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Abstract
Glioblastoma, also known as glioblastoma multiforme (GBM), is a fast-growing tumor 
and the most aggressive brain malignancy. Proteasome subunit beta type-8 (PSMB8) 
is one of the 17 essential subunits for the complete assembly of the 20S proteasome 
complex. The aim of the present study was to evaluate the role of PSMB8 expression 
in GBM progression and angiogenesis. PSMB8 expression in glioblastoma LN229 
and U87MG was knocked down by siRNA or inducible shRNA both in vitro and in 
vivo. After PSMB8 reduction, cell survival, migration, invasion, angiogenesis, and 
the related signaling cascades were evaluated. An orthotopic mouse tumor model 
was also provided to examine the angiogenesis within tumors. A GEO profile analy-
sis indicated that high expression of PSMB8 mRNA in GBM patients was correlated 
with a low survival rate. In immunohistochemistry analysis, PSMB8 expression was 
higher in high-grade than in low-grade brain tumors. The proliferation, migration, 
and angiogenesis of human GBM cells were decreased by PSMB8 knockdown in 
vitro. Furthermore, phosphorylated focal adhesion kinase (p-FAK), p-paxillin, MMP2, 
MMP9, and cathepsin B were significantly reduced in LN229 cells. Integrin β1 and 
β3 were reduced in HUVEC after incubation with LN229-conditioned medium. In an 
orthotopic mouse tumor model, inducible knockdown of PSMB8 reduced the expres-
sion of vascular endothelial growth factor (VEGF), VEGF receptor, and CD31 as well 
as the progression of human glioblastoma. In this article, we demonstrated the role 
of PSMB8 in glioblastoma progression, especially neovascularization in vitro and in 
vivo. These results may provide a target for the anti–angiogenic effect of PSMB8 in 
glioblastoma therapy in the future.
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1  | INTRODUC TION

1.1 | Glioblastoma multiforme

Glioblastoma multiforme (GBM) is the most aggressive, invasive, and 
undifferentiated type of brain tumor and has been classified as grade IV 
by the World Health Organization (WHO).1 Unlike other solid tumors, 
glioblastoma widely invades the surrounding brain but rarely metas-
tasizes.2 Even if the patient receives standard radiotherapy combined 
with temozolomide (TMZ), the overall 5-year survival rate is 9.8%, and 
approximately 75% of high-grade glioblastoma patients die within the 
first year after diagnosis.3 The growth of glioblastoma is supported by 
angiogenesis and tumor vasculature, supplying oxygen and nutrients 
and modulating the immune response.4,5 Glioblastoma releases proan-
giogenic factors that promote the development of tumor vasculature, 
including transforming growth factor β, vascular endothelial growth 
factor (VEGF), nitric oxide, proteolytic enzymes, ribonucleases, and 
chemokines.4,5 In the tumor microenvironment (TME), endothelial cells 
(EC) rely on active communication between stromal and tumor cells, 
soluble factors, and extracellular matrix (ECM). Vascular endothelial 
growth factor A induces the formation of motile EC to break down the 
surrounding ECM and to develop new vascular sprouts.5 Therefore, in-
hibiting angiogenesis might block tumor progression.

1.2 | PSMB8

Proteasome subunit beta type-8 (PSMB8; or large multifunctional 
peptidase 7 [LMP7]) is a member of the 20S proteasome.6 The 20S 
proteasome contains seven α-type structural subunits acting as gate 
structures and seven β-type structures that form the proteolytic do-
main.6,7 PSMB8 is a member of the immunoproteasome, which is 
induced by IFN-γ or TNF-α.6 The immunoproteasome has higher chy-
motrypsin-like activity than the standard proteasome.6,8,9 A previous 
study showed that chymotrypsin-like and trypsin-like activities are in-
creased in the immunoproteasome to produce antigenic peptides that 
bind to major histocompatibility complex class I molecules.6 Inducing 
immunoproteasome expression leads to cell metabolism, differentia-
tion, and immune regulation.6 PSMB8 overexpression correlates with 
gastric cancer progression, especially aspects related to the depth of 
tumor invasion and lymph node metastasis.10 In glioblastoma, PSMB8 
inhibition induces apoptosis and blocks migration and invasion via 
PI3K/AKT regulation.11 However, whether PSMB8 regulates angio-
genesis and the underlying mechanisms in GBM remain unclear.

2  | MATERIAL S AND METHODS

2.1 | Analysis of human glioma datasets from the 
GEO database

Genomic data sets from the NCBI GEO database were analyzed. 
Briefly, PSMB8 mRNA expression, age, pathologic grading of 

primary glioma, and overall survival time were obtained from the 
GDS1815:202243_s_at database. Seventy-seven datasets were 
used in the statistical analyses.

2.2 | Immunohistochemical staining of human 
glioma specimens

A glioma tissue microarray (GL807a; Biomax) was incubated with a 
rabbit anti–human PSMB8 monoclonal antibody (Abcam) at room 
temperature. Information on the antibodies is presented in Table S1. 
After 16 hours of incubation, the samples were incubated with bi-
otin-labeled secondary immunoglobulin and treated with 3-amino-
9-ethylcarbazole substrate chromogen (DAKO, Glostrup, Denmark) 
to visualize peroxidase activity.

2.3 | Cell culture

The human glioblastoma cell lines LN229 and U87MG were ob-
tained from the ATCC. LN229-Luc2 cells were derived from a sta-
ble transfection of pLuc2-iRFP and selected using a BD FACSAria 
sorter (BD Biosciences). LN229-Luc2 cells were stably transfected 
with shRNA against PSMB8 and selected by puromycin. The cells 
were grown in RPMI-1640 containing 10% FBS (Life Technologies) 
in a humidified atmosphere of 5% CO2 at 37°C. HUVEC were pur-
chased from the Bioresource Collection and Research Center in 
Taiwan and cultured in endothelial cell media (ScienCell Research 
Laboratories).

2.4 | Drugs

Doxycycline hyclate, MTT, sucrose, and DMSO were obtained from 
Sigma-Aldrich. Neutral buffered formalin (10%) was purchased from 
Leica Biosystems. TMZ was purchased from MedChem Express.

2.5 | Antibodies

For western blotting and immunohistochemistry (IHC) staining, rab-
bit anti–PSMB8, GAPDH, p65, and FAK were purchased from Cell 
Signaling Technology. Moreover, rabbit anti–VEGFR and anti–CD31 
were purchased from Abcam. Mouse anti–VEGFA was purchased 
from Santa Cruz. Mouse anti–phospho-STAT3, p-FAK, p-paxillin, 
paxillin, MMP2, MMP9, and Cathepsin B were purchased from BD. 
Information on the antibodies is shown in Table S1.

2.6 | siRNA transfection

LN229 and U87MG glioblastoma cells were transfected with 50 nM 
predesigned PSMB8 siRNA and control siRNA (Ambion) with the 
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RNAiMAX Lipofectamine reagent (Life Technologies). The se-
quences of siRNA targeting PSMB8 are shown in Table  S2. After 
24 h of transfection, the culture medium was replaced with DMEM 
containing 10% FBS before subsequent experiments.

2.7 | Plasmid construction

The lentiviral vectors pAS4.1w.Ppuro-aOn, pCMV-dR8.91, 
pAS1w.8xTetO, and pMD2.G were provided by the National RNAi 
Core Facility at Academia Sinica in Taiwan. The shRNA sequence 
was cloned into pAS1w.8xTetO according to the RNAi Core lab 
protocol. The sequences of the shRNA are showed in Table S3. The 
PSMB8 cDNA was cloned into pAS4.1w.Ppuro-aOn vector by Kpn I 
and NheI.

2.8 | Cell survival assay

LN229 and U87MG glioblastoma cells were cultured in a 24-well 
plate. Different siRNA or a vehicle control were then transfected 
into GBM cells for 24, 48, and 72 hours. After the cells were washed 
with PBS (137  mM NaCl, 2.7  mM KCl, 1.5  mM KH2PO4, 8  mM 
Na2HPO4, and pH 7.4), 0.5  mg/mL MTT was added and incuba-
tion was continued for another 3 h. The cells were then lysed with 
DMSO. The absorbance at 590 nm was measured.

2.9 | Cell migration assay

Cell migration was assayed via wound healing and Transwell assays. 
LN229 glioblastoma cells were seeding in a 6-well plate to form a 
monolayer. After being scratched with a P200 pipette tip and im-
aged, the cells were then cultured for 16 h. The wound area was 
analyzed by ImageJ. The Transwell migration assay was performed 
by seeding 4 × 104 LN229 glioblastoma cells and 2 × 104 HUVEC 
in the upper chamber of a Transwell insert (Corning Costar). After 
incubation at 37°C for 16 h, the cells on the lower side were fixed 
with 10% formalin in PBS and stained with Coomassie Brilliant 
Blue G250 (Sigma). The migrated cells were examined in three ran-
domly selected fields from each membrane in five independent 
experiments.

2.10 | Cell invasion assay

The Transwell invasion assay was performed by seeding 4  ×  104 
LN229 glioblastoma cells in the upper chamber of a Transwell in-
sert. Before cell seeding, 0.5% Matrigel in a coating buffer solution 
(BD) was added to the upper chamber. The cells on the lower side 
were fixed and stained. The invaded cells were counted in three 
randomly selected fields from each membrane in five independent 
experiments.

2.11 | Tube formation assay

Matrigel (50 mL/well) was added to a precooled 96-well plate and in-
cubated for 1 hour at 37°C. HUVEC (1 × 104) were seeded into each 
well with 50% conditioned medium (CM). After 6 hours of incuba-
tion, tube formation was imaged. Then, angiogenesis was quantified 
and analyzed by ImageJ.

2.12 | Real-time PCR analysis

The extracted RNA was reverse-transcribed to cDNA with a 
PrimeScript RT reagent kit (Takara Bio). The LightCycler 480 
Instrument II (Roche Life Science) Real-Time PCR System was 
used to quantify mRNA with the SensiFAST SYBR No ROX 
Kit (Bioline) according to the protocol provided by the manu-
facturer. The oligonucleotide primers used were as follows: 
PSMB8, 5 -́ACTGGTTATGGTGCATACTTG/TTGTAAGAACGGG-
CATCTC-3 ,́ VEGFA, 5ʹ -AGGGCAGAATCATCACGAAGT/
AGGGTCTCGATTGGATGGCA-3ʹ and 
GAPDH, 5 -́AGCCACATCGCTCAGACACC/
GTACTCAGAGGCCAGCATCG-3 .́ The GAPDH gene was used as 
an endogenous control.

2.13 | Western blotting

After various treatments, glioblastoma cells were homogenized 
in protein extraction buffer (GE Healthcare Life Sciences) with 
proteinase inhibitor and phosphatase inhibitor (MedChem 
Express). Protein samples were electrophoresed on a 10% 
SDS-PAGE and then transferred to a nitrocellulose membrane 
(Bio-Rad). Strips from the membrane were blocked with 5% 
nonfat milk in Tris-buffered saline, pH 7.4, containing 0.1% 
Tween (TBS-Tween). Then, the membranes were incubated 
with primary antibodies in blocking solution overnight at 4°C. 
After being washed, the strips were incubated with a 1:5000 or 
1:10 000 dilution of HRP-conjugated anti–rabbit or anti–mouse 
IgG antibody from Cell Signaling Technology. Next, the blots 
were reacted with the ECL substrate developing solution (Bio-
Rad). The density of the bands on the nitrocellulose membrane 
(Bio-Rad) was captured and quantified by densitometry analysis 
using ImageJ. The density of the control sample was 100%, and 
the density of the test sample was relative to the density of the 
internal control.

2.14 | Orthotopic xenograft animal model

All mouse experiments were approved by the laboratory animal 
center of the National Defense Medical Center, Taiwan (IACUC 
No. 17-119). BALB/c AnN.Cg-Foxnlnu/CrlNarl (female, 8-week-
old) mice were provided by the National Laboratory Animal 
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Center, NARLabs, Taiwan. The mice were killed with 12.5 mg/kg 
tiletamine-zolazepam (Zoletil 50, Virbac) and 5  mg/kg xylazine 
(Rompun). Next, 1 × 105 LN229 cells with inducible knockdown by 
an shRNA to PSMB8 or a scramble control were implanted into the 
right cerebral hemisphere of the mice. Five days after implanta-
tion, the mice were assigned to four groups that received vehicle 
control, TMZ, shPSMB8, or shPSMB8 + TMZ treatments (n = 5 for 
each group). TMZ was administered via oral gavage at 5  mg/kg 
for 7 days. To induce knockdown, 2 mg/mL doxycycline in drink-
ing water with 0.1% sucrose was administered after implantation. 
The body weights of the mice were measured three times per 
week. The implanted tumors were monitored with a noninvasive 
In Vivo Imaging System (IVIS) (PerkinElmer) three times per week, 
and the bioluminescence intensity was compared after mice were 
intraperitoneally injected with D-luciferin firefly and potassium 
salt (Biosynth, Swiss) in PBS. After 12 days, mice were killed with 
tiletamine-zolazepam and xylazine, and the brains were fixed in 
formalin, embedded in paraffin, and cut into serial sections.

2.15 | Histological and immunohistochemical 
examination

Brain tissues were excised, rinsed twice in PBS, and fixed in 10% for-
maldehyde. Tissues were frozen and sliced into 5-μm-thick sections. 
Routine H&E staining was performed to facilitate histological evalu-
ation. Protein expression in the brain tumors of the nude mice was 
detected by IHC staining. Protein primary antibodies and secondary 
goat anti–rabbit antibodies (Jackson ImmunoResearch Laboratories) 
were used. The expression of protein was observed in 10 random 
fields for each group.

2.16 | ELISA for vascular endothelial growth factor 
A in condition medium

Concentrations of VEGFA were measured using commercially 
available ELISA (R&D System) according to the guidelines of the 
manufacturer. The values obtained after ELISA were corrected 
with a dilution factor and finally expressed in nanograms per 
milliliter.

2.17 | Statistical analysis

The overall survival datasets (GDS1815/202243_s_at/PSMB8) 
obtained from the GEO database were analyzed using the 
Kaplan-Meier method. A single-tailed test was used to calculate 
the  PSMB8  expression level in the groups of WHO pathologic 
grade gliomas. The cohorts of low versus high PSMB8  gene ex-
pression were estimated for both WHO grade III and grade IV 
human glioma groups. The cutoff value of PSMB8 expression was 
based on the conditional inference tree generated by the “party” 

package with R language (R 3.1.2 software). All experiments were 
performed at least three times, and the results are expressed as 
the means ± SEM for the total number of experiments. Differences 
between means were assessed using the Kruskal-Wallis test. The 
Mann-Whitney test was used for a post hoc analysis. Statistical 
significance was set at P < 0.05.

3  | RESULTS

3.1 | PSMB8 was correlated with the survival rate 
of glioblastoma multiforme patients

The expression of PSMB8 was elevated in tumor tissue (Figure 1A 
and B). PSMB8 mRNA expression profiles in patients with differ-
ent grades of glioma were analyzed (data accessible at the NCBI 
GEO database, accession GSE 16  011, and GDS1962/1555852). 
Moreover, analysis of PSMB8 expression was performed for a tis-
sue array of glioma tissues including nonneoplastic brain tissue, pi-
locytic astrocytoma, diffuse astrocytoma, anaplastic astrocytoma, 
and GBM (Figure 1C). PSMB8 immunostaining in low-grade (grade 
I and II) glioma was nearly 30.4-fold higher than that in nonneo-
plastic brain tissues. In high-grade (grade III and IV) glioma, the 
average PSMB8 immunostaining scores were 162.5-fold higher 
than those in nonneoplastic brain tissues (Figure 1D). Therefore, 
these results revealed the association of PSMB8 with advanced 
grades of glioma.

3.2 | PSMB8 inhibition decreased the survival rate 
in human glioblastoma cell lines

Compared to that in human astrocytes, PSMB8 expression 
was higher in the glioblastoma cell lines LN229, U87MG, and 
GBM8401 (Figure 2A). When PSMB8 expression was inhibited by 
siRNA transfection for 24, 48, and 72 hours, PSMB8 expression in 
LN229 cell was reduced to 85%, 35%, and 17%. PSMB8 expres-
sion in U87MG cells was reduced to 76%, 42%, and 20% at 24, 
48, and 72 hours, respectively. Moreover, the LN229 cell survival 
rate was reduced to 81%, 77%, and 61.3% at 24, 48, and 72 hours, 
respectively. The U87MG cell survival rate was reduced to 73.9%, 
74.3%, and 58.9% at 24, 48, and 72 hours, respectively (Figure 2B 
and C). While PSMB8 overexpression was induced in LN229 cells 
by the Tet-On system, the cell survival rate was not significantly 
changed compared to the control group (Fig. S1B).When PSMB8 
was knocked down in combination with 100, 200, and 300  µM 
TMZ for 72 h, the survival rate was reduced to 44.9%, 30.5%, and 
20.7%, respectively, in LN229 cells. The survival rate was signifi-
cantly reduced to 54.9%, 45.7%, and 33.7% after treatment with 
100, 200, and 300  μM TMZ alone, respectively, in LN229 cells. 
When PSMB8 was knocked down in combination with 100, 200, 
and 300 µM TMZ for 72 h, the survival rate was reduced to 46.5%, 
38.9%, and 23.8%, respectively, in U87MG cells. The survival 
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rate was significantly reduced to 53.2%, 47.8%, and 36.1% after 
treatment with 100, 200, and 300  μM TMZ alone, respectively, 
in U87MG cells. (Figure 2D). These results demonstrated that the 
decreased PSMB8 expression reduced the survival rate and toler-
ance to TMZ in both LN229 and U87MG cells.

3.3 | Migration and invasion were decreased by 
PSMB8 knockdown in LN229 cells

Following transfection with siRNA for 16 h, the cell migration was 
reduced significantly compared to that of the control group in the 
wound healing assay (Figure 3A). In the Transwell assay, the migra-
tion rate was reduced to 72.5% compared to that of the control 
groups. The invasion ability was reduced to 77.5% relative to that 
of the control groups (Figure 3B). While PSMB8 overexpression was 
induced in LN229 cells by the Tet-On system, the migration and in-
vasion ability of LN229 were unaffected compared to the control 
groups (Supplementary Fig. S1D).

The expression of focal adhesion-related and invasion-related 
proteins was analyzed after siPSMB8 transfection in LN229 cells for 
24 and 48 hours. It was interesting that p-FAK, p-paxillin, MMP2, 
MMP9, and cathepsin B levels were significantly reduced after 
siPSMB8 transfection for 24 hours. After 48 hours of transfection 
of siPSMB8, integrin β1 and β3 were decreased, which may impair 

adhesion ability in glioblastoma cells (Figure 3C). These results sug-
gested that the migration and invasion abilities were decreased by 
PSMB8 knockdown with the reduction of focal adhesion complex 
and invasion-related proteins in glioblastoma cells.

3.4 | Tubulogenesis of endothelial cells was reduced 
by knockdown of PSMB8 in glioblastoma cells

To further investigate the interaction between glioblastoma and 
endothelial cells, tetracycline-induced shPSMB8 glioblastoma 
cell lines were established by lentivirus infection. After doxycy-
cline was induced for 48 and 96  hours, PSMB8 expression was 
reduced 40% and 60%, respectively compared to the scramble 
control group in LN229 cells (Figure 4A). Wound healing migration 
assay showed that the migration ability of HUVEC was unaffected 
compared to that of the control group in the conditioned medium 
collected from shPSMB8 LN229 cells (Figure  4B). The endothe-
lial network formation of HUVEC was decreased after treatment 
with glioblastoma-conditioned medium. In addition, analysis of the 
endothelial network indicated that total length, segment length, 
and branch points were reduced to 80% compared to those of the 
control group. The cell junctions were reduced 90% compared to 
those in the control groups (Figure 4D). When HUVEC treated with 
conditioned medium from the inducible PSMB8 overexpressed 

F I G U R E  1   PSMB8 was correlated with survival in glioblastoma multiforme (GBM) patients. (A) and (B) PSMB8 mRNA expression profiles 
in different grade glioblastoma patients (data accessible at the NCBI GEO database, accession GSE 16 011, and GDS1962/1555852). (C) H&E 
staining of nonneoplastic brain tissue 1a, pilocytic astrocytoma 1b, diffuse astrocytoma 1c, anaplastic astrocytoma 1d, and glioblastoma 
multiforme 1e and immunohistochemical analysis of PSMB8 in nonneoplastic brain tissue (1f), pilocytic astrocytoma 1g, diffuse astrocytoma 
1h, anaplastic astrocytoma 1i, and glioblastoma multiforme 1j. (Original magnification: ×400) (D) Quantification of 1a-1j
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LN229 cells, this showed no difference in the angiogenetic ability 
in HUVEC (Fig. S1E).These results suggested that the angiogenesis 
of endothelial cells was inhibited by PSMB8 knockdown in glio-
blastoma cells.

3.5 | Inducible knockdown of PSMB8 inhibited 
vascular endothelial growth factor A expression in 
LN229 cells and integrin expression in HUVEC

Because angiogenesis of endothelial cells was blocked by PSMB8 
inhibition in glioblastoma cells, the angiogenetic related proteins 
were further examined. As expected, VEGFA protein expression 
was significantly reduced to 88% compared to the scramble con-
trol group in LN229 cells. The mRNA expression of VEGFA was not 
affected after PSMB8 inhibition (Fig. S2A). The VEGFA concentra-
tion was also reduced from 350  pg/mL to 250  pg/mL after tet-
racycline-induced knockdown for 48 hours in LN229 conditioned 
medium (Fig. S2B). Moreover, the p-Stat3, HIF1-α, and COX2 pro-
tein expression levels were increased by PSMB8 knockdown in 
LN229 cells (Figure 5A). When endothelial cells were treated with 
LN229 conditioned medium, the expression of integrin β1 and β3 
was reduced to 63% and 65%, respectively. In contrast, p-FAK/

FAK and p-paxillin/paxillin protein expressions were not affected 
by PSMB8 inhibition (Figure 5B). These results indicated that the 
reduced angiogenetic ability of HUVEC might be due to the in-
hibition of VEGFA in LN229 cells and integrin in HUVEC. In con-
trast, the expressions of p-ERK, ERK, and VEGFA in HUVEC had no 
significant difference compared to the control group after being 
treated with condition medium from knockdown PMSB8 LN229 
cells (Supplementary Fig. S3).

3.6 | Inducible knockdown of PSMB8 inhibited 
tumor progression in an orthotropic human 
glioblastoma xenograft mouse model

LN229 cells expressing tetracycline-induced shPSMB8 were im-
planted into nude mice to evaluate the role of PSMB8 in glio-
blastoma in vivo. After inducing shPSMB8 for 12  days, the total 
luminescence was significantly reduced 50% compared to that in the 
scramble control group. Knockdown of PSMB8 combined with TMZ 
treatment was more effective in tumor progression than TMZ alone 
(Figure 6A and B). VEGFA and VEGFR expression was reduced in the 
TMZ, shPSMB8, and TMZ + shPSMB8 groups (Figure 6C). The ves-
sels within the tumor were reduced in the TMZ + shPSMB8 group, 

F I G U R E  2   Inhibiting PSMB8 expression decreased the survival rate of glioblastoma cell lines. (A) The PSMB8 expression level was 
analyzed in different glioblastoma cell lines. HA, human astrocyte. The right panels show the quantitative analyses (n = 3). (B) PSMB8 protein 
expression in LN229 and U87MG cells was downregulated after siRNA treatment for 24, 48, and 72 h (n = 3). (C) The cell survival rate of 
glioblastoma cell lines was downregulated after siRNA treatment for 24, 48, and 72 h, as demonstrated by MTT assay (n = 6). (D) The cell 
survival rate of glioblastoma cell lines was downregulated by the combined treatment of siRNA and temozolomide (TMZ) (n = 6). *P < 0.05; 
**P < 0.01; ***P < 0.001 compared with the control group

F I G U R E  3   Migration and invasion were decreased with PSMB8 knockdown. (A) Wound healing migration assays in LN229 cells after 
0 and 16 h of siRNA treatment. The right panels show the quantitative analyses of the wound healing rate compared to the control group 
rate (n = 5). (B) Transwell migration assays in LN229 cells after 16 h of siRNA treatment. The right panels show the quantitative analyses of 
the Transwell migration rate compared to the control group rate (n = 6). (C) The expression of focal adhesion-related and invasion-related 
proteins was downregulated by siRNA treatment in LN229 cells after 16 h (n = 6). The plotted graph shows the protein quantitative analysis 
results. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the control group (n = 5)
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which was demonstrated by H&E and CD31 staining (Figure  6C). 
These data suggested that the knockdown of PSMB8 reduced tumor 
progression in LN229 cells in vivo with a reduction in VEGFA and 
VEGFR expression.

4  | DISCUSSION

Temozolomide treatment combined with PSMB8 knockdown re-
duced the survival rate of LN229 and U87MG glioblastoma cells in 
vitro. TMZ is the first-line chemotherapeutic drug for GBM treat-
ment, but the human glioblastoma cell line LN229 is resistant to 
TMZ.6,12,13 IFN-β increases sensitivity to TMZ and has been shown 
to improve the therapeutic outcome in GBM patients.14 In our pre-
vious study, the knockdown of PSMB4 expression enhanced the 
antitumor effect of TMZ on tumor growth in an orthotropic GBM 
xenograft mouse model.13 In this study, knockdown of PSMB8 ex-
pression enhanced the antitumor effect of TMZ on tumor growth 
not only in vitro but also in vivo. PSMB4 is a crucial subunit that 
supports the formation of the 20S proteasome complex.13 Unlike 
PSMB4, PSMB8 is induced by IFNγ and TNF to replace PSMB5.12,15-

17 PSMB8 is a 20S proteasome subunit with stronger chymotrypsin-
like ability to cleave hydrophobic residues than PSMB5.6,15,17 TMZ 

combined with knockdown of PSMB8 is suggested as a therapeutic 
treatment for human glioblastoma.

The reduction in PSMB8 inhibited the migration and invasion of 
LN229 cells. The PSMB8 3ʹUTR has been reported to be a target 
of miR-451. Overexpression of miR-451 suppresses PSMB8, NOS2, 
VEGF, MMP-2, and MMP-9, which may suppress the growth and mi-
gration of the lung cancer cell line A549.18 In addition, PSMB8 re-
duces migration, proliferation, and apoptosis through the ERK1/2 
and PI3K/AKT signaling pathways in U87MG cells.11 In our previous 
study, knockdown of PSMB4 expression reduced the levels of integ-
rin β1, β3, p-FAK, MMP2, and MMP9 in LN229 cells. The phosphor-
ylation of FAK and paxillin catalyzes downstream signals, including 
Rac, ERK, and PI3K, leading to cell proliferation, cytoskeleton assem-
bly, and cell invasion.13 Here, the phosphorylation of FAK and paxillin 
and the expression of MMP2, MMP9, and cathepsin B were also in-
hibited by knockdown of PSMB8 in LN229 cells. Therefore, PSMB8 
inhibition in glioblastoma cells blocked glioblastoma cell migration 
and invasion through cathepsin B activation and the integrin/FAK/
paxillin pathways.

Tumor cells contain various angiogenic factors, including VEGF, 
neuropilins, and integrins, which initiate chemical stimulation 
during the angiogenesis process.19  Several studies have shown 
that VEGFA-mediated angiogenesis is the leading factor for the 

F I G U R E  4   Migration ability and tubulogenesis of endothelial cells were reduced by knockdown of PSMB8 in glioblastoma cells. (A) 
PSMB8 protein was downregulated by doxycycline-induced shPSMB8 in LN229 cells. The lower panels showed the quantitative analyses 
(n = 5). (B) Wound healing assay of HUVEC treated with conditioned medium from shPSMB8#1 and shPSMB8#2 LN229 cells for 8 h 
(n = 10). (C) Endothelial network formation in HUVEC treated with conditioned medium from shPSMB8#1 and shPSMB8#2 LN229 cells 
for 6 h (n = 6). (D) Quantification of the length of capillary-like structure, number of branch points, and number of junctions. *P < 0.05; 
**P < 0.01 compared with the control group
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F I G U R E  5   Focal adhesion protein expression in endothelial cells was reduced by knockdown of PSMB8 in glioblastoma cells. (A) PSMB8, 
VEGFA, phosphorylated Stat3, NOS2, HIF1-α, and COX2 expression in LN229 cells. The right panels show the quantitative analyses (n = 5). 
(B) Integrin β1, integrin β3, phosphorylated paxillin, paxillin, phosphorylated FAK, and FAK expression in HUVEC treated with conditioned 
medium for 6 h. The right panels show the quantitative analyses (n = 5). *P < 0.05; **P < 0.01 compared with the control group
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F I G U R E  6   Induced expression shRNA to PSMB8 in LN229 cells reduced tumor progression in an orthotropic human glioblastoma 
xenograft mouse model. (A) The in vivo bioluminescent imaging data of different groups were analyzed via the In Vivo Imaging System 
(IVIS) system. (B) Knockdown of PSMB8 in glioblastoma reduced tumor progression. (C) Representative image of histological staining of 
xenograft orthotropic brains. H&E staining of the scramble (A), shPSMB8 (B), temozolomide (TMZ) (C), and shPSMB8 + TMZ (D) groups. 
Immunohistochemistry (IHC) analysis of vascular endothelial growth factor A (VEGFA) in the scramble (E), shPSMB8 (F), TMZ (G), and 
shPSMB8 + TMZ (H) groups. IHC analysis of vascular endothelial growth factor receptor 2 (VEGFR2) in the scramble (I), shPSMB8 (J), TMZ 
(K), and shPSMB8 + TMZ (L) groups. IHC analysis of CD31 in the scramble (M), shPSMB8 (N), TMZ (O), and shPSMB8 + TMZ (P) groups. 
Original magnification: ×400. V = vessel (n = 5)
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progression of breast cancer, lung cancer, and glioblastoma, pro-
viding essential nutrients for increased growth and tumor pro-
gression.5,20-22 The expression of integrin β1 in endothelial cell is 
essential for angiogenesis.23 VEGF can interact with integrin by 
VEGFR2 and activate the binding function of multiple integrins in 
both endothelial and tumor cells through the PI3K/AKT pathway.24 
Impairing the interaction between integrin α2β1 and VEGFR2 in-
hibits angiogenesis and migration of HUVEC.25 Here, we examined 
whether the impaired angiogenesis may correlate with integrin and 
VEGF downregulation.

It has been reported that hypoxia dramatically increases with 
tumor grade in astrocytic tumors.26 IL-1β-mediated NF-kB activa-
tion by the PI3K-AKT-mTOR pathway induces an increase in HIF-1α 
in a COX-2-dependent manner and induces VEGF expression in 
A549 cells.18 In lung cancer, PSMB8 is correlated with NOS2 to 
suppress the growth and migration of lung cancer.18 In our study, 
knockdown of PSMB8 expression in glioblastoma cells interfered 
with VEGFA expression and angiogenesis in HUVEC; however, 
HIF-1α, COX2, and NOS2 protein expression increased in LN229 
cells. The reduction of VEGFA in LN229 cells may be regulated 
through other signaling pathways, which needs further investiga-
tion. Therefore, PSMB8 played an essential role in the expression 
of VEGFA and other proangiogenic factors in a manner indepen-
dent of HIF-1α and NOS2.

Our results demonstrated the significance of PSMB8 deple-
tion in glioblastoma angiogenesis and its association with reduced 
VEGFA protein production but not VEGFA transcription. VEGFA 
is a common downstream target of p53, c-jun, and c-Fos in malig-
nancies.27-29 Comparatively, our results showed increased PSMB8 
expression in GBM tissues, and the pathogenic roles of p53, c-jun, 
and c-Fos are well characterized in brain tumor research.30-32 In 
addition, reduced PSMB8 expression impairs VEGFA protein sta-
bility, which is affected by ubiquitination and degradation in a 
PKA-dependent and Smad3-dependent and Smad2-independent 
pathway in colon cancer.33 A similar phenomenon is also reported 
with ubiquitination protein accumulation in PSMB8 inhibited 
JASL (Japanese auto-inflammatory syndrome with lipodystrophy) 
cells.34 Moreover, PSMB8 inhibition accumulates the polyubiquiti-
nated proteins in THP-1 cells.35 Here, the regulation of VEGFA may 
not be directly through the proteolysis of glioma PSMB8.

Targeting the immunoproteasome system with bortezomib 
has shed light on the treatment of hematologic malignancies.36 
However, previous pharmacokinetic studies indicated limited dis-
tribution of bortezomib in the central nervous system that impeded 
its application in brain tumor therapy.37 Reduced tumor burden in a 
PSMB8-knockdown GBM xenograft model served as the rationale 
for a PSMB8-based inhibitor for future brain tumor management. 
In addition, anti–angiogenic therapy with bevacizumab has been 
approved for GBM management with unmet needs in tumor resis-
tance.38,39 Our results showed the potency of PSMB8 inhibition in 
GBM angiogenesis, adding value of drug designation by targeting 
PSMB8. Future PSMB8 research in GBM could not only demon-
strate its potential as a second-generation proteasome inhibitor 

but reinforce its synergetic effects with current anti–angiogenesis 
agents.

5  | CONCLUSION

The migration ability of HUVEC was not affected by knockdown 
PSMB8 in glioblastoma cells. Integrin β3 plays a critical role in patho-
logical angiogenesis.40,41 β3-endonexin is a binding partner for the 
integrin β3 and is able to enhance HUVEC tube formation but is not 
required for VEGF-induced HUVEC adhesion and migration.41 In the 
present study, the integrin β3 in HUVEC was significantly reduced by 
LN229 conditioned medium. Based on these results, knockdown of 
PSMB8 in glioblastoma cells inhibited angiogenesis in HUVEC may 
be a result of the reduction of integrin β3.
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