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Abstract: The role of extracellular matrix proteins in glioma progression is largely unknown. In the current study,
we screened different published GSE datasets and found that an extracellular matrix protein Lysyl Oxidase-Like
1 (LOXL1) is highly expressed in different cohorts of glioma patients. To confirm the results from datasets, we examined the level of LOXL1 in 30 matched glioma tissues and we found that LOXL1 is highly expressed in glioma
malignant tissues. We further investigated the biological functions of LOXL1 in glioma cells with both loss- and gainfunction assays. These show that highly expressed LOXL1 promotes glioma cell proliferation and growth through
regulating Wnt/β-catenin signaling. In conclusion, we report that thesecretory protein LOXL1 is highly expressed in
malignantglioma tissues and promotes glioma cell proliferation through Wnt/β-catenin signaling.
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Introduction
Gliomas are solid tumors in the central nervous system that account for approximately 70%
of malignant primary brain tumors each year
[1]. In spite of intense efforts to optimize the
treatment of gliomas over the past decades, no
significant advancement in patient survival
has been achieved. Therefore, the underlying
mechanisms about glioma tumorigenesis need
to be elucidated.
The tumor microenvironment plays an essential role in tumorigenesis and progression [2]
and consists of cancer cells, extracellular matrix proteins, immune cells, and tumor-associated fibroblasts [3]. There is much evidencesuggesting that interactions between cancer cells
and extracellular matrix proteins mediate development of cancer [4]. In the current study,
we found a poorly studied extracellular matrix
protein LOXL1 which is highly expressed in glioma tissues compared with adjacent non-tumor
tissues.
LOXL1 is a 63 KD extracellular matrix protein, which functions as an extracellular copper-

dependent amine oxidase that catalyzes the
first step in the formation of cross links in collagens and elastin [5]. Previous studies about
LOXL1 mainly focused on its polymorphisms in
eyes with exfoliation glaucoma [6]. However,
the role of LOXL1 in tumorigenesis or cancer
development remains largely unknown. In the
current study, we found that LOXL1 is highly
expressed in glioma and we revealed biological
functions of LOXL1 in glioma.
Materials and methods
Ethic statement
30 fresh tumor tissues and matched adjacent
tissues were collected from patients with pathologically and clinically confirmed glioma. All
human tumor tissues were obtained with written informed consents from patients. The
Institutional Review Board of Jiaxing First People’s Hospital approved the use of the tumor
samples in this study.
Cell culture
U87MG and U251 cells were purchased from
Cell Bank of the Chinese Academy of Sciences.

LOXL1 promotes glioma cell proliferation
Table 1. Sequence of primers and shRNAs
Name
LOXL1 primer
GAPDH primer
Sh#1
Sh#2

Sequence (5’-3’)
F: GATGGCAAGTGGTATGGGGTC
R: CGAGGACAGGCTGATCTTCC
F: AGCCTCAAGATCATCAGCAATGCC
R: TGTGGTCATGAGTCCTTCCACGAT
GTACCGGCACGTGAACCCAAAGTATATTCTCGAGAATATACTTTGGGTTCACGTGTTTTTTG
CCGGAGGGAGCGAACGTGGATGAAACTCGAGTTTCATCCACGTTCGCTCCCTTTTTTG

gen). Quantitative real time
PCR was performed using SYBR green Supermix (ABI) in ABI
7500 PCR system. The housekeeping gene GAPDH was
used as an internal standard.
Primers used in this study were described in Table 1.
Western blots

Figure 1. LncRNA LOXL1 is highly expressed in glioma malignant tissues
and cell lines. A: LOXL1 is significantly up-regulated in GSE4290 patient’s
cohort. B: LOXL1 is highly expressed in GSE7696 patient’s cohort. C: Quantitative real-time PCR reveals that LOXL1 is significantly elevated in fresh
glioma tissues. D: Expression of LOXL1 in normal brain tissues cell line NHA
and glioma cell lines U87MG and U251.

Normal human astrocytes (NHA) were purchased from American Type Culture Collection
(ATCC). All cells were maintained under standard culture conditions (37°C, 5% CO2) in culture medium recommended by Cell Bank of
the Chinese Academy of Sciences or ATCC.
RNA isolation and quantitative real-time PCR
Total RNA was purified from fresh glioma and
adjacent tissues or cells using TRIzol (Invitrogen) following the manufacturer’s protocol.
RNA (1 μg) was reverse transcribed using
SuperScript Reverse Transcriptase III (Invitro2033

Cells were lysed in WB/IP lysis
buffer (P0013, Beyotime) and
nuclear proteins were extracted using lysis buffer (P0028,
Beyotime), all the procedures
were performed following the
manufacturer’s protocol. Subsequently the cell lysates were boiled in 5X SDS-PAGE loading buffer for 10 min and then resolved by 10% SDS-PAGE
and transferred to nitrocellulose membrane. The following
antibodies were used in this
study: LOXL1 (Proteintech), GAPDH (Proteintech), β-catenin
(CST), Lamin A/B (Proteintech).
Bound antibodies were visualized with the ECL kit (Thermo
Scientific).

Construct stable cell lines
To generate stable silenced LOXL1 cell lines,
vectors containing shRNAs were purchased
from Sigma-Aldrich. To ectopic express LOXL1,
vectors containing the ORF of LOXL1 were obtained from Genecopoeia. We then transfected
NHA cells with these vectors by lipofectamine
2000 (Invitrogen) following the manufactur-er’s
protocol. The supernatant media containing
virus was collected by centrifugation to remove cellular contaminant. The resulting viruses
were used to infect the indicated cells, and
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quantified by addition 10 μl
of cell counting kit (CCK-8,
Dojindo). After 1.5 hours incubation, the plates were monitored by Power Wave XS microplate reader (BIO-TEK) at an
absorbance 450 nm.
Colony formation assays
The indicated cells (1000/well) were seeded in the 6-well
plates and incubated 14-21
days at 37°C, 5% CO2. Colonies were fixed and stained with 0.5% crystal violet and
the number of colonies was
counted.
Flow cytometry cell cycle assays
The indicated cells (20×104/
well) were seeded in the 6-well plates. These cells were then collected at 12 h, 24 h, and
36 h. Cells were washed twice with 1×PBS, then re-suspended and fixed in 2 ml 70%
ethanol at -20°C. Cells were
then stained with PI (BD) and
followed as the manufacturer’s protocol.
Luciferase reporter assays
The indicated cells were seeded in 96-well plates and transFigure 2. Knockdown LOXL1 inhibits GLIOMA cell proliferation and growth.
fected with TCF/β-catenin re(A) Expression of LOXL1 is significantly down-regulated in indicated cell lines
porter plasmid (Wnt/β-catenafter stably silencing LOXL1.Silencing LOXL1 inhibits U87MG (A) and U251
in signaling) and 10 ng Renil(B) cell viability. (B, C) Knockdown LOXL1 inhibits the cell viability of U87MG
(B) and U251 (C). (D, E) Knockdown LOXL1 inhibits the ability of clone forla following the recommended
mation in U87MG and U251. (F, G) Depletion of LOXL1 leads to U87MG and
protocol for the LipofectamiU251 cell cycle arrest in G0/G1 stage. (G, H) Silencing LOXL1 inhibits subne 2000 transfection system.
cutaneous tumor formation in nude mice.
After 48 hours incubation, firefly and Renilla luciferase activthen integrated cells were selected by 2 μg/ml
ities were measured using the dual-luciferapuromycin for 2 weeks. Alterations of LOXL1 in
se reporter assay system (Promega, Madisthose cells were confirmed by Western blots
on, WI) from the cell lysates.
before further analysis. The sequences of shRStatistics analysis
NAsaredescribed in Table 1.
CCK-8 cell viability assays
Cells were seeded into a 96-well plate at 3×103
cells per well with 100 μl cultured medium and
cultured at 37°C, 5% CO2. Cell viability was
2034

Data are expressed as the mean ± standard deviation. Student’s t test was used for
comparisons between groups and P<0.05
was considered statistically significant difference.
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indicate that LOXL1 is highly
expressed in glioma tumor tissues.
Knockdown LOXL1 inhibits
glioma cell proliferation and
growth
To determine the role of LOXL1 in GLIOMA tumorigenesis,
we silenced LOXL1 against the
specific targets in U87MG and
U251 cell lines using lentivirus-mediated short hairpins
RNAs (shRNAs). As illustrated
in Figure 2A, both shRNAs
achieved effective knockdown
efficiency. Notably, LOXL1 depletion significantly reduced
U87MG and U251 cell viability
compared with control (sh-NC)
cells (Figure 2B, 2C). Aditionally, LOXL1 knockdown strongly impaired the ability of
clone formation in U87MG and
Figure 3. Ectopic expression of LOXL1 promotes NHA cell proliferation and
U251 cells (Figure 2D, 2E). As
growth. A: Expression of LOXL1 is significantly elevated in NHA cell when ectopic expressed LOXL1 in NHA cell lines. B: CCK-8 cell viability assays show
depletion of LOXL1 significantthat overexpression LOXL1 elevates NHA cell viability. C: Clone formation
ly inhibited glioma cell prolifassays reveal that LOXL1 promotes NHA cell growth. D: LOXL1 promotes
eration and growth, we then
NHA cell transition from G0/G1 to S stage.
asked whether LOXL1 influences the cell cycle of glioma. In
Results
agreement with these results, we found that
silencing LOXL1 induced cell cycle arrested in
LOXL1 is highly expressed in different cohort
G0/G1 stage. Overall, these results indicate
of Glioma malignant tissues
that LOXL1 silencing impairs the ability of glioma cell proliferation and growth.
In the current study, we retrieved data from the
Oncomine Database and surprisingly found
LOXL1 overexpression enhances NHA cell
that LOXL1 is significantly elevated in different
proliferation and growth
cohorts of glioma patients. As shown in Figure
1A and 1B, LOXL1 is highly expressed in pubWe next overexpressed LOXL1 in NHA cells
lished GSE4290 [7] and GSE7696 [8] glioma
and established a LOXL1 stably overexpresspatient tissues. Furthermore, we then detering cell line. As shown in Figure 3A, LOXL1 ovmined the level of LOXL1 in fresh glioma tiserexpression dramatically increased the level
sues and the results were consistent with the
of LOXL1 in NHA cell. Furthermore, ectopic
data in the published datasets, as shown in
expression of LOXL1 significantly heightened
Figure 1C, LOXL1 is significantly highly excell viability and the ability of cell clone formapressed in fresh glioma tissues when comtion (Figure 3B, 3C). We also explored the cepared with adjacent tissues. In addition, we
ll cycle in overexpressed LOXL1 NHA cells.
also examined the level of LOXL1 in NHA,
Notably, LOXL1 overexpression significantly enU87MG and U251 cell lines, and found that
larged the distribution of S stage cells (Figure
the level of LOXL1 is higher in U87MG and U23D). All together, these data indicate that LOXL1
51 when compared with NHA. These data
plays a role in NHA cell proliferation and growth.
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Figure 4. LOXL1 regulates Wnt/β-catenin signaling in glioma cell lines. (A, B) Dual luciferase reporter assays revealed that depletion of LOXL1 significantly inhibits Wnt/β-catenin signaling in U87MG (A) and U251 (B) cells. (C)
Silencing LOXL1 significantly inhibits the nuclear β-catenin level in U87MG and U251 cells. (D) β-catenin inhibitor
IWR-1-endo rescues the promotive effects in NHA cell overexpression cell lines.

LOXL1 regulates the activation of Wnt/βcatenin signaling in glioma cells
As Wnt/β-catenin signaling could regulate
these cyclins, we then asked whether LOXL1
regulates Wnt/β-catenin signaling to subsequently modulate cell proliferation. As shown in
Figure 4A, luciferase reporter assays revealed
that silencing LOXL1 impairs the activation of
Wnt/β-catenin signaling in U87MG (Figure 4A)
and U251 (Figure 4B) cell lines. We then examined the level of nuclear β-catenin, as illustrated in Figure 4C, we found that depletion of
LOXL1 significantly reduced the level of nuclear
β-catenin signaling. Moreover, we then used
IWR1-endo, an inhibitor of β-catenin, treating
NHA stable cell lines, and found that IWR-1endo could rescue the LOXL1 induced cell
proliferation. These data suggest that LOXL1
regulates the activity of Wnt/β-catenin signaling.
Discussion
In this study we found that extracellular matrix
protein LOXL1 is highly expressed in glioma
2036

malignant tissues compared with normal tissue. Our study shows that LOXL1 promotes glioma cell proliferation and growth through
affecting Wnt/β-catenin signaling. Extracellular
matrix proteins play pivotal roles in tumor development through interaction with cancer cells. A
previous study reveals that extracellular matrix
proteins protect small cell lung cancer cells
against apoptosis. Extracellular matrix protein
TGFB1 promotes metastasis of colon cancer
by enhancing cell extravasation [9]. POSTN
enhances the malignant phenotypes of the
pancreatic cancer cell [10]. However, study
about the role of extracellular matrix protein in
glioma is rare. In current study, we found that
LOXL1, which is rarely reported in the field of
tumor biology, is highly expressed in glioma.
We further foundthat silencing LOXL1 significantly inhibited cell proliferation, and ectopic
expression of LOXL1 promoted NHA cell proliferation and growth. These findings indicate
that highly expressed LOXL1 promotes glioma
cell proliferation and growth in the tumor
microenvironment.
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However, the role of LOXL1 in cell proliferation
and growth hasn’t been reported to date. To our
knowledge, Wnt/β-catenin signaling is an activated pathway in many kinds of tumors and it
plays a pivotal role in regulating cancer cell proliferation, growth, and survival [11-13]. Our findings shed light on the mechanism that LOXL1 regulates Wnt/β-catenin signaling to promote glioma cell proliferation. However, detailed mechanisms how LOXL1 regulates Wnt/
β-catenin signaling remain to be fully elucidated
in future studies.
Taken together, we reveal the extracellular matrix protein LOXL1 is commonly up-regulated
in glioma tissues, and highly expressed LOXO1 plays an oncogenic role in glioma cell proliferation. Patients with a high level of LOXL1
might suffer a poor prognosis. We further report that LOXL1 regulates Wnt/β-catenin signaling to regulate glioma cell proliferation. As
LOXL1 is an extracellular secretory protein, it
is potentially a novel serological biomarker for
glioma.
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