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Abstract. Glioblastoma is a malignant primary brain 
tumor with poor prognosis with a median survival of only 
12‑15 months. The high mortality rate of this disease is mainly 
due to the chemoresistance resulting from various reasons. 
Ubiquitin‑specific protease 4 (USP4) has recently been found 
to be elevated in various types of cancer through regulating 
P53 activity. However, whether USP4 is responsible for chemo-
resistance in glioblastoma is not clear. In the present study, 
the expression of USP4 in glioblastoma tissues and cell lines, 
as well as its association with temozolomide (TMZ) chemo-
resistance was analyzed. The results demonstrated that USP4 
was significantly upregulated in glioblastoma tissues and cell 
lines at the mRNA and protein levels. Notably, USP4 knock-
down alone did not affect glioblastoma cell viability; however, 
when USP4 knockdown cells were treated with TMZ, the cell 
viability was decreased significantly. In addition, the results 
revealed that cleaved poly(ADP‑ribose) polymerase level 
increased when USP4 was knocked down in glioblastoma cells 
treated with TMZ. It was also observed that P53 was increased 
in U251 and U87 cells with USP4 knockdown. Following treat-
ment with a P53 specific inhibitor, the results suggested that 
USP4 mediated chemoresistance through inhibiting apoptosis 
in a P53‑dependent manner. In conclusion, the data revealed 

the critical role of USP4 in TMZ resistance in glioblastoma 
and provided new insight for future drug development for the 
treatment of this disease.

Introduction

Glioblastoma is one of the most common primary brain 
tumors in adults, and glioblastoma alone accounts for ~70% 
of high‑grade gliomas (1). Despite the advances in chemo-
therapy, radiotherapy, surgical resection and most recently 
immunotherapy, the prognosis of patients with glioblastoma 
remains poor, with a median survival of 12‑15 months (2‑6). 
Temozolomide (TMZ) is the most common drug in glio-
blastoma chemotherapy and is used throughout the whole 
treatment of glioblastoma (7). However, the efficacy of TMZ 
is limited partly due to the high activity of DNA repair in 
tumor cells, which reduces the effect of this alkylating agent 
and leads to a resistant phenotype. Multiple theories have been 
developed to explain the TMZ resistance in glioblastoma (8,9), 
including DNA repair mechanism  (10), overexpression of 
epidermal growth factor receptor and galectin‑1  (11,12), 
malfunction of p53 (13), Murine double minute 2 (14), and 
phosphatase and tensin homolog (15), as well as involvement 
of miRNAs (16,17). The P53 pathway is inactivated in almost 
50% of human tumors (18). Malfunction of P53 generally leads 
to a poorer prognosis for cancer patients, and accumulating 
studies have demonstrated that chemoresistance is associ-
ated with P53 inactivation (18‑20). Since TMZ functions by 
inserting alkyl groups into DNA to cause DNA damage and 
inhibit cell division, mutation of P53 inhibits its regulative role 
in DNA replication and repair, thus enhances the resistance of 
glioblastoma cells to TMZ (21,22). Recently, BACH1 has been 
found to promote TMZ resistance in glioblastoma through 
antagonizing the function of p53 (23). Thus, it is critical to 
inspect P53 activity in glioblastoma cells with varying genetic 
background and to adjust the therapeutic plan according to 
specific conditions.

Ubiquitination is a critical regulatory event in cancer, 
particularly ubiquitination and deubiquitination of the proteins 
that affects p53 pathway activity. Deubiquitinating enzymes 
mediate the removal of ubiquitin and are divided into four 
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subclasses based on their Ub‑protease domains, including ubiq-
uitin‑specific proteases (USPs), ubiquitin C‑terminal hydrolases, 
Otubain proteases and Machado‑Joseph disease proteases (24). 
USPs have been reported to serve key roles in the progression 
of glioblastoma. For instance, USP15 amplification confers poor 
prognosis in individuals with glioblastoma through transforming 
growth factor‑β (TGF‑β) signaling, while USP13 maintains 
glioblastoma stem cells by antagonizing Myc ubiquitination (25). 
Furthermore, USP7 was identified as a stabilizer of P53 by 
directly binding to P53 (26), and USP2 was found to facilitate the 
p53‑mediated intrinsic apoptotic pathway in glioblastoma (27).

USP4 is a negative regulator of P53 by stabilizing ARF‑BP1 
and HDAC2, and has been found to be overexpressed in 
several types of human cancer (28,29). In breast cancer, USP4 
crosslinks protein kinase B and TGF‑β pathway to promote 
cancer cell migration (30). USP4 has also been demonstrated 
to control the potential of brain metastasis in patients with 
lung adenocarcinoma (31). Recently, increased USP4 levels 
were reported following intracerebral hemorrhage in adult 
rats, and this enzyme participated in neuronal apoptosis (32), 
indicating the critical role of USP4 in neuronal cells and 
apoptosis. However, the role of USP4 in glioblastoma is not 
currently clear, particularly when TMZ treatment is involved.

In the present study, the aim was to elucidate the role of USP4 
in glioblastoma. The expression level of USP4 in glioblastoma 
tissues and cell lines was examined, while the chemoresistance 
of TMZ upon USP4 knockdown was tested. The study also 
inspected the role of P53 in USP4‑mediated TMZ resistance, 
and the use of a specific inhibitor of P53 revealed the cancer 
promoting role of USP4 via the regulation of P53 activity.

Materials and methods

Cell culture. Human glioblastoma U251 and U87 cells were 
obtained from the American Type Culture Collection (Manassas, 
VA, USA). Primary human astrocytes were purchased from 
Procell Life Science & Technology Co., Ltd (Wuhan, China). 
Cells were maintained in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% 
penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified atmosphere with 5% CO2. All 
TMZ treatments were performed with 100 µM TMZ (T257; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 24 h, 
at 37˚C. The groups were divided as follow: Scramble (cells 
transfected with scramble siRNA), siRNA‑1 (cells transfected 
with siRNA‑1 targeting USP4) and siRNA‑2 (cells transfected 
with siRNA‑2 targeting USP4). TMZ+ indicates cells treated 
with 100 µM TMZ while PFT+ indicates cells treated with 
10  µM PFT. PFT treatment were performed as previously 
described (33), with 10 µM PFT (Tocris Bioscience, Bristol, UK) 
for 24 h at 37˚C. The cell lines were transfected with 50 nM 
scramble small interfering RNA (siRNA) or each of the two 
siRNAs designed for USP4 [siRNA‑1: 5'‑GGC​UCU​GGA​ACA​
AAU​ACA​U‑3' and siRNA‑2: 5'‑GGU​CGC​AGA​UGU​GUA​UAA​
U‑3']. All transfections were performed using Lipofectamine® 
3000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's protocol. After 24 h of siRNA transfection, 
cells were treated with TMZ with or without 10 µM PFT for 
24 h at 37˚C prior to further analysis.

Human glioblastoma samples. Human glioblastoma tissue 
samples and their adjacent controls (n=4) were obtained from 
patients who underwent surgical resection at the Department 
of Neurology at Xijing Hospital of the Fourth Military Medical 
University (Xi'an, China). These samples were confirmed as 
glioblastoma by pathological diagnosis (34). The present study 
was approved by the Ethics Committee of the Fourth Military 
Medical University. Written informed consent was obtained 
from all the patients.

USP4 small interfering RNA (siRNA) transfection in U251 
and U87 cells. USP4 siRNA was designed and synthesized by 
Shanghai GenePharma Co., Ltd. (Shanghai, China), according 
to the sequence information of the USP4 gene (GenBank 
accession no. NM_001251877). The two siRNA sequences 
used in the study were as follows: (siRNA‑1), 5'‑GGC​UCU​
GGA​ACA​AAU​ACA​U‑3'; and siRNA‑2, 5'‑GGU​CGC​AGA​
UGU​GUA​UAA​U‑3'. A siRNA with a scrambled sequence 
(5'‑UUC​UCC​GAA​CGU​GUC​ACG​U‑3') was used as the nega-
tive control. U251 and U87 cells were seeded in 60‑mm dishes 
at a density of 5x105 cells/dish and incubated overnight at 37˚C 
in a humidified atmosphere containing 5% CO2. Subsequently, 
cells were transfected with siRNAs using Lipofectamine® 
3000 (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. After 24 h, cell lysates were collected for 
use in subsequent experiments.

Western blotting. U251 and U87 cells were washed with PBS 
twice and lysed in radioimmunoprecipitation assay lysis buffer 
(Thermo Fisher Scientific, Inc.). Proteins were quantified with a 
Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) and 10 µg protein for each sample was 
separated by 10% SDS‑polyacrylamide gel electrophoresis 
and then transferred onto a nitrocellulose membrane (EMD 
Millipore, Billerica, MA, USA). The membrane was blocked at 
room temperature with 5% milk in Tris‑buffered saline/Tween 
20 (TBST; containing 20 mM Tris‑HCl, 150 mM NaCl and 
0.1% Tween 20, pH 7.5) for at least 1 h and then incubated 
with each primary antibody overnight at 4˚C. Primary anti-
bodies against USP4 (ab38510; 1:500), p53 (ab131442; 1:1,000), 
poly(ADP‑ribose) polymerase (PARP; ab32064; 1:1,000) were 
used, which were purchased from Abcam (Cambridge, MA, 
USA). Equal loading of samples was verified by immunoblotting 
for GAPDH (ab128915; 1:10,000; Abcam). Subsequently, the 
membrane was washed with TBST buffer for at least five times 
for 5 min each and then incubated with goat anti‑rabbit secondary 
antibody (sc‑2004, 1:5,000; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA) for 1 h at room temperature. The protein 
bands were visualized using a Pierce™ ECL Western Blotting 
Substrate (Thermo Fisher Scientific, Inc.).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from U251 and U87 cells 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to manufacturer's protocol. For each sample, 
500 ng total RNA was reverse‑transcribed using a Promega 
Reverse Transcription System (Promega Corporation, 
Madison, WI, USA), and the resulting complementary DNA 
was diluted 40  times. qPCR was then performed using a 
QuantiTect SYBR® Green PCR kit (204141; Qiagen China 
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Co., Ltd., Shanghai, China) in 96‑well optical reaction plates 
and the ABI StepOne Plus Real‑Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The PCR reaction 
cycle was 95˚C for 3 min, followed by 40 cycles of denaturation 
at 95˚C for 15 sec and an annealing/elongation step at 60˚C for 
30 sec. The following primer sequences were used: Human 
GAPDH, 5'‑GAA​GAT​GGT​GAT​GGG​ATT​TC‑3' (forward) 
and 5'‑GAA​GGT​GAA​GGT​CGG​AGT​C‑3' (reverse); human 
USP4, 5'‑CCT​GGG​CTC​TGT​GGA​CTT​G‑3' (forward) and 
5'‑TGT​TGA​TTT​CGG​CTT​CAT​ACT​C‑3' (reverse). USP4 tran-
scription level was normalized to GAPDH as reference gene. 
Relative expressions values for are presented as fold‑increase 
in relation to control. The actual values were calculated using 
the 2‑ΔΔCq method (35).

MTT assay. U251/U87 cells transfected with control siRNA or 
USP4 siRNA were treated with 100 µM TMZ for 24 h at 37˚C. 
TMZ‑treated and untreated cells were plated at a density of 
1x104 cells/well in a 48‑well plate. Viable cells were then stained 
with 0.25 mg/ml MTT [also known as 3‑(4,5‑dimethylthi-
azol‑2‑yl)‑2,5‑diphenyltetrazolium bromide] for 1 h. The media 
were then removed, and the formazan crystals produced were 
dissolved by the addition of dimethyl sulfoxide. Cell viability 
was determined according to the absorbance at 540 nm.

Flow cytometry. Wild‑type U251/U87 cells and U251/U87 
cells transfected with control or USP4 siRNA were treated 
with 100 µM TMZ or 10 µM PFT for 24 h. The TMZ‑treated 
and untreated cells were seeded into 6‑well plates at a 
density of 1x106 cells/well for 24 h. Subsequently, the cells 
were collected and stained with FITC Annexin V Apoptosis 
Detection Kit I (cat. no. 556547; BD Biosciences, San Jose, 
CA, USA) according to the manufacturer's protocol, and then 
analyzed by flow cytometry (FACSCalibur; BD Biosciences).

Immunohistochemical analysis. Tissues were fixed with 10% 
formalin for 2 h at room temperature, embedded in paraffin 
and then sectioned into 5‑mm slides for USP4 expression anal-
ysis. The specimens were blocked for 1 h at room temperature 
with 10% sheep serum (Beyotime Institute of Biotechnology, 
Haimen, China). The primary antibody was anti‑USP4 rabbit 
polyclonal antibody (ab3850; Abcam; 1:100 dilution) at 4˚C 
overnight, and the secondary antibody was goat anti‑rabbit 
horseradish peroxidase‑conjugated antibody (ab6721; Abcam; 
1:1,000) at room temperature for 1 h. The detailed IHC proce-
dure was described previously (36).

Statistical analysis. Data are presented as the mean ± stan-
dard error of at least three separate experiments. To assess 
significant differences between two groups, Student's t‑test 
was performed. Statistical calculations were performed using 
IBM SPSS software (version 20.0; IBM Corp., Armonk, NY, 
USA). P‑values of <0.05 were considered to denote differences 
that were statistically significant.

Results

Increased USP4 expression in glioblastoma tissues and cell 
lines. To investigate the role that USP4 plays in glioblastoma, 
the mRNA and protein expression levels of USP4 were first 

examined in the glioblastoma cell lines U251 and U87. The 
RT‑qPCR results demonstrated that UPS4 mRNA expression 
was significantly increased in U251 and U87 cell lines by ~3 
folds, as compared with primary human astrocytes as nega-
tive control cells (Fig. 1A). The protein level of USP4 was 
also evidently increased in the two cell lines (Fig. 1B). Next, 
the expression of USP4 in glioblastoma tissues was tested by 
immunohistochemical staining. The results revealed that USP4 
was highly expressed in cancer tissues compared with control 
tissues (Fig. 1C).

Downregulation of USP4 ameliorates chemoresistance of 
U251 and U87 cells to TMZ. In order to further explore the 
function of the elevated USP4 in glioblastoma, USP4 was 
knocked down by two different siRNA sequences in U251 and 
U87 glioblastoma cell lines. As shown in Fig. 2A, USP4 were 
efficiently knocked down by the two siRNAs in U251 and U87 
cell lines. Subsequent to the UPS4 knockdown with these two 
siRNA sequences, glioblastoma cells were treated with TMZ. 
Notably, USP4 knockdown alone did not affect the cell viability, 
which was assessed by an MTT assay. However, when USP4 
knockdown cells were treated with TMZ, the cell viability was 
significantly decreased compared with the scramble‑transfected 
cells treated with TMZ, suggesting that USP4 attenuated the 
anti‑cancer function of TMZ in the two glioblastoma cell lines 
(Fig. 2B and C). Furthermore, the level of cleaved PARP was 
also examined by western blotting in order to analyze the apop-
totic status. The results demonstrated that cleaved PARP levels 
were elevated when cells were treated with TMZ. In addition, a 
marked increase in cleaved PARP was observed in cells trans-
fected with USP4 siRNA, suggesting that USP4 inhibited the 
apoptosis induced by TMZ (Fig. 2D and E).

USP4 negatively regulates P53 expression. Since knockdown 
of USP4 promotes apoptosis, the expression of the apop-
tosis‑associated protein P53 was then examined. The results 
revealed that USP4 knockdown by the two siRNA sequences 
led to a strong induction of P53 expression in U251 and U87 
cells (Fig. 3A and B).

USP4 mediates chemoresistance via inhibiting P53 in 
glioblastoma. To further investigate the role of P53 in 
USP4‑mediated chemoresistance, P53 activity was inhibited 
by a P53‑specific inhibitor, pifithrin‑α hydrobromide 
(PFT). As reported earlier, USP4 knockdown resulted 
in an increase in P53 expression, as well as apoptosis 
indicated by cleaved PARP. Following the administration 
of PFT, P53 protein level is slightly affected but the level 
of cleaved PARP reduced dramatically revealed by western 
blotting suggesting that USP4 facilitates chemoresistance 
by inhibiting P53 in both cell lines (Fig.  4A  and  B). 
Furthermore, the apoptosis mediated by USP4 knockdown 
was also analyzed by flow cytometry. In U251 cells, the 
results indicated that TMZ treatment increased the Annexin 
V and propidium iodide (PI) double‑positive cells from 0.6 
to 39%. When USP4 knockdown cells were treated with 
TMZ, the Annexin V and PI double‑positive cells increased 
to 52.5% (siRNA‑1) and 45.6% (siRNA‑2), suggesting that an 
improved chemotherapy effect may be acquired when USP4 
is absent in glioblastoma. Finally, when PFT was added in 
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TMZ‑treated USP4 knockdown cells, the percentage of 
apoptotic cells was decreased to 42.0% (siRNA‑1) and 35.4% 
(siRNA‑2), suggesting that USP4‑mediated chemoresistance 

is dependent on P53 activity (Fig. 4C). Similarly, in U87 
cells, USP4 knockdown facilitated the drug effect of TMZ, 
while P53 inhibitor reversed this effect (Fig. 4D).

Figure 2. Downregulation of USP4 ameliorates chemoresistance of U251 and U87 cells to TMZ. (A) Western blot results showing successful knockdown of 
USP4 in U251 and U87 cells. (B) U251 and (C) U87 cell viability was detected by an MTT assay after 24 h of treatment with 100 µM TMZ. Western blot analysis 
of cleaved PARP showing reduced chemoresistance following downregulation of USP4 in (D) U251 and (E) U87 cells. *P<0.05. USP4, ubiquitin‑specific 
protease 4; TMZ, temozolomide; PARP, poly(ADP‑ribose) polymerase.

Figure 1. USP4 is highly expressed in glioblastoma. (A) Reverse transcription‑quantitative polymerase chain reaction and (B) western blotting of USP4 
expression levels in normal brain astrocytes (control), U251 cells and U87 cells. (C) Immunohistochemical staining for USP4 in normal brain tissue and brain 
carcinoma (magnification, x200). *P<0.05 vs. control cells. USP4, ubiquitin‑specific protease 4.

Figure 3. USP4 negatively regulates P53 activity. (A) U251 and (B) U87 cells were transfected with scramble or USP4 small interfering RNAs, and then USP4 
and P53 levels were detected by western blotting at 48 h post‑transfection. USP4, ubiquitin‑specific protease 4.
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Discussion

Glioblastoma is the most common primary malignancy of 
the brain. In spite of decades of research on this disease, little 
progress has been made to improve the survival rate of patients. 
Resistance to anticancer drugs is a problem in numerous types 

of cancer, particularly in glioblastoma (6). Combining radia-
tion therapy with TMZ is currently the first‑line therapy for 
glioblastoma. However, the efficiency of TMZ remains limited 
owing to inherent and acquired resistance of glial tumor cells. 
It is, thus, urgent to determine the underlying mechanism that 
genetic alterations of patients facilitate drug resistances.

Figure 4. Inhibiting P53 activity in USP4 knockdown cells resumes chemoresistance to TMF. (A) U251 and (B) U87 cells transfected with scramble or USP4 
small interfering RNAs were treated with 100 µM TMZ with or without 30 µM PFT for 24 h, and then P53 and cleaved PARP levels were detected by western 
blotting. (C) U251 and (D) U87 cells were examined by flow cytometry analysis, and the results indicated that PFT treatment resumed the chemoresistance 
of USP4 knockdown cells to TMZ. USP4, ubiquitin‑specific protease 4; TMZ, temozolomide; PFT, pifithirin‑α hydrobromide; PARP, poly(ADP‑ribose) 
polymerase.
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The present study findings revealed that USP4 is significantly 
upregulated in glioblastoma tissues, as well as in glioblastoma 
cell lines. It was observed that, when USP4 was knocked down, 
glioblastoma cells became more sensitive to TMZ treatment, 
suggesting the pro‑cancer role of USP4. Furthermore, the results 
demonstrated that P53 was increased in USP4 knockdown U251 
and U87 cells. Taken together, the results of the present study 
suggested that USP4 mediated chemoresistance through inhib-
iting apoptosis in a P53‑dependent manner.

Due to the critical role of p53 in a variety of tumors, targeting 
p53 and its altered signaling pathways is of great importance 
in order to gain a better prognosis, particularly in malignan-
cies such as glioblastoma. Thus, it is critical to understand the 
genetic background that affects the normal function of P53 
signaling. The findings of the current study suggested a de novo 
role of USP4 in chemoresistance via P53 signaling, providing 
new evidence for future drug discovery and clinical treatment 
of glioblastoma. However, despite extensive studies, the data 
regarding a link between altered p53 and efficacy of chemo-
therapy in patients with glioblastoma remain controversial (37). 
Certain studies have argued that the p53 status correlates with 
a favorable response of patients to therapy (38,39), while other 
studies revealed no such correlation (40,41). Thus, it is of great 
use to further explore the role of P53 in chemoresistance and to 
develop therapies that simultaneously target P53 and USP4 in 
order to improve the outcome of chemotherapy.

In conclusion, the results reported in the current study 
suggested a pro‑cancer role of USP4 in glioblastoma by 
facilitating chemoresistance. Thus, to acquire better benefits 
for glioblastoma patients with elevated USP4 expression, it 
is useful to develop drugs that antagonize USP4. In addition, 
USP4 function in various types of cancer requires further 
investigations. Experiments in breast cancer indicated that 
USP4 was downregulated in breast cancer tissues, while USP4 
overexpression led to inhibition of breast cancer cell prolifera-
tion (42). Furthermore, how USP4 affects P53 signaling and 
whether USP4 mediates TMZ resistance through other types 
of signaling remain unclear. However, USP4 appears to be a 
potential target for future drug discovery for glioblastoma.
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