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ABSTRACT

Osteosarcoma is an aggressive bone cancer that has a high propensity for 
metastasis to the lungs. Patients with metastatic disease face a very poor prognosis. 
Therefore, novel therapeutics, efficiently suppressing the metastatic process, are 
urgently needed. Integrins play a pivotal role in tumor cell adhesion, motility and 
metastasis. Here, we evaluated αvβ3 and αvβ5 integrin inhibition with cilengitide 
as a novel metastasis-suppressive therapeutic approach in osteosarcoma. 
Immunohistochemical analysis of αvβ3 and αvβ5 integrins expression in a tissue 
microarray of tumor specimens collected from osteosarcoma patients revealed 
that αvβ5 integrin is mainly found on tumor cells, whereas αvβ3 is predominantly 
expressed by stromal cells. In vitro functional assays demonstrated that cilengitide 
dose-dependently inhibited de novo adhesion, provoked detachment and inhibited 
migration of osteosarcoma cell lines. Cilengitide induced a decline in cell viability, 
blocked the cell cycle in the G1 phase and caused anoikis by activation of the Hippo 
pathway. In a xenograft orthotopic mouse model cilengitide minimally affected 
intratibial primary tumor growth but, importantly, suppressed pulmonary metastasis. 
The data demonstrate that targeting αvβ3 and αvβ5 integrins in osteosarcoma should 
be considered as a novel therapeutic option for patients with metastatic disease.

INTRODUCTION

Osteosarcoma, a highly aggressive bone cancer 
mainly affecting children and young adults, frequently 
metastasizes to the lungs [1]. Metastases are detectable in 
20% of the patients at the time of diagnosis and 80% of the 
patients initially presenting with localized disease develop 
metastases later on [2]. Patients with metastases have a 
long-term survival rate of only 20% despite multiple 
efforts to improve treatment efficacies [3]. Therefore, the 
development of innovative therapeutic strategies targeting 
metastasis, the major cause of death of osteosarcoma 
patients, is urgently needed to improve the prognosis of 
these patients.

Integrins, a family of heterodimeric cell surface 
receptors consisting of α and β subunits, are well-known 
adhesion molecules expressed in both tumor cells and 
tumor-associated healthy cells [4]. Through binding to 
various extracellular matrix proteins, integrins affect 

tumor cell attachment, survival, motility, invasion and 
metastasis. Preclinical and clinical research on integrins 
in cancer, particularly on αvβ3 and αvβ5, revealed 
their substantial potential as therapeutic targets for the 
treatment of different cancer types [5, 6]. Cilengitide, a 
cyclic RGD-containing pentapeptide, was recognized as 
a selective inhibitor of αvβ3 and αvβ5 integrin-mediated 
cell-cell and cell-matrix interaction that exhibited strong 
anti-angiogenic, anti-tumor, anti-invasive activity and 
anti-metastatic activity in various animal models of cancer 
[7–13]. Furthermore, cilengitide displayed a favorable 
safety profile and entered clinical trials for treatment of 
multiple cancer types [14, 15].

At present, little is known about the contribution 
of αvβ3 and αvβ5 integrins to osteosarcoma progression 
and metastasis. αvβ3 integrin expression was found to 
correlate with the migratory and chemotactic activity 
of human osteosarcoma cells towards lung tissue 
homogenates as indicators of metastatic potential [16]. 
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Depletion of αv integrins in human SaOS-2 osteosarcoma 
cells through expression of an intracellular antibody 
suppressed MMP-2 expression and the induction of bone 
differentiation markers, implying that αv integrin regulates 
the osteosarcoma cell phenotype [17]. The expression of 
αvβ3 and αvβ5 heterodimers in human osteosarcoma 
tissue has so far not been investigated.

Here, we investigated αvβ3 and αvβ5 integrins 
as putative therapeutic targets in osteosarcoma. We 
demonstrate that both integrins are present in tumor 
specimens collected from osteosarcoma patients and 
in established cell lines. Inhibiting their function with 
cilengitide suppressed adhesive and migratory properties 
of osteosarcoma cells in vitro, decreased the viability 
and lead to activation of the Hippo signaling pathway. 
A preclinical therapy study in a metastasizing intratibial 
osteosarcoma mouse model showed that intraperitoneal 
treatment of the mice with cilengitide diminished 
pulmonary metastasis. Our findings highlight αvβ3 
and αvβ5 integrins as attractive targets for metastasis 
suppressive treatment in osteosarcoma which deserves 
further investigation.

RESULTS

αvβ3 and αvβ5 integrins are expressed in 
tumor tissue of osteosarcoma patients and in 
established osteosarcoma cell lines

The expression of αvβ3 and αvβ5 integrins 
was investigated in tumor specimens collected from 
osteosarcoma patients and arranged in a tissue microarray. 
Representative tissue microarray sections stained with 
antibodies to αvβ3 and αvβ5 integrins are presented in 
Figure 1A and 1B, respectively. Immunostained αvβ3 
and αvβ5 integrins displayed very different distribution 
patterns in individual tissue microarray spots (Figure 1C). 
The results of the immunohistochemical evaluation of 
αvβ3 and αvβ5 staining pattern, intensity and grading 
score are presented for each tissue microarray core in 
Supplementary Table S1. αvβ3 was predominantly found 
in stromal cells of osteosarcoma biopsies, resections, 
metastases and recurrences, whereas αvβ5 integrin was 
predominantly observed on the majority of tumor cells. 
Interestingly, αvβ3 was expressed on the stromal cells 
in 38 out of 64 biopsies, whereas αvβ3 immunostained 
tumor cells were only found in 1 out of the 64 biopsies. In 
contrast, αvβ5 was detected on tumor cells in 51 out of 60 
biopsies. Likewise, a very high percentage of metastases 
and recurrences were positive for both integrins. In both 
tumor and stromal cells the two integrins were mainly 
localized in membrane structures. Stromal cells stained 
with αvβ3 specific antibodies included multinucleated 
giant osteoclast-like cells. αvβ3 and αvβ5 immunostaining 
was not observed in the tumor vasculature. Moreover, 
the expression of αvβ3 and αvβ5 in tumor tissue did not 

correlate with clinico-pathological characteristics or the 
survival of the patients (data not shown).

A parallel analysis of the expression of αvβ3 and 
αvβ5 integrins at the cell surface of osteosarcoma cell 
lines by flow cytometry showed that both heterodimers 
were expressed by all the cell lines examined (Figure 1D). 
However, the mean fluorescence intensities indicated 
that the expression varied among the cell lines. SaOS-2 
cells expressed the lowest amounts of αvβ3, whereas the 
highest amounts of αvβ5 integrin were observed in U2OS 
cells.

In summary, αvβ3 and αvβ5 integrins were found 
expressed in the majority of the human osteosarcoma 
tissue specimens as well as in all osteosarcoma cell lines 
investigated in the present study.

Cilengitide dose-dependently inhibits de novo 
adhesion to vitronectin, causes detachment and 
impairs migration of osteosarcoma cells

Integrins are known to be involved in adhesion and 
migration processes during the metastatic progression 
and vitronectin is an extracellular matrix component 
binding to both αvβ3 and αvβ5 integrins. Cilengitide 
dose-dependently inhibited de novo adhesion of single 
143-B, U2OS and SaOS-2 cells to vitronectin (Figure 2A). 
Moreover, cilengitide also detached 143-B, U2OS and 
SaOS-2 cells in sub-confluent monolayers grown on 
vitronectin already after 2 hours of treatment in a dose 
dependent manner (Figure 2B). Representative images of 
143-B cells adherent to vitronectin in de novo adhesion 
and detachment assays in the absence or presence of 
indicated cilengitide concentrations are shown in Figure 
2C. Interestingly, the data illustrate that approximately 
1000-times higher concentrations of cilengitide are needed 
to detach the here investigated osteosarcoma cell lines 
from vitronectin than to inhibit their de novo adhesion to 
vitronectin. Remarkable differences in de novo adhesion 
of the cell lines to non-coated or vitronectin-coated culture 
dishes in serum-free medium confirmed that vitronectin 
promotes adhesion and that cilengitide interferes 
with this process (Table 1). Detachment experiments 
carried out in serum-containing medium showed that 
cilengitide detached the osteosarcoma cells at comparable 
concentrations from non-coated or vitronectin-coated 
plastic. This indicated that vitronectin of serum origin 
provided sufficient plastic coating in these experiments as 
previously reported [8, 18]. Consequently, all subsequent 
experiments with fully attached cells were performed 
without previous vitronectin coating.

The impact of cilengitide on the migration activity 
of osteosarcoma cell lines was assessed in a wound healing 
assay using confluent cells, which showed that the migration 
rates were dose-dependently reduced by cilengitide. As 
shown in Figure 2D, the migration of 143-B cells treated with 
0.1 or 1 μg/ml of cilengitide was decreased by 22 ± 3.3% or 
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30 ± 3.6%, respectively, compared to that of non-treated cells 
(P < 0.01). Interestingly, cilengitide had a more pronounced 
effect on the migration of U2OS cells. There 0.5 and 1 μg/ml 

cilengitide reduced the migration by 46 ± 3.1% and 62.7 ± 
3.3%, respectively, compared to non-treated controls (Figure 
2E; P < 0.001). Cilengitide-treated cells remained fully 

Figure 1: Expression of αvβ3 and αvβ5 integrins in human osteosarcoma tissue arranged on a tissue microarray and 
in established human osteosarcoma cell lines. A. Overview images of αvβ3 - or B. of αvβ5 immunostaining of 4.5 μm tissue 
microarray sections consisting of primary biopsies, surgical resections, lung and bone metastases and biopsies of recurrent disease derived 
from osteosarcoma patients. C. Immunohistochemical staining of αvβ3 and αvβ5 integrins in a representative TMA spot. Scale bar, 100 
μm. D. αvβ3 and αvβ5 integrin expression in indicated osteosarcoma cell lines was determined by flow cytometry and expressed as mean 
fluorescence intensity (values); green: αvβ3; orange: αvβ5; blue: secondary antibody control; red: non-stained control.
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Figure 2: Cilengitide (CIL) inhibits de novo adhesion and causes detachment of osteosarcoma cells from vitronectin 
and reduces cell migration. A. CIL dose-dependent inhibition of de novo adhesion (15 minutes) of indicated osteosarcoma cell lines. 
B. CIL dose-dependent detachment (2 hours) of indicated pre-attached osteosarcoma cells. C. Representative images of adherent 143-B 
cells in the absence or presence of indicated concentrations (ng/ml) of CIL. Cell nuclei were visualized by crystal violet staining in the de 
novo adhesion assay (left panels) and by DAPI staining in the detachment assay (right panels). Scale bars, 250 μm. D. Effects of cilengitide 
on the migration of 143-B and E. of U2OS-2 cells. F. Representative images of wounds in U2OS cell monolayers examined microscopically 
immediately after wounding and after 24 hours of incubation with CIL at indicated concentrations (μg/ml). Scale bar, 250 μm. Values in A, 
B, D and E are expressed as the mean ± SEM of at least 3 independent experiments; **, P < 0.01; ***, P < 0.001 vs non-treated control.
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attached, but displayed a partial loss of intercellular contacts 
as presented in Figure 2F. It has been previously reported 
that effects of cilengitide depend on the cell confluency [19]. 
Accordingly, in our experiments, the cell confluency and 
the duration of treatment influenced cilengitide efficacy in 
in vitro functional assays. Along these lines, the migration 
of SaOS-2 cells could not be evaluated in this assay, because 
cilengitide treatment of confluent cells for 24 hours resulted 
in considerable detachment of cells (data not shown).

Taken together, the data presented here demonstrate 
that cilengitide inhibits in vitro metastatic properties of the 
osteosarcoma cells investigated.

Cilengitide decreases cell viability and induces 
G1-cell cycle arrest in vitro

The treatment of 143-B cells with increasing 
concentrations of cilengitide for 24 hours had only a 
modest effect on their viability, reflected by a maximal 
decline of only 30% assessed in a WST-1 assay 
(Figure 3A). U2OS and SaOS-2 cells, on the other hand, 
showed a higher sensitivity, which resulted in a loss of 
viability of 70% and 49%, respectively (Figure 3A). 
Extending the treatment period to 72 hours did not lead 
to greater maximal effects of cilengitide (data not shown). 
However, cilengitide incubation provoked striking 
morphological changes and ultimately cell detachment 
(Figure 3B).

We hypothesized that the limited impact of cilengitide 
on cell viability is associated with changes in cell-cycle 
progression. Indeed, a flow cytometric analysis of cell-
cycle progression upon cilengitide treatment indicated a G1 
cell-cycle arrest in all three cell lines investigated (Figure 
3C). The G1-phase arrest in cilengitide-treated cells was 
accompanied by lower cyclin D1 expression than that 
observed in non-treated cells (Supplementary Figure S1).

We subsequently investigated whether cilengitide 
provokes apoptotic cell death in osteosarcoma cell lines 
by Western blot analysis of PARP cleavage. Minimal or no 
PARP cleavage was observed in 143-B and SaOS-2 cells 
(data not shown). In contrast, U2OS cells responded to 24 
hour cilengitide treatment with a dose-dependent increase in 
PARP cleavage (Supplementary Figure S2A). Interestingly, 

the observed PARP cleavage was not inhibited by Z-VAD, 
indicating caspase-independent apoptosis. This finding 
was consistent with no change in viability of cells treated 
with cilengitide in the absence or presence of Z-VAD 
(Supplementary Figure S2B).

Collectively, these data show that cilengitide has a 
moderate impact on cell viability and provokes G1-phase 
cell cycle arrest. Cilengitide exhibited a cytostatic effect 
in the 143-B and SaOS-2 cell lines. In U2OS cells, on 
the other hand, the cilengitide-evoked cell cycle arrest was 
followed by caspase-independent apoptosis.

Targeting of αvβ3 and αvβ5 integrin with 
cilengitide in vitro activates the Hippo pathway

Recently, it has been reported that cell detachment 
activates the tumor suppressor Hippo pathway, leading 
to inhibition of YAP transcriptional co-activator and to 
anoikis [20]. We, therefore, speculated that targeting αvβ3 
and αvβ5 integrins with cilengitide might activate the 
Hippo pathway. This hypothesis was tested by examining 
the expression of well characterized YAP target genes 
in osteosarcoma cell lines treated with cilengitide for 
indicated time periods. In order to exclude an impact of 
cell viability on gene expression, U2OS and SaOS-2 cells 
were treated for only 6 hours, a time period within which 
cilengitide did not have a significant effect on cell viability 
(Supplementary Figure S2C and S2D). Cilengitide indeed 
inhibited dose-dependently the expression of mRNA from 
the three YAP target genes CTGF, CYR61 and ANKRD1 
(Figure 4A, 4B, and 4C, left panels). The downregulation 
of CYR61 was furthermore confirmed at the protein level 
in all cell lines (Figure 4A, 4B, 4C, right panels).

The results indicate that αvβ3 and αvβ5 integrins might 
be upstream regulators of the Hippo signaling pathway.

Cilengitide treatment minimally affects 
intratibial primary tumor growth, but 
suppresses pulmonary metastasis in a xenograft 
osteosarcoma mouse model

In vivo tumor- and metastasis suppressive activity of 
cilengitide was investigated in a well-established 143-B/

Table 1: Effects of cilengitide on cell adhesion

Cell line De novo adhesion 
(serum-free media)

Detachment (serum-
containing media)

De novo adhesion 
(serum-free media)

Detachment (serum-
containing media)

with Vitronectin coating without Vitronectin coating

IC50 (ng/ml)

143-B 5.2 100 n.a.a 200

U2OS 1.7 5600 n.a. 9300

SaOS-2 1.9 3800 n.a. 3800

a n.a.(not applicable); De novo adhesion too low in the absence of vitronectin
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mCherry/LacZ cell line-derived intratibial osteosarcoma 
model in SCID mice that mimics the human metastatic 
disease with osteolytic bone lesions and lung metastases 
(Figure 5A, left panel) [21]. Daily intraperitoneal 
administration of cilengitide (10 mg/kg body weight) or 
vehicle for 20 days was started 8 days after intratibial 
tumor cell inoculation (Figure 5A, right panel). Periodic 
assessment of primary tumor size by caliper measurements 
and by mCherry fluorescent imaging showed only a minor 
inhibitory effect of cilengitide on primary tumor growth 
(Figure 5B and 5C). A significantly (P < 0.01) smaller 
mean primary tumor volume in cilengitide-treated mice 
than in vehicle-treated animals was only observed at the 
end of the therapy on day 27 after tumor cell inoculation. 
Respective mean final tumor volumes assessed by caliper 
measurements amounted to 169 ± 14 mm3 and 219 ± 17 
mm3, respectively. Consistent with these results, mCherry 
fluorescent signals detected in the tumor-bearing legs 
of living animals were significantly (P < 0.01) lower in 

cilengitide-treated mice than in vehicle-treated control 
mice at the end of the therapy (Figure 5C). X-Ray and 
IVIS images, presented in Figure 5D, show osteolysis and 
mCherry fluorescence in proximal tibias of representative 
mice treated with vehicle or cilengitide for 20 days. 
Importantly, cilengitide treatment had a much more 
pronounced inhibitory effect on pulmonary metastasis, 
assessed ex-vivo in X-Gal stained lungs, than on primary 
tumor growth (Figure 5E). The mean number of metastatic 
foci was 2.2 times lower in lungs of cilengitide-treated 
mice than in lungs dissected from vehicle-treated animals 
(Figure 5F, P < 0.05).

Taken together, cilengitide, selectively targeting 
αvβ3 and αvβ5 integrins, has a limited impact on 
primary tumor development in the intratibial xenograft 
osteosarcoma mouse model investigated here. However, 
it significantly inhibited lung metastasis demonstrating 
that αvβ3 and αvβ5 integrin targeting restrains metastatic 
spread of osteosarcoma.

Figure 3: Effects of cilengitide (CIL) on cell viability, morphology and cell cycle progression. A. Viability of indicated 
cell lines assessed in a WST-1 assay after incubation for 24 hours with CIL at indicated concentrations. B. Representative phase-contrast 
micrographs of cells treated with indicated concentrations (μg/ml) of CIL for 24 hours (143-B, U2OS) or 48 hours (SaOS-2) prior to cell 
cycle analysis. Scale bar, 100 μm. C. Cell cycle distribution (% of total cell population) of indicated osteosarcoma cell lines, assessed by 
flow cytometric analysis of propidium iodide-stained cells, after treatment for 24 hours (143-B, U2OS) or for 48 hours (SaOS-2) with CIL 
at indicated concentrations. Values in A and C represent the mean ± SEM of at least 3 independent experiments; *, P < 0.05; **, P < 0.01 
vs untreated control.
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DISCUSSION

Osteosarcoma is the second leading cause of cancer-
associated death in childhood and adolescence due to its 
high potential for metastatic spread [22]. The identification 
of metastasis promoting mechanisms followed by 

the development of new therapeutic compounds that 
efficiently inhibit these mechanisms will finally help to 
reduce the currently high mortality rate of osteosarcoma 
patients with metastatic disease.

The present study shows for the first time that αvβ3 
and αvβ5 integrins are expressed in the majority of tumors 

Figure 4: Cilengitide (CIL) activates the Hippo pathway. The levels of mRNA encoding the YAP target genes CTGF, CYR61 
or ANKRD1 were analyzed by quantitative RT-PCR (left panels) and normalized to those of GAPDH in total RNA extracts of 143-B 
A. U2OS B. or SaOS-2 cells C. left untreated or treated with indicated concentration of CIL for 24, 6 and 6 hours, respectively. mRNA 
levels normalized to those of GAPDH in non-treated control cells were set to 100%. Values are presented as the mean ± SEM of at least 3 
independent experiments; *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs non-treated control. The expression of CYR61 at the protein level 
and of GAPDH as a reference (right panels) was analyzed on Western blots of whole cell extracts of the indicated cell lines treated for 24 
hours with CIL at indicated concentrations. Representative Western blots of three independent experiments.
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Figure 5: Cilengitide (CIL) inhibits pulmonary metastasis in vivo. A. X-Ray image of the site of intratibial injection of 143-
B/mCherry/LacZ cells taken at the time of the tumor cell injection (TCI) on Day 0 (left panel). Protocol for the treatment of tumor 
bearing mice with vehicle (control) or CIL (10 mg/kg body weight) (right panel). B. Primary tumor growth over time monitored by caliper 
measurements of the tumor volume at indicated time points in mice treated with vehicle or with CIL. C. mCherry fluorescence indicating 
primary tumor growth over time in the same vehicle- or CIL-treated animals. D. X-Ray images of tumor bearing legs and IVIS images 
of tumor bearing animals taken at the end of the experiment from representative mice treated with vehicle or with CIL. E. Representative 
pictures and F. quantification of X-gal stained pulmonary metastases (arrows) on lung mounts collected and prepared as described in the 
Materials and Methods from vehicle or CIL treated mice at sacrifice 28 days after TCI. Scale bar, 250 μm. Values in B, C and F are the mean 
± SEM of the data collected in 12 vehicle- and 11 CIL-treated mice; *, P < 0.05; **, P < 0.01.
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of osteosarcoma patients and that selective targeting of 
these integrins needs to be considered as novel metastasis-
suppressive treatment approach in osteosarcoma. 
Interestingly, αvβ5 integrin was found to be predominantly 
expressed by tumor cells whereas αvβ3 integrin was 
mainly recognized on stromal multinucleated osteoclast-
like cells. These intratumoral benign cells have been 
observed in 25% of osteosarcomas [23]. Our findings are 
consistent with those of a report demonstrating that αvβ3 
integrin surface expression is essential to the formation of 
osteoclast-like multinucleated cells [24]. Our observations 
confirm previously reported high expression of all αv 
integrins in tumor specimens collected from twenty 
osteosarcoma patients [25]. The expression pattern of αvβ3 
integrin in osteosarcoma is similar to that described in 
breast and gastric cancer [26, 27]. Furthermore, abundant 
expression of integrins described for brain metastases 
from various primary malignancies is in good agreement 
with our findings [26, 28]. However, unlike several recent 
studies in a variety of human cancers employing the 
integrin antibodies used in our study, we did not observe 
immunoreactivity in tumor vascular structures [28, 29]. As 
integrins investigated here are expressed in both the tumor 
cells and the stromal components of osteosarcoma, their 
targeting with cilengitide might be a particularly effective 
treatment approach since it is simultaneously directed 
towards the tumor cells and the tumor microenvironment.

The here reported results of an in vivo study, carried 
out in an orthotopic xenograft mouse model that closely 
mimics the human disease, demonstrate a predominant 
anti-metastatic activity of cilengitide, implicating that 
αvβ3/αvβ5 integrins play an important role during 
metastasis of osteosarcoma. These results are in line 
with those of the in vitro experiments, demonstrating 
that cilengitide suppressed cellular adhesion and motility, 
important properties of metastasizing cells, in a panel of 
αvβ3/αvβ5 expressing osteosarcoma cell lines much like in 
meningioma [30]. Using clinically relevant concentrations 
of cilengitide in vitro, we observed inhibition of de novo 
adhesion to and detachment from vitronectin, well-known 
effects of cilengitide observed in a variety of cancer cell 
lines [8, 19, 31]. Cell-cell interactions between cancer 
cells and endothelium were also found to be crucial in 
the metastatic process. It was shown that αvβ3 integrin 
on melanoma cells interacts with Thy1 on endothelial 
cells in order to facilitate metastasis [32]. Therefore, in 
addition to the here reported inhibition of adhesion to 
the extracellular matrix by cilengitide, it is likely that the 
compound also inhibited the interaction of osteosarcoma 
cells with the vasculature and thereby further contributed 
to the in vivo observed suppression of metastasis. 
Different from findings in breast carcinoma and multiple 
myeloma [13, 33], in our osteosarcoma model cilengitide 
did not inhibit osteolysis, examined by micro-computed 
tomography (data not shown), implying that, under our 
treatment settings, bone resorption by osteoclasts was not 

suppressed. The modest anti-tumor effect of cilengitide 
seen in vivo is in line with the in vitro the G1-cell cycle 
block, recognized for the first time in our study, and 
induction of anoikis resulting in a limited effect on 
viability. In melanoma, meningioma and breast carcinoma 
animal models, much like in our model, cilengitide, 
used as a single drug, did not affect tumor growth, but a 
synergistic effect was observed when cilengitide treatment 
was combined with chemotherapy or radiotherapy [30, 
34, 35]. Thus, such a combination therapy needs to be 
envisaged in future osteosarcoma treatment studies.

In order to investigate alterations in cell signaling 
upon inhibition of integrins we focused on the Hippo 
signaling pathway, an evolutionarily conserved tumor 
suppressor pathway [36]. Activation of the Hippo 
pathway leads to degradation of the YAP protein, thereby 
inhibiting its growth promoting function. Dysregulation 
of this pathway contributes to various aspects of cancer 
progression, including metastasis. Hippo pathway 
inactivation has been observed in a variety of human 
cancers [37]. Abundant expression of YAP has also been 
found in osteosarcoma [38]. In the recent years, the 
Hippo pathway received substantial attention and key 
components and several negative and positive regulators 
have been characterized [39]. However, cell surface-
located regulatory components of the Hippo pathway 
are largely unknown. Here, the αvβ3 and αvβ5 integrins 
were for the first time identified as negative regulators 
of the Hippo pathway in osteosarcoma cells. This was 
reflected by the suppression of YAP target genes including 
the CYR61 gene upon integrin inhibition. Interestingly, 
CYR61, found downregulated in cilengitide-treated cells, 
has been recognized as a metastasis promoting protein 
in osteosarcoma [40]. Our data are in line with recent 
findings demonstrating that inhibition of integrin-linked 
kinase activity in breast, prostate and colon cancer cells 
activated the Hippo pathway [41].

Unfortunately, cilengitide failed to improve the 
survival of glioblastoma patients in a Phase III trial, and 
its development as an anti-cancer drug was subsequently 
cancelled [15]. Nevertheless, an integrin-targeting 
therapeutic strategy remains an attractive option in cancer 
management.

In conclusion, αvβ3 and αvβ5 integrin targeting, 
reactivating the Hippo signaling pathway, has potential 
as a strategy for metastasis suppressive treatment in 
osteosarcoma and presumably in other malignancies and 
should be further explored in clinical settings.

MATERIALS AND METHODS

Human osteosarcoma tissue microarray analysis

Osteosarcoma tissue specimens, including biopsies 
and primary tumor, relapse and metastases surgical 
resections, were collected between June 1990 and 
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December 2005 from 86 patients in accordance with the 
regulations of the local ethic committee. Clinical data of 
the patients are presented in Supplementary Table S2. 
A tissue microarray was constructed as described [42]. 
The immunostaining for αvβ3 and αvβ5 integrins was 
performed with anti- αvβ3 (clone EM22703) and anti-
αvβ5 (clone EM09902) rabbit monoclonal antibodies 
kindly provided by Simon L. Goodman as recently 
reported [26]. The immunohistochemical evaluation of 
αvβ3 integrin expression was carried out individually 
for tumor and stromal cells and the absence (negative) or 
presence (positive) of immunoreactive staining was judged 
by eye. Grading of αvβ5 integrin immunohistochemical 
staining, based on the intensity and the percentage of 
immunostained area, was done with a custom made 
MATLAB (v2009b, Mathworks Inc) program as described 
[43].

Cell culture and reagents

The human osteosarcoma cell lines 143-B (CRL-
8303), U2OS (HTB-96) and SaOS-2 (HTB-85) were 
obtained from American Type Culture Collection 
(ATCC). Cells were stably transduced with a LacZ gene, 
selected as described [43–45], and cultured in DMEM 
(4.5 g/l glucose)/HamF12 (1:1) medium (Invitrogen) 
supplemented with 10% heat inactivated fetal bovine 
serum (FBS, Gibco) (referred to as tissue culture 
medium) at 37°C in a humidified atmosphere of 5% 
CO2 and 95% air. The cell lines were authenticated by 
short tandem repeat DNA profiling (Microsynth) with a 
PowerPlex®16HS system (Promega) and by comparison 
with the German Collection of Microorganisms and Cell 
Cultures database (DSMZ). Cilengitide (EMD121974) 
was provided by Merck KgaA. Cisplatin was purchased 
from Sigma-Aldrich. Z-VAD-FMK (referred to in the text 
as Z-VAD) was purchased from BD Pharmingen (550377).

Analysis of integrin expression in osteosarcoma 
cell lines

Cells were detached in a buffer for flow cytometry 
(1 × PBS; 4 mM EDTA; 2% FBS) and incubated on 
ice with antibodies to αvβ3 (clone LM609, MAB1976, 
Millipore, dilution 1:200) and αvβ5 (clone P1F6, 
MAB1961, Millipore, dilution 1:200) integrins for 30 
minutes. After washing twice with the buffer described 
above, the cells were further incubated on ice in the dark 
with a fluorescently-conjugated secondary antibody (IgG-
PE, Novus Biologicals, 20103, dilution 1:200) for 20 
minutes. Non-bound secondary antibodies were removed 
by additional washing steps. Control cells were not stained 
or incubated with the secondary antibody alone. The mean 
fluorescence intensity of the fluorescently-labeled cells 
was then analyzed on a FACS machine (Calibur, BD) and 
with FlowJo software (Tree Star).

Adhesion assay

Adhesion assays were carried out in 96-well plates. 
The wells were coated with 200 ng/cm2 of vitronectin 
(Sigma-Aldrich, SRP3186) diluted in PBS supplemented 
with 0.1% BSA for 1 hour at room temperature (RT). 
After washing with PBS, the wells were blocked with 
heat-denatured (HD) 1% BSA in PBS for 1 hour at RT. 
Wells coated with HD-BSA alone were used as controls. 
In the de novo adhesion assay, cells were detached with 
accutase (Sigma-Aldrich, A6964), resuspended in DMEM/
F12/0.1% BSA and 5 × 103 cells in 50 μl were seeded 
in triplicates into wells containing 50 μl of increasing 
concentrations of cilengitide and allowed to adhere for 15 
minutes at 37°C. In the detachment assay, 2 × 103 cells/
well were seeded in triplicates in 80 μl of tissue culture 
medium into vitronectin-coated wells and left to fully 
adhere overnight. The next day, 20 μl of cilengitide at 
increasing concentrations were added to the wells and 
incubated for 2 hours at 37°C. Non-adherent cells were 
removed by washing with PBS and adherent cells were 
fixed with 10% formalin in PBS for 15 minutes at RT and 
then stained with 0.05% crystal violet in H2O or DAPI 
(1:1000) for 15 minutes at RT in the de novo adhesion 
assay and the detachment assay, respectively. Images of 
randomly selected areas of 3.6 mm2 were taken with an 
AxioCam MRm camera connected to the Zeiss Observer.
Z1 inverted microscope (Carl Zeiss MicroImaging GmbH) 
set at 4x magnification. The number of adherent cells in 
the analyzed area was determined with ImageJ software 
(http://rsb.info.nih.gov/ij/) and the total number of 
adherent cells per well was then calculated. The number 
of adherent cells treated with cilengitide was normalized 
to the number of adherent untreated cells set to 100%. The 
data of three independent experiments are presented.

Migration assay

The migratory properties of osteosarcoma cells 
were assessed in a wound healing migration assay. Cells 
were seeded into 6-well plates. At confluency, six wounds 
per well measuring between 0.3 and 1 mm in width and 
approximately 1 cm in length were applied with a sterile 
pin. Cell debris was removed by washing twice with tissue 
culture medium. Tissue culture medium with or without 
indicated concentrations of cilengitide was then added to 
the wells and 143-B or U2OS cells were incubated for 7 or 
24 hours, respectively. Wounds were marked with a Nikon 
object marker attached to a Nikon Diaphot microscope. 
Photos of the marked wounds were taken with an 
AxioCam MRm camera connected to the Zeiss Observer.
Z1 inverted microscope (Carl Zeiss MicroImaging GmbH) 
set at 4x magnification immediately after wounding and 
after the incubation with cilengitide. The width of the 
marked wound areas were measured with the ImageJ 
software (http://rsb.info.nih.gov/ij/). The migration rate 
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(μm/h) was calculated according to the formula (D0-Dt)/2t, 
where D0 is the wound width immediately after wounding 
and Dt is the wound width after the incubation for the 
indicated time (t). The migration rate of untreated cells 
was set to 100%. The experiments were done in duplicates 
and repeated at least three times.

Cell viability assay

Cell viability assays were performed in 96-well 
plates. 2 × 103 143-B or 5 × 103 U2OS or SaOS-2 cells per 
well were seeded in tissue culture medium and allowed to 
adhere overnight. Increasing concentrations of cilengitide 
were added the next day and the cells were incubated for 
6 or 24 hours. Following cilengitide treatment, the cells 
were incubated with 10 μl/well of WST-1 reagent (Roche, 
05015944001) for 3 hours and the cell viability was then 
assessed as previously described [46]. Three independent 
experiments in triplicates were performed.

Cell cycle analysis

Cell cycle progression was measured by 
propidium iodide (PI) staining using flow cytometry. 
Briefly, tissue culture medium alone containing 
different concentrations of cilengitide were added to 
fully attached and spread cells at approximately 50% 
confluency and incubated for 24 hours (143B, U2OS) 
or 48 hours (SaOS-2) according to the doubling time 
of the respective cell lines. Following the treatment, 
adherent cells were trypsinized and collected together 
with the floating cells, washed once with cold PBS 
and resuspended in 300 μl of PBS. Subsequently, 
the cells were fixed in ice cold ethanol and stored at 
-20°C overnight. The next day, DNA was stained in 
PI/RNase staining buffer (BD Pharmingen, 550825) 
for 30 minutes at 37°C in the dark. The samples were 
analyzed on a FACS machine (Calibur, BD) and the cell 
cycle distribution in % was calculated using FlowJo 
software (Tree Star). The experiments were performed 
in triplicates and repeated three times.

Western blotting

The preparation of protein extracts and Western blot 
analysis were performed as previously described [43]. 
Antibodies used were anti-PARP (9542, dilution 1:1000) 
obtained from Cell Signaling Technology, anti-actin 
(MAB1501, dilution 1:10000) from Millipore, and anti-
GAPDH (FL-335, dilution 1:3000), anti-Cyr61 (sc271217, 
dilution 1:1000), anti-CyclinD1 (sc20044, dilution 1:1000) 
and HRP-conjugated secondary antibodies (sc2006, 
sc2055, dilution 1:5000) were purchased from Santa Cruz 
Biotechnologies. Peroxidase activity was visualized with 
Immobilon chemoluminescence substrate (Millipore, 
WBKLS0500) and a VersaDocTM Imaging System (Bio-
Rad).

RNA extraction, cDNA synthesis and 
quantitative real-time polymerase chain reaction 
(qPCR)

Total RNA from cells treated with various 
concentrations of cilengitide or left untreated was isolated 
with a RNeasy Mini Kit (Qiagen, 74104) according 
to the manufacturer’s instructions. 1 μg of total RNA 
was transcribed to cDNA with a High-Capacity cDNA 
Reverse Transcription Kit with Rnase Inhibitor (Applied 
Biosystems, 4374966) as described in the protocol 
provided by the manufacturer. The cDNA was diluted in 
nuclease-free water and real-time qPCR was conducted on 
cDNA equivalent to 10 ng of starting RNA with the Power 
SYBR Green PCR Master Mix (Applied Biosystems, 
4367659) on a StepOne-Plus Real-Time PCR System 
(Applied Biosystems). The denaturation was performed 
for 10 minutes at 95°C followed by 40 PCR cycles for 15 
seconds at 95°C and for 1 minute at 60°C. The analysis 
was done with StepOne Software version 2.1 (Applied 
Biosystems). Relative expression levels were calculated 
by the comparative (ΔΔCT) method and normalized to 
GAPDH. All primers used are listed in Supplementary 
Table S3. The experiments were done in triplicates and 
repeated three times.

Cilengitide treatment in an intratibial xenograft 
osteosarcoma model in SCID mice

The animal study was approved by the Ethics 
Committee of the Veterinary Office of the Canton Zurich 
and was conducted in accordance with the Swiss Animal 
Protection Law. In order to enable visualization of tumor 
cells within mouse tissues in vivo and ex vivo, 143-B/
LacZ cells were transduced with an mCherry gene (143-
B/mCherry/LacZ cells) as described recently [21]. Eight 
to ten week old SCID/CB17 immunocompromised 
mice purchased from Charles River Laboratories 
were intratibially injected with 10 μl of 105 143-B/
mCherry/LacZ cells in PBS/0.05% EDTA on day 0. 
Eight days after tumor cell injection (TCI), the mice 
were randomly distributed into two groups and daily 
intraperitoneal injections of 10 mg/kg body weight of 
cilengitide (treatment group) or vehicle (physiological 
saline) (control group) were initiated. The cilengitide-
treated group consisted of 11 mice, whereas the vehicle-
injected control group included 12 mice. Primary tumor 
development was examined weekly by X-ray with an 
MX-20 DC Digital Radiography System (Faxitron X-Ray 
Corporation) and by mCherry fluorescence imaging with 
an IVIS imaging system (Caliper Life Sciences, Inc.). 
The mCherry fluorescence was quantified with a Living 
Image software version 3.1 (Xenogen Corporation). 
Caliper measurements of the length and the width of 
the tumor leg were performed weekly and the primary 
tumor volume was calculated with the formula V=length 
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× width2/2. The volume of the non-injected leg was used 
as a reference value. The animals were sacrificed after 
20 days of treatment and the primary tumors and in situ 
perfused lungs were harvested as reported [45]. Organs 
were fixed for 30 minutes at RT in 2% formaldehyde 
and X-gal stained as described [47, 48]. Indigo-blue 
stained pulmonary metastases on the lung surface were 
counted at 4x magnification under the Nicon Eclipse E600 
microscope (Nikon Corporation).

Statistical analysis

Statistical significance of differences between the 
experimental groups was determined using a Student t test 
or ANOVA and P < 0.05 was considered significant. All 
analyses were performed using GraphPad Prism Version 
5.01 (GraphPad Software, Inc.). The same software was 
used to calculate the half-maximal adhesion inhibitory 
concentration (IC50) of cilengitide. The results are 
presented as means ± SEM.

ACKNOWLEDGMENTS

The authors thank Matthias JE Arlt for his help 
with intratibial injections of tumor cells, Holger Moch 
for providing expertise on the tissue microarray analysis 
and Simon L. Goodman and Merck for kindly providing 
antibodies to αvβ3 (clone EM22703) and αvβ5 integrins 
(clone EM09902), and Cilengitide.

CONFLICTS OF INTEREST

No potential conflicts of interest were disclosed.

GRANT SUPPORT

The research was supported by the University of 
Zurich, the Schweizerischer Verein Balgrist (Zurich, 
Switzerland), the Walter L. & Johanna Wolf Foundation 
(Zurich, Switzerland), the Highly Specialized Medicine for 
Musculoskeletal Oncology program of the Canton of Zurich, 
the Zurcher Krebsliga (Zurich, Switzerland), the “Kind und 
Krebs” fund (Zollikerberg, Switzerland), and the Swiss 
National Science Foundation SNF Nr.310030_149649.

REFERENCES

1. Picci P. Osteosarcoma (osteogenic sarcoma). Orphanet J 
Rare Dis. 2007; 2:6.

2. Marina N, Gebhardt M, Teot L and Gorlick R. Biology 
and therapeutic advances for pediatric osteosarcoma. 
Oncologist. 2004; 9:422-441.

3. Ferrari S and Palmerini E. Adjuvant and neoadjuvant 
combination chemotherapy for osteogenic sarcoma. Curr 
Opin Oncol. 2007; 19:341-346.

4. Desgrosellier JS and Cheresh DA. Integrins in cancer: 
biological implications and therapeutic opportunities. Nat 
Rev Cancer. 2010; 10:9-22.

5. Cox D, Brennan M and Moran N. Integrins as therapeutic 
targets: lessons and opportunities. Nat Rev Drug Discov. 
2010; 9:804-820.

6. Goodman SL and Picard M. Integrins as therapeutic targets. 
Trends Pharmacol Sci. 2012; 33:405-412.

7. MacDonald TJ, Taga T, Shimada H, Tabrizi P, Zlokovic 
BV, Cheresh DA and Laug WE. Preferential susceptibility 
of brain tumors to the antiangiogenic effects of an alpha(v) 
integrin antagonist. Neurosurgery. 2001; 48:151-157.

8. Mitjans F, Meyer T, Fittschen C, Goodman S, Jonczyk 
A, Marshall JF, Reyes G and Piulats J. In vivo therapy of 
malignant melanoma by means of antagonists of alphav 
integrins. Int J Cancer. 2000; 87:716-723.

9. Yamada S, Bu XY, Khankaldyyan V, Gonzales-Gomez 
I, McComb JG and Laug WE. Effect of the angiogenesis 
inhibitor Cilengitide (EMD 121974) on glioblastoma 
growth in nude mice. Neurosurgery. 2006; 59:1304-1312; 
discussion 1312.

10. Onishi M, Ichikawa T, Kurozumi K, Fujii K, Yoshida 
K, Inoue S, Michiue H, Chiocca EA, Kaur B and Date 
I. Bimodal anti-glioma mechanisms of cilengitide 
demonstrated by novel invasive glioma models. 
Neuropathology. 2013; 33:162-174.

11. Buerkle MA, Pahernik SA, Sutter A, Jonczyk A, Messmer 
K and Dellian M. Inhibition of the alpha-nu integrins with 
a cyclic RGD peptide impairs angiogenesis, growth and 
metastasis of solid tumours in vivo. Br J Cancer. 2002; 
86:788-795.

12. Monnier Y, Farmer P, Bieler G, Imaizumi N, Sengstag T, 
Alghisi GC, Stehle JC, Ciarloni L, Andrejevic-Blant S, 
Moeckli R, Mirimanoff RO, Goodman SL, Delorenzi M 
and Ruegg C. CYR61 and alphaVbeta5 integrin cooperate 
to promote invasion and metastasis of tumors growing in 
preirradiated stroma. Cancer Res. 2008; 68:7323-7331.

13. Bauerle T, Komljenovic D, Merz M, Berger MR, 
Goodman SL and Semmler W. Cilengitide inhibits 
progression of experimental breast cancer bone metastases 
as imaged noninvasively using VCT, MRI and DCE-
MRI in a longitudinal in vivo study. Int J Cancer. 2011; 
128:2453-2462.

14. Reardon DA, Fink KL, Mikkelsen T, Cloughesy TF, O'Neill 
A, Plotkin S, Glantz M, Ravin P, Raizer JJ, Rich KM, Schiff 
D, Shapiro WR, Burdette-Radoux S, et al. Randomized 
phase II study of cilengitide, an integrin-targeting arginine-
glycine-aspartic acid peptide, in recurrent glioblastoma 
multiforme. J Clin Oncol. 2008; 26:5610-5617.

15. Stupp R, Hegi ME, Gorlia T, Erridge SC, Perry J, Hong 
YK, Aldape KD, Lhermitte B, Pietsch T, Grujicic D, 
Steinbach JP, Wick W, Tarnawski R, et al. Cilengitide 
combined with standard treatment for patients with newly 
diagnosed glioblastoma with methylated MGMT promoter 



Oncotarget55153www.impactjournals.com/oncotarget

(CENTRIC EORTC 26071-22072 study): a multicentre, 
randomised, open-label, phase 3 trial. Lancet Oncol. 2014; 
15:1100-1108.

16. Duan X, Jia SF, Zhou Z, Langley RR, Bolontrade MF 
and Kleinerman ES. Association of alphavbeta3 integrin 
expression with the metastatic potential and migratory and 
chemotactic ability of human osteosarcoma cells. Clin Exp 
Metastasis. 2004; 21:747-753.

17. Koistinen P, Pulli T, Uitto VJ, Nissinen L, Hyypia T and 
Heino J. Depletion of alphaV integrins from osteosarcoma 
cells by intracellular antibody expression induces bone 
differentiation marker genes and suppresses gelatinase 
(MMP-2) synthesis. Matrix Biol. 1999; 18:239-251.

18. Steele JG, Dalton BA, Johnson G and Underwood PA. 
Polystyrene chemistry affects vitronectin activity: an 
explanation for cell attachment to tissue culture polystyrene 
but not to unmodified polystyrene. J Biomed Mater Res. 
1993; 27:927-940.

19. Cheng NC, van Zandwijk N and Reid G. Cilengitide inhibits 
attachment and invasion of malignant pleural mesothelioma 
cells through antagonism of integrins alphavbeta3 and 
alphavbeta5. PLoS One. 2014; 9:e90374.

20. Zhao B, Li L, Wang L, Wang CY, Yu J and Guan KL. Cell 
detachment activates the Hippo pathway via cytoskeleton 
reorganization to induce anoikis. Genes Dev. 2012; 
26:54-68.

21. Kumar RM, Arlt MJ, Kuzmanov A, Born W and Fuchs 
B. Sunitinib malate (SU-11248) reduces tumour burden 
and lung metastasis in an intratibial human xenograft 
osteosarcoma mouse model. Am J Cancer Res. 2015; 
5:2156-2168.

22. Trends in childhood cancer mortality--United States, 
1990-2004. MMWR Morb Mortal Wkly Rep. 2007; 
56:1257-1261.

23. Klein MJ and Siegal GP. Osteosarcoma: anatomic and 
histologic variants. Am J Clin Pathol. 2006; 125:555-581.

24. Boissy P, Machuca I, Pfaff M, Ficheux D and Jurdic P. 
Aggregation of mononucleated precursors triggers cell 
surface expression of alphavbeta3 integrin, essential to 
formation of osteoclast-like multinucleated cells. J Cell Sci. 
1998; 111:2563-2574.

25. Huang Y, Lin Z, Zhuang J, Chen Y and Lin J. Prognostic 
significance of alpha V integrin and VEGF in osteosarcoma 
after chemotherapy. Onkologie. 2008; 31:535-540.

26. Vogetseder A, Thies S, Ingold B, Roth P, Weller M, Schraml 
P, Goodman SL and Moch H. alphav-Integrin isoform 
expression in primary human tumors and brain metastases. 
Int J Cancer. 2013; 133:2362-2371.

27. Boger C, Warneke VS, Behrens HM, Kalthoff H, Goodman 
SL, Becker T and Rocken C. Integrins alphavbeta3 and 
alphavbeta5 as prognostic, diagnostic, and therapeutic 
targets in gastric cancer. Gastric cancer. 2015; 18:784-795.

28. Berghoff AS, Kovanda AK, Melchardt T, Bartsch R, 
Hainfellner JA, Sipos B, Schittenhelm J, Zielinski CC, 

Widhalm G, Dieckmann K, Weller M, Goodman SL, 
Birner P and Preusser M. alphavbeta3, alphavbeta5 and 
alphavbeta6 integrins in brain metastases of lung cancer. 
Clin Exp Metastasis. 2014; 31:841-851.

29. Schittenhelm J, Klein A, Tatagiba MS, Meyermann R, Fend 
F, Goodman SL and Sipos B. Comparing the expression 
of integrins alphavbeta3, alphavbeta5, alphavbeta6, 
alphavbeta8, fibronectin and fibrinogen in human brain 
metastases and their corresponding primary tumors. Int J 
Clin Exp Pathol. 2013; 6:2719-2732.

30. Wilisch-Neumann A, Kliese N, Pachow D, Schneider T, 
Warnke JP, Braunsdorf WE, Bohmer FD, Hass P, Pasemann 
D, Helbing C, Kirches E and Mawrin C. The integrin 
inhibitor cilengitide affects meningioma cell motility and 
invasion. Clin Cancer Res. 2013; 19:5402-5412.

31. Maurer GD, Tritschler I, Adams B, Tabatabai G, Wick W, 
Stupp R and Weller M. Cilengitide modulates attachment 
and viability of human glioma cells, but not sensitivity to 
irradiation or temozolomide in vitro. Neuro Oncol. 2009; 
11:747-756.

32. Schubert K, Gutknecht D, Koberle M, Anderegg U 
and Saalbach A. Melanoma cells use Thy-1 (CD90) on 
endothelial cells for metastasis formation. The American 
journal of pathology. 2013; 182:266-276.

33. Tucci M, Stucci S, Felici C, Cafforio P, Resta L, Rossi R 
and Silvestris F. Cilengitide restrains the osteoclast-like 
bone resorbing activity of myeloma plasma cells. British 
Journal of Haematology. 2016; 173:59-69.

34. Tentori L, Dorio AS, Muzi A, Lacal PM, Ruffini F, Navarra 
P and Graziani G. The integrin antagonist cilengitide 
increases the antitumor activity of temozolomide against 
malignant melanoma. Oncol Rep. 2008; 19:1039-1043.

35. Burke PA, DeNardo SJ, Miers LA, Lamborn KR, Matzku S 
and DeNardo GL. Cilengitide targeting of alpha(v)beta(3) 
integrin receptor synergizes with radioimmunotherapy to 
increase efficacy and apoptosis in breast cancer xenografts. 
Cancer Res. 2002; 62:4263-4272.

36. Johnson R and Halder G. The two faces of Hippo: targeting 
the Hippo pathway for regenerative medicine and cancer 
treatment. Nat Rev Drug Discov. 2014; 13:63-79.

37. Steinhardt AA, Gayyed MF, Klein AP, Dong J, Maitra A, 
Pan D, Montgomery EA and Anders RA. Expression of Yes-
associated protein in common solid tumors. Hum Pathol. 
2008; 39:1582-1589.

38. Zhang YH, Li B, Shen L, Shen Y and Chen XD. The role 
and clinical significance of YES-associated protein 1 in 
human osteosarcoma. Int J Immunopathol Pharmacol. 2013; 
26:157-167.

39. Park HW and Guan KL. Regulation of the Hippo pathway 
and implications for anticancer drug development. Trends 
Pharmacol Sci. 2013; 34:581-589.

40. Sabile AA, Arlt MJ, Muff R, Bode B, Langsam B, Bertz 
J, Jentzsch T, Puskas GJ, Born W and Fuchs B. Cyr61 
expression in osteosarcoma indicates poor prognosis and 



Oncotarget55154www.impactjournals.com/oncotarget

promotes intratibial growth and lung metastasis in mice. J 
Bone Miner Res. 2012; 27:58-67.

41. Serrano I, McDonald PC, Lock F, Muller WJ and Dedhar 
S. Inactivation of the Hippo tumour suppressor pathway by 
integrin-linked kinase. Nat Commun. 2013; 4:2976.

42. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, 
Schraml P, Leighton S, Torhorst J, Mihatsch MJ, Sauter G 
and Kallioniemi OP. Tissue microarrays for high-throughput 
molecular profiling of tumor specimens. Nat Med. 1998; 
4:844-847.

43. Gvozdenovic A, Arlt MJ, Campanile C, Brennecke 
P, Husmann K, Li Y, Born W, Muff R and Fuchs B. 
CD44 enhances tumor formation and lung metastasis in 
experimental osteosarcoma and is an additional predictor 
for poor patient outcome. J Bone Miner Res. 2013; 
28:838-847.

44. Brennecke P, Arlt MJ, Muff R, Campanile C, Gvozdenovic 
A, Husmann K, Holzwarth N, Cameroni E, Ehrensperger 
F, Thelen M, Born W and Fuchs B. Expression of the 
chemokine receptor CXCR7 in CXCR4-expressing human 
143B osteosarcoma cells enhances lung metastasis of 

intratibial xenografts in SCID mice. PLoS One. 2013; 
8:e74045.

45. Arlt MJ, Banke IJ, Walters DK, Puskas GJ, Steinmann P, 
Muff R, Born W and Fuchs B. LacZ transgene expression 
in the subcutaneous Dunn/LM8 osteosarcoma mouse model 
allows for the identification of micrometastasis. J Orthop 
Res. 2011; 29:938-946.

46. Steinmann P, Walters DK, Arlt MJ, Banke IJ, Ziegler U, 
Langsam B, Arbiser J, Muff R, Born W and Fuchs B. 
Antimetastatic activity of honokiol in osteosarcoma. 
Cancer. 2012; 118:2117-2127.

47. Arlt M, Kopitz C, Pennington C, Watson KL, Krell HW, 
Bode W, Gansbacher B, Khokha R, Edwards DR and 
Kruger A. Increase in gelatinase-specificity of matrix 
metalloproteinase inhibitors correlates with antimetastatic 
efficacy in a T-cell lymphoma model. Cancer Res. 2002; 
62:5543-5550.

48. Kruger A, Schirrmacher V and von Hoegen P. Scattered 
micrometastases visualized at the single-cell level: detection 
and re-isolation of lacZ-labeled metastasized lymphoma 
cells. Int J Cancer. 1994; 58:275-284.


