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Giant cell tumors of bone (GCTB) are associated with massive bone destructions and high recurrence rates. In a
previous study, we observed cytotoxic effects of three different compositions of bioactive glasses (BGs) towards
GCTSC but not bone marrow derived stromal cells (BMSC) indicating that BGs represent promising candidates for
the development of new therapeutic approaches. In the current study we aimed to investigate the molecular
mechanisms that are involved in BG induced cytotoxicity. We observed, that BG treatment was not associated
with any signs of apoptosis, but rather led to a strong induction of mitogen activated protein kinases (MAPK) and,
as a consequence, upregulation of several transcription factors specifically in GCTSC. Genome wide gene
expression profiling further revealed a set of fifteen genes that were exclusively induced in GCTSC or induced
significantly stronger in GCTSC compared to BMSC. BG treatment further induced autophagy that was signifi-
cantly more pronounced in GCTSC compared to BMSC and could be inhibited by MAPK inhibitors. Together with
the known osteogenic properties of BGs our findings support the suitability of BGs as therapeutic agents for the

treatment of GCTB. However, these data have to be verified under in vivo conditions.

1. Introduction

Giant cell tumor of bone (GCTB) is a semi-malignant primary bone
tumor, typically affecting the meta-epiphyseal regions of long bones
with a peak incidence between 20 and 40 years of age [1]. GCTB is
characterized by an unpredictable biological behavior with locally
aggressive growth. As a result, expansive osteolytic defects associated
with significant bone destructions are very common caused by the
resorptive activity of reactive osteoclast-like multinucleated giant cells
found in large numbers in GCTB. Attraction of osteoclast precursors and
activation of osteoclasts is triggered by the production of RANKL (re-
ceptor activator of NF-xB ligand) and various chemokines by the
neoplastic GCTSC population [2,3]. GCTBs are characterized by a
glycine to tryptophan substitution at position 34 in the H3F3A gene

encoding the histone variant H3.3 [4]. The mutation is supposed to
occur in differentiating mesenchymal stem cells resulting in massive
epigenetic alterations and the induction of an impaired osteogenic dif-
ferentiation [5].

The primary treatment option for GCTG is surgery. Tumor resection
with curettage and joint preservation is most often preferred, although
this approach is associated with very high recurrence rates up to 65% [6,
7]. The use of several toxic or thermal adjuvants like liquid nitrogen,
alcohol, phenol, hydrogen peroxide and polymethylmethacrylate
(PMMA) has been suggested to reduce local recurrence rates. However,
results are inconsistent and unwanted side effects like local tissue
damage and hepatotoxicity have been reported [8-11]. Further, a sys-
temic therapy approach with denosumab, an antibody directed against
RANKL has been introduced in order to block RANKL action, thus

Abbreviations: GCTB, giant cell tumor of bone; GCTSC, giant cell tumor derived stromal cell; BMSC, bone marrow derived stromal cell; BG, bioactive glass; MAPK,

mitogen activated protein kinases.
Peer review under responsibility of KeAi Communications Co., Ltd.

* Corresponding author. Heidelberg University Hospital, Center for Orthopedics, Trauma Surgery and Spinal Cord Injury, Schlierbacher Landstrae 200a, 69118,

Heidelberg, Germany.
E-mail address: Joerg.Fellenberg@med.uni-heidelberg.de (J. Fellenberg).

https://doi.org/10.1016/j.bioactmat.2022.02.021

Received 4 October 2021; Received in revised form 27 January 2022; Accepted 18 February 2022

Available online 28 February 2022

2452-199X/© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).


mailto:Joerg.Fellenberg@med.uni-heidelberg.de
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2022.02.021
https://doi.org/10.1016/j.bioactmat.2022.02.021
https://doi.org/10.1016/j.bioactmat.2022.02.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2022.02.021&domain=pdf
http://creativecommons.org/licenses/by/4.0/

J. Fellenberg et al.

minimizing giant cell formation and activity. However, this strategy
does not target the neoplastic stromal cells and has been discussed
controversially because of unclear benefits and even a potentially
increased risk of new malignancies due to immunosuppression [12,13].
A recent review of the literature revealed that the use of denosumab
induces positive but variable histological responses with several types of
adverse effects. Concerning the oncological outcome, no effects on
metastatic disease nor local recurrence rates could be observed [14].
Thus, improvement of GCTB therapy especially with respect to the
reduction of tumor recurrence rates is still an urgent clinical concern.

Bioactive glasses (BG) are in most cases silica (SiO3)-based, non-
crystalline inorganic biomaterials with varying amounts of different
components like sodium oxide (Nay0), calcium oxide (CaO) and phos-
phorus pentoxide (P20s), which were invented 1969 [15]. During
further BG development also borate and phosphorus-based compositions
were established and additional ions like zinc, magnesium or strontium
were included into the glass composition in order to alter their func-
tionality and bioactivity, for example for the local delivery of thera-
peutic bioactive ions. The outstanding properties of BGs are their
biocompatibility, their bioactivity mediated by ionic dissolution prod-
ucts, their antibacterial behaviour and their ability to form strong bonds
to the surrounding hard and soft tissue based on the formation of a
hydroxycarbonate apatite (HCA) layer on the surface after contact to
body fluids [16-18]. BGs have further been shown to promote osteoblast
binding, proliferation, differentiation and mineralization, as well as
osteogenic differentiation of mesenchymal progenitor cells [19-21].
Together with the documented angiogenic properties [22] these attri-
butes formed the basis for their extensive application in bone and soft
tissue engineering [23]. Because of these positive properties, BGs have
been employed as implant material for different clinical applications
since the approval of 45S5-BG by the food and drug administration
(FDA) in 1985 [15,24]. Besides these numerous positive effects, BGs
have also been shown to negatively influence their local microenvi-
ronment, particularly in the early stages of degradation that is associ-
ated with an increased release of ions, such as Na™ and Ca®*" and
significant changes in the pH of the fluid surrounding the BG.

So far, the underlying mechanisms of BG induced cytotoxicity are not
yet fully understood and different mechanisms are being discussed in the
literature. Mostly, changes in local pH caused by a burst release of BG
dissolution products in the early phases of contact to surrounding fluids
are considered to be responsible for BG-mediated cytotoxicity [25].
Based on this observation, preconditioning approaches have been
evaluated to compensate the initial burst release of ions and thereby
enhance the biocompatibility of BGs for cell culture studies [26].
Alternatively, BGs with reduced alkali content have been developed in
order to reduce the local pH alteration (increase) and to enhance
biocompatibility [27]. Recently, beyond the role of pH changes, also
other mechanisms for BG-mediated cytotoxicity were discussed. For
example, Yan and co-workers attributed BG-mediated cytotoxicity to an
increase in membrane fluidity caused by the ionic dissolution products
(mainly Si-ions) from BGs [28]. However, there is increasing evidence
that the impact of local pH alterations as well as the presence of the ionic
dissolution products on cell viability might be overestimated as also
shown in a recent study conducted by our group [29]. In this previous
study we identified a selective cytotoxic effect of BGs towards the
neoplastic stromal cell population of GCTB (GCTSC) whilst the viability
of bone marrow derived stromal cells (BMSC) remained unaffected or
was even enhanced in the presence of BGs. This effect was independent
from the BG induced pH-shift and dissolution products, but it was shown
to be related to the direct contact of cells with BGs [29]. Based on the
observed properties, we hypothesized that BGs might be promising
biomaterials that could be used for the reduction of GCTB recurrence
rates through killing of tumor cells that remained after surgery and the
simultaneous promotion of BMSC-mediated bone regeneration due to
their known osteogenic properties. The aim of this study was to inves-
tigate the therapeutic feasibility of this hypothesis by analyzing the
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molecular mechanisms underlying the observed cell-specific effects of
BGs. The knowledge of these mechanisms might facilitate a potential
clinical use of BGs for the treatment of GCTB.

2. Materials and methods
2.1. Study ethics and cell origin

Primary cell lines were isolated from tissue samples obtained from
patients who underwent surgery at the Heidelberg Orthopedic Univer-
sity Hospital. Written informed consent has been obtained from all do-
nors. The study has been approved by the Ethical Committee of the
Medical Faculty of the University of Heidelberg. (S-082/2019, S-340/
2018) and has been carried out in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki). The osteosar-
coma cell line HOS143B was used as control (Sigma-Aldrich
#91112502).

2.2. BG production

The chemical compositions of the BGs used in this study are pre-
sented in Table 1. The glasses were produced by the melt-quenching
method, as detailed elsewhere [29]. The BGs underwent a sintering
process that resembles the heat treatment necessary to shape the ma-
terials into 3D structures. The used sintering programs were 1.5 h at
690 °C for ICIE16-BG and 3Zn-BG and 2 h at 1050 °C for 45S5-BG,
partial crystallization of the particles was induced as was demon-
strated in a previous study [29]. The morphology of the BG particles was
characterized by scanning electron microscopy (SEM, Auriga, Carl-Zeiss,
Germany) with an accelerating voltage of 1.5 kV. The particle size was
estimated from the SEM images measuring at least 100 particles of each
BG powder using the software ImageJ (National Institutes of Health
Bethesda, MD, USA). Energy-dispersive X-ray spectroscopy (EDX, Ox-
ford Instruments) was used to obtain the elemental composition of the
BGs qualitatively and to discard the influence of impurities resulting
from the BGs processing.

2.3. Isolation of primary cells and cell culture

Bone marrow from patients that underwent primary hip arthroplasty
was used for the isolation of BMSC. Isolated bone marrow was frac-
tionated on a Ficoll-Paque Plus density gradient (GE Healthcare Europe,
Freiburg, Germany) before the mononuclear cell fraction containing the
BMSCs was separated, washed with phosphate-buffered saline (PBS)
(Thermo Fisher) and cultured in gelatinized (0.1%) cell culture flasks at
37 °C and 5% CO» in a humidified atmosphere. Culture medium con-
sisted of Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich)
high glucose supplemented with 12.5% fetal calf serum (FCS) (Bio-
chrom, Berlin, Germany), 1% non-essential amino acids (NEAA) (Sigma-
Aldrich), 50 pM B-mercaptoethanol (Sigma-Aldrich), 100 pg/ml peni-
cillin/streptomycin (Sigma-Aldrich) and 4 ng/ml fibroblast growth
factor 2 (Merck-Millipore) Non-adherent cells were removed 24 h after
plating while adherent cells were further expanded and passaged at 80%
confluency.

For the isolation of GCTSC, tumor tissues were cut into small pieces
using scalpels, washed with PBS and digested with 1.5 mg/ml collage-
nase B (Thermo Fisher) for 3 h at 37 °C diluted in culture medium

Table 1
Chemical compositions of the BGs used for the experiments.

Chemical composition (mol %)

BG name SiO, CaO Na,O P,05 K,0 ZnO
4585 46.14 26.91 24.35 2.60

ICIE16 49.46 36.27 6.6 1.07 6.6

3Zn 49.46 33.27 6.6 1.07 6.6 3.0
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consisting of DMEM high glucose supplemented with 10% FCS (Bio-
chrom) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich). After
the digestion cells were washed twice in PBS and seeded in culture
medium. After the first 24 h of culture, cells were treated with Trypsin/
EDTA (Sigma-Aldrich) and the stromal cells were transferred to a new
culture flask separating them from the giant cells that remained
attached. After 3 passages the stromal cell population was free of
remaining giant cells and histiocytes.

2.4. Cytotoxicity assay

Cytotoxicity of BGs was quantified using a water-soluble tetrazolium
salt (WST-1) assay (Roche Diagnostics, Mannheim, Germany). One
hundred pl of 2-fold concentrated BGs resuspended and vortexed in cell
culture medium were pipetted into each well of a 96-well cell culture
plate before 10,000 cells were added to each well. After the desired
incubation time the medium was replaced by 100 pl WST-1 reagent
diluted 1:10 in cell culture medium and incubated for 120 min at 37 °C.
Finally, the optical absorbance of the supernatants was determined in a
plate reader (Autobio-Phomo, Anthos Microsystems, Friesoyte, Ger-
many) at 450 nM with a reference wavelength of 600 nM. Wells without
cells were used as blanks and subtracted from the experimental sample
wells. All measurements were done in triplicates.

3. Apoptosis antibody array

Expression of apoptosis related proteins was analyzed using a human
membrane-based antibody array (Ray Biotech, Inc., Norcross, GA)
covering 43 apoptotic factors (Supplemental Fig. 1). The array was
processed according to the manufacturer’s instructions. In brief, GCTSC
were co-cultured with 45S5-BG (0.5 mg/ml) and proteins were extracted
using RIPA lysis buffer (Santa Cruz biotechnologies, Heidelberg, Ger-
many) supplemented with protease inhibitor cocktail (Sigma Aldrich,
Munich, Germany) after 12, 24 and 48 h. Cells cultured without BG were
used as control. A BCA assay (Pierce, Rockford, USA) was used to
quantify protein concentrations. For each membrane 300 pg total pro-
tein dissolved in 1 ml blocking buffer were used for each membrane.
After an incubation for 30 min in blocking buffer, membranes were
incubated with the protein samples overnight at 4 °C. After washing,
membranes were incubated with a biotinylated antibody cocktail for 2 h
at room temperature, washed and incubated with horseradish peroxi-
dase conjugated streptavidin for 2 h at room temperature. After a final
washing step, membranes were incubated with a chemoluminescence
substrate, before signals were detected using the gel documentation
system Fusion-SL 3500 and quantified using BIO-1D software version
15.01 (Vilber Lourmat, Eberhardzell, Germany). The background signal
was subtracted from the obtained values and the resulting values were
normalized to the positive controls spotted on each membrane.

3.1. Western blot analysis

For LC3 detection 2.5 pg of total protein was separated on 15%
polyacrylamide gels and transferred to nylon membranes (Immobilon-P,
Millipore, Schwalbach, Germany). For all other antigens 10 pg of total
protein and 10% polyacrylamide gels were used. Membranes were
blocked with 3% skim milk (Sigma-Aldrich) diluted in PBS supple-
mented with 0.05% Tween 20 (Sigma-Aldrich) before they were incu-
bated with the primary antibody. The following primary antibodies were
used at the indicated dilutions: Actin (1:5000) (BD Biosciences, Hei-
delberg, Germany), Akt, p-Akt, Erkl/2, p-Erk1/2, p38, p-p38, JNK, p-
JNK and LC3 (all 1:1000; Cell Signalling, Frankfurt, Germany). After an
overnight incubation with the primary antibody at 4 °C and three
washing steps with PBS/0.1% Tween 20 the membranes were incubated
with peroxidase conjugated secondary antibody (1:5000, DIANOVA,
Hamburg, Germany) for 1 h at room temperature. After a final incuba-
tion for 5 min with the Clarity chemoluminescence substrate (Bio-Rad
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Laboratories, Miinchen, Germany) signals were detected by densitom-
etry using Bio-1D software version 15.01 (Vilber Lourmat). Actin signal
intensities were used for normalization.

3.2. RNA extraction, cDNA synthesis and RT-qPCR

The PureLink RNA Mini Kit (Invitrogen, Darmstadt, Germany) was
used to extract total RNA. The concentrations and the quality of the
extracted RNAs were analyzed using a NanoDrop ND-1000 spectro-
photometer (Peqlab, Erlangen, Germany). Synthesis of cDNA was done
using 250 ng of extracted total RNA, 1 pl reverse transcriptase (Omni-
script) (Qiagen, Hilden, Germany), 10 uM oligo-dT primer, 5 mM dNTPs
and 10 U RNaseOut (Invitrogen, Karlsruhe, Germany). Twenty pl of this
mixture were incubated for 1.5 h at 37 °C before cDNA was further
diluted 1:5 with 10 mM Tricine (Carl Roth, Karlsruhe, Germany). Two pl
of cDNA was then subjected to RT-qPCR analysis using primaQuant
CYBR QPCR master mix (Steinbrenner Laborsysteme, Wiesenbach,
Germany). The following program was run on a LineGene 9600 thermal
cycler (Bior Technologies, Hangzhou, China): Preheating at 95 °C for 15
min and 40 cycles of denaturation at 95 °C for 15 s, annealing at 58 °C
for 20 s and extension at 72 °C for 30 s followed by a melting curve
analysis. The expression of RPS13 (ribosomal protein S13) in the cor-
responding sample was used for normalization. All primers used are
listed in the Supplemental Table 1.

3.3. Gene expression profiling

RNA from three GCTSC cell lines co-cultured with 45S5-BG (0.5 mg/
ml) for 0, 12 and 48 h was subjected to gene expression profiling at the
Genomics and Proteomics core facility of the Deutsche Krebsfor-
schungszentrum (DKFZ) using an Affymetrix Human Clariom S Assay
(Affymetrix/Thermo Fisher Scientific) and an iScan array scanner. After
removal of outliers according to 2.5 Hampel’s method, bead level data
were quantile normalized. A student’s t-test was used to identify sig-
nificances between two experimental groups of log2 scaled expression
levels.

3.4. Gene ontology enrichment analysis

Genome wide gene expression analysis and subsequent RT-qPCR
validation revealed 25 genes that were upregulated >2.5-fold in
GCTSC within 48h of treatment with 45S5-BG. These genes were sub-
mitted to a gene ontology enrichment analysis using ShinyGO (htt
p://ge-lab.org/go/). This web-based enrichment analysis can link the
input gene list with underlying biological processes and molecular
functions. The results were ranked according to the false discovery rate
(FDR) that represents the estimated probability that a gene set with a
given enrichment score represents a false positive finding.

3.5. Immunofluorescence staining

GCTSC were cultured in 8-well chamber slides (Thermo Fisher) at a
density of 50.000 cells per well. After treatment cells were fixed in ice-
cold 100% methanol for 15 min at —20 °C, washed three times in PBS
and blocked with PBS supplemented with 5% bovine serum albumin
(BSA) and 0.3% Triton X-100 (both Thermo Fisher) for 60 min at room
temperature. Blocking solution was replaced by the primary LC3 II
antibody (Cell Signalling) diluted 1:200 in antibody dilution buffer
consisting of PBS supplemented with 1% BSA and 0.3% Triton X-100.
After incubation overnight at 4 °C cells were washed three times in PBS
and incubated for 2 h at room temperature with an AlexaFluor-488
conjugated anti-mouse secondary antibody (Cell signalling) diluted
1:1000 in antibody dilution buffer. After three final PBS washes slides
were mounted with RotiMount FluorCare mounting media containing
DAPI as counterstain (Carl Roth, Germany) and photographed using a
Keyence BZ-X810 microscope (Keyence, Neu-Isenburg, Germany).
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3.6. Statistics

Descriptive statistics such as means, standard deviations and me-
dians were calculated using SPSS software (Version 25; IBM, Armonk,
NY, USA). The Mann-Whitney-U test was used to compare the experi-
mental groups with p-values < 0.05 regarded as statistically significant.

4. Results

The polyhedral morphology of the sintered BG particles is shown in
Fig. 1A. The estimated average particle size of the 45S5-BG, ICIE16-BG
and 3Zn-BG granules was 65 + 20, 62 + 27 and 43 + 19 pm, respec-
tively. Fig. 1B depicts the elemental composition of the BG particles. The
presence of distinctive elements of the BG compositions was detected,
and negligible peaks related to aluminum in all samples, which could be
attributed to the use of aluminium tape for the SEM/EDX sample
preparation or contamination coming from the ceramic balls used dur-
ing the milling process.

The analyses of the molecular mechanisms that mediate BG induced
cytotoxicity were done using primary neoplastic stromal cell lines
(GCTSC) isolated from GCTB tumor tissue. As control cells we used bone
marrow derived stromal cells (BMSC) that were isolated from patients
who underwent primary hip arthroplasty. Using these cell lines, we
initially confirmed our previous findings according to which BGs exhibit
a selective cytotoxicity towards GCTSC. Besides 45S5-BG which is
already approved as a bone substitute material in clinical orthopedics,
we included ICIE16-BG that is characterized by reduced sodium- but
increased calcium content and 3Zn-BG, a modification of ICIE16-BG,
supplemented with 3 mol % ZnO in exchange for CaO (Table 1). The
selection of these BGs was based on the analysis of five different BGs in a
previous study comparing the established 45S5-BG and ICIE16-BG with
three newly developed BG-compositions containing the therapeutically
active ions zinc (3Zn-BG), magnesium (3 Mg-BG), and boron (3B-BG)
that have already been shown to influence and enhance the biological
properties of the BGs. These ions were added in equal molarity
compared to the ICIE16-BG composition by a partial replacement of the
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calcium ions. While 45S5-BG showed the most pronounced cytotoxic
effect, 3Zn-BG showed the strongest osteogenic effect and ICIE16 an
intermediate behaviour.

As already shown for other GCTB cell lines in a previous study also
the viability of the newly isolated GCTSCs was significantly decreased in
a time- and concentration dependent manner after BG treatment [29].
The strongest effects were induced by 45S5-BG that was already visible
after 24 h of treatment. In contrast, the viability of BMSC was not altered
or even increased upon BG treatment (Fig. 2A-C). Since the tumor
microenvironment is known to be acidic, with pH-values ranging from
6.4 to 7.0 [30], we additionally investigated whether the observed BG
induced cytotoxicity is influenced by the pH-value of the culture me-
dium. Four additional GCTSC and BMSC cell lines were treated with
45S5-BG in medium with normal (7.4) or acidic (6.4) pH-values for 3
days before cell viability was analyzed by WST-1 assay. The observed
effects of 45S5-BG on the viability of GCTSC and BMSC were comparable
and independent from the pH-value, suggesting that BG induced cyto-
toxicity is not inhibited by acidic tumor microenvironment (Fig. 2D).

As the extent of the observed cytotoxicity was most evident using
45S5-BG, all further experiments were conducted using this BG. To
verify whether apoptotic mechanisms are involved in BG induced cell
death we performed an antibody array covering 43 apoptosis related
proteins including cell surface receptors and their ligands, regulating
factors from the BCL2 family, caspases, IGF family members, their
binding proteins and several apoptosis regulating factors. Unexpectedly,
none of these proteins was regulated >2-fold after 12, 24 or 48 h of BG
treatment (Fig. 3 and Supplemental Fig. 1).

These data suggest, that BG treatment does not trigger the induction
of apoptosis. We next analyzed the impact of BG treatment on the
activation of Akt (protein kinase B) and MAPK (Mitogen-activated pro-
tein kinase) signalling pathways that are known to translate extracel-
lular signals to cellular responses, thus controlling cell growth,
differentiation and cell death. Activation of these pathways was moni-
tored by the detection of total and phosphorylated protein levels using
western-blot analyses. While treatment with 45S5-BG did not signifi-
cantly affect total Akt protein we observed a rapid loss of pAkt, the

ICIE16-BG

Fig. 1. Characterization of bioactive glasses. A) SEM micrographs of the bioactive glass particles. B) EDX spectra of BG particles showing the elemental composition.
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Fig. 2. Selective cytotoxicity of bioactive
glasses. GCTSC (n = 3) and BMSC (n = 3)
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phosphorylated active form of Akt in both GCTSC and BMSC. A com-
parable response of GCTSC and BMSC could also be observed concerning
the activation of Erk1/2. Although total Erk1/2 levels declined to nearly
undetectable levels within 48 h in GCTSC while they remained almost
unchanged in BMSC, levels of phosphorylated Erk1/2 increased equally
in both cell types rapidly within the first 6-12 h followed by a drop to
control levels. In contrast to Akt and Erk1/2, we observed considerably
different responses of GCTSC and BMSC concerning p38 and JNK (Jun
N-terminal kinase) activation. A strong increase of p38 phosphorylation
was induced after 24 h of BG treatment in GCTSC, while BMSC showed
only weak p38 activation. JNK activation occurred much faster and was
detectable already after 6 h of BG treatment in GCTSC while it was
nearly undetectable in BMSC (Fig. 4A and B).

To further investigate the importance of MAPKs for BG induced
cytotoxicity we treated GCTSC with 45S5-BG in combination with spe-
cific MAPK inhibitors. While preincubation of the cells with the Erk1/2
inhibitor FR180204 showed only a minor effect on cell viability, the p38
inhibitor SB202190 and the JNK inhibitor SP600125 significantly
counteracted BG induced cytotoxicity resulting in increased cell viabil-
ities (84% and 86%) compared to cells treated without inhibitors (45%).
Interestingly, combinations of these inhibitors did not show any additive
effects (Fig. 5).

Because MAPKSs are known to exert their effects mainly via triggering
downstream transcription factors, we analyzed the expression of several
members of the activator protein-1 (AP-1) transcription factor family by
quantitative RT-qPCR. GCTSC responded to 45S5-BG treatment with a
rapid induction of FOS (20-fold), FOSB (10.1-fold), FOSL1 (2-fold) and
JUND (2.8-fold) already after 6h. At later time points the expression of
JUN increased up to 4.3-fold. Although mean FOS expression slightly
increased after 6 h of treatment also in BMSC none of the analyzed
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transcription factors showed a significant upregulation in BMSC (Fig. 6).

In order to identify further genes upregulated by 45S5-BG, including
possible target genes of the upregulated transcription factors, we per-
formed gene expression profiling of GCTSC (n = 3) treated with 455S5-BG
for 12 and 48 h using an Affymetrix Human Clariom S Assay (Affyme-
trix/Thermo Fisher Scientific) at the Genomics and Proteomics core fa-
cility of the DKFZ. Array analysis confirmed the upregulation of the five
transcription factors already identified by RT-qPCR and revealed further
20 genes that were upregulated >2.5-fold within 48h of BG treatment in
all three GCTSC analyzed. Another five genes that were strongly upre-
gulated in two out of three GCTSC were also included in the following
RT-qPCR validation analysis. To validate the array data and to investi-
gate the time course of gene expression, GCTSC (n = 6) and BMSC (n =
3) were treated with 45S5-BG for 6, 12, 24 and 48 h before gene
expression was analyzed by RT-qPCR. In GCTSC a >2.5-fold induction
by 45S5-BG treatment could be confirmed for 25 out of the 30 analyzed
genes (Fig. 7A).

These genes were subjected to a gene ontology enrichment analysis
using ShinyGo v0.61 (http://ge-lab.org/go/). The upregulated genes are
significantly enriched in the following biological processes: response to
chemical, organic, and mechanical stimuli, negative regulation of pro-
liferation, positive regulation of gene expression and cell death, cell
surface receptor signalling and more. Amongst the enriched molecular
functions, we identified SMAD binding, G-protein and calmodulin
binding, transcription factor binding, protein kinase activator activity,
GTPase activation and others (Fig. 7B and C). While some of the iden-
tified genes were upregulated in GCTSC and BMSC to a comparable
extend, a subset of 15 genes was exclusively induced in GCTSC or
induced significantly stronger (>2.0-fold) in GCTSC compared to BMSC,
suggesting a possible role in selective BG induced -cytotoxicity.


http://ge-lab.org/go/
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Fig. 3. Antibody array analysis of GCTSC incubated with 45S5-BG for 12, 24 and 48 h. Signal intensities of 43 apoptotic factors were quantified by densitometry,
background subtracted and normalized using positive control spots with a controlled amount of biotinylated antibody.

Interestingly, most of these genes can be grouped into genes involved in
G-protein signalling, tumor suppressors and interferon-induced genes
(Fig. 8).

Since we could not detect any signs of apoptosis in response to BG
treatment, we assumed a possible role of autophagy. A reliable method
to monitor autophagy is the detection of the microtubule-associated
protein 1A/1B-light chain 3 (LC3). During autophagy, autophago-
somes transfer cytosolic proteins to lysosomes where they are degraded.
During this process the cytosolic form of LC3 (LC3 I) is converted to LC3
II by conjugation to phosphatidylethanolamine. LC3 II is then incorpo-
rated into autophagosomal membranes and can thus be used to quantify
the formation of autophagosomes. In addition to the steady state levels
of LC3 II at a given time point, the autophagic flux can be determined by
comparing LC3 II levels with and without the addition of lysosomal
protease inhibitors like bafilomycin A1 that blocks degradation of LC3 II
during autophagy. Using this approach, we detected a strong increase of
LC3 Il levels after 12 h of BG treatment that were further enhanced in the
presence of bafilomycin A1, indicating an increase of autophagosomes
in response to BG. In both, untreated cells and BG-treated cells, the
detected LC3 II levels were significantly higher in GCTSC compared to
BMSC (Fig. 9A and B). Visualization of LC3 II positive autophagosomes
in GCTSC was done using immunofluorescence staining of untreated
cells or cells treated with the autophagy inducer rapamycin and 45S5-
BG, respectively. While control cells only contained a few autophago-
somes, rapamycin and 45S5-BG treated cells showed a massive increase
of LC3 II positive autophagosomes. In addition, 45S5-BG treated cells
showed morphologic changes to a more slender and elongated pheno-
type already after 24h of treatment (Fig. 9C).

Considering the autophagic flux represented by the difference of LC3
II levels after 45S5-BG treatment with and without the addition of
bafilomycin Al, a significant difference between GCTSC and BMSC
could be seen after 24 h of treatment (Fig. 9D). Whether BG induced

autophagy depends on MAPK activity was analyzed by the addition of
specific MAPK inhibitors. After 12 h of BG treatment the Erk1/2 inhib-
itor FR180204 and the p38 inhibitor SB202190 markedly inhibited the
increase of LC3 II levels seen without inhibitors, indicating a crucial role
of MAPKs in the BG induced autophagy. In contrast to Erk1l/2 and p38
inhibition, the JNK inhibitor SP600125 even increased autophagy levels
(Fig. 9 E and F).

5. Discussion

In clinical routine, GCTB is a challenging tumor with unpredictable
behavior, destructive growth and very high recurrence rates. We hy-
pothesized that BGs might be a promising and new therapeutic approach
due to our observation of a cytotoxic effect against tumor cells and their
known osteogenic properties that could be exploited for the actual repair
of bone defects generated by tumor growth and surgery. However, the
molecular mechanisms that mediate BG induced cytotoxicity, especially
GCTSC, are completely unknown. Therefore, the aim of this study was
the investigation of these mechanisms.

We observed a rapid and significant decrease of cell viability in
response to BG treatment, exclusively in tumor cells that was unex-
pectedly not associated with any signs of apoptosis. However, we
observed activation of mitogen-activated protein kinases (MAPK),
especially p38 and JNK also called stress activated protein kinases due to
their known activation by environmental and genotoxic stress. MAPKs
play important roles in the regulation of proliferation, differentiation,
cell cycle progression, senescence and cell death. Interestingly, both,
p38 and JNK have also been shown to control the balance of apoptosis
and autophagy [31] and to regulate induction of autophagy in response
to a variety of stimuli [32-35]. In our study, BG induced MAPK acti-
vation was considerably stronger in GCTSC compared to BMSC which
could be an indication of the observed different sensitivities of these cell
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Fig. 4. Activation of MAPK p38 and JNK in response to BG treatment. A) Western blot analyses of total and phosphorylated Akt, Erk1/2, p38 and JNK protein levels
in GCTSC and BMSC after treatment with 45S5-BG (0.5 mg/ml). Actin protein levels served as loading control. B) Densitometric quantification of signal intensities
normalized to the actin protein levels in the corresponding sample. The ratios of phosphorylated versus total protein levels are shown.

types towards BG treatment. In addition, the strong activation of Erk1/2
but low activation od p38 observed in BMSC confirm the observation of
other groups showing that BGs induce osteogenic differentiation mainly
through activation of Erk1/2 rather than p38 [36]. A major target of p38
and JNK is the transcription factor AP-1 (activator protein 1) that is
composed of Fos and Jun family members [37]. Both, JNK and p38 have
been shown to activate these transcription factors, thus controlling the
expression of numerous target genes including genes associated with cell
death [38]. The inhibition of BG induced cell death by MAPK inhibitors
observed in our study as well as the rapid induction of AP-1 family
members in response to BG treatment indicate a central role of this
signaling axis for BG induced cytotoxicity. Beside the rapid upregulation
of transcription factors belonging to the AP-1 family we identified 11
other genes that were induced in response to BG treatment exclusively or
significantly stronger in GCTSC compared to BMSC, suggesting a crucial
role in the observed tumor or cell specific cytotoxicity. Most of these
genes can be assigned to one of the functional groups; genes involved in
G-protein signalling, tumor suppressors and interferon-induced genes.
Among the G-protein signalling genes RGS2 (regulator of G-protein
signalling), a negative regulator of G-protein coupled receptors, showed
the strongest induction. RGS2 overexpression has been shown to inhibit
proliferation in MCF7 breast cancer cells and HEK293T cells [39].
Further, downregulation has been observed in several types of cancer
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including colorectal cancer [40] and prostate cancer [41] suggesting a
tumor suppressor function. Interestingly, RGS2 has also been shown to
promote translation of ATF4 (Activating Transcription Factor 4) [42]
that in turn is essential for stress-induced autophagy gene expression
[43]. The Ras like GTP-binding protein GEM belongs to the RAD/GEM
family and is associated with the inner face of the plasma membrane and
regulates, like Ras, receptor-mediated signal transduction and might
thus be involved in the observed BG induced MAPK activation. Tumor
suppressor properties have also been observed for RGCC (regulator of
cell cycle) also known as RGC-32 (response gene to complement) that is
involved in the regulation of cell cycle progression. In colon cancer cells
RGCC knockdown affected the expression of genes involved in chro-
matin assembly and increased the number of cells within the S- and
G2/M-phase, suggesting a role in the regulation of chromatin assembly
[44]. SPRY2 (Sprouty homolog 2) belongs to a family of negative reg-
ulators of receptor tyrosine kinase signalling that has been shown to
regulate pathways involved in proliferation and cell death in human
embryonic stem cells [45]. MicroRNA mediated downregulation of
SPRY2 has been observed in several cancers affirming its tumor sup-
pressor properties [46-48]. TMEM158 (transmembrane protein 158)
also known as RIS1 (Ras-induced senescence 1) was identified in Ras
senescent human fibroblasts [49] and is upregulated upon Ras activa-
tion. The Ras oncogene encodes a small GTP-binding protein that
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Fig. 5. MAPK inhibitors counteract the BG induced cytotoxicity. GCTSC (n = 3)
were treated with 4555-BG (0.5 mg/ml) for 24 h with or without the addition of
specific MAPK inhibitors. Cell viability was quantified by WST-1 assay and
expressed as percent viability of untreated negative control cells (dashed line).
(neg ctrl = untreated negative control cells; pos ctrl = positive control cell
treated with 45S5-BG without the addition of MAPK inhibitors; DMSO = cells
treated with the solvent DMSO; FR = Erk1/2 inhibitor FR180204; SB = p38
inhibitor SB202190; SP = JNK inhibitor SP600125) (*p < 0.05 compared to
45S5-BG treated cells without MAPK inhibitors).

transduce mitogenic signals and is frequently constitutively activated in
human cancers. However, for the activation of proliferation and
tumorigenesis Ras must cooperate with certain other oncogenic alter-
ations like overexpression of c-Myc or loss of p53. It has been shown that
without these additional events Ras acts as tumor suppressor leading to
cell cycle arrest and cellular senescence [50]. Thus, our observation of a
strong upregulation of TMEM158 in combination with the activation of
the JNK and p38 MAPK signalling pathways in response to BG treatment
might reflect this anti-proliferative Ras effect.

In contrast to the rapid induction of transcription factors and tumor
suppressors within the first 6h of BG treatment, we detected an
increased expression of several interferon-induced genes at later time
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points (48h). One of these genes is RSAD2 (Radical S-Adenosyl Methi-
onine Domain Containing 2) that is involved in viral defence mecha-
nisms, for example through inhibition of DNA and RNA virus replication
[51]. Although RSAD2 expression was strongly induced after 48h of
45S5-BG treatment we could not observe increased expression of
interferon genes within our array analysis. However, interferon induced
genes like RSAD2 and IFIT2 (interferon induced protein with tetra-
tricopeptide repeats 2) that were also strongly upregulated in response
to BG treatment can also be induced by several other signalling path-
ways including Toll-like receptor 3, virus infection or
pathogen-associated molecular patterns (PAMPs) [52]. IFIT2 has been
reported to be involved in the regulation of cell cycle, apoptosis, tumor
colonization, and viral replication [53,54]. The observation of decreased
IFIT2 expressions in lung and gastric cancer that is associated with tumor
progression and poor survival supports its tumor suppressor function
[55,56]. Finally, OASL (oligoadenylate synthase-like protein) another
interferon induced gene upregulated by BG treatment is a key antiviral
factor that regulates early phase of viral infection by degrading viral
RNA [57]. The strong induction of these interferon-induced genes in BG
treated GCTSC suggests that BGs trigger cellular responses comparable
to those seen after viral or bacterial infections. Although array analysis
demonstrated that none of the interferon genes is affected by BG treat-
ment, upregulation of interferon-induced genes seems to play an
important role in BG induced cell death.

BG induced genes that do not fit in the categories described above
but have already been associated with autophagy are IL6 (interleukin 6)
and BMP2 (bone morphogenetic protein 2). Induction of IL-6 secretion
has been shown in HeLa cells upon starvation induced autophagy. When
these cells were combined as bystander cells with irradiated HeLa cells,
irradiation induced autophagy was significantly reduced, suggesting
that autophagy induced IL6 production functions as a rescue signal sent
to surrounding cells [58]. BMP2 belongs to the TGF-B superfamily and
plays an important role in bone and cartilage formation and many
processes in early development including regulation of cell growth,
apoptosis and differentiation. Beside the known signalling through
intracellular Smad proteins [59] the involvement of MAPKs, such as p38
and JNK, has also been observed during BMP-2 signalling [60] and cells
overexpressing BMP-2 have been shown to overexpress autophagy
related factors [61].

A possible mechanism by which induction of the above-described
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GCTSC (n = 6) and BMSC (n = 3) were treated with 4555-BG (0.5 mg/ml) for 6, 12, 24 and 48 h. Median gene expression was calculated and genes with a >2.5-fold
increase compared to untreated cells are shown. The values represent the highest increase of gene expression within the observed time period. B) Gene enrichment
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were subjected to a gene ontology enrichment analysis using ShinyGO v0.61. The most significant biological processes (B) and molecular functions (C) are shown.
The p-values are corrected for multiple testing using false discovery rate (FDR).

genes might mediate BG induced cytotoxicity is the activation of auto-
phagy. Although autophagy usually is a self-degradative process with
cell-protective properties it has been shown that hyperactivation of
autophagy can function as cell suicide mechanism that is implicated in
tumorigenesis and the effectiveness of cancer chemotherapeutics [62].
In our study we observed increased LC3 II levels in response to 45S5-BG
treatment demonstrating the induction of autophagy that was signifi-
cantly more pronounced in GCTSC compared to BMSC. However, since
we observed autophagy in both cell types, we cannot conclude from our
data that the observed selective death of tumor cells is solely triggered
by autophagy.

In summary, our data demonstrate that BG treatment leads to rapid
activation of the MAPKs p38 and JNK and, as a result, increased
expression of AP-1 transcription factors and a small group of target
genes in GCTSC but not in BMSC. The observed time course of gene
expression and the fact that BG induced autophagy peaks after 12 h of
treatment suggests that upregulation of genes involved in G-protein
signalling like RGS2 and GEM, as well as tumor suppressors like RGCC,
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SPRY2 and TMEM158 represent the early response to BG treatment,
probably involved in the induction of autophagic cell death. At later
time points several interferon-induced genes are upregulated when cell
death is already triggered, suggesting a rescue mechanism through un-
specific induction of antiviral defence programs.

However, the precise role of the identified genes in BG induced
cytotoxicity as well as the exact mechanism of MAPK activation still
have to be addressed. In addition, we yet do not know how the different
glass compositions contribute to the different degrees of cytotoxicity.
Notably, the induction of tumor cell specific cytotoxicity is not possible
using BG conditioned media, media with altered pH-value or by trans-
well experiments with BGs and cells separated by a membrane as shown
in our previous study. These data indicate that the cytotoxic effect of BGs
is independent from the BG induced pH-shift and dissolution products,
but depends on a direct contact of cells and BGs. Our data further sug-
gest, that the acidic microenvironment does not inhibit BG induced
cytotoxicity. One could therefore assume that the physical parameters
like BG surface properties and particle size rather than the chemical
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Fig. 8. Validation of 45S5-BG induced gene expression. GCTSC (G) (n = 6) and BMSC (B) (n = 3) were co-cultured with 4555-BG (0.5 mg/ml) for the indicated times
before gene expression was analyzed by RT-qPCR. Gene expression was normalized to the expression of the reference gene RPS13 in the corresponding sample. Genes
with significant higher expression in GCTSC compared to BMSC at least at one time point are shown. The white lines indicate the medians, the lower boundary of the
box the 25th percentile and the upper box the 75th percentile. The whiskers indicate the highest and lowest values (*p < 0.05 compared to untreated control cells).

parameters play an important role in the cytotoxic effects of BGs.
However, the particle size of 45S5-BG and ICIE16-BG used in this study
is quite similar although cytotoxicity is different, indicating that particle
size alone is not sufficient to determine BG mediated cytotoxicity. In
addition, the observed induction of several interferon-induced genes
might be a consequence of a direct activation of cell surface receptors
including Toll-like receptors (TLRs) that are known to act as cell surface
sensors that lead upon activation to the induction of immune and
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inflammatory genes. Although TLRs mainly function as detectors of
pathogens, also interactions of TLRs with biomaterials have already
been shown to induce the expression pro-inflammatory cytokines [63].
These possible mechanisms and especially the effectiveness of BG
treatment under in vivo conditions have to be investigated in future
studies. So far, our data support and complement our previous findings
and demonstrate that BGs might be promising biomaterials suitable for
the development of new therapeutic approaches for GCTB treatment
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combining the reduction of tumor recurrences by elimination of tumor
cells with enhanced BMSC mediated bone repair.
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