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Abstract. The substrates and mechanisms of ubiquitin 
specific peptidase 7 (USP7) in glioma remain unclear. 
Lysine‑specific demethylase 1 (LSD1) may undergo protea-
somal degradation; however, a reciprocal mechanism that 
stabilizes LSD1 in glioma has not been dertermined. Here 
co-immunoprecipitation and GST pull-down assays revealed 
that LSD1 is associated with USP7 in vivo and in vitro. USP7 
inhibited LSD1 ubiquitination and stabilized LSD1 in A172 
and T98G cells. MTT, EdU proliferation, flow cytometry and 
Transwell assays indicated that LSD1 played a critical role in 
the proliferation and invasion of glioblastoma (GBM) cells. 
We defined the mechanism of USP7 in GBM, through coun-
terbalanced LSD1 ubiquitylation. USP7 caused G0/G1 arrest, 
promoted tumorigenesis and invasion of A172 and T98G 
cells. We also uncovered the suppression of the p53 signaling 
pathway that mediated the activity of USP7 and LSD1. 
Furthermore, USP7 and LSD1 expression levels were higher 
in the 150 glioma patients than these levels in normal brain 
tissues and were correlated with glioma progression. LSD1 
was increased concurrently with USP7 during glioblastoma 
progression and both were predictors for worsened prognosis. 
Collectively, our study suggested that USP7‑LSD1 affects 
GBM cell proliferation and invasion and may be valuable as 
novel therapeutic targets and prognostic tools for GBM.

Introduction

Lysine‑specific demethylase 1 (LSD1/KDM1) was the first 
discovered histone demethylase that removed the mono-methyl 

and di‑methyl moieties from H3‑K4 via a flavin adenine 
dinucleotide (FAD)‑dependent monoamine oxidoreductase 
and governed transcription regulation by serving as an epigen-
etic coregulator (1,2). In previous studies, the function of LSD1 
appeared to be as a tumor suppressor or oncogene depending 
on the tumor type. For example, overexpression of LSD1 was 
noted in neuroblastoma (3), non-small cell lung cancer (4), 
colorectal cancer (5) and prostate cancer (6) and was found 
to promote proliferation, migration and invasion. While in 
breast cancer, LSD1 was downregulated and inhibited tumor 
metastasis by the suppression of TGFβ (7,8). Thus, it is reason-
able that the function of LSD1 is opposing due to the distinct 
target genes in different types of cancer. As reported, inhibi-
tion of HDACs and LSD1 are potential combination therapies 
in glioblastoma multiforme (GBM) (9), but the function and 
post‑transcription of LSD1 remain unclear.

Deubiquitylating enzymes (DUBs) are a number of 
proteins that antagonize ubiquitylation by cleaving polyu-
biquitin or monoubiquitin and thus afford the stabilization or 
transcription regulation of the substrates. Ubiquitin specific 
peptidase 7 (USP7), also known as human herpesvirus-asso-
ciated ubiquitin‑specific protease (HAUSP) is a member 
of the DUB family and was first revealed to deubiquitinate 
and stabilize p53 (10,11). Subsequently, numerous proteins 
have been reported as potential substrate/binding partners of 
USP7, such as Epstein‑Barr nuclear antigen 1 (EBNA1) (12), 
PTEN (13), INK4a (14), the transcription factors FOXO4 (15) 
and REST (16). USP7 is involved in the cell cycle by the 
regulation of many proteins, as well as tumor suppressors or 
oncogenes. However, the expression pattern and substrates for 
USP7 in glioma patients are still unclear.

Glioma is the most common primary aggressive malignant 
brain tumor, among which, GBM is well known as the highest 
grade glioma and one of the most lethal forms of cancer in 
humans (17). Glioblastoma therapy, over the past decade, 
which combines surgery, postoperative chemotherapy and 
radiation therapy has failed to benefit all patients suffering 
from disease progression, equally. The overall median survival 
is still less than 15 months (18,19), thus individualized therapy 
such as targeting several aberrant epigenetic functions should 
be considered as a potentially valuable approach for glioma 
patients.

Stabilization of LSD1 by deubiquitinating enzyme USP7 promotes 
glioblastoma cell tumorigenesis and metastasis through 

suppression of the p53 signaling pathway
LEI YI,  YAN CUI,  QINGFU XU  and  YUGANG JIANG

Department of Neurosurgery, The Second Xiangya Hospital of Central South University, 
Changsha, Hunan 410011, P.R. China

Received April 8, 2016;  Accepted August 22, 2016

DOI: 10.3892/or.2016.5099

Correspondence to: Professor Yugang Jiang, Department 
of Neurosurgery, The Second Xiangya Hospital of Central 
South University, 139 Renmin Middle Road, Changsha, 
Hunan 410011, P.R. China
E-mail: yugangjiang1964@163.com

Key words: glioblastoma, USP7, LSD1, deubiquitination, p53, 
tumorigenesis, metastasis



Yi et al:  STABILIzATION OF LSD1 BY USP7 PROMOTES GLIOBLASTOMA CELL TUMORIGENESIS2936

Materials and methods

Patients and tissue samples. The study was approved by the 
Research Ethics Committee of Central South University.
Human brain samples were obtained from 150 patients who 
underwent surgical treatment at the Second Xiangya Hospital 
of Central South University, Changsha, China. Written 
informed consent was obtained from all the patients. The 
fresh glioma specimens were obtained between January 2008 
and December 2012. The patients who had received radio-
therapy or chemotherapy prior to surgery were excluded. 
Sections of the specimen were snap frozen and stored at ‑80˚C 
for mRNA isolation; other sections of the specimen were used 
for histological sectioning. Additionally, 10 cases of normal 
brain tissue samples were obtained from patients who under-
went surgery for decompression treatment due to severe head 
injuries other than malignancies. All the glioma samples were 
verified by the World Health Organization (WHO) 2007 clas-
sification standard. The details of the patients are presented 
in Table i. in the follow-up period, overall survival was calcu-
lated from diagnosis to death; the total follow-up period was 
60 months.

Cell culture and transfection. The human A172 and T98G 
GBM cells were obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The aforemen-
tioned cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) with 10% fetal bovine serum (FBS) 
(Gibco, Los Angeles, CA, USA) and incubated at 37̊C in 
humidified 5% CO2. When the cells were grown to 70% 
confluence, relative plasmids or siRNAs were transfected 
into the cells using Lipofectamine 2000 reagent (invitrogen 
Life Technologies, Carlsbad, CA, USA) according to the 
manufacturer's instructions. The siRNAs and the nega-
tive controls were synthesized by Shanghai GenePharma 
(Shanghai, China). The knockdown efficiency was measured 
48 h after transfection.

Real-time PCR. Total RNA was extracted from the glioma 
specimens or the control normal brain tissues or the GBM 
cells using TRizol reagent (invitrogen Life Technologies). The 
concentration and purity of RNA were determined, and then 
~2 µg RNA was used to synthesize cDNA using the cDNA 
Reverse Transcription kit (TransGen Biotech, inc., Beijing, 
China). Real‑time PCR reaction amplification was performed 
using the SYBR‑Green PCR Master Mix on a 7500 Fast Real‑
Time PCR system cycler (Applied Biosystems, Foster City, 
CA, USA). The expression of the relative genes was analyzed 
using the 2-ΔΔCt method. GAPDH mRNA was used as an 
internal control to normalize the selected genes in the same 
sample. The amplification protocol consisted of denaturation 
at 98˚C for 5 min, followed by 40 cycles of denaturation at 
98˚C for 10 sec and annealing and extension at 60˚C for 30 sec. 
The process was repeated for 40 cycles.

Co-immunoprecipitation assay. For co-immunoprecipitation 
assay (co-iP), the cells were washed with cold phosphate-
buffered saline (PBS) and lysed with cold lysis buffer (50 mM 
Tris‑HCl pH 7.4, 0.5% SDS, 150 mM NaCl, 1% NP‑40, and 
1 mM EDTA) at 4˚C for 45 min, followed by centrifugation at 

132,000 rpm for 15 min at 4˚C. The supernatant was collected 
and incubated with appropriate primary antibodies or normal 
rabbit/mouse immunoglobin G (IgG) as a negative control, on 
a rotator overnight at 4˚C. After being incubated with protein 
A/G Sepharose CL‑4B beads for 2 h at 4˚C, the beads were 
washed 5 times with lysis buffer and the immune complexes 
were subjected onto SDS‑PAGE, followed by western blotting 
detection.

GST pull-down assay. The GST fusion construct was expressed 
in BL21 Escherichia coli cells, and the in vitro transcription 
and translation experiments were performed using rabbit 
reticulocyte lysate (TNT systems; Promega) according to the 
manufacturer's recommendation. In the GST pull‑down assay, 
10 µg of GST fusion protein was incubated with 10 µl of the 
in vitro transcribed/translated products at room temperature 
for 30 min. Thirty microliters of glutathione-Sepharose beads 
was then added to the binding reaction and mixed at 4˚C for 
2 h. After being washed three times with binding buffer, the 
immune complexes were resolved by SDS‑PAGE, followed by 
western blot detection.

Western blotting. Total proteins were purified from the GBM 
cells and equal amount of protein lysate (30 µg) was separated 
on an 8% polyacrylamide gel (Invitrogen Life Technologies).
Then the gel was transferred onto a PVDF membrane at 
400 mA for 1 h. After being blocked with 5% non‑fat milk, the 
membrane was incubated with the primary antibody against 
USP7 (sc-30164, 1:1,000; Santa Cruz Biotechnology, inc.) or 
LSD1 (ab17721, 1:1,000; Abcam) or actin (1:2,000; Beyotime 
Institute of Biotechnology) overnight at 4˚C. Finally, the 
membrane was incubated with horseradish peroxidase‑conju-
gated goat anti-rabbit or goat anti-mouse antibody at room 
temperature for 1 h. The ECL detection system (BeyoECL 
Plus; Beyotime institute of Biotechnology) was used to visu-
alize the immunoblots.

Cell cycle analysis. The cell cycle was analyzed by flow 
cytometry (FCM). GBM cells were synchronized by serum 
starvation for 24 h and released with 10% FBS for an appro-
priate period of time, and then the cells were harvested, 
washed with PBS, and fixed with 70% ethanol at 4˚C overnight. 
Cells were incubated with RNase (Sigma‑Aldrich) in PBS for 
30 min at 37˚C for 30 min. Cell cycle data were collected 
with FACSCalibur flow cytometer (Becton‑Dickinson) and 
analyzed with FlowJo 7.6 software. Each experiment was 
performed in triplicate.

Cell proliferation analysis. The cell proliferation analysis was 
performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay. The cells were plated 
into a 12‑well culture plate (10,000 cells/well), and incubated 
in a humidified atmosphere of 5% CO2 at 37˚C. At 24, 48, 72 
or 96 h, 10 µl was added to each well (MTT; Sigma‑Aldrich), 
and then incubation was carried out at 37̊C for 4 h. Dimethyl 
sulfoxide (DMSO) (Sigma‑Aldrich) was used to terminate the 
reaction. The optical absorbance was measured using a micro-
plate reader (Bio‑Rad, Hercules, CA, USA) at 570 nm and 
quantification of the cell viability was determined according 
to the optical density values.
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EdU cell proliferation assay. Cells were seeded onto 24-well 
plates for 24 h and transfected with the indicated siRNAs 
or plasmids using Lipofectamine 2000 (invitrogen Life 
Technologies). Cell proliferation ELISA EdU kits (Roche 
Applied Science, Indianapolis, IN, USA) were used according 
to the manufacturer's instructions. Forty‑eight hours after 
transfection, 5‑ethynyl‑2'‑deoxyuridine (EdU) was added to 
the medium for an additional 4 h at 37˚C, and then the wells 
were washed 3 times with washing solution (200 µl/well). 
Four percent formaldehyde was added to the cells for 30 min, 
and 2 mg/ml glycine was incubated for 5 min. Finally, 
4',6‑diamidino‑2‑phenylindole (DAPI) was used to stain the 
nuclei. The experiments were performed in triplicate.

Transwell assay. A Transwell chamber was precoated with 
6 µl Matrigel at 4˚C overnight and 5x104 cells were seeded 
into 500 µl serum‑free DMEM on the upper chamber. DMEM 
supplemented with 10% FBS was added to the lower chamber. 
After being allowed to invade for 10 h, the invading cells on 
the lower surface were fixed with 70% ethanol followed by 
crystal violet staining, while the remaining cells on the upper 
chamber were removed using cotton swabs. The number 
of invaded cells was calculated under a microscope in four 
random fields of vision.

Statistical analysis. SPSS software 17.0 (SPSS inc., Chicago, 
IL, USA) was used for statis tical analysis. The significance 
between groups was analyzed using one-way analysis of vari-
ance (ANOVA) and Student's t‑tests. A Kaplan‑Meier plot and 
univariate Cox regression analysis were used to analyze the 
glioma patient morbidity. Log-rank analysis was used to test 
the differences between groups. The means ± standard devia-
tion was calculated for all experiments. P<0.05 was considered 
to be statistically significance; *P<0.05, **P<0.01 are indicated 
in the figures and legends.

Results

LSD1 is identified as a USP7-interacting protein. in order to 
investigate the potential substrates of USP7 in glioblastoma, 

we first used co‑IP to identify the USP7‑interacting proteins in 
A172 cells, as shown in Fig. 1A, firstly, by immunoprecipitation 
with antibodies against USP7, and then followed by western 
blotting against LSD1 antibodies. The data indicated that 
USP7 was associated with LSD1 in vivo, but not with the igG 
control. Reciprocal immunoprecipitation with anti‑LSD1 and 
immunoblotting with anti-USP7 also indicated this fact. This 
interaction was also confirmed with endogenous proteins in 
the T98G cells (Fig. 1B) Notably, this interaction was specific, 
since USP7 did not associate with another lysine-specific 
demethylase 2 (LSD2) (data not shown).

To investigate whether USP7 interacts with LSD1 
directly, a GST pull‑down experiment was performed. 
Glutathione S‑transferase fusion protein (GST‑zIP) was immo-
bilized on glutathione Sepharose 4B beads, and subsequently 
incubated with in vitro transcribed/translated FLAG‑tagged 
LSD1, as shown in Fig. 1C. The GST‑USP7 fusion protein was 
found to bind with LSD1 directly in vitro. Collectively, these 
experiments supported our observation that USP7 is physi-
cally associated with LSD1 in vivo and in vitro.

USP7 inhibits LSD1 ubiquitination and stabilizes LSD1 
in vivo. Since USP7 was shown to deubiquitinate and stabilize 
p53, MDM2 and SIRT1, it was also feasible that USP7 may 
regulate LSD1 function via its deubiquitinase activity. Firstly, 
A172 cells as well as T98G cells were infected with a control 
siRNA, siUSP7#1, or siUSP7#2 and the knockdown efficiency 
was detected. As shown in Fig. 2A, the USP7 mRNA level was 
significantly reduced when cells were infected with siUSP7#1 
or siUSP7#2 as compared with the level in the control siRNA 
group. Concomitantly, the protein level, as detected by western 
blotting revealed that USP7 expression was also greatly 
reduced in the siRNA groups than that noted in the control 
group and siUSP7#2 was more effective and used for further 
experiments. Furthermore, after USP7 was knocked down, we 
investigated the expression of LSD1 and as expected, although 
the mRNA level was not changed (Fig. 2B, left panels), the 
protein level of LSD1 was dramatically reduced (Fig. 2B, 
right panels). This indicated that USP7 may influence LSD1 
through post-transcription modification. Consistently, we 

Figure 1. LSD1 is identified as a USP7‑interacting protein. (A) Co‑immunoprecipitation assay (co‑IP) analysis was used to detect the association between USP7 
and LSD1. A172 cell lysates were immunoprecipitated with USP7; normal immunoglobin G (IgG) was used as the negative control and whole lysates as the 
positive control. The immunocomplexes were then immunoblotted using LSD1, reciprocally. (B) T98G cell lysates were further used to detect the association 
between USP7 and LSD1. (C) Bacterially expressed GST‑USP7 and transcribed LSD1 were used to perform a GST pull‑down assay. LSD1, lysine‑specific 
demethylase 1; USP7, ubiquitin specific peptidase 7.
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overexpressed wild‑type USP7 plasmid or catalytically 
inactive USP7 (USP7/C223A) mutant plasmid in the A172 
and T98G cells and it was revealed that the protein level of 
LSD1 only increased in the wt‑USP7‑transfected groups, but 
not in the catalytically inactive USP7 (USP7/C223A) mutant 
group (Fig. 2C), where there was no marked change in the 
mRNA level.

To determine the effect of USP7 on LSD1 protein ubiq-
uitination, USP7 was knocked down by siRNA in the A172 
and T98G cells, and the cells were harvested after MG132 
(a proteasome-specific inhibitor) treatment. We found that 
MG132 was successful in rescuing the LSD1 protein but 
not mRNA from the degradation in the USP7‑knockdown 
cells (Fig. 2D). Based on the aforementioned experiments, we 
demonstrated that USP7 could stabilize LSD1 possibly based 
on its deubiquitinating activity.

LSD1 plays a critical role in the proliferation and invasion 
of glioblastoma cells. As reported, LSD1 is overexpressed in 
glioblastoma (9), but the function of LSD1 requires further 
exploration. Thus, to investigate the function, two specific 
siRNAs targeting LSD1 were successfully developed and 
transfected into the A172 and T98G cells. The knockdown 
efficiency was nearly 90%, and as shown in Fig. 3A, siLSD1#2 
was more effective and was used for further experimentation. 

As shown in Fig. 3B, the proliferation of the A172 and T98G 
cells as determined by MTT assay was significantly suppressed 
after treatment with siLSD1 compared with the control group of 
cells. The result were corroborated using the EdU proliferation 
assay (Fig. 3C). in the cell cycle distribution assay, knockdown 
of LSD1 caused G0/G1 arrest compared with the control 
group (Fig. 3D). In the Transwell assay, there were less cells that 
crossed the membranes in the LSD1‑knockdown group than 
that noted in the control group (Fig. 3E). The aforementioned 
results illustrated that the downregulation of LSD1 resulted in 
the inhibition of glioblastoma cell proliferation and invasion.

USP7 promotes glioblastoma cell tumorigenesis by regulation 
of LSD1. in order to evaluate the effect of USP7 on glioblas-
toma tumorigenesis, USP7 was knocked down in the A172 
(Fig. 4A, left panel) and T98G cells (Fig. 4A, right panel) An 
MTT assay was performed. When compared with the control 
siRNA groups, the knockdown of USP7 effectively inhibited 
the cell growth rate. Similarly, EdU cell proliferation assay 
was performed in the aforementioned two cell lines (Fig. 4B), 
and also demonstrated that knockdown of USP7 reduced their 
proliferative ability.

The cell cycle distribution by FCM confirmed that in 
the A172 and T98G cells, compared with the control cells, 
knockdown of USP7 caused G0/G1 arrest (Fig. 4C), and 

Figure 2. USP7 inhibits LSD1 ubiquitination and stabilizes LSD1 in vivo. (A) A172 and T98G cells were transfected with control siRNA, siUSP7#1 or siUSP7#2. 
The knockdown efficiency of USP7 was confirmed by quantitative real‑time PCR (left panels) and western blotting (right panels). **P<0.01. (B) A172 and T98G 
cells were transfected with control siRNA or siUSP7#1 and the mRNA and protein levels of LSD1 were detected. (C) A172 and T98G cells were transfected 
with vector, wt‑USP7 or USP7 mutant and the mRNA and the protein levels of LSD1 were detected. (D) USP7 was knocked down in the A172 and T98G 
cells, and the cells were incubation with MG132 before harvesting. Western blotting was used to measure LSD1 protein expression. USP7, ubiquitin specific 
peptidase 7; LSD1, lysine‑specific demethylase 1.



ONCOLOGY REPORTS  36:  2935-2945,  2016 2939

inhibited cell growth. These observations strongly suggested 
that USP7 may play a vital role in promoting GBM cell 
proliferation in vitro. We examined the role of LSD1 in the 
USP7-mediated GBM cell tumorigenesis using the MTT assay. 
The inhibiton of cell proliferation resulting from knockdown 
of USP7 was partially affected by LSD1 overepression 
in the A172 and T98G cells (Fig. 4D). Furthermore, upon 
treatment with siUSP7, EdU proliferation assay indicated 
that the inhibition of proliferation by USP7 knockdown in 
the A172 and T98G cells was markedly augmented by LSD1 
overexpression (Fig. 4E). Collectively, these results indicated 
that LSD1 had an obviously impact on the ability of USP7 to 
promote cell proliferation.

USP7 affects glioblastoma cell invasiveness through stabiliza-
tion of LSD1. The Transwell assay was used to investigate the 
impact of USP7 expression on GBM cell invasion. An equal 
amount of A172 control or A172 siUSP7 cells were placed into 
the Transwell chamber and as shown in Fig. 5A, the knock-
down of USP7 cells exhibited poor invasive ability (P<0.05). A 
similar tendency was also observed between the T98G-siUSP7 

and T98G-control cells (Fig. 5B). These data indicated that 
USP7 increased the invasive ability of GBM cells.

To confirm whether LSD1 is involved in USP7‑triggered 
glioblastoma cell invasiveness, LSD1 was overexpressed in 
the siUSP7#2‑transfected A172 cells, and a Transwell assay 
was performed. The effect of USP7 was reduced, as shown 
in Fig. 5C. Furthermore, we created a USP7-knockdown 
T98G cell line, and a similar tendency was also observed with 
ectopic expression of LSD1 (Fig. 5D). These results revealed 
that knockdown of USP7 inhibited glioblastoma cell invasive-
ness through the regulation of LSD1.

Suppression of the p53 signaling pathway is involved in the 
USP7-LSD1 regulated glioblastoma cell tumorigenesis and 
metastasis. To investigate the potential downstream effectors 
which are regulated by USP7 and LSD1, we next examined 
several signaling pathways that contributed to cancer cell 
proliferation and invasion, such as the p53, the AKT and the 
Bcl2 apoptosis pathways. As shown in Fig. 6A, in the LSD1‑
knockdown A172 and T98G cells, the mRNA expression 
of p53 increased while the mRNA expression of Akt1 and 

Figure 3. LSD1 plays a critical role in the proliferation and invasion of glioblastoma cells. (A) A172 and T98G cells were transfected with control siRNA, 
siLSD1#1 or siLSD1#2 and the knockdown efficiency of LSD1 was confirmed by quantitative real‑time PCR (left panels) and western blotting (right panels). 
**P<0.01. (B) An MTT assay was used to measure the A172 and T98G cell proliferation. An equal amount of cells was transfected with siLSD1 or with the rela-
tive control siRNA group (control) and cells were seeded into replicate plates and counted every 12 h. Data are represented as the means ± SD of 3 independent 
experiments. *P<0.05. LSD1, lysine‑specific demethylase 1.
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Figure 3. Continued. LSD1 plays a critical role in the proliferation and invasion of glioblastoma cells. (C) EdU cell proliferation assay was performed in 
the A172 and T98G cells transfected with siLSD1 or a vector as a control. Representative images are shown for each group. (D) Cell cycle distribution was 
performed by flow cytometry (FCM) in the siLSD1‑transfected A172 and T98G cells. The percentage of cells in the G0/G1, S, and G2/M phases are shown 
as indicated. (E) A172 cells were transfected with control siRNA or siLSD1. Forty‑eight hours after transfection, a Transwell assay was performed, and the 
invaded cells were stained and counted. Statistical analysis is presented as a fold of change over the control. Bars indicate the mean ± SD of three independent 
experiments. *P<0.05; **P<0.01. LSD1, lysine‑specific demethylase 1.
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Figure 4. USP7 promotes glioblastoma cell tumorigenesis by regulation of LSD1. (A) An MTT assay was used to measure the A172 and T98G cell proliferation. 
An equal amount of cells was transfected with siUSP7 or with the relative control siRNA group (control). (B) EdU cell proliferation assay was performed in 
the A172 and T98G cells transfected with siUSP7 or the control siRNA. (C) Cell cycle distribution was performed by flow cytometry (FCM) in the siUSP7 
transfected A172 and T98G cells. The percentage of cells in the G0/G1, S, and G2/M phases are shown as indicated. (D) An MTT assay was performed in the 
siUSP7#2‑transfected A172 cells, followed by transient transfection with a vector or LSD1 plasmid. A similar experiment was also performed with the T98G 
cells. (E) EdU cell proliferation assay was carried out in the siUSP7#2‑transfected A172 cells, followed by transient transfection with a vector or LSD1 plasmid. 
A similar experiment was also performed with the T98G cells. *P<0.05; **P<0.01. USP7, ubiquitin specific peptidase 7; LSD1, lysine‑specific demethylase 1. 
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Bcl2 were decreased when compared to the control group 
cells. Using western blotting (Fig. 6B), we confirmed that the 
protein expression of p53 was higher in the A172‑siLSD1 or 
the T98G‑siLSD1 cells compared with the vector, while the 
expression of Akt1 and Bcl2 presented the opposite tendency. 
Consistently, in USP7 knockdown in the A172 cells or T98G 
cells, the mRNA (Fig. 6C) and protein expression (Fig. 6D) of 
p53, Akt1 and Bcl2 revealed similar results. Considering the 

transcription repression function of LSD1, it is reasonable to 
make the hypothesis that LSD1 could suppress p53 directly. 
These results suggested that USP7 and p53 are upstream 
and downstream regulators of LSD1‑mediated proliferation 
and invasion.

USP7 and LSD1 are frequently upregulated in glioblastoma 
and positively correlated with poor GBM prognosis. Using 

Figure 5. USP7 affects glioblastoma cell invasiveness through stabilizion of LSD1. (A) A Transwell assay was performed in the A172 cells transfected with 
the control siRNA or siUSP7. (B) The T98G cells were transfected with the control siRNA or siUSP7, and similarly, a Transwell assay was performed. (C) A 
Transwell assay was performed in the siUSP7#2‑transfected A172 cells, followed by transient transfection with a vector or LSD1 plasmid. (D) A similar 
experiment was performed with the T98G cells. **P<0.01. USP7, ubiquitin specific peptidase 7; LSD1, lysine‑specific demethylase 1.

Figure 6. Suppression of the p53 signaling pathway is involved in the USP7‑LSD1 regulated glioblastoma cell tumorigenesis and metastasis. (A) When LSD1 
was knocked down in the A172 and T98G cells, the mRNA expression of p53, Akt1 and Bcl2 was assessed. *P<0.05, **P<0.01. (B) In the LSD1‑knockdown 
A172 and T98G cells, the protein expression of p53 Akt1 and Bcl2 was assessed and β‑catenin was used as a control. In the A172‑siUSP7 cells and T98G‑
siUSP7 cells, the (C) mRNA and (D) protein expression of p53, Akt1 and Bcl2 were detected. USP7, ubiquitin specific peptidase 7; LSD1, lysine‑specific 
demethylase 1.
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Figure 7. USP7 and LSD1 are frequently upregulated in glioblastoma multi-
forme (GBM) and positively correlated with poor GBM prognosis. (A) LSD1 
and USP7 mRNA expression in non‑brain tumor and 150 glioma tissues. 
*P<0.05. (B) Relative mRNA level of LSD1 and USP7 expression in glioma of 
different World Health Organization (WHO) grades was determined by qRT‑
PCR. GAPDH was used for normalization. *P<0.05. (C) Correlation between 
USP7 and LSD1 in the WHO grade IV cancer samples from 48 patients.  
(D) Kaplan‑Meier curves were used to compare the overall survival rates of 
the glioma patients according to LSD1 expression. (E) Kaplan‑Meier curves 
were drawn based on USP7 expression. USP7, ubiquitin specific peptidase 7; 
LSD1, lysine‑specific demethylase 1.

Table II. Mean values of USP7 mRNA expression in clinical 
glioma samples and comparison with clinicopathological 
variables.

  USP7 expression
Variables n (mean ± SD) P‑value

Tissue type   <0.05
  Glioma 150 5.453±0.324
  Normal control 10 1.231±0.159
Gender   >0.05
  Male 86 5.671±0.592
  Female 64 5.223±0.743
Age (years)   >0.05
  <50 84 5.243±0.954
  ≥50 66 5.784±0.375
KPS   <0.05
  <80 73 5.754±0.518
  ≥80 77 5.232±0.459
WHO grade   <0.05
  i 28 3.543±0.231
  ii 29 4.649±0.434
  iii 45 5.958±0.549
  IV 48 6.894±0.632

USP7, ubiquitin specific peptidase 7; WHO, World Health 
Organization.

Table I. Mean values of LSD1 mRNA expression in the clinical 
glioma samples and normal control tissues, and comparison 
with clinicopathological variables.

  LSD1 expression
Variables n (mean ± SD) P‑value

Tissue type   <0.05
  Glioma 150 6.973±0.454
  Normal control 10 1.342±0.239
Gender   >0.05
  Male 86 6.731±0.872
  Female 64 6.422±0.764
Age (years)   >0.05
  <60 84 6.453±0.784
  ≥60 66 6.891±0.545
KPS   <0.05
  <80 73 6.584±0.713
  ≥80 77 6.136±0.376
WHO grade   <0.05
  i 28 3.741±0.131
  ii 29 5.349±0.394
  iii 45 7.032±0.579
  IV 48 8.712±0.732

LSD1, lysine‑specific demethylase 1; WHO, World Health 
Organization;.
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quantitative real-time PCR (qRT-PCR), we determined the 
LSD1 and USP7 mRNA expression, normalized to GAPDH. 
As shown in Fig. 7A, we found that there was no obvious 
increase in the LSD1 and USP7 expression in 150 glioma 
tissues compared with non‑brain tumor tissues (P<0.05). There 
were 57 low‑grade (WHO grades I and II) and 103 high‑grade 
tumors (WHO grades III and IV) (Tables I and II). Based on 
the WHO grade, we found that LSD1 and USP7 mRNA expres-
sion increased notably with the advancement of WHO grade I 
to IV (Fig. 7B, P<0.05). Meanwhile, there was a significant 
positive correlation between the LSD1 expression and USP7 
expression in the high‑grade GBC tissues (WHO grade IV glio-
blastoma) (Fig. 7C, R=0.06, P<0.05). Furthermore, according 
to the details of the follow‑up, patients with a higher LSD1 
expression had a worse overall survival after surgery (Fig. 7D, 
P<0.05), and a similar tendency was also observed in patients 
with a higher USP7 expression (Fig. 7E, P<0.05). These results 
suggested that LSD1 and USP7 are upregulated in GBC tissues 
and associated with poor prognosis.

Discussion

A number of studies have reported that USP7 may regulate 
several polyubiquitinated substrates by its deubiquitinating 
activity. As reported (20), destabilization of LSD1 occurs via 
the ubiquitin-proteasome pathway by an E3 ubiquitin ligase, 
Jade‑2 during neurogenesis, but the stabilization of LSD1 is 
unclear.

In the present study, we first discovered LSD1 as the new 
substrate of USP7 from a molecular level. The evidence is as 
follows. Firstly, we identified LSD1 as an associated protein by 
immunoprecipitation with USP7 but no other DUB proteins, 
and GST pull‑down assays confirmed that LSD1 could interact 
with USP7 directly. Notably, overexpression of USP7 increased 
the protein level of LSD1 but not the mRNA level. The mecha-
nism involved is that USP7 could protect ubiquitination and the 
proteasomal degradation of LSD1. As reported, expression of 
USP7 in gliomas was correlated with disease progression and 
patient survival time (21), but the mechanism involved is still 
unclear. in order to further understand the role of USP7 and 
LSD1 in glioblastoma progression, we investigated the expres-
sion of USP7 and LSD1 in 150 cases of human glioma and 
normal brain tissues and our data demonstrated that USP7 and 
LSD1 mRNA expression was higher compared with the normal 
brain tissues with an increasing trend from grade i to grade 
IV glioma according to WHO classification. Furthermore, 
the expression of LSD1 was positively correlated with USP7 
expression in human glioma. These results suggested that 
the stabilization of LSD1 by USP7 may participate in glioma 
progression. We defined the function of USP7 and LSD1 in 
cell proliferation and invasion using GBM cell lines A172 and 
T98G, as the ectopic expression of LSD1 could partly induce 
the tendency by USP7 knockdown in the proliferation and 
invasion of GBM cells. As reported, LSD1 mediated various 
epigenetic gene expression regulating effects, such as p53 (22).
In this study, we confirmed that p53 is a key downstream tran-
scription factor that mediates the action of USP7 and LSD1. 
The aforementioned experiments further confirmed that the 
regulation of LSD1 by USP7 plays an important role in GBM 
and may function as a therapeutic target in GBM.
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