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Simple Summary: The purpose of this study was to analyze differential cell signaling in response
to denosumab treatment to identify and subsequently inhibit molecular targets in the neoplastic
stromal cell population, which poses a risk for tumor recurrence. Using phosphoprotein arrays, a
distinct signaling profile was detected in GCTB tissues treated with denosumab, a specific RANKL
antibody, which coincided with the RTK profile in derived cell lines. PDGFRβ was selected as a
promising receptor target, and its inhibition by the small-molecule inhibitor sunitinib resulted in
potent inhibition of cell proliferation in vitro. The addition of sunitinib to denosumab resulted in
the disappearance of both multinuclear giant cells and neoplastic stromal cells, as reported here.
Thus, sunitinib could become an effective addition to denosumab in the treatment of GCTB with
activated PDGFRβ.

Abstract: Giant-cell tumor of bone (GCTB) is an intermediate type of primary bone tumor character-
ized by locally aggressive growth with metastatic potential. The aim of this study was to identify
new druggable targets among the cell signaling molecules involved in GCTB tumorigenesis. Profiles
of activated signaling proteins in fresh-frozen tumor samples and tumor-derived cell lines were
determined using phosphoprotein arrays. Analysis of the obtained data revealed epidermal growth
factor receptor (EGFR) and platelet-derived growth factor receptor beta (PDGFRβ) as potential tar-
gets, but only the PDGFR inhibitor sunitinib caused a considerable decrease in stromal cell viability
in vitro. Furthermore, in the case of a 17-year-old patient suffering from GCTB, we showed that the
addition of sunitinib to the standard treatment of GCTB with the monoclonal antibody denosumab
resulted in the complete depletion of multinucleated giant cells and mononuclear stromal cells in
the tumor tissue. To summarize, the obtained data showed that a specific receptor tyrosine kinase
(RTK) signaling pattern is activated in GCTB cells and plays an important role in the regulation of
cell proliferation. Thus, activated RTKs and their downstream signaling pathways represent useful
targets for precision treatment with low-molecular-weight inhibitors or with other types of modern
biological therapy.
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1. Introduction

GCTB is an intermediate type of primary bone neoplasia characterized by locally
aggressive growth and low metastatic potential [1,2]. GCTB represents approximately
5–10% of all primary bone tumors [3,4], and it usually develops in adults between the
ages of 20 and 40 years. Most cases occur around the knee, followed by the distal end of
the radius [1,3,5]. Depending on the type of treatment and the local presentation of the
tumor, recurrence rates vary from 33% to 65% after curettage and resection [1,5,6]. The
frequency of lung metastases ranges from 2% to 5%, and the risk for the development of
lung metastases seems to be associated with local recurrence [7,8].

Clinical symptoms include pain, local swelling, and limited range of motion of the
adjacent joint. Pathological fractures may occur in approximately 10–12% of patients at
diagnosis. The presence of a pathological fracture is associated with a higher risk of local
recurrence [3,9]. From a histological point of view, GCTB contains two groups of cells:
osteoclast-like giant cells and mononuclear (stromal) cells. Stromal cells express receptor
activator of nuclear factor kappa B ligand (RANKL), and via the RANKL-RANK pathway,
they activate osteoclasts. Osteoclast-like giant cells are secondarily recruited into the tumor
and are responsible for its aggressive osteolytic activity [10,11]. Campanacci classified
GCTB into three grades according to their radiographic appearance: Grade 1 lesions have a
well-defined margin and an intact cortex, Grade 2 lesions have a relatively well-defined
margin but no radiopaque rim, and the cortical bone is thinned and Grade 3 lesions have
indistinct borders with cortical destruction and soft tissue extension.

Surgery remains the primary treatment modality for giant-cell tumors of bone. Curet-
tage alone has been the standard treatment for GCTB, but it has been associated with a
high risk of local recurrence. To reduce this risk of local recurrence, various local adjuvant
therapies, such as cryosurgery, phenol, bone cement and argon beam application, as well as
systemic treatment using bisphosphonates, interferon alpha (IFN-α) or denosumab, have
been reported [5,12,13]. En bloc resection should be considered in the case of recurrent or
locally advanced disease [9,14,15]. Denosumab is a monoclonal human antibody against
RANKL that inhibits osteoclast-like giant cells but does not affect mononuclear tumor
cells [11,14,15]. The use of denosumab is indicated in cases when radical resection cannot
be performed [12]. Denosumab has also been successfully used to control metastatic lung
disease [16]. However, the question remains as to how long denosumab can be used and
what side effects it may have. Denosumab withdrawal is associated with a high rate of
subsequent tumor recurrence. Treatment with denosumab resulted in the disappearance of
all osteoclast-like giant cells in GCTB tumor tissue but had no effect on neoplastic stromal
cells, which persist and continue to proliferate [17].

The cellular and molecular mechanisms controlling disease progression in GCTB
remain unclear. Suggested biomarkers associated with GCTB disease progression include
increased expression of human telomerase reverse transcriptase, p53, c-Myc oncogene,
matrix metalloproteinases, c-Met, claudin 7, CD166, VEGF mRNA and protein expression
as well as high mitotic index, proliferative activity and aneuploidy in mononuclear stromal
cells [18–22]. Nevertheless, these biomarkers of GCTB progression have been assessed in
small case series only, and they have not yet been included in routine diagnostic practice.

2. Materials and Methods
2.1. Tumor Samples

Tumor tissue samples were obtained from patients suffering from GCTB. The Research
Ethics Committee of St. Anne’s University Hospital (Brno, Czech Republic) approved the
study protocol, and written informed consent was obtained from each participant prior to
their enrollment in this study. The samples included in this study were taken from thirteen
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patients (9 males and 4 females; age range: 16–51 years old); a description of the cohort of
patients is provided in Table 1. Eight patients were treated with denosumab, six of whom
underwent surgery immediately after 3–6 months of treatment. In one case, sunitinib was
added to denosumab treatment for one month. Two patients underwent surgery 11 or
16 months after denosumab treatment due to relapse of disease.

Table 1. Overview of the patients and samples included in this study.

Sample
Number Sex Age at

Diagnosis Localization Campanacci
Grade

Denosumab
Treatment Cell Line

1 M 33 Proximal tibia 3 Yes † GCTB1

2 M 46 Proximal ulna 3 Yes Not derived

3 M 27 Distal radius 3 Yes GCTB3

4 M 37 Distal radius 3 No GCTB4

5 F 46 Distal femur 2 Yes * GCTB5

6 M 25 Proximal fibula 3 No GCTB6

7 M 41 Distal femur 2 No GCTB7

8 M 28 Cuboid bone 3 Yes GCTB8

9 F 45 Proximal tibia 2 No GCTB9

10 F 16 Proximal fibula 3 Yes GCTB10

11 F 51 Proximal tibia 2 No Derived but not used

12 M 17 Proximal phalanx
of big toe 3 Yes # Not derived

13 M 40 Distal radius 2 Yes Derived but not used
† patient was treated with denosumab 11 months before surgery, * patient was treated with denosumab 16 months before surgery, # patient
was treated with denosumab and sunitinib simultaneously for 1 month. Campanacci grades: Grade 2 lesions have a relatively well-defined
margin but no radiopaque rim, and the cortical bone is thinned; Grade 3 lesions have indistinct borders with cortical destruction and soft
tissue extension.

2.2. Cell Lines and Cell Culture

Nine cell lines (Table 1) derived from respective biopsy samples that were taken from
patients surgically treated for GCTB were established in our laboratory according to the
previously published procedure [17]. Cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% fetal calf serum, 2 mM glutamine, 100 IU/mL
penicillin and 100 µg/mL streptomycin (all purchased from GE Healthcare Europe GmbH,
Freiburg, Germany). The cell lines were maintained under standard conditions at 37 ◦C
in a humidified atmosphere containing 5% CO2 and were subcultured one or two times
per week.

2.3. Evaluation of Tissue and Cell Morphology

Tumor tissue samples were fixed in 10% formalin and embedded in paraffin to obtain
FFPE blocks. Tissue sections (4 µm thick) were stained with hematoxylin–eosin using an
automated Medite TST 44 slide stainer (Medite Medical, Burgdorf, Germany) and mounted
on glass slides. Cultured cells growing on glass coverslips were rinsed in PBS and fixed in
a 1:1 methanol to PBS mixture for 2 min at room temperature (RT) and then in methanol
only for 10 min at RT. The cells were subsequently dried and stained with an undiluted
Giemsa stain for 2 min and with Giemsa diluted in water (1:4) for 2 min at RT. Coverslips
were rinsed in water, dried and mounted onto glass slides.

2.4. Immunoblotting

Protein lysates were loaded onto 10% SDS-polyacrylamide gels (10 µg/well), elec-
trophoresed and blotted onto PVDF membranes (Bio-Rad Laboratories GmbH, Munich,
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Germany). The membranes were then blocked with 5% solution of dry nonfat milk in
PBS with 0.05% Tween 20 (PBS-Tween). Afterwards, the membranes were incubated with
primary antibodies: anti-Histone H3.3 G34W (RM263, RevMAb Biosciences, South San
Francisco, CA, USA), anti-total Histone H3 (1B1B2, Cell Signaling Technology, Danvers,
MA, USA) and GAPDH (14C10, Cell Signaling Technology, Danvers, MA, USA). This was
conducted overnight at 4 ◦C, followed by rinsing with PBS-Tween. The membranes were
then incubated with corresponding secondary antibodies for 1 h at RT, after which the
membranes were rinsed again with PBS-Tween. Chemiluminescence was induced using
Amersham™ ECL™ Prime Western Blotting Detection Reagent (GE Healthcare, Little
Chalfont, UK) and detected by the Azure c600 imaging system (Azure Biosystems, Dublin,
CA, USA).

2.5. Phosphoprotein Array Analysis

The relative phosphorylation levels of tyrosine residues in 49 RTKs were analyzed
using the Proteome Profiler Human Phospho-RTK Array Kit (R&D Systems, Minneapolis,
MN, USA). The relative phosphorylation levels of specific phosphosites in 43 human
kinases and total amounts of 2 related proteins were determined using the Proteome
Profiler Human Phospho-Kinase Array kit (R&D Systems) as previously described [23]. All
detected proteins are listed in the Supplementary Materials (Tables S1 and S2). The levels
of phosphorylation or expression were quantified using ImageJ software (NIH, Bethesda,
MD, USA) [24].

2.6. Principal Component Analysis

Principal component analysis (PCA) was used to classify the results of both arrays with
acquired data used as variables. Data were first scaled and centered and then distributed to
the first two components using the factoextra package [25] in R Project software [26]. Points
correspond to RTKs and downstream kinases, while the contribution of tumor samples is
shown as vectors.

2.7. MTT Assay

The proliferative activity of the GCTB-derived cell lines was determined by the MTT
assay, evaluating the growth inhibitory effects of monoclonal antibody treatment or small-
molecule inhibitors at three different concentrations: denosumab (30, 60 and 120 µg/mL),
erlotinib (0.1, 1 and 10 µM) and sunitinib (0.1, 1 and 10 µM). For combination treatment,
the cells were treated with the highest dose of denosumab (120 µg/mL) concomitantly
with three different concentrations of erlotinib or sunitinib (0.1, 1 and 10 µM). A total
of 2 × 103 cells were seeded in 200 µL of DMEM into each well of 96-well microplates,
and the cells were allowed to adhere overnight. The following day, the medium was
replaced with fresh medium containing denosumab and/or small-molecule inhibitor treat-
ment, and the microplates were incubated under standard conditions. After the intended
treatment period, the medium was replaced with 200 µL of fresh DMEM containing 3-(4-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis,
MO, USA) at a concentration of 0.5 mg/mL. The cells were then incubated at 37 ◦C for
3.5 h. Following medium removal, 200 µL of DMSO was added to each well to dissolve the
formazan crystals. Absorbance was then measured at 570 nm using a Sunrise Absorbance
Reader (Tecan, Männedorf, Switzerland) with a reference absorbance at 620 nm.

2.8. Statistical Analysis

Quantitative data from the MTT assays are shown as the mean ± standard deviation
(SD). Data were analyzed using one-way ANOVA, followed by the Scheffé post hoc test:
* p < 0.001 indicates significant differences from the control. Data from phosphoprotein
arrays were analyzed using the Mann–Whitney U test.
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3. Results
3.1. Denosumab-Treated Tumor Samples Exhibit Specific Profiles of Phosphorylated Kinases

Five samples (Nos. 2, 3, 8, 10 and 13) from patients obtained immediately after
denosumab treatment, two samples (Nos. 1 and 5) from relapsed denosumab-treated
patients and five samples (Nos. 4, 6, 7, 9 and 11) from patients not treated with denosumab
were used in this study. All patients were diagnosed with Campanacci grade 2 or 3 tumors,
and these tumors were localized at typical sites (Table 1). At the histological level, all
tumor samples without denosumab treatment (Figure 1A) and both relapsed samples
obtained a relatively long time after denosumab treatment (Figure 1B) contained two
typical populations of cells, i.e., osteoclast-like giant cells and mononuclear (stromal) cells.
All tumor samples obtained immediately after termination of treatment with denosumab
contained only neoplastic stromal cells (Figure 1C).
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Figure 1. Hematoxylin-eosin-stained tissue sections of GCTB samples. Tumor tissue without denosumab treatment (Sample
No. 4; A) and tissue of a relapsed sample (Sample No. 1; B) with osteoclast-like multinucleated giant cells (black arrowheads)
and mononuclear stromal cells (white arrowheads; examples only). GCTB sample after denosumab treatment without the
presence of osteoclast-like giant cells (Sample No. 3; C). Original magnification, 200×.

To analyze the phosphorylation profiles of RTKs and downstream signaling proteins
in denosumab-treated (Nos. 2, 3, 8, 10 and 13) and untreated (Nos. 4, 6, 7, 9 and 11)
tumors, phosphoprotein arrays were employed. Our data using ten fresh-frozen tumor
samples showed that in all GCTB tissues, there was similarly high relative phosphorylation
of M-CSFR, InsR and PDGFRβ (Figure 2A), as well as CREB and ERK1/2 (Figure 2B),
independent of the treatment.

Statistically significant increases in the phosphorylation of EGFR, IGF-IR (Figure 2A)
and HSP27 (Figure 2B) were observed in samples obtained after denosumab treatment.
The decrease in protein phosphorylation after treatment was more extended and affected
different RTKs, e.g., ROR2, c-Ret, FGFR2α, EphA10, Tie-1 and FGFR1 (Figure 2A). Among
downstream signaling proteins, the decrease in phosphorylation of c-Jun, eNOS, GSK3α/β
and p27 was especially obvious. Similarly, the total level of HSP60 protein was also reduced
(Figure 2B).

PCA utilizing a linear transformation of data variability was used to classify the
results of both protein arrays with acquired data used as variables. A distribution of
RTKs (Figure 3A) in the space of the first two principal components describes 72% of the
data variability. Most kinases form a large cluster at the intersection of axes, meaning
that they do not significantly contribute to the data distribution within two-dimensional
space. However, there are two distinct groups of kinases separated from the main cluster
that are further divided between themselves along the second principal component axis.
The first group consists of FGFR2α, c-Ret, ROR2 and M-CSFR, while the second group is
formed by Axl, IGF-IR, PDGFRα, EGFR, InsR and PDGFRβ receptors. These proteins were
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previously demonstrated to be significant in the two groups of samples. While the first
group of receptors (Figure 3A, upper right quadrant) was predominantly phosphorylated
in samples of untreated patients, the second group (Figure 3A, lower right quadrant)
was coupled to the samples of denosumab-treated patients. This distribution is further
confirmed by loading vectors that correspond to samples and describe how strongly RTKs
contribute to both principal components. The closer the vectors are to each other, the
more similar the tissue samples are. Figure 3B shows that the results for downstream
signaling proteins described 84% of the data variability and further confirmed the patient
distribution, with GSK-3α/β, HSP60, eNOS, c-Jun and CREB kinases being significant for
samples from untreated patients (Figure 3B, upper right quadrant), while STAT3I, ERK1/2
and HSP27 kinases were dominant in the denosumab-treated group (Figure 3B, lower right
quadrant). Additionally, Figure 3B shows a clear distinction of samples obtained from
relapsed Patient Nos. 1 and 5.
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Figure 2. Phosphorylation analysis of RTKs and downstream signaling proteins in ten fresh-frozen
GCTB samples (untreated, n = 5; denosumab-treated, n = 5). Highly phosphorylated RTKs (A) and
downstream signaling proteins (B) are displayed. The cutoff level was set as 20% of maximal density.
Phosphoproteins are arranged in order of differences between denosumab-treated and untreated
samples. The data represent the mean ± SD. * p < 0.05, ** p < 0.01, indicating a significant difference
between experimental groups.

Cancers 2021, 13, 7 of 15 
 

 

 
Figure 3. PCA of data determined for RTKs (A) and downstream kinases (B). Red vectors: samples 
from patients not treated with denosumab (Nos. 4, 6, 7, 9 and 11); blue vectors: samples from pa-
tients obtained immediately after denosumab treatment (Nos. 2, 3, 8, 10 and 13); green vectors: 
samples from relapsed denosumab-treated patients (Nos. 1 and 5); black vector: sample from pa-
tient treated with denosumab and sunitinib simultaneously (No. 12). 

3.2. GCTB-derived Cell Lines Resemble Denosumab-Treated Cancer Tissues Regarding RTK 
Phosphorylation Profiles 

To establish an in vitro model of GCTB, we derived nine cell lines from the patient 
tumor tissues and subsequently characterized the cultured cells. Giemsa staining of all 
patient-derived cell lines showed the presence of mostly mononuclear (stromal) cells with 
a fibroblast-like morphology over a few passages (Figure 4). Moreover, regarding cell 
morphology, no differences between cell lines derived from samples obtained from pa-
tients with (Figure 4A) or without denosumab treatment (Figure 4B) were found. 

 
Figure 4. Examples of the morphology of cell lines derived from denosumab-treated (A, cell line 
GCTB8) and untreated (B, cell line GCTB7) samples as visualized using Giemsa staining. Mainly 
mononuclear (stromal) cells with fibroblast-like morphology were derived from the tumor tissues. 
Bar, 100 µm. 

Our phosphoprotein array experiments with GCTB-derived cell lines cultivated un-
der standard conditions revealed high levels of several phosphorylated RTKs. Among 49 
screened receptors, EGFR, Axl, RYK, PDGFRβ, ALK and IGF-IR displayed the highest 
levels of phosphorylation (Figure 5A). Notably, four of these proteins (i.e., EGFR, IGF-IR, 
PDGFRβ and Axl) also showed the highest increase in phosphorylation in cancer tissue 
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Figure 3. PCA of data determined for RTKs (A) and downstream kinases (B). Red vectors: samples
from patients not treated with denosumab (Nos. 4, 6, 7, 9 and 11); blue vectors: samples from patients
obtained immediately after denosumab treatment (Nos. 2, 3, 8, 10 and 13); green vectors: samples
from relapsed denosumab-treated patients (Nos. 1 and 5); black vector: sample from patient treated
with denosumab and sunitinib simultaneously (No. 12).
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3.2. GCTB-Derived Cell Lines Resemble Denosumab-Treated Cancer Tissues Regarding RTK
Phosphorylation Profiles

To establish an in vitro model of GCTB, we derived nine cell lines from the patient
tumor tissues and subsequently characterized the cultured cells. Giemsa staining of all
patient-derived cell lines showed the presence of mostly mononuclear (stromal) cells with
a fibroblast-like morphology over a few passages (Figure 4). Moreover, regarding cell
morphology, no differences between cell lines derived from samples obtained from patients
with (Figure 4A) or without denosumab treatment (Figure 4B) were found.
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Figure 4. Examples of the morphology of cell lines derived from denosumab-treated (A, cell line
GCTB8) and untreated (B, cell line GCTB7) samples as visualized using Giemsa staining. Mainly
mononuclear (stromal) cells with fibroblast-like morphology were derived from the tumor tissues.
Bar, 100 µm.

Our phosphoprotein array experiments with GCTB-derived cell lines cultivated under
standard conditions revealed high levels of several phosphorylated RTKs. Among 49
screened receptors, EGFR, Axl, RYK, PDGFRβ, ALK and IGF-IR displayed the highest
levels of phosphorylation (Figure 5A). Notably, four of these proteins (i.e., EGFR, IGF-IR,
PDGFRβ and Axl) also showed the highest increase in phosphorylation in cancer tissue
samples after denosumab treatment compared to untreated samples (Figure 2A). This result
suggests that GCTB-derived cell lines resemble denosumab-treated cancer tissues regarding
RTK phosphorylation. Phosphorylation profiles of downstream signaling proteins in cell
lines (Figure 5B) were completely different from those of both treated and untreated
tissue samples (Figure 2B). GCTB-derived cells under in vitro conditions apparently utilize
AKT signaling to maintain their viability in cell cultures. Apart from AKT, three AKT
downstream signaling targets, PRAS40, GSK3α/β and WNK1, were also phosphorylated.

Cancers 2021, 13, 8 of 15 
 

 

sult suggests that GCTB-derived cell lines resemble denosumab-treated cancer tissues re-
garding RTK phosphorylation. Phosphorylation profiles of downstream signaling pro-
teins in cell lines (Figure 5B) were completely different from those of both treated and 
untreated tissue samples (Figure 2B). GCTB-derived cells under in vitro conditions appar-
ently utilize AKT signaling to maintain their viability in cell cultures. Apart from AKT, 
three AKT downstream signaling targets, PRAS40, GSK3α/β and WNK1, were also phos-
phorylated. 

 
Figure 5. Phosphorylation analysis of RTKs and downstream signaling proteins in GCTB-derived 
cell lines. Highly phosphorylated RTKs (A) and downstream signaling proteins (B) are displayed. 
The cutoff level was set as 20% of maximal density. Phosphorylated proteins are arranged in order 
of percentage of maximal density. The data represent the mean of values of five (A) or six (B) ana-
lyzed cell lines ± SD. 

3.3. GCTB-Derived Cell Lines Are Sensitive to Tyrosine Kinase Inhibitors but Not to RANKL 
Inhibitor 

Based on the results obtained using phosphoprotein arrays, we presumed that highly 
phosphorylated RTKs and downstream proteins were involved in the maintenance of cell 
viability and proliferative activity [27], and therefore, these proteins could serve as targets 
for treatment with low-molecular-weight inhibitors. 

First, we tested the homogeneity of GCTB cell lines using denosumab treatment in a 
range of 30 to 120 µg/mL (Figure 6), which should not affect the viability of mononuclear 
neoplastic cells because they do not express RANK [28]. While denosumab treatment did 
not change cell viability, all tumor cell lines treated with 10 µM EGFR inhibitor erlotinib 
showed a significant decrease in cell viability to approximately 50% after six days of incu-
bation. Sunitinib, the second tyrosine kinase inhibitor known for its inhibitory effect on 
PDGFRs, VEGFRs, c-Kit and other receptors [29], suppressed cell viability to approxi-
mately 80% at 0.1 and 1 µM. The highest sensitivity of GCTB cell lines was observed at a 
10 µM concentration of sunitinib, and the viability decreased to approximately 10% of the 
control after six days of treatment. Moreover, the effects of erlotinib or sunitinib were not 
modified by therapeutic concentrations of denosumab (Figure 6). 

Figure 5. Phosphorylation analysis of RTKs and downstream signaling proteins in GCTB-derived
cell lines. Highly phosphorylated RTKs (A) and downstream signaling proteins (B) are displayed.
The cutoff level was set as 20% of maximal density. Phosphorylated proteins are arranged in order of
percentage of maximal density. The data represent the mean of values of five (A) or six (B) analyzed
cell lines ± SD.



Cancers 2021, 13, 3543 8 of 15

3.3. GCTB-Derived Cell Lines Are Sensitive to Tyrosine Kinase Inhibitors but Not to
RANKL Inhibitor

Based on the results obtained using phosphoprotein arrays, we presumed that highly
phosphorylated RTKs and downstream proteins were involved in the maintenance of cell
viability and proliferative activity [27], and therefore, these proteins could serve as targets
for treatment with low-molecular-weight inhibitors.

First, we tested the homogeneity of GCTB cell lines using denosumab treatment in a
range of 30 to 120 µg/mL (Figure 6), which should not affect the viability of mononuclear
neoplastic cells because they do not express RANK [28]. While denosumab treatment did
not change cell viability, all tumor cell lines treated with 10 µM EGFR inhibitor erlotinib
showed a significant decrease in cell viability to approximately 50% after six days of
incubation. Sunitinib, the second tyrosine kinase inhibitor known for its inhibitory effect on
PDGFRs, VEGFRs, c-Kit and other receptors [29], suppressed cell viability to approximately
80% at 0.1 and 1 µM. The highest sensitivity of GCTB cell lines was observed at a 10 µM
concentration of sunitinib, and the viability decreased to approximately 10% of the control
after six days of treatment. Moreover, the effects of erlotinib or sunitinib were not modified
by therapeutic concentrations of denosumab (Figure 6).
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Figure 6. Proliferation of GCTB cell lines after 3 and 6 days of the selected treatment. Cell viability
was measured using the MTT assay on Days 3 and 6 of cultivation with different concentrations
of the RANKL inhibitor denosumab, EGFR inhibitor erlotinib and PDGFR inhibitor sunitinib or
their combinations. The values were compared with those of untreated control cells (untreated
controls were set as 100%). The data represent the mean of values of nine analyzed cell lines ±
SD. Experiments with each individual cell line were performed in triplicate. * p < 0.05, ** p < 0.01,
indicating a significant difference from the control.

3.4. From Bench to Bedside: The Use of Sunitinib in GCTB Treatment

According to in vitro studies performed on nine GCTB-derived cell lines where the
application of sunitinib resulted in a massive decrease in cell viability, we decided to use
off-label treatment with sunitinib in a GCTB-diagnosed patient.

This patient (male, 17 years old) reported right toe pain since June 2019. He observed
worsening pain when at rest and increasing swelling of the toe. Three months later, the
patient visited a physician, where he underwent an X-ray with a suspected bone tumor
of the proximal phalanx of the big toe (Figure 7A). Then, computed tomography was
performed, which showed destruction of the cortex of the proximal phalanx and the
extraosseous component of the tumor. The patient was then sent to the First Department
of Orthopedic Surgery at St. Anne’s University Hospital Brno, which is the center for
the treatment of musculoskeletal tumors in the Czech Republic. We took a tissue sample
from the tumor. Histologic examination revealed numerous multinucleated giant cells that
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were uniformly scattered in a background of mononuclear oval or plump stromal cells,
confirming the diagnosis of giant-cell tumor of bone (Figure 7D).
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Denosumab treatment was indicated due to the local progression of the tumor (Cam-
panacci grade 3). Due to the risk of toe mutilation or toe loss during radical surgery, we
decided to add sunitinib to the standard of care, e.g., neoadjuvant denosumab scheduled
for three cycles, each lasting 28 days. After two cycles of denosumab treatment (given at
Days 1, 8 and 15 of Cycle 1 and Day 1 of additional two cycles at a dose of 120 mg/dose s.c.
injection with daily supplemented calcium and cholecalciferol), sunitinib (25 mg p.o. daily)
was added to the combination for one month (Cycle 3 of denosumab). This combination
treatment was discussed with the patient and his parents and was administered upon
signed informed consent. The treatment was administered in an outpatient setting under
supervision of a pediatric oncologist experienced in sunitinib treatment in the Department
of Pediatric Oncology, University Hospital Brno. No severe adverse events were observed.
The patient experienced only a mild dysesthesia as a symptom of hypocalcemia after
the first dose of denosumab and temporary hand-foot erythema during the fifth week of
denosumab administration. Control X-ray and MR were then performed, showing tumor
regression and disappearance of the soft tissue component (Figure 7B).

After the termination of the neoadjuvant treatment, we performed curettage using
a helium beam and filled the bone cavity with bone cement (Figure 7C). The surgical
specimen showed variable cellular tissue resembling scar in various stages of maturation.
Irregular trabeculae of woven bone and areas of coarse calcifications were haphazardly
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distributed throughout the tumor. There was a complete depletion of multinucleated giant
cells and mononuclear stromal cells (Figure 7E). The absence of stromal cells was also
confirmed by immunohistochemistry. The tissue sample was p63 and histone H3.3 G34W
negative. Three adjuvant cycles of denosumab and sunitinib were administered following
limb salvage surgery. To date (6/2021), the patient is 16 months postoperation, with full
mobility of the toe, no problems and no signs of local recurrence of the tumor.

4. Discussion

The preferred treatment option for GCTB is curettage with the use of local adjuvant
therapy (phenol, argon beam and bone cement). In the case of tumors with soft tissue
extension, en bloc resection should be performed [6,13,30]. The use of denosumab is indi-
cated in cases when radical resection cannot be performed and for the control of metastatic
lung disease [4,12]. A reduction in tumor size, a calcified rim around the tumor and tu-
mor soft tissue components were observed after three months of therapy. Neoadjuvant
denosumab may cause downstaging of the tumor and facilitate en bloc resection [11,12,30].
However, the risk of GCTB recurrence is still relatively high and dependent on the age at
diagnosis. Patients under 25 years of age have the greatest risk of local recurrence [31].
The mechanism of recurrence is based on persistent neoplastic stromal cells, which do not
respond to denosumab treatment [14,15] and likely maintain their proliferative ability. The
termination of treatment could lead to overexpression of RANKL and RANK by neoplastic
stromal cells and osteoclast-like giant cells, respectively [32]. For this reason, we focused on
cell signaling in tumor tissue and in tumor-derived cell lines to identify druggable targets
in the neoplastic component of GCTB tissue.

Although previous studies have reported that denosumab does not affect mononu-
clear tumor cells [14,15,33], our results demonstrated the effects of denosumab treatment
on phosphorylation profiles in GCTB tissue. The tumor tissue samples before denosumab
treatment showed a specific pattern of RTK and downstream protein phosphorylation.
Among RTKs, there was increased phosphorylation of M-CSFR, InsR, ROR2, c-Ret and
PDGFRβ, whose expression is directly associated with GCTB promotion [34,35] and os-
teoblast or osteoclast differentiation [36–38]. Similar processes related to bone remodeling
are also associated with the highly phosphorylated downstream signaling proteins c-Jun,
eNOS, HSP60, GSK3α/β, CREB, ERK1/2 and HSP27 [39–44]. This specific signaling profile
typical of untreated GCTB tissue is subject to change after denosumab treatment. More-
over, the principal component analysis of protein array data confirms the separation of
two groups of patients and their respective samples that were and were not subjected to
denosumab treatment.

On the histological level, denosumab causes a significant reduction in the number of
osteoclast-like giant cells [45]; therefore, the signaling profiles of denosumab-treated GCTB
samples characterize the remaining populations of mononuclear neoplastic stromal cells.
It is possible to assume that downregulated proteins after denosumab treatment play an
important role in GCTB tissue with both giant and stromal interacting cell types, while
stable or upregulated proteins are predominantly expressed in stromal cells. Two proteins,
EGFR and PDGFRβ, also showed high phosphorylation in GCTB tissue-derived cell lines.
EGFR expression was found in neoplastic stromal cells, mainly in recurrent GCTB tissues,
where EGFR signaling may contribute to disease progression by promoting stromal cell
proliferation and osteoclastogenesis [18]. Similarly, high expression of PDGFRβ mRNA
was detected in GCTB tissue [46], and the low-molecular-weight inhibitor imatinib was
proven to inhibit proliferation of osteoblastic cells via the PDGFR signaling [47]. Moreover,
the inhibition of PDGFR signaling led to increased production of osteoprotegerin by
osteoblastic/stromal cells, which reduced RANKL/RANK signaling [48].

Based on the data obtained, we selected the EGFR inhibitor erlotinib and the PDGFR
inhibitor sunitinib as suitable tyrosine kinase inhibitors for the in vitro experiments in this
study. Erlotinib is indicated for the treatment of patients with metastatic non-small-cell
lung cancer, locally advanced, unresectable or metastatic pancreatic cancer and malignant
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gliomas [49,50]. Sunitinib is a multitargeted receptor tyrosine kinase inhibitor that is
representative of antiangiogenic drugs and has been approved for the treatment of GIST
and renal cell carcinoma [51,52].

All cell lines treated with tyrosine kinase inhibitors (sunitinib or erlotinib) showed a
significant reduction in cell viability that was not modified by therapeutic concentrations
of denosumab. A higher sensitivity of GCTB cell lines was observed using sunitinib, and
its effectivity was approximately five times higher than erlotinib at a concentration of
10 µM. This finding is consistent with the results of wide anticancer drug screening on an
established GCTB cell line, where PDGFR inhibitors reduced cell viability more effectively
than EGFR inhibitors [53]. To date, there is only one multicenter phase II trial with sunitinib
in the treatment of non-GIST sarcoma. Although only one patient with advanced GCTB
was present in the experiment, it was a stable disease for at least 68 weeks [52]. One case of
an adolescent patient with metastases of a giant-cell tumor of bone to the lungs who was
treated with denosumab and sunitinib has also been reported in the literature. According
to the results of tumor gene testing (high expression of PDGFR and VEGFR), sunitinib was
added to the treatment strategy, and lung metastases were reduced within 5 months of
treatment, but there were no post-treatment evaluations of the tumor sample in this case,
and complete remission was not achieved [44].

In our case, a 17-year-old patient with Campanacci grade 3 GCTB of the big toe was
at risk of whole toe amputation. Denosumab treatment was indicated due to the local
progression of the tumor [12]. Based on our in vitro results, which were pending during the
initial two cycles of denosumab monotherapy, sunitinib (25 mg p.o. daily) was added to the
combination for the last month of neoadjuvant treatment before definitive surgery. Control
imaging methods showed regression and bordering of the tumor. Then, we performed
curettage using a helium beam and filled the bone with cement. Histologic examination
revealed scar-like tissue with the proliferation of cytologically uniform spindle cells in a
background of collagenous matrix. There was a complete depletion of multinucleated giant
cells and mononuclear stromal cells. Treatment with denosumab led to the disappearance
of all giant osteoclast-like cells in the tumor tissue [14,17,54], implying that sunitinib
contributed to the suppression of stromal tumor cells. Interestingly, such a complete
response has been achieved with sunitinib at the recommended dose for the treatment of
malignancies according to the approved product label.

Close monitoring of adverse events was performed during combination treatment,
including regular screening for echocardiogram and electrocardiogram abnormalities, as
known adverse events of sunitinib are heart failure and QTc interval prolongation. The
latter is of special interest because possible hypocalcemia after denosumab can be an addi-
tional risk factor for malignant arrhythmia. Thus, normocalcemia should be maintained
during combination treatment, and the patient should be instructed to report and imme-
diately manage all minimal signs of hypocalcemia. At present, the patient is 15 months
postsurgery, has no problems and there are no signs of local recurrence of the tumor or
any toxicity of combination therapy. There is no consensus on the length of treatment with
denosumab in the neoadjuvant or adjuvant setting [55].

Taken together, two main effects of PDGFR signaling and its inhibition concerning
bone remodeling and GCTB progression could be considered. First, PDGF-BB/PDGFRβ
signaling stimulates osteoprogenitors and osteoblast proliferation and migration and
inhibits their maturation in vitro [38]. Second, the blocking of PDGF/PDGFR signaling
increased gene expression and protein secretion of OPG in stromal and osteoblastic cells [48].
Therefore, the possible outcomes of the treatment with TKI sunitinib are: (i) direct inhibition
of the proliferation of stromal cells as we detected in cell lines under in vitro conditions;
(ii) differentiation of stromal cells to fibroblast-like cells as we detected in tumor tissue
samples; (iii) indirect inhibition of RANKL/RANK signaling in giant cells as described by
O’Sullivan and colleagues [48].
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5. Conclusions

In summary, denosumab inhibited osteoclast-like giant cells and altered the phospho-
rylation profiles of receptor tyrosine kinases and downstream signaling proteins in tumor
tissue. Analysis of GCTB tissue samples and GCTB-derived cell lines revealed PDGFRβ as
a suitable target for treatment with FDA-approved small-molecule inhibitors. Sunitinib,
a PDGFR inhibitor, was responsible for a significant reduction in the viability of tumor
stromal cells under in vitro conditions, similar to tumor tissue. Treatment of GCTB with
denosumab in combination with sunitinib could become an effective precision treatment in
locally advanced tumors and metastatic disease due to its role in targeting both main cell
populations composing the tumor tissue. Taken together, our in vitro and in vivo data show
that a specific RTK signaling pattern is activated in GCTB cells and plays an important role
in the regulation of cell proliferation. Thus, some RTKs and their downstream signaling
pathways represent useful targets for precision treatment with low-molecular-weight in-
hibitors or with other types of modern biological therapy. Nevertheless, these promising
results should be verified using a large number of GCTB samples, and confirmation of
successful combination treatment should be explored in similar patients at risk of limb
mutilation or limb loss due to recurrent GCTB.
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sections of GCTB samples, Table S1: Overview of phosphorylated proteins detected using Proteome
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