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Abstract: Osteosarcoma is the most common type of primary malignant bone cancer, and it is
associated with high rates of pulmonary metastasis. Integrin αvβ3 is critical for osteosarcoma cell
migratory and invasive abilities. Chemokine (C-C motif) ligand 4 (CCL4) has diverse effects on
different cancer cells through its interaction with its specific receptor, C-C chemokine receptor type
5 (CCR5). Analysis of mRNA expression in human osteosarcoma tissue identified upregulated
levels of CCL4, integrin αv and β3 expression. Similarly, an analysis of records from the Gene
Expression Omnibus (GEO) dataset showed that CCL4 was upregulated in human osteosarcoma
tissue. Importantly, the expression of both CCL4 and integrin αvβ3 correlated positively with
osteosarcoma clinical stages and lung metastasis. Analysis of osteosarcoma cell lines identified that
CCL4 promotes integrin αvβ3 expression and cell migration by activating the focal adhesion kinase
(FAK), protein kinase B (AKT), and hypoxia inducible factor 1 subunit alpha (HIF-1α) signaling
pathways, which can downregulate microRNA-3927-3p expression. Pharmacological inhibition of
CCR5 by maraviroc (MVC) prevented increases in integrin αvβ3 expression and cell migration. This
study is the first to implicate CCL4 as a potential target in the treatment of metastatic osteosarcoma.
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Osteosarcoma, the most common primary bone malignancy, is renowned for its high
propensity for metastasis [1]. As many as 20% of patients present with lung metastases
at their initial diagnosis; around 40% of patients develop metastases after their initial
presentation despite the best available treatment [2]. Whereas 5-year overall survival is
around 50–80% in patients with localized osteosarcoma [1], only 27% of patients with
metastatic disease survive longer than 5 years [3]. No agents exist that can successfully
cure metastatic osteosarcoma, so it is essential that such treatment is developed [4].
The transformation of normal cells into cancer cells is a complex process, in which
integrins play a critical role by mediating cell-to-cell adhesion and their adhesion to the
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extracellular matrix [5]. Notably, higher levels of integrin expression enhance metastasis in
different types of cancers [6], including osteosarcoma [7–9]. Some research has suggested
that integrin may be a promising therapeutic target for osteosarcoma [10]. Integrin αvβ3 is
involved in cell migration and induces osteosarcoma metastasis [11]. Analysis of integrin
αvβ3 expression in primary osteosarcoma specimens has been found to be associated
with poor clinical outcomes and correlated with shorter disease-free survival and overall
survival [12]. Thus, integrin αvβ3 may represent an attractive therapeutic target for the
treatment of osteosarcoma [12]. Moreover, it is established that microRNAs (miRNAs,
miRs), small endogenous RNAs that regulate multiple biological functions of osteosarcoma
and mediate cancer cell interactions with the extracellular matrix, can inhibit the disease
process of osteosarcoma. For example, the downregulation of integrin-linked kinase (ILK)
and integrin α6 by miR-542-3p and miR-127-3p, respectively, inhibits osteosarcoma cell
proliferation, migration and invasion [13–15]. Overexpression of miR-548c-3p inhibits
levels of integrin by directly targeting the 3’-untranslated region (30 UTR) of osteosarcoma
cells [16].
Another critically important player in the tumor microenvironment is chemokine
C-C motif ligand 4 (CCL4), which can both facilitate protumorigenic capacities and also
enhance tumor immunity, depending on its interactions with C-C chemokine receptor type
5 (CCR5) [17]. For instance, upregulated CCL4 levels exhibit protumorigenic activities
in many different types of cancer [18]. In endometrial and oral cancers, CCL4 reportedly
causes angiogenesis and lymphangiogenesis by upregulating VEGF-A and VEGF-C expression, and facilitates metastasis [17,19–21]. CCL4 has also been found to inhibit normal
osteoblast function, increase osteoclast activity and stimulate bone destruction [18], but its
effect in osteosarcoma is unclear. This study is the first to investigate whether CCL4 has any
direct effect in osteosarcoma. It was found that CCL4 affects integrin αvβ3 expression and
osteosarcoma cell migration, so the study sought to determine which signaling pathways
underlie these activities.
2. Results
2.1. Clinicopathological Characteristics of CCL4 in Osteosarcoma Tissue
IHC staining and qPCR were performed to detect levels of CCL4 in osteosarcoma
tissue. Levels of CCL4 expression were higher in osteosarcoma tissue than in normal bone
tissue (Figure 1A–C), and significant associations were observed with clinical disease stages
(Figure 1A,B). Analysis of GEO Dataset osteosarcoma tissue samples revealed increased
levels of CCL4 compared with levels in primary osteoblasts (Figure 1D), especially in
lung metastatic osteosarcoma tissue (Figure 1E). These findings suggest that CCL4 is
overexpressed in osteosarcoma and is associated with lung metastasis.
2.2. A Positive Correlation between CCL4 and Integrin αvβ3 Expression in Osteosarcoma Tissue
Abnormal expression of integrin αvβ3 in human osteosarcoma cells has been associated with cell motility and tumor progression [7,11]. Similarly, markedly higher expression
of integrin αv and β3 was found in osteosarcoma tissue samples than in normal bone
tissue (Figure 2A–D), and this higher expression was positively correlated with the clinical stages of disease (Figure 2A,B). Significant positive correlations were found between
CCL4 expression and integrin αv and β3 in clinical osteosarcoma tissues (Figure 2E,F).
The GEO database analysis revealed significantly higher integrin β3 expression in lung
metastatic osteosarcoma tissue (Figure 2G). These data demonstrate that the expression of
both CCL4 and integrin αvβ3 correlate positively with osteosarcoma clinical stages and
lung metastasis.
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Figure 1. Clinicopathological characteristics of CCL4 in human osteosarcoma tissue. (A,B) Normal bone and osteosarcoma
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2.2. A Positive Correlation between CCL4 and Integrin αvβ3 Expression in Osteosarcoma Tissue
2.3. CCL4 Promotes Integrin αvβ3 Expression and Cell Migration through CCR5
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2.4. CCL4 Promotes Cell Migration by Activating FAK and AKT Signaling
FAK and AKT signaling play a critical role in cancer cell adhesion, migration, and invasion [22–24]. This study therefore examined whether FAK and AKT signaling is involved
in CCL4-mediated osteosarcoma cell migration. After incubating the cells with CCL4,
levels of FAK and AKT phosphorylation were increased after 15 and 30 min, respectively
(Figure 4A), but not after 24 h (Supplementary Materials Figure S3). Pretreating cells with
FAK or AKT inhibitors and their respective siRNAs eliminated CCL4-induced integrin αv
and β3 mRNA expression (Figure 4B,C). Similarly, the blockade of FAK and AKT signaling
suppressed integrin αvβ3 expression and cell migration (Figures 4D,E and S2). Furthermore, p-AKT was inhibited by the FAK inhibitor (Supplementary Materials Figure S4).
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Thus, AKT is a downstream molecule of FAK. CCL4 regulates integrin αvβ3 expression
and migratory activities in osteosarcoma cells via the FAK/AKT signaling pathway.
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2.3. CCL4 Promotes Integrin αvβ3 Expression and Cell Migration through CCR5
When the osteosarcoma cell lines were treated with different concentrations of CCL4,
cell migration ability was increased 2-fold (Figure 3A and Supplementary Materials Figure S1). Moreover, mRNA expression of both integrin αv and β3 was upregulated after
CCL4 treatment (Figure 3B,C) and this activity stopped when cells were pretreated with
the specific αvβ3-blocking peptide (RGD) (Figure 3D and Supplementary Materials. Figure S2). These results indicate that CCL4 enhances cell migration via integrin αvβ3. Disrupting CCL4-CCR5 signaling by the CCR5 antagonist (maraviroc, MVC) potently inhibited CCL4-induced integrin αv and β3 mRNA, cell surface integrin αvβ3 protein expression (Figure 3E–G), as well as cell migration abilities (Figure 3H and Supplementary Materials Figure S2). Thus, CCR5 plays an important role in the migration and levels of integrin αvβ3 expression in human osteosarcoma cells.
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Figure 3. CCL4 promotes integrin αvβ3 expression and cell migration through the CCR5 receptor. (A) Cells were incubated
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2.4. CCL4 Promotes Cell Migration by Activating FAK and AKT Signaling

FAK and AKT signaling play a critical role in cancer cell adhesion, migration, and
invasion [22–24]. This study therefore examined whether FAK and AKT signaling is involved in CCL4-mediated osteosarcoma cell migration. After incubating the cells with
CCL4, levels of FAK and AKT phosphorylation were increased after 15 and 30 min, respectively (Figure 4A), but not after 24 h (Supplementary Materials Figure S3). Pretreating
cells with FAK or AKT inhibitors and their respective siRNAs eliminated CCL4-induced
integrin αv and β3 mRNA expression (Figure 4B,C). Similarly, the blockade of FAK and
AKT signaling suppressed integrin αvβ3 expression and cell migration (Figure 4D–E and
Supplementary Materials Figure S2). Furthermore, p-AKT was inhibited by the FAK inhibitor (Supplementary Materials Figure S4). Thus, AKT is a downstream molecule of
FAK. CCL4 regulates integrin αvβ3 expression and migratory activities in osteosarcoma
cells via the FAK/AKT signaling pathway.
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2.5. HIF-1α Is Involved in CCL4-Mediated Expression of Integrin αvβ3 and Migratory
Activities of Osteosarcoma Cells
Tumor hypoxia is a common feature in most solid tumors and is associated with metastasis [25,26]. To analyze the mechanisms underlying CCL4-mediated migration of os-
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of Osteosarcoma Cells
Tumor hypoxia is a common feature in most solid tumors and is associated with
metastasis [25,26]. To analyze the mechanisms underlying CCL4-mediated migration of
osteosarcoma cells, the Western blot assay examined HIF-1α expression. Treating cells with
different concentrations of CCL4 increased HIF-1α protein expression (Figure 5A). Inhibiting HIF-1α expression significantly decreased levels of integrin αvβ3 mRNA and protein
expression (Figure 5B–D) and also cell migratory activity (Figures 5E and S2). Furthermore,
HIF-1α was inhibited by the FAK and AKT inhibitors (Supplementary Materials Figure
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7 ofS4).
15
These results indicate that CCL4-induced integrin αvβ3 expression and stimulation of
osteosarcoma cell migration occurs through the FAK/AKT/HIF-1α signaling pathway.
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Figure 7. The FAK/AKT/HIF-1α signaling pathway is involved in CCL4-downregulated miR-3927-3p expression. (A) 143B
cells were treated for 30 min with a FAK i (10 µM), AKT i (10 µM), or HIF i (10 µM) then incubated with CCL4 for 24 h. miRFigure 7.expression
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(GVHD) in patients with hematologic malignancies (NCT01785810). Results from the phase
I trial supported the feasibility of combined MVC and pembrolizumab treatment and good
toxicity, with higher-than-expected overall survival [30]. The results of the phase II trial are
awaited. In another phase I study (NCT01736813) involving 12 patients with advanced
colorectal cancer and hepatic liver metastases (all of whom were treatment-refractory to
standard-of-care therapies), MVC treatment dramatically ameliorated the tumor-promoting
environment and showed high response rates [31]. Here, our use of MVC to block the
function of the CCL4/CCR5 axis successfully inhibited integrin αvβ3 expression as well
as the migration of osteosarcoma cells, indicating that MVC has therapeutic efficacy in
osteosarcoma metastasis.
As HIF pathways have proven to be relevant in tumor pathogenesis and miRNAs play
pivotal roles in gene expression, many research groups have explored the transcriptional
output of miRNAs in HIF-associated malignant progression [32]. In pancreatic cancer,
HIF-1α recruits histone deacetylase 1 (HDAC1) to the promoter of miR-548an, which
transcriptionally suppresses miR-548an expression and subsequently upregulates vimentin,
which facilitates pancreatic tumorigenesis [33]. Experimental evidence from research into a
hepatocellular carcinoma cell line has shown that HIF-1α mediates vasodilator-stimulated
phosphoprotein (VASP) overexpression at the transcriptional level by directly binding to the
promoter of the VASP gene [34]. Furthermore, HIF-1α can also inhibit miR-204 and thereby
upregulate VASP at the post-transcriptional level [34]. Thus, HIF-1α can both directly and
indirectly mediate the same gene in different ways [34]. HIF-1α is also capable of indirectly
interfering with the tumor-suppressive ribonuclease III enzyme Dicer, a key player in the
biogenesis of miRNAs [32,35]. Under hypoxic stress, epidermal growth factor receptor
(EGFR) suppresses the maturation of tumor-suppressor-like miRNAs by phosphorylating
protein argonaute-2 and subsequently reduces the binding of Dicer to protein argonaute-2,
inhibiting miRNA processing from precursor miRNAs to mature miRNAs [36]. In this
study, we found that miR-3927-3p was downregulated by the FAK/AKT/HIF-1α signaling
pathway. Whether this signaling cascade directly or indirectly regulates miR-3927-3p
expression via HIF-1α needs further investigation.
Experimental and clinical evidence has shown that integrin is necessary for cancer cell
biological functions and that it promotes certain activities critical for tumor progression and
metastasis [37,38], including inflammatory cell recruitment, extracellular matrix remodeling and tumor angiogenesis [37]. The expression of integrin αvβ3, a5β1 and αvβ6 is low
or even undetectable in most adult epithelia, but often greatly upregulated in tumors [39].
Targeting integrin αvβ3 has shown promising antitumor activity [40]. High expression
of integrin αvβ3 in patients with osteosarcoma is significantly associated with a poor
response to chemotherapy as well as poor disease-free and overall survival [12]. Integrin
αvβ3 induces migratory, invasive and antiapoptotic activities of osteosarcoma cells [41].
Disappointingly, the therapeutic expectations from preclinical trials have failed to translate
into clinical studies employing strategies that inhibit integrin αvβ3 [37]. For instance, the
development of the integrin antagonist cilengitide was halted when a phase III trial failed
to show that the addition of cilengitide to temozolomide chemoradiotherapy was of any
benefit in patients with newly diagnosed glioblastoma and MGMT promoter methylation [42]. Moreover, other clinical trials involving integrin αvβ5 and α5β1 inhibitors have
failed to demonstrate therapeutic benefits, and no integrin inhibitors have been registered
as anticancer drugs [37]. Perhaps an incomplete understanding of integrin function and
biology has meant that researchers have failed to fully appreciate the pharmacokinetic
parameters, or to understand the complexity involving intrinsic properties of integrins.
Failing to recognize these shortcomings would feasibly lead to the failure of preclinical
drugs to have any discernable impact upon integrins. Notably, these gaps in understanding
should stimulate scientists to think about developing new concepts, tools and approaches
to successfully exploit these molecules [37]. Instead, targeting the upstream expression of
integrin subunits may prove to be worthwhile.
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4. Materials and Methods
4.1. Materials
Human recombinant CCL4 protein was purchased from PeproTech (Rocky Hill, NJ,
USA). Antibodies used in this study, phospho-focal adhesion kinase (p-FAK) and phosphoprotein kinase B (p-AKT), were purchased from Cell Signaling Technology (Danvers, MA,
USA); antibodies specific for FAK, AKT, α-tubulin and integrin αv/β3 were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); hypoxia-inducible factor 1-alpha
(HIF-1α) was purchased from Cambridge, UK (see Supplementary Materials Table S1 for
details about the antibodies used in the study). Small interfering RNAs (siRNAs) against
FAK and AKT were purchased from Dharmacon Research (Lafayette, CO, USA). The HIF1α siRNA was purchased from Abcam (Cambridge, MA, USA). FAK, AKT, and HIF1-α
inhibitors were purchased from Calbiochem (San Diego, CA, USA). Lipofectamine 2000
and miR-3927-3p mimic were purchased from Invitrogen (Carlsbad, CA, USA). Reporter
lysis buffer was purchased from Promega (Madison, WI, USA). All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Osteosarcoma tissue samples were collected from 7 patients undergoing surgical resection in China Medical University Hospital. Written informed consent was obtained from
each study participant before enrollment. This study was approved by the Institutional
Review Board of China Medical University Hospital, and it was conducted according to
the Declaration of Helsinki guidelines. Commercial osteosarcoma tissue arrays (T261 and
OS804d) were purchased from US Biomax, Inc. (Rockville, MD, USA).
4.2. Cell Culture
Human osteosarcoma cell lines MG-64, HOS and 143B were purchased from the
Bioresource Collection and Research Center (BCRC) (Hsinchu, Taiwan). Culture conditions
of osteosarcoma cells followed those described in our previous studies [43,44].
4.3. Immunohistochemistry
The osteosarcoma tissue slides were baked for 120 min at 60 ◦ C, then deparaffinized
with xylene. The staining was performed by NovoLink Polymer System (Leica Microsystems), according to previously described methodology [45]. Immunostaining intensity of
CCL4 and integrin αvβ3 was scored by MacBiophotonics ImageJ software (version 1.45).
Positive staining intensity was graded as 0 (no positivity), (1) (1–24% positive), (2) (25–49%
positive), (3) (50–74% positive), or (4) (50–100% positive).
4.4. Analysis of Messenger RNA (mRNA) Expression Profiles from the GEO Database
Screening of the Gene Expression Omnibus (GEO) Datasets revealed two microarrays
related to osteosarcoma: GSE12865 and GSE14359. The GSE12865 profile is a genome-wide
comparison of gene expression and consists of genes that are differentially expressed
in 12 osteosarcoma tumor samples relative to 2 normal human osteoblast samples. The
GSE14359 dataset contains 10 frozen conventional osteosarcoma and 8 lung metastatic
osteosarcoma samples, as well as 2 normal human osteoblast samples.
4.5. Migration Assay
A sterile 6.5 mm Transwell kit with 8.0 µm-pore polycarbonate membrane inserts
(Corning, NY, USA) was used for the cell migration assay, according to the established
protocol [46]. Cell migration was quantified by counting the number of stained cells under
a microscope.
4.6. Quantitative Real-Time PCR
Total RNA was extracted from osteosarcoma cells using TRIzol reagent. Total RNA
(2 µg) was reverse-transcribed (RT) into complementary DNA (cDNA) using an oligo(dT)
primer. The Mir-X™ miRNA First-Strand Synthesis was used to detect miRNA expression.
The specific primer sequence for miR-3927-3p was 50 -CAGGTAGATATTTGATAGGCAT-
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30 . The qPCR assay was performed using the StepOnePlus sequence detection system,
according to the established protocol [47–49]. Levels of GAPDH or U6 snRNA expression
served as the endogenous control for normalization purposes.
4.7. Flow Cytometry
Osteosarcoma cells were harvested using 0.05% trypsin and then fixed in 2% formaldehyde, before incubating the mixture for 10 min at 4 ◦ C. The cells were stained with antiintegrin αvβ3, then analyzed by fluorescent-activated cell sorting (FACS) on a FACScan
flow cytometer (Becton Dickinson).
4.8. Western Blot Analysis
Cell lysates were prepared by RIPA buffer containing a protease inhibitor cocktail, then
the protein was resolved with SDS-PAGE and transferred to Immobilon PVDF membranes.
The protein was analyzed by Western blot, according to previously detailed procedures [50].
4.9. Luciferase Reporter Assay
The wild-type (WT) and mutant binding sites (MUT) of integrin αv- and β3-three
prime untranslated region (30 UTR) luciferase plasmids were constructed by MDBio, Inc.
(Taipei, Taiwan). The miR-3927-3p-binding regions of integrin αv and β3 were identified
by the miRDB database (http://mirdb.org/miRDB, accessed on 21 June 2019). Cells were
transfected with luciferase plasmids using Lipofectamine 2000 (Invitrogen, MA, USA),
then treated for an additional 24 h with CCL4. Luciferase activity was calculated by the
Luciferase Reporter Assay System (Promega, WI, USA), according to the manufacturer’s
protocol.
4.10. Statistics
All statistical data were analyzed by GraphPad Prism 8.0 (GraphPad Software, CA,
USA) and are expressed as the mean ± standard deviation (S.D.). Statistical comparisons
between two samples were performed using the Student’s t-test. One-way analysis of
variance (ANOVA) with post hoc Bonferroni correction was conducted for statistical
analyses of multiple groups. In all cases, a p-value of <0.05 was considered significant.
5. Conclusions
This study found high levels of CCL4 expression in clinical osteosarcoma tissue samples that correlated with clinical disease stages as well as the lung metastatic properties of
this disease. According to the evidence, CCL4 promotes integrin αvβ3 expression through
the CCR5 receptor and then activates the FAK/AKT/HIF-1α signaling pathway, which
subsequently inhibits miR-3927-3p expression and promotes integrin αvβ3 expression,
as well as osteosarcoma cell migration (Figure 8). CCL4 appears to be a new molecular
therapeutic target in osteosarcoma metastasis.
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