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Ubiquitin-specific protease 15 promotes tumor cell
invasion and proliferation in glioblastoma
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Abstract. Glioblastoma multiforme (GBM) is one of the most
aggressive types of brain tumor worldwide. Despite the advances
made in treatment and research, the median survival time for
GBM patients remains <1.5 years, providing impetus for the iden-
tification of potential novel therapeutic target genes to improve
GBM treatment. The deubiquitinating enzyme ubiquitin specific
peptidase 15 (USP15) has emerged as a pro-oncogenic factor;
however, its function in GBM has yet to be fully elucidated.
The present study sought to determine whether or not USP15
is implicated in GBM cell invasion and proliferation. Following
the depletion of USP15 in U87-MG and U251-MG cells by
lentivirus-mediated USP15 short hairpin RNA (shRNA), the
invasiveness of glioma cells was investigated. The results of the
present study demonstrated that glioma cells expressing USP15
shRNA exhibited significantly lower invasiveness than cells that
did not express USP15 shRNA. Additionally, USP15 depletion
led to the upregulation of E-cadherin and downregulation of the
mesenchymal markers, N-cadherin and vimentin. Furthermore,
the influence of USP15 on glioma cell proliferation was inves-
tigated and depletion of USP15 resulted in a marked reduction
in cell proliferation. Taken together, the findings of the present
study clearly support the hypothesis that USP15 renders GBM
cells capable of invasion and proliferation.

Introduction

Glioblastoma multiforme (GBM), classified as a grade IV
astrocytoma by the World Health Organization (1), is the most
malignant form of intracranial glioma tumor. The standard
treatment for GBM is surgery in combination with chemo-
therapy and/or radiotherapy. Despite advances in therapeutic
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research, GBM patients have a survival time of ~1 year
post-diagnosis and <5% survive for 5 years (2,3). Highly inva-
sive GBM cells may proliferate extensively and infiltrate into
the brain parenchyma, leading to mortality (4,5).

The heterogeneity of GBM at the cellular level hinders the
improved understanding of the disease, making it difficult to
design and develop effective therapeutic strategies (1,6). To
address this challenge, several studies (7,8) have investigated the
global gene expression profiles and genetic alterations that drive
tumor aggressiveness in GBM, and have stratified GBM into
four subtypes: Pro-neural, neural, classical and mesenchymal.
The majority of the established GBM cell lines belong to the
fourth subtype, which has a mesenchymal gene signature (7).

In general, cadherin switching occurs during cancer cell
invasion: It is a process in which expression of epithelial
E-cadherin is switched to that of mesenchymal-associated
cadherins, including N-cadherin and vimentin, which are typical
mesenchymal markers that contribute toward the regulation of
cell invasion (9-13). It should be emphasized that, although GBM
cells are non-epithelial, these cells necessarily acquire their
invasive capability through parts of the epithelial-mesenchymal
transition (EMT) program, as exemplified by the upregulation
of N-cadherin in invasive glioma cells (14). Therefore, the use
of several epithelial or mesenchymal markers to determine the
extent of glioma cell invasion is a valid approach.

Elucidating the molecular basis of GBM invasion and
proliferation may contribute toward improving GBM therapy;
therefore, a number of studies (7,15) have focused on using
a variety of relevant genes in order to do so. However, the
knowledge obtained from studies into these known genes is
insufficient to elucidate the mechanism of GBM progression.
As such, the identification of novel molecular targets involved
in regulating invasion and proliferation in GBM is necessary.

Deubiquitinases (DUBs) have fundamental functions in the
ubiquitin system through their ability to specifically remove
ubiquitin from targeted proteins. The human genome encodes
~100 DUBSs, which are stratified into 6 families (16). DUBs
regulate the ubiquitinization status and the degradation of
proteins, affecting the activation and localization of proteins,
which in turn is essential for numerous cellular processes
and signaling pathways. Therefore, a number of DUBs have
been identified as pro- or anticancer factors owing to their
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regulatory effects on key oncogenes or other proteins involved
in tumor progression (17-20). Of these DUBs, the present study
focused on ubiquitin-specific protease 15 (USP15), a member
of the USP family. A previous study suggested that USP15
functions as a tumor suppressor and that it is likely to be a
key target for the inhibition of cancer cell progression (21).
For instance, USP15 is downregulated in paclitaxel-resistant
ovarian cancer (22); however, other studies have highlighted
its pro-oncogenic functions. In metastatic breast cancer
MDA-MB-231 cells, USP15 is required for cell migration (23).
In a previous study by Eichhorn et al (24), the USP15 gene
was revealed to be amplified in glioblastoma, breast cancer
and ovarian cancer, and the depletion of USP15 decreased the
oncogenic capacity of patient-derived glioma-initiating cells.
The present study primarily explores USP15 at the genetic
level with a focus on a particular glioma cell subpopulation. To
the best of our knowledge, there has been no previous research
regarding the general function of USP15 in glioma cells and
therefore, the present study was a preliminary investigation
into the role of USP15 in glioma cells. The U87-MG cell line
was used as a general model of glioma in order to elucidate the
general gene functions associated with glioma (25-27).

Materials and methods

Cell lines and cell culture. The glioma U251-MG and U87-MG
cell lines were obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China) and the American Type Culture Collection (ATCC;
Manassas, VA, USA), respectively. The two human glioma cell
lines were cultured at 37°C for 3 days in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing 2 mM glutamine, 10%
fetal bovine serum (FBS) (both from Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin and 100 pg/ml streptomycin (both
from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Cells were maintained in an incubator at 37°C in a 5% CO,
atmosphere. Cells (293) were cultured at 37°C for 2 days in
DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing
2 mM glutamine, 10% FBS (both from Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml strepto-
mycin (both from Sigma-Aldrich; Merck KGaA). HEB cells
were cultured at 37°C for 3 days in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) containing 2 mM glutamine, 10% FBS
(both from Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin and 100 pg/ml streptomycin (both from Sigma-Aldrich;
Merck KGaA).

Lentivirus production and transduction. The transduction
system was conducted as previously described. Briefly, short
hairpin RNA (shRNA) against USP15 (sequence, 5'-GCC
AACTGAAGGTTGGAATAA-3'; USP15 KD) was gener-
ated and another construct expressing shRNA against a
non-mammalian luciferase gene was used as a negative control
(NC). These constructs were co-transfected with packaging
plasmids (15 pg; Shanghai Hanyu Biotechnology Co., Ltd.,
Shanghai, China) into 293 cells using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions, and viral particles were harvested
48 h later. U87-MG and U251-MG cells were infected with
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a lentivirus containing 6 pg/ml polybrene (Sigma-Aldrich;
Merck KGaA).

Transwell invasion assay. For the Transwell invasion assay,
2x10* U87-MG and U251-MG cells stably expressing
USP15 shRNAs were plated into 24-well Boyden cham-
bers (Sigma-Aldrich; Merck KGaA) with an 8-ym pore
polycarbonate membrane, which was coated with 30 ug Matrigel
(BD Biosciences, San Jose, CA, USA). Cells (1x10%) were
inserted into the upper chamber with 200 1 serum-free DMEM
(Thermo Fisher Scientific, Inc.), and DMEM containing 20%
FBS was added to the lower chamber to serve as a chemoat-
tractant. Following incubation for 24 h at 37°C in a 5% CO,
atmosphere, cells were washed 3 times with phosphate buffered
saline. Cells on the top surface of the insert were removed with a
cotton swab. Cells adhering to the lower surface were fixed with
100% methanol at 4°C for 15 min, stained with Giemsa solu-
tion at room temperature for 30 sec and counted under a light
microscope in five predetermined fields (magnification, x200).

Cell proliferation. Cells were counted using a Cell Counting
Kit-8 (CCK-8) (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan). A total of 1x10° GBM (U87 and
U251 cells) were plated onto 96-well culture plates in triplicate
and maintained at 37°C, while cell growth was determined
daily for 5 days using a tetrazolium salt-based colorimetric
assay (Dojindo Molecular Technologies, Inc.), according to
the manufacturer's instructions. Absorbance was measured at
450 nm. The corresponding cells expressing shRNA against
an irrelevant luciferase gene was used as a negative control
(NC). Three independent experiments were performed.

Western blot analysis. Cells were lysed in radioimmunopre-
cipitation assay buffer (50 mM Tris-HCI pH 8.0, 1 mM EDTA
pH 8.0, 5 mM DTT and 2% SDS) and protein concentration
was determined using bicinchoninic acid assay (Beyotime
Institute of Biotechnology, Haimen, China). Total protein
(30 pg/lane) was resolved using a 10% SDS-PAGE gel and
was electro-transferred to polyvinylidene fluoride membranes
(Invitrogen; Thermo Fisher Scientific, Inc.), and blocked with
5% skimmed dry milk in Tris-buffered saline (pH 7.5) at room
temperature for 1 hin Tris-buffered saline (pH 7.5). Membranes
were immunoblotted overnight at 4°C with the following
primary antibodies: N-cadherin (dilution 1:200; cat. no. 4061),
vimentin (dilution 1:200; cat. no. 3932), E-cadherin (dilu-
tion 1:500; cat. no. 3195) (all from Cell Signaling Technology,
Inc., Danvers, MA, USA) and B-actin (dilution 1:3,000; cat.
no. HRP60008; ProteinTech Group, Inc., Chicago, IL, USA).
A horseradish peroxidase-conjugated IgG secondary antibody
(dilution 1:2,000; cat. no. ab6721, Abcam, Cambridge, MA,
USA) was added and incubated at room temperature for 1 h.
Bound antibodies were detected using the BeyoECL system
(cat. no. POO18; Beyotime Institute of Biotechnology), and
densitometry ImageQuant 5.2 software (GE Healthcare Life
Sciences, Little Chalfont, UK) was used for analysis.

Statistical analysis. Data are presented in the graphs as the
mean + standard deviation of three independent experi-
ments. The differences among groups were determined using
analysis of variance with post hoc contrasts determined by
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Figure 1. Knockdown of USP15 inhibits cell proliferation of glioma cells in Cell
Counting Kit-8 assays in vitro. (A) Analysis of USP15 expression in a HEB cell
line and typical glioma cell lines. Western blot analysis revealed that USP15
protein level was upregulated in U87-MG and U251-MG cells compared with
expression in the HEB cell line. (B) USP15 was knocked down successfully in
U87-MG cells, as revealed by western blot analysis. (C) Densitometry analysis
demonstrated the efficiency of USP15 depletion in U87-MG cells ("P<0.001).
(D) USP15 was knocked down successfully in U251-MG cells, as determined
by western blot analysis. (E) Densitometry analysis demonstrated the efficiency
of USP15 depletion in U251-MG cells ('P<0.001). USP15, ubiquitin specific
peptidase 15; HEB, human normal glial; NC, negative control.

Student-Newman-Keuls test and comparisons between two
groups were analyzed using the Student's t-test. P<0.05 was
considered to indicate a statistically significant difference. All
statistical analyses were performed using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA, USA).

Results

USPI5 regulates glioma cell invasion in vitro. To directly
investigate the role of USP15 in GBM cells, the protein levels
of USP15 in the HEB cell line and the commonly used typical
glioma cell lines (U87-MG and U251-MG) were determined
using western blot analysis. The results demonstrated that the
protein levels of USP15 in U87-MG and U251-MG cells were
higher in the glioma cells than in the HEB cell line (Fig. 1A).
RNA interference technology was subsequently used to deplete
USP15 expression. U-87-MG and U251-MG cells were trans-
duced with a lentivirus-encoding control or USP15 shRNA. At
3 days after transduction, cell lysates were subjected to western
blot analysis to detect the protein level of USP15. Densitometric
analysis of the western blotting results, by comparing USP15
protein levels in control shRNA-expressing cells with those
expressing USP15 shRNA, revealed significant reductions
in USP15 protein levels in the U87-MG (Fig. 1B and C) and
U251-MG (Fig. 1D and E) glioma cells treated with lenti-
virus-mediated USP15 shRNA. These findings indicated that
USP15 was successfully depleted in the two glioma cell lines.
Eichhorn et al (24) observed that neurospheres expressing
USP15 shRNA yielded fewer tumors than did the neurospheres
expressing control ShRNA. This result indicated that expression
of USP15 may result in a loss of cell-cell contact and cell scat-
tering, a potential consequence of cell invasion. We therefore
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Figure 2. Knockdown of USPI15 inhibits the invasiveness of glioma cells,
as determined by Transwell invasion assay. (A) USP15 depletion led to a
significant reduction in the invasive ability of U87-MG cells ("P=0.002).
(B) USP15 depletion led to a significant reduction in the invasive ability of
U251-MG cells (‘P=0.012). Altered protein levels of endogenous E-cadherin
and typical mesenchymal markers, N-cadherin and vimentin, in (C) U87-MG
and (D) U251-MG were detected by western blot analysis. USP15, ubiquitin
specific peptidase 15; NC, negative control; KD, knockdown.

hypothesized that USP15 may promote glioma cell invasion. To
test this hypothesis, a Transwell invasion assay was conducted
using U87-MG and U251-MG cells, which are invasive in vitro,
to determine the invasive abilities of these cells. U§7-MG and
U251-MG cells transduced with lentivirus-encoding control or
USP15 shRNA for 3 days were subjected to an invasion assay.
Next, 24 h after incubation, USP15 depletion was observed
using lentivirus-mediated USP15 shRNA in U87-MG cells,
leading to a significant reduction in cell invasion compared with
that in the cells treated with control shRNA (Fig. 2A; P=0.002).
Furthermore, depletion of USP15 in U251-MG cells resulted
in a significant reduction in invasion (P=0.012; Fig. 2B), albeit
relatively moderate when compared with the extent of differ-
ence in U87-MG cells. These data indicate the role of USP15 in
glioma cell invasion. Although the USP15 depletion efficiency
in the U87-MG and U251-MG cells was virtually identical, as
determined by western blot analysis (Fig. 1B-E), the degree of
impairment of cell invasive capacities differed between the two
cells types. This may be attributable to the effect of USP15 on
the invasive capacity of different types of glioma cell.

As mesenchymal-associated genes are associated with
glioma cell invasion, USP15 expression was depleted in
U87-MG and U251-MG cells using lentivirus-encoding
USP15-specific shRNA to examine changes to the expres-
sion of N-cadherin, vimentin and E-cadherin. As expected,
USPI5 depletion significantly diminished the expression of
N-cadherin and vimentin, while the protein level of E-cadherin
was increased upon USP15 depletion (Fig. 2C and D). These
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Figure 3. Effects of USP15 depletion on U87-MG and U251-MG cell proliferation. (A) USP15 depletion resulted in significant reductions in U87-MG cell
proliferation, particularly on day 5 (P<0.001), compared with NC. (B) USP15 depletion resulted in marked reductions in U251-MG cell proliferation, particu-
larly on day 5 (P<0.001), compared with NC. USP15, ubiquitin specific peptidase 15; NC, negative control; KD, knockdown; OD, optical density.

data provide further support for the hypothesis that USP15
expression is required for glioma cell invasion.

USPI5 regulates glioma cell proliferation in vitro. The fact
that depletion of USP15 decreased the oncogenic capacity
of patient-derived glioma-initiating cells indicated that cells
with depleted expression of USP15 using lentivirus-encoding
USP15 shRNA generated smaller tumors than cells
expressing control shRNA. Therefore, further experimenta-
tion in the present study aimed to determine whether USP15
may promote glioma cell proliferation. To quantify cell
proliferation, cell growth was examined at 0-, 1-, 2-, 3-, 4-
and 5-day time-points using a CCK-8 assay. The depletion
of USP1S5 did not lead to a significant reduction in U87-MG
proliferation until day 4, with the peak reduction occurring
at day 5 (P<0.001; Fig. 3), indicating that USP15 promotes
glioma cell proliferation. A similar result was observed in
U251-MG cells, thereby corroborating the aforementioned
conclusion (Fig. 3B).

Discussion

During tumor progression, cancer cells acquire capabilities
that permit them to invade the neighboring tissues. The
steps involved in the dispersion of cancer cells include the
loss of cell-cell contact and increased invasiveness (28). In
gliomas, tumor cells are known to exhibit a diffusely infil-
trative invasion pattern, in which the tumor cells migrate as
single cells, resulting in a reduced requirement for surgical
and radiological interventions (29). Therefore, the identifica-
tion of potent genes associated with glioma cell invasion is
urgently required. Considering the fact that targeting existing
invasion-associated gene targets has failed to significantly
attenuate glioma cell invasiveness, the present study instead
focused on the identification of novel targets that may exert
suppressive effects on glioma cell invasion. Owing to the
fact that inhibition of USP15 (a member of the USP family
involved in deubiquitinization) caused a marked reduction
in the number of glioma xenografts (24), it was speculated
that the reduction may be attributed to the loss of cell-cell
contact and cell scattering, a consequence of cancer cell
invasion. The present study demonstrated that depletion of
USP15 expression resulted in a reduction in the invasiveness

of typical glioma cell models. These findings indicated
that USP15 promotes the invasive capacity of glioma cells.
Notably, a study by Eichhorn et al revealed that downregula-
tion of USP15 decreased the number of tumors generated,
indicating cancer cell scattering. However, cell scattering
alone is unable to recapitulate the invasive behavior of
cells. For instance, the overexpression of a truncated form
of E-cadherin that lacks the ectodomain of the wild-type
protein may result in loss of cell-cell contact and cell scat-
tering. However, the truncated product failed to elicit cancer
cell invasion (30). To the best of our knowledge, the results
of the present study demonstrate for the first time that USP15
renders glioma cells capable of invasion and is involved in
glioma progression.

Cadherins are critical players in a number of mechanisms
with roles in tumor migration and invasion (9,31). These
genes were initially identified owing to their roles in meta-
plasia, also known as EMT. During the EMT, upregulation of
N-cadherin is associated with the suppression of E-cadherin,
in a process known as the E- to N-cadherin switch (32).
Although glioma cells are non-epithelial, with limited or
non-existent E-cadherin expression, the cells with high
invasive ability may employ a program similar to EMT (33).
Therefore, the relative expression of E- and N-cadherin is
regarded as a hallmark of examining glioma cell invasive-
ness. Furthermore, upon USP15 depletion, changes in the
expression of E- and N-cadherin were associated with
changes in the invasiveness of glioma cells. The acquisi-
tion of invasive ability prompts glioma cells to undergo a
mesenchymal phenotypic shift, upregulating N-cadherin and
vimentin, which is consistent with published findings that
glioma cell invasion is associated with the increased expres-
sion of N-cadherin (14). Nonetheless, the association of
E-cadherin expression with glioma cell invasiveness should
be interpreted with caution, given that a number of glioma
cell lines lack E-cadherin expression.

USP15 is known to be a tumor suppressor as it promotes
apoptotic processes and is downregulated in drug-resistant
ovarian cancer (22). Additionally, regulation of the Wnt
signaling pathway is essential for a number of types of
cancer, including glioma; USP15 acts as a negative mediator
of this pathway by deubiquitylating and stabilizing the tumor
suppressor adenomatous polyposis coli, thereby promoting the
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degradation of B-catenin by the proteasome (34). Furthermore,
USP15 negatively regulates the nuclear factor NF-xB (NF-kB)
signaling pathway, which is required for cancer cell invasion, by
stabilizing IxB kinase-a, an inhibitor of NF-kB (35). However,
evidence indicates that USP15 serves an opposing role in
cancer cells, as exemplified by the USP15-dependent promo-
tion of glioblastoma oncogenesis (24) and the USP-induced
increase in MDA-MB-231 cell migration (23). With regards
to the increase in migration, the present study revealed that
USPI15 promoted cell invasion and proliferation in glioma
cells. The fact that USP15 was identified to serve a dual
function was expected, as certain DUBs have already been
documented to exhibit detrimental or protective dual functions
in cancer, depending upon the context and cell type in which
these specific DUBs function (21). For instance, USP2 rescues
prostate cancer cells from apoptosis by stabilizing fatty-acid
synthase (36) and deubiquitylates relevant apoptosis-inducing
factors, thereby promoting cell death (37). These data reveal
that the pro-cancer function of USP15 may contribute to an
improved understanding of the gene, and may rationally delin-
eate its complex interaction with key genes associated with
cancer cell invasion and proliferation.

In conclusion, the present study identified a positive
association between USP15 expression and cell invasion and
proliferation in U87-MG and U251-MG cells, providing an
insight into the importance of USP15 in a subset of high-grade
gliomas. Future studies should focus on identifying the
detailed molecular mechanisms underlying glioma invasion
and proliferation. Since DUBs have been demonstrated to
be targetable by small organic molecules, USP15 may be a
potential therapeutic target and may contribute toward novel
therapeutic interventions in GBM.
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