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Downregulation of LRIG1 expression by RNA interference
promotes the aggressive properties of glioma cells
via EGFR/Akt/c-Myc activation
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Abstract. The LRIGI [leucine-rich repeats and immu-
noglobulin-like domains (LRIG)] gene is not universally
downregulated in human cancers, and its role in tumorigenesis
and the development of glioma has not been well addressed.
In this study, we used short hairpin RNA (shRNA)-triggered
RNA interference (RNAi) to block LRIGI gene expression
in the GL15 human glioma cell line. Specific downregulation
of LRIGI by shRNA resulted in significantly enhanced capa-
bilities of proliferation, inhibition of apoptosis and invasion
in the GL15 cells. LRIGI repression induced marked activa-
tion of epidermal growth factor receptor (EGFR), protein
kinase B (Akt) and c-Myc signaling molecules. Our results
demonstrated that RNAi against LRIG1 may effectively
downregulate LRIG1 gene expression. LRIG1 functions
as a tumor suppressor in the pathogenesis of glioma via
EGFR/Akt/c-Myc activation.
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Introduction

Glioblastoma multiforme (GBM), the most frequently
encountered primary malignant tumor of the central nervous
system, has an extremely poor prognosis in spite of treatments
including surgery, radiotherapy, chemotherapy and immuno-
therapy. GBM is characterized by uncontrolled cell growth and
diffused infiltration of adjacent normal brain tissues, making
complete surgical resection virtually impossible and relapse
inevitable. The 2-year survival rate of GBM patients is no more
than 27% even for those patients treated with radiotherapy plus
temozolomide (1). Therefore, there is an urgent need for devel-
oping novel therapeutic strategies for glioblastomas. Currently,
gene therapy is considered a new possible approach.

The human leucine-rich repeats and immunoglobulin-like
domains (LRIG) gene family consists of 3 homologous genes,
LRIGI1, LRIG2 and LRIG3, which were observed to be widely
expressed in human tissues (2,3). The first identified member
in this family, the LRIGI gene, located at chromosomal band
3pl4, a common region where homozygous deletions often
occur in several types of tumors, demonstrated high expres-
sion in the brain relative to other tissues (4-6). When compared
with the corresponding normal tissues, LRIGI expression
appeared reduced or even absent in several types of tumors
(7-10). It has been reported that LRIG1 enhanced the ubiqui-
tylation and degradation of epidermal growth factor receptor
(EGFR) and was involved as a negative feedback attenuator of
the EGFR-mediated signaling (11). The LRIGI gene has been
proposed as a tumor suppressor and a prognostic predictor in
several types of tumors (12-14). To date, a survey of public
data demonstrates that LRIG1 gene expression does not reveal
a general downregulation in human tumors. For example, the
overexpression of the LRIG1 gene has been observed in pros-
tate cancers (15,16), leukemia and astrocytoma (17) compared
to the corresponding normal tissues.

As to the effect of LRIG1 on glioblastoma, our previous
study demonstrated that the upregulation of LRIG1 expression
induced apoptosis and suppressed the growth of glioma cells
(18). Moreover, we discovered that the perinuclear localiza-
tion of the LRIGI protein in astrocytic tumors was associated
with low WHO grade and better survival of the patients (19).
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The effect of LRIG1 knockdown on the malignant properties
of glioma cells and the underlying mechanism has yet to be
reported. In this study, we designed two short hairpin RNA
(shRNA) plasmids targeting the LRIG1 gene and successfully
transfected them into a human glioblastoma cell line, GL15.
The transfected cells demonstrated a markedly decreased
expression levels of LRIG1 mRNA and protein. The specific
and effective downregulation of LRIGI resulted in a signifi-
cantly increased proliferative rate, decreased apoptosis and
increased invasive capability of GL15 cells. We also explored
the possible underlying mechanisms of the effects of LRIG1
knockdown. We demonstrated that LRIG1 downregulation
notably increased the activation of EGFR, AKT and c-Myc.
These results demonstrated that LRIG1 downregulation
promoted the malignant properties of glioma cells by
enhancing the activation of EGFR/Akt/c-Myc and led to the
proposal that LRIG1 may act as a tumor-suppressor gene in
glioblastoma.

Materials and methods

Cell line and culture. The human glioblastoma GL15 cell line
was kindly donated by Dr Hékan Hedman (Umeé University
Hospital). GL15 cells were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Hyclone, Logan, UT, USA) under a
humidified atmosphere of 5% CO, at 37°C. The medium was
replaced normally every 3 days. Cells were passaged every
5 or 6 days and routinely examined.

Vector-based plamid construction for short hairpin RNAs.
The full-length sequence of human LRIGI mRNA was
obtained from Genbank (accession: NM_015541)(4). Short
interfering RNAs (siRNAs) targeting against LRIG1 were
designed by means of a web server (http://jura.wi.mit.edu/
bioc/siRNA) (20) and according to the principle of Tuschl (21).
Two target sequences were selected from the screening results
and synthesized as documented in Table I. One unspecific
sequence with no homology to any human-derived gene was
also synthesized as the negative control to provide a baseline
for experiments. The structure of the oligonucleotides is
BamHI + sense chain + loop + antisense chain + termina-
tion signal + Sall + HindIII. The hairpin siRNA inserts were
separately ligated into BamHI-HindIlIl linearized pGenesil-2
vector (Genesil Corp., Wuhan, China) according to the manu-
facturer's instructions. All the inserted sequences were verified
by DNA sequencing. Each constructed plasmid contains the
neomycin/kanamycin-resistance gene to enable the selection
of kanamycin-resistant colonies in bacteria and G418-resistant
clones in mammalian cells. The RNA interference (RNAI)
plasmid DNAs for LRIGI and the negative control were then
prepared for cell transfection.

Stable transfection of GLI5 cells with pGenesil2-LRIGI
shRNA. GL15 cells were seeded on 6-well culture plates at
3x10° cell/well, maintained in DMEM containing 10% (v/v)
FBS and grown to 85-95% confluency. Metafectene transfec-
tion agents (Biontex, Munich, Germany) were then used to
perform the transfection strictly according to the manufac-
turer's instructions. After 48 h of transfection, the medium

XIE et al: DOWNREGULATION OF LRIG1 EXPRESSION

was replaced with complete medium containing 600 pg/ml
G418 (Amresco, Solon, Ohio, USA). After 2 weeks of selec-
tion, the G418-resistant clones that represented possible stably
transfected cells were individually selected and expanded for
further experiments.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR). Total RNAs from cultured cells were isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer's instructions. After the amounts of total RNA
were determined by ultraviolet (UV) spectrophotometry, 1 ug
of total RNA was used as a template for reverse transcription
using ReverTra Ace-A (Toyobo, Osaka, Japan). Quantitative
real-time PCR analysis was performed with SYBR-Green PCR
Master Mix (Toyobo) according to the manufacturer's protocol.
DNA primer sequences of LRIG1 were designed as follows:
sense, 5'GGT GAG CCT GGC CTT ATG TGA ATA3' and
antisense, 5'CAC CAC CAT CCT GCA CCT CC3'. The real-
time PCR program was used as follows: 50°C for 2 min, 95°C
for 2 min, followed by 35 cycles of 95°C for 15 sec, 60°C for
30 sec, 72°C for 45 sec and 72°C for 10 min. Each sample was
tested in triplicate and each real-time PCR experiment included
a positive and negative control. The relative gene expression
was quantified by Applied Biosystems and compared using the
Ct method. The mRNA levels of the target gene (2°22°") were
normalized to the endogenous 18-sec method reference (AACt)
and related to the amount of target RNA in the control sample,
which was set at 1.0 on the calibrator.

Western blotting and immunoprecipitation. Cells were scraped
into pre-cold RIPA buffer (Beyotime Biotech, Nantong, China)
for 10 min. All subsequent manipulations were performed on
ice. The supernatant containing the proteins was collected
after centrifugation. The protein concentrations were deter-
mined with a BCA protein assay kit (Beyotime Biotech). After
being mixed with 5X loading buffer, the protein samples were
subjected to heat-denaturation at 100°C for 5 min. Then the
protein (70 ug) of each sample was loaded onto 8% SDS-PAGE
gels for electrophoresis and transferred to nitrocellulose
membranes, which were blocked with TTBS (Tween-Tris-
buffered saline) containing 5% non-fat milk atroom temperature
for 1 h to prevent non-specific binding. Diluted polyclonal
rabbit anti-LRIG1 (1:1,000; Abcam, Cambridge, MA, USA),
monoclonal mouse anti-GAPDH and polyclonal rabbit anti-c-
Myc (1:1,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), polyclonal rabbit anti-phospho-EGFR and anti-EGFR
(1:1,000; Upstate Biotech, Lake Placid, NY, USA), polyclonal
rabbit anti-phospho-ERK, anti-ERK, anti-phospho-AKT and
anti-AKT antibodies (1:1,000; Cell Signaling Technology,
Danvers, MA, USA) were added and incubation was carried
out overnight at 4°C, respectively. The membranes were then
washed with TTBS 3 times and incubated with the 1:3,000
diluted corresponding secondary antibodies (goat anti-rabbit
IgG, goat anti-mouse IgG; ProteinTech, Chicago, IL, USA)
at 37°C for 1 h. After being washed with TTBS for 3 times,
the protein and antibody conjugations were visualized using a
DAB detection system. Images were captured and analyzed by
Quantity One software. For the immunoprecipitation experi-
ment, 1 mg of cell lysates obtained through NP-40 lysis buffer
(Beyotime Biotech) was subjected to precipitation with 2 ug of
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Table I. Oligonucleotide sequences of LRIG1-specific siRNA.
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Name siRNA sequences (5'-3") Target nucleotide sites on LRIG1 cDNA
pGenesil2-negative control ACTACCGTTGTTATAGGTG

pGenesil2-LRIG1 siRNA1 ACTCTCTGAGATTGACCCT 249-267
pGenesil2-LRIG1 siRNA2 GGCCTACCTTTCCTTAGAA 420-438

anti-EGFR primary antibody and protein A Sepharose CL-4B
(GE Healthcare, Waukesha, WI, USA). Precipitates were then
assayed using western blotting as previously described.

MTT assay. The proliferation rates of LRIG1-siRNA1 and
control cells were measured by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells
were seeded at a density of 5x10°/well in 96-well plates and
maintained in complete culture medium containing 300 pg/ml
G418 for 0, 3,6, 8 and 10 days. MTT (Sigma-Aldrich, St. Louis,
MO, USA) was then added to the medium at a final concen-
tration of 0.5 mg/ml. After 4 h of incubation, cells of each
well were dissolved in 150 ul dimethyl sulfoxide (DMSO)
(Sigma-Aldrich). The optical density (OD) was measured
using ELISA-type plate reader equipment at a wavelength of
490 nm with a baseline subtraction reading. Each time point
was repeated 6 times.

Cell cycle analysis by flow cytometry. The distribution of
different cell cycle phases (GO/G1, S or G2/M phase) is
characterized by DNA content, which is reflected by varying
fluorescent intensities of propidium iodide, a DNA binding
fluorescence dye. In this experiment, cells were synchro-
nized by serum starvation for 24 h, and then incubated
with complete medium for 48 h. Cells were harvested with
trypsin-EDTA, washed with chilled PBS twice and fixed with
70% ethanol at 4°C overnight. The fixed cells were collected,
re-suspended in 400 ul PBS containing 50 pg/ml propidium
iodide and 50 uxg/ml Rnase A (Sigma-Aldrich) for 30 min at
37°C in the dark. Cells (1x10°) for each sample were analyzed
using a FACScalibur II sorter and Cell Quest FACS system
(BD Biosciences, Franklin, NJ, USA). The proliferation index
(PI) = [(S + G2/M) / (GO/G1 + S + G2/M)], was calculated
according to the percentage of cells in different phases. The
experiment was performed in triplicate and the results were
averaged.

Annexin V-FITC/propidium iodide double labeling for
FCM-assessed apoptosis. The extent of spontaneous apop-
tosis was determined with an Annexin V-FITC/propidium
iodide kit (KeyGEN Biotech, Nanjing, China) according to
the manufacturer's instructions. Cells were synchronized by
serum starvation, and then incubated with complete medium
for 48 h. The cells were harvested through trypsinization,
centrifuged at 1,000 rpm and the pellet was re-suspended in
1X binding buffer at a density of 1x10° cells/ml. The prepared
suspensions (100 pl) for each sample were incubated with 5 ul
of FITC-conjugated Annexin V and 10 ul of propidium iodide
for 15 min at room temperature in the dark. Another 400 pul of
1X binding buffer was added to each sample before analysis.

FACScalibur II sorter and Cell Quest Research Software were
used as previously described. The experiment was performed
in triplicate.

Cell invasion assay. The invasive capability of GLI15 cells
in vitro was measured by Transwell chamber assay. Diluted
ECM (Sigma-Aldrich) gel solution (50 ul) was added to the
upper chamber of the Transwell insert (6.5 mm, 8-ym pore
size; Costar Inc.). The inserts were incubated at 37°C for
4 h for gelling and were pretreated with serum-free DMEM
medium at 37°C for 1 h before seeding cells at a density of
2x10* cells/well in 100 ul medium with 1% FBS. The lower
chambers were filled with 500 1l DMEM containing 10%
FBS. After 24 h of incubation at 37°C with 5% CO,, the cells
on the upper side of the insert filter were removed with a cotton
swab and cells that had invaded through the ECM-coated filter
were fixed in 10% methanol and stained with trypan blue. The
number of invaded cells was counted under a light microscope
at a magnification of x200 in 5 predetermined fields. The
experiment was performed in triplicate.

Gelatin zymography. Equal numbers of cells (2x10%/well)
were seeded in 6-well plates and grown in media containing
10% FBS for 24 h. The media were then replaced with fresh
DMEM without serum. After incubation for 24 h, the condi-
tioned media were harvested and subjected to the analysis for
gelatinolytic activities of matrix metalloproteinase-2 (MMP-2)
and MMP-9. Briefly, equal amounts of conditioned media
were separated by 10% SDS-polyacrylamide gels impregnated
with 0.1% gelatin. The gels were washed twice with 2.5%
Triton X-100 for 45 min and incubated with zymogram devel-
oping buffer at 37°C for ~48 h. The gels were then stained with
a staining solution (0.5% Coomassie Blue, 45% methanol and
10% acetic acid) for 3 h, and destained in 45% methanol and
10% acetic acid. Zones of gelatinolytic activity were detected
as clear bands against a blue background.

Statistical analysis. The data are expressed as the means + stan-
dard deviation (SD). Statistical analyses were performed using
SPSS statistical software (SPSS Inc.). For group comparison
the Student's t-test followed by a least significant difference
t-test (LSD) were used. P<0.05 was considered to indicate a
statistically significant difference.

Results

The vector expressing LRIGI shRNA causes specific and
effective downregulation of LRIGI expression. Two shRNA-
expressing plasmids (siRNA1 and siRNA?2) and a negative
control plasmid were constructed and stably transfected into



180

XIE et al: DOWNREGULATION OF LRIG1 EXPRESSION

Table II. Effects of LRIG1 downregulation on the distribution of cell cycle phases of GL15 cells.

Groups Samples GO0/G1(%) S (%) G2/M (%) PI (%)
Control 4 77.59+4.13 15.22+3.71 7.19+1.39 22.41+4.13
siRNA1 4 28.79+4.00° 10.23+2.04° 60.98+5.22° 71.21+4.00°
Data are presented as the means = SD, *P<0.05, *P<0.01. PI, proliferation index.
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Figure 1. LRIGI expression was effectively downregulated by vector-based RNA interference. (A) GLI15 cells were transfected with different LRIG1-siRNA
and negative control constructs. LRIGI mRNA was quantified by real-time RCR. The LRIGI mRNA was significantly inhibited by the LRIG1 siRNA1
construct. (B) The protein levels of LRIG1 were measured by western blotting and semi-quantitative data are displayed in the lower panel. Compared with the
control, the protein levels of LRIGI in the siRNA1- and siRNA2-transfected GL15 cells were reduced by 50.5 and 10.1%, respectively. Data are presented as

the means + SD ("P<0.05, “P<0.01).

GL15 cells. The LRIGI and housekeeping gene, glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), mRNA and
protein levels were measured by quantitative real-time PCR
and western blotting, respectively (Fig. 1). Compared with
the negative control cells, LRIGI transcripts were reduced
by 73.5 and 50.4% in the siRNAI1- and siRNA2-transfected
cells, respectively (Fig. 1A). In line with the real-time PCR
results, the expression level of the LRIGI protein was reduced
by 50.5 and 10.1% in the siRNA1 and siRNA2 cells, respec-
tively (Fig. 1B). The results indicated that the expression of
LRIGI was downregulated specifically and effectively by
LRIG1 shRNA and that siRNAI exhibited a stronger knock-
down ability compared to siRNA2. Thus the LRIGI-siRNA1
transfected cells were expanded for further study.

Effects of LRIGI silencing on cell proliferation. Having estab-
lished the effective LRIG1-specific knockdown transfectant,
we used MTT assay to examine th e cell proliferation of the
transfected cells. The proliferation rate of GL15 cells stably
expressing siRNA1 was significantly higher compared to that
of the negative control cells (Fig. 2A).

To investigate whether LRIG1 promotes cell proliferation
by regulating the cell cycle progression, fluorescence-activated
cell sorting following propidium iodide staining was performed
(Fig. 2B). The number of cells in the G2/M phase significantly
increased in the LRIG1-siRNAI cells compared to the nega-

tive control cells. The PI was calculated and a marked increase
in Pl in LRIGI1-siRNA1 cells was observed (Table II). The data
demonstrated that LRIG1 knockdown resulted in an increase
of cell proliferation in GL15 cells.

Effects of LRIGI silencing on cell apoptosis. To determine
the extent of spontaneous apoptosis, we analyzed the apop-
tosis in the LRIGI-siRNA1 and control cells by double
staining with Annexin V-FITC and propidium iodide via
flow cytometry. The percentages of apoptotic cells were
7.05+1.45 and 13.66+2.36% in the LRIG1-siRNA1 and nega-
tive control cells, respectively (P<0.01) (Fig. 3). The level
of spontaneous apoptosis was significantly decreased in the
LRIGI-siRNA1 cells. The percentage of cells that accumu-
lated in the lower left quadrant was much higher as compared
with the negative control cells, indicating that the number of
normal proliferative cells was increased compared with that of
the control cells, which was in accordance with the results of
the cell cycle analysis by flow cytometry.

Effect of the downregulation of LRIGI on the invasive capa-
bility of the GLI15 cells. Invasive growth pattern is a distinct
characteristic feature of glioblastoma and prevents total tumor
resection. ECM gel-coated Transwell chamber assay was used
to investigate the effect of the knockdown of LRIGI on invasive
capability. The number of invading cells was 158.2+20.0 in the
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Figure 2. Effect of LRIG1 knockdown on cell proliferation and the cell cycle. (A) The proliferative capability of GL15 cells (LRIG1-siRNA1 and the control)
were measured by MTT assay at the indicated times. The growth rate of LRIG1-siRNA1 cells was markedly higher compared to that of the negative control
cells. Data are presented as the means + SD. (B) To further confirm the effect of LRIGI on cell growth, cell cycle distribution was analyzed by FACS. The
number of cells in the G2/M phase was significantly increased in the LRIG1-siRNA1 targeted cell group compared with the negative control.
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Figure 3. Effect of the downregulation of LRIG1 on the apoptotic rate of GL15 cells. (A) Representative flow cytogram of Annexin V binding vs. propidium
iodide uptake is shown. (B) Total apoptosis (early apoptosis plus late apoptosis) of LRIG1-siRNA and control cells is presented. The total apoptotic rates were
7.05+1.45 and 13.66+2.36% in the LRIG1-siRNAT1 and control cell groups, respectively, which demonstrated that LRIG1-siRNA1 decreased apoptosis in GL15

cells. Data are presented as the means + SD of 4 experiments. (“P<0.01).

LRIGI1-siRNAL cells and 65.3+5.4 in the negative control cells
(Fig. 4A and B). The downregulation of LRIGI significantly
increased the invasive capability of the GL15 cells.

The MMPs are closely related to the invasive capability.
Using gelatin zymography, we further examined the gelatinolytic
activity of MMPs in LRIG1-siRNA1 cells. The results revealed
that the levels of MMP-2 and MMP-9 expression were both
significantly increased in LRIG1-siRNA1 cells in comparison
to the control cells (Fig. 4C). These data indicated that LRIG1
knockdown enhanced the invasive capacity of GL15 cells.

LRIGI silencing promotes the activation of EGFR, AKT and
c-Myc. Previous studies have demonstrated that LRIG1 forms
a protein complex with EGFR in several non-glioma cell
lines. In the present study, using the co-immunoprecipitation
experiment, we demonstrated that LRIGI also forms a specific
protein complex with endogenous EGFR in the GL15 cell line
(Fig. 5A).

In this study, we further investigated the effect of LRIGI-
siRNA1 on the EGFR-mediated downstream signaling
pathways of PI3K/Akt and MAPK/ERK. When stimulated
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Figure 4. Downregulation of LRIGI increases the invasive capability of the GLI15 cells. (A) Invasive ability was measured by the Transwell invasion chamber
assay; 2 representative microscopic fields are shown. (B) The number of invading cells was counted under a microscope (magnification, x200) in 5 predeter-
mined fields, and the results from 3 separate chambers were then averaged and shown as the means = SD (“P<0.01). (C) Effects of gelatinolytic activity were
measured by gelatin zymography. The gelatinolytic activity of MMP-2 and MMP-9 in LRIG1-siRNA cells was increased compared to the control.

with EGF, the phosphorylation of EGFR in the LRIG1-siRNA1
cells was notably increased particularly under the 5-min
stimulation (Fig. 5B). The phosphorylated Akt level was also
observed to be increased in the LRIG1-siRNA1 group for all
three stimulation points, whereas, the ERK phosphorylation in
the LRIG1-siRNA1 group was not significantly different from
the control group. Similar to the results of the treatment with
EGF, LRIGI-siRNAI cells cultured in complete medium for
48 h after synchronization demonstrated a markedly increased
phosphorylated Akt level and no significant difference in the
expression of ERK phosphorylation (Fig. 5C). This data clearly
indicated that the EGFR-mediated PI3K/Akt pathway was
dominantly activated by LRIGI knockdown. In addition, the
oncogene-c-Myc, involved in cell proliferation and cell cycle
regulation demonstrated an increased expression in siRNA1
cells (Fig. 5C).

Discussion

In the present study, we successfully established LRIG1 knock-
down glioblastoma cells, in which the expression of LRIG1
was specifically and effectively inhibited by siRNA. The
downregulation of LRIG1 markedly enhanced the malignant
properties of glioblastoma cells, such as increased proliferative
and invasive capabilities and a decreased apoptotic rate. To
the best of our knowledge, for the first time, we demonstrated
that LRIGI silencing promoted the aggressive capabilities of
glioblastoma cells by the activation of EGFR/AKT/c-Myc.
Glioblastoma multiforme (GBM) is the most common
and devastating malignant tumor in the brain. Traditional
therapeutic modalities are ultimately ineffective in curing this
cancer, due to a diffusive infiltrative growth pattern, which

contributes to the difficulty of achieving complete tumor
resection and to the radio-resistance of glioma cells (22).
Based on an ever-increasing understanding of several key
signaling pathways involved in growth, proliferation, survival
and apoptosis, it is critical to explore novel therapeutic strate-
gies that target these pathways to improve the treatment of
malignant glioma in the future. The overexpression of EGFR
is one of the most frequent signaling mutations in GBM. The
average amplification rate for EGFR in GBM is ~35% (23),
suggesting that inhibiting EGFR may be a possible therapeutic
strategy for GBM treatment. The overexpression of EGFR
induces the expression of LRIGI, which, in turn, interacts
with EGFR and attenuates the EGFR-mediated signaling
pathway (11). However, the exact role of LRIG1 and the under-
lying mechanism of the interaction of LRIG1 with EGFR in
the tumorigenesis and development of glioblastoma remain
unknown.

LRIGI-siRNA cells exhibited higher proliferative ability
compared with the negative control cells. Consistent with
a previous report that cell cycle progression was involved
in the process of tumor growth (24), our study revealed a
profound effect of LRIG1-knockdown on cell cycle distribu-
tion, evidenced by an accumulation of cells in the G2/M phase.
G2/M-arrested cells were observed to express an increased
amount of survivin to resist chemotherapy (25), indicating
that the downregulation of LRIGI in glioblastoma cells may
enhance the capability of chemotherapy resistance. Moreover,
the apoptosis rate confirmed by flow cytometry was notably
decreased in LRIGI-knockdown cells. From these results,
we suggest that the downregulation of LRIG1 promotes cell
growth and survival of glioblastoma cells by increasing the
proliferative and anti-apoptotic capabilities.
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Figure 5. Downregulation of LRIGI enhances the activation of EGFR, AKT and c-Myec. (A) GL15 cells were cultured in complete medium for 48 h after
synchronization. Cell lysates were immunoprecipitated with anti-EGFR antibody and blotted with LRIGI and EGFR antibodies. (B) After synchronization
for 24 h, LRIG1-siRNA1 and the control cells were stimulated with EGF (100 ng/ml) in serum-free medium for the times as indicated. The expression levels
of the target proteins were analyzed by western blotting. (C) LRIG1-siRNA1 and the control cells were cultured in normal complete medium for 48 h after
synchronization and cell lysates were detected by western blotting for the levels of the indicated proteins.

Besides uncontrolled cell growth, cell invasion through
white matter tracts is also recognized as a hallmark of glioma
(26). Adhesion to the extracellular matrix (ECM) and degra-
dation of the ECM are two important steps in tumor cell
invasion. Aiming at these processes, we used the ECM-coated
Transwell chamber assay to evaluate the effect of LRIG1
knockdown on the invasive ability of GL15 cells. The silencing
of LRIGI1 in GLI1S5 cells promoted the cell invasive activity
in vitro, indicating that LRIGI may inhibit the invasive capa-
bility of glioblastoma cells. A crucial role in the process of
ECM degradation is attributed to matrix metalloproteinases
(MMPs) especially MMP-2 and MMP-9, which are consid-
ered to be suitable predictors of glioma cell invasion and
demonstrate a positive correlation with the histopathological
malignant grade of glioma (27,28). Gelatin zymography, which
was used to determine the activities of MMP-2 and MMP-9,
demonstrated that levels of both proteins were increased
following LRIGI knockdown of the GL15 cells, suggesting
that LRIGI knockdown enhanced the invasive capability of
GL15 cells by increasing MMP-2 and MMP-9 expression.

To further explore the potential mechanisms promoting
aggressive behaviors mediated by LRIG1 knockdown, we eval-
uated the active state of EGFR and its downstream signaling
proteins including AKT and MAPK. As mentioned above,
EGFR was overexpressed in multiple GBM cases and played a
significant role in regulating other intracellular signaling path-
ways including PI3K/Akt and RAS/MAPK, contributing to
cell survival, proliferation, invasion and angiogenesis (29,30).

A previous study with other cell lines demonstrated that
the upregulation of LRIG1 promoted ubiquitylation and degra-
dation of EGFR by receptor combination with leucine-rich
repeat (LRR) as well as immunoglobulin-like (Ig) domains
of LRIGI protein (11). Consistent with previous studies that
LRIGI may form a protein complex with EGFR in non-glioma

cell lines (11,31) our study confirmed that endogenous LRIG1
interacted with endogenous EGFR and formed a protein
complex in glioblastoma cells. The downregulation of LRIG1
notably increased the activation of EGFR, which was consis-
tent with our previous report that LRIG1 suppressed glioma
cell growth by inhibiting EGFR (18). The increased activation
of EGFR induced the activation of the downstream signaling
pathway molecule Akt, demonstrating that the signaling
pathway of PI3K/Akt was enhanced, contributing to the
increased proliferative, anti-apoptotic and invasive capabilities
of LRIG1-siRNA GL15 cells. However, LRIG1 knockdown in
GLI15 cells revealed no significant effect on ERK activation.
Therefore, we propose that the EGFR-mediated PI3K/Akt
pathway was dominantly activated by LRIG1 knockdown, at
least in the GL15 cell line.

In addition to the two crucial signaling molecules, we also
focused on c-Myc, a proto-oncogene which exhibits a positive
correlation with the malignant grade of tumors and contributes
to the deregulated proliferation and survival of glioma cells
and stem cell self-renewal (32,33). LRIGI maintains stem cells
in quiescence by EGFR downregulation (34), suggesting a
potential cross-network between c-Myc and LRIGI in glioma
cells. c-Myc is also an important factor in cell proliferation
by cell cycle progression from the G1 to the S phase (35). In
our study, we observed that c-Myc expression was markedly
increased in LRIG1-siRNA cells, which may partly explain
the G2/M arrest of LRIGI knockdown in the GL15 cells.

To the best of our knowledge, we demonstrated for the
first time that the downregulation of LRIGI promoted the
aggressive properties of glioblastoma cells including prolif-
erative, anti-apoptotic and invasive capabilities via enhancing
the activation of EGFR/Akt/c-Myc. These results provide
profound evidence for the proposal that LRIGI acts as a tumor
suppressor gene in glioblastoma cells. Further investigation
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regarding the underlying mechanisms and biological effects of
LRIGI knockdown in vivo is warranted and the applicability
of amplifying LRIGI in glioblastoma therapy deserves further
investigation.

The limitation of this research was that this study was

performed in vitro and only focused on one glioblastoma cell
line. Further experiments are required to confirm our results
using other cell lines in vitro and animal models in vivo.
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