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Increasing evidence indicates that lymphocyte cytosolic protein 1
(LCP1) overexpression contributes to tumor progression; howev-
er, its role in osteosarcoma (OS) remains unclear. We aimed to
investigate the potential effect of LCP1 in OS and the underlying
mechanisms. We first demonstrated that LCP1 is upregulated in
OS cell lines and tissues. Then, we found that aberrant expression
of LCP1 could induce the proliferation andmetastasis of OS cells
in vitro and in vivo by destabilizing neuregulin receptor degrada-
tion protein-1 (Nrdp1) and subsequently activating the JAK2/
STAT3 signaling pathway. When coculturing OS cells with
bone marrow-derived mesenchymal stem cells (BMSCs) in vitro,
we validated that oncogenic LCP1 in OS was transferred from
BMSCs via exosomes.Moreover,microRNA (miR)-135a-5p, a tu-
mor suppressor, was found to interact upstreamof LCP1 to coun-
teract the pro-tumorigenesis effects of LCP1 inOS. In conclusion,
BMSC-derived exosomal LCP1 promotes OS proliferation and
metastasis via the JAK2/STAT3 pathway. Targeting the miR-
135a-5p/LCP1 axis may have potential in treating OS.

INTRODUCTION
Osteosarcoma (OS) is the most common primary malignant tumor of
bone in children and adolescents (one to three cases annually per
million worldwide), accounting for approximately 20% of bone
neoplasia and 2% of pediatric tumors.1,2 OS typically arises from
the metaphysis of long bones, and distant metastasis to the lungs is
confirmed in 20% of patients at the time of diagnosis.3 Currently,
the standard treatment strategies for OS are surgery combined with
chemotherapy, and this has remained unchanged for the past 30
years.4,5 Despite the effort to improve therapy, the 5-year overall sur-
vival rate of patients with distant metastasis is still at a low level.6

Therefore, it is urgent to develop more potential strategies for OS.

The actin-binding protein lymphocyte cytosolic protein 1 (LCP1) was
initially found tobe expressed only in hematopoietic cells.7After the dis-
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covery that LCP1 occurs in many nonhematopoietic malignancies, its
role as a tumor biomarker was widely investigated. It was reported
that LCP1waspositively correlatedwith lymphnodemetastasis in pros-
tate cancer.8 In addition, the overexpression of LCP1 could induce pro-
liferation and metastasis in colorectal and oral cancers.9–11 Although
studies have confirmed that LCP1 plays important roles in several can-
cers, the impact of LCP1 on OS development is still unknown.

Bone marrow-derived mesenchymal stem cells (BMSCs) are reported
to have self-renewing capability and multipotential, which have been
exploited as therapies for many human diseases;12–14 however, in the
treatment of cancer, their effects are debatable. Some studies have
shown that BMSCs inhibit the development of bladder and pancreatic
cancers,15,16 whereas others have indicated that BMSCs functioned as
a tumor promoter in lung and hepatocellular cancers.17–19 In the
tumor microenvironment, locally adjacent to OS tissues, BMSCs defi-
nitely play important roles in OS growth. Previous studies have sug-
gested that BMSCs could promote progression of OS;20,21 however,
the underlying mechanisms are still unclear.

Exosomes are small extracellular vesicles, 50–150 nm in diameter,
that are released by mammalian cells through the membranes of
multivesicular bodies. They were discovered in 1983, and since
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. LCP1 Is Upregulated in Osteosarcoma (OS) Cell Lines and Tissues

(A) The hub genes upregulated in OS from the GEO: GSE12865, GSE14359, and GSE33382 databases. (B) Log2 fold-change values of LCP1 in three databases. (C) The

volcano map of differentially expressed genes in GEO: GSE12865. (D) The mRNA expression level of LCP1 in hFOB 1.19 and five OS cell lines and clinical samples. (E) The

protein level of LCP1 in hFOB 1.19 and five OS cell lines and clinical samples. (F) Immunohistochemistry staining was used to determine the protein levels of LCP1 and Ki-67

between OS tissues and adjacent tissues.
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then, their roles in the tumor microenvironment have been widely
investigated.22 Exosomes are rich in genetic material, proteins, and
lipids, and they mediate interactions between cancer cells and other
cells in the tumor microenvironment via a paracrine effect.23 Accu-
mulating evidence has shown that exosomes can realize the cell–cell
communication between BMSCs and tumor cells by packaging pro-
tein and RNA, thus exerting the effects of BMSCs on tumor progres-
sion.24,25 In addition, previous studies have revealed that exosomes
could mediate the crosstalk between BMSCs and OS cells, and
BMSC-derived exosome additions could promote OS progression.26

However, the underlying mechanisms of BMSC-derived exosomes
aggravating OS still need further investigation.

Post-transcriptional regulation plays a key role in protein expression.
MicroRNAs (miRNAs) are small noncoding RNAs, and their dysre-
gulation is involved in oncogenesis.27–29 By binding to the 30 untrans-
lated region (UTR) of target mRNA, miRNAs negatively regulate the
translation of mRNA.30 Levels of microRNA (miR)-135a-5p, a tumor
suppressor, are reported to be decreased in several malignant cancers,
and its aberrant expression is correlated with worse clinical out-
comes.31–34 However, the role of miR-135a-5p in OS remains unclear.
In this study, we explored the role of LCP1 in OS and uncovered the
potential underlying mechanism in vitro and in vivo. We found that
aberrant LCP1 transferred from BMSCs via exosomes plays
pro-tumorigenesis and pro-metastasis effects on OS through destabi-
lization of neuregulin receptor degradation protein-1 (Nrdp1) and
activation of the JAK2/STAT3 pathway, whereas miR-135a-5p can
inhibit these effects. Our findings may provide a potential therapeutic
target for OS.

RESULTS
LCP1 Is Upregulated in OS Specimens and Cells

We first analyzed three OS-related datasets (GEO: GSE12865,
GSE14359, and GSE33382), and all of the three public datasets
showed that the expression level of LCP1 was higher in OS tissues
(Figures 1A–1C). The mRNA expression level of LCP1 in human fetal
osteoblastic (hFOB) cell line 1.19, human OS (HOS), U-2 OS, Saos-2,
143B, and clinical samples was measured via qRT-PCR. As shown in
Figure 1D, the expression level of LCP1 was significantly upregulated
in OS cell lines (p = 0.000) as well as OS tumor tissues (p = 0.000).
Western blot analysis demonstrated similar results with qRT-PCR
(Figure 1E). In an immunohistochemistry assay, LCP1 and Ki-67
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Table 1. Expression of LCP1 and miR-135a-5p According to Patients’ Clinical Features

Characteristics Number

LCP1 Expression

p Value

miR-135a-5p Expression

p ValueHigh Group Low Group High Group Low Group

Age (Years)

<18 25 10 15 0.41 11 14 0.80

R18 15 8 7 6 9

Gender

Female 22 12 10 0.95 9 13 0.57

Male 18 10 8 9 9

Location

Femur/tibia 33 16 17 0.79 14 19 0.48

Elsewhere 7 3 4 4 3

TNM Stage

I 19 8 11 0.028a 13 6 0.027a

II/III 21 16 5 7 14

Tumor Size (cm)

<5 18 7 11 0.031a 12 6 0.028a

R5 22 16 6 7 15

Metastasis

Yes 16 12 4 0.02a 5 11 0.028a

No 24 9 15 16 8

Expression levels of LCP1 and miR-135a-5p were correlated with tumor TNM stage and metastasis, according to the clinical features of 40 patients.
ap < 0.05 (chi-square test).

Molecular Therapy: Nucleic Acids
expression was markedly higher in OS tissues than in adjacent tissues
(Figure 1F), which was consistent with the above results. Further-
more, we explored the relationship between LCP1 expression and
clinicopathological characteristics in 40 OS patients (Table 1), and
we found that the expression level of LCP1 was positively correlated
with tumor node metastasis (TNM) stage, tumor size, and metastasis.

LCP1 Promotes the Proliferation of OS Cells In Vitro and In Vivo

To investigate the effect of LCP1 on OS cells in vitro, HOS and 143B
cells were selected for transfection with the LCP1-coding sequence
and short hairpin (sh)RNA-targeting LCP1 (LCP1 and sh-LCP1),
respectively. Transfection efficiency is shown in Figure 2A (p =
0.020 and p = 0.000 for knockdown and overexpression assays) and
Figure 2B. The results of a cell-counting assay showed that cell prolif-
eration was significantly inhibited after silencing LCP1 (p = 0.000);
conversely, LCP1 overexpression promoted the proliferation of OS
cells (p = 0.000; Figure 2C). Moreover, the clonality of OS cells was
suppressed by LCP1 knockdown (p = 0.001) but increased by LCP1
upregulation (p = 0.006; Figures 2D and 2E). Furthermore, a 5-ethy-
nyl-20-deoxyuridine (EdU) proliferation assay indicated that LCP1
plays a key role in cell proliferation, as the percentage of mitotic cells
was decreased by LCP1 downregulation (p = 0.004) and vice versa
(p = 0.004; Figures 2D and 2E). Results of western blotting demon-
strated that LCP1 depletion significantly attenuated the levels of
G1/S checkpoint proteins, including c-Myc, cyclin-dependent ki-
nase-4 (CDK4), and cyclin D1, whereas LCP1 overexpression
902 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
conversely enhanced their expression (Figure 2F), which suggested
that LCP1 promotes OS cell proliferation by accelerating cell cycle
from G1 phase to S phase.

In a subcutaneous tumorigenesis assay, stably transfected cells were
subcutaneously injected into nude mice. The weight (p = 0.000)
and size (p = 0.000) of tumors were significantly decreased after
LCP1 knockdown. An immunohistochemistry assay showed that
Ki-67 expression levels in the tumor nodes were attenuated in a sh-
LCP1 group, whereas the opposite result was observed in an LCP1
overexpression group (p = 0.000; Figure 2G).
LCP1 Promotes Metastasis of OS Cells In Vitro and In Vivo

To explore whether LCP1 plays a crucial role in OS cell metastasis,
Transwell and wound-healing assays were conducted. In the Trans-
well assay, the number of migrated cells was significantly decreased
after LCP1 downregulation (p = 0.000) but increased by LCP1 over-
expression (p = 0.000). Similarly, silencing LCP1 reduced cell inva-
sion (p = 0.000), whereas upregulating LCP1 expression enhances
the invasive ability of cells (p = 0.000; Figures 3A and 3C). A
wound-healing assay showed that the migration rate was restrained
in the LCP1 knockdown group (p = 0.006); however, the opposite
result was observed in the LCP1 overexpression group (p = 0.002; Fig-
ure 3B). Results of the 3D tumor spheroid invasion assay also demon-
strated that a higher expression level of LCP1 led to the stronger



Figure 2. LCP1 Promotes OS Proliferation In Vitro and In Vivo

(A and B) Transfection efficiency was examined by qRT-PCR (A) and western blot analysis (B). (C–E) The effect of LCP1 on proliferation in vitrowas detected using CCK-8 (C),

EdU (D [left] and E [left]), and colony-formation assays (D [right] and E [right]). (F) Western blot analysis of cell-cycle-related proteins following LCP1 depletion and over-

expression. (G) Knockdown of LCP1 inhibited tumor growth in vivo, whereas the upregulation of LCP1 promoted tumor growth. Tumor volume was measured every 4 days

after injection. Tumor weight and Ki-67 expression were determined.
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invasive ability of OS cells (p = 0.002 and p = 0.002 for knockdown
and overexpression assays; Figure 3D).

We next analyzed the relationship between LCP1 and proteins involved
in epithelial-mesenchymal transition (EMT) through western blotting.
The expression levels of N-cadherin, vimentin, as well as matrix metal-
loproteinase-2 (MMP-2) were attenuated following LCP1 knockdown,
whereas E-cadherin was upregulated (Figure 3E), and the opposite
result was observed when LCP1 was overexpressed, which revealed
that LCP1 promotes tumor metastasis via activating the EMT process.

To generate a pulmonary metastasis model, cells stably transfected
with luciferase were injected into the tail vein of nude mice to deter-
mine the role of LCP1 on tumor metastasis in OS. As expected, LCP1
knockdown greatly suppressed the invasion of OS cells and alleviated
pulmonary metastasis compared with the control group (p = 0.002),
whereas LCP1 overexpression could reverse these effects (p = 0.004;
Figures 3F and 3G). Taken together, in vitro and in vivo experiments
further confirmed that LCP1 accelerated OS metastasis via activating
the EMT process.

LCP1 Promotes Metastasis via Degradation of Nrdp1 and

Activation of the JAK2/STAT3 Signaling Pathway

To uncover the downstream signaling pathways of LCP1, a single-
gene gene-set enrichment analysis (GSEA) was performed using the
correlation coefficient of each gene with LCP1 in three public
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 903
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Figure 3. LCP1 Promotes OS Metastasis In Vitro and In Vivo

(A–C) The effect of LCP1 on cell migration and invasion was evaluated by Transwell (A and C) and wound-healing assays (B). (D) 3D tumor spheroid invasion assay was

performed to determine the effect of LCP1 on invasion. (E) Western blot analysis showed that LCP1 promoted epithelial-mesenchymal transition (EMT). (F) Representative

photographs of metastatic nodules were taken by an IVIS imaging system. Quantification of the luciferase is shown. (G) H&E staining was used to characterize the lung

metastatic nodules. Scale bar, 200 mm.
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databases. Results indicated that the JAK2/STAT3 signaling pathway
was enriched after LCP1 overexpression (p = 0.007; Figures 4A and
4B). As expected, a western blot assay further confirmed that LCP1
knockdown markedly decreased the phosphorylation of JAK2 and
STAT3. Moreover, the expression level of phosphorylated STAT3
in the nuclei also decreased (Figure 4C). To investigate whether the
JAK2/STAT3 signaling pathway participated in LCP1-induced
metastasis and EMT activation, an agonist (coumermycin A1 [C-
A1]) and inhibitor (fedratinib) of the JAK2/STAT3 pathway were
used, and the expression levels of EMT-related proteins were exam-
ined. As shown in Figure 4C, expression levels of N-cadherin, vimen-
tin, and MMP-2 were downregulated following LCP1 knockdown,
whereas E-cadherin was upregulated. The C-A1 could partly reverse
these effects. The opposite result was observed in the LCP1 overex-
pression group. In addition, an immunofluorescence assay revealed
that knockdown of LCP1 significantly suppressed the transport of
904 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
phosphorylated STAT3 from the cytoplasm into the nuclei, whereas
upregulation of LCP1 reversed this effect (Figure 4D).

To explore underlying mechanisms of how LCP1 activates the JAK2/
STAT3 pathway, we predicted the potential proteins interacting with
LCP1 online (Uniprot; https://www.uniprot.org/) and selected those
that are involved in the JAK2/STAT3 pathway, including CXC recep-
tor 2, Nrdp1, and transcription factor AP-1 for the coimmunopreci-
pitation (coIP) assay. We found that only Ndrp1, which was reported
to negatively regulate JAK2 activation,35,36 could interact with LCP1
(Figure 5A). The fluorescence colocation assay further demonstrated
that LCP1 and Nrdp1 are colocated in the cytoplasm (Figure 5B).
Interestingly, we identified no significant differences of Nrdp1
mRNA expression after LCP1 overexpression in OS cells (p = 0.693
for 143B and p = 0.657 for HOS; Figure 5C), whereas the Nrdp1 pro-
tein level was attenuated in LCP1-overexpressed OS cells (Figure 5D),

https://www.uniprot.org/


Figure 4. LCP1 Participates in the JAK2/STAT3 Signaling Pathway

(A and B) Single-gene GSEA analysis showed top activated gene sets ordered by gene ratio (A) and the JAK2/STAT3 signaling pathway was enriched after LCP1 over-

expression (B). (C) Western blot analysis indicated that LCP1 promoted the phosphorylation of JAK2 and STAT3 and EMT. (D) Immunofluorescence showed that LCP1

promoted the transport of phosphorylated STAT3 from the cytoplasm to the nucleus in OS cells. Scale bar, 50 mm.
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so we asked whether the post-translational modification of LCP1 on
Nrdp1 is due to ubiquitination (Ub). Addition of 10 mM proteasome
inhibitor MG132 reversed the downregulation of the Nrdp1 level
following LCP1 overexpression (Figure 5D). Meanwhile, endogenous
Nrdp1 was degraded more rapidly in LCP1-overexpressed cells
compared with control cells in the presence of cycloheximide
(100 mg/mL), an inhibitor of protein translation (p = 0.000; Figure 5E).
The ubiquitylation assay was then performed to determine whether
LCP1 regulates Nrdp1 destabilization via proteasomal degradation.
We found that overexpression of LCP1 significantly increased the
Nrdp1 polyubiquitination in 143B and HOS cell lines (Figure 5F),
which suggested that LCP1 destabilizes Nrdp1 by mediating its poly-
ubiquitination and proteasomal degradation. Taken together, the
above results confirmed that LCP1 promoted EMT via degradation
of Nrdp1 and activation of the JAK2/STAT3 signaling pathway.

Coculturing with BMSCs Promotes OS Progression In Vitro

Previous studies revealed that BMSCs functioned as a regulator of
several tumors via intercellular communication,18,19,37,38 but its role
in the OS tumor microenvironment is still unclear. To explore further
the effect of BMSCs on OS, we cocultured BMSCs with OS cells; a
sketch map of the coculture is shown in Figure 6A. Surprisingly,
coculture with BMSCs increased mRNA and protein expression of
LCP1 in OS cells (p = 0.000; Figures 6E and 6F). In addition, we found
that OS cell proliferation was significantly increased, as shown by the
results of the cell-counting assay (p = 0.000; Figure 6B), colony-for-
mation assay (p = 0.000; Figure 6C), and EdU assay (p = 0.000; Fig-
ure 6D). Correspondingly, levels of c-Myc, CDK4, and cyclin D1 were
upregulated (Figure 6F). Given that exosomes could realize cell–cell
communication through a paracrine effect in the tumor microenvi-
ronment and to investigate further whether BMSCs promote OS
progression through exosomes, we first extracted and identified the
exosomes of BMSCs (Figures S1A–S1C), and we identified that
BMSC-derived exosomes could be taken up by OS cells (Figure S1D).
We then pretreated BMSCs with GW4869, an inhibitor of exosomal
secretion, before coculturing with OS cells. The results demonstrated
that addition of GW4869 downregulated expression of LCP1 in OS
cells when coculturing with BMSCs (p = 0.000; Figures 6E and 6F).
Also, the tumor-promoting effect of BMSCs was attenuated by
GW4869 (Figures 6B–6D and 6F). Moreover, similar results were
observed in the metastatic ability of OS cells (Figures 6G–6J), and
the expression levels of proteins related to EMT process were
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 905
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Figure 5. Overexpression of LCP1 Increased Nrdp1 Polyubiquitination and Proteasomal Degradation

(A) Coimmunoprecipitation analysis demonstrated that LCP1 could interact with Nrdp1. (B) Fluorescence colocation analysis indicated that LCP1 is colocated with Nrdp1 in

the cytoplasm. (C) Overexpression of LCP1 did not affect the Nrdp1 mRNA level in 143B and HOS cells. (D) Western blot analysis of LCP1 and Nrdp1 in 143B and HOS cells,

which were overexpressed LCP1 in the presence or absence of 10 mM MG132. (E) 143B and HOS cells transfected with the LCP1-coding sequence were treated with

cycloheximide (100 mg/mL) and collected for indicated times for western blot analysis. Quantification of Nrdp1 expression is shown. (F) 143B and HOS cells transfected with

HA-Ub and the LCP1-coding sequence were pretreated with MG132 for 8 h before harvest. Nrdp1 was immunoprecipitated with anti-Nrdp1 antibody and then im-

munoblotted with anti-HA antibody.
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consistent with the above results (Figure 6K). Taken together, BMSCs
promoted OS proliferation and metastasis in vitro, and these effects
could be reversed by GW4869. It is well known that exosomes contain
genetic material, which is taken up by other cells where they exert
their functions.23 Thus, we hypothesized that LCP1 was delivered
by exosomes from BMSCs to act as a tumor promotor to accelerate
OS progression.

LCP1 Transferred from BMSCs via Exosomes Promotes OS Cell

Proliferation and Metastasis In Vitro

To confirm our hypothesis, we silenced LCP1 in BMSCs using shRNA
and then examined the expression level of exosomal LCP1 via qRT-PCR
906 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
(p=0.015; Figure7A).ThemRNAandprotein levels of LCP1 inOScells
coculturedwith indicated BMSCs are shown in Figure 7B (p = 0.015 for
143B and p = 0.004 for HOS) and Figure 7F. Compared to the control
group, we found that OS cell proliferationwas significantly inhibited af-
ter coculture with LCP1-knockdown-BMSCs (Figures 7C–7E), and the
expression levels of c-Myc, CDK4, and cyclin D1 were significantly
attenuated in the LCP1-knockdown-BMSC group as well (Figure 7F).
In addition, Transwell, wound-healing, and 3D tumor spheroid inva-
sion assays all indicated that cell-invasive ability was also attenuated
after coculture with LCP1-knockdown-BMSCs compared to BMSCs
(Figures 7G–7J). As expected, EMT was suppressed in the sh-LCP1
group compared with the control group (Figure 7K).



Figure 6. OS Cell Proliferation, Migration, and Invasion Abilities Were Enhanced When Cocultured with BMSCs In Vitro

(A) Diagrammatic sketch of BMSCs and OS cell coculture. (B) The CCK-8 assay indicated that coculturing with BMSCs promoted tumor proliferation, which was reversed by

the exosomal inhibitor GW4869. (C and D) Results of the colony-formation assay (C) and EdU assay (D) were in accordance with the above results. (E) The LCP1 mRNA

(legend continued on next page)
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To confirm further our hypothesis, we examined the expression level of
exosomal LCP1 in the serum of healthy volunteers and OS patients.
Transmission electron micrographs of exosomes from healthy volun-
teers and OS patients are shown in Figure 8A. It is worth mentioning
that the expression level of exosomal LCP1 derived from the blood
serum of healthy volunteers was significantly lower than that of OS pa-
tients (p = 0.014; Figure 8B). All of the above results demonstrate that
the exosomal transfer of LCP1 fromBMSCs promotesOSdevelopment.
LCP1 Is Negatively Regulated by miR-135a-5p

We next investigated miRNAs that may regulate LCP1 expression
through a bioinformatics website (http://starbase.sysu.edu.cn/
starbase2/index.php). FourhubmiRNAswerepredictedaspotential reg-
ulators (Figure S2A). To determine if LCP1 was regulated by the pre-
dictedmiRNAs, themRNA level of LCP1was examined after upregulat-
ing the miRNAs, and only miRNA-135a-5p had a significant inhibitory
effect on LCP1 expression (p = 0.000; Figure S2B). qRT-PCR demon-
strated that miR-135a-5p was downregulated in OS cell lines and tumor
tissues (p = 0.000; Figures S2C andS2D), and it was negatively correlated
with the expression level of LCP1 (p = 0.002; Figure S2E). Furthermore,
the expression level of miR-135a-5p was found to be negatively corre-
lated with TNM stage, tumor size, and metastasis (Table 1). The results
of a luciferase reporter assay indicated that ectopic expression of miR-
135a-5p significantly reduced the luciferase activity of wild type (WT)-
LCP1-30 UTR but had no effect on mutant (MUT)-LCP1-30 UTR in
143B (p = 0.002) and HOS cell lines (p = 0.011; Figure S2G), which
confirmed the binding between miR-135a-5p and LCP1. Moreover, a
western blot assay showed that miR-135a-5p downregulated the protein
level of LCP1, whereas its inhibitor could counteract this effect (Fig-
ure S2H). This further confirmed that miR-135a-5p, a tumor-suppress-
ing miRNA, could bind to and directly regulates LCP1 expression.
miR-135a-5p Inhibits Tumor Proliferation and Metastasis by

Suppressing LCP1 in OS Cells

To verify that LCP1 was a downstream target of miR-135a-5p, a series
of rescue experiments were performed. LCP1 was overexpressed in
143B cells following transfection with miR-135a-5p mimics, whereas
it was silenced in HOS cells following transfection with themiR-135a-
5p inhibitor. The cell counting (Figure S3A), colony-formation (Fig-
ure S3B), EdU (Figure S3C), Transwell (Figure S4A), wound-healing
(Figure S4B), and 3D tumor spheroid invasion assays (Figure S4C)
suggested that cotransfection of LCP1 in miR-135a-5p-upregulated
143B cells partly reversed the inhibitory role of miR-135a-5p in OS
cell proliferation and metastasis. However, silencing LCP1 in HOS
cells with miR-135a-5p downregulated abolished the effect of miR-
135a-5p inhibition on OS cell proliferation and metastasis. These
findings revealed that miR-135a-5p suppressed tumor proliferation
and metastasis by suppressing LCP1 in OS cells.
expression in 143B and HOS cells cocultured with BMSCs with or without treatment of G

HOS cells cocultured with BMSCs with or without treatment of GW4869. (G–J) The Tra

assays (I and J [lower right]) showed that coculture with BMSCs promoted tumor migratio

was activated when cocultured with BMSCs, whereas the administration of GW4869 c
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miR-135a-5p Inhibits the JAK2/STAT3 Signaling Pathway and

EMT Process by Targeting LCP1

Given that LCP1 knockdown inhibits the phosphorylation of the
JAK2/STAT3 signaling pathway and EMT process, western blot anal-
ysis was conducted to determine whether miR-135a-5p could target
LCP1 to regulate these effects. As expected, miR-135a-5p reduced
the phosphorylation level of the JAK2/STAT3 signaling pathway
and suppressed the EMT process. Furthermore, this inhibitory effect
was partly rescued by LCP1 re-expression. An opposite result was
observed in the miR-135a-5p downregulated cells (Figure S5).
DISCUSSION
LCP1, an actin-binding protein, is upregulated in several cancer types,
and its tumor-promoting effects have been widely investigated.7 For
instance, redox-modified LCP1 is known to inhibit the actin-based
functions of tumor cells,39 and an in vivo analysis indicated that the
knockdown of LCP1 blocked the migration of chronic lymphocytic
leukemia to bone marrow.40 It is worth mentioning that phosphory-
lated LCP1 is recognized as the form that promotes tumor progres-
sion in breast and prostate cancers.41,42 Moreover, LCP1 could be
transferred by breast cancer cell-derived exosomes to facilitate meta-
static bone osteolysis,43 which provides an insight into the transfer of
LCP1 between cells in the tumor microenvironment. Based on these
studies, we examined the expression level of LCP1 in OS and verified
that LCP1 was overexpressed in OS cell lines and tumor tissues, which
was consistent with the findings from bioinformatics analysis.
Furthermore, we identified endogenous LCP1 as a tumor-promoting
factor in OS proliferation and metastasis.

BMSCs are mesenchymal stem cells, isolated from bone marrow, that
play crucial roles in tumor progression. For OS, studies have sug-
gested that OS may be originated from BMSCs,44–47 and it is well es-
tablished that the bone microenvironment is critical for OS developed
from BMSCs. Baglio et al.48 reported that tumor-educated BMSCs
promote tumor growth and metastasis in vivo by increasing inter-
leukin (IL)-6 production. Another study reported that once in contact
with OS cells, BMSCs would transdifferentiate into cancer-associated
fibroblasts, increasing cytokines in the tumor microenvironment and
further increasing aggressiveness of OS cells.49 Coincidentally, the
STAT3 pathway was previously shown to participate in the crosstalk
between BMSCs and OS cells.50,51 To investigate further the relation-
ship between BMSCs and OS cells, we cocultured the two cell types
and found that BMSCs could transfer LCP1 to OS cells via delivering
exosomes and further aggravate OS malignancy. The contribution of
endogenous and exosomal LCP1 in OS development was then
balanced through silencing LCP1 in OS cells and coculturing them
with BMSCs; we identified that LCP1 expression was upregulated
in OS cells cocultured with BMSCs compared with those without
W4869. (F) Western blot analysis of c-Myc, CDK4, cyclin D1, and LCP1 in 143B and

nswell (G and J [top]), wound-healing (H and J [lower left]), and 3D tumor spheroid

n and invasion, whereas GW4869 could partly reverse this effect. (K) EMT in OS cells

ould attenuate this effect. Scale bars, 200 mm.
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Figure 7. OS Cell Proliferation, Migration, and Invasion Abilities Were Reversed When Cocultured with LCP1-Knockdown-BMSCs Compared to BMSCs

(A) Efficiency of LCP1 knockdown in BMSC-derived exosomes. (B) Relative LCP1 mRNA expression of 143B and HOS cells cocultured with LCP1-knockdown-BMSCs

compared to BMSCs. (C) The CCK-8 assay showed that coculturing with LCP1-knockdown-BMSCs inhibited OS cell proliferation compared to BMSCs. (D and E) The

colony-formation assay (D) and EdU assay (E) showed similar results with CCK-8 assay. (F)Western blot analysis of c-Myc, CDK4, cyclin D1, and LCP1 in 143B andHOS cells

cocultured with LCP1-knockdown-BMSCs compared to BMSCs. (G–J) The Transwell assay (G and J [top]), wound-healing assay (H and J [lower left]), and 3D tumor

spheroid assay (I and J [lower right]) indicated that coculturing with LCP1-knockdown-BMSCs significantly attenuated OS cell migrative and invasive abilities compared to

BMSCs. (K) EMT in OS cells was inhibited by coculturing with LCP1-knockdown-BMSCs compared to BMSCs. Scale bars, 200 mm.
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coculture, which means that exosomal LCP1 could promote OS pro-
gression even if endogenous LCP1 was knockdown. It is well estab-
lished that BMSC-derived exosomes could transfer genetic material
to other cells and exert biofunctions similar to those of BMSCs.52,53

Huang et al.54 reported that exosomes derived from BMSCs promote
OS development via activating oncogenic autophagy in vivo. Another
study demonstrated that BMSC-derived exosomal miR-208a pro-
motes the progression of OS by downregulating expression of pro-
grammed cell death factor 4 (PDCD4) and activating the extracellular
signal-regulated kinase (ERK)1/2 pathway.55 There are a great
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 909
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Figure 8. Identification of Exosomes in the Serum of

Patients and Graphical Abstract of the Potential

Underlying Mechanism of Exosomal LCP1 in

Promoting OS Progression

(A) Transmission electronmicrographs of exosomes derived

from healthy volunteers and OS patients. (B) The exosomal

LCP1 level in serum of volunteers and OS patients was

determined by qRT-PCR. (C) The potential underlying

mechanism of exosomal LCP1 derived from BMSCs in

promoting OS progression. Scale bars, 100 nm.

Molecular Therapy: Nucleic Acids
number of similar studies, which further demonstrate that BMSC-
derived exosomes play a crucial role in OS development.

The EMT process has been identified as a driver of tumor metastasis by
degrading extracellular matrix proteins and triggering the dissociation
of cancer cells from the primary tumor.56 Mediated by multiple
transcription factors, the EMT process is characterized by modifying
adhesion molecules expressed by cells, including the downregulation
of E-cadherin and the upregulation of N-cadherin, vimentin, and
MMPs.57 Studies have shown that LCP1 expression is correlated with
cell motility and could induce E-cadherin downregulation in colorectal
carcinoma cells.9 In the current study, we found that LCP1 accelerates
the metastasis of OS and regulates the expression of EMT-related pro-
teins, and these effects could be partly rescued by a JAK2 inhibitor,
which further illustrates that LCP1 regulates the EMT process via the
JAK2/STAT3 pathway. However, when we blocked the JAK2/STAT3
pathway in LCP1-overexpressed OS cells with fedratinib, we found
the proliferation was not reversed, which demonstrated that the
JAK2/STAT3 pathway is not involved in the proliferative effects of
LCP1 on OS cells, and there must be some other underlying mecha-
nism leading to LCP1-induced proliferation. In the 1990s, JAKs and
STATs were recognized as being associated with malignancy, and since
then, the JAK2/STAT3 pathway has been widely investigated in can-
cers.58,59 In response to cytokines, JAK2 becomes activated and thereby
phosphorylates STAT3. Then, phosphorylated STAT3 dimerizes and
moves into the nucleus to activate the transcription of cytokine-respon-
sive genes.60 STAT3-induced EMT was also reported in lung cancer
pretreated with hypoxic BMSC-derived exosomes.17 Moreover, Wu
et al.61 revealed that aberrant STAT3 leads to hepatocellular carcinoma
aggressiveness through the induction of EMT. The chromatin immu-
910 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
noprecipitation (ChIP) assay performed by Lin
et al.62 further confirmed the direct binding be-
tween STAT3 and Slug, which is an EMT-related
protein. These studies revealed that the JAK2/
STAT3 signaling pathway is an inductor of the
EMT process and regulates tumor metastasis.

Clearly, ubiquitination is a post-translational
modification controlling the proteasomal degra-
dation of proteins. Starting by attachment with
Ub, substrates will ultimately be degraded by
the 26S proteasome.63 In our study, we found
that LCP1 could interact with and ubiquitinate Nrdp1, leading to sub-
sequent degradation of Nrdp1 and activation of the JAK2/STAT3
pathway. Previous studies reported that Nrdp1 regulated degradation
and shedding of JAK2-associated cytokine receptors to inactivate the
STAT signaling pathway,36 which is induced by interaction between
Nrdp1 and Ub-specific protease 8 (USP8)35. Moreover, Wu et al.64

confirmed that rhodanese and catalytic domains of USP8 could
bind to Nrdp1 and enhance its stability. The effect of LCP1 on
Nrdp1 was probably due to its competitive combination with USP8,
and this needs further investigation.

Bioinformatics analysis and luciferase reporter assay indicated that
miR-135a-5p correlates with LCP1. Previous studies have demon-
strated that miR-135a-5p plays a tumor-suppressing role in different
cancer types. By targeting HOXA10, it inhibited proliferation and
enhanced apoptosis in head and neck squamous cell carcinoma;31

assisted by miR-124-3p, miR-135a-5p significantly interfered in the
malignancy of glioblastoma cells;32 and Zheng et al.34 showed that
the tumor-suppressing effects of miR-135a-5p could be regulated by
long noncoding RNA (lncRNA) differentiation antagonizing nonpro-
tein coding RNA (DANCR) in tongue squamous cell carcinoma cells.
Our findings indicate that miR-135a-5p suppresses OS progression by
negatively regulating the LCP1/JAK2/STAT3/EMT axis.

Taken together, our findings demonstrate that exosomal LCP1
derived from BMSCs promotes OS progression via degradation of
Nrdp1 and activation the JAK2/STST3 signaling pathway and is nega-
tively regulated by miR-135a-5p (Figure 8C). Our findings may
enhance the understanding of OS development and provide a poten-
tial therapeutic target for OS.
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MATERIALS AND METHODS
Ethics Approval and Consent to Participate

This study was approved by the Institutional Review Board and The
First Affiliated Hospital of Nanjing Medical University Ethics
Committee, and informed consent was obtained from all patients
and volunteers. Forty pairs of OS tissues andmatched adjacent tissues
were collected for experiments during surgery from the Department
of Orthopedics, The First Affiliated Hospital of Nanjing Medical Uni-
versity, and the blood serum of OS patients and healthy volunteers
were obtained for exosome extraction. The clinical features of the pa-
tients are shown in Table 1.
Reagents and Antibodies

The exosomal secretion inhibitor GW4869 was obtained from Sigma-
Aldrich (St. Louis, MO, USA). C-A1 was bought from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), and fedratinib was obtained
from MedChemExpress (Monmouth Junction, NJ, USA). The pri-
mary antibodies used for western blot and immunofluorescence assay
in our study included anti-LCP1 (Cell Signaling Technology [CST],
USA; Proteintech, China), anti-Nrdp1 (Santa Cruz Biotechnology),
anti-hemagglutinin (HA; CST), anti-Ki-67 (CST), anti-c-Myc
(CST), anti-CDK4 (CST), anti-cyclin D1 (CST), anti-N-cadherin
(CST), anti-E-cadherin (CST), anti-vimentin (CST), anti-MMP-2
(CST), anti-JAK2 (CST), anti-phospho-JAK2 (CST), anti-STAT3
(CST), anti-phospho-STAT3 (CST), anti-CD63 (Abcam, UK), anti-
CD9 (CST), anti-calnexin (CST), anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; CST), and anti-Lamin B1 (CST). The
horseradish peroxidase (HRP)- and fluor-conjugated secondary anti-
bodies (Jackson ImmunoResearch, USA) were utilized for western
blot and immunofluorescence assay, respectively.
Microarray Data

Three gene-expression profiles (GEO: GSE12865, GSE14359, and
GSE33382) of OS were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/). Before analyzing differentially
expressed genes (DEGs), unrelated samples were excluded. Following
data preprocessing and the identification of DEGs, single-gene GSEA
analysis was performed to further investigate functions of LCP1 in
OS.
Cell Culture

All human OS cell lines (143B, HOS, Saos-2, and U-2 OS), human
osteoblast cells (hFOB 1.19), and BMSCs were purchased from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). OS cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin and incubated with 5% CO2 at 37�C. The
hFOB 1.19 cell line was cultured in DMEM/F-12 containing 10%
FBS, 1% penicillin-streptomycin, and 0.3 mg/mL of G418 and incu-
bated with 5% CO2 at 33.5�C. BMSCs were cultured in alpha-modi-
fied eagle medium (aMEM) containing 5% FBS, 1% mesenchymal
stem cell growth supplement, and 1% penicillin-streptomycin and
incubated with 5% CO2 at 37�C.
Cell Transfection and Lentivirus Construction

Lentivirus vectors containing LCP1- and shRNA-coding sequences
were constructed by GenePharma (Shanghai, China) to up- or down-
regulate LCP1 in OS cells. When cells were at 40%–50% confluency,
they were transfected with LCP1, vector, sh-LCP1, and sh-negative
control (NC). Stably transfected cell lines were filtered by puromycin
(Sigma-Aldrich) for 1 week. The transfection efficiency was examined
by qRT-PCR and western blot analysis. miR-135a-5p mimics and
miR-135a-5p inhibitor were purchased from RiboBio (Guangzhou,
China).
Cell Coculture

A six-well culture plate insert with 0.4 mm pores (Millipore, USA)
was used to investigate the effects of BMSCs on OS cells. BMSCs
were seeded onto the upper chamber, whereas OS cells were planted
in the lower dish. The cellular secretion of BMSCs was allowed to
pass through the membrane to stimulate OS cells. Following coincu-
bation for 48 h, cell proliferation and metastatic ability were
assessed.
Exosome Extraction

Exosomes were extracted from the culture supernatant of stably
transfected BMSCs, according to our previous study.65 Exosomes in
the blood serum of patients with OS and healthy volunteers were
isolated using the method mentioned above. The identification of
exosomes was performed via transmission electron microscopy,
nanoparticle tracking analysis, and western blotting.
Exosome Uptake by OS Cells

Dil solution (4 mg/mL; Molecular Probes, USA) was incubated with
exosomes containing PBS solution for fluorescent labeling. Excessive
dye was removed through centrifugation at 100,000 � g at 4�C, and
labeled exosomes were washed three times by resuspending in PBS.
These Dil-labeled exosomes were cocultured with OS cells for 24 h,
and the cells were then washed with PBS and fixed in 4% paraformal-
dehyde. Uptake of exosomes by OS cells was visualized by laser
confocal microscopy.
Cell Viability Assay

Cell viability was accessed by using a Cell Counting Kit-8 (CCK-8;
Dojindo, Japan). The cells were seeded in 96-well plates (1,000 cells
per well) and cultured in DMEM with 10% FBS. After different pe-
riods of incubation, 10 mL of CCK-8 reagent was added to each
well to determine cell viability using a microplate spectrophotometer
at 450 nm.
Colony-Formation Assay

The OS cells were seeded into six-well plates (500 cells per well) and
cultured in DMEM containing 10% FBS for 2 weeks. Clones were
fixed with methanol and stained with 0.1% crystal violet when they
were visible to the naked eye. All colonies were counted manually
and photographed under a scanner (Microtek, China).
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EdU Assay

The cells were plated in 96-well plates (6,000 cells per well) with
DMEM containing 10% FBS for 24 h. Following incubation in
50 mM EdU reagent for 2 h, cells were fixed with 4% paraformalde-
hyde, permeated by 0.5% Triton X-100, and stained with 1 � Apollo
reagent for 30 min. Nuclei were stained with 1�Hoechst 33342, and
the cells were visualized under a fluorescence microscope (Carl Zeiss
Microscopy, Germany).

Cell Migration and Invasion Assay

A Transwell insert with 8 mm pores (Millipore) was used to access the
migratory and invasive abilities of OS cells. A total of 2� 104 cells was
cultured in the upper chamber with 200 mL of serum-free DMEM,
and 600 mL of medium containing 10% FBS was added to the lower
chamber. Following 24 h incubation, the migrated cells were fixed
with 4% paraformaldehyde and stained by 0.1% crystal violet for
20 min. For the invasion assay, Transwell chambers were pretreated
with 80 mL of Matrigel (BD Biosciences, USA), and the remaining
steps were the same as with the migration assay. Ultimately, cells
were visualized and photographed under a microscope (Nikon,
Japan), and the number of cells per field was calculated.

Wound-Healing Assay

Cell motility was accessed by a wound-healing assay. The OS cells
were seeded in six-well plates and allowed to grow until 100% conflu-
ency. A scratch wasmade by a P200 pipette tip andmigration distance
was measured at 0 and 24 h after scratching.

3D Tumor Spheroid Invasion Assay

A 3D tumor spheroid invasion assay was conducted to better simulate
the invasion environment of tumor cells. 20 mL of cell suspension,
containing approximately 1,000 cells, was added dropwise to the lid
of a dish; then the lid was inverted over dishes with 10 mL PBS. After
incubation for 48 h, cellular aggregates were collected and seeded into
3D collagen I gels (Purecol, USA). Following polymerization at 37�C,
the gel was overlaid with 400 mL DMEM with 10% FBS for 48 h. The
motion of cells was observed under fluorescence microscopy (Carl
Zeiss Microscopy).

RNA Extraction and Quantitative Real-Time PCR

The total RNA of cells or tissues was extracted using RNAiso Plus re-
agent (Takara, Japan). Exosomal RNA was isolated using an exosomal
RNA and protein extraction kit (Thermo Fisher Scientific, USA)
following the manufacturer’s instructions. miRNA and mRNA were
subsequently reverse transcribed by a Hairpin-it miRNA qPCR Quan-
titation Kit (GenePharma, China) and a PrimeScript RT Reagent Kit
(Takara), respectively. qRT-PCRwas performed using a TB Green Pre-
mix Ex Taq Kit (Takara). The relative expression levels of mRNA and
miRNA were normalized to GAPDH and U6, respectively. All groups
were repeated in triplicate, and relative expression was calculated using
the 2�DDCTmethod. The primer sequences used in this study are as fol-
lows: LCP1 forward, 50-GGGGTTCCTGGTCATACACC-30, andLCP1
reverse, 50-CAAGCAAGCAGCCTTGAACA-30; Nrdp1 forward, 50-
GAGCCAGTACAGGCACCTC-30, and Nrdp1 reverse, 50-GACCGT
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CACAACACTACGGT-30; GAPDH forward, 50-AATGGGCAG
CCGTTAGGAAA-30, and GAPDH reverse, 50-GCGCCCAATA
CGACCAAATC-30; miR-135a-5p forward, 50-CCGGCGTATGGC
TTTTTATTCC-30, and miR-135a-5p reverse, 50-CAGTGCAGGGT
CCGAGGT-30; U6 forward, 50-CTCGCTTCGGCAGCACA-30, and
U6 reverse, 50-AACGCTTCACGAATTTGCGT-30.

Western Blot Analysis

The total protein of cells or tissues was extracted by radioimmunopre-
cipitation assay buffer (RIPA) lysis buffer (KeyGEN BioTECH, China),
and nuclear protein was extracted using a Nuclear Protein Extraction
Kit (Thermo Fisher Scientific). Exosomal protein was isolated by using
an exosomal RNA and protein extraction kit (Thermo Fisher Scientific)
following the manufacturer’s instructions. The protein was separated
through SDS-PAGE gel after denaturation and transferred to a polyvi-
nylidene fluoride (PVDF) membrane. Following blocking with Quick-
BlockBlockingBuffer (BeyotimeBiotechnology, China) and incubation
with primary antibodies at 4�C overnight and secondary antibodies at
room temperature for 2 h, protein bands were ultimately visualized
with the enhanced chemiluminescence (ECL)DetectionKit (Millipore).
The relative expression levels were normalized to GAPDH.

CoIP Assay

The coIP assay was performed with the Co-IP Kit (Pierce, Thermo
Fisher Scientific), following the protocol. Cell lysates of 143B and
HOS cells were prepared in lysis buffer and were incubated with
agarose bead-conjugated antibodies (20 mg antibody added into
1 mg cell lysates) overnight at 4�C with gentle rotation. Following
washed with lysis buffer, proteins bound to beads were eluted by
elution buffer for subsequent western blot detection.

Immunohistochemistry

After antigen retrieval and blocking, tissue sections were incubated
with primary antibodies against LCP1 and Ki-67 overnight at 4�C
and secondary antibodies for 2 h at room temperature. Then, the sec-
tions were treated with diaminobenzidine (Beyotime Biotechnology)
for staining. To quantify the protein level of LCP1, the sections were
observed and photographed with a microscope (Nikon).

Immunofluorescence Assay

Cells were fixed by 4% paraformaldehyde and permeated by 0.5%
Triton X-100. Following blocking with 5% bovine serum albumin (In-
vitrogen, USA), cells were incubated with primary antibodies
overnight. Fluorescence-labeled secondary antibodies and 40,6-diami-
dino-2-phenylindole

(DAPI; Invitrogen) were then used for staining. Ultimately, cells were
observed and photographed under fluorescence microscopy (Carl
Zeiss Microscopy).

Luciferase Reporter Analysis

A potential interaction site between LCP1 and miR-135a-5p was pre-
dicted by using the TargetScan database (http://www.targetscan.org/
vert_72/). WT LCP1 (WT-LCP1-30 UTR) and MUT LCP1

http://www.targetscan.org/vert_72/
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(MUT-LCP1-30 UTR) were designed and synthesized by Gene-
Pharma (Shanghai, China). Cells were cotransfected with miR-
135a-5p mimics and MUT-LCP1-30 UTR or their NC. After 48 h of
incubation, luciferase activity was detected by using a Dual-Luciferase
Assay Kit (Solarbio, China).

Animal Experiments

The animal experiments were approved by the Committee on the
Ethics of Animal Experiments of Nanjing Medical University. For
the subcutaneous tumorigenesis assay, 5-week-old male nude mice
were randomly divided into four groups (143B-NC, 143B-shRNA,
HOS-NC, and HOS-LCP1; n = 6 per group) and subcutaneously in-
jected with 2 � 106 stably transfected cells in 100 mL PBS. The tumor
volume was measured every 4 days until 28 days and calculated by the
following formula: volume = length� width2� 0.5. Tumor weight was
also measured. The immunohistochemistry of tumors was performed
following the above method. For the metastasis model, a total of 2 �
106 cells (143B-NC, 143B-shRNA, HOS-vector, and HOS-LCP1)
with luciferase were injected into the tail vein of mice (n = 6 per group).
Lungmetastasis was detected by using an IVIS imaging system (Caliper
Life Sciences, USA), and lung tissues were subjected to H&E staining.

Statistical Analysis

All data are presented as mean ± SD of at least three independent ex-
periments. All statistical analyses were performed with GraphPad
Prism 6.0 and data comparison between two groups was analyzed
by the Student’s t test. One-way ANOVA test or two-way ANOVA
test was used for multivariate analysis. Correlation analysis was con-
ducted by the Spearman method. p <0.05 was considered significant.
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