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Abstract. Osteosarcoma is the most common type of primary 
bone cancer in children and young adults. The prognosis of 
osteosarcoma is very poor when it is diagnosed with metas-
tasis. Lysosomal-associated membrane protein 3 (LAMP3) 
is a tumor-specific protein induced by hypoxia, which 
stimulates invasion and metastasis of various cancer cells via 
hypoxia-inducible factor (HIF). A previous study from our 
group has reported that expression of LAMP3 is significantly 
increased in lung metastatic osteosarcoma compared with 
primary osteosarcoma using microarray analysis, suggesting 
that LAMP3 may be involved in metastatic osteosarcoma. 
The present study therefore aimed to investigate the role of 
LAMP3 in osteosarcoma metastasis. Knockdown of LAMP3 
decreased the invasion of two osteosarcoma cell lines in vitro. 
Furthermore, knockdown of LAMP3 increased the expression 
of secreted phosphoprotein 1 (SPP1), cadherin 1, and keratin 19, 
while it decreased the expression of matrix metallopepti-
dase 2, collagen type III α 1, twist family bHLH transcription 
factor 1 and cadherin 2. Concurrent knockdown of SPP1 and 
LAMP3 attenuated the changes in gene expression profile 
induced by LAMP3 knockdown alone. Gene ontology and 
KEGG analysis demonstrated that SPP1 was involved in cell 
adhesion, focal adhesion, and extracellular matrix-receptor 
interaction. In conclusion, the present results suggest that 
LAMP3 may be involved in the invasion and metastasis of 
osteosarcoma via regulating signaling downstream of SPP1. 
Thus, LAMP3/SPP1 signaling may serve as a potential target 
in the future to prevent osteosarcoma metastasis.

Introduction

Osteosarcoma is the most common type of primary bone 
cancer. Most osteosarcomas are detected at the end of long 

bone in children and adolescence when they are most rapidly 
growing (1). Despite the advances in chemotherapy and radia-
tion treatments, the survival rate has remained low in the past 
two decades because of the fatal lung metastasis at the late stage 
of this disease (2). The mechanisms underlying the metastasis 
remain largely unknown. Understanding the mecha nisms will 
help develop strategies for preventing metastasis of osteosar-
coma and improving the survival rate of patients.

Lysosomal-associated membrane protein 3 (LAMP3) is 
a tumor‑specific protein, which was originally isolated from 
lung tissue (3). Several lines of evidence indicate that LAMP3 
is upregulated in different types of cancer, including breast 
cancer, uterine cervical cancer, esophageal and laryngeal 
squamous cell carcinoma, and gastrointestinal cancer (4-8). 
High expression of LAMP3 is associated with poor prog-
nosis and low survival rate in patients with esophageal and 
laryngeal squamous cell carcinomas (7,8). LAMP3 has also 
been demonstrated to promote metastasis of uterine cervical 
cancer and to have important roles in chemotherapy resistance 
of breast cancer (4,9). In a previously published study from 
our group, LAMP3 was demonstrated to be highly expressed 
in lung metastasis of osteosarcoma compared with primary 
osteosarcoma tissues (10). However, the exact role of LAMP3 
and its mechanism in osteosarcoma invasion and metastasis 
remain unclear.

The present study demonstrated that knockdown of 
LAMP3 decreased osteosarcoma cell invasion via regulating 
multiple genes involved in cancer cell invasion. Concurrent 
knockdown of LAMP3 and secreted phosphoprotein 1 (SPP1), 
the most upregulated gene induced by LAMP3 knockdown, 
attenuated the changes of gene expression mediated by 
knockdown of LAMP3. SPP1 was predicted to be involved in 
functions and signaling pathways related to cancer cell inva-
sion. Taken together, these results demonstrated that LAMP3 
may be important in invasion of osteosarcoma via regulating 
the SPP1 signaling pathway, suggesting that LAMP3 and SPP1 
may serve as potential targets to prevent osteosarcoma metas-
tasis and improve the survival rate of patients.

Materials and methods

Cell culture and transfection. OS-732 and U2OS cell lines 
were purchased from the American Type Culture Collection 
(Manassas, VA, USA) and maintained in Dulbecco's modified 
Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc., 
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Waltham, MA, USA) supplemented with 10% fetal bovine 
serum (Invitrogen; Thermo Fisher Scientific, Inc.), 2 mM 
glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin. 
Cells were maintained at 37˚C in a humidified atmosphere 
containing 5% CO2. For the knockdown of LAMP3 and 
SPP1, 20 nM siLAMP3 (L-004716-01-0005), siSPP1 
(L-012558-00-0005) and siControl (D-001810-01-05; all 
from GE Healthcare Dharmacon, Inc., Lafayette, CO, USA) 
were transfected to cells using HiPerFect transfection reagent 
(Qiagen GmbH, Hilden, Germany), according to manufac-
turer's instructions. Then, 2 days after transfection of siRNAs, 
the medium was replaced with fresh complete medium and the 
cells were ready for the experiments.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from cells using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total 
RNA (1 µg) was treated with DNase I (Invitrogen; Thermo 
Fisher Scientific, Inc.) and cDNA was synthesized using the 
SuperScript III First-Strand Synthesis kit (Invitrogen; Thermo 
Fisher Scientific, Inc.). qPCR was performed in a 7900 HT 
real time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using SYBR Green Real‑Time PCR Master 
Mix (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). 
PCR conditions were: Initial denaturation, 95˚C, 30 sec; 
40 cycles: (Step 1) 95˚C, 5 sec; (Step 2) 58˚C, 15 sec; (Step 3) 
72˚C, 10 sec. GAPDH was used as an internal control. Relative 
mRNA levels were calculated using the 2-ΔΔCq method (10). 
The sequences of primers are given in Table I.

Transwell invasion assay. Cell invasion assay was carried out 
using a 24-well Transwell culture system. The upper side of the 
filter was coated with 100 µl 0.25 mg/ml Matrigel at 4˚C for 
overnight. The lower chamber was filled with complete culture 
medium (10% FBS). A total of 5x104 cells were plated into the 
upper part of the Transwell chamber (FBS free) and incubated 
for 24 h. Following incubation, the non-invaded cells on the 
upper side of the membrane were removed by cotton swabs. 
The invaded cells on the lower side of the insert filter were fixed 
with 10% buffered formaldehyde and stained with 1% crystal 
violet solution. The invasive ability was determined by counting 
the cells that invaded to the lower side of the membrane under a 
light microscope (Olympus Corporation, Tokyo, Japan). A total 
of three random fields were chosen to manually count the cell 
numbers; two replicates were performed per experiment and 
three independent experiments were performed.

Western blotting. The protein expression levels of LAMP3, 
E-cadherin, and β-actin were analyzed by western blot 
assay. Following treatments, cells were harvested in radioim-
munoprecipitation assay lysis buffer (Beyotime Institute of 
Biotechnology, Shanghai, China) supplemented with protease 
inhibitor cocktail (Sigma-Aldrich; Merck KGaA). Equal 
amount of protein (~20 µg) was resolved in 12% SDS-PAGE 
and transferred onto polyvinylidene fluoride membranes. 
Following blocking with 5% non-fat dry milk in TBS/0.1% 
Tween-20 (TBST) buffer, membranes were incubated with 
primary antibodies at 4˚C overnight. Following three washes 
with TBST, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies for 1 h at 

room temperature. Following washing, the membranes were 
developed using chemiluminescence substrate (RPN2232; 
GE Healthcare Life Sciences, Little Chalfont, UK) and 
imaged. The antibodies used were: Mouse anti-β-actin 
(ab8227; 1:5,000; Abcam), anti-mouse HRP-conjugated IgG 
(A9044; 1:5,000; Sigma-Aldrich; Merck KGaA), anti-rabbit 
HRP-conjugated IgG (A0545; 1:5,000; Sigma-Aldrich; Merck 
KGaA), anti-E-Cadherin (3195; 1:1,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA), anti-LAMP3 (ab83659; 
1:1,000; Abcam).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis. The R packages GO.db 
and KEGGREST (11) were used to detect GO categories and 
KEGG (http://www.genome.jp/kegg/) pathways that were 
significantly enriched in the differentially expressed genes, 
as previously published (12). P<0.01 indicated significantly 
enriched GO terms, whereas P<0.05 indicated significantly 
enriched KEGG pathways.

Statistical analysis. GraphPad InStat 3 (GraphPad Software, 
Inc., La Jolla, CA, USA) was used for statistical analysis. Data 
are presented as means ± standard error of the mean of ≥3 
independent experiments. Significance of differences between 
two groups was determined by student's t-test and one-way 
analysis of variation with post hoc Tukey-Kramer Multiple 
Comparisons Test was used to calculate the significant differe‑
nces among ≥3 groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Knockdown of LAMP3 decreases the invasion of osteosarcoma 
cells. In view of the upregulation and premetastatic effect of 
LAMP3 in uterine cervical cancer and breast cancer (4,6), the 
role of LAMP3 in osteosarcoma metastasis was investigated. 
In a previously published study from our group, microarray 
data (accession no. GSE14359) from primary and lung meta-
static osteosarcoma samples were downloaded from the Gene 
Expression Omnibus database (http://www.ncbi.nlm.nih.
gov/geo) and analyzed, and the results revealed that LAMP3 
was among the top 10 upregulated genes in the lung metastatic 
tissues (10), suggesting that LAMP3 may be involved in osteo-
sarcoma metastasis.

To investigate the function of LAMP3 on osteosarcoma 
cell invasion, the critical first step of the metastatic cascade, 
small interfering RNA (siRNA) silencing of LAMP3 was 
employed in two osteosarcoma cell lines, OS-732 and U2OS. 
First, the successful knockdown of LAMP3 was confirmed by 
western blotting in the two cell lines (Fig. 1A). Then, the inva-
sive ability of osteosarcoma cells transfected with siControl or 
siLAMP3 was compared using an in vitro Transwell invasion 
assay. LAMP3 knockdown significantly decreased the number 
of cells invading the matrigel in both cell lines, compared with 
cells transfected with siControl (Fig. 1B). It is well-known 
that loss of E-cadherin is associated with increase of cancer 
cell invasion. Therefore, the effect of LAMP3 knockdown on 
E-cadherin expression was also examined by western blotting. 
The results demonstrated that LAMP3 knockdown by siRNA 
resulted in a marked increase in E-cadherin protein expression 
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levels compared with cells transfected with siControl (Fig. 1A), 
which is consistent with a decreased invasion ability.

Knockdown of LAMP3 increases the mRNA expression of 
SPP1. To elucidate the downstream signaling of LAMP3 

in the regulation of cell invasion, the EMT-related gene 
expression profile, summarized by PCR array on the Qiagen 
website (http://www.sabiosciences.com), was examined using 
RT-qPCR after transfection of siLAMP3 in osteosarcoma 
cells. As presented in Fig. 2, SPP1 was the top upregulated 

Table I. Sequences of primers used.

Gene symbol Forward primer (5'-3') Reverse primer (5'-3')

MMP2 TACAGGATCATTGGCTACACACC GTCACATCGCTCCAGACT
TWIST1 GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT
CDH1 ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA
CDH2 TCAGGCGTCTGTAGAGGCTT ATGCACATCCTTCGATAAGACTG
KRT19 AACGGCGAGCTAGAGGTGA GGATGGTCGTGTAGTAGTGGC
COL3A1 GGAGCTGGCTACTTCTCGC GGGAACATCCTCCTTCAACAG
CAV2 AAGACCTGCCTAATGGTTCTGC CTCGTACACAATGGAGCAATGAT
DSP GCAGGATGTACTATTCTCGGC CCTGGATGGTGTTCTGGTTCT
MST1R CTTTGACGTGAAGTACGTGGT CGTATGGCTACAAACACAGCAC
OCLN ACAAGCGGTTTTATCCAGAGTC GTCATCCACAGGCGAAGTTAAT
RGS2 AAGATTGGAAGACCCGTTTGAG GCAAGACCATATTTGCTGGCT
TFPI2 CTGGGGCTGTCGATTCTGC TCTCCGCGTTATTTCCTGTTG
AHNAK TACCCTTCCTAAGGCTGACATT TTGGACCCTTGAGTTTTGCAT
BMP1 GGGTCATCCCCTTTGTCATTG GCAAGGTCGATAGGTGAACACA
FN1 CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
FOXC2 CCTCCTGGTATCTCAACCACA GAGGGTCGAGTTCTCAATCCC
GSC AACGCGGAGAAGTGGAACAAG CTGTCCGAGTCCAAATCGC
ITGA5 GGCTTCAACTTAGACGCGGAG TGGCTGGTATTAGCCTTGGGT
MMP9 TGTACCGCTATGGTTACACTCG GGCAGGGACAGTTGCTTCT
MSN GAGGATGTGTCCGAGGAATTG GTCTCAGGCGGGCAGTAAA
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Figure 1. Knockdown of LAMP3 decreases osteosarcoma cell invasion. OS-732 and U2OS osteosarcoma cells were transfected with either negative control 
siRNA (siControl) or siRNA targeting LAMP3 (siLAMP3). (A) Protein expression levels of LAMP3 and E-cadherin were examined by western blotting in 
the two cells lines. Actin was used as an internal loading control. (B) Representative images (magnification, x10) and quantification from Transwell invasion 
assays in the two cell lines. *P<0.05 vs. siControl. LAMP3, lysosomal-associated membrane protein 3; si, small interfering.
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gene induced by LAMP3 knockdown. Consistent with the 
upregulation of E-cadherin presented in Fig. 1, an increase in 
the mRNA expression of the CDH1 gene was also observed 
following LAMP3 knockdown (Fig. 2). KRT19 was also 
significantly increased in osteosarcoma cells following 
LAMP3 knockdown. In addition, expression of genes that are 
known to be involved in tumor cell invasion, including MMP2, 
COL3A1, TWIST1, and CDH2, were significantly downregu-
lated in siLAMP3 transfected cells (Fig. 2). The present results 
suggest that these genes may serve as the downstream signaling 
mediators of LAMP3-mediated osteosarcoma metastasis.

Inhibition of SPP1 partially rescues the effect of LAMP3 knock‑
down. To further confirm the role of SPP1 in LAMP3‑mediated 
promotion of osteosarcoma invasion, LAMP3 and SPP1 were 
silenced concurrently and the invasive ability of osteosarcoma 
cells was examined. As illustrated in Fig. 3, the number of 
invaded cells was reduced following LAMP3 knockdown, 
while co‑transfection of SPP1‑specific siRNA partially but 
significantly reversed this effect. Furthermore, the effect of 
SPP1 knockdown was investigated on the siLAMP3-mediated 
gene expression changes in osteosarcoma cells. Similar to 
the in vitro invasion results, concurrent knockdown of SPP1 
significantly attenuated the upregulation of CDH1 and KRT19 

and the downregulation of MMP2, COL3A1, TWIST1 and 
CDH2 induced by LAMP3 knockdown, compared with 
siLAMP3-trasfection alone (Fig. 4).

SPP1 is associated with cell invasion pathways. Finally, GO 
and KEGG enrichment pathway analysis of SPP1 in a public 
online human osteosarcoma patient database (http://osteosar-
coma-db.uni-muenster.de/genesearch.php?gene2search=6696) 
were employed to investigate the cellular functions and 
signaling pathways in which SPP1 may be involved. The data 
presented in Fig. 5 demonstrated that SPP1 was involved in 
21 GO terms and 3 KEGG pathways. The top significantly 
enriched GO terms included osteoblast differentiation, cell 
adhesion, and inflammatory response. The top KEGG path-
ways involving SPP1 were focal adhesion, extracellular matrix 
(ECM)-receptor interaction and Toll-like receptor signaling 
pathway. These results suggest a functional role of SPP1 in 
the regulation of cell adhesion, loss of which is critical for the 
initiation of the metastatic cascade.

Discussion

Osteosarcoma is the most common type of primary 
bone cancer. Despite of aggressive surgery and intensive 

Figure 2. Gene expression profile following LAMP3 knockdown in U2OS. Reverse transcription‑quantitative polymerase chain reaction was employed 
to analyze the expression changes of genes associated with cancer cell invasion and metastasis following knockdown of LAMP3 (siLAMP3). Results are 
presented relative to the mRNA levels of the cells transfected with control siRNA (siControl). *P<0.05 and **P<0.01 vs. siControl. LAMP3, lysosomal-associated 
membrane protein 3; si, small interfering.

Figure 3. Knockdown of SPP1 partially rescues the inhibition of invasion induced by LAMP3 silencing. U2OS cells were transfected with control siRNA 
(siControl), LAMP3‑specific siRNA (siLAMP3) and/or SPP1‑specific siRNA (siSPP1) and their invasive ability was examined by Transwell invasion assay. 
Representative images (magnification, x10) and quantification are presented. *P<0.05 and **P<0.01 vs. siControl. SPP1, secreted phosphoprotein 1; LAMP3, 
lysosomal-associated membrane protein 3; si, small interfering.
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chemotherapy, the survival rate of osteosarcoma is <20% 
when patients are diagnosed with pulmonary metastasis or 

relapse (2). Thus, effective prevention of metastasis may help 
to improve the survival rate of patients with osteosarcoma. 

Figure 4. Knockdown of SPP1 partially rescues the gene expression changes induced by LAMP3 silencing. U2OS cells were transfected with control siRNA 
(siControl), LAMP3‑specific siRNA (siLAMP3) and/or SPP1‑specific siRNA (siSPP1) and the mRNA expression levels of MMP2, TWIST1, CDH1, CDH2, 
KRT19 and COL3A1 were examined by quantitative polymerase chain reaction. *P<0.05 and **P<0.01 vs. siControl. SPP1, secreted phosphoprotein 1; LAMP3, 
lysosomal-associated membrane protein 3; si, small interfering; MMP, matrix metallopeptidase; TWIST1, twist family bHLH transcription factor 1; CDH, 
cadherin; KRT19, keratin 19; COL3A1, collagen type III α 1.

Figure 5. Bioinformatics analysis of enriched cellular functions and pathways in osteosarcoma involving SPP1. (A) Gene ontology and (B) KEGG pathway 
analysis revealed that SPP1 may be involved in the osteoblast differentiation and cell adhesion functions and in the focal adhesion and ECM-receptor interac-
tion pathways. SPP1, secreted phosphoprotein 1; KEGG, Kyoto Encyclopedia of Genes and Genomes; ECM, extracellular matrix.
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Metastasis is a complex process involving multiple factors 
and steps. Understanding the mechanisms underlying metas-
tasis may help to develop novel therapeutic strategies for the 
improvement of patient outcome. Emerging evidence indicates 
that intratumoral hypoxia has important roles in cancer cell 
invasion and metastasis through the transcriptional activity of 
hypoxia-inducible factors, which affect the deposition, remode-
ling and degradation of ECM (13,14). LAMP3, a member of 
the LAMP family, is induced by hypoxia and has been linked 
to metastasis of several types of cancers (4,15). In the current 
study, LAMP3 was demonstrated to be significantly increased 
in osteosarcoma lung metastatic tumors, indicating a poten-
tial role of LAMP3 in osteosarcoma metastasis. Knockdown 
of LAMP3 reduced the invasiveness of osteosarcoma cells, 
further suggesting a premetastatic effect of LAMP3 in osteo-
sarcoma cells. These results suggest that LAMP3 may be 
important in osteosarcoma metastasis.

Multiple different genes are involved in the regulation 
of cancer cell invasion. In the present study, knockdown of 
LAMP3 resulted in gene expression changes of a variety of 
genes, among which SPP1 was the most significantly increased 
gene detected. SPP1 is a well-studied protein that interacts 
with a number of integrin heterodimers to increase their 
activity and to regulate cell adhesion and motility, which are 
characteristic metastatic phenotypes of cancer cells. Several 
lines of evidence have demonstrated that upregulation of 
SPP1 induces metastasis indifferent types of cancer, including 
non-small cell lung cancer (16), prostate cancer (17), colon 
adenocarcinoma (18) and breast cancer (19). By contrast, 
the present results observed an elevated expression of SPP1 
in the siLAMP3-attenuated invasive osteosarcoma cells, 
and knockdown of SPP1 rescued the reduced invasiveness 
of osteosarcoma cells and the gene expression alterations 
induced by LAMP3 knockdown. In addition, gene ontology 
and KEGG pathway analysis suggested that SPP1 was involved 
in osteoblast differentiation, cell adhesion, and ECM-receptor 
interaction, which are critical functions in cancer cell invasion. 
These results strongly suggest that SPP1 may act downstream 
of LAMP3 serving a protective role in osteosarcoma metas-
tasis.

In addition to SPP1, changes in the expression of several 
genes were observed following LAMP3 knockdown. 
Cadherins belong to a class of cell adhesion molecules which 
regulate multiple aspects of cellular behavior, including 
cancer cell invasion. E-cadherin (encoded by the CHD1 
gene) and N-cadherin (encoded by the CHD2 gene) are two 
cadherins that have been widely investigated in cancer inva-
sion and metastasis. CDH1 is a well-known cancer invasion 
suppressor gene in humans, while CDH2 promotes invasion 
in many types of cancer (20,21). Downregulation of CDH1 
is associa ted with increased invasion and metastasis in 
non-small cell lung cancer (22). In the present study, knock-
down of LAMP3 resulted in the upregulation of CDH1 mRNA 
expression and E-cadherin protein expression, but downregu-
lation of CDH2 mRNA expression, which is consistent with 
a reduced invasive ability of osteosarcoma cells. KRT19 is a 
biliary/hepatic progenitor cell marker. It has been reported that 
KRT19 is correlated with the invasion of human hepatocel-
lular carcinomas (23). The present results detected increased 
KRT19 expression in osteosarcoma cells following LAMP3 

knockdown, suggesting that KRT19 may also contribute to the 
invasion of osteosarcoma cells.

TWIST is a key transcription factor involved in 
epithelial-mesenchymal transition, a cellular dedifferentiation 
program that promotes invasion and metastasis (24). 
Knockdown of LAMP3 reduces the expression of TWIST1. 
Matrix metalloproteinases (MMPs) are matrix-degrading 
enzymes. MMP2 and MMP9 cleave type IV collagen, the 
major constituent of basement membrane, and serve critical 
roles in regulating the metastasis of osteosarcoma (25,26). 
Thus, expression of MMP2 and MMP9 was also examined 
in LAMP3-silenced osteosarcoma cells. The results 
demonstrated that MMP2, but not MMP9, was downregulated 
in osteosarcoma cells following LAMP3 knockdown, 
suggesting that MMP2 may contribute to LAMP3-mediated 
invasion. COL3A1 is another important gene, which encodes 
the collagen chain of basement membrane, the critical 
component of ECM. Recently, Qiu et al (8) reported that 
COL3A1 is important in miR-29a/b-mediated migration and 
invasion of nasopharyngeal carcinoma. The present data 
demonstrated that LAMP3 knockdown reduced the expression 
of COL3A1, suggesting that COL3A1 may also contribute to 
LAMP3-mediated invasion in osteosarcoma cells.

In summary, LAMP3 mRNA expression is increased in 
lung metastatic tissues compared to primary tumor tissues 
of osteosarcoma. The present study demonstrated that 
knockdown of LAMP3 reduced the invasive ability of osteo-
sarcoma cells via regulating multiple downstream genes 
involved in cell-cell adhesion and ECM homeostasis. The 
LAMP3/SPP1 signaling pathway might, therefore, function 
as a novel target for the prevention of invasion and metastasis 
of osteosarcoma.
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