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Abstract

The human leucine-rich repeats and immunoglobulin-like domains (LRIG) gene family contains LRIG1, 2 and 3, encoding
integral membrane proteins with an ectodomain, a transmembrane domain and a cytoplasmic tail. LRIG1 negatively
regulates multiple receptor tyrosine kinases signaling including the epidermal growth factor receptor (EGFR) and is a
proposed tumor suppressor. The soluble LRIG1 ectodomain is demonstrated to be shed naturally and inhibit the
progression of glioma. However, little is known regarding the functions of LRIG2. In oligodendroglioma, LRIG2 expression is
associated with poor survival, suggesting that LRIG2 might have different functions compared with LRIG1. Since soluble
LRIG1 ectodomain has a similar function to the full-length LRIG1, we hypothesize that the different roles exerted by LRIG2
and LRIG1 result from the difference of their ectodomains. Here, we addressed the functions of LRIG2 and LRIG2
ectodomain in the proliferation and apoptosis of glioma and the possible underlying mechanisms. Firstly, we found that
LRIG2 expression levels positively correlated with the grade of glioma. Further, we demonstrated for the first time that
soluble LRIG2 ectodomain was capable of being released from glioblastoma cells and exerted a pro-proliferative effect.
Overexpression of LRIG2 ectodomain promoted the proliferation and inhibited the apoptosis of glioblastoma cells in vitro
and in vivo in a similar manner to the full-length LRIG2. Both full-length LRIG2 and LRIG2 ectodomain were found to
physically interact with EGFR, enhance the activation of EGFR and its downstream PI3 K/Akt pathway. To our knowledge,
this is the first report demonstrating that soluble LRIG2 ectodomain is capable of being released from glioblastoma cells and
exerts a similar role to the full-length LRIG2 in the regulation of EGFR signaling in the progression of glioblastoma. LRIG2
ectodomain, with potent pro-tumor effects, holds promise for providing a new therapeutic target for the treatment of
glioblastoma.
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Introduction

Glioblastoma multiforme (GBM) is by far the most common

and lethal type of brain cancer. Despite the recent improvements

in surgery, radiation therapy and cytotoxic chemotherapy, the

prognosis for GBM remains grim, with a median survival time of

only 12–15 months after diagnosis [1]. Thus, the development of

novel efficacious therapies is greatly warranted to improve the

poor prognosis of patients afflicted with GBM.

Substantial research effort has focused on the identification of

genetic alterations in GBMs that might help response to specific

therapies. The most common genetic alteration associated with

GBM is the amplification of the epidermal growth factor receptor

(EGFR), with a frequency of about 50% [2].The ligand-binding

triggered the activation of amplified EGFR, resulting in enhanced

downstream signaling controlling pleiotropic cellular responses,

such as cell proliferation and survival [3]. Owing to the vital role of

the EGFR activation in glioblastoma progression, the understand-

ing of its endogenous regulators has been a subject of intense

interest.

In the research on the negative regulators of EGFR, the human

leucine-rich repeats and immunoglobulin-like domains (LRIG)

gene family was found [4]. The mammalian LRIG gene family is

composed of three paralogous genes, namely LRIG1, LRIG2 and

LRIG3, which encode integral membrane proteins, with a signal

peptide, an extracellular part consisting of 15 leucine-rich repeats

(LRR) with cysteine-rich N- and C-terminal flanking domains and

three immunoglobulin-like domains, followed by a transmem-
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brane domain and a cytoplasmic tail [4]. LRIG1, the best-studied

LRIG family member, negatively regulates the signaling pathways

mediated by ERBB [5,6], MET [7] and RET [8] receptor tyrosine

kinases, and is suggested to be a tumor suppressor [9]. LRIG1 is

down-regulated and associated with a favorable prognosis in many

cancers [10,11,12,13]. Inhibition of EGFR signaling by LRIG1

results from a physical interaction between the extracellular

domain of both proteins, inducing the recruitment of E3 ubiquitin

ligases, follow by internalization and enhanced lysosomal degra-

dation of the protein complex [5,6]. Recently, soluble LRIG1

ectodomain is demonstrated to be released naturally by proteolytic

shedding and suppress EGF signaling without any apparent EGFR

protein downregulation [14]. Moreover, soluble extracellular part

of mouse Lrig1 is capable of inhibiting glioma growth in vitro and

in vivo irrespective of EGFR status [15]. LRIG3 appears to have a

similar role to LRIG1 in the progression of glioma [16,17,18].

However, little is known regarding the molecular and develop-

mental functions of mammalian LRIG2. Recently, it was found

that Lrig2-deficient mice were protected against PDGFB-induced

glioma [19]. In addition, LRIG2 expression is associated with poor

survival in oligodendroglioma [20] and squamous cell carcinoma

of the uterine cervix [21]. Noteworthy, we previously demonstrate

that downregulation of LRIG2 inhibits glioblastoma cell growth

in vitro [22]. To date, the data suggest that LRIG2 might promote

the genesis of tumors and have different, possibly opposing,

functions compared with LRIG1. The mechanism underlying the

different roles played by LRIG2 and LRIG1 in the progression of

tumors has not been explored yet. Based on the findings that

soluble LRIG1 ectodomain has the similar functions to the full-

length LRIG1 and full-length LRIG2 plays different roles

compared to the full-length LRIG1, it is reasonable to hypothesize

that the LRIG2 ectodomain may give rise to the special role

played by LRIG2.

In this study, we studied the functions of the full-length LRIG2

and LRIG2 ectodomain in the progression of glioblastoma to gain

insight into the mechanism underlying the role of LRIG2. We

firstly investigated the relationship between the expression level of

LRIG2 and the grade of glioma. Further, we generated

glioblastoma cells with stable expressions of the full-length LRIG2

and LRIG2 ectodomain and investigated the effects of full-length

LRIG2 and LRIG2 ectodomain on the proliferation and apoptosis

of glioblastoma in vitro and in vivo. We then explored the

possible mechanisms underlying the effects. Strikingly, we

demonstrated for the first time that the soluble LRIG2 ectodomain

was capable of being secreted by glioblastoma cells and exerted a

pro-proliferative effect. Both full-length LRIG2 and LRIG2

ectodomain promoted the proliferation and inhibited the apoptosis

of glioblastoma in vitro and in vivo probably through enhancing

the EGFR activation and its downstream PI3K/Akt pathway. To

our knowledge, this is the first report showing that the soluble

LRIG2 ectodomain, which can be released from glioblastoma

cells, positively regulates the growth of glioblastoma and EGFR-

mediated PI3 K/Akt signaling in a similar manner to the full-

length LRIG2.

Materials and Methods

TCGA Data and Glioma Sample Description
For expression analysis according to WHO grade, gene

expression data of glioblastoma multiforme (GBM) and brain

low-grade glioma (LGG) were downloaded from the public TCGA

data repositories (https://tcga-data.nci.nih.gov/tcga/

tcgaDownload. jsp) (date of download: December 2013), which

include 27 cases of LGG and 466 cases of GBM. Fresh clinical

glioma samples of different grade (20 cases of LGGs and 20 cases

of high-grade gliomas (HGGs)) were obtained from the Depart-

ment of Neurosurgery, Tongji Hospital after informed consent

from the patients according to the Declaration of Helsinki.

Diagnosis and grading was according to the WHO 2007 criteria

[23]. The collection and usage of patient tumor tissue samples was

approved by the appropriate local ethics committees and the

consents of all the patients were written and approved (Institu-

tional Review Board, Tongji Hospital, Tongji Medical College,

Huazhong University of Science and Technology, IRB ID:

20121202).

Antibodies and Reagents
The mouse anti-Flag monoclonal antibody (Sigma F1804) was

purchased from Sigma-Aldrich (St.Louis, MO, USA). The Ki-67

(Abcam ab16667) and PCNA (Abcam ab92552) rabbit monoclo-

nal antibodies were purchased from Abcam (Cambridge Science

Park) and the anti-LRIG2 rabbit polyclonal antibody was

generously provided by Prof. Håkan Hedman (Umeå University,

Sweden). The following antibodies used in western blotting were

diluted in TBST/5%BSA: Anti-EGFR 1:1000 (Cell signaling

4267), anti-pEGFR 1:1000 (Cell signaling 2220), anti-Akt 1:1000

(Cell signaling 9272), anti-pAkt 1:1000 (Cell signaling 4058), anti-

cMyc 1:1000 (Cell signaling 5605), anti-cyclin B1 1:1000 (Cell

signaling 4138), anti-cyclin D1 1:1000 (Cell signaling 2978), anti-

cyclin E 1:200 (Santa Cruz, sc-481), anti-Bcl-2 1:1000 (Cell

signaling 2870), anti-Bax 1:1000 (Cell signaling 5023), and anti-

caspase-3 1:1000 (Cell signaling 9662). Mitochondrial membrane

potential assay kit with JC-1 was purchased from Beyotime

Institute of Biotechnology (Jiangsu, China).

Cell Lines and Cell Culture
The U87 and U251 human glioblastoma cell lines, purchased

from American Type Culture Collection, were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% (v/v) fetal bovine serum (FBS) (Hyclone, USA) in a

humidified incubator with 5% CO2 at 37uC as previously

described [22].

Expression Constructs and Stable Transduction
To generate glioblastoma cells with stable expressions of the

full-length LRIG2 or the ectodomain of LRIG2, two lentiviral

expression constructs, pLVX-puro-36FLAG-LRIG2 and pLVX-

puro-36FLAG-LRIG2ecto, were generated by subcloning full-

length LRIG2 (LRIG2) and ectodomain of LRIG2 (LRIG2ecto)

from pEGFP-LRIG2 (gifted by Håkan Hedman) into pLVX-puro-

36FLAG. Lentiviral particles were produced by transfecting

293 T cells with pLVX-puro (Con), pLVX-puro-36FLAG-

LRIG2 (LRIG2) or pLVX-puro-36FLAG-LRIG2ecto (LRI-

G2ecto) using Lenti-X lentiviral Expression Systems (Clontech)

according to the manufacturer’s instructions. The glioblastoma cell

lines U87 and U251 were infected with the respective lentivirus

and selected with culture medium containing 1 mg/ml puromycin

for 2 weeks. The stably transduced cell populations were pooled

without clonal selection.

Detection and elimination of Soluble LRIG2 Ectodomain
in the Conditioned Medium

U87 glioblastoma cells stably transduced with control, full-

length LRIG2 or LRIG2 ectodomain expressing vetor (26106

cells/group) were cultured in DMEM with 10% FBS for 48 h then

maintained in 14 ml DMEM without FBS for another 48 h. The

conditioned medium were collected and filtered through a
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0.45 mm Millex filter (Millipore Corporation, USA). The filtered

conditioned medium were subjected to Amicon Ultra-4 10 K

centrifugal filter devices (Millipore Corporation, USA) spinning at

4,0006g for approximately 20 minutes to concentrate the

proteins. The concentrated conditioned mediums were added

with protease inhibitor (Sigma P8340) and 56 loading buffer,

boiled at 100uC for 5 minutes and subjected to Western blotting

for the detection of soluble LRIG2 ecdomain. The anti-Flag

monoclonal antibody was used to detect the Flag-tagged proteins.

To investigate the proliferative effects of soluble LRIG2

ectodomain in the conditioned medium on glioblastoma cells,

the conditioned medium were filtered through a 0.45 mm Millex

filter, followed by immunoprecipitation using Anti-Flag M2

Affinity Gel (Sigma A2220) to eliminate the soluble LRIG2

ectodomain as per the manufacturer’s instructions. The superna-

tant before immunoprecipitation and the resulting soluble LRIG2

ectodomain-free supernatant after immunoprecipitation were both

used in the cell proliferation assay.

Immunohistochemical Staining
The glioma samples of human and nude mice were fixed in a

phosphate-buffered 4% formaldehyde solution and processed into

paraffin blocks using standard methods. Paraffin sections with a

thickness of 4 mm were incubated with anti-LRIG2 (1:100), anti-

Ki-67 (1:200), anti-PCNA (1:200), and anti-caspase3 (1:100)

antibodies at 4uC overnight as previously described [16].

Cytoplasmic immunoreactivity was scored artificially in four

different categories: 0 for no or very faint immunoreactivity, 1

for weak immunoreactivity, 2 for moderate immunoreactivity, and

3 for intense immunoreactivity. Percentage scores were assigned as

follows: ,5%, 0; 5–25%, 1; 26–50%, 2; 51–75%, 3; .75%, 4.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 1 h at 4uC,

permeabilized with 0.25% Triton X-100 for 5 min, blocked with

10% bovine serum albumin for 1 h and incubated with primary

antibodies overnight at 4uC. After washing with PBS, cells were

incubated with FITC or CY3-labeled secondary antibodies (1:100,

ProteinTech, USA) and subjected to immunofluorescence micros-

copy using appropriate filter.

Quantitative RT-PCR
After cells were cultured with DMEM containing 10% FBS for

48 h, RNA isolation and quantitative RT-PCR were performed as

described previously [24]. DNA primer sequences of LRIG2 and

LRIG2ecto were designed as follows: sense, 59-CAGTGCA-

TAGCTGGAGGGAGTC-39, anti-sense, 59-TACAATGATGA-

GAAGC TGATTGGCTGCA-39.

Western Blotting Analysis and Immunoprecipitation
Western blotting analysis and immunoprecipitation were

performed as described [24]. All the antibodies were diluted at

optimal concentrations based on multiple experimental experi-

ences.

Cell Proliferation Assay
Cells were seeded into 96-well plate with 56103 cells in 200 ml

suspension per well in triplicate and maintained in complete

culture medium for 7 days. Every day, CCK8 was added and

incubate for 2 h at 37uC. The absorbance of each well was

measured with Microplate Reader using a wavelength of 450 nm.

Soft Agar Colony Formation Assay
To perform anchorage-independent cell proliferation assay, six-

well plates were first covered with a layer of 0.6% agar made in

10% FBS DMEM and 46104 cells per well were embedded in

triplicates into 0.3% top agar gel containing DMEM supplement-

ed with 10% FBS and incubated in a humidified chamber for 2

weeks. The six-well plates were inspected, and 30 randomly

selected fields were photographed under a 106 microscopic lens

and a 66 optical lens (606 magnification). Colonies were then

counted, and the mean number of colonies per field was

calculated. All experiments were done in triplicate.

Flow Cytometry Method (FCM)-assessed Apoptosis
The extent of spontaneous apoptosis was determined with an

Annexin V-FITC/Propidium Iodide Kit (KeyGEN Biotech,

Nanjing, China) according to the manufacturer’s instructions as

previously described [16].

Measurement of Mitochondria Membrane Potential
Changes in the mitochondrial membrane potential were

measured by flow cytometry using the mitochondrial membrane

potential assay kit with JC-1 as described [25]. Briefly, the cells

were collected after 48 h of incubation by trypsinization and

centrifugation. The cell pellets were then washed twice with PBS.

0.5 ml JC-1 dye was added to the cell pellet and incubated at 37uC
in dark. The staining solution was removed by centrifugation and

cells were washed twice by JC-1 staining buffer. To assess the

mitochondria membrane potential transition, cells were examined

for each sample on an FL-1 versus FL-2 dot plot on a FACS

Calibur and the data were analyzed using Cell Quest software

(Becton Dickinson, USA).

In Vivo Tumor Growth Study
Female 6- to 8- week-old BALB/c nude mice (n = 15) (Wuhan

Laboratory Animal Center) were housed under specific pathogen-

free conditions in a temperature- and humidity-controlled

environment. All animal experiments were conducted in accor-

dance with the Institutional Animal Care and Use Committee

guidelines and the animal protocol used in this study was approved

by local ethics committee (Ethical Committee of Tongji Hospital,

Tongji Medical College, Huazhong University of Science and

Technlogy, IRB ID: 2011A01). Briefly, U87 glioblastoma cells

stably transduced with control vector, full-length LRIG2 or

LRIG2 ectodomain were harvested and resuspended in PBS

(26107/ml), respectively. A total of 26106 cells (in 100 ml of PBS)

were injected subcutaneously into the right flank of each mouse

(n = 5 per group). Tumor measures were taken every five days with

calipers and volume was calculated as (width)26(length)6(p/6). At

the end of the experiment, mice were euthanized and tumors were

surgically harvested, measured, and fixed in 4% paraformaldehyde

overnight and analyzed by immunohistochemistry.

Statistics
Statistical analyses were performed using SPSS 13.0 for

Windows software (SPSS Inc., Chicago, IL, US). Significance

between HGGs and LGGs in the immunohistochemical staining

analysis was determined using chi-square test. Significance of

others analyses was performed by One Way Anova followed by

Bonferroni post-test. The level of statistical significance was

defined as P,0.05.
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Figure 1. LRIG2 expression positively correlates with the WHO grade of glioma. (A) Microarray-based gene expression data of brain low
grade gliomas (LGGs) and glioblastoma multiform (GBMs) were downloaded from public TCGA website. The expression level of LRIG2 gene in GBM
was much higher compared with that in LGG (P,0.001). (B) Human gliomas of different grade were immunostained for the LRIG2 protein.
Representative images of each grade of glioma were present (scale bar, 100 mm).
doi:10.1371/journal.pone.0111419.g001
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Figure 2. Establishment of glioblastoma cell lines stably expressing LRIG2 or LRIG2ecto. (A) Schematic drawing of the domain
organization of the Flag tagged full-length LRIG2 and LRIG2 ectodomain. Indicated are the signal peptides (SP), Flag tag (Flag), the leucine-rich repeat
domains, consisting of cysteine-rich N-flanking domain (NF), 15 leucine-rich repeats (LRR) and cysteine-rich C-flanking domain (CF), three
immunoglobulin-like domains (Ig-C2), the transmembrane domain (TM) and the cytoplasmic tail (Cyto). (B) The total cell lysates of stably transduced
cells, cultured in complete medium for 48 h, were subjected to immunoblotting using an anti-Flag antibody. b-Actin served as an internal loading
control. (C) After maintained in complete medium for 48 h, the cells were subjected to total RNA extraction, followed by quantitative RT-PCR to
measure the LRIG2 and LRIG2ecto mRNA expression levels. Expressions are shown as the fold changes of control cells (**P,0.01, vs con). (D) After
cultured in complete medium for 48 h, stably transduced cells were subjected to immunofluorescence analysis. Flag staining is green, and nuclear
stain is blue. Representative images of three independent experiments were shown. Scale bars, 50 mm.
doi:10.1371/journal.pone.0111419.g002
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Results

Expression of LRIG2 mRNA and protein positively
correlates with the grade of glioma

To investigate the expression levels of LRIG2 in different grade

of glioma, we firstly used public TCGA data repositories as our

primary source of samples. The level 1 data of gene expression,

including 27 cases of LGGs and 466 cases of GBMs, were

downloaded and analyzed. The results revealed that the LRIG2

gene expression level of GBM (WHO IV) was markedly higher

than that of LGG (WHO I&II) (P,0.001) (Figure 1A). To further

confirm the results, we collected the fresh human glioma samples

of different grade to investigate the expression levels of LRIG2

proteins by immunnohistochemical staining. Of the investigated

20 LGGs (WHO I, II), the LRIG2 immunoreactivity (IR) of 14

cases were scored as 0 or 1 and 6 cases scored as 2 or 3. Of the 20

high-grade gliomas (HGGs, WHO III, IV), the LRIG2 IR of 5

cases were scored as 0 or 1 and 15 cases scored as 2 or 3

(Figure 1B). There was a significant difference in LRIG2 IR

between low-grade gliomas and high-grade gliomas (P= 0.004),

which indicated that the expression level of LRIG2 protein in

HGGs was much higher compared to that in LGGs.

Establishment of glioblastoma cell lines stably expressing
the full-length LRIG2 and LRIG2 ectodomain

LRIG1, which has been extensively studied, is proved to be a

tumor suppressor [9] and the soluble LRIG1 ectodomain has also

been found to act as a negative regulator of tumor growth [15]. To

observe the effects of LRIG2 and LRIG2 ectodomain overex-

pression on glioblastoma growth in vitro and in vivo and elucidate

the underlying mechanisms, we subcloned a human full-length

LRIG2 cDNA and LRIG2 ectodomain cDNA into pLVX-puro-

36FLAG mammalian expression vectors respectively and trans-

duced stably into U87 and U251 glioblastoma cells with pLVX-

puro as the control vector. The domain organizations of the full-

length LRIG2 and LRIG2 ectodomain were presented as

Figure 2A. Figure 2B showed that the Flag-tagged full-length

LRIG2 and LRIG2 ectodomain were successfully expressed. To

Figure 3. The detection of soluble LRIG2 ectodomain in the supernatants and its proliferative effects on glioblastoma cells. (A) Cells
of U87-Con, U87-LRIG2 and U87-LRIG2ecto were cultured in DMEM for 48 h, the conditional cell culture supernatants were harvested, concentrated
and subjected to western blot using an anti-Flag antibody. A representative blot from three independent experiments is shown. (B) After cells were
cultured in DMEM for 48 h, the supernatants were harvested, filtered through 0.45 mm filter and subjected to immunoprecipitation to eliminate the
expression of Flag-fusion proteins. The supernatants with or without immunoprecipitation were concentrated and subjected to western blotting.
Representative image was shown. (C) The conditioned mediums after or before immnoprecipitation were subjected to proliferation assay. Statistical
analysis was present (*P,0.05 vs con).
doi:10.1371/journal.pone.0111419.g003
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assess the expression levels of corresponding mRNA, we assessed

mRNA transcript levels in the stably transduced cells. LRIG2 and

LRIG2ecto transduced U87 or U251 cells showed robustly

increase in mRNA levels when compared with the corresponding

control cells (Figure 2C). As assessed by immunofluorescence

microscopy, Flag staining was observed in both cell lines

transduced with LRIG2 and LRIG2 ectodomain (Figure 2D),

which was in line with the results of western blotting. Taken

together, glioblastoma cell lines stably expressing full-length

LRIG2 and LRIG2 ectodomain were successfully established.

The soluble LRIG2 ectodomain is released from
glioblastoma cells and promotes the proliferation of
glioblastoma cells

As previous study demonstrated that soluble LRIG1 ectodo-

mains could be released from the full-length LRIG1 [14], we

wanted to address whether soluble LRIG2 ectodomains could be

released from glioblastoma cells. U87 glioblastoma cells were

transduced with expression vectors encoding full-length LRIG2

carrying an N-terminal Flag epitope or LRIG2 ectodomain with a

Flag tag respectively as illustrated in Figure 2A, and cultured in

DMEM without FBS for 48 h. The conditioned cell culture

supernatants were harvested, concentrated and subjected to

western blotting using an anti-Flag antibody. Strikingly, the anti-

Flag-reactive soluble protein was detected in the cell culture

supernatants of cells with full-length LRIG2 overexpression,

suggesting that the flag tagged protein fragment was released

from the surface of glioblastoma cells. Strikingly, the molecular

weight of the band corresponds to the predicted molecular weight

of the entire LRIG2 ectodomain (Figure 3A). Consequently, we

for the first time demonstrated that the soluble LRIG2 ectodomain

was capable of being secreted by glioblastoma cells. Further, we

evaluated the effects of the soluble LRIG2 ectodomain in the

conditioned medium on the proliferation of glioblastoma cells.

The results showed that the conditioned medium harvested from

LRIG2 and LRIG2ecto overexpressing cells could significantly

promote the proliferation of U87 cells (Figure 3C). After the Flag-

fusion soluble LRIG2 ectodomain were down-regulated from the

supernatants, the effects of conditioned medium on the prolifer-

ation of U87 cells were abrogated (Figure 3B, 3C), which

indicated that the soluble LRIG2 ectodomain in the conditioned

medium exerted proliferative effects on the glioblastoma cells.

Collectively, we demonstrated for the first time that the soluble

LRIG2 ectodomain could be released from the glioblastoma cells

and promote the proliferation of glioblastoma cells in vitro.

Full-length LRIG2 and LRIG2 ectodomain overexpressions
promote the growth of glioblastoma cells in vitro

Previously, we demonstrated that overexpression of full-length

LRIG1 inhibited the growth of glioblastoma cells in vitro [18,26].

The soluble LRIG1 ectodomain was proved to inhibit the glioma

cell proliferation recently [15]. However the effect of overexpres-

sion of full-length LRIG2 or LRIG2 ectodomain on the growth of

glioblastoma cells has not been addressed yet. Firstly, we

demonstrated that both LRIG2 and LRIG2ecto overexpressions

markedly promoted the growth of U87 and U251 glioblastoma

cells (Figure 4A). Secondly, we investigated the expression levels of

Ki-67, a proliferation marker closely correlated with the prolifer-

ation of glioblastoma cells, in stably transduced U87 and U251

cells. The results revealed that the percentages of Ki-67 positive

cells of LRIG2 and LRIG2ecto overexpressing U87 cells were

(91.7467.05)% and (90.5966.72)% respectively, which were

significantly higher than that of U87 control cells

(79.1964.29)% (P,0.05). In line with the results of U87 cells,

the percentages of Ki-67 positive cells of LRIG2 and LRIG2ecto

overexpressing U251 cells were also significantly increased

compared to the U251 control cells (Figure 4B). Further, we

investigated whether LRIG2 or LRIG2ecto altered glioblastoma

anchorage-independent growth, a property that mimics tumori-

genesis in vivo. Using soft agar colony formation assays, we found

that gliobloastoma cells of LRIG2 or LRIG2ecto overexpression

formed more and bigger colonies compared to the control cells

(Figure 4C), indicating that overexpression of LRIG2 or LRI-

G2ecto enhances the ability of anchorage-independent growth.

Taken together, these results revealed that full-length LRIG2 as

well as LRIG2 ectodomain promoted the growth of glioblastoma

cells in vitro.

Full-length LRIG2 and LRIG2 ectodomain overexpressions
inhibit the spontaneous apoptosis of glioblastoma cells
through mitochondrial pathway in vitro

It has become apparent that tumor growth depends not only on

the rate of cell proliferation but also on the rate of apoptosis [27].

Previously, we demonstrated that downregulation of LRIG2

expression by RNA interference increased spontaneous apoptosis

of glioblastoma cells in vitro [22]. Congruently, by using flow

cytometric analysis with Annexin V/PI staining, we revealed that

the spontaneous apoptotic rates of LRIG2 overexpressing U87

and U251 cells were significantly decreased compared to the

corresponding control cells (Figure 5A), indicating that LRIG2

overexpression inhibited the spontaneous apoptosis of glioblasto-

ma cells. Most strikingly, we for the first time demonstrated that

overexpression of LRIG2 ectodomain could also significantly

decrease the spontaneous apoptotic rates of U87 and U251

glioblastoma cells (Figure 5A). To further explore the mechanisms

of LRIG2 or LRIG2ecto mediated inhibition of apoptosis, we

examined the mitochondrial membrane potential (MMP), depo-

larization of which is an early event in the mitochondrial pathway

of apoptosis, using JC-1 red/green fluorescence measurement by

flow cytometry [28]. The results revealed that the ratios of JC-1

FL-2/FL-1 of glioblastoma cells transduced with LRIG2 or

LRIG2ecto were robustly increased compared to the correspond-

ing control cells (Figure 5B), which indicated that LRIG2 and

LRIG2ecto overexpressions both stabilized the MMP of glioblas-

toma cells. Collectively, we demonstrated that full-length LRIG2

and LRIG2 ectodomain overexpressions inhibited the spontane-

ous apoptosis of glioblastoma cells through mitochondrial pathway

by stabilizing the mitochondria membrane potential.

Figure 4. LRIG2 and LRIG2ecto overexpression promote the growth of glioblastoma cells in vitro. (A) Time-course effects of LRIG2 or
LRIG2ecto overexpression on the growth of glioblastoma cells. The proliferation rates of cells were measured by CCK8 assay at the times indicated,
which revealed that both LRIG2 and LRIG2ecto overexpression cells proliferate more rapidly than control cells (*P,0.05 vs con). (B) Representative
images of immunofluorescent staining of Ki-67 were shown in the upper panel (scale bars, 50 mm). The percentages of Ki-67-positive cells in the
LRIG2 and LRIG2ecto group were compared with that of the control group, respectively, shown in the lower panel (*P,0.05 vs con). (C) Soft agar
colony formation assay was used to detect the anchorage-independent proliferation in the forementioned cells. The representative high-resolution
images were shown (scale bars, 100 mm) and the quantitative analysis of colony numbers per microscopic field and colony sizes were present in the
lower panel (compared with control, *P,0.05 vs con). All experiments were performed at least three times with consistent and repeatable results.
doi:10.1371/journal.pone.0111419.g004

Soluble LRIG2 Ectodomain Exerts a Similar Role to LRIG2 in Glioma

PLOS ONE | www.plosone.org 8 October 2014 | Volume 9 | Issue 10 | e111419



Figure 5. LRIG2 or LRIG2ecto overexpression inhibits the spontaneous apoptosis of glioblastoma cells in vitro. (A) Cells were cultured
in DMEM with 10% FBS for 48 h, stained by Annexin V/PI and subjected to flow cytometry analysis. Early apoptotic populations were in the lower-
right quadrant and late apoptotic cells were in the upper-right quadrant. Representative images were shown in the left panel and percentages of
early and late apoptotic cells were expressed as the mean6SD of three independent experiments, shown in the right panel (*P,0.05 vs con). (B) Cells
were maintained in complete medium for 48 h, stained with JC-1 and analyzed by flow cytometry. Representative flow cytometric images of
mitochondrial membrane potential were shown. The shift of JC-1 fluorescence from red (FL2) to green (FL-1) indicates a collapse of the mitochondrial
membrane potential. Change in mitochondrial membrane potential was determined by the ratio of JC-1 red fluorescence intensity to JC-1 green
fluorescence intensity, shown in the right panel. Ratio was normalized to the control cells. (*P,0.05 vs con).
doi:10.1371/journal.pone.0111419.g005
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Figure 6. Overexpresson of LRIG2 or LRIG2ecto promotes tumor xenograft growth in vivo. (A) Photographs obtained on
postimplantation Day 50 showing representative mice bearing U87-con, U87-LRIG2 and U87-LRIG2ecto xenografts. The corresponding surgically
removed tumor xenografts were shown in the lower panel. (B) Tumor size was measured every five days from postimplantation day 15 and the
growth curves of xenografts of each group were present (five mice per group). Data were shown as means6SD (**P,0.01 vs con). (C) The surgically
removed tumor xenografts were fixed in 4% paraformaldehyde and subjected to immunohistochemistry staining of Ki-67, PCNA and Caspase3. The
representative images were shown (scale bars, 100 mm). The percentages of immunostaining positive cells of Ki-67, PCNA and Caspase3 in the LRIG2
and LRIG2ecto group were compared with that of the control group, respectively, shown in the lower panel (*P,0.05 vs con).
doi:10.1371/journal.pone.0111419.g006
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Full-length LRIG2 and LRIG2 ectodomain overexpressions
promote the growth of tumor xenograft in vivo

We next determined whether the effects exerted by LRIG2 and

LRIG2ecto overexpressions on the growth and apoptosis of

glioblastoma cells in vitro could be demonstrated in vivo. Stably

transduced glioblastoma cells were injected subcutaneously into

the female 6- to 8- week-old nude mice and the tumor size of

xenografts were measured every five days from postimplantation

day 15. Consistent with the cell-based in vitro studies, tumor

growth of LRIG2 and LRIG2ecto overexpression groups were

strikingly promoted compared to the control group (Figure 6A, B)

(**P,0.01). The xenografts were surgically removed and subject-

ed to immunohistochemistry staining for Ki-67, PCNA, and

caspase3. Similar to the results obtained from in vitro studies, the

expression levels of Ki-67 and PCNA, two markers of cell

proliferation activity, in LRIG2 and LRIG2ecto groups were both

significantly increased and the levels of caspase3, a marker of

apoptosis, were both markedly inhibited compared to the control

group (Figure 6C). These results further demonstrated that LRIG2

and LRIG2ecto overexpressions promoted the growth of tumor

xenograft by enhancing the proliferation and inhibiting the

apoptosis in vivo.

Figure 7. LRIG2 as well as LRIG2ecto interacts with EGFR in glioblastoma cells. (A) Confocal immunofluorescence laser microsopy showed
colocalization of LRIG2 and EGFR in LRIG2 overexpresing U87 and U251 glioblastoma cells. Cells were stained with anti-LRIG2 and anti-EGFR
antibodies, followed by using Cy3- and FITC-conjugated secondary antibodies. Yellow of merge panel indicates regions of colocalization. Scale bar,
50 mm. (B) Lysates from cells overexprssing LRIG2 or LRIG2ecto were immunoprecipitated with purified mouse anti-Flag monoclonal antibodies or
control mouse IgG, and immunoprecipitates were blotted with antibodies to EGFR or Flag.
doi:10.1371/journal.pone.0111419.g007
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Figure 8. LRIG2 or LRIG2ecto overexpression enhances EGFR signaling and regulates the cell cycle and apoptosis related proteins.
(A) After synchronization for 24 h, cells were cultured in DMEM with 10% FBS for 48 h and cell lysates were subjected to western blotting for the
levels of EGFR signaling related proteins. Analysis of quantification of the bands intensity was shown in the lower panel (*P,0.05 vs con). (B) The
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Full-length LRIG2 and LRIG2 ectodomain each can
physically interact with EGFR in glioblastoma cells

To explore the possible mechanisms underlying the foremen-

tioned effects of full-length LRIG2 and LRIG2 ectodomain on the

glioblastomas, we examined whether LRIG2 or LRIG2ecto could

interact with EGFR. Firstly, to determine the subcellular locations

of full-length LRIG2 and possible sites of LRIG2-EGFR

interaction, we examined the localization of LRIG2 and EGFR

in LRIG2 overexpressing U251 and U87 cells by confocal

immunofluorescence laser microscopy. As illustrated in Figure 7A,

LRIG2 was found largely in the intracellular cytoplasm as well as

in the plasma membrane and EGFR exhibited a similar

distribution. Merging of images demonstrated that LRIG2 and

EGFR signals overlap at the similar peripheral and intracellular

locations, suggesting that these are sites of LRIG2-EGFR

interaction. To further confirm the results, we precipitated Flag

tagged LRIG2 from extracts of LRIG2-overexprssing cells using

Flag antibody and detected the precipitates by western blotting

using EGFR antibody. Consistent with the immunofluorescence

results, this analysis revealed that LRIG2 physically interacted

with EGFR (Figure 7B). Most strikingly, we found that the LRIG2

ectodomain was also capable of interacting physically with EGFR

(Figure 7B), which indicates that the full-length LRIG2 interacts

with EGFR through the recognition of the ectodomain of LRIG2

and EGFR.

Full-length LRIG2 and LRIG2 ectodomain enhances EGFR
activation and its downstream PI3K/Akt pathway

Based on the above results that LRIG2 and LRIG2ecto were

capable of physically interacting with EGFR, we further explored

the effects of LRIG2 and LRIG2ecto on the activation of EGFR

and its downstream pathways. Stably transduced cells were

cultured in DMEM with 10% FBS for 48 h, then the cell lysates

were extracted and subjected to western blotting. The results

revealed that the levels of phosphorylated EGFR (pEGFR) and

phosphorylated Akt (pAkt) in LRIG2 and LRIG2ecto overex-

pressing cells were markedly increased compared to the corre-

sponding control cells (Figure 8A). As expected, the expression

levels of c-Myc, a transcription factor that triggers cell proliferation

and regulated by PI3 K/Akt pathway [29], were also increased in

LRIG2 and LRIG2ecto overexpressing cells (Figure 8A). The cell

cycle proteins cyclin B1, cyclin D1, and cyclin E, which were

closely associated with cell proliferation, were also expectedly

enhanced. The anti-apoptotic protein Bcl-2 was increased and the

pro-apoptotic proteins Bax and cleaved caspase3 were decreased

(Figure 8B). To further confirm the effects of LRIG2 and

LRIG2ecto on the activation of EGFR and the downstream

PI3 K/Akt pathway, cells were cultured in DMEM without FBS

for 24 h, followed by EGF stimulation. U87 cells overexpressing

LRIG2 or LRIG2ecto exhibited not only increased levels of total

and phosphorylated EGFR but also enhanced Akt activation with

or without EGF stimulation (Figure 9A). U251 cells overexpress-

ing LRIG2 or LRIG2ecto revealed strikingly increased levels of

total EGFR with or without EGF stimulation, modestly increased

phosphorylated EGFR and Akt activation with EGF stimulation

for 5 minutes (Figure 9A). Next, we used gefitinib (10 mM) to

inhibit the phosphorylation of EGFR followed by detecting the

downstream PI3 K/Akt pathway and results revealed that

inhibition of phosphorylation of EGFR abrogated the effects of

LRIG2 and LRIG2ecto overexpressions on the Akt activation

(Figure 9B), which further demonstrated that LRIG2 or LRI-

G2ecto overexpression enhanced the activation of PI3 K/Akt

pathway through stabilizing the EGFR and enhancing the EGFR

phosphorylation. Combining the forementioned results, we suggest

that upregulation of LRIG2 or LRIG2ecto lead to stabilization of

EGFR and activation of EGFR, thereby enhancing the down-

stream PI3K/AKT pathway.

Discussion

In the present study, we revealed that the expression levels of

LRIG2 transcript in glioblastomas and LRIG2 protein in HGGs

were both significantly higher compared to that in LGGs and we

for the first time demonstrated that LRIG2 expression levels

positively correlated with the grade of glioma, which predicted

that LRIG2 might serve as a negative prognostic factor associated

with poor glioblastoma survival. This mirrors to some extent the

situation in oligodendrogliomas [20] and early-stage squamous cell

carcinoma of the uterine cervix [21], where high expression of

LRIG2 is associated with poor survival, whereas LRIG1

expression negatively correlates with tumor grade [10,11,12] and

associates with better survival in numerous tumors [11,12],

indicating that the functions of LRIG2 and LRIG1 may be

different in the progression of tumors.

To further confirm the role of LRIG2 in glioblastoma and

explore the possible underlying mechanisms, we established

glioblastoma cells with stable expressions of the full-length LRIG2.

In line with the forementioned results, we showed that overex-

pression of full-length LRIG2 promoted the proliferation and

inhibited the apoptosis of glioblastoma cells in vitro and in vivo.

Combined with our previous reported finding that downregulation

of LRIG2 inhibits glioblastoma cell growth in vitro [22], our

results provided compelling evidences in support of the proposal

that full-length LRIG2 served as a tumor promoter in glioblas-

toma. Congruently, it is recently reported that, by using an animal

model of PDGF-induced glioma, the Lrig2E122/2 mice showed

increased spontaneous mortality, reduced growth rate and

protection against PDGFB-induced glioma and Lrig2E12+/+
mice developed gliomas at a higher frequency and of higher

malignancy than Lrig2E122/2 mice, which indicated a pro-

tumoregenic role of Lrig2 in the progression of oligodentroglioma.

[19]. Collectively, data to date suggest that LRIG2 in human and

Lrig2 in mouse both play critical roles in the genesis and

progression of glioma. In previous study, we demonstrated that

LRIG1 inhibited the proliferation and promoted the apoptosis of

glioblastoma cells in vitro and in vivo [18,26], suggesting that

LRIG1 exerts as a tumor suppressor in glioblastoma, which is in

contrast to the results of LRIG2 herein presented. However, the

mechanism underlying the function difference between LRIG2

and LRIG1 remain largely unexplored.

LRIG proteins share the same domain organization: an

ectodomain consisting of 15 leucine-rich repeats (LRR) with

cysteine-rich N- and C-terminal flanking domains and three

immunoglobulin-like domains, a transmembrane domain and a

cytoplasmic tail [4]. It has been reported that a recombinant

fragment of the LRIG1 ectodomain causes growth inhibition of a

panel of carcinoma cells [30]. Noteworthy, soluble LRIG1

ectodomain has recently been demonstrated to be shed naturally

from the full-length LRIG1 and suppress cell proliferation [14].

indicated cells were starved for 24 h and cultured in complete medium for 48 h. The cell lysates were exacted and examined by western blotting for
the cell cycle and apoptosis associated proteins. Analysis of quantification of the bands intensity was shown in the lower panel (*P,0.05 vs con).
doi:10.1371/journal.pone.0111419.g008
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Figure 9. Overexpresson of LRIG2 or LRIG2ecto enhances the EGFR signaling in serum-free medium. (A) The stably tranduced U87 cells
were synchronized in DMEM for 24 h and then stimulated with EGF (100 ng/ml) in serum-free medium for the times indicated. The expression levels
of EGFR signaling proteins were analyzed by western blotting. The representative western blotting images of three independent experiments were
shown and analysis of quantification of the bands intensity was shown in the lower panel (*P,0.05 vs con). (B) The stably tranduced U87 cells were
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Moreover, this soluble LRIG1 ectodomain has been shown to

inhibit the genesis and progression of glioma in vivo [15].

However, little is known regarding the functions of LRIG2

ectodomain. In the present study, we for the first time

demonstrated that the soluble LRIG2 ectodomain was capable

of being released from glioblastoma cells and soluble LRIG2

ectodomain promoted the proliferation and inhibited the apoptosis

of glioblastoma cells in vitro and in vivo in a similar manner to the

full-length LRIG2, which suggested that LRIG2 ectodomain

played a similar role to the full-length LRIG2 in the progression of

glioblastoma. The herein present function of LRIG2 ectodomain

in progression of glioblastoma was opposite to the full-length

LRIG1 [18,26] and LRIG1 ectodomain [14,30], while in line with

full-length LRIG2, which leads to the proposal that LRIG2

ectodomain may contribute to the function difference of the full-

length LRIG2 and full-length LRIG1 in glioblastoma progression.

To our knowledge, the soluble counterparts of transmembrane

proteins can be released mainly by two distinct mechanisms:

proteolytic processing and microvesicle shedding [31]. Soluble

LRIG1 ectodomain has been demonstrated to be secreted from

the full-length LRIG1 through the proteolytic processing [14], the

mechanism underlying the release of the soluble LRIG2

ectodomain is not addressed and deserves further study.

Further, in order to provide more compelling evidence to

support our proposal, we explored the possible mechanisms

underlying the effects of full-length LRIG2 and LRIG2 ectodo-

main on the proliferation and apoptosis of glioblastoma. Accu-

mulating evidence indicates that LRIG1 functions as a tumor

suppressor in humans by negatively regulating tyrosine kinase

receptors of the EGFR family [9,32]. The mechanisms by which

LRIG1 restricts growth factor signaling include three different

ways, such as enhancing liand-induced EGFR ubiquitylation and

degradation [5,6], promoting Met degradation in a lysosome-

dependent and cbl-independent manner [7], and inhibiting

binding of GDNF with Ret [8]. Nevertheless, LRIG1 ectodomain

has also been demonstrated to suppress EGF signaling without any

apparent downregulation of EGFR levels [14,30]. It is not known

yet that whether or not the full-length LRIG2 and LRIG2

ectodomain exert the similar roles in the regulation of EGFR

signaling. Remarkably, in the present study we for the first time

demonstrated that full-length LRIG2 and LRIG2 ectodomain

both could physically interact with EGFR, increase the level of

EGFR and enhance the activation of EGFR and its downstream

PI3K/Akt pathway, resulting in increment of pro-proliferative and

anti-apoptotic proteins and attenuation of pro-apoptotic proteins.

Besides the EGFR signaling, the PDGF-induced immediate-early

gene induction of Fos and Egr2 has also recently been

demonstrated to be regulated by Lrig2 in primary MEF cells.

However, Lrig2 just regulated PDGF-induced immediate-early

gene induction and had no effects on the PDGFR protein levels or

phosphorylation events of PDGFR, Akt in MEF cells [19]. The

tumor promoting effects of LRIG2 on receptor tyrosine kinases

(RTKs) might be prominent in tumor cells and subtle in non-

tumor cells. Most notably, the results herein present suggest that

LRIG2 ectodomain plays a similar role to the full-length LRIG2 in

the regulation of EGFR signaling pathways, whereas LRIG1 and

LRIG1 ectodomain exert the opposite functions. Such observa-

tions further strengthen the proposal that LRIG2 ectodomain may

be responsible for the function difference of LRIG2 and LRIG1 in

the progression of glioblastoma.

Based on our finding that soluble LRIG2 ectodomain is capable

of being released from full-length LRIG2, it is reasonable to

speculate that the soluble LRIG2 ectodomain can release from the

glioblastoma cells as an effective pro-growth factor in the

microenvironment, interact with EGFR in an autocrine or

paracrine way and enhance the EGFR signaling to promote the

growth of glioblastoma. The amino acid sequence of human

LRIG2 was 47% identical to human LRIG1, whereas the

ectodomains of LRIG2 and LRIG1 were highly conserved [33].

Therefore the mechanisms underlying the function differences

between LRIG2 ectodomain and LRIG1 ectodomain in the

progression of glioblastoma are needed to be further addressed in

the future.

Taken together, we report for the first time that LRIG2

expression levels positively correlate with the grade of glioma.

Most strikingly, we demonstrate for the first time that the soluble

LRIG2 ectodomain is capable of being released from glioblastoma

cells. Both full-length LRIG2 and LRIG2 ectodomain potently

promote the proliferation and inhibited the apoptosis of glioblas-

toma cells in vitro and in vivo through physically interacting with

EGFR, stabilizing EGFR, and enhancing EGFR activation and its

downstream PI3 K/Akt pathway. Going forward, it will be

important to determine how LRIG2 ectodomain is released from

glioblastoma cells, whether this kind of release is universal, and

how LRIG2 ectodomain interact with EGFR and enhance the

activation of EGFR. We believe that LRIG2 ectodomain may

provide a promising therapeutic target in the treatment of

glioblastoma multiform in the future.

Acknowledgments

The authors would like to thank Prof. Feng Wan and Prof. Fei Ye for their

dedicated revision of the manuscript. We also thank Xueyan Wan,

Shiqiang Wu, and Min Zhao for the help in the analysis of TCGA data.

Ran Li is acknowledged for his assistance in the collection of human glioma

samples.

Author Contributions

Conceived and designed the experiments: BW DG TL. Performed the

experiments: QX YT YG. Analyzed the data: QX HY FM RX.

Contributed to the writing of the manuscript: QX BW DG.

References

1. Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl J Med 359: 492–

507.

2. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, et al. (2007)

Malignant astrocytic glioma: genetics, biology, and paths to treatment. Genes

Dev 21: 2683–2710.

3. Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of

targeted inhibitors. Nat Rev Cancer 5: 341–354.

4. Guo D, Holmlund C, Henriksson R, Hedman H (2004) The LRIG gene family

has three vertebrate paralogs widely expressed in human and mouse tissues and

a homolog in Ascidiacea. Genomics 84: 157–165.

5. Gur G, Rubin C, Katz M, Amit I, Citri A, et al. (2004) LRIG1 restricts growth

factor signaling by enhancing receptor ubiquitylation and degradation. EMBO J

23: 3270–3281.

cultured with 10% FBS addition with gefitinib (10 mM) or DMSO for 48 h. The total lysates were extracted and subjected to western blotting. The
representative images of three independent experiments were present and quantification of the bands intensity was shown in the right panel (*P,
0.05 vs con).
doi:10.1371/journal.pone.0111419.g009

Soluble LRIG2 Ectodomain Exerts a Similar Role to LRIG2 in Glioma

PLOS ONE | www.plosone.org 15 October 2014 | Volume 9 | Issue 10 | e111419



6. Laederich MB, Funes-Duran M, Yen L, Ingalla E, Wu X, et al. (2004) The

leucine-rich repeat protein LRIG1 is a negative regulator of ErbB family
receptor tyrosine kinases. J Biol Chem 279: 47050–47056.

7. Shattuck DL, Miller JK, Laederich M, Funes M, Petersen H, et al. (2007)

LRIG1 is a novel negative regulator of the Met receptor and opposes Met and
Her2 synergy. Mol Cell Biol 27: 1934–1946.

8. Ledda F, Bieraugel O, Fard SS, Vilar M, Paratcha G (2008) Lrig1 is an
endogenous inhibitor of Ret receptor tyrosine kinase activation, downstream

signaling, and biological responses to GDNF. J Neurosci 28: 39–49.

9. Hedman H, Henriksson R (2007) LRIG inhibitors of growth factor signalling -
double-edged swords in human cancer? Eur J Cancer 43: 676–682.

10. Miller JK, Shattuck DL, Ingalla EQ, Yen L, Borowsky AD, et al. (2008)
Suppression of the negative regulator LRIG1 contributes to ErbB2 overexpres-

sion in breast cancer. Cancer Res 68: 8286–8294.
11. Tanemura A, Nagasawa T, Inui S, Itami S (2005) LRIG-1 provides a novel

prognostic predictor in squamous cell carcinoma of the skin: immunohisto-

chemical analysis for 38 cases. Dermatol Surg 31: 423–430.
12. Lindstrom AK, Ekman K, Stendahl U, Tot T, Henriksson R, et al. (2008)

LRIG1 and squamous epithelial uterine cervical cancer: correlation to
prognosis, other tumor markers, sex steroid hormones, and smoking.

Int J Gynecol Cancer 18: 312–317.

13. Krig SR, Frietze S, Simion C, Miller JK, Fry WH, et al. (2011) Lrig1 is an
estrogen-regulated growth suppressor and correlates with longer relapse-free

survival in ERalpha-positive breast cancer. Mol Cancer Res 9: 1406–1417.
14. Yi W, Holmlund C, Nilsson J, Inui S, Lei T, et al. (2011) Paracrine regulation of

growth factor signaling by shed leucine-rich repeats and immunoglobulin-like
domains 1. Exp Cell Res 317: 504–512.

15. Johansson M, Oudin A, Tiemann K, Bernard A, Golebiewska A, et al. (2013)

The soluble form of the tumor suppressor Lrig1 potently inhibits in vivo glioma
growth irrespective of EGF receptor status. Neuro Oncol 15: 1200–1211.

16. Cai M, Han L, Chen R, Ye F, Wang B, et al. (2009) Inhibition of LRIG3 gene
expression via RNA interference modulates the proliferation, cell cycle, cell

apoptosis, adhesion and invasion of glioblastoma cell (GL15). Cancer Lett 278:

104–112.
17. Yang H, Mao F, Zhang H, Wang B, Wan F, et al. (2011) Effect of over-

expressed LRIG3 on cell cycle and survival of glioma cells. J Huazhong Univ Sci
Technolog Med Sci 31: 667–672.

18. Ye F, Gao Q, Xu T, Zeng L, Ou Y, et al. (2009) Upregulation of LRIG1
suppresses malignant glioma cell growth by attenuating EGFR activity.

J Neurooncol 94: 183–194.

19. Rondahl V, Holmlund C, Karlsson T, Wang B, Faraz M, et al. (2013) Lrig2-
deficient mice are protected against PDGFB-induced glioma. PLoS One 8:

e73635.

20. Holmlund C, Haapasalo H, Yi W, Raheem O, Brannstrom T, et al. (2009)

Cytoplasmic LRIG2 expression is associated with poor oligodendroglioma

patient survival. Neuropathology 29: 242–247.

21. Hedman H, Lindstrom AK, Tot T, Stendahl U, Henriksson R, et al. (2010)

LRIG2 in contrast to LRIG1 predicts poor survival in early-stage squamous cell

carcinoma of the uterine cervix. Acta Oncol 49: 812–815.

22. Wang B, Han L, Chen R, Cai M, Han F, et al. (2009) Downregulation of

LRIG2 expression by RNA interference inhibits glioblastoma cell (GL15)

growth, causes cell cycle redistribution, increases cell apoptosis and enhances cell

adhesion and invasion in vitro. Cancer Biol Ther 8: 1018–1023.

23. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, et al. (2007) The

2007 WHO classification of tumours of the central nervous system. Acta

Neuropathol 114: 97–109.

24. Xie R, Yang H, Xiao Q, Mao F, Zhang S, et al. (2013) Downregulation of

LRIG1 expression by RNA interference promotes the aggressive properties of

glioma cells via EGFR/Akt/c-Myc activation. Oncol Rep 29: 177–184.

25. Ju HQ, Wang SX, Xiang YF, Liu Z, Liu JY, et al. (2011) BJ-B11, a novel Hsp90

inhibitor, induces apoptosis in human chronic myeloid leukemia K562 cells

through the mitochondria-dependent pathway. Eur J Pharmacol 666: 26–34.

26. Mao F, Wang B, Xiao Q, Xi G, Sun W, et al. (2013) A role for LRIG1 in the

regulation of malignant glioma aggressiveness. Int J Oncol 42: 1081–1087.

27. Amirlak B, Couldwell WT (2003) Apoptosis in glioma cells: review and analysis

of techniques used for study with focus on the laser scanning cytometer.

J Neurooncol 63: 129–145.

28. Ghobrial IM, Witzig TE, Adjei AA (2005) Targeting apoptosis pathways in

cancer therapy. CA Cancer J Clin 55: 178–194.

29. Jensen NA, Pedersen KM, Lihme F, Rask L, Nielsen JV, et al. (2003) Astroglial

c-Myc overexpression predisposes mice to primary malignant gliomas. J Biol

Chem 278: 8300–8308.

30. Goldoni S, Iozzo RA, Kay P, Campbell S, McQuillan A, et al. (2007) A soluble

ectodomain of LRIG1 inhibits cancer cell growth by attenuating basal and

ligand-dependent EGFR activity. Oncogene 26: 368–381.

31. Effenberger T, von der Heyde J, Bartsch K, Garbers C, Schulze-Osthoff K, et al.

(2014) Senescence-associated release of transmembrane proteins involves

proteolytic processing by ADAM17 and microvesicle shedding. FASEB J.

32. Wang Y, Poulin EJ, Coffey RJ (2013) LRIG1 is a triple threat: ERBB negative

regulator, intestinal stem cell marker and tumour suppressor. Br J Cancer 108:

1765–1770.

33. Holmlund C, Nilsson J, Guo D, Starefeldt A, Golovleva I, et al. (2004)

Characterization and tissue-specific expression of human LRIG2. Gene 332: 35–

43.

Soluble LRIG2 Ectodomain Exerts a Similar Role to LRIG2 in Glioma

PLOS ONE | www.plosone.org 16 October 2014 | Volume 9 | Issue 10 | e111419


