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Epithelial membrane protein 1 promotes glioblastoma
progression through the PI3K/AKT/mTOR signaling pathway
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Abstract. Glioblastoma multiforme (GBM) is the most
malignant intracranial tumor. Although the affected patients
are usually treated with surgery combined with radiotherapy
and chemotherapy, the median survival time for GBM patients
is still approximately 12-14 months. Identifying the key
molecular mechanisms and targets of GBM development may
therefore lead to the development of improved therapies for
GBM patients. In the present study, the clinical significance and
potential function of epithelial membrane protein 1 (EMP1) in
malignant gliomas were investigated. Increased EMP1 expres-
sion was associated with increasing tumor grade (P<0.001)
and worse prognosis in patients (P<0.001) based on TCGA,
Rembrandt and CGGA databases for human gliomas. In vitro,
gene silencing of EMP1 in U87MG and P3 GBM (primary
glioma) cells significantly inhibited tumor proliferation and
invasion. In addition, it was revealed that activation of the
PI3BK/AKT/mTOR signaling pathway is the driving force of
EMPI1-promoted glioma progression. Finally, it was demon-
strated, using an intracranial GBM animal model, that EMP1
knockdown significantly inhibits tumor growth in vivo and
increases overall survival in tumor-bearing animals. Our
research provides new insights into the molecular mecha-
nisms underlying EMP1 knockdown-mediated inhibition
of GBM cell invasion and raises the possibility that targeting
of EMPI1 may represent a promising strategy for the treatment
of GBM.
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Introduction

Glioblastoma multiforme (GBM) is the most malignant
primary human brain tumor. Tumors are characterized by a
high proliferation rate and chemoresistance (1).

Although the combination of radiotherapy and chemo-
therapy has progressed after surgical resection, the 5-year
survival rate of WHO grade IV glioblastoma is still lower
than 5% (2,3). Although significant progress has been
made in understanding the molecular status of this type of
tumor, there is still a need for new and effective therapeutic
approaches (4-6).

Epithelial membrane protein 1 (EMP1) is a member
of the EMP family that has been implicated as a cell junc-
tion protein on the plasma membrane (7). However, little is
known about its specific functions and mechanisms. Recently,
several members of the EMP family have been indicated to
participate in cancer progression. EMP1 has been revealed to
be a novel poor prognostic factor in pediatric leukemia and
gastric carcinoma by regulating cell proliferation, migration
and invasion, and was demonstrated to be involved in gefitinib
resistance in lung cancer (8,9). EMP1 was also identified as
a novel MYC-interacting gene with cancer-related functions
in GBM (10). However, the biological role of EMP1 in GBM
remains unclear.

To the best of our knowledge, we are the first to determine
the important role of EMP1 in GBM. In the present study, it was
revealed that knockdown of EMP1 inhibited GBM cell prolif-
eration, migration and invasion. In addition, it was determined
that EMP1 is an independent predictor of poor prognosis in
GBM patients. To sum up, our data indicated that EMP1 is a
potential therapeutic target for the treatment of GBM.

Materials and methods
Ethical statement. All animal procedures were approved by
the Institutional Animal Care and Use Committee (IACUC)

of Shandong University (Jinan, China).

Database searches. The Cancer Genome Atlas (TCGA,
http://cancergenome.nih.gov/), Rembrandt (http://www.
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betastasis.com/glioma/rembrandt/), and the Chinese Glioma
Genome Atlas (CGGA, http://www.cgga.org.cn/) were mined
for relevant molecular data.

Cell lines and cultures. Human glioblastoma cell lines
U251 (cat. no. TCHu58), A172 (cat. no. TCHul71) and
human glioblastoma of unknown origin cell line U87MG
(cat. no. TCHul38, authentication was performed using
STR Multi-Amplification Kit in Guangzhou Cellcook
Biotech Co., Ltd.) were purchased from the Chinese
Academy of Sciences Cell Bank (Shanghai, China). Human
fibroblast glioblastoma cell line T98, primary human GBM
biopsy xenograft propagated tumor cells P3 and normal
human astrocytes were kindly provided by Professor
Rolf Bjerkvig, University of Bergen (Bergen, Norway).
Cells were cultured in Dulbecco's modified Eagle's
medium (DMEM; cat. no. SH30022.01B; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(cat. no. 10082147; Hyclone; GE Healthcare Life Sciences)
in 5% CO, in a humidified incubator at 37°C.

Immunohistochemical staining. Samples were fixed in 4%
formalin at 20°C for 24 h, paraffin-embedded and sectioned
(4 pum). After dewaxing and rehydration, sections were
incubated with 0.01 M citrate buffer at 95°C for 20 min
for antigen retrieval. Endogenous peroxidase activity and
non-specific antigen were blocked with 3% hydrogen peroxide
and 10% normal goat serum (both from ZSGB-Bio; OriGene
Technologies, Inc.), respectively, followed by primary antibody
(EMPI; 1:100; cat. no. 63735; LifeSpan BioSciences) over-
night at 4°C. Sections were washed with phosphate-buffered
saline (PBS), treated with goat anti-rabbit secondary antibody
(cat. no. 1:200; cat. no. PV-9000; ZSGB-BIO), visualized with
3,3'-diaminobenzidine (DAB; both from ZSGB-Bio; OriGene
Technologies, Inc.), and hematoxylin (Beyotime Institute of
Biotechnology). Normal mouse serum served as a negative
control.

shRNA transfections. Short hairpin (sh)-EMP1 (#1: GTT
TGTTAGCACCATTGCCAATGTTTCAAGAGAACATTG
GCAATGGTGCTAACAAATTTTTT; #2: GGTCTTTGG
AAAAACTGTACCAATTCAAGAGATTGGTACAGTTTT
TCCAAAGACCTTTTTT; #3: GCCAGTGAAGATGCCC
TCAAGACATTCAAGAGATGTCTTGAGGGCATCTTCA
CTGGTTTTTT), were conjugated in the lentiviral vector of
pLKO.1 with a puromycin resistant region (GenePharma).
U87MG and P3 GBM cells were plated and infected with
lentiviruses expressing sh-EMP1 for 24 h, followed by puro-
mycin selection (2 mg/ml; Sigma-Aldrich; Merck KGaA).
Western blotting was performed to verify knockdown
efficiency and cells were allocated for different assays.

Cell viability assays. Cell viability was assessed using
Cell Counting Kit-8 (CCK-8; cat. no. CK04-500; Dojindo
Molecular Technologies, Inc.). Cells (1.0x10* cells/well) were
seeded into 96-well plates and incubated at 37°C overnight.
After the desired treatment, the cells were incubated with
10 ul of CKCK-8 in 100 pl of serum-free DMEM for a further
4 h at 37°C. The absorbance at 450 nm was measured using a
microplate reader (Bio-Rad Laboratories, Inc.).
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Western blot analysis. Cell lysates (20 pug protein) were
subjected to western blot analysis, according to previously
described protocols (11). Membranes were incubated with
the following antibodies from Cell Signaling Technology:
AKT (dilutions 1:1,000, cat. no. 9272), p-Akt (Serd473, dilution
1:1,000; cat. no. 4060), mTOR (dilution 1:1,000; cat. no. 2972),
p-mTOR (Ser2448, dilution 1:1,000; cat. no. 2974), GAPDH
(dilution 1:1,000; cat. no. 5174). Additional antibody was
EMP1 (dilution 1:1,000; cat. no. 63735; LifeSpan BioSciences).

Cell migration and invasion assays. The wound healing assay
was used to assess cell migration. U§7MG and P3 GBM cells
were seeded into 6-well flat bottom plates and incubated over-
night at 37°C. The cell-free space was created by scraping with
a 200-pl pipette tip. Wound closure areas were monitored at
different time-points under a microscope and quantified using
ImageJ software (National Institutes of Health). Cell inva-
sion assays were performed in uncoated and Matrigel-coated
Transwell chambers (8-um pore size inserts; Corning, Inc.).
Cells (2x10*) in medium containing 1% FBS (200 ul) were
seeded in the top chamber. The lower chamber was filled with
medium containing 30% FBS (600 pl). The cells that invaded
the lower surface were fixed with 4% paraformaldehyde
(Solarbio; Beijing, China) at 20°C for 15 min, stained with
0.1% crystal violet (Solarbio) at 20°C for 15 min and counted
under a bright field microscope. Images were captured from 5
random fields in each well and the number of cells was deter-
mined using Kodak MI SE 5.0 software (Carestream Health).
Each experiment was repeated three times.

Intracranial xenograft model. Athymic mice (male; 4 weeks
old; 20-30 g) were provided by Shanghai SLAC Laboratory
Animal Co., Ltd. The mice were anesthetized with 5% chloral
hydrate and secured on a stereotactic frame. A longitudinal
incision was made in the scalp and a 1-mm diameter hole
was drilled 2.5 mm lateral to the bregma. Luciferase-stable
P3 GBM cells (2x10°) in 20 pul of serum-free DMEM were
implanted 2.5 mm into the right striatum using a Hamilton
syringe. Mice were monitored by bioluminescence imaging
every week. Briefly, mice were injected with 100 mg of
luciferin (Caliper; PerkinElmer, Inc.) while anesthetized
with 3% isoflurane, followed by a cooled charge-coupled
device camera (IVIS-200; Xenogen; Alameda, CA, USA).
Bioluminescence values of tumors were quantitated using the
Living Image 2.5 software package (Xenogen Corp.). Mice
were sacrificed by CO, inhalation and dislocation of neck after
30 days or when they developed neurological symptoms such
as rotational behavior, reduced activity or displayed grooming
and dome head. The brains were extracted, perfused with 4%
paraformaldehyde in PBS and coronally sectioned for immu-
nohistochemistry assays.

Statistical analysis. Three independent experiments were
performed, and results were expressed as the mean + the
standard deviation (SD). Data were compared using paired
Student t-tests or one-way ANOVA followed by Bonferroni
tests in GraphPad Prism 6 software (GraphPad Software,
Inc.). P-values determined from different comparisons <0.05
were considered statistically significant and are indicated as
follows: "P<0.05; “P<0.01; “"P<0.001.
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Figure 1. EMPI expression is positively correlated with tumor grade. (A) Forest plot of EMP1 expression levels in glioblastoma (n=829) vs. non-neoplastic brain
tissue samples (n=47) from the publicly available Oncomine datasets. The x-axis is the standardized mean difference between glioblastoma and normal EMP1
expression based on a log, scale. (B) mRNA expression levels of EMP1 as determined using TCGA, CGGA, and Rembrandt databases. (C) Representative
images of IHC staining with anti-EMP1 antibody on human glioma and non-neoplastic brain tissue samples. Magnification x200, upper images; x400, lower
images. (D) Graphical representation of scoring performed on IHC staining of glioma and non-neoplastic tissue samples for EMP1 levels. (E) Western blot

analysis of EMP1 in lysates (20 pg) prepared from different grades of human gliomas (WHO grades I11-1V) and normal brain tissues.
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P<0.001 compared to

the controls. GBM, glioblastoma; EMPI, epithelial membrane protein 1; TCGA, The Cancer Genome Atlas; CGGA, Chinese Glioma Genome Atlas.

Results

EMPI expression is positively correlated with tumor
grade. To begin, to determine whether EMP1 was differen-
tially expressed between glioblastoma and normal tissues,
microarray data from patient samples were extensively
examined in the Oncomine database. A meta-analysis of five

independent glioblastoma data sets including 829 human
glioblastoma samples and 47 normal brain tissues revealed
that EMP1 was significantly and consistently present in glio-
blastoma in all data sets (Fig. 1A). To further verify the level
of EMPI in normal brain tissues and different grade glioma
tissues, the publicly available databases, The Cancer Genome
Atlas (TCGA), Rembrandt, and the Chinese Glioma Genome
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Atlas (CGGA) were systematically retrieved and a relatively
higher mRNA level of EMP1 was revealed in high grade
gliomas compared to low grade gliomas (P<0.01; Fig. 1B).
Immunohistochemistry results revealed that increased EMP1
levels were associated with increased glioma grade. EMP1 was
highly expressed in grade II/III astrocytoma and glioblastoma
(P<0.01), whereas staining was weak or absent in peri-tumor
tissues (Fig. 1C and D). Western blotting results corroborated
these results. EMP1 protein levels were increased in glioma
cases relative to peri-tumor tissues (Fig. 1E). Collectively,
these results demonstrated that EMP1 levels were increased in
glioma compared to normal brain tissues.

EMPI expression is inversely associated with glioblastoma
patient prognosis. The differences in expression levels of
EMPI in glioma and normal brain tissues prompted us to
further investigate whether EMP1 can be used as a prognostic
marker in glioma patients. Data from the TCGA, Rembrandt,
and CGGA databases was used to determine the relationship
between EMPI1 levels and overall survival (OS) in glioma
patients. Each sample was classified as EMP1-high expres-
sion if the signal was above the median expression for the
population. These data revealed significant differences in
OS and progression-free survival (PFS) between glioma
patients with low EMP1 expression and those with high
expression (Fig. 2).

Pathway analysis of EMPI and co-regulated genes. Next, to
further understand the biological implications of EMP1 in
gliomas, correlation analysis of EMP1 expression in whole
genome gene profiling was performed in TCGA. The results
revealed that 5,604 genes were correlated with EMP1 expres-
sion in TCGA database (P<0.01; Fig. 3A). As illustrated in
the volcano plot and heatmaps, these significant correlated
genes were separated into positively correlated and nega-
tively correlated genes (Fig. 3B and C). Subsequently, GO
analysis revealed that EMPI1 positively-correlated genes
were strongly associated with biological processes including
positive regulation of cell proliferation, negative regulation
of apoptotic process, cell adhesion and extracellular matrix
organization (Fig. 3D). In KEGG analysis, EMP1-correlated
genes were enriched in pathways in cancer, especially in the
PI3K/AKT signaling pathway (Fig. 3D).

Knockdown of EMPI inhibits proliferation, migration and
invasion in glioma cells in vitro. To determine the biological
roles in glioma, the expression level of EMP1 was first verified
in several glioma cell lines. Western blots results confirmed
that the expression levels of EMP1 protein were increased in
several glioma cell lines, especially in P3 GBM, which was
derived from a primary GBM through orthotopic passage in
mice (12-14), and U87MG cells (Fig. 4A). shRNA targeting
EMPI lentiviral constructs were designed for stable knock-
down of expression. EMP1 protein levels in U§7MG and P3
GBM cells were significantly downregulated after infection
with three different shRNAs against EMP1 compared to NC
constructs, especially sh-EMP1-2 (Fig. 4B). Therefore, this
shRNA was selected for the subsequent functional assays.

It was then determined whether EMP1 knockdown may be
effective against GBM, using the cell viability assay, CCK-8.
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Figure 2. EMP1 expression is inversely associated with GBM patient
prognosis. (A-C) OS analysis of EMP1°" and EMP1"&" groups in GBM
patients from TCGA, Rembrandt and CGGA databases. EMP1, epithelial
membrane protein 1; GBM, glioblastoma; TCGA, The Cancer Genome Atlas;
CGGA, Chinese Glioma Genome Atlas.

Knockdown of EMP1 led to significant decreases in cell
viability in both U§7MG and P3 GBM cells (P<0.05; Fig. 4C).
Having observed a marked change in cell morphology and
retraction of pseudopodia after knockdown of EMP1, a wound
healing assay was used to examine whether knockdown of
EMP1 affected migration in GBM cells. Knockdown of EMP1
led to a significant lower migratory rate both in U§7MG and
P3 GBM cells (P<0.01; Fig. 4D and E). Transwell analysis
was further applied to assess the inhibitory effect of EMP1
knockdown on cell invasion. In order to mimic the extracel-
lular matrix around glioma, U§7GBM and P3 GBM cells were
plated in the upper chambers of a Transwell system coated
with Matrigel. The results revealed that the invasive ability
of GBM cell was significantly decreased after knockdown of
EMP1 (Fig. 4F and G).

EMPI promotes human glioma progression through activation
of the PI3K/AKT/mTOR signaling pathway. It is well known
that abnormal activation of the PI3K/AKT/mTOR signaling
pathway promotes tumorigenesis, and in KEGG analysis,
EMPI1-correlated genes were enriched in the PI3K/AKT
signaling pathway (Fig. 3D). Therefore, phosphorylation status
of AKT and mTOR proteins after knockdown of EMP1 was
examined by western blotting to determine whether the observed
responses could be due to a decrease in PI3K/AKT/mTOR
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the Transwell assay.” P<0.001 compared to sh-NC. EMPI, epithelial membrane protein 1; GBM, glioblastoma.

signaling. Phosphorylated AKT and mTOR decreased
compared to sh-NC following knockdown of EMP1 in modi-
fied cells, demonstrating that the PI3K/AKT/mTOR signaling
pathway was inhibited after EMP1 knockdown (Fig. 5A).
After being treated simultaneously with the novel AKT acti-
vator SC79, the activation of the PI3K/AKT/mTOR signaling

pathway in GBM cells was partially restored. SC79 increased
phosphorylation of AKT and mTOR in EMPI-knockdown
GBM cells, and therefore further confirmed PI3K/AKT/mTOR
signaling as a molecular target for EMP1 knockdown of GBM
growth (Fig. 5B). CCK-8 and Transwell invasion assays were
repeated to assess whether SC79 could restore proliferation and
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Figure 5. EMP1 promotes human glioma progression through activation of the PI3K/AKT/mTOR signaling pathway. (A) Western blot analysis of EMP1,
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cells in the absence or presence of SC79 (5 pg/ml) for 24 h.”"P<0.01 and ““P<0.001. EMP1, epithelial membrane protein 1; GBM, glioblastoma.

invasion in EMPI1-knockdown GBM cells. The results demon-
strated that SC79 increased proliferation (~50 vs. 70%; sh-EMP1
vs. sh-EMP1+SC79; P<0.05) and invasion (~50 vs. 90%;
sh-EMP1 vs. sh-EMP1+SC79; P<0.05) in EMP1-knockdown
GBM cells (Fig. 5SC-E).

EMPI enhances growth of GBM cells in vivo. Considering the
heterogeneity of GBM, P3 GBM, which is an in vivo-propagated
primary GBM tumor cell line, was applied to investigate EMP1
function. Athymic nude mice (n=10) were implanted with lucif-
erase-stable P3 cells in an intracranial tumor model and tumor
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Figure 6. Knockdown of EMP1 suppresses GBM progression in vivo. (A) Luciferase-stable P3 GBM cells infected with lentiviruses expressing sh-NC or
sh-EMP1 were orthotopically implanted into athymic nude mice, and tumor growth was monitored using the IVIS-200 imaging system for detection of biolu-
minescence. Bioluminescent signals were measured at days 14 and 28 after implantation. (B) Bioluminescence values as a function of time at days 14 and 28 to
assess tumor growth. (C) Overall survival was determined by Kaplan-Meier survival curves, and a log-rank test was used to assess the statistical significance of
the differences. (D) Images of immunohistochemical staining for Ki-67, MMP2 and MMP9 in tumors from each group as indicated. "P<0.05. EMP1, epithelial

membrane protein 1; GBM, glioblastoma.

growth was monitored over time using bioluminescence values.
The results demonstrated that knockdown of EMP1 significantly
reduced tumor growth (~35x108 vs. ~20x10® photons/sec, sh-NC
vs. sh-EMP1; Fig. 6A and B). Kaplan-Meier analysis of the
survival data demonstrated a statistically significant difference
between sh-NC and sh-EMP1 mice (P<0.05, ~29 vs. >32 days,
sh-NC vs. sh-EMPI; Fig. 6C). Immunohistochemistry (IHC)
was performed on tissue sections from animals to examine
proliferation and invasion. Ki-67, a marker for proliferation,
MMP2 and MMP9, markers for invasion were decreased after
EMP1 knockdown (Fig. 6D).

Discussion

Molecular-targeting therapy has become a promising thera-
peutic strategy for extending the survival time of cancer patients.
Therefore, identifying novel therapeutic targets is critical for the
design of more effective tumor specific strategies (15). Recently,
several members of the EMP family have been indicated to
participate in cancer progression (16-19). For instance, it has
been reported that EMPI is an oncogene of resistance to gefi-
tinib in lung cancer, and it contributes to prednisolone resistance
in patients with acute lymphoblastic leukemia. EMP2 was
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reported to be a biomarker in endometrial and ovarian cancer
patients. Overexpression of EMP3 in breast cancer is signifi-
cantly associated with high expression level of HER-2 which
is one of the most important biomarkers of progression and
metastasis-free survival for urothelial carcinoma of the upper
urinary tract patients (19). Ramnarain et al revealed that the
expression of EGFRVIII resulted in upregulation of a small group
of genes including EMP1 in glioma cell lines (20). Bredel er al
revealed that EMPI is one of the novel MYC-responsive genes
in gliomas (10). These studies indicated that EMP1 may be an
oncogene in GBM, however, the biological role and underlying
mechanism of EMP1 in GBM remains unclear.

In the present study, EMP1 was identified as a potential
target of GBM molecular-targeting therapy. According to
the mRNA microarray of TCGA, Rembrandt and CGGA, it
was revealed that the mRNA level of EMP1 was increased
in glioma compared to normal brain tissues. The THC and
western blot results of GBM or normal brain tissues further
verified this view. Moreover, glioma patients with low EMP1
expression level had improved overall survival. Collectively,
these data indicated that EMP1 could be associated with the
malignancy of GBM and may serve as a novel prognostic
indicator in clinical practice.

Abnormal cell proliferation, migration and invasion are
hallmark characteristics of human gliomas. Many genetic
changes lead to uncontrolled growth through dysregulation
of proteins directly involved in cell cycle progression and cell
invasion (21). GO analyses revealed that EMP1-assosiated
genes exhibited significant enrichment mainly in processes
related to cell proliferation, adhesion and extracellular matrix
organization. The in vitro and in vivo data supported this anal-
ysis. EMP1 knockdown decreased the proliferation, migration
and invasion in glioma cells and reduced tumor growth in
orthotopic xenografts. Inhibition of cell proliferation can be
the cause of senescence, apoptosis and autophagic cell death.
Recent studies revealed that EMP1 also participated in naso-
pharyngeal and gastric cancer cell apoptosis (9,22). Therefore,
the cross-talk between EMP1 and senescence, apoptosis and
autophagic cell death requires further exploration.

Glioma progression is a dynamic process in which the
PI3K/AKT signaling pathway is a key event driving abnormal
proliferation, differentiation and invasion of tumor cells (23).
Mutations in the PTEN tumor-suppressor gene, a key regulator
of the PI3K/AKT signaling pathway, lead to misaligned path-
ways in tumor cells. Results of KEGG analysis revealed that
EMP1I-associated upregulated genes were mainly enriched
in the PI3K-AKT pathway. In the present in vitro study, the
expression levels of p-AKT and p-mTOR were both decreased
in EMPI1-knockdown GBM cells. However, in the presence
of an AKT activator, SC79, p-AKT and p-mTOR levels as
well as functional activities including proliferation, migra-
tion, and invasion were partially restored. In conclusion, the
PI3K/AKT/mTOR signaling pathway provides a molecular
basis for the inhibition of tumor growth through EMP1 knock-
down. However, the precise molecular mechanisms of the
cross-talk between EMP1 and PI3K/AKT/mTOR signaling in
gliomas require further investigation.

In summary, EMP1 facilitates proliferation, migration and
invasion of GBM cells both in vitro and in vivo potentially by
activation of the PI3K/AKT/mTOR signaling pathway. These
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results raise the possibility that targeting EMP1 may represent
a promising strategy for the treatment of GBM.
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