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Stable knockdown of LRG1 by RNA interference inhibits growth
and promotes apoptosis of glioblastoma cells in vitro and in vivo
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Abstract Leucine-rich α2 glycoprotein 1 (LRG1) has been
shown to be aberrantly expressed in multiple human malig-
nancies. However, the biological functions of LRG1 in human
glioblastoma remain unknown. Here, we report for the first
time the role of LRG1 in glioblastoma development based on
the preliminary in vitro and in vivo data. We first confirmed
the expression of LRG1 in human glioblastoma cell lines.
Next, to investigate the role of LRG1 in the tumorigenesis
and development of glioblastoma, a short hairpin RNA
(shRNA) construct targeting LRG1 mRNA was transfected
into U251 glioblastoma cells to generate a cell line with stably
silenced LRG1 expression. The results showed that silencing
of LRG1 significantly inhibited cell proliferation, induced cell
cycle arrest at G0/G1 phase, and enhanced apoptosis in U251
cells in vitro. Consistently, LRG1 silencing resulted in the
downregulation of key cell cycle factors including cyclin
D1, B, and E and apoptotic gene Bcl-2 while elevated the
levels of pro-apoptotic Bax and cleaved caspase-3, as deter-
mined by Western blot analysis. We further demonstrate that
the silencing of LRG1 expression effectively reduced the tu-
morigenicity of U251 cells, delayed tumor formation, and
promoted apoptosis in a xenograft tumor model in vivo. In
conclusion, silencing the expression of LRG1 suppresses the
growth of glioblastoma U251 cells in vitro and in vivo, sug-
gesting that LRG1 may play a critical role in glioblastoma
development, and it may have potential clinical implications
in glioblastoma therapy.
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Introduction

Glioblastoma, originating from neuroepithelial cells, is the
most common and lethal tumor in the central nervous system
with a 5-year survival rate of less than 5 % [1]. Histopatho-
logical and clinical criteria established by the World Health
Organization indicate that glioblastoma is the grade IV glioma
that originates from poorly differentiated astrocytes [2]. The
aggressive nature of glioblastoma is ascribed to excessive cell
proliferation, high resistance to apoptosis, and marked diffuse
infiltration. Current treatment approaches for glioblastoma in-
clude surgery, chemotherapy, radiotherapy, as well as ongoing
researches on gene therapy and immunotherapy [3, 4], but
most patients have poor outcomes and die within the first year
of diagnosis [5]. Molecular mechanisms underlying glioblas-
toma development and progression are poorly understood at
the moment, and glioblastoma remains the focus of concern in
the field of neurosurgery. Therefore, it is important to eluci-
date the mechanism for glioblastoma development, which has
significant implications in the development of effective
therapies.

Leucine-rich α2 glycoprotein (LRG) was isolated from hu-
man serum as a trace protein by Haupt and Baudner in 1977
[6]. The primary sequence of LRG consists of 312 amino acid
residues, 66 of which are leucines. This protein contains eight
repeating consensus sequences of 24 amino acid residues and
exhibits a periodic pattern in the occurrence of leucine, pro-
line, and asparagine [7, 8]. LRG1, a member of LRG family
protein, has been demonstrated to play critical roles in many
physiological and pathological processes [9, 10]. Studies have
shown that upregulation of LRG1 is associated with multiple
types of tumors [11, 12] and can promote endothelial cell
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proliferation and angiogenesis via the transforming growth
factor-β (TGF-β) signaling pathway [13]. However, the role
of LRG1 in the tumorigenesis and progression of human glio-
blastoma is not yet clear, and it is interesting to be elucidated.

In this study, we investigated the role of LRG1 in glioblas-
toma cell proliferation and apoptosis by knocking down
LRG1 in a human glioblastoma cell line by short hairpin
RNA (shRNA) interference strategy and examined the tumor-
igenicity and tumor growth capacity of LRG1-silenced glio-
blastoma cells in nude mice. The results indicated that silenc-
ing of LRG1 inhibited growth and induced the apoptosis of
glioblastoma cells in vitro and in vivo.

Materials and methods

Cell culture

Human glioblastoma cell lines, U373, U251, U87-MG, and
A172, and a malignant glioma cell line SHG-44were obtained
from the Cell Bank of Chinese Academy of Sciences (Shang-
hai, China). SHG-44 cells were cultured in RPMI-1640
(Gibco, Grand Island, NY, USA) supplemented with 10 %
of FBS, while the rest of the cell lines were cultured in DMEM
(Gibco) supplemented with 10 % FBS. The cells were main-
tained in a humidified atmosphere of 5 % CO2 at 37 °C. The
cells at the exponential phase were used for experiments.

Generation of LRG1-silenced glioblastoma cell line

shRNA construct containing LRG1 shRNA, namely LRG1-
pGCH1/Neo, and non-targeting control construct NC-
pGCH1/Neo were designed and synthesized by GeneChem
(Shanghai, China). The sequences of LRG1 shRNA are 5′-
GATCCCCGATGTTTTCCCAGAATGACTTCAAGAGAG
TCATTCTGGGAAAACATCTTTTT-3′, and the sequences
of NC shRNA are 5′-GATCCCCTTCTCCGAACGTGTC
ACGTTTCAAGAGAACGTGACACGTTCGGAGAATT
TTT-3′. U251 cells with the high expression of LRG1 were
transfected with LRG1-pGCH1/Neo or NC-pGCH1/Neo
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Twenty-four hours
after transfection, the cells were selected with 200 μg/ml
G418 (Invitrogen) for stable expression clones for over a
week, and positive clones were picked for identification.

Real-time polymerase chain reaction (PCR)

Total messenger RNA (mRNA) from cultured cells was ex-
tracted with TRIzol (TIANGEN Biotech, Beijing, China) ac-
cording to the manufacturer’s instructions. cDNAwas obtain-
ed by reverse transcription. The primers for LRG1 andβ-actin
are as follows: LRG1 forward: 5′-GGTATTGAAAGAAAAC

CAGC-3′ and reverse: 5′-TGGCAAGGTCTCCAACTG-3′;
β-actin forward: 5′-CTTAGTTGCGTTACACCCTTTC
TTG-3′ and reverse: 5′-CTGTCACCTTCACCGTTCCAGT
TT-3′. Quantitative analysis was performed using SYBR
GREEN master mix (TIANGEN Biotech) in an Exicycler™
96 quantitative fluorescence analyzer (Bioneer, Daejeon,
Korea).

Western blot analysis

Cultured cells were lysed with NP-40 lysis buffer (Beyotime
Institute of Biotechnology, Haimen, China), and total proteins
from xenograft tumors were extracted using radio-
immunoprecipitation assay (RIPA) lysis buffer (Beyotime).
The protein concentration was determined with bicinchoninic
acid (BCA) kits (Beyotime). Forty micrograms of total pro-
teins from each sample were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
electro-transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Millipore, Bedford, MA, USA). After blocking with
5 % non-fat milk at room temperature for 1 h, the membrane
was incubated with a specific primary antibody (anti-LRG1,
1:500, Bioss, Beijing, China; anti-cleaved caspase-3, anti-
Bax, anti-Bcl-2, anti-cyclin D1, E, B, anti-β-actin, 1:1000,
Wanleibio, Shenyang, China) at 4 °C overnight followed by
incubation with horseradish peroxidase (HRP)-labeled sec-
ondary antibody (Beyotime) at room temperature for
45 min. Proteins were visualized using ECL reagents
(Wanleibio). After exposure, films were scanned and images
were analyzed with Gel-Pro-Analyzer software for gray den-
sity comparison.

Colony formation assay

Cells were seeded sparsely onto 35-mm dishes at a density of
200 cells per dish, followed by incubation for 14 days at 37 °C
in a humidified atmosphere with 5 % CO2. The colonies were
rinsed with PBS, fixed with paraformaldehyde for 20min, and
stained with Giemsa (Nanjing Jiancheng Bioengineering In-
stitute, Nanjing, China) for 5–8 min. The colonies consisting
of at least 50 cells were counted under a microscope. Colony
formation efficiency was calculated as (number of colonies/
number of cells inoculated)×100 %.

MTT assay

Cell proliferation was assessed by 3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Cells
were seeded in 96-well microplates at a density of 2×103

cells/well. The cells were incubated and allowed to adhere,
and MTT (Sigma-Aldrich, St. Louis, MO, USA) was added
to each well to a final concentration of 0.2 mg/ml at the indi-
cated time point (12, 24, 48, 72, or 96 h). Following
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incubation at 37 °C for 4 h, the supernatant was removed, and
formazan crystals were dissolved in 200 μl DMSO (Sigma-
Aldrich) per well for 15 min. The optical density (OD) at
490 nm was determined with plate reader ELX-800 (BioTek,
Vermont, USA).

Flow cytometric analysis

For cell cycle analysis, cells were fixed in 70% cold ethanol at
4 °C for 2 h, incubated in staining buffer containing propidium
iodide (PI) and RNase A for 30 min at 37 °C in the dark and
analyzed for cell cycle distribution by flow cytometry in
FACSCalibur (BD, Franklin Lakes, NJ, USA).

Apoptotic cells were detected using Annexin V/PI Apopto-
sis Detection Kit (Wanleibio) according to the manufacturer’s
instructions. Cells were incubated with anti-Annexin V-FITC
and PI in 500-μl binding buffer for 15 min at room tempera-
ture in the dark, and then subjected to flow cytometric
analysis.

Hoechst assay

Apoptotic cells were detected using Hoechst staining Kit
(Beyotime) according to the manufacturer’s instructions. Cells
were seeded in 12-well microplates at a density of 1×105

cells/well and cultured for 24 h. When reaching 80 % conflu-
ence, cells were fixed, stained with Hoechst staining solution
for 5 min, washed with PBS, and observed under a fluores-
cence microscope.

Xenograft transplantation into nude mice

Animal experiments were conducted with the approval of the
Experimental Animal Ethics Committee of Harbin Medical
University. Four- to six-week-old BABL/c nude mice were
purchased from Vital River Laboratory Animal Technology
Co. Ltd (Beijing, China). The mice were maintained under
pathogen-free conditions at 22 °C, with 40–50 % humidity
and a 12-h light/dark cycle, and allowed to access food and
water ad libitum. The mice were assigned randomly to receive
a subcutaneous inoculation of 106 parental U251 cells, U251
cells expressing NC construct, or U251 cells expressing
LRG1 shRNA at the right armpit flank (n=6 each group).
Tumor sizes were measured every 3 days with calipers, and
the tumor volumes were calculated as follows: volumes=a×
b2/2, where a is the larger of the two dimensions and b is the
smaller.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay

Apoptotic cells in tumor tissues were detected using In Situ
Cell Death Detection Kit (Wanleibio) according to the

manufacturer’s instructions. Xenograft tumors were excised
after the mice were sacrificed. Tumor tissues were paraffin
embedded and sectioned. Paraffin sections were inactivated
with H2O2 and then incubated with 50 μl TUNEL reaction
solution at 37 °C for 60 min. After washing with PBS, the
sections were incubated with 50 μl Converter-POD working
solution at 37 °C for 30 min and developed with 3′-diamino-
benzidine (DAB). The sections were then stained with hema-
toxylin for the nuclei and observed under an optical micro-
scope at ×400 magnification.

Statistical analysis

Data and figures were processed in GraphPad Prism 5.0 soft-
ware (San Diego, CA, USA). Values are presented as the
mean±standard deviation. Comparison between groups was
performed using a one-way analysis of variance (ANOVA),
and multiple comparisons were performed using Bonferroni
post hoc test. P<0.05 was considered statistically significant.

Results

Establishment of LRG1-silenced human glioblastoma cell line

To investigate the function of LRG1 in glioblastoma, we first
examined the expression levels of LRG1 in various glioblas-
toma andmalignant glioma cell lines byWestern blot analysis.
The results showed that LRG1 expression was the highest in
U251 cells among the cell lines tested and the lowest in SHG-
44 cells that originated from a grade III glioma (Fig. 1a). U251
cells were transfected with LRG1 shRNA construct and se-
lected for stable expression clones. LRG1 expression in the
stable expression clones was assessed, and the selected strain
stably expressing LRG1 shRNA construct (LRG1 shRNA)
exhibited reduced expression of LRG1 at both protein
(Fig. 1b) and mRNA levels (Fig. 1c) as compared with paren-
tal U251 cells as well as U251 cells expressing NC construct
(NC) (P<0.001). These results indicated an efficient inhibi-
tion of LRG1 expression by shRNA interference.

Silencing of LRG1 inhibited glioblastoma cell proliferation
and induced cell cycle arrest

Colony formation assay was performed to assess the single-
cell growth capacity of LRG1-silenced U251 cells. The colo-
ny number was significantly reduced in LRG1-silenced cells
compared with control cells (Fig. 2a, b; P<0.01), implying
that LRG1 silencing impaired the growth of U251 cells.
MTT results demonstrated that cell proliferation rate was no-
tably decreased in LRG1-silenced cells compared with NC
control (Fig. 2c). Furthermore, LRG1 silencing resulted in
the accumulation of cells in G0/G1 phase (P<0.001) and
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reduced cell numbers in S and G2/M phase (P<0.01,
P<0.001), while no significant difference was observed be-
tween U251 and NC cells (Fig. 2d, e). The protein levels of
several critical cell cycle regulators were examined by West-
ern blot analysis, and the results indicated that the expression
levels of the cyclin D1, B, and E proteins in LRG1-silenced
cells were significantly reduced compared with NC cells
(Fig. 2f–h; P<0.001, P<0.05, and P<0.001, respectively).
In summary, silencing of LRG1 inhibited cell growth by sup-
pressing cell proliferation and inducing cell cycle arrest in
glioblastoma U251 cells.

LRG1 silencing induced apoptosis in glioblastoma cells

Cell apoptotic status of LRG1-silenced cells was ana-
lyzed with Annexin V/PI double staining and Hoechst
assay. The number of apoptotic cells was significantly
increased due to LRG1 silencing, and the apoptotic ratio
of LRG1-silenced cells was 5.9-fold of NC cells as indi-
cated by flow cytometry results (Fig. 3a, b; P<0.001).
LRG1 silencing also caused increased membrane perme-
ability to Hoechst stain and chromatin fragmentation as
revealed by Hoechst assay (Fig. 3c), which again indi-
cated an enhanced cell apoptosis in LRG1-silenced cells.
We further detected the levels of apoptotic suppressor
Bcl-2 and its downstream executors such as pro-
apoptotic protein Bax and cleaved caspase-3 by Western
blot analysis. The results showed that the expression of
Bcl-2 in LRG1-silenced cells was markedly downregulat-
ed (Fig. 3d, e; P<0.001), whereas the levels of Bax and
cleaved caspase-3 in LRG1-silenced cells were signifi-
cantly elevated compared with NC cells (Fig. 3d, f, g;
P<0.001). These findings suggest that silencing of LRG1
expression resulted in enhanced apoptosis in glioblasto-
ma U251 cells.

LRG1 silencing inhibited glioblastoma growth in vivo

Since we had observed an inhibitory role of LRG1 in the
growth of glioblastoma cells in vitro, we further investigated
the biological role of LRG1 in glioblastoma development and
progression in vivo with a glioblastoma xenograft model.
LRG1-silenced cells, in parallel with parental U251 and NC
control cells, were subcutaneously injected into 4- to 6-week-
old nude mice. Tumor growth was followed for 30 days, and
the tumors were weighed at the endpoint. Xenograft tumors
derived from LRG1-silenced cells grew more slowly in mice,
and LRG1-silenced cell-derived tumors were significantly
smaller than control tumors at the endpoint (Fig. 4a, b;
P<0.05, P<0.05). LRG1 silencing in vivo was confirmed
by Western blot analysis (Fig. 4c; P<0.001). Moreover, apo-
ptosis in xenograft tumors was assessed by TUNEL assay, and
more apoptotic cells were observed in LRG1-silenced cell-
derived tumors than NC-derived tumors. These results indi-
cated that LRG1 silencing suppressed tumor growth and in-
duced apoptosis in vivo.

Discussion

Studies have shown that LRG1 is highly expressed in various
malignant tumors such as ovarian [14], lung [15], and colon
cancer [16], yet the role LRG1 in glioblastoma has not been
addressed, and whether inhibiting the expression of LRG1 can
affect glioblastoma development remains to be elucidated. In
the current study, a human glioblastoma cell line with a
stable knockdown of LRG1 was established. LRG1
shRNA efficiently inhibited LRG1 expression in U251
cells, resulting in the marked suppression of cell prolif-
eration and the induction of apoptosis. In addition, the
silencing of LRG1 expression effectively reduced the tu-
morigenicity of glioblastoma cells, delayed tumor

Fig. 1 Generation of a LRG1-silenced glioblastoma cell line. a Western
blot analysis was performed to determine the levels of LRG1 expression
in multiple human glioblastoma cell lines. b U251 cells were transfected
with non-targeting control shRNA construct (NC) or LRG1 shRNA con-
struct (LRG1 shRNA), and the stable expression clones were selected and
examined for the protein levels of LRG1 byWestern blot analysis.β-actin

was used as an internal control; c real-time PCR analysis was performed
to detect LRG1 mRNA level in the stably transfected cell strains. This
figure shows the representative images of three independent experiments,
and the values are presented as the mean±standard deviation. Compared
with NC control, ***P<0.001
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formation, and promoted apoptosis in glioblastoma xeno-
graft tumors in nude mice. These findings demonstrate
that LRG1 plays a critical role in the growth of

glioblastoma in vitro and in vivo, suggesting that LRG1
might be further investigated as a potential therapeutic
target for glioblastoma.

Fig. 2 Silencing of LRG1 inhibited glioblastoma cell proliferation and
cell cycle progression. a, b Single-cell proliferative capacity of LRG1-
silenced cells was evaluated by colony formation assay; cMTTassay was
performed to assess cell proliferation in vitro; d, e cultured cells were
fixed, stained with PI, and subjected to flow cytometry for cell cycle
analysis; f–h expression levels of cyclin D1, B, and E in LRG1-

silenced and control cells were determined by Western blot analysis with
β-actin as the internal control for grayscale comparison. This figure
shows the representative images of repeated experiments, and data are
presented as the mean±standard deviation. Compared with NC,
*P<0.05, **P<0.01, ***P<0.001
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Proliferation and cell cycle are important factors in deter-
mining the degree of malignancy of tumors [17]. The cell
cycle of eukaryotic cells is the fundamental process of cell
proliferation [18]. Cyclins and cyclin-dependent protein ki-
nases (CDKs) are two key protein families for the cell cycle
regulation [19, 20]. Cyclins such as cyclin B, cyclin D1, and
cyclin E has been demonstrated to play pivotal roles in G1/S
phase transition during cell cycle, cell proliferation, and dif-
ferentiation [21], and they are frequently over-expressed in a
variety of carcinomas including lung cancer [22] and glioma
[23], leading to shortened G1 phase and accelerated tumor
formation [24]. The upregulation of cyclin B, D1, and E has
been observed in glioma and glioblastoma tissues with posi-
tive correlation with tumor grade, yet the causes are elusive
[25, 26]. Herein, we demonstrate that LRG1 acts as a master
regulator for cell cycle genes in glioblastoma U251 cells,
thereby modulating cell cycle, proliferation, and tumor
growth. We found that LRG1 was highly expressed in the
glioblastoma (grade IV glioma) cell lines but was expressed

at a relatively lower level in SHG-44 cells that originated from
grade III glioma, suggesting that LRG1 expression in glioma
might be correlated with tumor grade. The silencing of LRG1
in U251 cells by RNA interference approach resulted in cell
cycle arrest with the accumulation of cells in G0/G1 phase and
reduced cell numbers in S and G2/M phases. Corresponding-
ly, LRG1 silencing led to the downregulation of cell cycle
genes including cyclin B, D1, and E, implying that LRG1
may regulate the cell cycle of glioblastoma cells through these
cyclins. The above findings suggest that LRG1 plays an im-
portant regulatory role in the expression of cyclins, thereby
modulating cell cycle, cell proliferation, and growth of
glioblastoma.

The imbalance between cell proliferation and cell death is
known to be an early and critical event in tumorigenesis, and
apoptosis is a well-orchestrated cellular mechanism to main-
tain the balance [27]. Apoptosis is regulated by multiple fac-
tors at molecular level, such as the expression levels of Bcl-2
and Bax, as well as the cleavage of caspase-3. The disruption

Fig. 3 LRG1 silencing induced apoptosis of glioblastoma cells. a, b
Cultured cells were double stained with FITC-conjugated anti-Annexin
Vantibody and PI, followed by flow cytometry analysis for cell apoptosis.
The cells falling in the lower right and upper right quadrants were con-
sidered as early and late apoptotic cells which were analyzed with statis-
tics; c cells cultured on glass slides were incubated with Hoechst solution

to stain DNA in the apoptotic cells; d–g Western blot analysis was per-
formed to determine the protein levels of Bcl-2, Bax, and cleaved
caspase-3 in LRG1-silenced and control cells. β-actin was used as an
internal control for grayscale analysis. This figure shows the representa-
tive images of three independent experiments, and data are presented as
the mean±standard deviation. Compared with NC cells, ***P<0.001
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of the balance between anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax can activate the caspase pathway,
resulting in a serial cleavage of caspases and ultimate apopto-
sis [28]. Our study showed that the silencing of LRG1 expres-
sion in glioblastoma U251 cells effectively promoted apopto-
sis in vitro and in xenograft tumors. Meanwhile, LRG1 silenc-
ing resulted in the downregulation of Bcl-2 expression and the
elevated levels of Bax and cleaved caspase-3, indicating an
enhanced apoptosis in LRG1-silenced cells. These results sug-
gest that LRG1 may play an inhibitory role in the apoptosis of
glioblastoma cells through these classic apoptotic players.

Although a number of clinical studies have indicated a
strong association of LRG1 upregulation with tumor progres-
sion in patients [14–16], surprisingly, little has been reported
about the role of LRG1 in tumor development. In the present
study, we established a xenograft tumor model in nude mice
using parental U251 and, NC and LRG1-silenced cells, and
found that LRG1 silencing significantly inhibited the growth
of xenograft tumors and induced apoptosis in vivo. Here, we
report for the first time that LRG1 silencing suppresses tumor
growth in vivo, revealing the biological importance of LRG1
in tumor development. The levels of sera LRG1 are elevated
in several carcinomas, and sera LRG1 has been proposed as a
promising prognostic marker for ovarian, lung, and colon can-
cers [14–16]. Future studies on the levels of LRG1 in the sera

and tumor tissues of glioblastoma patients are the primary task
to validate the role of LRG1 in glioblastoma development. In
addition, for those tumors wherein LRG1 upregulation has
been detected, further studies can be conducted to assess the
therapeutic potentials of LRG1.

Conclusions

Our study demonstrate that the silencing of LRG1 in human
glioblastoma cells suppresses cell proliferation and induces
cell apoptosis in vitro and in vivo, indicating that LRG1 pro-
motes cell proliferation while inhibiting apoptosis in glioblas-
toma. LRG1 plays a critical role in glioblastoma development,
and it may have potential clinical values in glioblastoma prog-
nosis and therapy.
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Fig. 4 Silencing of LRG1 inhibited tumor growth in vivo. 106 U251
cells, NC cells, or LRG1-silenced cells were subcutaneously inoculated
into 4- to 6-week-old nude mice. a Tumor volumes were recorded every
3 days for 30 days and b tumor weights were measured at the endpoint
after the mice were sacrificed; c expression levels of LRG1 in xenograft
tumor tissues were determined by Western blot analysis, and β-actin was

used as an internal control for grayscale analysis; d xenograft tumor
tissues were paraffin embedded, sectioned, and assayed by TUNEL to
detect apoptotic cells in the tumor tissues. This figure shows the repre-
sentative images from all the experiment animals, and data are expressed
as the mean±standard deviation. Compared with NC group, *P<0.05,
***P<0.001
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