1X RT buffer 
(Promega, USA) and 200 U of MMLV (Moloney 
Murine Leukemia Virus Reverse Transcriptase) 
RTase (Promega, USA) in a total volume of 20 
μl. The reaction was carried out at 42°C for 60 
min and terminated by deactivation of the 
enzyme at 70°C for 10 min. Control reactions, 
lacking either reverse transcriptase or templa- 

te, were included to assess carryover of genom-
ic DNA and RNA contamination, respectively. 
The RT-PCR were performed as previous de- 
scribed [31] and primer listed below. PSMB5 
forward 5’-CCATACCTGCTAGGCACCAT-3’; PSM- 
B5 reverse, 5’-GCACCTCCTGAGTAGGCATC-3’. 
GAPDH forward 5’-ACAACTTTGGTATCGTGGA- 
AGG-3’; GAPDH reverse, 5’-GCCATCACGCCA- 
CAGTTTC-3’. MCP-1 forward 5’-CTGCTCATAGC- 
AGCCACCTT-3’; MCP-1 reverse, 5’-GCACTGA- 
GATCTTCCTATTGGTG-3’. IL-1β forward 5’-GAG- 
GCACAAGGCACAACAG-3’; IL-1β reverse, 5’-CC- 
ATGGCTGCTTCAGACAC-3’. STAT1 forward 5’- 
AGAGGTCGTCTCGAGGTCAA-3’; STAT1 reverse, 
5’-TTCAGAGCTCGTTTGTGGTG. STAT2 forward 
5’-GAGGCCTCAACTCAGACCAG-3’; STAT2 reve- 
rse, 5’-GATTCGGGGATAGAGGAAGC-3’. STAT3 
forward 5’-CAGCAGCTTGACACACGGTA-3’; ST- 
AT3 reverse, 5’-AAACACCAAAGTGGCATGTGA-3’. 
STAT5 forward 5’-GCAGAGTCCGTGACAGAGG-3’; 
STAT5 reverse, 5’-CCACAGGTAGGGACAGAGT- 
CT-3’. STAT6 forward 5’-GTGAAAGCCTGGTG- 
GACATT-3’; STAT6 reverse, 5’-GTTCTTGAA- 
CAGGGCAGAGC-3’. JAK3 forward 5’-TTGCCA- 
TCAACAAGCTCAAG-3’; JAK3 reverse, 5’-GCTG- 
CTTCCAGGAATGACTC-3’. TGFβ-1 forward 5’-AC- 
TACTACGCCAAGGAGGTCAC-3’; TGFβ-1 reverse, 
5’-TGCTTGAACTTGTCATAGATTTCG-3’.

Western blot 

Cells were lysed in modified RIPA buffer sup- 
plemented with protease inhibitors. Total cell 
lysates were separated using SDS-PAGE, and 
the proteins were transferred onto PVDF mem-
branes (Millipore, Bedford, MA) using a Hoefer 
Semiphor Semi-Dry transfer unit (Amersham 
Pharmacia, San Francisco, CA). The membr- 
anes were incubated with the indicated primary 
antibody and followed by a horseradish pero- 
xidase-conjugated antibody. The blots were 
developed using ECL western blotting detection 
reagents (Millipore, Bedford, MA) and detected 
using a BioSpectrum AC imaging system (UVP, 
CA).

Colony formation assay

PSMB5 and luciferase knockdown stable clone 
were harvested using trypsin/EDTA and the iso-
lated cells were seeded in 6-well plate at a den-
sity of 2 × 104 cells per well. These cells were 
cultured for 10 days in the growth medium. To 
evaluate the number of high proliferative poten-
tial colony forming cells, the number of colonies 
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Figure 1. Analysis of PSMB family subunits using breast cancer TCGA 
database (n=593). Comparison of the PSMB family subunits expres-
sion levels between the tumor and corresponding normal tissues ob-
tained from 593 breast cancer patients. The breast TCGA dataset was 
obtained from Oncomine software which embedded in the TCGA data-
base (https://tcga-data.nci.nih.gov/tcga). Box plots derived from gene 
expression data in breast cancer TCGA database demonstrating the 
differential expression of specific PSMB subunits in normal (left) and 
breast cancer tissues (right, BC), P value < 0.05 considered significant.

more than 0.5 mm in diameter was also deter-
mined, and then the cells were fixing with 
Methanol and staining with Giemsa solution. 
The cells were calculated for each well by divid-
ing the number of colonies by the number of 
colonies on the control plate.

Boyden chamber assay 

Modified boyden chambers with polycarbona- 
te membrane inserts (pore size 8 μm; Neuro 
Probes, Inc., Gaithersburg, MD) were used for 

cell migration assays. PSMB5 and luciferase 
knockdown stable clone were suspended in 
serum-free medium and placed in the upper 
chamber; 30 ul DMEM containing 10% FBS  
was then placed in the lower chamber. After 8 
hr in culture, cells were fixed in methanol for 10 
min and then stained with 10% Giemsa solu-
tion (Merck) for 1 hour. The number of cells on 
each membrane was counted under a micro-
scope at a magnification of 20x (Olympus BX41, 
Japan), each sample was assayed in triplicate.
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large-scale genomic aberration and the non-
synonymous mutation frequency of 0.1% (from 
breast TCGA database, n=817). The low fre-
quency of genomic PSMB5 disruption led us to 
investigate whether increase of PSMB5 mRNA 
are favored during carcinogenesis. To address 
this question, we analyzed the transcription 
profile of the PSMB5 expression in public high-
throughput database. In another dataset from 
Zhao’s study [32], PSMB5 was 2.121 fold ele-
vated in breast cancer samples as compared 
with normal tissues (p=0.001). The dataset 
from Ma et al [33] also revealed consistent 
results, PSMB5 was 1.795 fold elevated in 
breast cancer samples as compared with nor-
mal tissues (p=5.23E-4). Similar results were 
obtained from METABRIC (Molecular Taxonomy 
of Breast Cancer International Consortium) da- 
tabase [34]. PSMB1-10 mRNA expression ex- 
cept PSMB6 was significantly higher in breast 
cancer than normal samples across a wide vari-
ety of different cancer types. The P value from 
all PSMB subunits were from 7.12E-125 to 
2.94E-25 in breast cancer samples as com-
pared with normal tissues in a dataset with 
over 1700 clinical breast cancer patients 
(Figure 4A, 4B). 

We next aimed to establish the relationship of 
PSMB subunits mRNA expression and overall 
survival of breast cancer patients. We evaluat-
ed the clinical relevance of PSMB1-10 subunits 
in breast cancer patients by using an online 
kmplot software [35]. Clinical data revealed 
that higher expression levels of PSMB1-7 were 
significantly correlated with a poor survival 
rate, whereas high expression of PSMB8 and 9 
were correlated with good survival rate (2898 
patients, p < 0.05, Figure 2). In addition, the 
p-value for PSMB10 of prognosis curve was 
0.14 which was not significant in these clinical 
breast cancer database (data not shown). Next, 
we used CCLE analysis [29] to confirm the bio-
informatics data from TCGA, METABRIC, and 
kmplot database. Interestingly, CCLE analysis 
was consistent with these bioinformatics ana- 
lysis, demonstrating that PSMB3 and PSMB5 
were distinctively up-regulated in breast cancer 
cell lines, whereas other PSMB members were 
present at a low transcription level or absent in 
breast cancer cells (Figure 3). 

Finally, we want to explore whether PSMB5 play 
an important role in the immune systems, we 

Statistical analysis

All statistical analyses by using GraphPad Pri- 
sm (GraphPad Software, San Diego, CA, USA). 
This analysis was performed using unpaired 
t-test, one-way ANOVA for the analysis of the 
differences between experimental groups, re- 
spectively.

Results

High expression of PSMB subunits in breast 
cancer database

Ten PSMB subunits have been identified in 
human cancers, including hematological malig-
nancies and solid tumors. In order to identify 
the PSMB subunits expression in breast can-
cer, a web-based ONCOMINE microarray data-
base was employed (Supplementary Figure 1). 
We used TCGA (The Cancer Genome Atlas) 
database to evaluate PSMB subunits mRNA 
expression in breast cancer tissues and com-
pare with normal tissues. Interesting, almost  
all the PSMB subunits had high expression in 
breast cancer tissue compared to normal gr- 
oup, except PSMB1 and PSMB6 (Figure 1). 
Notably, PSMB5 transcripts were 1.346 fold 
elevated in breast cancer samples as com-
pared with normal tissues in a dataset with 
593 samples that derived from TCGA database 
(Figure 1). We found that PSMB5 has high 
expression in triple negative breast cancer pa- 
tients in comparison with normal tissue from 
TCGA database (Supplementary Figure 2A). Ne- 
xt, we studied the genomic alterations at the 
PSMB5 locus by using the cbioportal databa- 
se, a resource designed to analyze the soma- 
tic mutation information. Interestingly, PSMB5 
had high mutation rate in prostate cancer 
(NEPC, Neuroendocrine Prostate Cancer) or 
pancreas cancer but not for breast cancer 
patients. Strikingly, there was an extremely  
low frequency of alterations disrupting PSMB5 
function in breast TCGA (n=825) or METAB- 
RIC (n=2509) database. Based on these infor-
mation we suggested that PSMB5 mutations 
are tissue-specific. Overall, there are only a few 
PSMB5 mutations in breast cancer patients 
from both TCGA (n=825) and METABRIC (n= 
2509) database (Supplementary Figure 2B). 
Alterations in PSMB5 locus are unlikely to influ-
ence the breast cancer cell phenotype (Sup- 
plementary Figure 2C) based on the lack of 
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Figure 2. Relationship of PSMB1-9 expression and relapse-free survival of breast cancer patients (n=2898). Ka-
plan-Meier graphs show the relapse-free survival prognosis of breast cancer patients censored at twenty years, 
based on high or low PSMB family subunit’s mRNA expression. We used the median of expression as the cutoff, 
therefore the patients are divided into two groups based on the overexpression and under-expression for PSMB 
family subunit’s mRNA expression. Meanwhile, patients with expression above the median are shown in red line, 
whereas the patients with expression below the median in black line. High expression of PSMB1-7 was associated 
with poor survival, whereas high expression PSMB8 and 9 expressions were associated with better survival rate 
(total patient number=2898, P value < 0.05 consider significantly).

further analyzed published microarray dataset 
(GSE71253) and identified high expression of 
PSMB5 in M2 macrophage model [36]. The 
heatmap was made with GENE-E package in R 
environment as we previously described [23]. 
This data demonstrated that PSMB5 ranked 
number 1253 out of 34180 genes in the whole 

microarray dataset. It indicates that expression 
of PSMB5 is in the top 3.67% gene ranking 
from M2 macrophage samples (Figure 4C).

Collectively, our bioinformatics data on breast 
cancer and macrophage supported that PSMB5 
in PSMB subunits may be a suitable candidate 
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Figure 3. PSMB3 and PSMB5 were highly expressed in breast cancer cell lines compared to other cancer types. 
Identification of genomic PSMB family subunits copy number variation (CNV) and correlation with gene expression 
in Cancer Cell Line Encyclopedia. DNA copy number was measured using Affymetrix high-density single nucleotide 
polymorphism arrays (Affymetrix SNP 6.0), and the mRNA expression levels were obtained for each cell line using 
Affymetrix U133 plus 2.0 arrays. Plots showing PSMB subunits mRNA expression z-scores vs. copy number value 
from 967 cell lines that were obtained through the CCLE. Each dot represents one cell line, and color coded by dif-
ferent tumor type or subtype.

Figure 4. Identification of PSMB subunits mRNA expression in a variety of public database. A, B. Comparison of se-
lected genes in METABRIC breast cancer database (n=1700). Over-expression of PSMB subunits in invasive ductal 
breast carcinoma vs. normal breast tissues (log2 median-centered intensity). C. Analysis of published microarray 
dataset (GSE34180) indicated that PSMB5 as highly expressed in M2 macrophage model. The heatmap shows 
genes rank ordered from highest to lowest for raw expression values across all M2 macrophage samples. The inset 
(bottom) highlights expression for PSMB5 ranked number 1253 out of over 34180 genes in the whole microarray 
dataset, which also means that PSMB5 had high expression in the top 3.67% gene ranking from these M2 macro-
phage samples.

for our study on genes having mutual roles in 
tumor cells and tumor immune microenviron-
ment. Furthermore, some of the proteasomes 
were immunoproteasome and play a critical 
role in the generation of MHC class I antigens. 
For example, PSMB1 (LMP2) knockout mice 
have a diminished or altered presentation of 
certain MHC class I antigens [42]. However, 
PSMB5 is a non-immunoproteasome and is 
suitable to be a drug target for immune activa-
tion without alteration of antigen presentation.  

PMA, LPS and IFN-γ treatment promoted THP-
1 cells differentiation into M1 macrophages

Macrophages are most abundant mononuclear 
phagocytes that reside within almost all tis-
sues. They are responsible for host defense 
and regulation of inflammatory response. In 
order to mimic the human macrophages, we 
chose human THP-1 cell line as an experimen-
tal model. THP-1 cells can be differentiated into 
macrophage-like cells with treatment of PMA 
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Figure 5. PMA, LPS and IFN-γ treatment promoted THP-1 cells differentiation to M1 macrophages. A, B. The effect of 
PMA, LPS and IFN-γ treatment on the number of M1 macrophages. THP-1 monocytes were treated with PMA (320 
nM) for 6 hours and then cultured with PMA plus LPS (100 ng/ml) and IFN-γ (20 ng/ml) after 24 hours. TLR4 (M1 
macrophage marker)-positive and CD68 (macrophage differentiated marker) positive fraction were analyzed using 
flow cytometry in THP-1 monocytes and M1-polarized THP-1 macrophages. Values are the average of assays per-
formed in triplicate. Error bars represent SD (n=3), P value < 0.05 consider significantly. C. M1 Macrophage markers 
is expressed in PMA-treated THP-1 macrophage. MCP-1, IL-1β (a marker for M1 macrophage) and TGF-β (a marker 
for M2 macrophage) mRNA were measured in THP-1 cells and M1-polarized THP-1 macrophages. THP-1 monocytes 
were treated with PMA (320 nM) for 6 hours and then cultured with PMA plus LPS (100 ng/ml) and IFN- γ (20 ng/ml) 
after 24 hours. The mRNA levels were measured by RT-PCR and data were normalized according to GAPDH mRNA 
level and presented as a value relative to that for undifferentiated THP-1 monocytes. Values are the average of as-
says performed in triplicate. Error bars represent SD (n=3). *p < 0.05.

(320 nM) [37] for 6 hours followed by addition 
of LPS (100 ng/ml) and IFN-γ (20 ng/ml) for 24 
hours [30]. To study M1 macrophage surface 
marker expression in M1-polarized THP-1 mac-
rophages, the cells were analyzed by flow cy- 
tometry using CD68 and TLR4 as markers of 
macrophage differentiation and M1 macro-
phages, respectively. The M1-polarized THP-1 
macrophages exhibited significant expression 
of macrophage differentiation marker (CD68) 
and M1 macrophage surface markers TLR4 
(CD284) (Figure 5A, 5B) [38]. These data sug-
gested that PMA, LPS and IFN-γ stimulation 
would promote THP-1 differentiation into M1 
macrophage phenotype.  

PSMB5 was downregulated in the M1-polar-
ized THP-1 macrophage

To further confirm the phenotype of M1- 
polarized THP-1 macrophages, we evaluated 
the changes in the gene expression profiles of 
THP-1 and M1-polarized THP-1 macrophages. 
Both markers of the M1 macrophage, MCP-1, 

and IL-1β [39], were more abundantly express- 
ed in M1-polarized THP-1 macrophages com-
pared to undifferentiated THP-1 cells. In con-
trast, the expression of the M2 marker (TGF-β) 
[40] in M1-polarized THP-1 macrophages was 
not altered after PMA, LPS and IFN-γ treatment  
(Figure 5C). 

Next, we used RT-PCR to analyze PSMB5 
expression in M1-polarized THP-1 macrophages 
and undifferentiated THP-1 cells. These data 
demonstrated that PSMB5 was down-regulat-
ed in differentiated M1-polarized THP-1 macroph- 
ages (Figure 5C). 

PSMB5 knockdown promoted differentiation of 
human THP-1 monocyte into M1 macrophage 
and decreased M1 macrophage markers 
including MCP-1 and IL-1β

To determine the knockdown efficiently of sh- 
RNA from RNAiCore on exogenous PSMB5, the 
HA-PSMB5 plasmid was co-transfected with 
PSMB5 shRNA plasmid in breast MDA-MB231 
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Figure 6. PSMB5 knockdown promoted differentiation of human THP-1 monocyte into M1 macrophage and de-
creased the transcription of M1 macrophage markers. A. Western blotting analysis of PSMB5 in MDA-MB-231 cells 
that were stably transfected with HA-PSMB5 and PSMB5 shRNA plasmids. Equal amounts (30 µg) of protein from 
whole-tissue lysates were analyzed for PSMB5 and GAPDH expression by Western blotting analysis. B. PSMB5 pro-
tein expression in PMA or PMA plus LPS (100 ng/ml) and IFN- γ (20 ng/ml) treated THP-1 cells or shPSMB5 knock-
down cells were analyzed by western blot, Error bars represent SD (n=3). *p < 0.05. C. THP-1 cells were stimulated 
with PMA, LPS, IFN-γ or knockdown with shPSMB5 for 24 hr. Total RNA was prepared and analyzed by RT-PCR for 
M1 macrophage marker (MCP-1 and IL-1β) as well as M2 marker TGF-b. D. Phase-contrast 2D images of (1) Human 
THP-1 monocytes (2) THP-1 monocytes in the presence of PMA (320 nM), LPS (100 ng/ml) and IFN-γ (20 ng/ml) for 
differentiating into M1 macrophage. (3) THP-1 monocytes in the presence of IL-4 and IL-13 for differentiating into 
M2 macrophage. (4) Luciferase knockdown by pLKO-shLuc. (5) PSMB5 knockdown by shRNA in THP-1 cells. E. The 
involvement of PSMB5 in macrophage polarization signaling pathway such in PSMB knockdown macrophage treat 
with LPS for 24 hours and the analysis with RT-PCR.

cell line. A significant reduction in the exoge-
nous protein expression of HA-PSMB5 was 
observed upon transient co-transfection with a 
shPSMB5 plasmid (Figure 6A). 

Then we determined whether PSMB5 shRNA 
was able to silence “endogenous” PSMB5 gene 
expression. THP-1 cells exhibited a dramatic de- 
crease in endogenous PSMB5 after transfec-
tion with shPSMB5 (Figure 6B). As a positive 
control, THP-1 monocytes were treated with 
PMA (320 nM) for 6 hours and then cultured 
with PMA plus LPS (100 ng/ml) and IFN-γ (20 
ng/ml) after 24 hours. The protein level of 
PSMB5 was down-regulated in M1-polarized 
THP-1 macrophages (Figure 6B), which was 
consistent with our previous data (Figure 5C).

In order to study whether PSMB5 knockdown 
resulted in the differentiation of THP-1 cells 
into M1 macrophages, we examined cell mor-
phology and the M1 macrophage surface mar- 
ker mRNA expression. MCP-1 and IL-1β were 
M1 macrophage marker and were significantly 
elevated after shPSMB5 transfection. In con-
trast, the TGF-β (M2 macrophage marker) was 
not altered (Figure 6C). 

The 2D morphology data demonstrated that 
shPSMB5 promoted THP-1 to form large, round 
cells which were similar to differentiated M1 
macrophages (Figure 6D). In contrast, IL-4 and 
IL-13 would differentiate THP-1 cells into M2 
macrophages, which displayed predominantly 
long, spindle-shaped cells and only a few round 
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Figure 7. PSMB5 knockdown by shRNA significantly attenuated MDA-MB231 breast cancer proliferation and mi-
gration in vitro and in vivo. (A) The proliferation rates of the MDA-MB231 luciferase control cell lines and stable 
shPSMB5 knockdown MDA-MB231 cell line were determined by colony formation assay (B) the static data of colony 
formation assay. Values are the average of assays performed in triplicate. Error bars represent SD (n=3). *p < 
0.05. (C) Motility of shPSMB5 knockdown as well as luciferase control MDA-MB231 cells were evaluated by Boyden 
chamber migration assays. (D) Quantification of random motility to PSMB5 knockdown and luciferase control MDA-
MB231 cells with boyden chamber assay Error bars represent SD (n=3). *p < 0.05. (E) 1 × 106 MDA-MB231 cells 
were subcutaneous injected into NOD-SCID mice and the mice were treated with shPSMB5 or luciferase shRNA 
lentivirus once a week, tumor volume was calculated using the following formula: tumor volume (millimeters cubed) 
= L × W2/2, where L is the length, and W is the width (n=5 for each group, P=0.016).

cells. These data suggested that knockdown  
of PSMB5 with shRNA promoted THP-1 differ-
entiation into M1 macrophage.

Next, we wanted to explore the involvement of 
PSMB5 in macrophage polarization signaling 
pathway [41, 42]. PSMB5-knockdown macro-
phage was treated with LPS for 24 hours and 
STAT1, 2, 5 6 and JAK3 were analyzed with 
RT-PCR. The increase of STAT1 and STAT2 were 
observed in PSMB5 knockdown macrophage, 
whereas JAK3 and STAT6 were decreased. 
These data suggested that downregulation of 

PSMB5 would promote M1 macrophage polar-
ization (Figure 6E).

Downregulation of PSMB5 inhibits growth, 
migration, and tumor progression of MDA-
MB-231 cell 

Since tumorigenesis consists of multiple pro-
cesses including proliferation, migration, and 
anchorage-independent growth, we investigat-
ed whether modulation of PSMB5 expression 
affected these oncogenic processes. First, we 
investigated the anti-proliferation effect of PS- 
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Figure 8. Crosstalk between cancer and immune cells: the role of PSMB5 in the tumor microenvironment. Targeting 
PSMB5 using shRNA can attenuate tumor-cell proliferation, inhibit cell migration and modify the tumor microenvi-
ronment by alleviating the immunosuppressive effects of PSMB5. Blocking PSMB5 in immune cells can generate 
potent anti-tumor immunity by decreasing the number of M2 macrophages and enhance M1 macrophage activity. 
Thereupon, PSMB5 has emerged as a promising target for advancing cancer immunotherapy.

MB5 shRNA in human breast MDA-MB-231 
cancer cell. Cells were seeded and grown for 
ten days, the colonies were detected by methyl 
blue staining, and the number of colonies was 
counted for statistical analysis. Decreased cell 
growth was observed in the PSMB5 shRNA sta-
ble transfectants of MDA-MB-231 cells. (Figure 
7A, 7C). Next, we compared the migration abil-
ity of MDA-MB231 cells and PSMB5 transfec-
tants with Boyden chamber migration assay. 
Downregulation of PSMB5 inhibited migration 
ability (Figure 7B, 7D). These results indicated 
that PSMB5 regulated cellular migration as well 
as proliferation in cancer progression and de- 
velopment. Finally, in order to determine wheth-
er shRNA PSMB5 inhibited tumor growth in 
vivo, NOD-SCID mice were subcutaneously im- 
planted with MDA-MB231 cells and then treat-
ed with shPSMB5 lentivirus once a week. It’s 
very interesting that we found tumor volume 
were different in the beginning of the shPSMB5 
treatment group, however, not caused a signifi-
cantly therapeutic effect in the following weeks. 
Therefore, we supposed that that lentiviral 
delivery of shPSMB5 significantly decrease ear-
ly-stage tumor size but not for the late stage 
tumors (Figure 7E). 

Discussion

In this report, we demonstrate that PSMB5 
plays an oncogenic role as well as an immune 
suppressor in cancer progression. Bioinfor- 

matics analysis reveals that overexpression of 
PSMB5 predicts a poor prognosis in breast 
cancer patients and PSMB5 is highly expressed 
in M2 type macrophage. Targeting PSMB5 us- 
ing shRNA can attenuate tumor-cell prolifera-
tion, inhibit cell migration and modify the tumor 
microenvironment by alleviating the immuno-
suppressive effects of PSMB5. Meanwhile, blo- 
cking PSMB5 in immune cells can generate 
potent anti-tumor immunity by increasing the 
number of M1 macrophages and enhance their 
activity. Therefore, PSMB5 is a promising target 
for enhancing cancer immunotherapy.  

Some of these PSMB subunits has been report-
ed to be associated with cancer progression, 
as well as survival status [18, 43, 44]; however, 
little is known about the expression and func-
tion of these PSMB subunits in breast cancer 
development. Moreover, our multi-database-
based meta-analysis may provide a more pre-
cise effect for the prediction of potential cancer 
therapeutic target. Our approach to bioinfor-
matics analysis utilized the integration and vali-
dation of multiple high-throughput databases, 
therefore, the most potential PSMB family sub-
unit could be identified for further investigation. 
Identifying novel targets of PSMB family sub-
units and classifying different subtypes of can-
cers on the basis of either microarray or high-
throughput sequence data may promote the 
accuracy for development of new cancer thera-
py drugs. Besides, this study provides a com-
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prehensive overview on the mediator subunits 
expressed in clinical breast cancer tissue. Ul- 
timately, by performing a transcriptome analy-
sis of the Oncomine database, CCLE, kmplot 
and NCBI GEO database, we identified distinct 
PSMB5 subunits, which show tumor-specific 
profiles and may influence the tumor and im- 
mune systems (Supplementary Figure 1). 

The tumor microenvironment consists of di- 
verse components including blood vessels, 
immune cells, fibroblasts, inflammatory cells, 
lymphocytes, cytokine, chemokine and the ex- 
tracellular matrix. In the tumor microenviron-
ment, tumor-associated macrophages (TAMs) 
play a crucial role in cancer progression and 
metastasis. M1/M2 macrophage conversion 
can switch the macrophage from anti-tumor to 
pro-tumor phenotype. Meanwhile, M2-like mac-
rophage produces immunosuppressive mole-
cules such as HLA-G, IL-10, and TGF-β to sup-
press the immune system. Many studies have 
demonstrated a relationship between macro-
phages and immunosuppression [45, 46]. A 
recent promising Phase II clinical trials indicat-
ed that a systemically non-toxic M2-to-M1 mac-
rophage stimulating agent named RRx-001 has 
underscored the essential role of the immuno-
therapy [47]. Thus, developing the novel drug or 
inhibitor to target M2-like macrophage became 
important issues for cancer research. 

The 26S proteasome is composed of two 19S 
regulatory particles (RP) and the barrel-shaped 
catalytic core particle (CP), termed the “20S 
proteasome”. These complexes are composed 
of four stacked rings each composed of seven 
subunits either of the α (PSMA1-7) or the β ty- 
pe (PSMB1-7), which share α and β sandwich 
fold. A previous study reported that the mRNA 
expression of PSMB subunits was significantly 
increased in cancer tissue compared to normal 
tissues [16, 17, 43]. Overexpression of PSMB4 
was associated with ovarian cancer [44] and 
myeloma growth [44, 48]. Meanwhile, the 
matrix protein interferes with the immunopro-
teasome PSMB6 assembly and permits infect-
ed cells to escape detection and ejection by the 
immune system [20]. This evidence indicated 
that PSMBs subunits are clearly involved in 
regulating immune-related disease. However, a 
detailed understanding of how the PSMB sub-
units act as a driver of carcinogenesis as well 
as immunosuppress requires further studies 

for a more detailed understanding of the com-
plexity of this proteasome complex.  

The proteasome inhibitor bortezomib is a FDA-
approved drug which has been widely used to 
treat multiple myeloma patients, however, the 
application of bortezomib in breast cancer 
patients still largely unknown. In other respects, 
most myeloma patients show primary or sec-
ondary resistance to bortezomib, thereby limit-
ing its clinical efficacy [49-51]. In addition, 
some articles also demonstrated that overex-
pression of the PSMB5 gene contributes to 
bortezomib resistance in T-lymphoblastic lym-
phoma [52, 53]. Coincidentally, the other report 
suggested that combined CSF1R inhibitor as 
well as a PSMB5 inhibitor-bortezomib displayed 
an additive therapeutic efficacy against myelo-
ma-associated macrophages (MAMs) [54]. 
However, surprisingly, Beyar-Katz et al recently 
found that bortezomib-treated mice could pro-
mote multiple myeloma cell migration and pro-
liferation by stimulating a host inflammatory 
response via IL-16 signaling pathway [55]. 
Since the most studies demonstrated that bort-
ezomib could attenuate cancer growth, it’s very 
important to understand why bortezomib could 
also promote myeloma cell become ag- 
gressiveness? In addition to IL-16 interfered 
response, the second plausible explanation for 
these opposed data could be that bortezomib 
interacts with PSMB subunits 1, 2, and 5 and 
some documented evidence of polymorphisms 
in these subunits such as PSMB6, 7, and 8 [56-
59]. In other words, bortezomib was not specif-
ic target PSMB5 but also target for other PSMB 
subunits. Therefore, instead of using not-specif-
ic proteasome inhibitor, in the present study we 
try to use specific shRNA to target PSMB5 and 
explore the potential cancer immunotherapeu-
tic mechanism for breast cancer. 

In the current study, we extended the research 
field to breast cancers based on large databas-
es, with the purpose of determining the expres-
sion pattern of PSMB subunits in breast cancer 
and normal tissues. Next, we explore the cor-
relations between PSMB subunits with charac-
teristic molecular markers, as well as their cor-
responding prognostic values in breast cancer. 
Collectively, we found that PSMB5 is overex-
pressed in breast cancer patient in TCGA hu- 
man breast cancer database, CCLE, and km- 
plot database. In the experimental approach, 
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PSMB5 were down-regulated in M1-polarized 
THP-1 macrophages, which conforms to the 
general definition of immunosuppressive ge- 
nes. Knockdown of PSMB5 with shRNA pro-
motes THP-1 differentiation into the M1 macro-
phage. Downregulation of PSMB5 expression 
by shRNA attenuates cell growth in vitro, mean-
while, down-regulation of PSMB5 also leads to 
a lower migration ability. Finally, lentiviral deliv-
ery of PSMB5 shRNA inhibits tumor growth in 
vivo. In the future, it would be worthwhile to 
investigate the migration and growth related 
mechanism in the PSMB5 knockdown stable 
clone.

In conclusion, PSMB5 not only play an immu- 
nosuppressive function in M1-polarized-THP-1 
macrophages, but also exert tumorigenic acti- 
vities by modulating cancer cell growth and 
migration. Most of all, using shRNA to knock-
down PSMB5 gene expression would decrease 
tumor-cell growth, migration and modify the 
tumor microenvironment by active M1 macro-
phage to increase the efficacy of cancer immu-
notherapy (Figure 8). Further investigations are 
still required, but our new approach to discover-
ing anti-cancer and upregulate-immune system 
inhibitor may shed the new insight of the treat-
ment with cancer.
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Supplementary Figure 1. Flowchart presenting the identification and collection of the studies for the statistical 
meta-analysis. A flow diagram, in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. Briefly, PSMB family contain 10 subunits, most PSMB subunits were found high 
expression in breast cancer tissue from TCGA as well as METABRIC database whereas PSMB1 and 6 were not, 
therefore PSMB1 and 6 were excluded in the first step screened. Of the remaining PSMB family subunits (PSMB2, 
3, 4, 5, 7, 8, 9, 10), we found that high expression of PSMB2, 3, 4, 5, 7 were associated with poor survival, however, 
PSMB8, 9, 10 are not, thus they were excluded in the second step screened. Next, Of the remaining PSMB family 
subunits (PSMB2, 3, 4, 5, 7) we found that only PSMB3 and 5 had high expression in breast cancer cell line in CCLE 
database, therefore we excluded PSMB2, 4, 7, 10. Finally, Of the remaining PSMB family subunits (PSMB3, 5), we 
found that only PSMB5 had high expression in M2 macrophage dataset whereas PSMB3 were not. Therefore, only 
PSMB5 fulfilled all our inclusion criteria to do further study.

Supplementary Figure 2. In silico analysis of breast cancer databases. A. TCGA 
analysis indicating significantly higher PSMB5 expression in triple-negative breast 
cancer samples. (Normal: N=244, Triple negative: N=49, P < 0.0001). B. TCGA 
analysis for PSMB5 expression via the cBioPortal database. C. 0.1% of analyzed 
TCGA breast cancer samples show PSMB5 was mutated across 817 samples.


